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Introduction

Photoacoustic (PA) imaging (PAI), or optoacoustic imaging, 
is a hybrid imaging modality that combines optical 
absorption contrast and ultrasound image formation. In PAI, 
the target is excited by a short laser pulse and subsequently 
absorbs the photon energy, leading to a transient local 
temperature rise. The temperature rise induces a local 
pressure rise that propagates as acoustic waves. As acoustic 
waves generally undergo less scattering and attenuation in 
tissue compared with light, PAI can provide high-resolution 
images in both the optical (quasi)ballistic and (quasi)diffusive 
regimes (1,2). Based on the image formation methods, 
PAI can be classified into two categories: photoacoustic 
microscopy (PAM) and photoacoustic computed tomography 
(PACT). PAM uses a focused excitation light beam and/
or a focused single-element ultrasonic transducer for direct 
image formation through position scanning (1,2). PAM has 
a maximum imaging depth ranging from a few hundred 
micrometers to a few millimeters with spatial resolution 
ranging from sub-micrometer to sub-millimeter (2,3). PAM 
can be further classified into optical-resolution PAM (OR-
PAM) and acoustic-resolution PAM (AR-PAM). For both 
OR-PAM and AR-PAM, the axial resolution is determined 
by the bandwidth of the ultrasonic transducer (4). OR-
PAM works in the optical (quasi)ballistic regime, whereas 
the light is tightly focused that it can penetrate about one 
optical transport mean free path (~1 mm in soft tissue). 
Therefore, the lateral resolution of OR-PAM is mainly 
determined by the optical focal spot size (4-6). The optical 
focusing is diffraction-limited as λ/2NA, where λ is the 

light wavelength, and NA is the numerical aperture of 
objective lens. On the contrary, in AR-PAM, the laser is 
loosely focused to fulfill the entire acoustic focal spot, 
thereby penetrating a few optical transport mean free paths, 
i.e., in the quasi-diffusive regime. The lateral resolution of 
AR-PAM is thus determined by the size of acoustic focus 
(4,7,8), limited by acoustic diffraction. In PACT, the object 
is illuminated with a wide-field laser beam in the diffusive 
regime, and the generated acoustic waves are detected at 
multiple locations or by using a multi-element transducer 
array. The image formed by PACT is reconstructed by 
an inverse algorithm. The spatial resolution of PACT 
is fundamentally limited by acoustic diffraction, and 
additionally affected by the directionality and spacing of the 
detector elements (9). 

Recently, several studies have shown that sub-diffraction 
imaging of biological samples can be achieved through 
PAI by breaking optical-diffraction limit in the (quasi)
ballistic regime or acoustic-diffraction limit in the (quasi)
diffusive regime, which have opened new possibilities 
for fundamental biological studies. Yao et al. developed 
a photoimprint PAM using the intensity-dependent 
photobleaching effect and acquired a melanoma cell PA 
image with a lateral resolution of 90 nm (10). Danielli et al. 
reported a label-free PA nanoscopy based on the optical-
absorption saturation effect and acquired a mitochondria 
PA image with a lateral resolution of 88 nm (11). Chaigne 
et al. exploited the sample-dynamics-induced inherent 
temporal fluctuation in the PA signals and achieved a 
resolution enhancement of about 1.4 over conventional 
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PACT (12). Murray et al. broke the acoustic diffraction 
limit by implementing a blind speckle illumination and 
block-FISTA reconstruction algorithm and achieved a 
resolution close to the acoustic speckle size (13). Dean-
Ben et al. also overcame the acoustic diffraction limit by 
incorporating rapid sequential acquisition of 3D PA images 
of flowing absorbing particles and further enhanced the 
visibility of structures under limited-view tomographic 
conditions (14). Conkey et al. optimized wavefront shaping 
with photoacoustic feedback and achieved up to ten times 
improvement in signal-to-noise ratio and five to six times 
sub-acoustic-diffraction resolution (15). In this concise 
review, we summarize and analyze the recent development 
in super-resolution (SR) PAI (SR-PAI) in both the optical 
(quasi)ballistic and (quasi)diffusive regime, as well as 
their representative applications. We also discuss the 
current challenges in SR-PAI and envision the potential 
breakthroughs. 

Super-resolution OR-PAM in (quasi)ballistic 
regime

For OR-PAM of biological tissue at relatively superficial 
region, typically within one mean free path of optical 
scattering (<1 mm), the light propagation is in the optical 
(quasi)ballistic regime. Within this range, the light beam 
can be tightly focused on the target, and the lateral 
resolution is determined by the optical focal spot size, 
which is limited by optical diffraction, similar to other 
traditional optical imaging methods (16-18). To achieve 
super-resolution OR-PAM in the (quasi)ballistic regime, 
two strategies based on nonlinear optical mechanisms 
have been successfully exploited to overcome the optical 
diffraction limit (10,11). 

The first strategy is reported by Yao et al., who developed 
photoimprint PAM (PI-PAM) based on the intensity-
dependent photobleaching effect (19). Dual-pulse excitation 
process was implemented in this method, and its principle is 
illustrated in Figure 1A. The first excitation generates a PA 
signal from the whole excitation volume, and at the same 
time, bleaches more absorbers in the central diffraction-
limited excitation volume than those in the peripheral 
region, due to the inherent illumination inhomogeneity 
of a Gaussian beam. In the subsequent second excitation, 
molecules in the bleached central area have reduced 
absorption and generate a smaller PA signal than that from 
the first excitation. Although the PA signals generated 

from the two excitations are linear to the excitation energy, 
the difference between the two PA signals, which mostly 
represents the signal contribution from the central area 
of the focus, is nonlinear to the excitation energy. This 
mechanism of nonlinearity endows PI-PAM with both 
lateral and axial resolution enhancement, and the resultant 
imaging resolution is determined by the ‘sharpened’ focal 
spot. Compared to the diffraction-limited PAM, the lateral 
resolution of PI-PAM is enhanced by a factor of 1 b+ , 
where b is the power dependence of the photobleaching rate 
on the excitation intensity. In addition, the axial resolution 

of PI-PAM is improved by a factor of ( )1 11 2 1b+ −  over 
conventional PAM. Figure 1B,C show the lateral resolution 
enhancement of PI-PAM over conventional OR-PAM. This 
imaging method can be performed on both fluorescent and 
nonfluorescent biological species. The major drawback 
of this method is the potential sample damage due to 
inherent photobleaching. The high frame number or 
excitation intensity may result in severe distortion between 
‘bleached’ and ‘unbleached’ regions, thus balancing 
between sample distortion and SNR needs to be carefully 
sought. In practice, permanent photobleaching might 
become a concern, and photoswitchable chromophores 
can be introduced and cycled between bright and dark 
state (10,20,21). Moreover, different samples may have 
inconsistent resolution enhancement due to their different 
power dependence of photobleaching rates on the light 
intensity. 

The second strategy attains nonlinear SR-PAM by 
using nonlinear thermal expansion and optical absorption 
saturation (11). The magnitude of PA signal is proportional 
to thermal expansion coefficient β(T), which is temperature 
dependent. When T is in the physiological temperature 
range, β(T)≈β1+β2T (22). For typical biological tissues with 
a nanosecond laser pulse excitation, the thermal diffusion 
length is around tens of nanometer (23). On the other 
hand, the optical excitation spot is around hundreds of 
nanometers, which is confined by the optical diffraction 
limit. Therefore, there exists the nonlinear enhancement of 
PA signals due to the local temperature rise within a short-
pulsed optical excitation. In addition, the optical absorption 
coefficient saturates with increasing optical fluence (24), 
thereby contributing a second source of nonlinearity to the 
PA signals. Based on these two effects, high order nonlinear 
PA images can be constructed by using an optical pulse train 
with different energies striking on the same target. Given 
M optical pulses in a train, PA images with up to Nth-order 
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(N≤M) can be formed. The nonlinear high-order PA image 
narrows the lateral point spread function (PSF), thereby 
improves the lateral resolution by a factor of N  over that 
of conventional PAM. In Danielle et al.’s work (11), a train of 
1.6-ns laser pulses with pulse-to-pulse intensity modulation 
was used to embody this method. As illustrated in Figure 1D,  
at each position, four PA signals are successively excited 

with increasing pulse energy, then the third-order PA signals 
are extracted to achieve sub-diffraction resolution. In the 
experiment demonstration of this method, it reveals 88-nm  
features in a single mitochondrion (Figure 1E,F). The major 
drawbacks of this method include the long imaging time, 
slow pixel-by-pixel high-order fitting, and potential heating 
and photobleaching damage to the sample with repeated 

Figure 1 Two methods of nonlinear OR-PAM with sub-diffraction resolution. (A) Principle of PI-PAM; (B) the edge spread function 
of PI-PAM and conventional OR-PAM. The lateral resolution is improved from 200 to 120 nm; (C) comparison of images of red-dyed 
microspheres obtained by conventional PAM and PI-PAM, showing the improved lateral resolutions; (D) principle of nonlinear-absorption 
based PA-nanoscopy; (E) images of a single mitochondrion obtained by conventional PAM and PA-nanoscopy, which resolves 88-nm-apart 
features; (F) signal profiles along the dashed lines in (E), showing the improved resolution of PA-nanoscopy. Figure adopted with permission 
from (10,11). OR-PAM, optical-resolution photoacoustic microscopy; PI-PAM, photoimprint photoacoustic microscopy.
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excitation. Though no observable damages were reported 
on ex vivo cells, shorter pulses with lower energy can be 
used to approach the saturation intensity level with reduced 
photothermal damage potential (11).

Super-resolution PA imaging in (quasi)diffusive 
regime

For deep tissue imaging, it is challenging to focus light at 
depths beyond the optical mean free path (i.e., >1 mm). 
As light enters the (quasi)diffusive regime, the acoustic 
diffraction determines the lateral resolution of AR-PAM 
and PACT. To break the acoustic diffraction limit, several 
techniques have been exploited by probing the PA signal 
fluctuation (12,25), deconvolution with speckle structure 
illumination (13,26), localization of flowing absorbing 
particles (14,27), and improving optical focusing through 
wavefront shaping (15). 

Originally developed for improving the resolution 
of conventional fluorescence microscopy, the statistical 
analysis of temporal signal fluctuations provides a simple 

way to obtain sub-diffraction optical resolution (28). 
Inspired by this approach, Chaigne et al. reported two 
similar methods (12,25) to achieve SR-PAI using temporal 
PA signal fluctuation analysis. The first method introduced 
multiple optical speckle illumination as the source of signal 
fluctuations (25). Since the speckle grain size was smaller 
than the acoustic focal spot size, a sub-diffraction acoustic 
resolution image was formed from analyzing second-order 
fluctuation of PA images with a number of random speckle 
illumination patterns. As illustrated in Figure 2A,B, this 
method achieved a resolution enhancement of about 1.4 
times over conventional PACT. The second method relies 
on the fluctuation analysis of varying PA signals induced by 
flowing absorbing particles (12). With the natural motion 
of flowing particles, the fluctuation-analysis-based method 
is further simplified, and a long-coherence laser focus is 
no longer required for deep-tissue speckle illumination as 
in the first method. The second method can achieve a n  
resolution enhancement using nth-order cumulant analysis. 
Nevertheless, the fluctuation-based methods are slow and 
likely to suffer from the natural motion artifacts for in vivo 

Figure 2 Sub-acoustic-diffraction PA imaging based on statistical fluctuation of PA signals and blind speckle illumination. (A) Experimental 
setup of fluctuation PA imaging with multiple speckle illumination. The blind-speckle illumination PAM has a similar scheme; (B) 
photography of sample (left), mean PA image over 100 speckle realizations (middle), and variance PA image (right). Figures adopted with 
permission from (25); (C) 1D demonstration with blind-speckle illumination PAM. Figures adopted with permission from (13); (D) a 2D 
image (right) obtained by blind-speckle illumination PAM, compared to photography of sample (left), mean PA image (middle). Figures 
adopted with permission from (26). PA, photoacoustic; PAM, photoacoustic microscopy.
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applications, including the heart beating and breathing. 
Inspired by blind speckle illumination in super-

resolution fluorescence imaging, Murray et al. implemented 
this method to break the acoustic diffraction limit in 
PAI in scattering media (13,29). Encoded with unknown 
speckle illumination patterns, the generated PA image is a 
convolution of the system’s PSF and the spatial product of 
speckle pattern and absorber distribution. Although the PA 
image reconstruction using this scheme is an ill-conditioned 
deconvolution process with a smooth kernel, Murray 
et al. assumed block sparsity and developed an efficient 
deconvolution algorithm called block-FISTA (fast iterative 
shrinkage-thresholding algorithm) to obtain high-resolution 
images. The PAT setup is similar to the fluctuation-analysis 
based method with speckle illumination. The experimental 
demonstration in Figure 2C clearly showed that this method 
has a much better resolution than the regular deconvoluted 
or averaged PA images. The 2D image formation (Figure 2D) 
with this method was also realized with a linear transducer 
array in an independent study by Hojman et al. (26). 

Localization of sub-diffraction absorbers is the basis of 
stochastic super-resolution fluorescence microscopy (30,31), 
which has enabled in vivo sub-cellular biochemical research 
since 2006. The super-resolution localization images are 
constructed by superposition of a large number of isolated 
individual sources, which are otherwise not resolvable due 
to the diffraction limit. In the past two years, localization-
based super-resolution ultrasound imaging has also been 
achieved through tracking microbubbles in deep vessels (32).  
Recently, two independent studies overcame the acoustic 
diffraction limit in PAI by localizing flowing optical 
absorbers (14,27). Vilov et al. performed a proof-of-principle 
experiment using microbeads flowing in microfluidic 
channels and imaged by a 15-MHz linear transducer  
array (27), while Dean-Ben et al. demonstrated 3D imaging 
of a knotted pipette filled with flowing microbeads imaged 
by a 4 MHz semi-spherical transducer array (14). In 
both studies, sparsely distributed PA point sources, i.e., 
microbeads, were driven through the micro-tubing or 
micro-channels and repeatedly captured in sequential PA 
images. The localization images were constructed through 
superposition of the central positions of point sources 
extracted from each PA image (Figure 3A,B,C). While the 
point sources were blurred in each conventional PA images 
due to acoustic diffraction limit, the localization image 
was able to break this limit and achieve sub-diffraction 
resolution (16,33). Nevertheless, the concept has only been 

demonstrated on simple phantoms without background 
signals or motion artifacts, and its applications for animal 
studies are expected to be more challenging due to reduced 
signal strength and image contrast. 

Another way to achieve SR-PAI in deep tissue is to create 
a sub-acoustic-diffraction optical focus through optical 
wavefront shaping. Focusing light in highly scattering media 
has long been sought for deep-tissue imaging at optical 
resolution (34-37). Most of the reported wavefront shaping 
techniques rely on a guide-star inside the media to provide 
optical signal feedback (e.g., fluorescence, transmittance) for 
wavefront optimization. Similarly, Conkey et al. optimized 
optical wavefront using PA signals as the feedback (15). As 
illustrated in Figure 3D, the optical speckle pattern inside 
the ultrasound focal region was optimized using PA signal 
feedback through evolution algorithm, and finally reached 
sub-acoustic-diffraction optical focusing. When scanning 
the object with the optimized optical focusing, 2D PA 
images with sub-acoustic-diffraction resolution are formed. 
Using this method, Conkey et al. demonstrated a 13 µm 
resolution, which is much better than the conventional PAI 
(Figure 3E), but the speed for optimization and scanning was 
low. In future, with the advances in optical components and 
optimization algorithms, wavefront shaping in scattering 
media will be improved in its speed and robustness for SR-
PAI in deep tissue. 

Conclusions

In this concise review, we summarized various SR-PAI 
methods that have been explored to improve the resolution 
finer than either the optical or acoustic diffraction. Table 1 
lists these methods and compares their mechanisms, key 
performance, strength and weakness. The technological 
advances in SR-PAI have opened new possibilities for 
fundamental biological studies. Compared with conventional 
fluorescence-based super-resolution microscopy, SR-
PAI is label-free and thus can minimize the possibility of 
introducing image artefacts during the labeling process (38).  
While other label-free imaging technologies such 
autofluorescence-based and phase-sensitive microscopy 
are limited to thin samples or superficial tissues (11,39,40), 
SR-PAI can provide functional and structural information 
by imaging endogenous chromophores (e.g., hemoglobin, 
melanin, lipids, DNA/RNA) or exogenous chromophores 
(e.g., nanoparticles, organic dyes, reporter gene products) 
at depths far beyond the optical diffusion limit (41). Mostly 
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excitingly, the novel AR-PAM and PACT technologies with 
finer resolutions than the acoustic diffraction can potentially 
benefit in vivo cancer diagnostics, hemodynamics studies, 
and neuroscience research. 

Nevertheless, challenges largely remain for deep-
tissue SR-PAI. Applying blind illumination for deep tissue 
imaging is difficult because of the large difference between 
the optical speckle grain dimensions and the acoustic focal 
spot size. Longer optical wavelengths and higher ultrasound 
frequency will be beneficial to overcome the difficulty in 
the future (26). In optical wavefront shaping, the greatest 
challenge is to focus the light inside the living biological 
tissue with fast decorrelation motions such as blood flow 

and breathing. The number of input modes and genetic 
algorithm iterations need to be decreased, at the price 
of focusing quality (15). To detect PA signal fluctuation 
induced by flowing particles, the number of characteristic 
images may limit the temporal resolution of the technique 
(12,25,42). Similarly, the time for localizing absorbing 
particles depends on the frame rate and the number of 
pixels per image. The temporal resolution can be optimized 
by increasing the particle density, but it is still challenging 
for real-time imaging (14). Future improvements in the 
SR-PAI methods are needed and more phantom and  
in vivo validations should be performed to strengthen these 
methods.

Figure 3 Sub-acoustic-diffraction PA imaging based on particle localization and wavefront shaping. (A,B) The experimental setup of 
localization PA imaging with a linear array (A) (27) and semi-spherical array (B) (14); (C) images of a knotted pipette tip (~220 µm in 
diameter) obtained by conventional PACT (left) and localization PA imaging (right). Scale bar: 600 μm. Figures adopted with permission 
from (14,27); (D) the principle of optical focusing in highly scattering media by wavefront shaping with PA feedback; (E) images of a sweat 
bee wing obtained by conventional AR-PAM (left) and PAM with optical focusing through wavefront shaping (right). Scale bar: 100 μm. 
Figures adopted with permission from (15). PA, photoacoustic; PACT, photoacoustic computed tomography; AR-PAM, acoustic-resolution 
photoacoustic microscopy.
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Table 1 Summary of methods used for SR-PAI 

Depth 
regime

Imaging 
modality

Mechanism
Resolution Imaging 

speed
Pros Cons Ref

Lateral Axial

Ballistic OR-PAM Nonlinear 
photobleaching 
effect

90 nm 400 nm Medium Can be applied to 
both fluorescent and 
nonfluorescent samples. 
Capable of optical 
sectioning

The high frame number or 
excitation intensity may 
result in severe distortion 
between ‘bleached’ and 
‘unbleached’ regions

(10)

Nonlinear 
absorption 
coefficient

88 nm – Medium High-order PA image 
leads to higher resolution. 
Capable of optical 
sectioning

Long imaging time, 
slow pixel-by-pixel 
high-order fitting, and 
potential heating and 
photobleaching damage 
to the sample with 
repeated excitation

(11)

Diffusive AR-PAM Deconvolution 
with blind speckle 
illumination

80 μm – Low Uses blind structure 
illumination to achieve 
F imaging. Efficiently 
exploits dynamic temporal 
fluctuations

Requires sparsity of the 
structures

(13,26)

The small fluctuations 
over a large background 
may be challenging under 
low SNR conditions

Improved optical 
focus through 
wavefront shaping

30 μm – Low Can create an optical focal 
spot five times smaller than 
the acoustic focal spot size 
in scattering medium

Feedback optimization of 
wavefront for each pixel 
is very slow

(15)

PACT (OAT) Photoacoustic 
signal fluctuation 
induced by 
flowing particles

72 μm – Low Free from common 
photoacoustic imaging 
artifacts caused by band-
limited acoustic detection. 
Potential for label-free 
microvessel imaging

Lacks high temporal 
resolution intrinsically. 
Requires high frame rate 
for fluctuation analysis

(12)

Photoacoustic 
signal fluctuation 
with multiple 
speckle 
illumination

160 μm – Low Simple experimental 
setup. Reveals high spatial 
frequencies by considering 
fluctuations in PA images

Requires a very large 
number of frames for 
high SNR

(25)

Localization of 
flowing absorbing 
particles

78 μm 112 μm Very low Not affected by flow rate. 
Enhances the visibility of 
structures under limited-
view conditions

Needs high frame rate 
and high particle density

(14,27)

SR-PAI, super-resolution photoacoustic imaging; OR-PAM, optical-resolution photoacoustic microscopy; AR-PAM, acoustic-resolution 
photoacoustic microscopy; PACT, photoacoustic computed tomography; SNR, signal-to-noise ratio.
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Introduction

Atherosclerosis is a disease where lipids and fibrous elements 
accumulate in arteries and is the underlying cause of more 
than 50% of deaths in the westernized world (1). The early 
stages of atherosclerosis are marked by subendothelial 
accumulation of cholesterol-engorged macrophages, later 
joined by smooth muscle cells and necrotic debris leading 
to plaque formation (1,2). As macrophages play a pivotal 

role in development of atherosclerosis as well as atheroma 
plaque destabilization and rupture, which in turn leads 
frequently to thrombo-occlusive complications including 
strokes and myocardial infarction, macrophages may be 
a valuable therapeutic target. Indeed, previous studies 
support targeting macrophages as a promising strategy for 
atherosclerosis treatment (2).

Recent studies have shown that the majority of 
macrophages in atherosclerotic lesions originate from 
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local proliferation rather than inflammatory monocyte 
recruitment from the bloodstream (3). This suggests that 
use of antiproliferation agents may be an effective and novel 
approach to treat atherosclerosis. Antitumor drugs such as 
doxorubicin (4) and photodynamic therapy (5) are examples 
of antiproliferation treatments. However, development of 
theranostic agents which can selectively target and treat 
proliferating macrophages in atherosclerotic regions is an 
ongoing challenge.

Cisplatin is a widely used platinum-based drug included 
in many standard regimens for cancer treatment, sometimes 
in combination with radiotherapy. Cisplatin acts on cells by 
crosslinking DNA, resulting in DNA damage. Cisplatin also 
has radiosensitizing properties. The tendency of cisplatin 
to form crosslinks with carboxyl or sulfhydryl groups in 
proteins or specific nitrogen atoms in DNA has led to 
use in incorporation in polymers (6) and other carriers 

to overcome drug resistance and drug side effects such as 
nephrotoxicity (7,8). Alginic acid is a polymer obtained 
from seaweed known for being inexpensive, nontoxic, 
and biocompatible (9). Alginate gelates in the presence of 
cations such as Ca2+ (9). However, we demonstrated that it 
does not readily gelate with Pt2+ for nanogel synthesis.

In this study, we synthesized theranostic alginate-based 
nanogels (TANgel) as a pH-responsive drug-releasing 
theranostic nanoplatform for macrophage cells (Figure 1). 
Initially, carboxylic acid groups of alginate were modified 
with iminodiacetic acid (IDA) to enhance chelation with 
platinum ions (10,11). Near infrared (NIR) fluorophore 
ATTO655 was conjugated to the modified alginic acid. 
Then, cisplatin, which functions as an antiproliferation 
drug, was used to crosslink alginate molecules to form 
TANgel (Figure 1A). This was the first synthesis of 
TANgel. We hypothesized that TANgel would be stable 

Figure 1 Synthesis and mechanism of action of theranostic alginate-based cisplatin-loaded nanogel (TANgel). (A) Synthesis steps of alginate 
derivative and TANgel. On the right side, the chelation of platinum to polymer is explained. (B) Schematic diagram of TANgel taken up selectively 
by macrophages and releasing cisplatin and fluorescence, enabling selective imaging and combined chemo/radio therapy. IDA, iminodiacetic acid.

A

B
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in blood circulation, minimizing systemic toxicity of 
cisplatin. As atherosclerotic plaques have leaky vascular 
structure resulting in enhanced permeability (12,13), 
TANgel can accumulate in leaky regions and be actively 
taken up by macrophage cells. In macrophages, release of 
cisplatin may be triggered at lysosomal pH (pH 4.5–5.5) 
because of pH-dependent decreased affinity of IDA (as 
well as carboxylic acids of alginic acid) for metal ions (14). 
The sites at which this occurs would then be detected 
through NIR fluorescence imaging. In addition, combined 
treatment with radiation therapy (RT) may further reduce 
the therapeutic concentration of the drug with regard to 
reducing macrophage proliferation (Figure 1B). Therefore, 
TANgel may be useful for selective imaging and combined 
chemo/radio therapy of proliferating macrophage cells in 
atherosclerotic regions with reduced systemic toxicity. 

Methods

Materials

IDA,  sodium alginate  (MW =190 kDa) ,  1-ethyl-
3-(3-dimethylaminopropyl )carbodi imide (EDC), 
ethylenediamine, ATTO655-NHS ester, cisplatin [cis-
diamminedichloridoplatinum (II)], and o-phenylenediamine 
(OPDA) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Dialysis membrane (MWCO =10 kDa) was 
purchased from Repligen (Waltham, MA, USA) and dialysis 
tubing (MWCO =12 kDa) was purchased from Thermo 
Fisher Scientific (Waltham, MA, USA).

Synthesis of IDA-modified alginic acid (Alg-IDA)

IDA was attached to the alginic acid backbone by utilizing 
EDC. Sodium alginate (200 mg) was dissolved in 10 mL 
of deionized (DI) water. Five milliliters of EDC aqueous 
solution (200 mM) was added and the mixture was adjusted 
to pH 6 by addition of 0.1 M hydrochloric acid. After 
stirring for 45 min, IDA (200 mg) was dissolved in 4 mL 
of sodium hydroxide solution (0.1 M), and the solution was 
added to the mixture in a dropwise manner. The mixture 
was re-adjusted to pH 6 and stirred for 3 h. Following 
stirring, the mixture was dialyzed (MWCO =15 kDa) in  
1 mM hydrochloric acid for 2 days, in 1 mM hydrochloric 
acid +1% sodium chloride solution for 1 day, then in DI 
water for 1 day. Finally, the product was freeze-dried and 
stored. To synthesize the Alg-IDA-dye conjugate, one-
tenth of the IDA solution was combined with equimolar 

ethylenediamine (11 mg). Two and one-half milliliters of the 
resulting product was concentrated to a volume of 0.5 mL 
using a centrifugal filter, to which 2 mL phosphate buffer 
(pH 8.5) and 1 μmol ATTO655-NHS ester was added. 
The mixture was shaken for 1 h, then dialyzed (MWCO = 
10 kDa) in DI water for 2 days. The product was freeze-
dried for storage.

Preparation of TANgel

Cisplatin was dissolved in DI water at 5 mg/mL and 
preheated to 90 ℃ for dissolution. Alg-IDA and Alg-IDA-
dye, at a mass ratio of 9:1, were dissolved in water to a 
final concentration of 2 mg/mL. Then 0.2 mL of cisplatin 
solution was mixed with 0.8 mL of Alg-IDA/Alg-IDA-dye 
solution, and the mixture was incubated at 95 ℃ for 1 h. 
Following incubation, the mixture was cooled on ice for  
15 min. The mixture was then dialyzed (MWCO =2 kDa) 
in DI water for 4 h.

Characterizations

UV-Vis absorption spectra of free dye, Alg-IDA-dye, and 
TANgel were obtained using a UV-Vis spectrophotometer 
DU730 (Beckman Coulter, USA). Fluorescence spectra 
of the solutions (λex =655 and 710 nm) were obtained 
on a multifunctional microplate reader (Safire 2, Tecan, 
Switzerland). Scanning electron microscope (SEM) images 
of nanoparticles were obtained using a JEM-7800F field 
emission SEM (JEOL, Japan). EDS data was obtained using 
an X-max (Oxford Instruments, UK) analyzer attached to 
a JEM-F200 (JEOL) transmission electronic microscope 
(TEM) in scanning TEM mode. Dynamic light scattering 
(DLS) and zeta potential analysis were performed on a 
Zetasizer Nano-ZS (Malvern Instruments, UK). Inductively 
coupled plasma mass spectrometry (ICP-MS) measurement 
was performed on a NexION 300 (PerkinElmer, USA). 
Cisplatin equivalent concentration was determined using 
ICP-MS results and the freeze-dried mass of TANgel. 
Fluorescence photographs were taken with in vitro imaging 
system (IVIS) Lumina XR (Caliper Life Science, USA).

In vitro drug release test

Release of cisplatin from TANgel was analyzed at different 
pH conditions. TANgel solution (625 μg/250 μL) was 
transferred to dialysis microtubes (MWCO =12 kDa) and 
immersed in 40 mL of phosphate buffer solutions (0.1 M) 
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at pH 7.4 or pH 5 and shaken gently. At each time point 
1.5 mL of buffer solution was collected and 1.5 mL of 
fresh buffer was added back. The amount of cisplatin in 
each sample was determined with a modified version of the 
OPDA assay (15). Total cisplatin released was calculated 
cumulatively. Experiments were performed in triplicate.

Cell culture

A Murine macrophage cell line (J774A.1), a human primary 
dermal microvascular endothelial cell line (HDMVECn), 
a human primary dermal fibroblast cell line (HDF), and 
a human primary coronary artery smooth muscle cell line 
(HCASMC) were acquired from ATCC (American Type 
Culture Collection, Manassas, VA, USA). J774A.1 and 
HDF cells were maintained in Dulbecco’s Modified Eagle 
Medium (DMEM; Thermo Fisher Scientific) supplemented 
with 10% fetal bovine serum (FBS) and 1% antibiotic and 
antimycotic (Thermo Fisher Scientific). HDMVECn and 
HCASMC cells were maintained in vascular cell basal 
medium plus microvascular endothelial growth kit (ATCC). 
Cells were incubated in a humidified incubation chamber 
containing 5% CO2.

Cell uptake assay

J774A.1 and HDMVECn cells were plated in an 8-well 
Lab-Tek II chambered glass (Thermo Fisher Scientific) at a 
density of 5×104 cells/well, and incubated for 24 h to allow 
cell attachment. TANgel solution was diluted with the 
appropriate cell culture medium to achieve a concentration 
of 2 μM Cis equivalent. The existing culture medium was 
replaced with 200 μL of fresh medium containing TANgel, 
and cells were incubated for 24 h. Untreated control cells 
were incubated with cell culture medium without TANgel 
for 24 h. All cells were washed 3 times with fresh culture 
medium and stained with 50 nM Lysotracker Red DND-99 
(Thermo Fisher Scientific). Fluorescence images of the cells 
(λex =633 nm, λem =652–747 nm for TANgel; λex =561 nm,  
λem =579–633 nm for Lysotracker) were obtained using 
confocal laser scanning microscopy (LSM 780, Carl Zeiss, 
Germany). All fluorescence images for TANgel were taken 
using identical settings for comparison. 

Cytotoxicity assay

J774A.1 cells were seeded in a 96-well plate at a density 
of 5×103 cells/well. HDMVECn, HDF and HCASMC 

cells were seeded in a 96-well plate at a density of 1×104 
cells/well. All cells were incubated for 24 h to allow cell 
attachment. TANgel and free Cis were diluted in cell 
culture medium to obtain equivalent concentrations of 
0.1, 0.2, 0.5, 1 and 2 μM Cis for J774A.1 experiments, and 
concentrations of 1 and 2.5 μM Cis for HDMVECn, HDF, 
and HCASMC experiments. The existing culture medium 
was replaced with 100 μL of the appropriate media. Cells 
were incubated for 24 h then washed and the media in each 
well exchanged with fresh drug-free cell culture medium. 
To evaluate the effect of TANgel on chemo/radio therapy, 
J774A.1 cells were treated with TANgel or free Cis in 
DMEM described above for 24 h. Following treatment, the 
culture media were exchanged with fresh drug-free media. 
Cells were then irradiated with ionizing radiation. Radiation 
treatments were performed using a XenX irradiator 
platform (Xstrahl, UK) to deliver a total X-ray dose of 3 Gy.

Following radiation, cells were incubated for 72 h, and 
cell viability was analyzed using a CCK-8 assay kit (Dojindo 
Laboratories, Japan). Absorbance of each sample was 
measured at 450 nm using a microplate reader. Untreated 
control cells were used as a reference for 100% viable 
cells, and their medium served as the background. Data are 
expressed as mean ± SD of 6 data samples.

Live cell proliferation assay

The effect of TANgel or free Cis with or without radiation 
treatment on the rate of cell proliferation was evaluated. 
Cells were seeded in 96-well plates at a density of 5,000 
cells/well and incubated overnight for cell attachment. 
Cells were treated with TANgel or free Cis (0.2 or 2 μM, 
respectively) for 24 h. Culture media was replaced, and cells 
were irradiated with ionizing radiation and were analyzed 
every 2 h for 72 h using an IncuCyte ZOOM live cell 
analysis device (Essen BioScience, Ann Arbor, MI, USA). 
All experiments were carried out in triplicate. Data are 
expressed as mean ± SD of 4 data samples.

Statistical analysis

Statistical analysis was performed using Student’s t-test.

Results

To enhance cisplatin-binding performance of the alginic acid 
backbone, we attached IDA to carboxylic acids of alginate 
using carbodiimide. Success of the reaction was confirmed 
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by identification of Alg-IDA by 1H-NMR (Figure S1). To 
allow for imaging, Alg-IDA was further functionalized with 
amine groups via ethylenediamine, to which fluorescent 
dye molecules were attached by NHS ester reaction. After 
obtaining fluorescent alginate molecules (Alg-IDA-dye), 
nanogel synthesis was carried out by mixing cisplatin with 
Alg-IDA and Alg-IDA-dye, and heating the mixture at 95 ℃  
for 1 h. The optimal ratio and concentrations of Alg-IDA 
species and cisplatin were determined in a preliminary 
experiment (data not shown). After formation, TANgel was 
characterized through multiple means. DLS measurements 
gave hydrodynamic sizes of 99.3 nm with a polydispersity 
index (PDI) of 0.177 and zeta potential of −28.8 mV 
(Figure 2A). To determine cisplatin loading, TANgel was 
evaluated by ICP-MS, with a result of 8.96±0.21 wt% of Pt 

content, which translates to a cisplatin loading efficiency of 
(13.78±0.32)%. Note that the Pt content agrees with the 
value obtained from energy-dispersive X-ray spectroscopy 
(EDS) which gave 13.99 wt% of Pt. EDS mapping also 
showed Pt atoms evenly distributed throughout the nanogel 
particle (Figure 2B). In UV-Vis absorbance and fluorescence 
spectra, new absorption and emission peaks emerged in the 
region of 710 and 740 nm, respectively (Figure 2C). NIR 
fluorescence imaging showed that the fluorescence from 
TANgel could be detected through a longer-wavelength 
channel where free dye molecules showed no emission 
(Figure 2D, Figure S2).

Analysis of dispersion stability of TANgel (Figure S3) 
showed that the solution remained stable for at least 7 days 
under ambient conditions. DLS measurement of the sample 

Figure 2 Characterization of TANgel. (A) Hydrodynamic size distribution and SEM image (inset) of TANgel. (B) EDS map for elements 
Pt, C, and O of TANgel. (C) UV-Vis absorption spectrum and fluorescence spectra upon excitation at two wavelengths (655 and 710 nm) of 
TANgel. (D) Photographic image and fluorescence images in two different channels (Cy 5.5: λex =630–650 nm, λem =690–730 nm, Cy 7: λex = 
710–730 nm, λem =770–810 nm) of a blank solution (phosphate buffered saline) and TANgel solution. TANgel, theranostic alginate-based 
nanogels; SEM, scanning electron microscope.
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at day 7 showed no notable changes to the hydrodynamic 
size distribution of the nanogels (Figure S3B). Likewise, 
nanogels suspended in physiological solution were stable 
for at least 10 days (Figure S4). We also evaluated the effect 
of exchanging medium with buffer solutions at pH 7.4 and 
pH 5, and demonstrated little change in size distribution of 
TANgel after 48 h (Figure S5).

Drug release profile was determined by placing TANgel 
solutions in dialysis tubes and shaking in phosphate buffer 
solutions at pH 7.4 or pH 5 (Figure 3). Cisplatin released 
much faster at pH 5, as expected, with all incorporated 

cisplatin released within 48 h. At pH 7.4, less than 15% was 
released within 48 h. 

We evaluated intracellular uptake of TANgel and its 
localization in vitro. As atherosclerosis is characterized by 
plaque build-up and macrophage accumulation in arteries, 
the J774A.1 macrophage cell line was chosen to model 
atherosclerosis. To model normal cells the HDMVECn 
human vascular endothelial cell line was used. Both cell 
types were treated with TANgel for 24 h. Cells were washed 
and NIR fluorescence images obtained (Figure 4). Although 
J774A.1 cells clearly displayed fluorescence signals from 
TANgel, HDMVECn cells did not display any significant 
fluorescence from TANgel. Also, in J774A.1 cells TANgel 
fluorescence was mainly coincident with fluorescence 
from Lysotracker, indicating that when TANgel is taken 
up by macrophage cells they are localized in lysosomes. 
As lysosomes have an acidic environment, TANgel can 
be expected to release cisplatin reliably because of its pH-
responsiveness. 

To test the potential of combination therapy on 
macrophage cells, in vitro toxicity was assessed (Figure 5). 
J774A.1 cells were treated with free cisplatin or TANgel 
over a concentration range of 0.1–2 μM. Half of the cells 
were subjected to RT (3 Gy). Cell viability was assayed after 
3 days to evaluate DNA damage resulting from radiation 
and chemotherapy. Results showed that while TANgel 
showed similar toxicity in concentrations of 0.5 μM and 
above, at lower concentrations it was more effective at 

Figure 3 Cisplatin (Cis) release profile of TANgel at pH 7.4 and 
pH 5.0. TANgel, theranostic alginate-based nanogels.
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inhibiting cell viability, both with and without RT. Indeed, 
the IC50 of TANgel was calculated at 0.12 μM (cisplatin 
equivalent), lower than free cisplatin, which had an IC50 
of 0.21 μM. This difference may be explained by the high 
uptake rate of TANgel and polymer ligands serving as 
protection against platinum drug detoxification by thiol 
residues and other chemical reactions. As a measure to 
increase the reliability of cytotoxicity data, J774A.1 cells 
were treated in a live cell analysis system (Figure 6). The 
results were similar to those seen using the more traditional 
assay above, including the result demonstrating higher 
treatment efficiency of TANgel at 0.2 μM.

To test selectivity of TANgel treatment, normal cell 
lines were treated with TANgel over a concentration range 
of 0–2.5 μM. In addition to HDMVECn, two different 
suitable primary human cell lines were used: HDF dermal 
fibroblasts and HCASMC coronary artery smooth muscle 
cells. Results showed no toxicity at 1 and 2.5 μM as the 
difference in cell viability compared to the control group 
was not statistically significant (P=0.128, 0.171, and 0.157, 
respectively). This result, combined with the selectivity 
of radiotherapy, signifies that collateral damage to other 
normal tissues can be minimized, during treatment with 
TANgel.

Figure 5 Viability of J774A.1 cells treated with (A) TANgel or (B) free Cis at various Cis equivalent concentrations, with or without 
radiotherapy (RT, 3 Gy). **, P<0.01, ***, P<0.001. (C) Viability of normal cell lines (HDMVECn, HDF, and HCASMC) treated with 
TANgel at various Cis equivalent concentrations. TANgel, theranostic alginate-based nanogels.
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Figure 6 Effects of TANgel or free Cis at equivalent concentrations with or without radiation treatment on J774A.1 cell growth and 
morphology. (A) Growth measured using live cell imaging system. Cell growth was monitored for up to 72 h after TANgel or free Cis 
treatment with or without radiotherapy (RT). (B) Cell confluence assessed after 72 h in culture using live cell imaging system. (C) Cell 
morphology imaged after 72 h in culture using live cell imaging system. TANgel, theranostic alginate-based nanogels.
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Discussion

Macrophages play a pivotal role in development of 
atherosclerosis. Proteases secreted from macrophages 
degrade the extracellular matrix in the lesions, leading to 
plaque rupture which can cause thromboembolic stroke 
or myocardial infarction. These characteristics highlight 
why development of theranostic agents which can 
selectively image and treat proliferating macrophages in the 
atherosclerotic region has great therapeutic potential.

We proposed cisplatin-loaded TANgel as a pH-
responsive drug-releasing nanotheranostic for NIR 
fluorescence imaging and combined chemo/radio therapy 
of proliferating macrophages. Cisplatin was selected as 
an antiproliferation drug to treat macrophages and as a 
crosslinking agent of polymer backbones, enabling simple 
preparation of nanogels. As shown in Figure 2A and  
Figure S3, spherical shaped nanogels with a hydrodynamic 
size of 99.3 nm were formed, and TANgel was well 
dispersed in aqueous solutions without significant changes 
in hydrodynamic size for at least 7 d. This result suggests 
that cisplatin crosslinked efficiently, supporting the three-
dimensional structure of TANgel. 

As the alginate backbone is rich in carboxylic acid groups, 
alginate-based nanogels are likely to be pH-responsive. In 
a recent example, a doxorubicin-loaded alginate nanogel 
was prepared by mixing doxorubicin with alginate to take 
advantage of the electrostatic interaction between the 
molecules, followed by cross-linking with calcium ions. The 
release rate of doxorubicin from the nanogel was faster at 
pH 5.0 than at pH 7.4; however, a sizable amount of drug 
(~40%) was released after 24 h at pH 7.4 (16). In the current 
study, we showed that approximately 80% of incorporated 
cisplatin was released from TANgel at pH 5 within 24 h, 
while less than 12% was released at pH 7.4 within 24 h. 
We hypothesize that this results from use of an additional 
chelating moiety with pH-sensitivity and use of platinum 
ions in lieu of calcium ions. The difference in pH sensitivity 
supported the hypothesis that cisplatin will be preferentially 
released from TANgel in the acidic environment of 
intracellular lysosomes, but not at normal physiological pH 
(Figure 1B). Indeed, good therapeutic efficacy was obtained 
in TANgel-treated macrophages while no cytotoxicity was 
observed with up to 2.5 μM cisplatin equivalent treatment 
of various normal cells. This shows the potential utility of 
TANgel as a highly efficient pH-responsive drug delivery 
system for treatment of disease. 

Recently, NIR fluorescence imaging has emerged as a 
promising technique for real-time visualization of sentinel 

lymph nodes, tumor tissue, and vital structures during 
intraoperative procedures, allowing for accurate guidance 
during surgery. Interestingly, the conjugated NIR dye 
ATTO655 in TANgel has additional excitation and emission 
wavelengths at a much longer NIR wavelength range 
compared to free ATTO655 dye. We speculate that this is 
due to J-aggregation of dye molecules inside TANgel (17).  
This shift in both the peak absorption and emission 
wavelength allowed us to take fluorescence images in the 
longer NIR wavelength region, where TANgel exhibited 
strong emission but the original dye molecules did not 
(Figure 2D and Figure S2). As TANgel was preferentially 
taken up by macrophage cells compared to normal vascular 
endothelial cells (Figure 4), TANgel may be useful in 
selective NIR fluorescence imaging of macrophage cells in 
atherosclerotic lesions. 

In this article, we presented a theranostic nanoplatform 
in which the crosslinker doubles as a chemotherapy 
drug and a radiosensitizer. Synthesis of this theranostic 
nanoplatform was accomplished using a dramatically 
simplified novel approach. Synthesis of this nanogel is 
simple and proceeds under mild conditions. Our product, 
TANgel, was shown to have a good size distribution, 
stability, excellent pH-responsiveness, selective uptake, and 
interesting imaging properties owing to the shift in peak 
wavelengths. Simple components, practically consisting of 
only alginate derivative and cisplatin, would be beneficial 
for clinical use. In the future, additional drugs can be loaded 
onto this nanogel to target other ailments.
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Supplementary 

Figure S1 Proton nuclear magnetic resonance (NMR) spectrum of Alg-IDA in D2O. NMR measurement was carried out on Avance 600 
(Bruker, Germany) with operating frequency of 600 MHz. IDA, iminodiacetic acid.

Figure S2 Optical properties of free ATTO655 dye. (A) UV-Vis absorption spectrum and fluorescence spectra of free ATTO655 dye 
upon excitation on two wavelengths (655 and 710 nm). (B) Photographic image and fluorescence images in two different channels (Cy 5.5: 
λex =630–650 nm, λem =690–730 nm, Cy 7: λex =710–730 nm, λem =770–810 nm) of a blank solution (phosphate buffered saline) and free 
ATTO655-NH2 solution. No fluorescence signal was observed in Cy 7 channel. 
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Figure S3 Stability of TANgel in deionized water. (A) Photographs of TANgel solution over time after synthesis. (B) Hydrodynamic size 
distribution of TANgel solution after 7 days. TANgel, theranostic alginate-based nanogels.

Figure S4 Stability of TANgel at physiological pH condition. Photographs of TANgel dispersed in phosphate buffered saline (pH 7.4, 0.5×) 
over time. TANgel, theranostic alginate-based nanogels.

10 d0 d

0 d 1 d 3 d 5 d 7 d

Size (d, nm)
10                              100                              1000

15

10

5

0

In
te

ns
ity

 (%
)

A

B



Figure S5 Hydrodynamic size distribution of TANgel solution after 48 h of dialysis at (A) pH 7.4 and (B) pH 5. TANgel, theranostic 
alginate-based nanogels.
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Introduction

Diabetic retinopathy (DR) is the leading cause of blindness 
in the United States for patients aged 20–64 years (1). It 
is characterized by microaneurysms (MAs), capillary non-
perfusion, and ischemia within the retina (2-5) that may lead 
to several complications, such as diabetic macular edema 
(DME), diabetic macular ischemia, and neovascularization 
of the retina (6-10). Capillary non-perfusion impairs 
the delivery of nutrients to the neuroglial tissues in the 

retina, resulting in hypoxia and the expression of vascular 
endothelial growth factor (VEGF). VEGF promotes 
both angiogenic responses and vascular permeability 
(11,12). Currently, retinal capillary non-perfusion is 
readily demonstrated by fluorescein angiography (FA). 
Midperipheral capillary non-perfusion has been shown to 
be the most common type in early stage DR and the extent 
of capillary non-perfusion is more pronounced in eyes with 
retinal and optic disc neovascularization (13,14). Therefore, 
it is crucial to detect midperipheral or far peripheral 
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Ultra-wide optical coherence tomography angiography in diabetic 
retinopathy
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Background: To implement an ultra-wide optical coherence tomography angiography imaging (UW-
OCTA) modality in eyes with diabetic retinopathy (DR) with the aim of quantifying the burden of 
microvascular disease at baseline and subsequent clinic visits.  
Methods: UW-OCTA was implemented on a 1,060 nm swept source (SS) OCTA engine running at 100 kHz  
A-line rate with a motion tracking mechanism. A montage scanning protocol was used to capture a 
100-degree field of view (FOV) using a 4×4 grid of sixteen total individual 6×6 mm2 scans. Typical OCTA 
images with a FOV of 3×3, 6×6 and 12×12 mm2 were obtained for comparison. DR patients were scanned at 
baseline and follow-up. They were treated at the clinician’s discretion. Vessel density and non-perfusion area 
maps were calculated based on the UW-OCTA images.
Results: Three proliferative DR patients were included in the study. UW-OCTA images provided 
more detailed visualization of vascular networks compared to 50-degree fluorescein angiography (FA) 
and showed higher burden of pathology in the retinal periphery that was not captured by typical OCTA. 
Neovascularization complexes were clearly detected in the two patients with active PDR. Vessel density 
and non-perfusion maps were used to measure progressive capillary non-perfusion and regression of 
neovascularization between visits. 
Conclusions: UW-OCTA provides approximately 100-degree OCTA images of the fundus comparable to 
that of wide-angle fundus photography, and may be more applicable in conditions such as DR which affect 
the peripheral retina in contrast to standard OCTA. 

Keywords: Diabetic retinopathy (DR); field of view (FOV); non-perfusion; optical coherence tomography 

angiography (OCTA); swept source OCTA; vessel density
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capillary non-perfusion in DR patients, especially in the 
early stages of the disease.

FA, a dye-based angiography, is widely recognized as 
an essential tool in evaluating the severity of DR (15). 
Traditional fundus cameras capture FA images from the 
posterior pole, covering a 20–50 degree field which is 
important for macular diseases such as age-related macular 
degeneration. The introduction of widefield imaging 
systems, including color fundus photography and FA, has 
proven to be of higher utility in diseases such as DR that 
have significant effects on the peripheral retina (16-18). 
Compared to the traditional fundus images, widefield FA 
imaging devices enable imaging of up to 200 degrees of the 
posterior pole in a single scan. However, despite its clinical 
usefulness, FA and widefield FA are invasive procedures 
requiring the intravenous injection of fluorescein which has 
documented risks of nausea, vomiting, itching, anaphylaxis, 
and in rare cases, can cause death (19).

Optical coherence tomography (OCT) is a non-
invasive imaging modality that can rapidly render three-
dimensional images of retinal microanatomy. It has become 
an important tool in the management of DR, especially 
with the advent of anti-VEGF therapy for the treatment 
of DME (20). Optical coherence tomography angiography 
(OCTA) (21-25) is a further step in OCT technology that 
allows assessment of the microvasculature by detecting 
functional blood flow. It has become increasingly important 
as a non-invasive, functional imaging modality in conditions 
affecting the retinal and choroidal vasculature (26-29). 
The basis of OCTA is to isolate and exhibit only tissues 
with variable backscattering of light. By repeating an OCT 
scan multiple times at the same location, post-processing 
methods are applied to isolate only tissues that produce 
variable backscattering of light such as those produced by 
the continual flux of red blood cells through the retinal 
vasculature (30,31). Given current OCT system speed, 
the tolerance of the human eye to maintain its position 
for approximately 5 seconds limits the field of view (FOV) 
obtainable by OCTA, which requires rapid acquisition 
of images in a small window of time. Typically, 3×3 and 
6×6 mm2 are the most common FOVs of spectral domain 
(SD) OCTA with an imaging speed of approximately  
70 kHz. Larger FOVs of up to 9×9 and 12×12 mm2 can be 
achieved in a single scan by utilizing a faster swept source 
(SS) OCTA system (100 kHz). However, with larger scan 
areas, there is a correspondingly decreased resolution of the 
fine retinal vasculature. To maintain the high resolution of 
the vasculature, a montage protocol can be used to cover 

a larger FOV, performing multiple individual scans of the 
fundus and merging them into a larger image. Zhang et al. 
showed that montaged SD-OCTA images could be used 
to cover a larger FOV of approximately 50 degrees while 
maintaining a high vascular resolution (32). The described 
method is comparable to traditional fundus imaging, 
but still it is not ideal for conditions such as DR that 
predominately affect the more peripheral retina. 

In this study, we implemented a montage protocol that 
utilizes SS-OCTA to achieve ultra-wide images that are 
more applicable in DR patients. The more rapid acquisition 
time of SS-OCTA makes this method possible and practical 
in the clinical setting. 

Methods

Clinical and imaging data were collected prospectively 
from patients receiving care at the eye institute at the 
University of Washington, Seattle, WA, between January 
2016 and October 2017. This study was approved by the 
Institutional Review Board of the University of Washington 
and informed consent was obtained from all subjects. This 
study followed the tenets of the Declaration of Helsinki and 
was conducted in compliance with the Health Insurance 
Portability and Accountability Act.

All patients underwent imaging with a 100 kHz Plex® 
Elite 9000 SS-OCTA (Carl Zeiss Meditec Inc., USA) 
machine that operates at a central wavelength of 1,060 nm 
with a bandwidth of 100 nm, an A-scan depth of 3.0 mm  
in tissue, a full-width at half maximal (FWHM) axial 
resolution of approximately 5 μm in tissue, and a lateral 
resolution at the retinal surface estimated at 12 μm. 
FastTracTM motion correction software was used while the 
images were acquired, which enabled the montage scanning 
protocol to achieve an unprecedented FOV. The montage 
was comprised of a 4×4 grid of sixteen total individual  
6×6 mm2 FOV scans. Two repeated B-scans were acquired 
as a cluster scan at each position over the slow axis. In total, 
500 clusters were stepped in the slow axis. In each B-scan, 
500 A-lines were sampled over the fast axis direction. The 
high-density sampling of the 6×6 mm2 scans resulted in 
12 μm spacing, rendering the retinal microvasculature at 
high resolution and allowing for quantitative analysis. The 
complex optical microangiography (OMAGc) algorithm was 
used to obtain OCTA images, by utilizing the variations in 
both the intensity and phase information between sequential 
B-scans at the same location to generate flow signal (30). 
The 4×4 grid was imaged in a standardized manner by 
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changing the fixation target to guide the OCT probe. 
Twenty percent overlap between adjacent cubes was allowed 
in order to guide the rendering of the montage image. 
In addition, traditional single scan images were obtained, 
including 3×3, 6×6 and 12×12 mm2, to allow comparison 
with the ultra-wide montage image.

Retinal layers were segmented using a validated semi-
automated segmentation algorithm (33). Three retinal layers 
were segmented in all patients: a vitreous retinal layer (VRL) 
that is a slab covering approximately 100 microns above 
the inner limiting membrane (ILM), a superficial retinal 
layer (SRL) extending from the ILM to the inner plexiform 
layer (IPL), and a deep retinal layer (DRL) covering a slab 
from the outer border of the IPL to the outer border of 
the outer plexiform layer (OPL) (32). Maximum projection 
was applied on the segmented volumes to generate the en 
face angiograms. The different layers were color coded as 
follows: purple in VRL, red in SRL, and green in DRL. An 
automated montage algorithm was then applied to generate 
the final ultra-wide angiograms.

Vessel density and flow impairment areas indicating 
capillary non-perfusion were calculated on the en face 
angiograms using our previously described method (34).

A non-perfusion flow impairment map was created 
in all patients to highlight voids where capillaries were 
not detected but excluding areas of less than or equal to  
0.03 mm2. In addition, the foveal avascular zone and optic 
disc were excluded in the analysis. Comparisons between the 
composite ultra-wide FOV and common FOVs in detecting 
flow impairment area were conducted. In addition, vessel 
density changes were detected between clinical visits.

Results

Starting from January 2016, 50 patients comprising a 
total of 60 study eyes with either non-proliferative DR 
(NPDR) or proliferative diabetic retinopathy (PDR), were 
enrolled in our study and underwent OCTA imaging. 
Twelve study eyes were excluded due to severe cataract 
or motion artifacts. Thirty patients, contributing 20 
study eyes, underwent ultra-wide FOV scans. Of these, 3 
patients, contributing four study eyes in total, underwent 
the montage UW-OCTA scan, in addition to the single 
scan images of all three FOVs (3×3, 6×6 and 12×12 mm2). 
These three cases are described in this report. Of note, one 
of the three patients (patient #3) had an adverse reaction to 
traditional FA imaging and refused further invasive studies. 
She was subsequently followed with SS-OCTA scans on her 

routine clinical visits in order to monitor progression. 

Patient #1: PDR (non-high risk) in a 33-year-old man

A 33-year-old man presented with best-corrected visual 
acuity (BCVA) of 20/20 in the right eye and was diagnosed 
with non-high risk PDR. Both color fundus photography 
and traditional FA images demonstrated intraretinal 
hemorrhages and MAs in the macula (Figure 1A,B). Typical 
3×3 mm2 (Figure 1C) and 6×6 mm2 (Figure 1D) OCTA 
images showed only details of the central macula and 
did not provide a FOV comparable to traditional fundus 
imaging, but did provide greater detail of the capillary 
networks in the macula. A 12×12 mm2 (Figure 1E) OCTA 
image encompassed the macula and a portion of the retina 
outside of the arcades, but with lower resolution of the 
capillary networks compared to the smaller FOV scans. 
The UW-OCTA image (Figure 1F), with approximately 
100 degrees FOV, demonstrated the widest field view 
with vascular detail comparable to the smaller FOV scans. 
The UW-OCTA demonstrated non-perfusion areas (dark 
signal), and neovascularization in the VRL (purple color) 
that were not visualized on traditional FA or the smaller 
field OCTA scans. 

Quantification methods previously described (34) were 
applied to the UW-OCTA image to quantify the areas of 
non-perfusion as well as vessel density (Figure 2). Flow 
impairment was found to be more concentrated in the 
retinal periphery rather than the macula (area shaded 
green in Figure 2C) with less dense capillary circulation in 
the same distribution (Figure 2D). To provide quantitative 
measures, we measured the non-perfusion areas with typical 
50-degree FA FOV (yellow dashed circle in Figure 2C), 
and compared that to the outside region within 100-degree 
OCTA. The total area of non-perfusion was 11.83 mm2 
within 50-degree FOV, whereas that of the outside 
50-degree but within 100-degree FOV, was 108.59 mm2.

Patient #2 inactive PDR in a 54-year-old man

A 54-year-old man presented with best-corrected visual 
acuity (BCVA) of 20/20 in his left eye that was stable 
compared to 1 year ago. Panretinal photocoagulation (PRP) 
had been performed in the left eye 20 years ago with scars 
demonstrated on both the typical 50-degree color fundus 
photograph (Figure 3A) and FA (Figure 3B) images. The 
UW-OCTA images at baseline and his subsequent follow up 
1 year later are shown in Figure 3C,D,E and Figure 3F,G,H, 
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respectively. A 50-degree circle is overlaid onto the UW-
OCTA images demonstrating the additional information 
gained by widefield OCTA compared to traditional fundus 
camera images. Quantitative measures of non-perfusion 
area in Figure 3D and Figure 3G within typical 50-degree 
FOV were 9.68 mm2 for the first visit and 10.38 mm2 for 
the second visit, respectively. However, these values were 
67.36 mm2 for the first visit and 69.88 mm2 for the second 
visit in the region bounded by 50-degree and 100-degree 
outlines. The vessel density maps in Figure 3E,H showed 
that there is no appreciable difference in the 1-year follow-
up interval (on average 24.42% vs. 24.77%), suggesting 
stable or minimal progressive capillary perfusion loss. 

Patient #3 High-risk PDR in a 31-year-old woman

A 31-year-old woman presented with best-corrected visual 

acuity (BCVA) of 20/20 in her right eye and 20/60 in her 
left eye. At her initial consultation, the patient had a severe 
allergic reaction to the fluorescein dye and fainted. She did 
not consent to further FA studies. However, Optos wide-
field color fundus images were captured on both right 
and left eyes (Figure 4). Her baseline UW-OCTA showed 
extensive neovascularization of the disc (NVD) and retina 
elsewhere (NVE) in the left eye (Figure 5A). Intravitreal 
bevacizumab and panretinal photocoagulation laser 
treatments were performed in the left eye. One month later, 
the UW-OCTA was repeated (Figure 5B). Comparison of 
Optos photograph (Figure 4A) to UW-OCTA (Figure 5) 
demonstrates the response to treatment more dramatically 
in the color-coded UW-OCTA, showing regression of the 
NVD and NVE. The non-perfusion map (Figure 5C,D) 
reflects the regression of neovascularization in the VRL, 
exposing a larger area of underlying non-perfusion in the 

Figure 1 The clinical images and OCTA images with different field of views (FOVs) of a 33-year-old man (patient #1) with a diagnosis 
of non-high risk PDR in his right eye. (A) 50-degree color fundus image; (B) 50-degree early phase of FA image; (C,D,E) typical OCTA 
color-coded images with a FOV of 3×3, 6×6, and 12×12 mm2 scans, respectively; (F) the ultra-wide OCTA color-coded image with a FOV 
of approximately 100 degrees. Red indicates superficial retinal layer (SRL); Green indicates deep retinal layer (DRL); Purple indicates the 
vitreous retinal layer (VRL) to demonstrate neovascularization consistent with PDR. The FOVs of each image are listed in the table.
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retinal circulation.  Quantitative measures of total non-
perfusion area in Figure 5C,D within typical 50-degree 
FOV were 32.31 mm2 for the first visit and 49.02 mm2 for 
the second visit, respectively. The non-perfusion in the 
area bounded by the 50-degree and 100-degree lines was  
122.37 mm2 at the first visit, and 135.84 mm2 for the second 
visit. The vessel density maps in Figure 5E,F showed that 
there is also a decrease in the vessel density measurement by 
the second visit (30.26% to 22.02% on average) consistent 
with the regression of NVD and NVE.

Figure 6 shows images of the patient’s right eye. Again, 
the NVD and NVE are more readily appreciable on the 
UW-OCTA images compared to the Optos image. With one 

month of observation, the NVE has progressed in the UW-
OCTA image (Figure 6A vs. Figure 6D) and on the vessel 
density map [Figure 6C (27.52% in average) vs. Figure 6F  
(24.69% in average)]. Non-perfusion area (Figure 6B vs. 
Figure 6E) has also progressed within the 50-degree FOV 
(30.28 to 35.91 mm2), but more so outside of the 50-degree 
region (84.71 to 97.77 mm2). 

Discussion

In this study, we utilized SS-OCTA in a novel protocol to 
render UW-OCTA images in patients with PDR. As we 
showed in our previous study, the maximum composited 
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Figure 2 Ultra-wide OCTA image of the whole retinal layer (WRL) in gray scale of patient #1 and the corresponding quantification 
process. (A) The original ultra-wide OCTA image; (B) binary OCTA image that was used for vessel density and further non-perfusion area 
measurements; (C) the OCTA image overlaid with non-perfusion area map in green color. Typical 50-degree FOV is outlined approximately 
with yellow dashed circle. The non-perfusion area within the outlined circle is measured with 11.83 mm2, whereas that of the outside is 
108.59 mm2. (D) The vessel density map overlaid with the binary OCTA image. The color-bar indicates the degree of the vessel density in 
percentage.
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FOV on patients we obtained from the SD-OCTA 
prototype with an A-line rate of 68 kHz can be extended to 
50 degrees with high vascular resolution (contributed by the 
dense sampling of the single cube, 2.4×2.4 mm2 with 245 
A-line × 245 B-scan), comparable to the standard clinical 
images.  In this study, the faster speed of SS-OCTA (up to 

100 kHz) and its modified tracking system allowed us to 
extend the FOV even wider to approximately 100 degrees 
with less imaging time. The application of this methodology 
is of special interest in cases such as DR and other retinal 
conditions predominately affecting the peripheral retina, 
such as sickle cell retinopathy, retinal vasculitis, or ocular 
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Figure 3 Clinical images and ultra-wide OCTA images of a 54-year-old man (patient #2) with a diagnosis of inactive PDR on his left eye. 
The clinical images were taken in his first visit. (A) 50-degree color fundus image; (B) 50-degree late phase of FA image; (C,F) the original 
ultra-wide OCTA images at his baseline and 1-year follow-up visit; (D,G) the non-perfusion map in green color of his first and follow-
up visit; (E,H) vessel-density map overlaid with binary map of the two different visits. The yellow circle overlaid on OCTA images is a 
50-degree circle to identify the typical clinical FOV.
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Figure 4 Optos ultra-wide color fundus image of a 31-year-old female (patient #3) with a diagnosis of (A) severe PDR on her left eye and (B) 
PDR on her right eye. Typical 50-degree FOV is outlined with white dashed circle line.

A B

Figure 5 Ultra-wide OCTA image of a 31-year-old woman (patient #3) with a diagnosis of severe PDR on her left eye. (A,B) Ultra-wide 
color-coded OCTA images at the first visit and 1-month follow-up visit after intravitreal bevacizumab and panretinal photocoagulation; (C,D) 
the non-perfusion map in green color of his first and second visit; (E,F) vessel density map of her first and second visit. The yellow circle 
overlaid on OCTA images is a 50-degree circle to identify the typical clinical FOV. On (A) and (E), red indicates superficial retinal layer (SRL); 
green indicates deep retinal layer (DRL); purple indicates the vitreous retinal layer (VRL) to demonstrate the neovascularization. 
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ischemic syndrome. 
The three reported cases demonstrate the ability of UW-

OCTA to provide valuable clinical information in grading 
retinopathy, monitoring stability, or monitoring treatment 
response.

In the case of patient #1, it is clear that OCTA renders 
a higher level of capillary network detail compared to 
conventional FA. Furthermore, the wider FOV of UW-
OCTA captured NVE missing in the 50-degree image 
obtained by traditional FA and the smaller FOV OCTA 
scans (Figure 1C,D,E). In the case of patient #2, the patient 
had a history of inactive PDR. UW-OCTA showed no 
active NVD or NVE and capillary density remained stable 
at 1-year follow-up, corresponding to the assessment of 
clinical stability. In the case of patient #3, we presented a case 

of adverse reaction to fluorescein dye that was effectively 
followed with the less invasive UW-OCTA. In this case, 
we are able to monitor the response of NVD and NVE 
to intravitreal anti-VEGF injections and PRP without 
invasive fluorescein dye testing. It can also be concluded 
that regression of NVD and NVE after treatment is more 
easily appreciated with UW-OCTA compared to Optos 
fundus photography. UW-OCTA may be of significant value 
in such clinical contexts wherein the number of necessary 
injections to achieve control requires frequent re-imaging, 
such as when more providers are opting to treat PDR with 
anti-VEGF injections rather than PRP (35,36). In the fellow 
eye, quantification indices on the vessel-density map show 
worsening NVE in the right eye after 1-month observation. 
In addition, progressive non-perfusion was measured on 
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Figure 6 Ultra-wide OCTA image of a 31-year-old woman (patient #3) with a diagnosis of PDR in her right eye. (A,D) Ultra-wide color-
coded OCTA images of the first visit and one-month follow-up visit; (B,E) the non-perfusion map in green color of his first and second 
visit; (C,F) Vessel-density map at her baseline and 1 month follow-up visit. The yellow circle overlaid on OCTA images is a 50-degree circle 
to identify the typical clinical FOV. On (A) and (D), red indicates superficial retinal layer (SRL); Green indicates deep retinal layer (DRL); 
Purple indicates the vitreous retinal layer (VRL) to demonstrate the neovascularization.
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the non-perfusion map. All three cases demonstrate that 
the burden of microangiopathy in DR is more heavily 
concentrated outside of the central 50 degrees that are 
captured by conventional photography methods.

There are limitations in our methodology. First, the 
acquisition time of UW-OCTA imaging is relatively 
long compared to standard OCTA imaging, which takes 
approximately 5 seconds per scan. Each UW-OCTA 
takes around 20 minutes to perform for both eyes, which 
may make acquisition difficult in patients who have low 
vision and cannot maintain fixation. On the other hand, 
acquisition time and difficulty may be comparable or 
better when compared to standard FA, which requires 
significant set-up time, placement of intravenous access, 
and at least 10 minutes of image capture time, exposing 
the patient to significant flash photography. Second, we 
provide quantification of retinal capillary perfusion using 
a vessel-density map. Although this may allow trending 
of microvascular disease between visits, there have not 
been studies to establish the clinical significance of vessel 
density changes. Most of our understanding and clinical 
approach to DR are from clinical findings such as MAs, 
retinal hemorrhages, and signs of neovascularization, 
which have been described in the ETDRS study. Further 
study is needed to understand the clinical utility of vessel 
density changes now that advancements in technology make 
trending this metric possible. 

In summary, we have described an ultra-wide OCTA 
imaging protocol for DR patients, which can provide up 
to 100 degrees of high vascular resolution by utilizing SS-
OCTA. The UW-OCTA images capture both the entire 
macula and retinal periphery in DR patients, which has 
widespread application in early disease screening, assessing 
treatment response, and assessing stability.
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Background: An experimental imaging platform for longitudinal monitoring and evaluation of cardiac 
morphology-function changes has been long desired. We sought to establish such a platform by using a 
rabbit model of reperfused myocardial infarction (MI) that develops chronic left ventricle systolic dysfunction 
(LVSD) within 7 weeks. 
Methods: Fifty-five New Zeeland white (NZW) rabbits received sham-operated or 60-min left circumflex 
coronary artery (LCx) ligation followed by reperfusion. Cardiac magnetic resonance imaging (cMRI), 
transthoracic echocardiography (echo), and blood samples were collected at baseline, in acute (48 hours 
or 1 week) and chronic (7 weeks) stage subsequent to MI for in vivo assessment of infarct size, cardiac 
morphology, LV function, and myocardial enzymes. Seven weeks post MI, animals were sacrificed and heart 
tissues were processed for histopathological staining.
Results: The success rate of surgical operation was 87.27%. The animal mortality rates were 12.7% and 
3.6% both in acute and chronic stage separately. Serum levels of the myocardial enzyme cardiac Troponin T 
(cTnT) were significantly increased in MI rabbits as compared with sham animals after 4 hours of operation 
(P<0.05). According to cardiac morphology and function changes, 4 groups could be distinguished: sham 
rabbits (n=12), and MI rabbits with no (MI_NO_LVSD; n=10), moderate (MI_M_LVSD; n=9) and severe 
(MI_S_LVSD; n=15) LVSD. No significant differences in cardiac function or wall thickening between sham 
and MI_NO_LVSD rabbits were observed at both stages using both cMRI and echo methods. cMRI data 
showed that MI_M_LVSD rabbits exhibited a reduction of ejection fraction (EF) and an increase in end-
systolic volume (ESV) at the acute phase, while at the chronic stage these parameters did not change further. 
Moreover, in MI_S_LVSD animals, these observations were more striking at the acute stage followed by 
a further decline in EF and increase in ESV at the chronic stage. Lateral wall thickening determined by 
cMRI was significantly decreased in MI_M_LVSD versus MI_NO_LVSD animals at both stages (P<0.05). 
As for MI_S_LVSD versus MI_M_LVSD rabbits, the thickening of anterior, inferior and lateral walls was 
significantly more decreased at both stages (P<0.05). Echo confirmed the findings of cMRI. Furthermore, 
these in vivo outcomes including those from vivid cine cMRI could be supported by exactly matched ex vivo 
histomorphological evidences.
Conclusions: Our findings indicate that chronic LVSD developed over time after surgery-induced MI in 
rabbits can be longitudinally evaluated using non-invasive imaging techniques and confirmed by the entire-
heart-slice histomorphology. This experimental LVSD platform in rabbits may interest researchers in the 
field of experimental cardiology and help strengthen drug development and translational research for the 
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Introduction

Myocardial infarction (MI) is the leading cause of 
morbidity, mortality, and disability worldwide and remains 
one of the greatest challenges in biomedical research (1). 
The evaluation of cardiac dysfunction after MI is essential 
for the prediction and diagnosis of heart failure (HF). The 
common fundamental defect in cardiac dysfunction after 
MI is a gradually decreased ability of the heart to provide 
sufficient cardiac output to support the normal functions 
of organs due to impaired ejection of the left ventricle and 
blood perfusion to tissues. Severe left ventricle systolic 
dysfunction (LVSD) will lead to irreversible congestive HF. 
Therefore, LVSD is most frequently studied to elucidate 
the physiological and pathophysiological mechanisms of HF 
and to develop new diagnostic and therapeutic approaches 
for HF after MI (2-5). Several factors such as infarct size, 
LV remodeling, stunned or hibernating myocardium, and 
mechanical complications, may influence the appearance 
of LVSD after MI (6-8). Among these factors, ventricular 
remodeling is the most important (8). The process of 
ventricular remodeling refers to alterations in ventricular 
architecture, associated with an increased volume and 
an altered chamber configuration, which are driven by 
a combination of pathologic hypertrophy and apoptosis 
of myocytes, myofibroblast proliferation, and interstitial 
fibrosis (9). Ventricular remodeling is directly implicated 
in post-infarction development of ventricular dilation, 
a process that can influence LV function and survival 
outcomes (10). Multiple imaging approaches have been 
used to better understand the structural and molecular 
changes that underlie the progression of LV remodeling 
from myocardial injury to MI and, ultimately, to congestive 
HF. Advances in cardiovascular imaging have come at a 
rapid pace over the last several years (11). Cardiac magnetic 
resonance imaging (cMRI) and speckle-tracking imaging 
with ultrasound echocardiography (Echo) have been widely 
used to monitor LV remodeling after MI. These techniques 
can (I) provide specific quantitation of cardiac function, 

accurate chamber volumes and structure, myocardial 
viability and coronary perfusion in both acute and chronic 
settings and, (II) exclude mechanical complications (11-14), 
though often lacking gold standard histopathology proofs. 

In translational cardiology, development of appropriate 
animal models for non-invasive evaluation of cardiac 
function is important to understand mechanisms of cardiac 
remodeling, and to provide new therapeutic strategies. 
Surgical complete coronary ligation to induce irreversible 
myocardium damage and subsequent remodeling has been 
extensively used and described (15-17), but often with 
high mortality due to severe ventricular tachycardia and 
ventricular fibrillation in the acute phase (18-20). While 
small animal MI models in rats and mice (19,21) display 
marked differences compared to the human heart (22), 
larger animals such as the dog, sheep and swine are very 
labor intensive and expensive (23,24). We experienced that 
the rabbit coronary occlusion/reperfusion model meets 
the requirements of the ideal experimental model (25). 
A medium sized rabbit heart has many similarities to the 
human heart in terms of cardiovascular anatomy, ventricular 
performance, cardiac metabolism, electrophysiology, 
coronary artery distribution, and collateralization after an 
acute event. In addition, with the lower phylogenetic scale, 
longer life span, strain-specific characteristics and low cost, 
the rabbit is a suitable species for cardiac research (13,25,26). 
Technically, the dimension of a rabbit heart is large 
enough to study with clinical imaging scanners and small 
enough to just fit in a standard glass slide for entire-heart-
slice histomorphologic studies, both of great translational 
significance.

In the clinic, approximately 40% of MI patients suffer 
from LVSD (8). However, a good animal model of LVSD 
has not been proposed thus far. Most experiments have 
focused on acute or subacute MI over hours and days, 
but not on a MI model that systematically progresses 
to chronic LVSD. In this study, we established a rabbit 
model of reperfused MI that evolves to chronic LVSD 
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over the time course of 7 weeks, and developed an imaging 
platform for longitudinal monitoring and evaluation 
of cardiac morphology and contractile function. This 
experimental platform combines in vivo cardiac MRI and 
echocardiography with postmortem immunohistochemical 
analysis.

Methods

Experimental protocol

All animal procedures were approved by the Ethical 
Committee of the KU Leuven. Fifty-five New Zeeland 
white male rabbits (3–4 kg) were obtained from the Animal 
Center of KU Leuven (Heverlee, Belgium). Animals were 
randomized into two groups: one group was subjected 
to open-chest surgery without manipulation of the heart 
(sham group), while the other group received induction 
of MI (MI group). To monitor cardiac function, cMRI 
and echocardiography were performed at baseline, 48 h 
(cMRI only), 1 week (echo only) and 7 weeks post MI on 
each animal. After 7 weeks, rabbits were killed for further 
multiple histological processions. 

MI model 

All surgical procedures were performed in a sterile manner 
in the animal operating suites. The rabbit model of acute 
reperfused MI was previously described in details (13). 
Briefly, rabbits were sedated, endotracheally intubated 
and mechanically ventilated. After intravenous (iv) access 
was established, rabbits received 40 mg/kg/h sodium 
pentobarbital to maintain anesthesia. After disinfection of 
the chest, skin and subcutaneous tissues were cut open by 
layers along the left sternal border. Subsequently, the 4th and 
5th intercostal space cartilages were cut and the pericardium 
was opened to expose the left circumflex artery branch 
(LCx). The LCx was ligated by a detachable knot using 2-0 
silk at 2 mm below the left atrial appendage, of which the 
pullable end was left outside the thorax after closure of the 
thoracic cavity by layered sutures. Reperfusion was induced 
by pulling the exteriorized end of the suture in a closed-
chest condition after 1 h of coronary occlusion. Similar 
procedures were applied for sham-operated animals, except 
for the LCx ligation. In the event of sustained ventricular 
fibrillation during coronary occlusion or reperfusion, 
animals were given 2% XYLOCAINE (1 mg/kg iv; lidocain, 
Eurovet Animal Health B.V.). After reperfusion, animals 

were allowed to recover on a warming blanket and were 
ventilated further until their own respiration took over. 

Serum cardiac troponin T (cTnT) measurements

To determine the optimal time point of peak cTnT 
concentrations, serum samples at different time points 
post MI (baseline, 30 min, 1, 2, 4, 8 and 24 h) from a 
rabbit were collected from the ear vein without anesthesia. 
Serum cTnT levels were evaluated using a routine 
laboratory assay. 

Cardiac magnetic resonance imaging 

Using a 16-channel phased array knee coil, cMRI was 
performed on the anesthetized rabbit at a 3.0T clinical 
Siemens MRI scanner (Trio, Siemens, Erlangen, Germany) 
with a maximum gradient capability of 45 mT/m, triggered 
by ECG and gated by respiration using a small animal 
monitoring and gating system (SA Instruments, Inc. Stony 
Brook, NY, USA). The two ECG electrodes were attached 
to the shaved thorax skin with an apical pulse and to the 
left leg. The respiration sensor was attached to abdomen 
of the rabbit, which was placed supinely in a holder and 
gas-anesthetized with 2% isoflurane in the mixture of 20% 
oxygen and 80% room air, through a mask connected via 
a tube to a ventilation instrument (Harvard Apparatus, 
Holliston, MA, USA). All images were acquired during free 
breathing of the animal. Eight short-axial slices of the heart 
were collected with a slice thickness of 3.0 mm without gap 
to cover the entire LV. Turbo spin echo sequence of black 
blood imaging was applied for cardiac morphology with 
the parameters: TR of 621–750 ms, TE of 15–74 ms, FOV 
of 240×195 mm2, FA of 180°, and in-plane resolution of  
0.9×0.9 mm2. The cine-MRI images were acquired on 
gradient echo in the short-axis, vertical long-axis and 
horizontal long-axis planes for displaying cardiac contraction. 
Each cine-MRI consisted of 25 frames/cycle, and the scan 
parameters: TR of 23 ms, TE of 3.7 ms, FOV of 240× 
195 mm2, FA of 12° and spatial resolution of 1.3×0.9 mm2. 
The delayed contrast enhancement (CE) images were 
acquired by a 3D segmented k-space inversion recovery turbo 
fast low angle shot sequence 20 minutes after an iv bolus 
injection of meglumine gadoterate (Gd-DOTA, Dotarem®, 
Guerbet, France) at 0.2 mmol/kg with parameters: TR of  
396 ms, TE of 1.54 ms, TI of 360 ms, FOV of 240×180 mm2, 
FA of 15° and in-plane resolution of 1.1×0.8 mm2. 
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Analysis of cMRI

cMRI images were read using an off-line workstation 
with dedicated software (SyngoMR A30, Siemens). The 
assessment and quantification of MI size and global LV 
function in CE and Cine-MRI images were made using the 
software SEGMENT (Medviso AB, Lund, Sweden). The 
endocardial and epicardial borders were manually traced in 
the end-diastolic and end-systolic short-axis Cine images. 
Papillary muscles were included in the myocardium. Global 
LV functions including end-diastolic volume (EDV), 
end-systolic volume (ESV), stroke volume (SV), ejection 
fraction (EF), cardiac output (CO) and mass were measured 
according to standard methods (4). Regional LV function 
was also assessed by measuring wall thickening from end-
diastolic phase to end-systolic phase in six clockwise sectors 
on the mid-ventricle section of Cine images.

Transthoracic echocardiography

Transthoracic echocardiographic examinations were 
performed on anesthetized rabbits using a 10S transducer 
(4.4–10 Mhz) (GE Healthcare, Machelen, Belgium) on a 
Vivid 7 ultrasound machine (GE Healthcare). LV internal 
diameter at end-diastolic (LVIDd) and end-systolic phase 
(LVIDs), muscle thickness in diastole (IVSd) and in systole 
(IVSs) and LV posterior wall thickness in end-diastole 
(LVPWd) and end-systole (LVPWs) were measured at 
three levels: at the level of the mitral valve (mv), papillary 
muscle (pm) and apex (ap). In addition, the long axis 
diameter in end-diastole (LAXd) and systole (LAXs) was 
obtained. EDV [EDV = (LVIDd_mv2 + LVIDd_pm2 + 
LVIDd_ap2) ×LAXd×Π/18] and ESV [ESV = (LVIDs_
mv2 + LVIDs_pm2 + LVIDs_ap2) ×LAXs×Π/18], EF {EF 
= [(EDV – EDV)/EDV] ×100}, and SV (SV = EDV – 
ESV) were calculated (27). The measurements for all 
parameters at 1 and 7 weeks post-surgery are reported as a 
percentage of the baseline measurement for each animal. 
Subsequently, an average per group was calculated for each 
parameter.

Histomorphology

After in vivo data acquisition, rabbits were euthanized with 
an overdose of sodium pentobarbital. The isolated heart 
and left lung were photographed, and then fixed with 
10% formalin for 24 h. The fixed heart was cut into 3 mm 
short-axis sections, which were paraffin-embedded and cut 

into 5 µm slices. The heart slices were mounted entirely 
on standard glass slides, followed by hematoxylin-eosin 
(HE) and Masson Trichrome (MT) staining for necrosis 
and chronic fibrosis evaluation. Myocardial macrophage 
infiltration was evaluated by RAM-11 staining, using a 
mouse monoclonal anti-rabbit macrophage clone (1/50; 
M0633; DAKO, Leuven, Belgium) in Tris-NaCl-blocking 
buffer (TNB) (Perkin Elmer, Boston, USA). RAM-11 
signals were subsequently detected with the Tyramide 
Signal Amplification kit (Perkin Elmer). In addition, the 
dissected lung was photographed and a small portion of 
fixed pulmonary tissue was paraffin-embedded and cut 
into 5 µm slices for HE staining to observe the presence or 
absence of HF-induced pulmonary congestion.

Statistical analysis

Data are shown as means ± SD for the number of animals 
studied. Differences between all groups were analyzed using 
the parametric one-way ANOVA. If a statistical difference 
was detected (P<0.05), the difference between the individual 
groups was determined using the Tukey’s multiple 
comparison test. Correlation analyses between serum cTnT 
levels and LV infarct sizes and between EF measurements 
of MRI and Echo were performed using the non-parametric 
Pearson correlation test. All statistical analyses were 
performed with GraphPad Prism 6 software (GraphPad, La 
Jolla, CA, USA).

Results

General characteristics of the rabbits

In 48 out of 55 rabbits, surgery was successful (87.3%). 
Mortality rate was 12.7% (7/55) or 3.6% (2/55) for the 
acute or chronic stage respectively. Four groups were 
distinguished: sham (n=12), MI_NO_LVSD (n=10), MI_M 
(moderate)_LVSD (n=9), and MI_S (severe)_LVSD (n=15). 
LVSD and severe LVSD developed in 71% (24/34) and 
44% (15/34) respectively of MI animals after 7 weeks. 

Body weight was not significantly different between 
the groups at the start, at 1 and 7 weeks post-surgery  
(Table 1). Serum cTnT levels were the highest in MI_S_
LVSD rabbits and were significantly different from that of 
sham, MI_NO_LVSD and MI_M_LVSD animals (Table 1). 
Serum cTnT levels correlated positively with LV infarct 
size at the acute stage (r=0.89; P<0.0001), while they were 
negatively correlated with EF (r=0.95; P<0.01).
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Cardiac MRI

MI sizes were less than 20% of the LV in MI_No_LVSD, 
20–42% of the LV in MI_M_LVSD and 43–54% of the LV 
in MI_S_LVSD (Table 1). Chronic MI sizes by cMRI were 
smaller than acute MI sizes, and were better correlated with 
MI sizes determined by histology (r=0.93 versus r=0.86, 
respectively). As shown in Figure 1, longitudinal evaluation 
by in vivo CE-MRI of mid-ventricular slices at 48 hrs and 
at 7 weeks post MI (Figure 1A,B,C,D,E,F,G,H) revealed that 
the hyper-enhanced MI region in the MI_S_LVSD animals 
extended to the anterior, lateral and posterior wall at the 
acute stage (Figure 1D). This range persisted, however the 
wall became thinner 7 weeks (Figure 1H) post-surgery for 
MI_S_LVSD rabbits in comparison to the other groups. 
The corresponding cine images for the MI_S_LVSD  
(Figure 1L,P) rabbits indicated that the LV dilated and wall 
motion decreased, as can be demonstrated vividly by the 
videos of cine cMRI (Figure S1).

For global cardiac functions as shown in Figure 2, cMRI 
parameters did not show significant differences (either as 
raw data or expressed as % change of baseline) between 
sham and MI_NO_LVSD animals at either acute (48 hrs) or 
chronic (7 weeks) post MI stages. MI_M_LVSD rabbits at 
the acute and chronic stage showed an unrecovered reduction 
in cardiac function (EF decreased from 57% to 43% and to 
44%, respectively) and functional changes (%EF decreased 
by 25% and 23%, respectively). In MI_S_LVSD rabbits this 

reduction was more pronounced (EF decreased from 58% 
to 36% and to 28%, respectively; %EF decreased by 36% 
and 49%, respectively). MI size was significantly correlated 
with EF for all groups (r=0.95, P<0.01). In contrast to sham 
rabbits, EDV and ESV in MI_M_LVSD animals increased by 
10% and 45% respectively at the acute stage and by 20% and 
60% respectively at the chronic stage; in MI_S_LVSD rabbits 
EDV and ESV were increased by 17% and 70% respectively 
at the acute stage and by 27% and 130% respectively at 
the chronic stage (Figure 2). SV in MI_M_LVSD rabbits 
decreased by 17% and 11% at the acute and chronic stage, 
respectively; the decrease of SV in MI_S_LVSD animals was 
more pronounced (25% and 36% at the acute and chronic 
stage respectively, suggesting decompensation of the heart), 
in comparison to the sham group. 

For regional cardiac function measured by six segments, 
there were no significant changes of LV wall thickening 
between sham and MI_NO_LVSD animals at both 
experimental stages (Table 2). Wall thickening significantly 
decreased to about 44% and 42% at the acute and chronic 
stage, respectively (P<0.05 for each) in only two cardiac 
segments (inferolateral and anterolateral) of MI_M_LVSD 
rabbits. But, wall thickening significantly decreased (25–38% 
at the acute stage; 25–41% at the chronic stage; P<0.05 
for each) in up to four cardiac segments (anterior, inferior, 
inferolateral and anterolateral) of MI_S_LVSD rabbits, as 
compared to other groups (Table 2).

Table 1 General characteristics of rabbits with no (MI_NO_LVSD), moderate (MI_M_LVSD) or severe left ventricle systolic dysfunction (MI_
S_LVSD) after sham-operation or with reperfused myocardial infarction (MI)

General outcomes Sham MI_NO_LVSD MI_M_LVSD MI_S_LVSD

N 12 10 9 15

Body weight

Baseline 3.5±0.41 3.5±0.27 3.6±0.21 3.6±0.50

1 week post MI 3.8±0.47 3.8±0.33 3.8±0.36 3.9±0.47

7 weeks post MI 4.1±0.48 4.1±0.28 4.1±0.34 4.2±0.46

CTnT (µg/L) 4 hours post MI ND 0.21±0.20 0.56±0.18●† 1.0±0.33●†‡

Infarct size (%LV)

48 hours (cMRI) ND 10±6.0 38±4.1●† 48±3.3●†‡

7 weeks (cMRI) ND 7.9±5.1 30±5.9●†a 46±2.9●†‡

7 weeks (histology) ND 7.2±3.9 26±6.4●†a 44±3.4●†‡

Data are expressed as means ± SD of n rabbits. ●, P<0.05 versus sham rabbits; †, P<0.05 versus MI_NO_LVSD rabbits; ‡, P<0.05 versus 
MI_M_LVSD animals; a, P<0.05 versus 48 hours post MI surgery according to the one-way ANOVA test followed by the Tukey’s multiple 
comparison test. cTnT, serum cardiac Troponin T; ND, not detectable.
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Echocardiography

Echocardiographic analysis revealed that rabbits with the 

largest LV infarct size (MI_S_LVSD group) developed 

a severe cardiac dysfunction 1 and 7 weeks post MI, as 
indicated by a significant EF reduction as compared to 
the other groups (Table 3). Acutely, hearts of these rabbits 
showed a significant increase in ESV as compared to MI_

Figure 1 Longitudinal evaluation of cardiac remodeling by in vivo cardiac magnetic resonance imaging (cMRI) after the induction of a 
reperfused myocardial infarction (MI) in rabbits. Serial images of the mid-ventricle slices obtained by contrast enhanced (CE) cMRI are 
shown at 48 hours (acute stage) and seven weeks (chronic stage) post MI of sham (A,E), MI_NO_LVSD (B,F), MI_M_LVSD (C,G) and 
MI_S_LVSD (D,H) rabbits. The infarct areas, depicted as hyper-enhanced regions on the CE cMRI images (yellow arrows), extended 
to the anterior, lateral and posterior wall at 48 hours post MI (D) for MI_S_LVSD rabbits as compared to the other groups. At the 
chronic stage, the infarct area became thinner and evenly enhanced for MI_S_LVSD rabbits (H), but not for MI_M_LVSD animals (G). 
The corresponding cine cMRI images at end-diastolic (ED) (I,J,K,L) and end-systolic (ES) phase (M,N,O,P) were taken 7 weeks post 
MI. Hypokinesis or dyskinesia of the lateral wall was observed for MI_M_LVSD (K,L,M,N,O) and MI_S_LVSD (L,M,N,O,P) rabbits, 
respectively, with increasing LV diameters displayed.
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Figure 2 Bar charts of cardiac functions evaluated by in vivo cine cMRI after the induction of a reperfused MI in rabbits. Data are presented 
as means ± SD for sham (n=12), MI_NO_LVSD (n=10), MI_M_LVSD (n=9) and MI_S_LVSD (n=15) rabbits. Global functional parameters 
in panels A-D and % changes of parameters to baseline in panels E-H are shown for baseline, 48 hours (acute stage) and 7 weeks (chronic 
stage) post MI surgery, respectively. ●P<0.05 versus sham; †, P<0.05 versus MI_NO_LVSD; ‡, P<0.05 versus MI_M_LVSD; a, P<0.05 versus 
baseline and b, P<0.05 versus the acute stage according to the parametric one way ANOVA statistical test and Tukey’s multiple comparison 
test. EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume. 
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NO_LVSD rabbits, while EDV was not different. This 
resulted in a significant reduction of the SV in rabbits with 
severe LVSD versus the other three groups (Table 3). At the 
chronic stage both EDV and ESV were increased and EF 
significantly reduced in MI_S_LVSD rabbits as compared to 
the other animals. A strong positive correlation was found 
between EF determined by echocardiography and by cMRI 
at both time points, but the correlation was even stronger at 
7 weeks as compared to 1 week post MI surgery (Figure 3). 

For MI_S_LVSD rabbits LVID in both phases was also 
significantly enhanced as compared to the other groups 
(Table 3). In addition, these animals had significant thinning 
of the posterior wall at the papillary muscle level in the 
chronic phase as compared to the other groups; however, 
this change was more pronounced in the end-systolic phase 
as compared to the end-diastolic phase (Table 3).

Figure 4 illustrates the echocardiographic changes as 
shown in Table 3. For sham-operated and MI_NO_LVSD 
animals, LV volume and wall thickness did not change 
over time. Hypokinesis and akinesis of the posterior wall 
was observed for rabbits with a large infarct area (MI_M_
LVSD and MI_S_LVSD) at the acute stage. At the chronic 
stage hypokinesis and akinesis was more severe for the MI_
S_LVSD group. MI_S_LVSD rabbits showed the highest 
dilation of the heart and extreme thinning of the posterior 

wall in the end-diastolic (Figure 4W) and end-systolic phase 
(Figure 4X) as compared to the other groups at the chronic 
stage.

Postmortem histomorphology

Postmortem heart sections of the four animal groups 
revealed ventricular remodeling to different degrees among 
three MI groups (Figure 5). The most extensive infarct lesion 
was present in MI_S_LVSD animals (whitish region in 
Figure 5D). The infarct lesion was substantially smaller for 
animals with moderate (Figure 5C) or no LVSD (Figure 5B)  
relative to no infarct in sham animal (Figure 5A). The LV 
cavity was dilated, the thickness of lateral wall was decreased 
and the papillary muscles were atrophied in rabbits with 
MI_S_LVSD (Figure 5D) relative to the other groups. The 
transverse heart slices (Figure 5A,B,C,D), size of the infarct 
lesion, dilation of the LV cavity and lateral wall thickness 
corresponded well in-between the macroscopic views of the 
HE (Figure 5E,F,G,H), MT (Figure 5I,J,K,L) and RAM-11 
(Figure 5M,N,O,P) stained heart sections. The isolated wet 
lung lobes gradually turned dark red from sham animals 
to rabbits with MI_S_LVSD due to a different degree of 
pulmonary congestion (Figure 5Q,R,S,T), confirming our 
findings in the heart. 

Table 2 Longitudinal evaluation of left ventricular wall thickening by cMRI in rabbits with no (MI_NO_LVSD), moderate (MI_M_LVSD) or 
severe left ventricle systolic dysfunction (MI_S_LVSD) after sham-surgery or with reperfused MI

Wall thickening (%) Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral

Sham

48 hours post MI 66±4.8 66±4.3 67±4.0 67±5.6 72±6.8 74±6.8

7 weeks post MI 68±5.2 68±8.5 69±6.9 70±5.3 74±7.7 74±6.5

MI_NO_LVSD

48 hours post MI 66±7.2 65±4.5 66±7.7 66±8.4 69±7.0 70±7.6

7 weeks post MI 68±7.6 66±5.2 68±6.8 68±6.2 72±6.6 74±8.2

MI_M_LVSD

48 hours post MI 55±4.2 62±3.9 63±3.3 54±4.3 45±5.4●† 43±5.9●†

7 weeks post MI 59±4.6 66±3.6 67±4.3 54±4.6 45±6.6●† 42±6.9●†

MI_S_LVSD

48 hours post MI 38±6.0●†‡ 65±4.3 65±3.8 33±4.9●†‡ 26±5.5●†‡ 25±4.2●†‡

7 weeks post MI 41±7.2●†‡ 69±5.6 69±5.4 33±5.7●†‡ 26±6.2●†‡ 25±5.1●†‡

Data are expressed as means ± SD of 9–15 rabbits. ●, P<0.05 versus sham rabbits; †, P<0.05 versus MI_NO_LVSD rabbits; ‡, P<0.05 
versus MI_M_LVSD animals according to the one-way ANOVA test followed by the Tukey’s multiple comparison test.
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Microscopically (Figure 6), MI_NO_LVSD hearts had 
more fibrosis (Figure 6F) and more adipocyte (Figure 6B,F,J) 
and macrophage (Figure 6J) infiltration as compared to 
the heart of sham animals (Figure 6A,E,I). Heart sections 
of MI_M_LVSD rabbits showed most severe infiltration 
of inflammatory macrophages (Figure 6K) and interstitial 
collagen deposition (Figure 6C,G) and moderate presence 

of adipocytes (Figure 6C,G,K). Hearts of rabbits with MI_
S_LVSD were characterized by excessive presence of 
adipocytes (Figure 6D,H,L), enriched fibrotic collagen 
(Figure 6H) and less macrophage infiltration (Figure 6L),  
resulting in post-MI scar formation. In addition, 
microscopically, lung sections (Figure 6M,N,O,P) demonstrated 
that the capillaries in the alveolar walls were congested with 

Table 3 Longitudinal evaluation of changes in cardiac function by in vivo echocardiography 

% of baseline Sham MI_NO_LVSD MI_M_LVSD MI_S_LVSD

N 12 10 9 15

EDV (mL)

1 week post MI −1.1±15 −4.8±14 6.6±10 −5.8±13

7 weeks post MI 3.4±22 −2.9±15 2.8±22 35±30●†‡ab

ESV (mL)

1 week post MI −1.1±14 −7.5±17 6.5±16 24±27†

7 weeks post MI 2.4±28 −8.5±19 15±27† 79±34●†‡ab

SV (mL)

1 week post MI −0.65±22 0.26±28 7.7±16 −30±12●†a

7 weeks post MI 5.0±20 5.0±27 −5.8±26 −2.4±25b

EF (%)

1 week post MI −0.29±9.8 4.3±19 1.0±11 −25±13●†‡a

7 weeks post MI 2.1±10 7.2±18 −8.8±14† −28±8.2●†‡a

LVIDd (mm)

1 week post MI −0.11±6.5 −1.5±6.3 6.7±7.6 0.79±8.3

7 weeks post MI −0.32±9.6 −3.3±9.5 −1.6±7.6 18±10●†‡b

LVIDs (mm)

1 week post MI 0.35±11 −2.4±11 1.8±12 12±16

7 weeks post MI −4.8±15 −7.1±9.8 −3.0±12 30±11●†‡ab

LVPWd (mm)

1 week post MI 4.7±22 7.5±33 39±52 40±47a

7 weeks post MI 1.0±26 −3.7±24 32±26 −5.0±34‡b

LVPWs (mm)

1 week post MI 0.40±18 18±31 25±32 13±32

7 weeks post MI 8.8±18 19±43 25±27 −19±32†‡b

Data are expressed as means ± SD of n rabbits. LVID and LVPW parameters were measured at the level of the papillary muscle level. ●, 
P<0.05 versus sham rabbits; †, P<0.05 versus MI_NO_LVSD rabbits; ‡, P<0.05 versus MI_M_LVSD animals; a, P<0.05 versus baseline; 
b, P<0.05 versus 1 week post MI according to the one-way ANOVA test followed by the Tukey’s multiple comparison test. LVIDd, left 
ventricle internal diameter measured in the end-diastolic phase; LVIDs, left ventricle internal diameter measured in the end-systolic phase; 
LVPWd, LV posterior wall thickness at the end-diastolic; LVPWs, LV posterior wall thickness at the end-systolic phase; EDV, end-diastolic 
volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction. 
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Figure 4 Longitudinal evaluation of cardiac function by in vivo echocardiography after the induction of a reperfused MI in rabbits. All 
images are echocardiographic short axis images at the level of the papillary muscle at the end-diastolic (ED) and end-systolic (ES) phase 
obtained from sham rabbits and reperfused MI-induced rabbits with no (MI_NO_LVSD), moderate (MI_M_LVSD) or severe (MI_S_
LVSD) left ventricle systolic dysfunction.

red blood cells in MI versus sham rabbits, with the highest 

degree of congestion in the lung of rabbits with MI_S_

LVSD. 
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In this study we report, for the first time, an occlusion/
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Figure 5 Post-mortem macroscopic views of the mid-ventricle sections from the sham and induced-MI rabbits with no (MI_NO_LVSD), 
moderate (MI_M_LVSD) and severe (MI_S_LVSD) left ventricle systolic dysfunction at 7 weeks post-surgery. All groups are shown either 
as gross sections (A-D) or as corresponding views stained with haematoxylin & eosin (HE, E-H), Masson Trichrome (MT, I-L) and RAM-
11 (M-P). Images of the wet lungs are also shown as the different degrees of blood congestion (Q-T). The dashed yellow squares denote the 
areas that have been microscopically focused in Figure 6 (E-T). 
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Figure 6 Microscopic views of mid-ventricle myocardial and lung sections with different histochemical stainings obtained from sham (A,E,I,M) 
and induced reperfused MI rabbits with no (MI_NO_LVSD, B,F,J,N), moderate (MI_M_LVSD, C,G,K,O) and severe (MI_S_LVSD, D,H,L,P) 
left ventricle systolic dysfunction are shown to illustrate the different degrees in fibrosis (collagen synthesis), adipocytes and macrophage 
infiltration via haematoxylin and eosin (HE; A-D), Masson Trichrome (MT; E-H) and RAM-11 (I-L) stainings. HE-stained lung sections of 
all groups (M-P) indicate different levels of red blood cell accumulation in the alveoli. Magnification: ×100. Scale bar: 100 µm.

into chronic stage with four different groups (sham, MI_
NO_LVSD, MI_M_LVSD, and MI_S_LVSD) by using a 
combination of cMRI, echocardiography, serum biomarker 
cTnT test and histomorphology. The highest degree of 
LV remodeling was observed with the largest infarct size in 
MI_S_LVSD models at 1 and 7 weeks post MI surgery. EF 
measured by cMRI in these chronic MI_S_LVSD rabbits 
was less than 35%, which is consistent with clinical results 
(28,29). This change was accompanied by a severe dilation 
of the heart as evidenced by an increase of EDV and ESV 
by 50% and 150%, respectively after 7 weeks post MI. 

Among all MI models, 44% displayed severe LVSD, which 
is close to the clinical finding that 40% of MI patients suffer 
from LVSD following MI (7,8). The different degrees of 
chronic LVSD could be distinguished from sham and MI_
NO_LVSD rabbits via imaging and histology.

The different symptoms and/or signs with HF are 
often subjective, and the threshold for diagnosis may 
vary widely among clinicians. However, the presence and 
degree of LVSD can be measured objectively by cardiac 
imaging techniques. To induce a rabbit model of LVSD 
is technically challenging and only rarely reported with 
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a less advanced imaging methods (30). In our study, we 
induced acute MI with ST-segment elevation by abrupt 
surgical occlusion of the LCx artery for 1 hour followed by 
coronary reperfusion. As a result, the myocardium distal 
to the occlusion becomes irreversibly necrotic instead 
of reversibly ischemic due to the prolonged ischemia  
(>30 minutes). Unrelieved ischemia causes permanent 
damage to the myocardium previously supplied by the 
occluded LCx artery. Moreover, the destroyed myocardium 
is replaced by fibrous scar tissue in the MI area and non-MI 
myocardium may develop hypertrophy over time. Because 
scar tissue does not contribute to myocardial contractility, 
global LV contractile function becomes impaired when 
the scar is large, resulting in progressive chronic LVSD. 
To establish a successful LVSD model, we had to induce 
the largest possible MI size in order to significantly impair 
cardiac function. This however bears risks: animals may die 
during or shortly after surgery due to a too large MI, severe 
arrhythmia, postoperative infection, etc. To avoid these 
risks: (I) the LCx was accurately ligated to ensure successful 
surgery and to reduce animal mortality; (II) the entire 
surgery was performed under a sterile environment to 
avoid infection; and (III) xylocaine was applied to prevent/
stop arrhythmias during the LCx ligation-reperfusion 
stage. Finally, ventilation was properly maintained and 
each animal was kept at an optimal oxygenation level until 
it completely woke up. These conditions are based on our 
previous studies in which rabbit MI models were utilized 
(4,13,25,26). 

So far most of the animal experiments on MI have 
focused on acute or subacute MI over hours and days, but 
the follow-up by cMRI and echocardiography over months 
have not been reported. Using a non-invasive imaging 
platform, MI from acute through chronic stage has been 
systematically investigated in this study. MI sizes after 
surgery were determined by delayed contrast-enhanced 
cMRI in vivo, and cardiac contractility was evaluated both 
by cine cMRI and echocardiography at the acute and 
chronic stages. We found that cardiac contractile function 
strongly correlated with MI sizes. According to cardiac 
function measurements, serum troponin T level analysis 
and histology, we distinguished four different groups after 
surgery: sham, MI_NO_LVSD, MI_M_LVSD and MI_
S_LVSD rabbits. Acute serum levels of cardiac troponin 
T, a marker for myocardial injury used in the diagnosis of 
acute MI (31), correlated well with infarct sizes. EF, the 
most common parameter of global cardiac performance 
in clinical practice, is more influenced by the degree of 

LV remodeling than by any other factors (6). Therefore, 
we focused on EF changes for evaluation of global cardiac 
function and remodeling. At present, echocardiography 
remains the predominant clinically applicable non-invasive 
test of choice, based on a broader availability. The 2D 
echocardiography is well established and has emerged as 
an important non-invasive clinical tool for the assessment 
of LV systolic and diastolic function after MI (30,32). 
However, non-invasive 2D echocardiography on small 
animals is challenging. Although echocardiography on 
rabbits has been reported, most studies focused on the 
complete occlusion coronary artery model (30,32-34). 
Only one study reported the regional function in a rabbit 
ischemia-reperfusion model, but the authors used open 
chest invasive echocardiography (35). In our study, we 
longitudinally evaluated global LV function using non-
invasive echocardiography in a rabbit ischemia-reperfusion 
model. We showed high-quality 2D cardiac images of 
rabbits with different MI sizes, which correlated well with 
cMRI at both acute and chronic stages. 

Postmortem histology confirmed the different degrees of 
LV remodeling in the 3 MI groups. All animals with a large 
extended transmural infarction belonged to the MI group 
with severe LVSD, while the MI_M_LVSD rabbits showed 
smaller infarct areas without transmurality. This may 
explain why some rabbits with initially a high reduction in 
EF and a large infarct size at the acute stage, do not develop 
severe LVSD in the end. At 7 weeks post MI, the LV 
architecture changed in the infarcted regions, resulting in 
different degrees of fibrosis or collagen deposition, as well 
as adipocyte and macrophage infiltration as characterized 
using H&E and RAM-11 stainings. We found the largest 
quantities of macrophages mixed with fibrotic collagen and 
normal myocytes in the moderate LVSD heart, while the 
MI region in the severe LVSD heart was replaced by scar 
tissue enriched with adipose cells and fibrotic collagen, but 
with less macrophages. Larger transmural infarcts were 
associated with more infiltrating adipocytes, more collagen 
deposition/fibrosis and fewer macrophages as compared to 
smaller non-transmural infarcts as the MI transitioned from 
acute into chronic stage. In the severe LVSD heart, a large 
amount of adipose cells and fibrotic collagen predominantly 
formed the infarct scar region during the remodeling 
process, which resulted in elongation and thinning of the 
infarcted LV. These changes provoked a progressive decline 
in ventricular performance. In turn, the LV chamber 
became enlarged and the shape of the heart shifted from an 
elliptical to a more spherical chamber configuration. No 
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statistically significant differences were seen in septal wall 
thickness between the four groups, which may indicate that 
cardiomyocyte size may not have been affected. The reason 
may be that seven weeks post MI in rabbits are not long 
enough to induce the compensatory hypertrophy of normal 
myocardium. To confirm the different degrees of ventricular 
damage in our model, we analyzed postmortem wet lungs 
as indirect evidence. A bigger LV infarct size resulted in LV 
dysfunction, and ultimately led to accumulation of red blood 
cells in the capillaries of the pulmonary alveoli. The MI_
S_LVSD group did indeed show the highest level of blood 
congestion as evidenced by both macro- and microscopic 
findings. This is the first study to report such findings in the 
rabbit.

MI induced by left anterior descending (LAD) coronary 
artery ligation results in more uniform infarct sizes, but 
the mortality is more than 50% due to severe ventricular 
tachycardia during and after the MI induction (22). In our 
study, we show that ligation of the LCx in rabbits reduced 
the mortality rate to 12.7% and 3.6% at the acute and 
chronic stage, respectively. Although we always ligated 
the LCx at the same location (2 mm below the left atria), 
the infarct extent is quite variable. This may be due to the 
anatomy of the rabbit coronary artery system. This not 
only differs between species, but may also vary significantly 
within a single species. In our study, different infarct sizes 
were obtained, which in turn developed into different 
degrees of LV dysfunction, thus more closely resembling 
structural and functional characteristics of the dysfunction 
in human patients. Combined with the advanced clinical 
cardiac imaging techniques (36-40), this experimental 
LVSD platform in rabbits can be easily applied in clinically 
relevant imaging studies on translational cardiology and can 
help strengthen drug development and clinical research for 
the management of cardiovascular diseases. Recently, this 
platform has already been successfully applied in ongoing 
cardiac animal experiments (41,42).

There exist certain limitations in this study. The 
mortality could become higher at the acute stage if the 
infarct area was made too big. To reduce the mortality 
we choose LCx instead of LAD ligation, it was difficult 
to control the progress of MI, thus not all MIs turned 
transmural and further became cases of S_LVSD. The 
plasma concentrations of N terminal pro B type natriuretic 
peptide (NT-proBNP) after MI provide an alternative 
method of assessing cardiac function, but we could not 
detect NT-proBNP in our rabbit LVSD models, the reasons 
might be that the kit is not sensitive to rabbit serum, or 

seven weeks post MI are not long enough for NT-proBNP 
detection. 

Conclusions

Our study provides a rabbit model with different degrees 
of chronic LVSD, which could be distinguished from 
sham and MI_NO_LVSD rabbits via in vivo cMRI, 
echocardiography and postmortem histology. Our model 
matches the pathophysiology of systolic dysfunction after 
MI in human patients and is highly reproducible and cost-
effective. It may also be useful for the preclinical testing 
of treatments targeting myocardial damage following MI 
and satisfy the needs in preclinical or translational cardiac 
imaging research.
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Supplementary

Figure S1 Videos of in vivo cine cMRI display mid-ventricular 
slices at baseline without MI, at 48 hrs of acute MI phase and at  
7 weeks of chronic MI phase on the rabbits of moderate (first line) 
and severe (second line) LVSD. The arrow indicates the decreased 
lateral wall motion with different degrees (43). cMRI, cardiac 
magnetic resonance imaging; MI, myocardial infarction; LVSD, 
left ventricle systolic dysfunction.
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Introduction

Magnetic resonance imaging (MRI), because of its high 
spatial, high temporal resolution, non-ionizing radiation and 
multiparameter imaging, is widely used in clinical diagnosis 

and research as a non-invasive and effective imaging 

technique, especially for early cancer diagnosis (1,2). In 

order to provide more detailed abnormality images and to 

distinguish diagnostic interest regions from background 
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uptaken study was measured by confocal microscopy, flow cytometry and MRI in vitro. The enhanced liver-
targeting efficiency of MNLCs was measured by fluorescence imaging and MRI in vivo.
Results: Gal-NLC-SPIO was prepared successfully. The cytotoxicity assay of the MNLCs demonstrated 
that the MNLC had relatively low cytotoxicity and high biocompatibility for LO2 cells. More importantly, 
we confirmed that Gal-NLC-SPIO had greater uptake by LO2 cells than Gal-NLC-SPIO/PEG and free 
Gal in vitro. A liver distribution study of MNLCs in normal mice demonstrated that the fluorescent signal 
values to livers of the Gal-NLC-SPIO were significantly stronger than those of NLC-SPIO and Gal-NLC-
SPIO/PEG. The liver targeting efficiency of Gal-NLC-SPIO was confirmed both in vitro and in vivo.
Conclusions: We successfully developed liver-targeting MNLCs, which showed accurate hepatocytes 
targeting, and thus have the potential to be a new MRI contrast agent to help the diagnosis of liver diseases.

Keywords: Superparamagnetic iron oxide (SPIO); magnetic resonance imaging (MRI); solid lipid nanoparticle 

galactose (SLN galactose); liver-targeted

Submitted Aug 13, 2018. Accepted for publication Sep 07, 2018.

doi: 10.21037/qims.2018.09.03

View this article at: http://dx.doi.org/10.21037/qims.2018.09.03

780



771Quantitative Imaging in Medicine and Surgery, Vol 8, No 8 September 2018

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2018;8(8):770-780qims.amegroups.com

tissues, magnetic resonance contrast agents (MRCAs) are 
widely utilized (3-5). MRCAs are used to alter the water 
molecules’ relaxation times and subsequently to the increase 
tissue contrast on relaxation-weighted imaging sequences (6).  
Furthermore, hepatocyte-targeted MRCAs can used to 
evaluate hepatic diseases, such as hepatic tumor and hepatitis, 
because hepatic diseases can reduce the hepatocyte-targeted 
imaging agent uptaken into hepatocytes. Therefore, hepatic 
diseases can be better evaluated in vivo by using hepatocyte-
targeted MRCAs (7), of which there are two types. One type, 
T1 MRCA typically incudes gadolinium (Gd) complexes 
and manganese (Mn) oxide nanoparticles, also called positive 
MRCAs, which present hyperintensity in T1-weighted 
images (8,9). The classic examples of T2 MRCAs include 
superparamagnetic iron oxide nanoparticles (SPIO), also 
called negative MRCAs, which present hypointensity in T2-
weighted images (10,11). The potential use of SPIO as MRI 
probes has been widely studied with regard to their suitable 
magnetic properties, good biocompatibility and non-toxicity. 
Their outlook is promising because SPIO can display 
magnetic behavior in the presence of the magnetic field, and 
so can be productively applied in vivo and in vitro (10-12).

Drug targeted delivery systems are widely found in 
nanomedicine, and can be used to prolong, localize, and 
target specific designated tissue parts of the body (13-18), 
and they are consist of active targeted drug delivery (e.g., 
targeted to hepatic tumor or normal liver) and passive 
targeted drug delivery (e.g., engulfed by reticuloendothelial 
system, RES) (15-18). Contrast agent targeted delivery 
systems, like drug targeted delivery systems, are becoming 
more popular used for targeting diagnosis of disease (18).

Lipid based nanoparticles, with poorly water-soluble and 
low toxicity, have been used as amphiphilic nanocarriers 
in recent years (19-23). The nanostructured lipid carrier 
(NLC) is a novel nanoparticle delivery system, composed 
of a solid lipid and an oil phase, which enables a higher 
drug loading capacity and stability when compared to solid 
lipid nanoparticles (SLNs) (21-23). This is possible because 
the NLC’s strong hydrophobic surface, after intravenous 
injection into the body, soon to be swallowed by RES, and 
into the liver and spleen by passive targeting (24,25).

In addition, for the purpose of specifically targeting 
tumor tissue, NLCs can be modified with antibodies 
or ligand (26-28). Mammalian hepatocytes have large 
numbers of high-affinity and cell-surface receptors 
(asialoglycoprotein receptor, ASGPR) which can bind to 
asialoglycoproteins and can specifically recognize ligands 
with terminal galactose residues. Each liver cell has more 

than 5×105 receptors in a normal liver, but the number and 
function of the receptors declines from hepatitis, cirrhosis, 
liver cancer and other liver diseases. Galactose (Gal) is a 
hepatocyte-specific ligand of ASGPR and the liver targeting 
group, which has potential to induce and improve cell 
adhesion and the performance of liver extracellular matrix 
scaffold (27,28).

In this study, galactose-conjugated nanostructured 
lipid carriers (Gal-NLCs) were prepared as a hepatocyte-
targeting imaging probe to deliver magnetic SPIO 
nanoparticles (i.e., SPIO loaded Gal-NLC, Gal-NLC-
SPIO), which could passively and actively target the liver 
due to active targeting modification with galactose in 
the nano-carrier (Figure 1). Then, the targeting ability 
of nanoparticles to normal liver cells and hepatoma cells 
was further investigated, while the diagnostic efficiency 
of hepatocellular carcinoma in vivo and in vitro was also 
evaluated.

Methods

Cell culture

RAW264.7 cells (mouse macrophage cell line), LO2 
cells (human hepatic cell line) and HepG2 cells (human 
hepatocellular carcinoma cell line) were investigated in 
this study. The cells were maintained in DMEM at 37 ℃ 
in a humidified atmosphere of 5% CO2. All the mediums 
contained fetal bovine serum (FBS) [10% (v/v)], and 1% 
streptomycin/penicillin.

Synthesis of Gal-ODA

The Gal-ODA conjugate was synthesized by the acylation 
between the carboxyl group of lactobionic acid (LA) derived 
from the lactose and amino group of ODA. LA was coupled 
with ODA using 1-ethyl-3-(3-dimethyl aminopropyl) carbo-
diimide hydrochloride (EDC) as the coupling agent. Briefly, 
1 g of LA, 0.5 g of ODA and 1.76 g of EDC were dissolved 
in 50 mL of ethanol solution in a water bath at 60 ℃ for  
24 h. The final products were further purified and followed 
by lyophilization, and the Gal-ODA was finally extracted.

Preparation of magnetic nanostructured lipid carriers 
(MNLC)

Galactose-conjugated MNLC (NLC-SPIO, Gal-NLC-
SPIO and Gal-NLC-SPIO/PEG) was prepared using the 
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solvent diffusion method. Briefly, Fe3O4 dispersion (1 mL) 
was added into 0.1% Poloxamer 188 (47 mL) in deionized 
water solution using a probe sonicator (600 W, Sonicator 
JY92-II DN, China) working 2 s following stopping 3 s to 
form a dispersion of magnetic nanoparticles. Oleic acid in 
ethanol solution (1 mL, 5 mg/mL) was added and followed 
by sonication for 5 minutes to stabilize the nanoparticles. 
Subsequently, 32 mg of monostearin, 32 mg of monostearin 
+3 mg of Gal-ODA, and 32 mg of monostearin +3 mg of 
Gal-ODA +3 mg of polyethylene glycol monostearate, were 
respectively dissolved in ethanol solution (2 mL, 70 ℃),  
and immediately added into the Fe3O4 nanoparticles in 
an ultrasound water bath (70 ℃) for 10 min to obtain the 

magnetic nanoparticles of NLC-SPIO, Gal-NLC-SPIO 
and Gal-NLC-SPIO/PEG.

Physicochemical characteristics of MNLC
1H nuclear magnetic resonance (NMR) spectra were used to 
analyse the synthesized Gal-ODA. LA, ODA and Gal-ODA 
were dissolved in D2O, and measured by NMR spectra. The 
average diameter and zeta potential of the MNLC were 
measured with a zetasizer (3000HS, Malvern Instruments 
Ltd, UK). Morphological examination of the MNLC was 
performed via transmission electron microscopy (TEM) 
(JEOL JEM-1230, Japan). Each sample was dropped onto a 

Figure 1 Schematic illustration of the Gal-NLC-SPIO nanoparticles. (A) Synthetic scheme of Gal-ODA; (B) fabrication procedure of Gal-
NLC-SPIO nanoparticles and further liver molecular MRI imaging. Gal-NLC, galactose-conjugated nanostructured lipid carrier; SPIO, 
superparamagnetic iron oxide.
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copper grid and stained with phosphotungstic acid (2%, w/v) 
for viewing.

Cytotoxicity assay in vitro

In order to study the cytotoxicity of MNLC, the methyl 
tetrazolium (MTT) assay was used on the test cells. Three 
kinds of cells were each briefly seeded onto their own 96-
well culture plate at a density of 10,000 cells per well in 
200 µL of complete medium. After cultured at 37 ℃ for 
24 h, the cells were exposed to a series of concentrations 
of magnetic nanoparticles for another 48 h. At the end of 
incubation, cells were incubated with 20 µL MTT solution 
(5 mg/mL) in each well for a further 4 h at 37 ℃. Finally, 
the cells were dissolved by dimethyl sulfoxide (DMSO, 
100 µL) and the absorbance values were measured at  
570 nm using a microplate reader (Bio-Rad, Model 680, 
USA). All the experiments were performed 3 times. Cell 
viability was calculated using an MTT assay.

Cellular uptake test of MNLC

The fluorescein isothiocyanate-octadecylamine (FITC-
ODA) was prepared according to our previous study (29).  
As described above, the FITC-labeled MNLC were 
prepared using FITC-ODA (5 mg) instead of monostearin.

LO2, HepG2 and RAW264.7 cells were seeded onto 
coverslips in a 24-well plate for 24 h, respectively. Cells 
were then incubated with FITC labeled MNLC in growth 
medium for 30 min. The cells were then washed 3 times, and 
the coverslips were observed under a confocal microscope 
(LSM-510META, ZEISS, Germany). The quantitative 
analysis of cellular uptake was further evaluated via a flow-
cytometer (FC500MCL, Beckman Coulter, USA).

In vitro MR imaging of MNLC

A 3.0 T clinical MR scanner (GE, Discovery 750, USA) 
was used for an in vitro MR imaging experiment. LO2 and 
HepG2 cells were incubated with MNLC for 3 h, and then 
collected in 1.5 mL microcentrifuge tubes by centrifugation. 
The cells were mixed with agarose gel (0.5%, 200 mL), and 
T2-weight MR images were obtained using an MR scanner.

In vivo MR imaging studies

Male BALB/C+nu/F1 nude mice were provided by the 

Zhejiang Medical Animal Centre. All the animal studies 
were conducted in accordance with the National Institutes 
of Health (NIH, USA) guidelines for the care and use of 
laboratory animals and with the approval of the Scientific 
Investigation Board of Zhejiang University.

Nude mice were implanted with HepG2 cells to establish 
orthotopic liver cancer models. The abdominal cavity was 
cut to reveal normal liver tissues, and the wound was then 
sutured using biodegradable stitches after injecting HepG2 
cells (~5×106 cells in 20 μL of serum-free DMEM) into 
the liver parenchyma. About 2 weeks later, mice bearing 
HepG2 tumors of approximately 2 mm3 were randomized 
into 3 groups (n=5 per group), and taken for MR imaging. 
T2-weighted MR images were obtained before MNLC  
(200 µL, 100 µg/mL) was injected through each mouse’s tail 
vein. The mice were then imaged again at predetermined 
times (0, 1, 3 h) after the injection.

Histological analysis

The mice were sacrificed after MR examination, and 
the livers were collected for histological analysis. The 
fresh tissues were fixed with 10% paraformaldehyde, and 
embedded in paraffin. The sections were stained using 
haematoxylin-eosin (H&E), and examined under a light 
microscope for histological analysis. The accumulation 
of iron in the tissues was observed by Prussian blue 
staining. The microscopic images were observed by a Leica 
fluorescence microscope.

Statistical analysis

The data were expressed as the mean (standard error) of 
three separate experiments. Differences between the groups 
were assessed with Student’s t-test, and P values less than 
0.05 were considered statistically significant.

Results

Structure confirmation of Gal-ODA

The reaction scheme of Gal-ODA is shown in Figure 1. 
The chemical structure of LA, ODA and Gal-ODA were 
determined by 1H NMR spectra (Figure S1). The 1H NMR 
chemical shift of the proton of carboxyl group for LA (about 
12.5) was displaced to about 7.5, equal to the chemical shift 
of the proton of amide group for Gal-ODA. These results 
indicate that Gal-ODA was synthesized successfully.
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Preparation and physicochemical characteristics of MNLC

The solvent diffusion method was utilized to prepare Gal-
NLC-SPIO, NLC-SPIO and Gal-NLC-SPIO/PEG. The 
morphology and size of MNLC were characterized by 
zetasizer and TEM. Particle diameter and zeta potential of 
Gal-NLC-SPIO, NLC-SPIO and Gal-NLC-SPIO/PEG 
are shown in Table S1. The results indicate that 3 magnetic 
lipid nanoparticles are uniformly distributed (PI <0.3) and 
have negative charges, with the particle sizes being similar. 
TEM photographs of Fe3O4, Gal-NLC-SPIO, NLC-
SPIO and Gal-NLC-SPIO/PEG are shown in Figure 2. 
The photographs demonstrate the successful entrapment 
of SPIO into Gal-NLC-SPIO, NLC-SPIO and Gal-NLC-
SPIO/PEG, with particle size of approximately 50 nm. The 
results were similar to that from the zetasizer.

In vitro cytotoxicity

The cytotoxicities of Gal-NLC-SPIO, NLC-SPIO and 
Gal-NLC-SPIO/PEG were tested by both MTT and 
cell viability assays. Using LO2, HepG2, and RAW264.7 
cell lines as model cells, the results in Figure S2 illustrate 
that cell viability was still higher than 80% even when the 
concentration of Fe3O4 rose to 100 µg·mL−1 (nanoparticles 
was 1 mg·mL−1). This is evidence to the fact that the MNLC 
had a relatively high biocompatibility and low cytotoxicity 
for both normal cells and tumor cells.

Uptake of MNLC by cells

In order to study the targeting efficiency of Gal-NLC-SPIO 

toward LO2 cells, cellular competitive uptake of rhodamine 
isothiocyanate (RITC), labeled MNLC on LO2/HepG2 
cells co-cultured systems, and the targeting efficiency was 
detected via confocal microscopy (Figure 3).

Line 3 in Figure 3B shows an obvious difference in the 
cellular uptake of Gal-NLC-SPIO on the LO2/HepG2 
cells co-cultured systems, characterized by more efficient 
cellular uptake of Gal-NLC-SPIO on LO2 cells compared 
with HepG2 cells. However, NLC-SPIO and Gal-NLC-
SPIO/PEG showed minor uptake on the LO2/HepG2 cells 
co-cultured systems (line 1 and 2 in Figure 3B).

The results of cellular competitive uptake confirmed the 
specific binding of the Gal-NLC-SPIO to LO2 cells, on 
account of the presence of an abundant ASGPR on the LO2 
cell surface (26-28). The results of qualitative and quantitative 
cellular uptake for FITC labeled Gal-NLC-SPIO, NLC-
SPIO and Gal-NLC-SPIO/PEG were presented (Figure 4)  
after the MNLC were incubated with LO2, HepG2 and 
RAW264.7 cells for 1 h and 12 h, respectively. The results 
demonstrated that the SPIO could be internalized into cells 
mediated by the MNLC. The uptake of the Gal-NLC-
SPIO, NLC-SPIO and Gal-NLC-SPIO/PEG by LO2, 
HepG2 and RAW264.7 cells were time dependent. The 
SPIO accumulation in RAW264.7 cells by NLC-SPIO was 
faster than in Gal-NLC-SPIO and Gal-NLC-SPIO/PEG. 
The SPIO accumulation in LO2 cells by Gal-NLC-SPIO 
was faster than in NLC-SPIO and Gal-NLC-SPIO/PEG, 
while there was no significant difference among the magnetic 
NLCs in HepG2 cells. The cellular uptake data confirmed 
the specific and strong targeting abilities of the NLC-SPIO 
to RAW264.7 cells and the Gal-NLC-SPIO to LO2 cells.

Figure 2 Preparation and characteristics. TEM images of Fe3O4, NLC-SPIO, Gal-NLC-SPIO and Gal-NLC-SPIO/PEG nanoparticles 
(×100,000, bar =50 nm). TEM, transmission electron microscopy; Gal-NLC, galactose-conjugated nanostructured lipid carrier; SPIO, 
superparamagnetic iron oxide.

Fe3O4 Gal-NLC-SPIONLC-SPIO Gal-NLC-SPIO/PEG
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Liver distribution of MNLC in vivo

Liver distribution is an important prerequisite for the diagnosis 
of liver disease. To further research whether MNLC could 
target the liver in vivo, DiR was loaded in MNLC and used 
as a fluorescent probe for in vivo imaging. After injection of 
DiR loaded MNLC, accumulation of DiR fluorescence in the 
liver was time dependent and the fluorescent signal intensity 
increased gradually. The fluorescence intensity of liver injected 
by Gal-NLC-SPIO/DiR was stronger than in NLC-SPIO/
DiR and Gal-NLC-SPIO/PEG/DiR, as shown in Figure 5A. 
The results in Figure 5B also demonstrate that the fluorescent 
signal values of the Gal-NLC-SPIO to livers were significantly 
stronger than those of NLC-SPIO and Gal-NLC-SPIO/
PEG in livers at every time point, suggesting that Gal-NLC-
SPIO has specific targeting ability to liver tissue and has great 
potential as an MRI contrast agent.

In vitro MR imaging of MNLC

Having magnetic properties is a significant parameter for 
a MRI contrast agent. In Figure 5C, the T2-weighted MRI 
of Gal-NLC-SPIO shows obvious color change with a 

variation of Fe3O4 concentration. It was found that Gal-
NLC-SPIO exhibited good superparamagnetic properties 
of negative contrast enhancement. The relaxation rate, R2 
=1/T2, linearly proportional to the Fe concentration, is also 
shown in Figure 5C. It was indicated in the experiment that 
Gal-NLC-SPIO exhibited good contrast effect.

T2-weighted images of Gal-NLC-SPIO, NLC-SPIO 
and Gal-NLC-SPIO/PEG, incubated with HepG2 and 
LO2 cells for 1 h, along with their signal intensity, are 
shown in Figure 5D. The most apparent decrease in signal 
density can be seen in the Gal-NLC-SPIO incubated with 
LO2 cells (Figure 5E), and the Gal-NLC-SPIO/LO2 cells 
showed significant differences in contrast to the other 
groups (P<0.01). This may be attributed to the specific 
targeting ability of Gal-NLC-SPIO nanoparticles to LO2 
cells, leading to the overexpression of cell surface receptors 
and for the receptor-mediated endocytosis to enhance the 
uptake into hepatocytes (30).

In vivo MRI of MNLC and pathology studies

Orthotopic implantation hepatoma models were used for 

Figure 3 Cellular competitive uptake studies. (A) Schematic diagram of cellular competitive uptake of Gal-NLC-SPIO, NLC-SPIO and 
Gal-NLC-SPIO/PEG; (B) confocal microscopy images of RITC labeled MNLC for 1 h. LO2 cells (the cytoplasmic membrane labeled 
with PKH67 fluorescent linker, green) co-cultured with HepG2 cells were incubated with RITC-Gal-NLC-SPIO, RITC-NLC-SPIO and 
RITC-Gal-NLC-SPIO/PEG (red). The nucleus were all stained with Hoechst 33342. The white arrow stands for LO2 cells, the pink arrow 
stands for HepG2 cells. (PKH67/FITC, excitation wavelengths 488 nm, emission wavelengths 500–540 nm; RITC, excitation wavelengths 
561 nm, emission wavelengths 580–620 nm). Gal-NLC, galactose-conjugated nanostructured lipid carrier; SPIO, superparamagnetic iron 
oxide; RITC, rhodamine isothiocyanate; MNLC, magnetic nanostructured lipid carrier.
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Figure 4 In vitro cellular uptake of MNLC in different cell lines. Fluorescence images observed by confocal microscopy and fluorescence 
intensity inside cells measured by flow cytometry of LO2, HepG2 and RAW264.7 cells incubated with FITC-Gal-NLC-SPIO, FITC-
NLC-SPIO and FITC-Gal-NLC-SPIO/PEG for 1 h and 12 h, respectively. MNLC, magnetic nanostructured lipid carrier; Gal-NLC, 
galactose-conjugated nanostructured lipid carrier; SPIO, superparamagnetic iron oxide.
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Figure 5 Bioimaging studies in orthotopic models. In vivo fluorescence imaging (A) and fluorescent semi-quantitative analysis (B) of normal 
nude mice liver after intravenous injection of DiR labled NLC-SPIO, Gal-NLC-SPIO and Gal-NLC-SPIO/PEG at different times. MR 
imaging of magnetic NLCs in vitro. (C) T2-weighted images of Gal-NLC-SPIO at different iron concentrations and the chart of T2* values 
of Gal-NLC-SPIO changing with iron concentrations. (D) LO2 cells or HepG2 cells were incubated with three different kinds of magnetic 
NLCs for 1 h, and then scanned with MRI. (E) R2* values of LO2 cells or HepG2 cells in different groups were measured (*P<0.01). Gal-
NLC, galactose-conjugated nanostructured lipid carrier; SPIO, superparamagnetic iron oxide.
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in vivo MRI studies. T2-weighted images of tumor models 
were obtained before and after intravenous injection of 
Gal-NLC-SPIO, NLC-SPIO and Gal-NLC-SPIO/PEG, 
respectively (Figure 6A), and the contrast-to-noise ratio 
(CNR) of T2-weighted MR signal intensity of the tumors 
are shown in Figure 6B. The results produced several 
significant observations: the liver images of the post-

injection of three MNLCs for 0.5 and 3 h became darkened 
obviously in contrast with that of pre-injection of MNLC, 
the CNR of T2-weighted images intensity of livers were 
obviously decreased (P<0.05), and no significant difference 
was observed in the CNR of the T2-weighted images 
intensity of tumors between pre-injection and post-injection 
of MNLC (P>0.05). Thus, the CNR of the tumor-liver was 



778 Zhu et al. A new MRI contrast agent

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2018;8(8):770-780qims.amegroups.com

significantly increased after the injection of the Gal-SLN-
SPIO compared with those of NLC-SPIO and Gal-NLC-
SPIO/PEG (P<0.05), indicating that the Gal-SLN-SPIO 
shows active targeting ability to normal liver tissues.

The accumulation of iron in tumor tissues and normal 
liver tissues were further verified. As shown in the first 
image in Figure 6C, the tumor cells were larger and 
pleomorphic with bigger nucleus and abundant cytoplasm, 
which indicates that the establishment of orthotopic 
implantation hepatoma models were successful. More iron 
could be detected in the liver tissues of the Gal-NLC-
SPIO injected group (the third image in Figure 6C) than 

that of the NLC-SPIO and Gal-NLC-SPIO/PEG injected 
groups (the second and forth images in Figure 6C). These 
results indicate that Gal-NLC-SPIO has the more effective 
targeting ability to liver tissues in contrast to NLC-SPIO 
or Gal-NLC-SPIO/PEG. This can be primarily attested 
by the fact that Gal-NLC-SPIO successfully inherited the 
ability to specifically target LO2 liver cells.

Discussion

ASGPR is a specific endocytotic receptor of mammalian 
hepatocytes, which has a predetermined selectivity for 

Figure 6 MR imaging and biodistribution studies. (A) T2-weighted single shot fast spin echo images of nude mice bearing HepG2 
orthotopic implantation tumor before contrast and at 0.5 and 3 h postinjection of three kinds of MNLC, respectively. The pink arrow stands 
for tumors. (B) Comparison of CNR of tumor-liver of the three group nude mice at different time points before and after contrast. (C) 
Microscopic view of HE stained tumor tissue section from nude mice bearing HepG2 tumor (i, magnification: ×400); Prussian blue-stained 
tumor-liver tissue section of nude mice treated with NLC-SPIO (ii), Gal-NLC-SPIO (iii) and Gal-NLC-SPIO/PEG (iv), respectively (ii, 
iii and iv, magnification: ×1,000). “L” stands for the normal liver, “T” stands for the tumor. MNLC, magnetic nanostructured lipid carrier; 
CNR, contrast-to-noise ratio; Gal-NLC, galactose-conjugated nanostructured lipid carrier; SPIO, superparamagnetic iron oxide.
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oligosaccharide or oligosaccharide protein of galactose 
residues from the end of the molecule in the circulation. 
Therefore, galactose-modified MNLCs can be applied as a 
hepatocyte-targeted nano-drug delivery system. Because it 
has significant clinical value for evaluation of liver disease, it 
is important to determine if this delivery system is effective 
and safe. In this study, the novel liver-targeted MRI contrast 
agents Gal-NLC-SPIO exhibited very low acute toxicity and 
reasonably good biocompatibility. The results suggest that 
SPIO loading does not affect the biosafety of the MNLCs. 
Moreover, the study also found that Gal-NLC-SPIO 
uptake by LO2 cells was significantly higher and easier 
than Gal-NLC-SPIO/PEG and free Gal in vitro due to the 
specific interaction between and ASGPR on hepatocytes. 
Interestingly, Gal-NLC-SPIO uptake by HepG2 cells is 
relatively rare (Figures 3-6), this can be attributed to: (I) the 
narrow size distribution and biocompatible of Gal-NLC-
SPIO (Figure 2); (II) and the targeted modification with 
galactose ligand, which enabled it to specifically internalize 
into LO2 cells and greatly enhance the hepatocyte targeting 
by the EPR effect and selective binding of ASGPR  
(Figure 3). However, ASGPR expression of hepatocytes 
remained at a very low level in disease states, thus resulting 
in the relatively weak targeting capabilities of Gal-NLC-
SPIO in HepG2 cells. Due to the significant difference 
of Gal-NLC-SPIO in cellular internalization and MRI 
between LO2 and HepG2 cells, it is possible that Gal-
NLC-SPIO shows promise as a novel MRI contrast agent 
for diagnosis of liver disease.

In this study, Gal-ODA graft was synthesized successfully, 
and formed MNLC in aqueous solution for the delivery of 
SPIO. The Gal-NLC-SPIO nanoparticles were effectively 
consolidated in the liver tissue, due to the targeting peptide 
Gal-enhanced endocytosis of the nanoparticles. The results 
of in vitro and in vivo studies indicated that Gal-NLC-SPIO 
has a better targeting ability to liver compared with NLC-
SPIO and Gal-NLC-SPIO/PEG. Our research shows that, 
with the mediation of targeting peptide Gal, the Gal-NLC-
SPIO has potential for liver-targeting molecular imaging. 
Therefore, Gal-NLC-SPIO is especially promising as a 
liver-targeted molecular MRI contrast agent for further 
clinical utilization.
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Supplementary 

Figure S1 1H NMR spectra of LA, ODA and Gal-ODA.
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Table S1 Particle diameter and zeta potential of NLC-SPIO, Gal-NLC-SPIO and Gal-NLC-SPIO/PEG. Data represent the mean ± standard 
deviation (n=3)

Sample Diameter (nm) PI (−) Zeta potential (mV)

NLC-SPIO 52.60±5.74 0.24±0.09 −28.45±1.20

Gal-NLC-SPIO 53.47±3.39 0.24±0.08 −30.68±1.10

Gal-NLC-SPIO/PEG 55.87±5.81 0.19±0.05 −33.72±1.28

Gal-NLC, galactose-conjugated nanostructured lipid carrier; SPIO, superparamagnetic iron oxide.

Figure S2 In vitro cytotoxicity of NLC-SPIO, Gal-NLC-SPIO and Gal-NLC-SPIO/PEG against LO2 (A), HepG2 (B) and RAW264.7 (C) 
cells, respectively. Data represent the mean ± standard deviation (n=3). Gal-NLC, galactose-conjugated nanostructured lipid carrier; SPIO, 

superparamagnetic iron oxide.
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Introduction

High frequency ultrasound has been increasingly used in 
musculoskeletal diseases, such as rheumatoid arthritis, for 
diagnostic purposes and to evaluate disease activity or drug 
response (1-4). Although MRI can detect lesions of minor 

joint structures, such as triangular fibrocartilage complex 
(TFCC) tears (5), high resolution ultrasound has become an 
important complement to musculoskeletal imaging beyond 
MRI. Ultrasound manifestation of inflammatory joints 
may include bone erosion, synovial hyperplasia, synovial 
vascularization and synovial fluid (2,3,6). Synovial fluid can 
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healthy asymptomatic Chinese population

Liyun Wang, Xi Xiang, Yuanjiao Tang, Yujia Yang, Li Qiu

Department of Ultrasound, West China Hospital of Sichuan University, Chengdu 610041, China

Correspondence to: Li Qiu. Department of Ultrasound, West China Hospital of Sichuan University, No.37 Guo Xue Xiang, Chengdu 610041, China. 

Email: wsqiuli@126.com.

Background: High frequency ultrasound is often used to measure the thickness of fluid in peripheral joints 
and bursae of healthy asymptomatic populations. Two major steps critical to this procedure are obtaining the 
detection rates and analyzing the relevant factors.
Methods: Healthy Chinese adult volunteers with no history of arthritis, past trauma or surgery and joint 
pain were enrolled in this study. Ultrasonography was performed on the bilateral shoulders, elbows, wrists, 
metacarpophalangeal joints (MCP) 1–5, proximal interphalangeal joints (PIP) 1–5, distal interphalangeal 
joints (DIP) 2–5, suprapatellar knees, ankles, metatarsophalangeal joints (MTP) 1–5, subacromial and 
subdeltoid bursae, deep infrapatellar bursae, retrocalcaneal bursae and long biceps tendons in B mode. 
Average size of fluid thickness and detection rate were calculated and correlated with demographic 
parameters. Mean + 1.64 SD was defined as the upper limit of the 95% reference range.
Results: One hundred and fifty-two volunteers (71 males and 81 females) with mean age of 48.0± 
14.1 years were enrolled. Both the highest detection rate and the thickest fluid were found in the 
suprapatellar knee (82.9%, 3.7±1.7 mm). There was no significant difference between the left and right side 
of the same structure in the detection rate and the fluid thickness. Females had a higher detection rate and 
fluid thickness than males in most examined structures, especially in the upper-limb joints. The greatest 
number of examined structures was found to be affected by age, and all of the correlations were positive (r 
from 0.118 to 0.510, P<0.05). Positive correlations were found in the long biceps tendon and MTP1 between 
detection rate and body mass index (BMI) (r=0.251 and 0.123, respectively, P<0.05), and in the long biceps 
tendon between effusion thickness and BMI (r=0.228, P<0.05). The upper limits of the 95% reference range 
for peripheral joints and bursae were determined.
Conclusions: Fluid in certain peripheral joints of healthy asymptomatic populations can be associated 
with gender, age or BMI. This study provided reference values for future comparisons with pathological 
conditions among Chinese populations.
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also be found in certain joints under normal conditions, and 
can be visualized on sonography (7-9). 

Assessing the ultrasound appearance of peripheral joints, 
bursae and tendon sheaths in a healthy asymptomatic 
population may provide insights into interpreting 
ultrasound exams in pathologic cases. It is important for 
clinicians to differentiate between effusion—the excess 
fluid in joints—and physiologic fluid accumulation, as the 
latter does not need clinical intervention. Therefore, in 
this study, we aimed to (I) use ultrasound to measure the 
thickness of fluid in peripheral joints, bursae and tendon 
sheaths in regards to situation, gender, age and BMI (US); 
(II) calculate the upper limit of the 95% reference range, 
in order to better understand both normal and pathologic 
conditions of joints and bursae fluids. 

Methods

The study was approved by the local Ethics Committee. 
Informed consent was obtained from the volunteers for the 
acquisition, analysis and reporting of imaging data at the 
time of their examinations.

This study was conducted with healthy adult Chinese 
volunteers between January 2017 and June 2017, who 
were consecutively included from (I) healthcare medical, 
paramedical and administrative staff of the local hospital, (II) 
medical students at the same hospital, (III) healthy relatives 
visiting or accompanying patients and (IV) volunteers 
enrolled through online announcement of the study. 

Inclusion criteria were age from 18 to 90 years, and free 
consensus to participate in the study. Exclusion criteria were 
the following: (I) history of rheumatoid arthritis, diabetes 
mellitus, hypothyroidism, hemophilia, trauma, surgery, 
symptomatic osteoarthritis, or septic arthritis in any studied 
joint; (II) any kind of joint pain experienced during any 
time in the previous month; (III) pregnant or breast-feeding 
women. Patient’s age, sex, height and weight data were 
collected as demographic characteristics and body mass 
index (BMI) was subsequently calculated later.

US examinations were performed using Philips IU22 
with a 9–12 MHz linear array transducer. Musculoskeletal 
(MSK) presetting was selected with the standard default 
mode. The transducer, coupled with several millimeters of 
ultrasound gel, was smoothly placed perpendicular to the 
skin to avoid anisotropic artifacts. All examinations were 
performed by 2 experienced radiologists (QL and TYJ) 
with more than 8 years of experience in musculoskeletal 
ultrasonography, and US examination was done by QL 

or TYJ at random in our study. Schmidt et al. have shown 
excellent inter- and intra-observer agreement (both lager 
than 0.8) when using similar ultrasound measurement 
methods (10). According to the OMERACT definition (11), 
the presence of fluid was defined as an anechoic displaceable 
and compressible intracapsular area in B mode, and which 
does not exhibit Doppler signal (Figure 1). US examination 
was performed in peripheral joints, bursae and tendon 
sheaths based on standard scans (12), and displayed in  
Table 1. Scanning planes showed the maximum amount 
of joint fluid selected and the three consecutive US 
measurements were performed for every location to obtain 
the average value.

SPSS software was used for statistical analysis (SPSS, 
version 19.0, Chicago III). Descriptive statistics were 
expressed as means ± standard deviations. Categorical 
data were described using counts, percentages and 95% 
confidence intervals. Chi-squared test was used for 
comparison in detection rate. Independent-sample’s t test 
was used for comparison in fluid thickness. We correlated 
detection rate and fluid thickness with demographic 
characters using Spearman correlation analysis. Correlation 
index (r) was interpreted as 0.8–1.0 strong correlation, 
0.5–0.8 moderate correlation, 0.3–0.5 low correlation, and 
<0.3 weak correlation. Two-sided statistical significance 
was defined as P<0.05. Increase of fluid is considered to be 
pathological, so we only calculated the upper limit of 95% 
reference range using the equation: the upper limit = mean 
+ 1.64 SD.

Results

A total of 152 healthy asymptomatic Chinese volunteers 
were included. The mean age was 48.0±14.1 years with a 
range of 20–75 years. The mean BMI was 22.58±3.15 kg/m2 
with a range of 15.82-31.51 kg/m2. Seventy-one participants 
were male and 81 were female. None of the recruited 
volunteers were excluded for further analysis. There was 
detectable ultrasonic fluid in all the 24 kinds of joints, 3 
bursae and 1 tendon sheath studied.

Fluid was found in suprapatellar knees in 252/304 
(82.9%), which made it the highest one among all the 
studied structures. Weak positive correlations (r<0.3) 
between detection rate and both age and BMI were found in 
21.4% and 7.1% of all the 28 structures studied respectively 
(Table S1). There was no situational (right or left) difference 
found in detection rate. Gender difference was found in 
the 2nd, 3rd and 4th PIPs, with the detection rates in these 
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PIPs being higher in female subjects (Table S2).
The thickest fluid was also found in the suprapatellar 

knee, and its average fluid thickness was 3.7±1.7 mm. 
Moderate positive correlation was found between fluid 
thickness and age in MCP 5 (r=0.510, P<0.05). Low positive 
correlations were found between fluid thickness and age 
in the retrocalcaneal bursae, and between fluid thickness 
and BMI in the long biceps tendon (r=0.398 and 0.228, 
respectively, both P<0.05). The positive correlation between 
fluid thickness and age was weak in long the biceps tendon 
(r=0.181, P<0.05) (Table S3). There was no significant 
difference found between the right and left side in fluid 
thickness (P>0.05) (Table S4). As for gender, fluid thickness 
was higher in women in wrists, MCP5, PIP 4, retrocalcaneal 
bursae and long biceps tendon (P<0.05). Conversely, the 
fluid thickness of PIP 2 and deep infrapatellar bursae was 
higher in male subjects (P<0.05).

Reference values differed among different joints (Table 2).  
Overall, the upper limits of the 95% reference range for 

lower limb joints were larger than upper limb joints. For 
example, the upper limits in the shoulder (gleno-humeral 
joint), elbow and wrist are ≤3.9, ≤3.5 and ≤3.9 mm,  
respectively; whereas the suprapatellar knee and ankle 
are ≤6.6 and ≤5.4 mm, respectively. As for the hands, the 
upper limits were over 1mm in PIPs and DIPs with larger 
fluid thickness found in MCPs (approximately 2 mm). 
Changeable upper limits were found in the feet, and were 
≤0.8 mm for MCP5 to ≤4.1 mm for MTP1.

Discussion

High-frequency ultrasound has proven its diagnostic power 
in musculoskeletal diseases; however, identifying differences 
between normal and pathologic conditions is still difficult. 
A previous study (7) which included 46 healthy subjects 
indicated that fluid was present in 20.9% of PIPs, but less 
frequent in DIPs (3% DIPs). Schmidt et al. reported that 
fluid in bursae and joints were common findings in healthy 

Figure 1 Ultrasound appearance of fluid in a 25-year-old healthy female (arrow). (A) Fluid in PIP 3; (B) fluid in suprapatellar knee; (C) fluid 
in MTP 1; (D) fluid in tendon sheath of long biceps tendon; (E) fluid in deep infrapatellar bursa; (F) fluid in retrocalcaneal bursa.

A B

C D

E F
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people (10). Our results also suggest that all asymptomatic 
joints, bursae and tendon sheaths examined in our study 
have ultrasound-detectable accumulation of synovial fluid, 
of which the detection rate and fluid thickness vary in 
different structures. The mean thickness of fluid found in 
asymptomatic joints is listed in the following descending 
order: suprapatellar knee (3.7 mm), ankle (3.3 mm), 
shoulder (2.2 mm), elbow (2.2 mm), wrist (2.1 mm), MTPs 
(0.7–2.4 mm), MCPs (1.2–1.9 mm), PIPs (0.8–1.2 mm), 
DIPs (0.8 mm).

Similar to previous studies (7,10,13) which reported 
no significant difference between the dominant and non-
dominant side, we similarly found no difference between 
the left and right side in both detection rate and fluid 
rate. These results may indicate that symmetrical parts of 
healthy subjects have the same anatomical structure, and 
that there would not be significant difference between the 
left and right side of a structure under normal conditions. 
Therefore, through examining and comparing joints on 
both sides, we can recognize unilateral lesion and assess its 
severity. 

We observed that females had a higher detection rate 

and fluid thickness than males in most examined structures, 
especially in upper-limb joints, although many of them did 
not show statistical difference. According to studies about 
gender impact on ultrasound measurements, Ellegaard 
et al. suggested that women obtained higher pathological 
scores than men in healthy small hand joints (14). Poncelet 
et al. determined different deep joint space distance of the 
acromioclavicular joint between men and women (13).  
These studies indicate physiological and anatomical 
differences between men and women, which might be 
caused by different kinds of labor or exercise. When 
considering gender influence, it is better to choose the same 
sex as the normal reference in US examinations of certain 
structures, especially in the retrocalcaneal bursa, which had 
a difference between means larger than 1 mm.

  Among the studied demographic parameters, the 
greatest number of examined structures was found to be 
affected by age, and all of the correlations were positive. We 
attribute this to the lasting and irreversible degeneration 
of joints caused by aging which can induce bone changes 
including spurs and irregularities in the elderly (15). 
Higher quantitative joint recess measured sonographically 

Table 1 US scanning plane and measurement location of fluid in joints, bursa and tendon sheath

Structure Positioning Scanning plane Measurement location

Shoulder (gleno-humeral joint) Sitting position; 90° flexion of the elbow joint 
with hand positioned in supination on top of the 
volunteer’s thigh

Anterior and posterior 
space

Maximum bone-
capsule distance

Elbow (radial, coronoid, annular 
and posterior recess)

Sitting position; Full extension of the elbow joint 
(ventral scans);  flexion of the elbow  joint in a 90° 
angle (dorsal scans)

Longitudinal and 
transverse

Wrist (radiocarpal, innercarpal 
and ulnocarpal joints), MCP 1–5, 
PIP 1–5, DIP 2–5, MTP 1–5

Sitting position; positioning of the hand on an 
examining bed

Palmar and dorsal, 
longitudinal

Knee (Suprapatellar recess), 
Ankle (tibio-talar joint)

Supine position with knee joint in neutral position 
and 30° flexion (Knee);  Prone position with hip and 
knee joints in neutral position (Ankle)

Anterior, longitudinal 
and transverse

Deep infrapatellar bursa, retro-
calcaneal bursa

Supine position with knee joint in neutral position 
and 30° flexion (deep infrapatellar bursa);  Prone 
position with hip and knee joints in neutral position 
(retro-calcaneal bursa)

Longitudinal Maximum capsule-
capsule distance

Subacromial-subdeltoid bursa See shoulder joint Longitudinal and 
transverse

Long biceps tendon See shoulder joint Transverse Maximum tendon-
peritendineum distance 
at the bicipital groove

MCP, metacarpophalangeal joint; PIP, proximal interphalangeal joint; DIP, distal interphalangeal joint; MTP, metatarsophalangeal joint.
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Table 2 Fluid thickness and the upper limits of 95% reference 
range in healthy asymptomatic population 

Location
Mean 
(mm)

SD 
(mm)

95% reference range 
(upper limit, mm)

Shoulder 2.2 1.0 3.9

Elbow 2.2 0.8 3.5

Wrist 2.1 1.1 3.9

MCP1 1.4 1.0 2.9

MCP2 1.9 0.7 3.0

MCP3 1.5 0.6 2.5

MCP4 1.2 0.4 1.9

MCP5 1.2 0.4 1.8

PIP1 0.9 0.3 1.4

PIP2 1.0 0.4 1.7

PIP3 1.2 0.4 1.8

PIP4 1.0 0.4 1.7

PIP5 0.8 0.4 1.4

DIP2 0.8 0.3 1.4

DIP3 0.8 0.2 1.2

DIP4 0.8 0.3 1.3

DIP5 0.8 0.3 1.2

Suprapatellar 
knee

3.7 1.7 6.6

Ankle 3.3 1.3 5.4

MTP1 2.4 1.1 4.1

MTP2 1.7 0.7 2.9

MTP3 1.4 0.7 2.5

MTP4 1.9 1.2 3.8

MTP5 0.7 0.1 0.8

Subacromial/
subdeltoid bursa

1.5 1.0 3.1

Deep 
infrapatellar 
bursa

1.3 0.6 2.2

Retrocalcaneal 
bursa

2.1 1.3 4.3

Long biceps 
tendon

2.1 0.8 3.4

has also been reported in older groups (9). Additionally, 
we found positive correlations with age, especially in 
small joints like PIP, DIP and MTP, which are similar to 
results reported by Machado et al. whose study detailed a 
higher percentage of synovial effusion in the hand and foot 
joints of healthy individuals (9). In our study, we did not 
exclude the older people with asymptomatic osteoarthritis, 
because asymptomatic osteoarthritis is of less clinical 
importance and there is usually no need for intervention. 
Therefore, when attempting to detect joint fluid in aged 
but asymptomatic people, we should consider age effects 
especially in the hand and foot joints. 

Positive correlations with BMI were found in the 
long biceps tendon and MTP1. The long biceps tendon 
is closely related to motion, and MTP1 is an important 
weight-bearing joint. Therefore, height and weight might 
have a greater impact on these two structures. Excessive 
increases in weight-bearing forces caused by obesity may 
be detrimental to the lower limbs and feet (16), lead to 
musculoskeletal pain in the legs, and contribute to overall 
difficulty of daily movements (17). Obesity can also lead 
to musculoskeletal disorders in children by promoting 
biomechanical changes in the lumbar spine and lower 
extremities (18). Conversely, in patients with rheumatoid 
arthritis, a higher BMI is associated with a less severe 
disease outcome (19), and disease activity might also be 
overestimated in obese patients (20). The above results 
indicate a close relationship between BMI and joint disease. 
In our study, the mean BMI was 22.58±3.15 kg/m2 which 
was almost within the normal range. Thus, whether an 
overweight condition affects joint fluid still remains unclear 
and open for further investigation.

We have found some difference in reference values 
compared with Schmidt’s study (10). The most important 
influencing factor is that we use mean + 1.64 SD to define 
the upper limit of the 95% reference range, while they use 
mean ± 2 SD to calculate the standard reference values. As 
we supposed that only excessive accumulation of fluid in 
joints is pathological, it is suitable for us to calculate the 
upper limit. Another reason for this phenomenon might 
be different the study populations included. As we have 
calculated the reference values for healthy asymptomatic 
people, we might be able to help radiologists and clinicians 
to better distinguish between normal and abnormal 
conditions, which is of great importance in clinical practice 
because excessive fluid accumulation may lead to further 
examinations or treatments. Our study may also provide 
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normal controls for future comparative studied in patients 
with rheumatoid arthritis or other diseases. There are 
also some limitations in our study. First, we did not study 
all the ultrasound-detectable peripheral joints and their 
sonographic findings, such as bone erosion, bursa effusion 
or tendinopathy. Second, by design, this study lacked 
Doppler analysis. The strengths of our study include a 
relatively large number of patients. 

Conclusions

Fluid in the peripheral joints, bursae and tendon sheaths 
of healthy asymptomatic populations can be frequently 
found by US. The detection rate and fluid thickness vary 
in different structures. Some of the fluid thickness and 
detection rates are associated with gender, age or BMI, but 
no difference has been found between the left and right 
side joints. While making diagnoses of joint diseases, it is 
important to choose suitable control groups regarding the 
relevant factors. Additionally, reference values provided 
in this study might be helpful to recognize effusion in 
the healthy asymptomatic Chinese population. Further 
multi-center studies are still necessary to determine more 
generally applicable standard reference values.
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Supplementary 

Table S1 Detection rate in healthy asymptomatic population and correlations with age and BMI

Location Detection number
Detection rate (%)  

(95% CI)

r

Age BMI

Shoulder 6 2.0 (0.4–3.5) 0.014 −0.044

Elbow 117 38.5 (33.0–44.0) 0.100 −0.060

Wrist 125 41.1 (35.6–46.7) 0.080 −0.106

MCP1 4 1.3 (0–2.6) 0.036 0.014

MCP2 18 5.9 (3.3–8.6) 0.051 −0.345

MCP3 20 6.6 (3.8–9.4) −0.019 0.029

MCP4 30 9.9 (6.5–13.2) 0.024 0.045

MCP5 25 8.2 (5.1–11.3) −0.088 0.037

PIP1 9 3.0 (1.0–4.9) 0.099 −0.079

PIP2 53 17.4 (13.1–21.7) 0.004 0.010

PIP3 94 30.9 (25.7–36.1) 0.140* −0.013

PIP4 61 20.1 (15.5–24.6) 0.152** −0.024

PIP5 21 6.9 (4.0–9.8) 0.020 0.055

DIP2 7 2.3 (0.6–4.0) −0.006 −0.012

DIP3 22 7.2 (4.3–10.2) 0.118* −0.043

DIP4 11 3.6 (1.5–5.7) 0.069 −0.030

DIP5 4 1.3 (0–2.6) 0.042 −0.055

Suprapatellar knee 252 82.9 (78.6–87.2) 0.272* 0.049

Ankle 140 46.1 (40.4–51.7) 0.036 −0.004

MTP1 99 32.6 (27.3–37.9) 0.118* 0.123*

MTP2 16 5.3 (2.7–7.8) 0.106 0.031

MTP3 11 3.6 (1.5–5.7) −0.035 −0.021

MTP4 3 0.7 (0–1.6) 0.019 0.083

MTP5 3 0.7 (0–1.6) −0.025 0.061

Subacromial/subdeltoid 
bursa

35 11.5 (7.9–15.1) 0.061 −0.040 

Deep infrapatellar bursa 75 24.7 (19.8–29.5) −0.041 0.024 

Retrocalcaneal bursa 42 13.8 (9.9–17.7) −0.016 −0.030 

Long biceps tendon 125 41.4 (35.6–46.7) 0.165* 0.251*

*P<0.05; **P<0.01. MCP, metacarpophalangeal joint; PIP, proximal interphalangeal joint; DIP, distal interphalangeal joint; MTP, 
metatarsophalangeal joint.



Table S2 Comparisons of detection rate between right and left sides, and between females and males

Location
Detection rate (%) Detection rate (%)

Right Left P value Female Male P value

Shoulder 2.0 2.0 1.000 3.1 0.7 0.220

Elbow 37.5 39.5 0.814 37.0 40.1 0.637

Wrist 40.8 41.4 1.000 43.2 38.7 0.484

MCP1 2.6 0 0.123 0.6 2.1 0.343

MCP2 5.3 6.6 0.809 6.8 4.9 0.628

MCP3 5.9 7.2 0.818 7.4 5.6 0.645

MCP4 11.2 8.6 0.565 8.6 11.3 0.449

MCP5 6.6 9.9 0.404 10.5 5.6 0.146

PIP1 3.3 2.6 1.000 2.5 3.5 0.738

PIP2 20.4 14.5 0.226 23.5 10.6 0.004*

PIP3 32.9 28.9 0.535 38.3 22.5 0.004*

PIP4 19.1 21.1 0.775 25.3 14.1 0.015*

PIP5 6.6 7.2 1.000 8.0 5.6 0.499

DIP2 2.6 2.0 1.000 3.7 0.7 0.126

DIP3 6.6 7.9 0.825 8.0 6.3 0.660

DIP4 3.9 3.3 1.000 4.3 2.8 0.551

DIP5 1.3 1.3 1.000 1.9 0.7 0.626

Suprapatellar knee 84.2 81.6 0.648 83.3 82.4 0.879

Ankle 48.7 43.4 0.421 43.2 49.3 0.301

MTP1 32.9 32.2 1.000 28.4 37.3 0.111

MTP2 4.6 5.9 0.798 4.9 5.6 0.803

MTP3 3.9 3.3 1.000 3.1 4.2 0.760

MTP4 1.3 0.0 0.498 0.6 0.7 1.000

MTP5 0.7 0.7 1.000 0.6 0.7 1.000

Subacromial/subdeltoid 
bursa

13.8 9.2 0.281 9.3 14.1 0.210 

Deep infrapatellar bursa 23.0 26.3 0.595 21.6 28.2 0.230 

Retrocalcaneal bursa 15.1 12.5 0.618 14.2 13.4 0.869 

Long biceps tendon 40.8 41.1 1.000 44.4 37.3 0.243 

MCP, metacarpophalangeal joint; PIP, proximal interphalangeal joint; DIP, distal interphalangeal joint; MTP, metatarsophalangeal joint.



Table S3 Fluid thickness in healthy asymptomatic population and correlations with age and BMI

Location Mean (mm) SD (mm)
r

Age BMI

Shoulder 2.2 1.0 −0.412 −0.358

Elbow 2.2 0.8 0.163 0.069

Wrist 2.1 1.1 −0.058 −0.170

MCP1 1.4 1.0 −0.500 −0.105

MCP2 1.9 0.7 0.034 −0.206

MCP3 1.5 0.6 0.014 −0.352

MCP4 1.2 0.4 0.196 −0.206

MCP5 1.2 0.4 0.510** −0.293

PIP1 0.9 0.3 0.008 −0.308

PIP2 1.0 0.4 0.137 0.056

PIP3 1.2 0.4 0.167 0.087

PIP4 1.0 0.4 0.187 0.035

PIP5 0.8 0.4 0.227 0.029

DIP2 0.8 0.3 −0.199 0.218

DIP3 0.8 0.2 −0.023 0.153

DIP4 0.8 0.3 0.194 0.460

DIP5 0.8 0.3 0.949 0.316

Suprapatellar knee 3.7 1.7 −0.025 0.083

Ankle 3.3 1.3 0.007 −0.030

MTP1 2.4 1.1 0.011 0.024

MTP2 1.7 0.7 0.173 0.355

MTP3 1.4 0.7 −0.128 −0.192

MTP4 1.9 1.2 −1.000 −1.000

MTP5 0.7 0.1 −1.000 −1.000

Subacromial/subdeltoid 
bursa

1.5 1.0 −0.001 −0.091 

Deep infrapatellar bursa 1.3 0.6 0.207 0.176 

Retrocalcaneal bursa 2.1 1.3 0.398* −0.045 

Long biceps tendon 2.1 0.8 0.181* 0.228*

*P<0.05; **P<0.01. MCP, metacarpophalangeal joint; PIP, proximal interphalangeal joint; DIP, distal interphalangeal joint; MTP, 
metatarsophalangeal joint.



Table S4 Comparisons of fluid thickness between right and left sides, and between females and males 

Location
Fluid thickness (mm) Fluid thickness (mm)

Right Left P value Female Male P value

Shoulder 2.4±1.5 1.9±0.4 0.608 2.2±1.1 2.3a 0.916

Elbow 2.2±0.8 2.3±0.7 0.828 2.34±0.8 2.1±0.7 0.106

Wrist 2.2±1.1 2.0±1.1 0.501 2.3±1.3 1.9±0.7 0.025*

MCP1 1.4±1.0 — — 0.8a 1.5±1.1 0.622

MCP2 2.0±0.7 1.8±0.7 0.673 2.1±0.8 1.5±0.3 0.073

MCP3 1.6±0.9 1.3±0.4 0.293 1.5±0.8 1.4±0.3 0.708

MCP4 1.3±0.4 1.2±0.4 0.450 1.3±0.4 1.2±0.3 0.279

MCP5 1.1±0.4 1.2±0.4 0.276 1.3±0.4 1.0±0.2 0.009*

PIP1 0.8±0.2 1.1±0.3 0.193 1.0±0.4 0.9±0.2 0.538

PIP2 1.0±0.4 1.1±0.4 0.606 1.0±0.3 1.3±0.5 0.049*

PIP3 1.2±0.3 1.20±0.4 0.975 1.2±0.3 1.1±0.4 0.376

PIP4 1.1±0.4 0.9±0.4 0.228 1.1±0.5 0.8±0.2 0.005*

PIP5 0.8±0.5 0.8±0.2 0.669 0.8±0.4 0.8±0.3 0.644

DIP2 0.9±0.4 0.7±0.3 0.484 0.9±0.3 0.4a 0.204

DIP3 0.9±0.3 0.8±0.2 0.607 0.8±0.2 1.0±0.3 0.054

DIP4 0.9±0.3 0.7±0.2 0.185 0.9±0.3 0.8±0.1 0.579

DIP5 0.9±0.3 0.7±0.2 0.423 0.8±0.3 0.7a 0.800

Suprapatellar knee 3.8±1.8 3.7±1.6 0.731 3.7±1.8 3.7±1.7 0.924

Ankle 3.4±1.4 3.1±1.2 0.112 3.4±1.3 3.2±1.4 0.524

MTP1 2.5±1.2 2.2±1.0 0.199 2.2±1.2 2.5±1.0 0.121

MTP2 1.9±0.7 1.5±0.7 0.304 1.6±0.7 1.8±0.8 0.612

MTP3 1.7±0.7 1.1±0.4 0.130 1.2±0.7 1.6±0.6 0.310

MTP4 1.9±1.2 — — 2.7a 1.0a —

MTP5 0.6a 0.7a — 0.6a 0.7a —

Subacromial/subdeltoid 
bursa

1.7±1.1 1.4±0.9 0.371 1.5±1.0 1.6±1.0 0.942

Deep infrapatellar bursa 1.4±0.6 1.3±0.5 0.389 1.1±0.4 1.5±0.6 <0.001*

Retrocalcaneal bursa 2.1±1.4 2.2±1.3 0.832 2.6±1.5 1.5±0.7 0.004*

Long biceps tendon 2.1±0.8 2.0±0.8 0.759 2.2±0.9 1.8±0.6 0.002*

*P<0.05. a, only Mean has been displayed; —, cannot be calculated due to small sample size. MCP, metacarpophalangeal joint; PIP, 
proximal interphalangeal joint; DIP, distal interphalangeal joint; MTP, metatarsophalangeal joint.
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Background: To investigate the utility of quantitative morphological and intratumoral characteristics 
obtained by 18F-fluorodeoxyglucose positron-emission tomography/computed tomography (FDG-PET/CT) 
for the prediction of treatment outcome in patients with nasal or paranasal cavity squamous cell carcinoma 
(SCC).
Methods: Twenty-four patients with nasal or paranasal cavity SCC who received curative non-surgical 
therapy (a combination of super-selective arterial cisplatin infusion and radiotherapy) were retrospectively 
analyzed. From pre-treatment FDG-PET data, a total of 13 parameters of quantitative morphological 
characteristics (tumor volume, surface area and sphericity), intratumoral characteristics (the maximum and 
mean standard uptake value, three intratumoral histogram and four textural parameters) and total lesion 
glycolysis (TLG) were respectively calculated. Information regarding the treatment outcome was determined 
from the histological diagnosis or clinical follow-up. Each of the 13 quantitative parameters as well as T- and 
N-stage was assessed for its relation to treatment outcome of local control or failure.
Results: In univariate analysis, significant differences in surface area and sphericity between the local 
control and failure groups were observed. The receiver operating characteristic (ROC) curve analysis showed 
that sphericity had the highest accuracy of 0.88. In the multivariate analysis, sphericity was revealed as an 
independent predictor of the local control or failure.
Conclusions: The quantitative parameters of sphericity are useful to predict the treatment outcome in 
patients with nasal or paranasal SCC. 
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Introduction

Non-surgical treatments such as chemoradiation therapy 
have been important treatment methods for patients with 
head and neck squamous cell carcinoma (HNSCC) (1), 
particularly since they result in less functional impairment 
than surgical treatment (2). In particular, the combination 
therapy of super-selective arterial infusions of cisplatin and 
radiotherapy has become popular because it can achieve a 
high local control rate even in advanced stage patients with 
nasal- or paranasal-cavity SCC (3,4). For such a curative 
nonsurgical treatment, it can be helpful to predict the 
treatment outcome in order to optimize the subsequent 
patient management, including the determination of 
treatment re-planning and the follow-up strategy.

For the evaluation of primary lesions, 18F-fluorodeoxyglucose 
positron-emission tomography/computed tomography 
(FDG-PET/CT), which depicts the tumor metabolic rate 
of glucose, has been a major diagnostic modality. The 
tumor glucose metabolic rate is one of the important factors 
reflecting tumor aggressiveness (5,6). Several studies have 
also investigated FDG-PET/CT parameters, particularly 
the maximum standardized uptake value (SUVmax), 
metabolic tumor volume (MTV) and total lesion glycolysis 
(TLG), for their potential roles in predicting treatment 
outcomes in HNSCC patients (7-9). Another proposed 
approach to the evaluation of FDG uptake in HNSCC is 
determination of the textural features of FDG distribution 
in the tumor; this method can reveal tumor heterogeneity 
in greater detail (10-12). In addition, tumor morphological 
information can also be a useful parameter. FDG-PET/CT 
data provide rough anatomical information about the tumor 
revealed by the lesion’s elevated FDG uptake. Moreover, 
the tumor margin can be easily set using the threshold 
of FDG uptake from FDG-PET/CT imaging, allowing 
objective quantification of the whole tumor area (13). From 
this morphological data, several parameters related to 
the tumor morphological shape can be calculated. FDG-
PET/CT analysis can provide many parameters related to 
morphology or intratumoral characteristics as mentioned 
above and are also considered to provide useful information 
for the prediction of treatment outcome as one of imaging 
biomarker. Some of these parameters may predict the 
treatment outcome with high diagnostic accuracy.

The aim of this study was to investigate the utility 
of various semi-quantitative FDG uptake parameters as 
prognostic factors for patients with nasal- or paranasal-
cavity SCC receiving curative super-selective arterial 
infusion with concomitant radiotherapy.

Methods

Study subjects

Our institutional review board approved this retrospective 
study protocol, and written informed consent was waived. 
Twenty-four patients with nasal or paranasal cavity SCC 
who were treated at our hospital from April 2009 to August 
2012 were evaluated. All patients fulfilled the following 
inclusion criteria: (I) histopathological diagnosis of nasal or 
paranasal SCC; (II) completion of curative radiotherapy with 
70-Gy radiation dose; and (III) availability of pre-treatment 
FDG-PET/CT data with the specific scan units. All 
patients were treated using the following protocol: arterial 
cisplatin infusion (100–120 mg/m2 per week for 4 weeks) by 
microcatheter in the feeding arteries of the primary tumor, 
with concurrent radiation therapy (total 70 Gy/35 fractions). 
All patients received FDG/PET-CT scans before the full 
course of treatment.

Clinical assessment

For determination of the final clinical assessment (local 
control or local failure at the primary lesion), the medical 
records of patients over the follow-up period were 
utilized. Local failure was determined by (I) presence of 
SCC diagnosed by histopathological analysis of surgically 
resected or biopsy samples, (II) new soft tissue mass 
development around the post-treatment granulation tissue, 
or (III) definite enlargement of granulation tissue area 
during the follow-up. Local control was determined by 
histopathological diagnosis of the complete absence of SCC 
in resected tissue, the absence of new lesion development 
or the enlargement of soft-tissue mass in the post-treatment 
granulation tissue, during a follow-up of ≥2 years.

Imaging protocol

Image acquisition was performed using a PET/CT scanner 
(Biograph 64, Asahi-Siemens Medical Technologies, Tokyo). 
The patients were instructed to fast for ≥6 h before the FDG 
(4.5 MBq/kg) injection. After the injection, the patients 
were asked to sit quietly for 60 min. The 425–650 keV  
of energy window, 58.5 and 21.6 cm of the transaxial and 
axial fields of view (FOVs) were respectively used for 
scanning. The 3D-mode emission scan was acquired over 
3-min for each bed position. The attenuation correction 
was performed with X-CT images that were obtained 
without contrast agent. An iterative technique integrated 
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with a point spread function (i.e., TrueX) was used for the 
image reconstruction (14). We conducted the full 3D PET 
reconstruction with a system matrix derived from point-
source measurements. The details of the reconstructed 
image resolution were as follows: spatial resolution, 8.4 mm 
full width at half maximum (FWHM); matrix size, 168×168; 
voxel size, 4.1 mm × 4.1 mm × 2.0 mm. The SUV was 
calculated as the tissue radioactivity concentration (kBq/mL)  
divided by the injected dose per body weight (kBq/g) 
according to the commonly used definition (15).

Image analysis

For the semi-quantitative evaluation of the FDG uptake 
in the primary tumor, we examined both morphological 
and intratumoral-characteristic data. Image analyses were 
performed by a board certified radiologist (Noriyuki 
Fujima) with 11 years of experience in head and neck 
radiology. In each tumor, we measured the SUV value with 
the delineation of the tumor region of interest (ROI). As the 
tumor ROI, we used the automated ROI determined using 
the isocontour threshold method. We used an SUV value of 
2.5 to define the lesion contouring margins as described in 
a previous report (16). In addition, another ROI delineation 
threshold that was adopted in a previous study (=42% of 
the maximum SUV in the tumor) (17) was also used to 
validate the measured quantitative parameter values (see 
the description of the statistical analysis below). When the 
tumor extended to two or more slices, all slices showing 
tumor FDG uptake were analyzed. In all patients, both 
routine CT and magnetic resonance imaging (MRI) data 
were also used as supplemental information to determine 
the presence and location of each tumor on FDG-PET/CT 
images.

For the morphological characteristics analysis, we 
calculated the tumor volume and tumor surface area from 
the morphological shape of all selected tumor voxels with an 
SUV value above 2.5. Sphericity was calculated by a partial 
modification of the previously reported equations as follows 
(18,19):

3

(1/ 6)*

TVSphericity
TSA
π

=

where TV is the tumor volume and TSA is the tumor 
surface area. The sphericity was defined as the actually 
measured tumor volume (TV) divided by the calculated 
volume of the sphere whose surface area was TSA.

For the analysis of intratumoral characteristics, the 
SUVmean, SUVmax, histogram and textural parameters 
within the ROI were calculated. SUVmean and SUVmax 
were respectively calculated as the mean and maximum 
values in all pixels in all slices in which the tumor was 
included. The histogram features included the coefficient 
of variance (CV), kurtosis and skewness. Textural features 
included the contrast, correlation, energy and homogeneity, 
calculated based on the gray-level co-occurrence matrix 
(GLCM) features. The GLCM features comprise detailed 
information regarding the spatial distribution of signal 
intensity in the tumor ROI, compared to the histogram 
parameters. The GLCM is composed of a square plane 
with rows and columns from zero to the maximum value of 
the gray scale in the tumor ROI. The GLCM element in 
row i and column j represents the number of times a given 
gray tone of value i is horizontally adjacent to gray tone j 
in the original quantized image. For the sake of simplicity 
the GLCMs were calculated using only directly adjacent 
pixels. Details of the GLCM features and the calculation 
equations have been described previously (20). Histogram 
or texture parameters were calculated from all pixels in all 
tumor-containing slices; all pixel data were integrated into 
a single histogram profile or single GLCM feature map 
to evaluate the whole volume intratumoral characteristics. 
In addition, TLG was also calculated by multiplying the 
tumor volume and mean SUV value. Finally, all parameters 
of morphological features, SUVmax, SUVmean, histogram 
parameters, textural parameters, and TLG were calculated 
for each tumor. The calculation process was performed 
using a self-developed program written in MATLAB ver. 
2012a (MathWorks, Natick, MA).

Statistical analysis

In the univariate analysis, we used the Mann-Whitney U-test 
to compare the values of a total of 13 parameters (SUVmean, 
SUVmax, CV, TLG, kurtosis,  skewness,  contrast, 
correlation, energy, homogeneity, tumor volume, surface 
area and sphericity) between the local control and failure 
groups in their primary site. If a significant difference was 
obtained for any parameter, such parameter was analyzed 
by receiver operating characteristic (ROC) curves for 
the calculation of the area under the curve (AUC). The 
sensitivity, specificity, positive predictive value, negative 
predictive value and diagnostic accuracy by the cut-off 
value obtained with the Youden index were respectively 
determined. If a significant difference was observed for more 
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than two parameters in univariate analysis, these parameters 
were further analyzed by multivariate logistic regression 
models to determine whether they had independent 
predictive value. Additionally, if at least one parameter was 
determined to be an independent predictor, this parameter 
was further analyzed for its correlation to T-stage, N-stage 
and other quantitative FDG-PET/CT parameters assessed 
in the current study, by using Spearman’s rank correlation 
coefficient.

For the validation of parameter value and its diagnostic 
power, each independent predictor revealed by multivariate 
logistic regression analysis was re-calculated using a 
different ROI delineation method with a threshold that was 
42% of maximum SUV as described above. The Intraclass 
Correlation Coefficient (ICC) of parameter values obtained 

by ROIs between the SUV threshold of 2.5 and 42% of 
maximum SUV was calculated. The Mann-Whitney U-test 
and ROC curve analysis were also respectively performed 
to assess the local control and failure groups in a manner 
similar to that described above, by using the parameter 
values obtained by ROIs with an SUV threshold of 42% in 
maximum SUV.

Statistical significance was set at P values <0.05. We 
used SPSS software (IBM, Armonk, NY) for the statistical 
analyses.

Results

The patient characteristics are summarized in Table 1. 
Among the 24 patients, 7 were revealed to have local 
failure. The local failure of 5 patients was confirmed by 
histopathological findings. The remaining 2 cases of local 
failure and 17 cases of local control were confirmed by 
clinical diagnosis with reference to our hospital medical 
records over the follow-up period (mean 70 months; range 
49–82 months).

All parameters were successfully obtained for each 
primary site. For two of the parameters, surface area 
and sphericity, significant differences between the local 
control and failure groups were respectively revealed in 
univariate analysis. Details of all obtained parameters and 
univariate analyses are presented in Table 2. These two 
parameters of the surface area and sphericity were further 
assessed by ROC curve analysis. Diagnostic values (the 
AUC, sensitivity, specificity, positive predictive value, 
negative predictive value, accuracy and cut-off value) for the 
prediction of the treatment outcome were determined. The 
details of the ROC curve analysis are presented in Table 3. 
The parameter with the highest AUCs was the sphericity.

In the multivariate analyses, the sphericity was revealed 
to be an independent predictor (P=0.03) with an odds ratio 
of 2.58 (the 95% confidence intervals ranged from 1.37 
to 6.74) (Table 3). Representative cases of local control 
and failure are presented in Figure 1. The Spearman’s 
rank correlation coefficients between the sphericity and 
patient characteristics (T-stage and N-stage) or other 12 
quantitative parameters are summarized in Table 4.

In the validation analysis using a different tumor ROI 
technique, the sphericity was found to be significantly 
different between patients with local control and failure by 
the Mann-Whitney U-test (P=0.005). The results of ROC 
curve analysis were as follows: AUC =0.87, sensitivity =0.82, 
specificity =1.0, positive predictive value =1.0, negative 

Table 1 Patient characteristics

Characteristics Number of patients

Age (years)

Range 43–72

Median 61

Average 60.1

Gender

Male 21

Female 3

T-stage

T1 0

T2 1

T3 8

T4a 14

T4b 1

N-stage

N0 21

N1 2

N2 1

N3 0

Clinical TNM-stage

I 0

II 1

III 8

IV 15
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predictive value =0.7, accuracy =0.88 and optimal cut-off 
value =0.35. Only cut-off value was slightly different from 
the result obtained by the tumor ROI with SUV threshold 
2.5. The ICC of the sphericity values obtained by ROIs 
between the SUV threshold of 2.5 and 42% of maximum 
SUV was 0.93.

Discussion

In the current study, the semi-quantitative morphological 
parameter of sphericity was revealed to be a clinically useful 
predictor of treatment outcome in patients with nasal- or 
paranasal-cavity SCC. The difficulty of using pretreatment 
parameters to predict treatment outcome in advanced-
stage SCC patients receiving curative chemoradiation with 
arterial cisplatin infusion has been demonstrated, although 
a few reports have described the utility of tumor blood 
flow or tumor micro-water diffusion as an evaluation tool 
during treatment using MRI (21,22). The results of the 
current study will provide supporting information for the 
prediction of treatment outcome; this information can be 
used for the adjustment of treatment regimens such as the 
addition of induction chemotherapy before curative therapy 
consisting of chemotherapy and concomitant full-dose 
radiotherapy, or the determination of a follow-up strategy 
after the treatment. In this way, the information gained 
from quantitative morphological parameters could lead to 
more appropriate personalized medicine in patients with 
nasal- or paranasal-cavity SCC.

The quantitative morphological characteristic of tumor 
sphericity is considered to reflect the tumor’s complicated 
shape. In the case of an invasive tumor with a complicated 
shape, the feeding arteries tend to be multi-feeders 
compared to the simple expanding oval- or round-shape 
SCC, and this may make the arterial infusion therapy 
more complicated and difficult. FDG-PET/CT can easily 
visualize the rough shape of such anatomically complicated 
tumor by setting a specific SUV threshold. In contrast to 

Table 2 Patient characteristics and parameters of the patients with 
local control and failure

Variables
Presence of local control

P value
Local control Local failure

Patients’ characteristics (no. of patients)

T-stage 0.08

T1 0 0

T2 1 0

T3 7 1

T4 9 6

N-stage 0.86

N0 15 6

N1 1 1

N2 1 0

N3 0 0

Image parameters (parameter value)

SUVmean 7.6±2.2 7.5±1.3 0.99

SUVmax 19.3±6.1 18.3±3.6 0.63

CV 0.43±0.11 0.38±0.11 0.34

TLG 274.5±184.3 326.1±112.9 0.39

Skewness 0.85±0.75 0.84±0.52 0.96

Kurtosis 3.7±3.57 3.83±2.75 0.92

Contrast 6.64±2.78 6.85±2.69 0.86

Correlation 0.63±0.11 0.63±0.06 0.8

Energy 0.023±0.011 0.027±0.018 0.68

Homogeneity 0.45±0.06 0.46±0.05 0.72

Tumor volume 33.2±16.7 42.5±9.4 0.09

Tumor surface area 97.8±29.8 143.3±36.5 0.01*

Sphericity 0.35±0.06 0.27±0.05 0.002*

Data are the mean ± standard deviation. *, statistically significant 
difference. SUV, standardized uptake value; CV, coefficient of 
variance; TLG, total lesion glycolysis.

Table 3 ROC and multivariate analysis results 

Parameter
The results of ROC curve analysis The results of multivariate analysis

AUC Sensitivity Specificity PPV NPV Accuracy Cut-off value P value Odds ratio

Surface area 0.83 0.82 0.71 0.88 0.63 0.79 130 0.31 1.21 (0.87, 1.55)

Sphericity 0.87 0.82 1.0 1.0 0.7 0.88 0.31 0.03 2.58 (1.37, 6.74)

AUC, area under curve; PPV, positive predictive value; NPV, negative predictive value.
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the parameter of sphericity, tumor volume was higher in the 
poor-treatment-outcome group, but not significantly so (P 
value =0.09). From the results of the current study, although 
tumor volume is generally believed to be a prognostic factor 
in numerous cancers, including head and neck SCC (23),  
quantitative information about tumor shape may be more 
sensitive for the prediction of treatment outcome. In 
addition, several previous reports have described that the 
tumor morphological parameter known as “asphericity” 
was useful as a prognostic factor in patients with HNSCC 
(24,25). Although their study population was somewhat 
heterogeneous (including primary sites of naso-, oro-
, hypo-pharynx, lip and oral cavity) and did not include 
patients with nasal and paranasal cavity SCC, the parameter 
of quantitative tumor shape may be used for most HNSCC 
patients regardless of the primary site, by integrating 
the results of the current study and the previous reports 
described above.

Tumor heterogeneity was not found to be a prognostic 
factor in the current study. In several previous reports, the 
parameter of intratumoral heterogeneity was indicated to be 
a prognostic factor in advanced T-stage oropharyngeal SCC 
patients (10); higher intratumoral heterogeneity predicted 
a worse prognosis. The explanation of this discrepancy 
between studies is not straightforward. We speculated that 
the difference in treatment regimens—i.e., arterial infusion 
of cisplatin with concomitant radiotherapy versus systemic 
chemoradiation may have played a role, but we emphasize 
that this is only our supposition. In addition, the biological 
characteristics of oropharyngeal and maxillary cancer are 
slightly different (26) and may have led to the different 
results related to the intratumoral heterogeneity as a 
predictor of treatment outcome.

The current study has several limitations. First, the 
number of patients was very small. However, the patient 
population with nasal or paranasal SCC is generally rather 

Figure 1 Representative cases of local control and failure. Pretreatment FDG-PET/CT fusion images from cases with local control (A) and 
failure (B) are shown. The volume rendering of FDG uptake in a lesion (SUV of upper 2.5, front view) from a patient with local control (C) 
had a less complicated shape compared to that of patient with treatment failure (D). The sphericities of the local control and failure cases 
were 0.43 and 0.29, respectively.

A B
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small. Second, analyses of correlations to other biological 
factors such as human papillomavirus (HPV) status or 
tumor histological grade were not performed. To address 
these limitations, further additional follow-up studies will 
be needed.

In conclusion, quantitative morphological evaluation 
of nasal or paranasal SCC by sphericity was indicated to 
be useful for the prediction of treatment outcome. This 
parameter could contribute to the appropriate tailoring of 
treatment strategy for patients with nasal or paranasal SCC.
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Introduction

Iatrogenic pseudoaneurysm (PA) is a classical complication 
of arterial percutaneous diagnostic angiography or 
interventional procedures which occurs in 0.2–2.6% of 
cases (1,2). 

Several therapeutic options have been described for the 
treatment of PAs, including surgery, ultrasound (US)-guided 
compression, coil embolization, stent-graft placement, or 
percutaneous thrombin injection. US-guided compression 
is effective in a large proportion of patient but is associated 
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with pain and discomfort (3-6). Thrombin injection is more 
effective but at risk of distal spillage in limb arteries and 
anaphylaxis. Furthermore, thrombin is quite expensive (5-7)  
and not available everywhere. Surgical interventions are more 
invasive but still have a role to play in case of failure of others 
techniques or in patients presenting with mass effect (8).

N-butyl cyanoacrylate methacryloxy sulfolane (NBCA-
MS) is a well-known glue comprising a proprietary 
comonomer as approved by the European Community for 
internal human use (9,10). This synthetically derived glue 
shows rapid polymerization (1–5 s), but complete sealing 
occurs in approximately 5 min. Additionally, NBCA-MS 
presents high echogenicity and for this reason it is easily 
detectable by US when injected in vessels or tissues. Lastly, 
the efficacy of glue is not affected by anticoagulant or 
antiplatelet therapy. Aytekin et al. (11) first described the 
use of glue injection as first-line therapy of iatrogenic PAs 
and Del Corso et al. (12) reported a high success rate of 
microinjections of cyanoacrylate glue after US-guided PAs 
compression. However, the main risk of glue injection by 
direct puncture of a pulsating femoral mass is distal spillage 
of glue in the native artery through the pseudoaneurysmal 
neck (13). To minimize such complications, US-guided 
compression of the PA’s neck before NBCA-MS injection 
into the sac may be performed but remains difficult, and is 
often times ineffective and painful because of the presence of 
hematoma. Percutaneous US-guided glue injection into the 
sac with a balloon-assisted technique might be a good option 
in order to avoid distal spillage of glue in limb arteries. 

In this study, we evaluated the safety, efficacy and utility 
of direct percutaneous injection of NBCA-MS with balloon 
occlusion for embolization of iatrogenic femoral PAs.

Methods

Study population

Retrospective study of 23 iatrogenic PAs treated with 
percutaneous US-guided balloon-assisted NBCA-MS glue 
embolization in 23 consecutive patients between July 2013 
and November 2017 in two tertiary centers. Inclusion 
criteria were the presence of post-arterial catheterization 
iatrogenic PA at the femoral puncture site, whatever the 
size of the sac, after failed or contraindicated US-guided 
compression, or not. 

Due to the retrospective nature of this study, our Ethics 
Committee waived the requirement for informed patient 
consent.

Imaging evaluation

In all 23 patients, the diagnosis of PA was confirmed 
by color Doppler US. For each lesion, the size of the 
aneurysmal sac was measured and the relationship to the 
artery from which it originated was noted. Pre-procedural 
US evaluation also included assessment of the neck length, 
PA chamber diameter, presence of arteriovenous fistula, and 
diameter of the native artery.

Embolization procedure

All patients underwent diagnostic angiography under local 
anesthesia by contralateral femoral approach through a 
long 45 cm × 6.0-French sheath (Terumo, Tokyo, Japan) 
by crossover technique. Selective cannulation of the 
feeding artery was then performed. A 0.035’’ MustangTM 
balloon dilatation catheter of appropriate size (5 to  
7 mm in diameter, 4 cm in length) (Boston Scientific, San 
Jose, CA) was inflated in front of the PA neck to prevent 
distal embolization due to escape of the material from 
the aneurysmal cavity. No heparin was given during the 
procedure. After local anesthesia just superficial to the PA, 
US-guided puncture of the PA sac was performed with a 
17-G metallic needle previously flushed with 5% dextrose 
solution, and already connected to a 5 mL luer-lock syringe 
loaded with a 1:1 ratio mixture of NBCA-MS (Glubran®2, 
General Enterprise Marketing, Viareggio, Italy) and 
Lipiodol® Ultra-Fluide (Guerbet, Aulnay-sous-Bois, 
France). Then, injection of the mixture into the aneurysmal 
cavity was slowly performed under fluoroscopy guidance 
to visualize the glue distribution until complete filling of 
the sac (Figure 1). The glue was allowed to polymerize 
for a few seconds after injection, and then the needle was 
withdrawn. Overall, 1.5 to 5 mL of the mixture was injected 
for each patient. Balloon catheter was remained inflated for 
3 minutes after injection to allow complete and definitive 
polymerization of NBCA-MS. Effectiveness of the 
procedure was assessed by arteriogram. If the PA sac was 
not totally filled by glue with persistent perfusion, further 
injections were administered, repeating each step above 
until complete occlusion was achieved. Since the needle 
became blocked with glue each time, a new one was used 
for each injection. In case of impossibility to totally exclude 
the lesion despite several injections for anatomical reasons, 
a Viabahn® stent-graft (W.L. Gore & Associates, Newark, 
DE) was then deployed in front of the PA neck during the 
same procedure. A FemoSeal™ (Terumo) or AngioSeal™ 
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Figure 1 Example of a 62-year-old man who developed a pulsatile mass with pain and groin hematoma 2 days after coronary angioplasty. 
(A) Color-Doppler US at the groin puncture site showed a 23 mm × 13 mm PA arising from the right proximal superficial femoral artery. 
The PA had 1 lobe and its neck is well seen (arrow); (B) arteriography by crossover from the left side confirmed the PA from the superficial 
femoral artery (arrow); (C) the PA sac was then punctured under US guidance with a 17-G metallic needle with hyperechoic tip (arrow); (D) 
after inflating a Mustang™ balloon of 7 mm in diameter in the parent artery in front of the PA neck to avoid reflux, a mixture of NBCA-MS 
(Glubran®2) and Lipiodol Ultra-Fluide in a ratio of 1:1 was injected into the PA sac under fluoroscopy control until complete filling of the 
PA (arrow); (E) image after deflating easily the balloon showed, 3 minutes after the end of glue injection, showed no glue migration (arrow); 
(F) angiographic control after gluing demonstrated complete embolization of the PA (arrow) and confirmed patency of the parent artery; 
(G) Color-Doppler images obtained 1 day after the procedure confirmed that the absence of flow in the thrombosed PA sac and complete 
exclusion of the lesion (arrow). US, ultrasound; PA, pseudoaneurysm; NBCA-MS, N-butyl cyanoacrylate-methacryloxy sulfolane.
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(St. Jude Medical) vascular closure device was systematically 
used at the contralateral femoral puncture site. Color-
Doppler US examination was performed at 1 day and again 
at 1, 3, and 12 months after the procedure. 

Data collection

In the framework of this study, we retrospectively collected 
each patient’s demographic data, clinical presentation, 
underlying etiology and interventional data. Demographic 
data included age and gender, whereas interventional 
data included endovascular treatment, the nature of the 
procedure, the culprit embolized vessel, the angiographic 
success, the patency of the native artery, the US features 
at 1 day, the complications and recurrence within 1 month 
following the procedure.

Immediate success was defined as a complete occlusion 
of the targeted pseudoaneurysmal sac on final angiography. 
Primary clinical success was defined as immediate success 
with glue injection alone. Stent-assisted clinical success 
was defined as immediate success after glue injection and 
additional stent-graft placement. All complications were 
recorded and classified as minor or major complications 
according to the Society of Interventional Radiology 
classification system. Procedural time was measured from 
the induction of local anesthesia until the last glue injection.

Statistical analysis

Descriptive statistics and parameters, such as frequencies 
and percentages, were used and provided in order 
to accurately describe our experience regarding the 
embolization of PAs using Glubran®2. Values are presented 
as means ± SDs for variables with normal distribution.

Results

Patient characteristics

Twenty-three patients (12 females, 11 males; mean age, 
73.0±13.4 years; range, 18–93 years) were treated with US-
guided balloon-assisted NBCA-MS glue embolization in 
the present study. Mean time to treatment was 7.2±7.4 days  
(range, 1–30 days). Sixteen (69.6%) of the 23 patients had 
groin hematoma. Eleven patients (47.8%) were under 
anticoagulant therapy and twelve (52.2%) were under 
antiplatelet therapy. Common femoral artery, superficial 
femoral artery, and deep femoral artery were involved 

in 47.8%, 47.8%, and 4.3%, respectively. The mean PA 
size was 33.0±10.7 mm (range, 17–60 mm). Nineteen PAs 
had 1 lobe (82.6%), and four (17.4%) were polylobulate. 
Neck length ranged from 0 to 6 mm (mean, 2.1±1.7 mm). 
Characteristics of treated PAs are listed in Table 1.

None of the 23 patients presented with neuropathy or 
soft-tissue necrosis. In 1 case (4.3%), an arterial-venous 
fistula was associated with PA and treated with additional 
arterial stent-graft. The mean volume of glue injected per 
patient was 2.1±1.6 mL, but the amounts ranged from  
1.5 to 5 mL. In 15 patients (65.2%), the PAs were 
successfully occluded with a single injection. The other 
8 lesions required additional glue injections (range, 2–4). 
Needle occlusion occurred in 2 cases (8.7%) and required 
needle substitution.

Procedural outcomes

Mean time of treatment was 41.8±18.9 min (range,  
17–87 min). Twenty (86.9%) of the 23 PAs were successfully 
treated with glue injection alone. The three remaining 
patients (13.1%) required additional arterial stent-graft 
placement because of incomplete occlusion of the sac despite 
several injections (2 patients) or because of the presence 
of an arterial-venous fistula associated with PA (1 patient). 
Stent-graft was placed in the common femoral artery in  
2 patients and in the superficial femoral artery in 1 patient, 
without compromising the deep femoral artery patency. 
All the PAs were finally occluded 1 day after the procedure 
and the 1-month clinical success was 100%. None of the 
patients developed recurrence in 2–73 months (mean, 
15.4±15.2 months). In all cases, Doppler US confirmed that 
the patency of the femoral artery immediately after and  
1 day after the procedure. Two patients (9%) complained 
of temporary mild pain after the intervention, successfully 
managed with symptomatic analgesic treatment. Outcomes 
of embolization are reported in Table 2.

Complications

All procedures were performed under local anesthesia, with 
no need for anesthesiology support. No distal spillage of glue 
or thrombotic material in the native artery or limb arteries 
was noted during or after the procedure. No bleeding, non-
target glue embolization or leakage through the balloon, 
native artery stenosis or thrombosis, allergic reaction, 
infection, skin ischemia, or PA rupture were observed. 
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Table 2 Outcomes of embolization in 23 patients

Variable No. (%)

Immediate success 23 (100.0)

Primary clinical success 20 (86.9)

Stent-assisted clinical success 23 (100.0)

One-day clinical success 23 (100.0)

One-month clinical success 23 (100.0)

Procedural time (min)

Mean ± SD 41.8±18.9

Median [range] 36.5 [17–87]

Complications

Minor 1 (4.3)

Major 1 (4.3)

Non-target glue embolization 0 (0)

One-day US patency of the parent artery 23 (100.0)

Hospital discharge (days)

Mean ± SD 2.3±1.6

Median [range] 2.4 [1–5]

One-month mortality rate

Related to the procedure 0 (0)

Unrelated to the procedure 1 (4.3)

Follow-up (months)

Mean ± SD 15.4±15.2

Median [range] 11 [2–73]

Recurrence rate at mean follow-up 0 (0)

Residual inflammation at the puncture site 0 (0)

Table 1 Characteristics of treated pseudoaneurysms in 23 patients

Variable No. (%)

Age (years)

Mean ± SD 73.0±13.4

Median [range] 79 [18–93]

Sex

Female 12 (52.2)

Male 11 (47.8)

Time to treatment (days)

Mean ± SD 7.2±7.4

Median [range] 5 [1–30]

Symptomatic

No 7 (30.4)

Yes 16 (69.6)

Anticoagulant therapy

None 12 (52.2)

Preventive 4 (17.4)

Curative 7 (30.4)

Antiplatelet therapy

None 11 (47.8)

Single 7 (30.4)

Double 5 (21.7)

Femoral artery involved

Common femoral artery 11 (47.8)

Superficial femoral artery 11 (47.8)

Deep femoral artery 1 (4.3)

Femoral side involved

Right side 20 (87.0)

Left side 3 (13.0)

Pseudoaneurysm feature

Unilobate 19 (82.6)

Polylobate 4 (17.4)

Size of pseudoaneurysm chamber (mm)

Mean ± SD 33.0±10.7

Median [range] 34 [17–60]

Size of pseudoaneurysm neck (mm)

Mean ± SD 2.1±1.7

Median [range] 2 [0–6]

Diameter of the parent artery (mm)

Mean ± SD 7.9±1.4

Median [range] 7 [6–12]

Balloon dilatation catheter was deflated in all patients 
without any issue as gluing or damage. No secondary surgical 
treatment was needed.

Minor complication occurred in 1 patient (4%) who 
had contralateral iatrogenic PA <5 mm at the femoral 
puncture site, but spontaneously resolved within 2 days, 
with no prolonged hospital stay. Major complication was 
reported in 1 other patient (4%) who presented a 6-cm 
groin hematoma at the contralateral femoral puncture. The 
patient needed prolonged hospital stay for surveillance but 
surgery was not required. One 73-year-old patient with 
several comorbidities died within 1 month from unrelated 
cause to the procedure.
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Discussion

In the present study, US-guided balloon-assisted NBCA-
MS glue injection alone into the aneurysmal sac proved to 
be safe and effective in the large majority of patients with 
iatrogenic femoral PAs. 

Femoral artery PAs usually develop in the groin after 
catheterization for endovascular procedures. These lesions 
are more and more frequent due to the increasing number 
of angiographic procedures and patients who are on 
anticoagulant therapy. Natural history of PAs is spontaneous 
resolution within 2 weeks, at least for the smallest ones. 
However, waiting for spontaneous thrombosis may lead to 
longer hospital stay, decubitus complication and increased 
cost. Moreover, PAs are frequently symptomatic and source 
of discomfort for patients. For these reasons, the current 
trend is to treat PAs once diagnosed.

The gold standard treatment for PAs is surgery but it can 
lead to local complications and prolonged hospitalization. 
Several nonsurgical approaches have been then described. 
US-guided compression is an effective treatment for 
femoral PAs, with success rates of ranging from 70% to 
90% in patients without anticoagulation therapy (14,15). 
Nevertheless, this method has significant limitations. It 
is painful and time-consuming (14,16-18). It also gives 
poorer results in patient who are taking anticoagulants. 
Lastly, this procedure may be impossible or challenging 
to perform in obese patients, and is usually uncomfortable 
for both patients and physicians. As an alternative, direct 
percutaneous embolization of the PA sac with different 
embolic materials has been reported. Thrombin is the most 
popular embolic agent used for percutaneous occlusion of 
femoral PAs because it causes fast and efficient thrombosis 
in the aneurysmal sac without filling it with foreign material 
(3,6,19-23). However, some complications may occur with 
this agent, including allergic reaction and distal thrombosis 
of the parent artery by leakage through the PA neck (24). 
Kurzawski et al. (7) prospectively studied 353 patients 
treated by thrombin injection and reported 53 (15%) 
arterial micro-embolizations and 1 (0.3%) pulmonary 
embolism in a case of concomitant arterial-venous fistula. 
Also, thrombin is not available everywhere, as is the 
situation in France, and is quite expensive.

NBCA glue is a potential alternative to thrombin but is 
rarely used for treating femoral PAs. Indeed, only two series 
have reported results of glue embolization for PAs by direct 
puncture of the sac (11,12). Aytekin et al. (11) employed 
the glue as an alternative to thrombin to induce thrombosis 

of the PA cavity. In contrast, Del Corso et al. (12) induced 
collapse of the PA chamber and then stuck its superior and 
inferior walls together with glue. They thus obtained the 
disappearance of the PA chamber. Regarding authorized 
glues, NBCA-MS (Glubran®2) is a well-known surgical 
glue in which NBCA is combined with another monomer, 
metacryloxysulpholane, to produce a more pliable and stable 
polymer whose milder exothermic reaction (45 ℃) results 
in less inflammation and histotoxicity than Histoacryl® or 
Trufill®, which are respectively not allowed for endovascular 
purpose and not available in Europe (24). Glubran2® has 
the advantage of offering fast and permanent embolization, 
independently of coagulation disorders. It has also the 
advantage of being cheap in comparison with thrombin. 
No allergic reaction has been described (25). NBCA-MS 
is naturally resorbed in soft tissue with time and does not 
act as foreign material like coils. However, the main risk 
of direct percutaneous embolization with NBCA glue is 
distal embolization due to escape of the material from the 
pseudoaneurysmal sac before it is completely polymerized. 
To prevent this complication, Aytekin et al. (11) and Del 
Corso et al. (12) compressed the neck of the PA with the 
US probe during injection, and held the probe in place 
until polymerization was complete. Indeed, it is important 
to make sure that the flow between the aneurysm and the 
parent artery is stopped by compression before injection 
of NBCA glue. However, the compression is often times 
impossible, painful or not sufficient to cease flow. In that 
case, NBCA should be used with balloon protection. This is 
the technique we used in the current study as first treatment 
of iatrogenic femoral artery PAs. In this technique, an 
insufflated balloon is placed in the vessel to occlude the 
neck of the PA and avoid reflux of glue into the native 
artery.

Finally, unlike the technique described by Del Corso 
et al. (12), we mixed cyanoacrylate glue with Lipiodol to 
make it radiopaque. Indeed, even if glue presents high 
echogenicity, it is radiotransparent and cannot be visualized 
under fluoroscopy guidance without contrast medium. In 
our modified technique, US was only used for puncture 
of the PA sac but injection of glue was performed under 
fluoroscopy. It is then easier to check any leakage thanks 
to contrast medium. The addition of Lipiodol increases 
polymerization time. For this reason, we used a 50:50 
dilution because this corresponds to 2 to 3 seconds 
polymerization time (26), which is adequate for occluding 
an aneurysm.

This balloon-assisted method is well tolerated and may 



802 Griviau et al. Embolization of femoral artery pseudoaneurysms

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2018;8(8):796-803qims.amegroups.com

be easily and promptly performed even in weak patients 
with painful groin hematoma, potentially reducing hospital 
stay. The risk of leakage into the limb arteries is then reduced 
without risk of gluing the balloon wall. Only two patients 
complained of temporary mild pain after the intervention, 
but none during the follow-up. Furthermore, this approach 
may be useful in case of failure of filling of the PA sac 
with glue, the contralateral arterial access then allowing 
final treatment of the PA at the same time by stent-graft 
placement in front of the neck, as it was performed for three 
patients in the present study. However, the main drawback 
of our technique is the need for contralateral arterial access 
that can lead to the same kind of complication, with PA 
formation, as we reported in 1 patient, which spontaneously 
resolved. 

Our study had some limitations. First, conclusions must 
be drawn with caution because of the retrospective nature of 
the current study and the small number of patients included. 
Second, data on factors predisposing to PAs as sheath 
diameter, use of vascular closure devices, hypertension, and 
obesity were not available for most of initial endovascular 
procedures. The last limitation is the lack of a control arm. 
Future larger studies are needed to confirm the safety and 
efficacy of this intervention with glue and to compare it 
with other standard percutaneous treatments, especially 
with thrombin injection. 

In conclusion, our study demonstrates that balloon-
assisted NBCA-MS glue embolization is a safe and effective 
alternative for US-guided direct percutaneous occlusion 
of iatrogenic femoral artery PAs. This is the first study 
describing the injection of glue under fluoroscopy guidance. 
It offers complete exclusion of the PA in most cases and 
avoid the need for surgery. This technique is especially 
suitable to prevent distal embolization thanks to balloon 
occlusion of the native artery. Furthermore, the low cost 
of glue in comparison with thrombin may have significant 
economic impact in the current management of patients 
with iatrogenic PAs. 
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Introduction

At present, computed tomography (CT) is widely used in 
clinical practice with improvements in its resolution and 
image quality being made over recent decades. In addition 
to these advancements, the increase in computing power 
has made the more demanding visualization algorithms 
possible. For instance, volumetric data obtained from 
routine scans can now be reconstructed in 3D visualization. 
Currently, two types of 3D rendering techniques are 
commonly used to visualize volumetric 3D data: surface 
shaded display (SSD) and volume rendering (VR). These 
techniques provide a global overview of volumetric 
data, along with detailed anatomical and pathological 
information which is usually more difficult to discern in 
conventional 2D images (1). SSD is considered to be the 
predecessor of the VR technique (VRT) and uses simple 
attenuation threshold segmentation to identify and display 
the surface of the object. Meanwhile, VRT forms images 
based on volumetric data and assigns different colors and 
transparency to different attenuations (2). Another new 
imaging method, cinematic rendering (CR), which is not yet 

in clinical use, is capable of 3D visualization of volumetric 
data. One improvement of CR compared with traditional 
VR is the use of a photo-editing spherical panorama to 
illuminate the scanned object (3). CR uses a global lighting 
model and direct and indirect lighting to create an image 
for rendering quality (4). This novel technology provides 
detailed photorealistic visualization of high-density objects, 
including contrast-enhanced blood vessels, vascularized 
structures, tissues, organs, and bones (1). Although some 
pioneering studies have demonstrated that CR exhibits 
great prospects in clinical application (1,5-7), these studies 
were mainly performed to assess the cardiovascular system, 
abdominal organs, and traumatic fractures, and have not 
been performed for bone tumors, especially pelvic ones.

In this pictorial review, we discuss the role of CR in 
primary pelvic tumors and provide examples compared with 
VRT, demonstrating that CR is helpful in the diagnosis and 
evaluation of pelvic bone tumors. For our data, volumetric 
CT data were obtained from standard protocol on Siemens 
CT scanners (SOMATOM Definition AS or SOMATOM 
Force) and thin-slice images (1 mm) were reconstructed 
from 0.6 mm isotropic voxels. This volumetric raw data was 
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then used to create VR and CR images. VR reconstructions 
were created at a multimodality workstation (syngo.via, 
version VB10B, Siemens, Erlangen, Germany), and CR 
images were created with prototype software (syngo.via 
Frontier, version 1.2.0) in this workstation.

Normal pelvic anatomy

The pelvis consists of the left and right hips, sacrum 
and coccyx. CR produces cinematic images that can 
more clearly present the complex anatomy of the pelvis.  
Figure 1 illustrates the normal pelvic anatomy as observed 
on CR and VR images. The hip bone is composed of the 
ilium, ischial and pubis bone. The acetabulum, a fusion of 
these three bones on each lateral side, is the site where the 
femoral head is located. The ilium is the largest of the three 
bones and is located in the upper part of the hip bone. The 
ischium is located in the lower back of the hip and can 
be divided into two parts, the body and the ramus. The 
ischial tuberosity is formed at the back of the body and 
the ramus, which is the sitting point for the weight of the 
sitting position. The ischial tuberosity is the lowest part 
of the ischium and can be observed on the body surface. 
CR presents 3D photorealistic anatomy of the pelvis from 
different angles and provides different view settings. In 
addition to observing the pelvic bone, CR can also clearly 
and intuitively observe pelvic vessels. It is easy to observe 
the variability of the blood vessels, the artery providing 
blood supply to the tumor, and the adjacent relationship 
between the tumor and blood vessels. The abdominal 
aorta to the lower edge of the fourth lumbar vertebral 
body is divided into the left and right common iliac artery; 
the common iliac artery is divided into the iliac crest 
and the external artery at the sacroiliac joint height. The 
two branches of the external iliac artery that can also be 
identified on the CR are the inferior epigastric artery and 
the deep iliac artery. Furthermore, CR can provide more 
anatomical information for the assessment of congenital 
pelvic anomalies.

Primary malignant pelvic tumors

Primary malignant pelvic tumors are not uncommon and 
include two main types: sarcomas, such as chondrosarcoma, 
osteosarcoma and Ewing’s sarcoma; and hematological 
malignancies, such as lymphoma, multiple myeloma and 
plasmacytoma.

Chondrosarcoma

Chondrosa r coma  i s  the  mos t  common  pr imary 
malignant tumor of the pelvic bone, accounting for 
approximately 32% of cases, and is characterized by 
malignant proliferation of the cartilage-like matrix (8). 
Chondrosarcomas are most commonly located in the 
ilium and acetabulum. Chondrosarcoma is resistant to 
chemotherapy and radiation therapy, and extensive local 
excision is the only treatment. Imaging studies of the extent 
of the lesion are particularly important. The imaging 
performance of chondrosarcoma depends on the grade of 
the lesion. Low-grade lesions are typically small and often 
intraosseous with mild expansion of the cortical bone, and 
have clear boundaries, clear cartilage mineralization, and no 
soft tissue mass. High-grade chondrosarcoma often presents 
with expansive bone destruction, contains a large number 
of tumor stroma, and is surrounded by various calcifications 
and soft tissue masses. CR provides the tumor location 
from different angles, which helps surgeons to conceive the 
operation mode prospectively. Moreover, CR can vividly 
display various forms of calcification, such as amorphous 
and irregular calcification, and can completely reveal the 
panorama of calcifications (Figure 2).

Osteosarcoma

Osteosarcoma shows a bimodal age distribution. The first 
peak occurs in adolescents, and the second peak occurs 
in the elderly (9). Pelvic osteosarcoma is rare, accounting 
for only 7.2% of patients with osteosarcoma (10). 
Osteosarcoma, which occurs in the pelvis, is typically located 
at the back of the iliac wing and expands into the sacrum 
and lower lumbar spine (11). Osteosarcoma often presents 
with bone destruction, tumor bone formation and periosteal 
reactions. Tumor bone typically is fluffy and amorphous 
and exhibits cloud-like mineralization characteristics 
of osteoid matrix production. Codman triangles appear 
when the soft tissue components of the tumor cause the 
periosteum to bulge and be destroyed. Pelvic osteosarcoma 
is often accompanied by a soft tissue mass. Pelvic 
osteosarcoma is more often extended across the sacroiliac 
joint and hip joints compared with the extremities (12).  
CR can display the extensive tumor neovascularity and 
relationship with feeding vessels with different setting 
windows, which are important in presurgical planning 
(Figure 3A,B,C). CR images provide an even greater 
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Figure 1 Normal pelvic anatomy. (A) VR; (B,C) CR with different window levels and width settings. VR, volume rendering; CR, cinematic 
rendering.

Figure 2 (A-D) Left superior branch of a pubis chondrosarcoma grade 2. A 59-year-old male presented with left lower extremity pain for  
1 year that was aggravated for 1 month. The CT image shows a large destructive mixed mass arising from the left superior branch of the 
pubis, and a huge irregular soft tissue mass surrounds the mass (A,B). CR (C) demonstrated scattered patches, spots and circular calcification 
in the tumor more realistically than VR (D). (E-G) Left iliac wing chondrosarcoma grade 3. A 19-year-old male presented a left iliac 
progressive mass with pain for 3 months that was aggravated at night. The left iliac wing exhibited bone destruction, and multiple ring-
shaped cartilaginous calcifications were found in the mass (E). CR (F) and VR (G) can evaluate lesions and their vessels from different 
angles, and CR shows these more clearly (red arrows). CT, computed tomography; CR, cinematic rendering; VR, volume rendering.
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Figure 3 (A-C) A 49-year-old male presented with left ilium lumber pain for 2 months. The left iliac bone was extensively damaged by 
a huge soft tissue mass that extended to the left iliopsoas and glutaeus. A large number of tumor bones were observed in the mass, and a 
needle-like periosteal reaction was observed on the surface of the iliac bone. The left iliac bone was involved, but the bony structure of 
the sacral joint surface was normal. Most of the soft tissue masses exhibited significant inhomogeneous enhancement. Vessel contour is 
smoother on CR (B,C) compared to VR (A). (D-F) A 14-year-old female presented with left hip pain for 1 month that was aggravated with 
swelling for two weeks. The entire left iliac and acetabular destruction exhibited the ivory-like change (yellow arrows) (D). The density was 
inhomogeneous, and the lesion involved the sacroiliac and hip joint. The mass boundary was ill defined, and intratumoral radial high-density 
tumor bone was observed in CR (E) and VR (F). The pathological result was chondrocyte osteosarcoma. CR, cinematic rendering; VR, 
volume rendering.

level of detail, and CR presents a more realistic and vivid 
appearance of the tumor bone (Figure 3D,E,F).

Ewing’s sarcoma

Ewing’s sarcoma is a malignant, small, round, blue-cell 
tumor of the bone and soft tissue. Ewing’s sarcoma is 
the second most common bone malignancy in children 
and adolescents, often occurring in the pelvis. Imaging 
findings include moth-eaten appearance, permeative bone 
destruction, onion skin features or thorn-like periosteal 
reaction with soft tissue masses (13). Due to the irregular 
pelvic morphology, Ewing’s sarcoma that occurs in the 
pelvis rarely exhibits typical onion skin-like changes. The 
soft tissue mass around the tumor is typically larger than 

the bone destruction area, and the tumor margin is often 
ill defined and infiltrative. CR is beneficial for observing 
sacroiliac joint involvement and formulating the virtual 
pelvic reconstruction plan (Figures 4,5).

Multiple myeloma (MM) and plasmacytoma

MM is a malignant plasma cell disease that originates in 
plasma cells in the bone marrow and primarily involves 
the midshaft bone, especially in the spine, pelvis and skull. 
Bone destruction occurs as a result of the proliferation of 
plasma cells distributed in the bone marrow. The flat bones 
(vertebral bodies, skulls, pelvis) are particularly vulnerable 
as these bones contain a large amount of red bone marrow. 
Plasmacytoma is a solitary lesion that is similar to myeloma 
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Figure 4 A 33-year-old male presented with right hip pain for more than one year (obvious at night) that was aggravated with numbness of 
the lower extremities and activity disorder for 3 weeks. 2D CT image (A), CR (B and C) and VR (D) show that the right iliac bone exhibits 
widespread osteolytic destruction, and the edge is well defined (red arrows). Contiguous spread of this mass is not across the sacroiliac joint 
into the right sacrum. CT, computed tomography; CR, cinematic rendering; VR, volume rendering.

with large numbers of plasma cells. Plasmacytoma is 
generally considered an early manifestation of multiple 
myeloma, so the prognosis is better. Imaging findings 
include diffuse osteoporosis, osteolytic bone destruction, 
and no hardening of the edges. The lesions are separated 
from each other and are similar in size. On an X-ray of 
the skull, plasmacytoma appears as “punched-out” lesions. 
Compression fracture of the vertebral body and soft tissue 
mass is typically observed on CT. CR and VR can be 
used to observe the lesions in a comprehensive manner, 
and CR offers superior details and pathological fractures  
(Figures 6,7).

Lymphoma

Primary non-Hodgkin lymphoma (PHL) very rarely occurs 
in bone. PHL arises in the diaphysis of long bones or in 
flat bones of the axial skeleton. PHL also includes small 
round cell tumors that rarely occur in the pelvic region and 
tends to occur in older ages (8). Imaging findings include 

osteolytic bone destruction, subtle cortical destruction, and 
periosteal reactions, and show normal tissue surrounded 
by tumor: all similar imaging findings to Ewing’s sarcoma. 
However, the soft tissue masses are smaller than Ewing’s 
sarcoma, and sclerosis may be more prominent (14). 
Lymphoma that occurs in the vertebral body can involve 
intervertebral discs and continuous vertebral bodies. The 
relationship between tumor and pelvic blood vessels can be 
clearly displayed on CR at different levels, and vascular and 
bone destruction can be observed simultaneously (Figure 8).

Chordoma

Chordoma is a slow-growing, low-grade malignant tumor 
that originates from the hereditary spinal cord remnant at 
the end of the spine (15). Most of the chordomas that occur 
in the pelvis are found in the sacrum, especially the fourth 
and fifth sacral vertebra. Imaging findings include lytic 
destruction in the inferior portion of the sacrum and coccyx 
and a clear boundary of the mass without an osteosclerotic 
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Figure 5 A 17-year-old male presented with a right hip mass that had gradually increased for 1 year. CR (A-E), VR (F) and 2D CT image 
(G) show the right iliac bone destruction. The tumor had an abundant blood supply, and the sacroiliac joint was not involved. CT, computed 
tomography; CR, cinematic rendering; VR, volume rendering.
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Figure 6 A 61-year-old male with left hip pain for 6 months. VR (A), CR (B-E) and a 2D CT image (F) demonstrate osteolytic destruction 
of the left acetabulum and pubic bone and the formation of soft tissue masses. CR dynamically shows tumor enhancement of the tumor 
through different window adjustment techniques. CR shows details of bone destruction more clearly than VR (white arrows). CT, computed 
tomography; CR, cinematic rendering; VR, volume rendering.
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Figure 7 (A,B) CR. A 65-year-old female presented with pain in the back of the waist for 2 months that became gradually aggravated. 
Diffuse, “punched-out” osteolytic lesions are noted throughout the thoracic and lumbar vertebra, ribs and pelvis (white arrows indicate iliac 
wing destruction). (C-E) A 67-year-old male presented with left hip pain for more than 4 years that was aggravated for 1 month. The left 
ilium body and wing exhibit slightly expansive, osteolytic and extensive bone destruction with a large soft-tissue mass (C). Numerous stripe 
calcifications can be observed in CR (D) and VR (E) (red arrows), and pathological fractures of the ilium are visible around the mass. CR, 
cinematic rendering; VR, volume rendering.

rim, with tumor calcification observed in 50% to 60% of 
cases (16). CR and VR can both be used to observe lesions 
from different angles and remove areas of occlusions, but 
CR offers more detailed and photorealistic images (Figure 9).

Benign pelvic tumors

Osteochondroma

Osteochondroma is a common benign bone tumor that 
often occurs in long tubular bones, especially in the 
femur, humerus and tibia. The knee, ilium, hand and foot 
are also common locations. Osteochondroma is usually 
asymptomatic, and symptoms appear when the tumor grows 
and compresses the blood vessels and nervous system. The 
osteochondromas of the pubic and ischia may compress the 
urogenital structures. Radiographically, osteochondroma 
appears as a lesion composed of cortical and medullary 
bone protruding from, and continuous with, the underlying  
bone (17). The bony continuous area between the 
mother bone and osteochondroma can be wide or narrow  

(Figures 10,11). CR can realistically display the relationship 
between the tumor and the parent bone from different 
views. Osteochondroma grows slowly, but if it grows too 
fast or suddenly increases, it may become chondrosarcoma 
(Figure 12).

Giant cell tumor (GCT)

GCTs mainly occur in young patients between 20 and  
30 years of age and exhibit a female predominance (16).  
GCT rarely occurs in the pelvis but when it does it 
is mainly found in the sacrum. GCT often exhibits 
osteolyt ic  destruct ion,  cort ical  expansion with a 
cortical shell and bony separation. GCTs have a well-
defined border, no hardening of the rim, and eccentric 
growth that can extend to adjacent articular surfaces, 
often occurring at the end of the bone with closed  
physes (18). Due to secondary aneurysmal bone cysts 
(ABCs), GCTs can also contain liquid-liquid levels which 
typically indicate hemorrhage with sedimentation (15).  
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Figure 8 A 48-year-old male presented with left hip and lower limb pain for 8 months that was aggravated with swelling for 6 months. 
The left iliac bone, acetabulum and sacral bone show extensive moth-eaten osteolysis and no reactive sclerosis, with an irregular soft tissue 
mass (A-C). CR (A and B) demonstrated more details than VR (C). The lesion was characterized by inhomogeneous enhancement (D). CR, 
cinematic rendering; VR, volume rendering.
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Figure 9 Front view (A and B) and back view (C and D). A 55-year-old male presented with lumbosacral pain for more than 6 months 
that was aggravated for 1 week. CR (A and C) and VR (B and D) presented 2–4 sacral bony destruction sites with a residual bone crest and 
calcification inside. CR, cinematic rendering; VR, volume rendering.
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Figure 10 (A-F) Benign solitary osteochondroma of the ilium in an 8-year-old child. Axial CT scan (A) and coronal position reconstruction 
(B), CR (C-E) and VR (F) images show the marrow and cortical continuity of an osteochondroma and the underlying illium. The lump is 
cauliflower-like, and the edge is partially hardened (arrow). CT, computed tomography; CR, cinematic rendering; VR, volume rendering.

Imaging findings of GCTs in the pelvis are less likely to 
demonstrate the classical appearance of those in the 
long bones. CR can adjust the display parameters to 
provide information on different tissue types and better 
visualize soft tissue and bone. CR reconstruction can 
be performed using different transparencies of the soft 
tissue and can display tumor detail and enhancement 
(Figure 13). As with MPR and VRT, CR can tailor the 
lesion using the clip plane in any direction to better 
display the internal structure and overall panorama of 
the lesion.

Chondroblastoma (CB)

CB is a rare benign tumor that accounts for less than 1% 
of all primary bone tumors (19). CB typically occurs in the 
proximal humeral epiphysis or femoral and tibial condyles, 
and is rarely located in the pelvis. CB often occurs in young 
people, generally in adolescents, with a male to female 
ratio of 2:1 (20,21). Figure 14 provides two rare cases of 

pelvic CB. Imaging findings demonstrate a well-defined 
eccentric oval or round lytic lesion with some expansion 
and a thin sclerotic rim. Punctate and flocculent 
calcification is often noted in the center of mass, and the 
mass occasionally contains fluid levels. Imaging features 
may be similar with chondrosarcoma, but the age of 
onset is younger.

Fibrous dysplasia (FD)

FD is a tumor-like lesion that occurs in the bone. It refers 
to normal marrow and cancellous bone in any part of the 
body, replaced by abnormal fibrous tissue and immature 
trabecular bone, leading to osteolytic lesion, fracture, and 
deformity. The disease manifests as monostotic bone or 
polyostotic bones. Pelvic bones are frequently involved in 
the polyostotic form (22). Radiologically, FD presents as a 
mild to moderate expansion of marrow with a ground glass 
appearance, mild sclerotic rim, no periosteal reaction and a 
soft mass (Figure 15A,B,C). Utilizing varying window widths 
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Figure 11 (A-F) A 21-year-old man with osteochondroma of the right ilium for 3 years. CR (A-C), VR (D), axial CT scan (E) and coronal 
position reconstruction (F) images demonstrate a pedunculated osteochondroma with wide and cortical continuity to the underlying 
ilium. (G-I) A 15-year-old man with osteochondroma in the posterior of the ilium. CR (G and H) and VR (I) reveal a pedunculated 
osteochondroma with marrow and cortical continuity to the underlying mother bone. CR, cinematic rendering; VR, volume rendering.

and cut planes of CR, it is possible to display the internal 
structure of the bone destruction zone (Figure 15D,E,F,G). 
CR provides a better overall appreciation of the degree of 
lesion and joint deformity.

ABC

ABC is a benign tumor-like lesion that most often occurs 
in long bones, followed by the pelvis and the spine (23).  

Primary ABC often occurs under the age of 20, with 
patients usually presenting with localized pain and 
swelling. The radiologic features of the lesions show 
well-defined osteolytic areas with fluid-fluid levels inside 
the tumor. Bone destruction is marked by expansion 
with a thinned cortex, and without calcified matrix. At 
the later stage of development, the outline of the cortex 
is clear, forming the appearance of the soap bubbles  
(Figure 16).
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Figure 12 (A-H) A 19-year-old man with multiple osteochondroma for ten years. CR (A and B), VR (C), and CT coronal position 
reconstruction (D) images demonstrate left sciatic bone destruction and an exogenous lobular mass, with many round and high-density 
calcifications in the tumor. After 4 months, the tumor was significantly enlarged (E-H), and the pathology confirmed that the tumor became 
chondrosarcoma. In addition, multiple osteochondromas were observed from different views (arrows). CR (E and F), VR (G), and CT 
coronal position reconstruction (H). CT, computed tomography; CR, cinematic rendering; VR, volume rendering.
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Figure 13 (A-C) A 59-year-old female presented with pain in the left lump and sacrum for one year. CT reveals an expanding destructive 
lesion in the left iliac and sacrum with a soft tissue mass, and the lesion is located across the sacroiliac joint. CR (A and B) can be performed 
using different transparencies of the tumor. Numerous intratumoral bony separations are noted in CR and VR (C). The density of the lesion 
is homogeneous, and the lesion exhibits obvious inhomogeneous enhancement. The CT value is approximately 121 HU. (D-F) A 37-year-
old male presented with left hip pain for 1 year that was aggregated for 6 months. The left pubic bone exhibits expansive bone destruction, 
and liquid-liquid levels are present in the tumor (D). CR (E) and VR (F) can clearly demonstrate bone cortex thinning and multiple bony 
separations (white arrows). CT, computed tomography; CR, cinematic rendering; VR, volume rendering.
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Figure 14 (A-C) A 14-year-old female presented with right iliac pain lasting 5 months. The right iliac wing was moderately expansive, and 
lytic destruction can be seen in CR (A and B) and VR (C). CR shows that the residual bone crest of bone destruction is superior to that 
of VR (blue arrows). (D-F) A 46-year-old male presented with right hip and near thigh root pain lasting more than one year. The right 
ischial bone and acetabulum exhibit moderately expansive destruction in CR (D) and VR (E). The cortex is thinner and discontinuous. The 
boundary is well defined, and no sclerotic rim is observed (F). CR showed that the internal structure of the bone destruction area was better 
than that of VR (green arrows). CR, cinematic rendering; VR, volume rendering.

Discussion

In this manuscript, we present a series of primary pelvic 
tumors highlighting the important differences between 
potential CR and traditional VR. The most significant 
difference between CR and VR is that CR uses the global 
illumination model, which is more complex and can generate 
more high-quality photorealistic images than the traditional 
ray-casting model. Although the traditional 2D and 3D play 
important roles in preoperative plans for pelvic tumors, CR 
visualization can provide additional value by enhancing the 
details and photorealism. By adjusting the image window, CR 
can provide dynamic, continuous observation of the lesion, 
from its surface to its interior, and photo-realistically and 
comprehensively display the lesion panorama. Due to the 
use of complex light-efficient dynamic light patterns (i.e., 
soft shadows) visual depth perception is improved; in other 
words, this technique can generate an approximate realistic 
reconstruction of adjacent and distant spatial structures 

in different depth planes of an image (3). This unique 
technological feat cannot be achieved by other traditional 
radiological methods. By providing high-quality realistic 
images, CR has helped orthopaedic multidisciplinary teams 
(MDTs) to develop treatment protocols, thus facilitating 
patient communication. Indeed, Berger et al. (24) found 
that most radiologists and orthopedic surgeons thought CR 
images give a more natural and clearer depiction of anatomic 
structures. Using this technique can improve the exchange of 
information between clinicians and radiologists. In addition, 
it is helpful for clinicians to understand the signs of radiology, 
such as intratumoral bony separations of FD (Figure 15) and 
the soapy-like appearance of ABCs (Figure 16).

CR is also helpful for determining the regional location of 
pelvic tumors, aiding in patient comprehension, facilitating 
clinical decision making, and promoting the accuracy of 
3D-printed models. Three-dimensional high-definition 
vascular maps of CR can reveal the degree of tumor 
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invasion, aid in the determination of tumor resectability and 
determine the revascularization scheme (Figures 3,6,8) (25).  
Furthermore, the globalized presentation of CR helps 
surgeons develop personalized preoperative pelvic protocols 
and pelvic reconstruction protocols. In the process of CR 
imaging, the radiologist or surgeon needs to interact with 
the workstation in real time and optimize the appropriate 
template and window setting, so the pathological features 
and anatomy can be better displayed according to the 
situation. In the process of imaging using CR, radiologists 
and surgeons, by using multi-angle and multi-level 
observation, can better understand the pathology of the 
lesions and the spatial relationship with the surrounding 
tissues, simulating the findings in the surgery and boosting 
the surgeons’ confidence. It may even save time during 
surgery. In addition, because CR shows details better 
than traditional 3D imaging, it can accurately display 
pelvic tumor invasion of blood vessels or joints, which can 

improve limb salvage rate and prevent excessive damage. At 
present, diagnosis relies mainly on the traditional method 
based on plane reconstruction, but the diagnosis of complex 
diseases may benefit from the flexibility and expressiveness 
of this new CR technology (26). The textural features of 
internal heterogeneity and necrosis in large tumors can be 
optimally displayed through CR (6). Understanding these 
textural features can aid in disease diagnosis. The various 
internal morphologies of the tumor bone and calcification 
noted in the cases in this study were displayed extremely 
realistically through CR. High-density objects, such as 
bone, or contrast-enhanced structures, such as blood 
vessels and hyper-enhanced tumors, e.g., GCT, are ideal 
for reconstruction through CR and can be represented with 
high quality in CR. However, in some deep areas where 
light is easily blocked and in hypo-enhanced lesions, the 
performance of CR is not outstanding.

In addition to clinical applications, CR can also be used 

Figure 15 (A-C) Multiple bone fibrous dysplasia (polyostotic). An 11-year-old female presented with lame left lower extremities lasting for 
1 year. The left iliac, acetabulum and femur exhibit mixed bone destruction. The lesion is moderately expanded with a mixture of sclerosis, 
ground-glass, and lytic regions and lacks a sclerotic rim. Deformity of the femoral valgus is clearly visible in CR. (D-G) A 17-year-old female 
presented with right pelvis fibrous dysplasia (monostotic). The right iliac and acetabulum exhibit well-defined lytic destruction with bony 
expansion and many bony separations inside. The CR displays the intratumoral bony separations as well (white arrows). A, D, and E are CR 
images; B and G are VR images; C and F are coronal 2D CT images. CR, cinematic rendering; VR, volume rendering.
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in medical education. For instance, CR can be applied as 
a new technique for teaching anatomy. This new teaching 
method makes it easier for beginners to understand complex 
anatomical structures while saving cadavers and accelerating 
the journey from the bench to the bedside. The anatomy of 
the pelvis revealed by CR in Figure 1 is a good example of this 
imaging as an educational aid. In addition, CR has the potential 
to achieve virtual simulation of layer-by-layer dissection of the 
anatomy of a human corpse, and the integration of CR into 
navigation tools and 3D vision labs may partially replace the 
anatomy curriculum using corpses (3).

Although CR is a new technology, several limitations 
should be noted. Compared with VR, CR uses more 
complex algorithms and requires more powerful processors 
and longer processing times. Second, the shadow effect 
produced by the global illumination model does make the 
image photorealistic, but this shadow effect may obscure 
small lesions and even important pathology. Finally, 
compared with VRT, CR exhibits no obvious advantage 
in hypo-enhanced soft tissue tumors and requires further 
improvements. If CR can integrate the region-growth 
method, it may achieve better results.

In conclusion, CR is a new and promising imaging 

technique that exhibits a wide range of uses in the diagnosis 
of pelvic tumors, tumor division, preoperative planning, and 
communication with patients. Compared with traditional 
VR, the main innovation of CR is the ability to present CT 
volume data more naturally and photo-realistically with a 
rich and colorful template. When you view these images, 
you are not only diagnosing a condition but also observing 
important details.
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Figure 16 A 14-year-old male with ABC in the ilium. CR (A-D), VR (E and F), and 2D CT (G and H) images demonstrate expanded 
left iliac bone destruction and a soap bubble-like appearance. The cortex is thin and discontinuous. aneurysmal bone cyst; CT, computed 
tomography; CR, cinematic rendering; VR, volume rendering.
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Introduction

Our communication or social interactions with one another 
is essential for us to acquire knowledge and to develop our 
own personalities. Although the forms of social interactions 
are very broad including imitations, exchanges, completions 
and cooperation, as well as making decisions (1), we basically 
exchange our thoughts and ideas in two different manners. 
The dominant manner is through our sophisticated 
languages, which is also a characteristic that distinguishing 
ourselves from other creatures (1,2). The other way is 
by using non-verbal signs, such as our gestures and facial 
expressions, which can provide us with additional auxiliary 
information for social interactions (1,2).

Interestingly enough, although our social nature has been 
shaped for hundreds and thousands of years, neuroscience 

studies only just began to shed light on social interaction 
in the recent years (1,3,4). More importantly, previous 
neuroimaging studies have exhibited two basic limitations 
in elucidating neural correlates of social interactions. The 
first restriction is from the low ecological validity, since most 
of the previous experiments were performed in an enclosed 
room, in which individuals were instructed by computer 
programs, to complete the test tasks (2). However, this is not 
the case for social interactions in real life, in which individuals 
need to talk and act with each other simultaneously in 
a more natural way. Therefore, further neuroscience or 
neuroimaging studies should be performed by using a more 
realistic experimental paradigm which can duplicate a real-
life situation. The other limitation is that previous studies can 
only acquire brain data from a single participant each time (5). 
However, as two or more individuals are engaged in social 
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interactions, it is essential to conduct a concurrent recording 
from multiple subjects with multiple setups rather than to 
perform it in isolation (1,2,5).

Recently, a new strategy that had combined two functional 
magnetic resonance imaging (fMRI) machines together for 
simultaneously measuring two participants’ brain activity was 
adopted, which was coined as “hyperscanning” method (6).  
Since then, extensive hyperscanning studies have been 
performed, which improves our understanding of brain-
to-brain synchronization during a social interaction (7). To 
date, hyperscanning has enabled the inspection of social 
interaction by using various neuroimaging techniques 
such as electroencephalograph (EEG) (8-30), functional 
near inferred spectroscopy (fNIRS) (31-48) and fMRI  
(49-55). Meanwhile, the experimental paradigms involved 
in hyperscanning studies can be categorized into six types of 
tasks: (I) imitation tasks; (II) coordination/joint tasks; (III) 
eye contact/gaze tasks; (IV) economic games/exchanges; (V) 
cooperation and competition tasks; and (VI) interactions 
under natural scenario. In particular, it is noted that during 
the performance of all those tasks, two major neural systems 
are largely involved (1,2,5). One is the mirror neuron system 
(MNS), which plays an important role in tasks involving 
movements, such as imitation and coordination/joint  
tasks (56). The other is a mentalizing system (MS), which 
is engaged in tasks pertaining to the inferences of yourself 
or others’ intentions or thoughts (57), such as the economic 
game (58) and natural social interactions (33,36).

In this review, fMRI, EEG and fNIRS hyperscanning 
neuroimaging technologies which have engaged in social 
interaction are first introduced. Then, the representative 
experimental paradigms that were extensively adopted in 
hyperscanning, are also summarized in detail. Subsequently, 
two core neural systems involved in social interactions are 
carefully demonstrated. One is MNS, which consists of the 
primary motor, sensory cortex and parietal cortex, and is 
responsible for the imitation process; the second one is MS 
comprising the TPJ (temporal-parietal cortex) and PFC 
(prefrontal cortex), which is in charge of a more complex 
cognitive process. More importantly, the future of research 
perspectives and clinical implications of hyperscanning, are 
stated clearly in the final section.

Hyperscanning neuroimaging techniques

fMRI hyperscanning

As it is hard to place two or more participants into one 

fMRI tube, two or more fMRI machines should be utilized 
for an fMRI hyperscanning method to simultaneously 
record multiple participants’ brain signals. In that 
circumstance, two or more remote fMRI apparatus can 
be connected by an intranet, while the data sets are stored 
in a host client (Figure 1A) (6). To date, several fMRI 
hyperscanning studies (49-55) have been conducted to 
inspect the inter-brain synchrony (Table 1). For example, 
neural correlates of trust between two individuals, had been 
examined by fMRI hyperscanning. They had discovered 
that trust is an essential social process, involved in all 
human interaction (54). Inarguably, fMRI hyperscanning 
has exhibited its advantages in mapping the coherence of 
brain regions which were associated with social interaction 
with high structural accuracy and excellent imaging depth. 
However, it is not accessible and available for everyone, 
because of the high cost of multiple fMRI setups. More 
importantly, the ecological validity is also relatively low, 
since the lab was under the controlled circumstances for 
fMRI, and is significantly different from real life.

EEG hyperscanning

Since the electrical activity of human brain was firstly 
recorded by Hans Berger in 1924, EEG has become a core 
neuroimaging tool in the study of cognition and diseases 
(59,60). More importantly, EEG is also one of the most 
powerful techniques for noninvasively exploring neural 
oscillations (61), in which the EEG signals are originated 
from the synchronized synaptic activity in populations of 
cortical neurons (62). Although EEG has been extensively 
utilized for mapping single individual’s brain dynamics 
underlying specific cognitive tasks, the potential of EEG 
in exploring the inter-brain interactions or inter-brain 
connections has not been fully exploited.

Recently, a number of EEG hyperscanning studies 
(Table 2) were conducted (8-30), aiming to reveal the 
complex brain interactions between two or multiple 
participants, as illustrated in Figure 1B (26). These studies 
exhibited that EEG hyperscanning can map the moment-
to-moment interactions between two or more individuals 
simultaneously, which can elucidate how co-variations of 
the tested individuals’ brain activations are correlated with 
their social interactions. However, despite EEG being 
suitable to inspect inter-brain synchronization due to its 
high time resolution, it is still very challenging for EEG to 
capture the neural activity from deep brain structures.
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fNIRS hyperscanning

fNIRS is also a noninvasive and affordable neuroimaging 
technique, which utilizes the near-infrared light to 
image brain activation, by measuring the concentration  
changes of oxyhemoglobin (HbO) and deoxyhemoglobin 
(HbR) (63-65). In addition, fNIRS has exhibited its 
unbeatable advantages in inspecting infants or children’s 
brain activation (66) since it is relatively more tolerant 
with movement artifacts. More importantly, fNIRS 
hyperscanning (Table 3) can ideally be applied to a natural 
scenario (33,35,36,39), as illustrated in Figure 1C. Although 
fNIRS has a better temporal resolution when compared to 
fMRI, it has the low spatial resolution and limited capability 
to detect deep brain structures.

Hyperscanning paradigms adopted in social 
interaction

Altogether, there were about six categories of experimental 
paradigms that were routinely used by the hyperscanning 
method in the investigation of social interaction. 

Imitation tasks

The first category is the imitation tasks, during which one 

participant imitates the others’ movements or behaviors. 
Although we cannot request one participant to teach the 
others how to perform specific tasks in the laboratory, we can 
still instruct one participant to simulate the other individual’s 
actions or behaviors (Figure 2A). For example, in one EEG 
hyperscanning study (17), the participant was instructed 
to imitate the counterpart’s meaningless hand movements. 
The results showed that inter-brain synchronization of 
right centroparietal regions at alpha-mu band was strongly 
correlated with the interactional synchrony (Figure 2B).

Coordination tasks

The second category is the coordination tasks, in which 
two or more participants need to try their best to act 
in a synchronized manner. Interestingly, behavioral 
synchronization in our daily life is one mechanism 
through which we coordinate our behaviors during social 
interaction. For example, when we are walking together, 
our footsteps might be unconsciously synchronized with 
one another even though our foot lengths and our intrinsic 
cycles are totally different (22). In addition, coordination/
joint movements can also be synchronized, such as self-
paced rhythmic finger movements (15,16). In particular, 
a number of EEG or fNIRS hyperscanning studies have 

Figure 1 Configurations of hyperscanning studies. (A) fMRI hyperscanning; (B) EEG hyperscanning; and (C) fNIRS hyperscanning. (A) was 
adapted from reference (52) with permission from John Wiley and Sons. (B) and (C) were adopted from reference (26) and (44), respectively, 
under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). fMRI, functional magnetic 
resonance imaging; EEG, electroencephalograph; fNIRS, functional near inferred spectroscopy.

A

B C

Hyperscan server 
and database

Houston

Client Client

HoustonPasadena



822 Wang et al. Hyperscanning: a mini-review

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2018;8(8):819-837qims.amegroups.com

Table 1 fMRI hyperscanning

Authors
Neuroimaging 
methods

Subjects Paradigms Main discoveries

Montague et al., 
2002, Neuoimage

Two 1.5 T fMRI 3 pairs; gender: N/A; 
relationship: N/A

Game theory (a 
deceive game)

The very first hyperscanning study, where 
the term ‘hyperscanning’ was coined in 
this study

King-Casas et al., 
2005, Science

Two 3 T fMRI 48 pairs; gender: N/A; 
relationship: strangers

Game theory (trust 
game)

The study extends previous model-
based fMRI studies into the social domain 
and broaden our view of the spectrum 
of functions implemented by the dorsal 
striatum

Fliessbach et al., 
2007, Science

One 3 T fMRI, 
one 1.5 T fMRI

19 pairs (5 subs were 
excluded); gender: all male; 
relationship: N/A

A simple estimation 
task that entailed 
monetary rewards 
for correct answers

A variation in the comparison subject’s 
payment affects BOLD responses in the 
ventral striatum

Krueger et al., 
2007, PNAS

Two 3 T fMRI 22 pairs; gender: 11 F-F; 11 
M-M; relationship: strangers

Game theory (trust 
game)

The paracingulate cortex is critically 
involved in building a trust relationship by 
inferring another person’s intentions to 
predict subsequent behavior. Conditional 
trust selectively activated the ventral 
tegmental area, a region linked to the 
evaluation of expected and realized reward, 
whereas unconditional trust selectively 
activated the septal area, a region linked to 
social attachment behavior

Stolk et al., 2014, 
PNAS

One 3 T fMRI, 
one 1.5 T fMRI

27 pairs; gender: all male; 
relationship: N/A

Cooperation task 
(jointly create a goal 
configuration of two 
geometrical tokens)

Establishing mutual understanding of novel 
signals synchronizes cerebral dynamics 
across communicators’ right temporal 
lobes

Spiegelhalder  
et al., 2014, BBR

Two 3 T fMRI 11 pairs; gender: all female; 
relationship: good friends

Natural scenario (live 
dialog)

The time course of neural activity in areas 
associated with speech production was 
coupled with the time course of neural 
activity in the interlocutor’s auditory cortex

Koike et al., 2016, 
Neuroimage

Two 3 T fMRI Gender: same gender; 
relationship: stranger; Exp. 
1: 17 pairs (9 M-M;8 F-F); 
Exp. 2: 15 pairs (8 M-M;7 
F-F); Exp. 3: 16 pairs (6 
M-M;10 F-F)

Eye contact/gaze 
tasks (mutual gaze 
task: eye to eye) 
(joint attention task: 
eyes on other stuff 
together)

The right inferior frontal gyrus had been 
activated both by initiating and responding 
to joint attention

Shaw et al., 2018, 
Sci Rep

Two 3 T fMRI 19 pairs; gender: all male; 
relationship: strangers

Game theory 
(ultimatum game)

Brain signals implicated in social decision 
making are modulated by the estimates 
of expected utility and become correlated 
more strongly between interacting players 
who reciprocate one another

Main discoveries were directly extracted or adapted from the article’s abstracts, which is also applied to the Tables 2,3. The situation of 
subjects in fMRI hyperscanning is two subjects lying in fMRI tubes separately. PNAS, Proceedings of the National Academy of Sciences 
of the United States of America; BBR, Behavioural Brain Research; N/A, not available means the authors did not explicitly depict their 
subjects’ relationship or the exact numbers of gender pairs even though some studies addressed the overall numbers of genders.



823Quantitative Imaging in Medicine and Surgery, Vol 8, No 8 September 2018

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2018;8(8):819-837qims.amegroups.com

Table 2 EEG hyperscanning

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Tognoli et al., 
2007, PNAS

Two 
60-channel 
EEG

8 pairs; gender: 4 
gender-mixed; 3 M-M; 
1 F-F; relationship: N/A; 
situation: face to face

Coordination/joint 
tasks (self-paced 
rhythmic finger 
movements)

Power 
comparison

A pair of oscillatory components 
located above right centroparietal 
cortex distinguished effective from 
ineffective coordination: increase 
of phi1 favored independent 
behavior and increase of phi2 
favored coordinated behavior. Phi 
(9.2–11.5 Hz)

Fallani et al., 
2010, PLos One

Two 
64-channel 
EEG

26 pairs; gender: N/
A; relationship: N/A; 
situation: N/A

Game theory 
(prisoner’s 
dilemma game)

Partial 
directed 
coherence, 
graph theory

The hyper-brain networks of 
two defector couples have 
significantly less inter-brain links 
and overall higher modularity than 
couples playing cooperative or tit-
for-tat strategies. The decision to 
defect can be ‘‘read’’ in advance 
by evaluating the changes of 
connectivity pattern in the hyper-
brain network

Dumas et al., 
2010, PLos One

Two 
32-channel 
EEG

9 pairs; gender: 5 F-F; 
6M-M (3 pairs were 
excluded, but not know 
which pair); relationship: 
N/A; situation: separated 
into two room

Imitation 
tasks (imitate 
counterparts’ 
hands 
movements)

Phase 
locking value 
(PLV)

States of interactional synchrony 
correlate with the emergence 
of an interbrain synchronizing 
network in the alpha-mu band 
between the right centroparietal 
regions

Babiloni et al., 
2011, Cortex

Four 
30-channel 
EEG

One quartet (four 
men) of professional 
saxophonists; situation: 
side by side

Natural 
scenario (music 
performance)

Power 
comparison

During the resting state, dominant 
EEG power density values were 
observed at alpha band (8-12 
Hz) in posterior cortex. During 
the music performance, alpha 
power density values decreased 
in amplitude in several cortical 
regions, whereas power density 
values enhanced within narrow 
high-frequency bands

Babiloni et al., 
2012, Neuroimage

Four 
30-channel 
EEG

Three quartets (12 
men) of professional 
saxophonists; situation: 
side by side

Natural 
scenario (music 
performance)

Power 
comparison

The higher the empathy quotient 
test score, the higher the alpha 
desynchronization in right BA 
44/45 during the OBSERVATION 
referenced to RESTING condition

Naeem et al., 
2012, Neuroimage

Two 
60-channel 
EEG

6 pairs; gender: 3 
mixed; 2 M-M; 1 F-F; 
relationship: N/A; 
situation: face to face

Coordination/joint 
tasks (adopted 
from Tognoli  
et al., 2007)

Power 
comparison; 
PLV

Clear and systematic modulation 
of mu band activity in the 
10–12 Hz range as a function of 
coordination context

Yun et al., 2012, 
Sci Rep

Two 
128-channel 
EEG

10 pairs; gender: all 
male; relationship: N/A; 
situation: face to face

Coordination/
joint tasks (hand 
movement task)

PLV; source 
localization

Synchrony of both fingertip 
movement and neural activity 
between the two participants 
increased after cooperative 
interaction

Table 2 (continued)
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Table 2 (continued)

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Konvalinka et al., 
2014, Neuroimage

Two 
32-channel 
EEG

9 pairs; gender: N/
A; relationship: N/A; 
situation: back to back

Coordination/
joint tasks (a 
synchronized 
finger-tapping 
task)

Power 
comparison
Multivariate 
classification 
analysis

The interactive condition was 
characterized by a stronger 
suppression of alpha and low-
beta oscillations over motor 
and frontal areas in contrast to 
the non-interactive computer 
condition. Leaders invest more 
resources in prospective planning 
and control

Menoret et al.,  
2014, 
Neuropsychologia

Two 
32-channel 
EEG

20 pairs; gender: 6 
mixed, 7 M-M, 7 F-F; 
relationship: N/A; 
situation: face to face

Coordination/joint 
tasks (complete a 
goal with human 
or robot)

Acting in a social context induced 
analogous modulations of motor 
and sensorimotor regions in 
observer and actor

Toppi et al., 2016, 
PLos One

Two 
16-channel 
EEG

6 pairs civil pilots; 
gender: 5 M-M; 1 M-F; 
relationship: all from the 
national Italian airline 
(Alitalia)

Cooperation 
task (a simulated 
flight)

Event related 
potentials 
(ERPs), 
power 
comparison

During the most cooperative 
flight phases pilots showed, in 
fact, dense patterns of interbrain 
connectivity, mainly linking frontal 
and parietal brain areas. On the 
contrary, the amount of interbrain 
connections went close to zero in 
the non-cooperative phase

Mu et al., 2016, 
SCAN

Two 
32-channel 
EEG

Exp. 1: 34 pairs; gender: 
17 M-M; 17 F-F; 
relationship: stranger; 
Exp. 2: 30 pairs; gender: 
all male; relationship: 
stranger; situation: 
separated by two 
monitors (Figure 1B)

Coordination/
joint task (a dyad 
to synchronize 
with a partner by 
counting in mind 
rhythmically)

PLV First evidence that oxytocin 
enhances inter-brain synchrony 
in male adults to facilitate social 
coordination

Mu et al., 2017, 
SCAN

Two 
32-channel 
EEG

Exp. 2: 45 pairs; 
gender: same gender; 
relationship: N/A; 
situation: separated by 
two monitors (Figure 1B)

Coordination task 
(same as Mu  
et al., 2016)

PLV Interbrain synchrony of gamma 
band oscillations is enhanced 
when people are under high 
threat, and increased gamma 
interbrain synchrony is associated 
with lower dyadic interpersonal 
time lag (i.e., higher coordination)

Jahng et al., 2017, 
Neuroimage

Two 
64-channel 
EEG

10 pairs; gender: all 
male; relationship: 
stranger; situation: face 
to face; face-blocked

Game theory 
(prisoner’s 
dilemma game)

Power 
comparison, 
PLV

The power of the alpha 
frequency band (8–13 Hz) in 
the right temporoparietal region 
immediately after seeing a round 
outcome significantly differed 
between face-to-face and face-
blocked conditions and predicted 
whether an individual would adopt 
a ‘cooperation’ or ‘defection’ 
strategy

Table 2 (continued)
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Table 2 (continued)

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Szymanski et al., 
2017, Neuroimage

Two 
64-channel 
EEG

25 pairs; gender: 
12 M-M; 13 F-F; 
relationship: stranger; 
situation: side by side

Cooperation 
game (a visual 
search task)

PLV The inter-team differences in 
behavioral performance gain 
in the visual search task were 
reliably associated with inter-team 
differences in local and inter-brain 
phase synchronization

Dikker et al., 
2017, Current 
Biology

Twelve 
14-channel 
wireless EEG

A group [12] of high 
school students; gender: 
9 F; 3 M; relationship: 
classmates; situation: sit 
as a circle

Natural scenario 
(taking class)

Spectral 
coherence

They find that students’ 
brainwaves are more in sync with 
each other when they are more 
engaged during class. Brain-to-
brain synchrony is also reflective 
of how much students like the 
teacher and each other

Kinreich et al., 
2017, Sci Rep

Two 
32-channel 
EEG

24 pairs romantic 
partners; 25 pairs 
strangers; situation: face 
to face with 45 degree

Natural scenario 
(talk with each 
other)

Power Neural synchrony was found for 
couples, but not for strangers, 
localized to temporal-parietal 
structures and expressed in 
gamma rhythms

Perez et al., 2017, 
Sci Rep

Two 
32-channel 
EEG

15 pairs; gender: 8 
M-M;7 F-F; relationship: 
stranger; situation: side 
by side with a board

Natural scenario 
(talk with each 
other)

PLV interpersonal synchronization is 
mediated in part by a lower-level 
sensory mechanism of speech-to-
brain synchronization, but also by 
the interactive process that takes 
place in the situation per se

Leong et al., 
2017, PNAS

Two 
2-channel (C3 
C4) EEG

Exp. 2: one adult (F) 
with 29 infants; gender: 
29 infants (15 M; 14 
F); relationship: N/A; 
situation: face to face

Natural scenario 
(infants viewed 
an adult in a live 
context, singing 
with direct or 
indirect gaze)

General 
partial 
directed 
coherence, 
G-causality

During live interactions, infants 
also influenced the adult more 
during direct than indirect gaze. 
Further, infants vocalized more 
frequently during live direct 
gaze, and individual infants who 
vocalized longer also elicited 
stronger synchronization from the 
adult

Hu et al., 2018, 
Biological 
Psychology

Two 
64-channel 
EEG

15 pairs; gender: all 
female; relationship: 
stranger; situation: face 
to face

Game theory 
(prisoner’s 
dilemma game)

PLV The results showed a higher 
cooperation rate and larger theta/
alpha-band inter-brain synchrony 
in condition human-human (H-
H) than in human-machine. In the 
condition H-H, there were larger 
centrofrontal theta band and 
centroparietal alpha-band inter-
brain synchrony in tasks set for 
high cooperation

Ahn et al., 2018, 
Human Brain 
Mapping

Two 
19-channel 
EEG with 
146-channel 
MEG

5 pairs; gender: 1 Mixed; 
4 M-M; relationship: 
stranger; situation: 
separated in two rooms 
communicating through 
cameras

Natural scenario 
(live dialog)

Power 
spectral 
density 
(PSD), 
weighted 
PLV

This hyperscanning study using 
simultaneous EEG/MEG is the 
first to identify the oscillations and 
interbrain phase synchronization 
involved in turn-taking verbal 
interactions

Table 2 (continued)
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Table 2 (continued)

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Kawasaki 
et al., 2018, 
Neuropsychologia

Two 
27-channel 
EEG

17 pairs; gender: 8 
F-F; 7 M-M; 2 mixed; 
relationship: 6 pairs were 
strangers and 11 pairs 
were acquaintances; 
situation: back to back

Coordination 
task (match their 
partners’ tapping 
intervals using 
visual feedback)

PLV Alpha-(approximately 12 Hz) 
and beta-(approximately 20 Hz) 
amplitude modulation in the left 
motor areas

Ciaramidaro et al., 
2018, Sci Rep

One 
128-channel 
EEG was 
separated 
into two 
64-channel 
EEG

21 pairs; gender: all 
male; relationship: N/A; 
situation: N/A 

Third party 
punishment game

G-causality 
(partial 
directed 
coherence), 
graph theory

To their knowledge, this report 
is the first multiple-brain 
connectivity study to investigate 
empathic compassion and 
altruistic punishment

Goldstein et al., 
2018, PNAS

One 
64-channel 
EEG was 
separated 
into two 
32-channel 
EEG

22 couples (4 were 
married); situation: side 
by side with face to face

Natural scenario 
(perceiving pain 
under touch/no-
touch condition)

Circular 
correlation 
coefficients

Hand-holding during pain 
administration increases brain-
to-brain coupling in a network 
that mainly involves the central 
regions of the pain target and 
the right hemisphere of the pain 
observer. Moreover, brain-to-
brain coupling in this network was 
found to correlate with analgesia 
magnitude and observer’s 
empathic accuracy

Main discoveries/contributions were directly extracted or adapted from the articles’ abstracts. PNAS, Proceedings of the National 
Academy of Sciences of the United States of America; SCAN, Social Cognitive and Affective Neuroscience; N/A, not available means the 
authors did not explicitly depict their subjects’ relationship or the exact number of gender pairs even though some studies addressed the 
overall numbers of genders.

been performed to examine the neural synchronizations in 
coordination/joint movements (9,15,16,20,22,24,29). One 
example was illustrated in the previous reports (20,24), 
in which dyads were instructed to synchronize with each 
other by counting in their mind rhythmically. This study 
also examined how the social context such as threats, or 
oxytocin, affected the coordinated movements (20,24), 
which showed that oxytocin can enhance inter-brain 
synchronization to facilitate social coordination (20).

Eye contact/gaze tasks

The third category was the eye contact or gaze tasks, in 
which dyads are instructed to look in each other’s eyes, or 
look towards the third object. Interestingly, the mutual gaze 
or eye-to-eye contact has the functions that offer pivotal 
social cues in social interaction and communication. In 

particular, a universally recognized social link or a pipeline 
can be established during a non-verbal communication 
through eye contact or a mutual gaze (35). Importantly, 
we can infer the others’ intentions as well using eye-to-eye 
contact (50). Further, eye-to-eye contact, through which 
reciprocal information between individuals are dynamically 
exchanged, provides a great opportunity to model the 
neural mechanisms of human interpersonal communication 
by hyperscanning neuroimaging techniques (35,50). For 
example, an interesting study was performed, in which 
the dyads were instructed to look at each other’s eyes or 
eyes in portraits (35). And they discovered that the inter-
brain coherence of the left superior temporal, middle 
temporal and supramarginal gyri as well as the pre- and 
supplementary motor cortices were significantly increased 
in the eye-to-eye contact case when compared to the data 
from the eye-to-picture gaze case (35).
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Table 3 fNIRS hyperscanning

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Cui et al., 2012, 
Neuroimage

22-channel for 
each subject 
within one fNIRS 
system (frontal 
lobe)

11 pairs; gender: 8 
mixed; 2 F-F; 1 M-M; 
relationship: 3 pairs were 
strangers and 8 pairs 
were acquaintances; 
situation: side by side

Cooperation 
and 
competition 
task

WTC This work represents the first use 
of a single NIRS instrument for 
simultaneous measurements of 
brain activity in two people

Holper et al.,  
2012, 
Neuroimage

Two 4-channel 
wireless 
fNIRS sensors 
(premotor 
cortices)

8 pairs; gender: N/A (7 F; 
9 M); relationship: N/A; 
situation: face to face

Coordination/
joint tasks (a 
paced finger-
tapping task)

WTC; GC The signal of the model G-caused 
that of the imitator to a greater 
extent as compared to vice versa

Jiang et al., 
2012, JN

20-channel for 
each subject 
within one 
fNIRS system 
(left frontal, 
temporal, and 
parietal cortices)

10 pairs; gender: 4 M-M; 
6 F-F; relationship: 
acquaintance; situation: 
face to face; back to 
back

Natural 
scenario (live 
dialog)

WTC; 
Fisher linear 
discrimination 
analysis

Face-to-face communication, 
particularly dialog, has special 
neural features that other types of 
communication do not have and 
that the neural synchronization 
between partners may underlie 
successful face-to-face 
communication

Cheng et al., 
2015, Human 
Brain Mapping

22-channel for 
each subject 
within one fNIRS 
system (frontal 
lobe)

45 pairs; gender: 16 
mixed; 14 M-M; 15 F-F; 
relationship: stranger; 
situation: side by side

Cooperation 
and 
competition 
task (task 
from Cui et al., 
2012)

WTC Partners with opposite gender 
showed significant task-related 
cross-brain coherence in frontal 
region whereas the cooperation 
in same gender dyads was 
not associated with such 
synchronization

Jiang et al., 
2015, PNAS

10-channel for 
each subject 
within one fNIRS 
system (left IFC 
and TPJ)

12 three-person groups; 
gender: 6 female 
groups; 6 male groups; 
relationship: stranger; 
situation of pairs: face 
to face

Natural 
scenario 
(group 
discussion)

WTC; GC; 
Fisher linear 
discrimination 
analysis

These results suggest that leaders 
emerge because they are able to 
say the right things at the right 
time

Liu et al., 
2015, Brain & 
Cognition

19-channel for 
each subject 
within one 
fNIRS system 
(the bilateral 
frontoparietal)

10 pairs; gender: 7 M-M; 
3 F-F; relationship: N/
A; situation: side by side 
with no board

Cooperation 
and 
competition 
task (a turn-
taking game)

Pearson 
correlation 
(time domain)

The competitor may actively trace 
the builder’s disk manipulation, 
leading to deeper mind-set 
synchronization in the competition 
condition, while the cooperator 
may passively follow the builder’s 
move, leading to shallower 
mind-set synchronization in the 
cooperation condition

Osaka et al., 
2015, Frontiers 
in Psychology

34-channel for 
each subject 
within one fNIRS 
system (bilateral 
hemisphere)

29 pairs; gender: 
17 M-M; 12 F-F; 
relationship: stranger; 
situation: face to face; 
separated by a board

Natural 
scenario (sing)

WTC A significant increase in the neural 
synchronization of the left inferior 
frontal cortex compared with 
singing or humming alone

Table 3 (continued)
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Table 3 (continued)

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Tang et al., 2016, 
SCAN

19-channel for 
each subject 
within one fNIRS 
system (right 
dlPFC and TPJ)

97 pairs; gender: 52 F-F; 
45 M-M; relationship: 
stranger; situation: face 
to face; separated by a 
board

Game theory 
(ultimatum 
game)

WTC FNIRS results indicated 
increased interpersonal brain 
synchronizations during face-to-
face interactions in rTPJ (but not 
in rDLPFC) with greater shared 
intentionality between partners

Nozawa et al.,  
2016, 
Neuroimage

Four 2-channel 
wireless 
fNIRS devices 
(frontopolar)

12 groups of four 
subjects; gender: 5 
male groups; 4 female 
groups; 3 mixed 
group; relationship: 2 
groups were strangers 
and 10 groups were 
acquaintances; 
situation: face to each 
other

Cooperation 
task (a 
modified 
Japanese 
cooperative 
word-chain 
game)

WTC This study provides a prospective 
technical basis for future 
hyperscanning studies during daily 
communicative activities

Pan et al., 2016, 
Human Brain 
Mapping

22-channel for 
each subject 
within one fNIRS 
system (right 
frontoparietal 
region)

All male-female pairs; 
17 lover pairs; 16 friend 
pairs; 16 stranger pairs; 
situation: pairs were 
separated by a board

Cooperation 
and 
competition 
task (task 
from Cui et al., 
2012)

WTC; GC Lover dyads demonstrated 
increased IBS in right superior 
frontal cortex. Lover dyads 
revealed stronger directional 
synchronization from females to 
males than from males to females

Liu et al., 
2016, Frontiers 
in Human 
Neuroscience

19-channel for 
each subject 
within one fNIRS 
system (rPFC; 
rSTS)

9 pairs; gender: 5 
mixed; 2 M-M; 2 F-F; 
relationship: stranger; 
situation: face to face

Natural 
scenario 
(playing the 
JengaTM)

WTC BA9 may be particularly engaged 
when theory-of-mind (ToM) is 
required for cooperative social 
interaction

Baker et al., 
2016, Sci Rep

19-channel for 
each subject 
within one fNIRS 
system (rPFC; 
r-temporal 
cortex)

111 pairs; gender: 34 
mixed; 39 M-M; 38 F-F; 
relationship: stranger; 
situation: side by side

Cooperation 
task (task 
from Cui et al., 
2012)

WTC Female/female dyad’s exhibited 
significant inter-brain coherence 
within the right temporal cortex, 
while significant coherence in 
male/male dyads occurred in the 
right inferior prefrontal cortex

Hirsch et al.,  
2017, 
Neuroimage

42-channel for 
each subject 
within one fNIRS 
system with 
eye-tracking 
(bilateral 
hemisphere)

19 pairs; gender: 10 
mixed; 6 F-F; 3M-M; 
relationship: participants 
were either strangers 
prior to the experiment 
or casually acquainted 
as classmates; situation: 
face to face

Eye contact/
gaze tasks (eye 
to eye contact)

WTC; PPI A left frontal, temporal, and parietal 
long-range network mediates 
neural responses during eye-to-
eye contact between dyads

Zhang et al., 
2017, Sci Rep

19-channel for 
each subject 
within one fNIRS 
system (frontal 
and left temporal 
cortices)

30 pairs; gender: 
13 M-M; 17 F-F; 
relationship: stranger; 
situation: face to face

Natural 
scenario (a 
card game)

WTC; GC This study was the first to 
investigate such inter-brain 
correlates of deception in real 
face-to-face interactions

Table 3 (continued)
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Table 3 (continued)

Authors
Neuroimaging 
methods

Subjects Paradigms
Analytic 
method

Main discoveries/contributions

Liu et al., 2017, 
Sci Rep

48-channel for 
each subject 
within one fNIRS 
system (bilateral 
hemisphere)

22 pairs; gender: all 
male; relationship: 
level of friendship 
was assessed by 
using a self-report 
questionnaire; situation: 
side by side

Cooperation 
and 
competition 
task (a turn-
taking game, 
same as Liu  
et al., 2015)

linear 
regression 
analysis (time 
domain)

The right pSTS may be commonly 
involved in both cooperation and 
competition tasks while the right 
IPL may be more important for 
competition task

Xue et al., 2018, 
Neuroimage

46-channel for 
each subject 
within one 
fNIRS system 
(prefrontal 
cortex and rTPJ)

30 pairs; gender: N/A; 
relationship: stranger; 
situation of pairs: face 
to face

Natural 
scenario (solve 
a realistic 
presented 
problem)

WTC When two less-creative individuals 
worked on a creativity problem 
together, they tended to cooperate 
with each other (indicated by both 
behaviour index and increased 
IBS at rDLPFC and rTPJ), 
which benefited their creative 
performance

Reindl et al.,  
2018, 
Neuroimage

22-channel for 
each subject 
within one 
fNIRS system 
(prefrontal 
cortex)

30 pairs; gender: 13 
mother-daughter pairs; 
17 mother-son pairs; 
1 father-daughter pair; 
2 father-son pairs; 
relationship: parents 
with their own kids; 
situation: side by side; 
situation of pairs: side 
by side with no board

Cooperation 
and 
competition 
task (adopted 
from Cui et al., 
2012)

WTC Brain-to-brain synchrony may 
represent an underlying neural 
mechanism of the emotional 
connection between parent and 
child, which is linked to the child’s 
development of adaptive emotion 
regulation

Dai et al., 
2018, Nature 
Communications

11-channel for 
each subject 
within one 
fNIRS system 
(left frontal, 
temporal, and 
parietal cortices)

21 groups of three 
subjects; gender: 11 
male groups; 10 female 
groups; relationship: 
stranger; situation: face 
to face; back to back

Natural 
scenario 
(group 
discussion)

WTC Selectively enhanced interpersonal 
neural synchronization (INS) 
between the listener and the 
attended speaker at left temporal–
parietal junction, compared with 
that between the listener and 
the unattended speaker across 
different multi-speaker situations

Main discoveries/contributions were directly extracted or adapted from the articles’ abstracts. PNAS, Proceedings of the National 
Academy of Sciences of the United States of America; SCAN, Social Cognitive and Affective Neuroscience; N/A, not available, meaning 
the authors did not explicitly depict their subjects’ relationship or the exact numbers of gender pairs even though some studies addressed 
the overall numbers of genders; WTC, wavelet transform coherence; GC, granger causality; PPI, psychophysiological interaction.

Economic games involving game theory/exchange tasks

The fourth category is playing economic games/exchange 
tasks, in which one participant provided an economic offer 
while the counterpart need to make a decision on whether 
they wanted to take it or not. Game theory can offer a 
rich collection of both behavioral tasks and well-specified 
models aiming to articulate social interactions where 
decision-makers have to interact with one another (58).  
By contrast, exchange is the most basic type of social 

interaction, which involves a social process whereby social 
behavior is exchanged for some type of reward for equal or 
greater value. One instantiation of game theory/exchange 
is the trust game, in which one participant need decide how 
much money should be returned to your opponent (52),  
as illustrated in Figure 3A. One hyperscanning study 
illustrated that the paracingulate cortex is critically involved 
in building a trustworthy relationship (54). In addition, the 
prisoner’s dilemma game was also utilized as a task for the 
design of hyperscanning. This required the two participants 
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to make their own decisions simultaneously (Figure 3B). The 
prisoner’s dilemma game usually consists of three experimental 
conditions: win-win, lose-lose, and a tit for tat case (14,21,27). 
Interestingly, previous reports have demonstrated that the 
decision to defect can be decoded in advance by monitoring the 
changes of connectivity patterns, as shown in Figure 3C (21). 
Further, the ultimatum game is also applied to the paradigm 
design for hyperscanning (Figure 3D), in which one participant 
need decide to take your opponent’s offer or not (34,55).

Cooperation and competition tasks

The fifth category is cooperation and competition tasks, 
in which participants need to achieve a goal cooperatively 
or competitively. Cooperation and competition tasks are 
ubiquitous, in which goals should be obtained efficiently. 
One representative paradigm used in the hyperscanning 
studies was to explore the brain synchronization’s underlying 
cooperation or competition, as plotted in Figure 4A, which 
consisted of three conditions: the cooperate, competitive, 
and control conditions (31). Interestingly, this paradigm was 
first initiated in 2012, and later was utilized to examine the 
brain coherence differences between groups of the same sex 
and of mixed sexes (Figure 4B) (40,44), groups with lovers 
and strangers (Figure 4C) (42), or groups with parents verse 
the child and the stranger verse the child (38). In addition, 
other paradigm designs were also formulated to inspect the 
inter-brain synchronization engaged in cooperation and 
competition (13,32,41,46). 

Natural scenario

The paradigms ment ioned above  do  of fer  great 

opportunities in inspecting the inter-brain dynamics during 
social interaction. However, only social interaction through 
a natural scenario can reflect the real situations in our daily 
life, which is also the dominated way of communication and 
thought exchange. An interesting test has been performed, in 
which two participants were instructed to have conversations 
with each other while their neural data was concurrently 
recorded (25,26,28,33,36,39,51). Intriguingly, their findings 
showed that inter-brain synchronization was higher for 
a face-to-face talk case, as compared to that of the back-
to-back talk case (39). In addition, neural synchronization 
under other circumstances was also explored, such as music 
playing (18,19), singing together (43), playing games (47,48) 
or taking a class (10). For example, one study showed that 
during class time, students’ brainwaves are more in sync with 
each other while they are highly engaged in the teaching (10).

Neural systems involved in hyperscanning during 
social interaction

Two main neural systems are involved in inter-brain 
connections (1,2,5). One is the MNS, which includes the 
primary motor cortex and posterior parietal cortex. The 
second one is the MS, which consists of the temporal-parietal 
junction (TPJ), precuneus and prefrontal cortex (PFC).

MNS

When we imitate or even just see the others’ actions 
or movements, neurons in the MNS are fired. This 
phenomenon was discovered in both monkey and human 
brains (56). In human brains, the MNS (Figure 5) consists of 
the inferior frontal gyrus (IFG) and inferior parietal lobule 

Figure 2 An example study of imitation tasks. (A) Schematic of the imitation task. One participant imitated the second one’s movements 
through cameras. (B) EEG hyperscanning results based on the imitation task. Inter-brain synchronization of the right centroparietal regions 
at alpha-mu band was associated with the interactional synchrony. (A) and (B) were adopted from reference (17) under the terms of the 
Creative Commons Attribution License. EEG, electroencephalograph.

Model Imitator

Alpha-Mu

A B
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Figure 3 Procedures of three economic tasks involving game theory. (A) Schematic of the trust game. Two participants are denoted as 
“investor” or “trustee”. The investor is assigned with amount of money ($20) and then decided how much to give to the trustee as an 
investment. After the decision made by the investor with amount of money ($14), the investment income would be tripled ($42). At this 
time, the trustee needs decide how much to be returned to the investor ($13). The results would be that the investor and trustee get $19 
and $29, respectively (52). (B) Schematic of prisoner’s dilemma game. Win-win condition denotes that the two participants trust each other 
and they both win the rewards. Lose-lose condition represents that the two individuals deceive each other, and they both lose the money. 
Tit for tat condition denotes that if your partner deceives you, you might do the same in the next round as a counterattack. (C) The brain 
synchronization at alpha band under different conditions (21). (D) Schematic of the ultimatum game. Two participants were randomly 
assigned to a ‘proposer’ who gave the offer or ‘responder’ who decided whether to accept the offer or not. (A) was adapted from (52) with 
permission from The American Association for the Advancement of Science. (C) was adapted from (21) under the terms of the Creative 
Commons Attribution License.
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Figure 4 An instantiation of cooperation and competition tasks. (A) Schematic of the cooperation and competition tasks. In cooperate 
condition, both participants needed press a button as soon as possible after seeing blue circles. If their respond time difference was smaller 
than the threshold, both of them got the rewards. However, if the difference was larger than the threshold, they should get nothing. In 
competition condition, after seeing the blue circle, the one who responded faster won the game. In control condition, one participant 
reacted to blue circles and the other one just watched it (42). (B) Inter-brain coherence underlying the cooperation condition for different 
gender groups. F-F represented female-female, M-M denoted male-male, and F-M denoted female-male. (C) Inter-brain synchronization 
underlying cooperation condition associated with different relationships. (A-C) were adapted from (40,42) with permission from John Wiley 
and Sons.
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(IPL), which is related to language, motor and sensory 
detection. In addition, the superior temporal gyrus (STG) 
also plays an essential role in imitations, which can provide 
additional visual information inputs (56), in which the 
encoded information of imitated actions is first transformed 
into a more sophisticated visual representation through 
STG and then is delivered to the IPL. Once the IPL is 
activated, potential movements are able to be executed. 
In addition, the IFG is also activated to manipulate the 
potential action, which can provide additional supplemental 
information, such as the goal of the action.

The present hyperscanning studies associated with 
imitation show empirical evidence that MNS is involved 
in dual participant imitation (8,17). For example, one 
study demonstrated that when two participants were 
synchronized in behaviors, their brains were also tuned 
to the same frequency. Consequently, an inter-brain 
sychornizing network in the alpha-mu band between the 
right centroparietal regions was produced (Figure 2B).

MS

Besides imitating others’ actions, we might as well try to 
understand others’ intentions or emotions by their gestures, 

behaviors and facial expressions, which is termed as 
mentalizing (57,68). The TPJ and PFC particularly, and the 
dorsomedial PFC (DMPFC) are the two main brain regions 
associated with the mentalizing process (68).

The TPJ is the boundary brain region between the 
temporal and parietal cortex, which is labelled in a red 
circled area in Figure 5 (67). As depicted in a previous 
study (69), the mentalizing process contains two steps. In 
the first step, the static social images are coded as a neural 
representation from the extrastriate body area. For step two, 
the encoded representations are constructed to generate 
moving social entities, and are then incorporated into a 
context for interpreting the intention. Interestingly, several 
fNIRS hyperscanning studies have highlighted the TPJ 
as their region of interest (33,34,39). For example, in an 
adapted version of the ultimatum game, the interpersonal 
brain coherence for the right TPJ was higher for underlying 
the face-to-face condition, than that of the face blocked 
condition. This indicated the functions of right TPJ, is 
collaborative in social interactions (34).

The PFC, likes a commander, is also involved in the 
mentalizing processes. It is responsible for the planning, 
regulation, integrating of information, and other high 
cognitive functions. Accumulated neuroimaging evidences 

Figure 5 Two main brain systems involved in social interaction. This picture was adapted from reference (67) under a Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). 
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have shown that the PFC was related to interpersonal brain 
synchronization (31-34,39,41). For example, the inter-brain 
coherence in left inferior frontal cortex was significantly 
higher in face-to-face dialogues, than those from back-to-
back dialogues, face-to-face monologue, or back-to-back 
monologues (39).

In summary, both MNS and MS play vital roles in social 
interactions, although the relationship between them is 
still unclear. A few studies demonstrated that they are 
collaborated (70), whereas additional reports also stated that 
MNS is inferior to MS (57).

Future perspectives and clinical implications of 
hyperscanning

Multimodality hyperscanning

Further investigation should be performed by using 
EEG-fNIRS, fNIRS-fMRI or EEG-fMRI hyperscanning 
techniques, since the multimodality neuroimaging methods 
can take advantage of the high temporal resolution of the 
EEG/fNIRS and the high spatial resolutions of an fMRI. 
To date, hyperscanning studies that utilize two or three 
neuroimaging modalities (e.g., EEG & fNIRS fusion) have 
not been extensively examined. Interestingly, multimodality 
can provide us new perspectives that a single modality 
cannot offer, because each neuroimaging method possesses 
its own advantages. For example, our group recently 
discovered that a combed EEG and fNIRS can enhance 
the sensitivity of lie detections (71). Although this is not a 
hyperscanning study, it enlightens us to more intriguing 
results or findings about the inter-brain dynamics which can 
be identified by applying a multimodality hyperscanning 
method for testing social interaction. In particular, more 
linked neural information can be revealed, based on the 
fused measures from neurovascular and neuroelectrical 
signals, which enable us to gain a more full understanding 
of the inter-brain effects during social interactions in our 
daily life.

Applications of hyperscanning in education and 
interrelationships

For most of the hyperscanning studies, neural data were 
recorded with two participants simultaneously, although 
several studies were also conducted by acquiring the brain 
signals from three or multiple participants (10,33,36). 

However, inspecting multiple individuals’ brain dynamics is 
crucial in some circumstances such as for the teaching and 
education settings. For example, one study demonstrated 
that students’ brain-to-brain group synchrony can track 
not only classroom engagement but also classroom social 
dynamics (10). But they did not explore the neural dynamics 
between teachers and students. In addition, the teaching 
style that can stimulate students’ inter-brain synchronization 
by inspecting the neural dynamics between teachers and 
students should be further investigated.

Interestingly, hyperscanning can also be applied to 
examining the interactions between an adult and a child 
(11,38) and interpersonal relationships, such as lovers 
(12,25,42). For example, lovers who held their hands 
together exhibited their capability in alleviating their pain 
perception (12).

Clinical implications 

The hyperscanning method has exhibited a potential for the 
study of inter-brain synchronization of normal individuals 
during social interaction. In contrast, hyperscanning 
of abnormal individuals might manifest an aberrant, 
or null interpersonal dynamics for disorder detection, 
particularly those in social deficiencies such as autism and 
schizophrenia. For example, a previous hyperscanning study  
showed that autism patients have the ability in recognizing 
their counterparty’s intentions, but they cannot convey 
this information (72). To date, inspecting the interpersonal 
neural synchronizations among aberrant populations is still 
lacking. As a result, it is urgent for us to elucidate the neural 
mechanisms underlying those social deficits disorders 
by hyperscanning (1), which can pave a new avenue for 
improving the detection and treatment of neurological or 
psychiatric disorders.
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Introduction

Cardiovascular diseases (CVDs) are considered the most 
threatening disorder among the global population and are 
a source of challenge in modern research and medicine (1).  
There is an urgent need to formulate sensitive and 
reproducible non-invasive technologies for early disease 
detection, more specific biomarkers and personalized 
treatment of CVDs. Many traditional medical imaging 
methodologies, such as computed tomography (CT), 
ultrasound, and magnetic resonance imaging (MRI), have 
been regularly employed to facilitate early diagnoses. These 

methods serve as a means to supervise early onset of CVDs. 
Since molecular differentiation is the basis of pathogenesis, 
traditional cardiovascular imaging technology has aimed 
at detecting a specific molecular target and fundamental 
biological development in CVDs (2). Accordingly, in recent 
years, molecular imaging technologies have been generally 
accepted in the role of rapid proliferating research interests 
that significantly promote the non-invasive diagnostic 
imaging for the conversion of anatomical description to 
detect specific tissue epitopes and monitor the fundamental 
biological developments at the cellular and subcellular 
level (3). Molecular imaging was created as a new branch 
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of biomedical science by merging the areas of imaging 
technology and probe utilization, thus enabling the direct/
indirect spatio-temporal evaluation of molecular markers. 
In addition to this capability, molecular imaging can provide 
critical information for advanced diagnosis, appropriate 
treatment, better prognosis, improved staging, and better 
management—adding a significantly greater effectiveness to 
personalized medicine overall (4). 

Cardiovascular molecular imaging technologies have 
been integrated with advanced scientific tools; this merger 
potentially allows for both morphological and functional 
imaging in cardiovascular pathophysiology. The emergence 
of cardiovascular molecular imaging provides detailed 
molecular and cellular level visualization that allows for 
early diagnostics and advanced therapeutics practices, which 
will additionally facilitate a greater understanding of the 
fundamental biological developments of CVDs. The mutual 
contribution among inter-disciplinary branches of science, 
such as molecular biology, chemistry, nanotechnology, 
and imaging technology, has effectively enhanced the 
rapid growth in the cardiovascular molecular imaging 
technologies and has allowed for the development of a large 
number of attractive new probes in the last decade. The 
appropriate probes should possess imaging, targeting, and 
therapeutic functions in order to facilitate the appropriate 
remedies in the battle against CVDs (2). In this section, we 
will first briefly describe the general working principles of 
molecular imaging-probe design, and then summarize the 
current state-of-the-art in probe-assisted cardiovascular 
molecular imaging.

Typical molecular imaging probes

Molecular imaging probes are agents that effectively 
facilitate visualization, quantification and characterization of 
biological processes in living systems. A molecular imaging 
probe typically comprises three key components: (I) an 
imaging agent for the corresponding imaging modality; (II) 
a targeting moiety that recognizes the intended molecular/
cellular target; and (III) a linker connecting the imaging 
agent with the targeting moiety (Figure 1). The imaging 
agents used include radionuclides for positron emission 
tomography (PET) and single-photon emission computed 
tomography (SPECT), gadolinium (Gd) chelates or 
superparamagnetic iron oxide nanoparticles (SPIO) for 
MRI, fluorophores or quantum dots (QDs) for optical 
imaging, and microbubbles for ultrasound imaging. The 
targeting moiety, which specifically coordinates with the 
biomarker of a specific biological process, is also globally 
termed as a targeting ligand. The linker employed in the 
design of molecular imaging probes helps in merging 
the imaging agent with the targeting moiety, and has a 
significant impact on the pharmacokinetics of the molecular 
imaging probe. Concerning the latter point, many other 
distinct features are thus required to optimize the imaging 
quality; on the other hand, however, some probes do not 
even have the 3 essential components mentioned (5).

Favorable molecular imaging probes possess useful harness 
capabilities to gain concomitant anatomic, chemical, and 
physiological analytical report with high sensitivity, specificity 
and consistency. To diagnose the biochemical activity of 
CVDs, particularly at an initial stage, probes need to monitor 

Figure 1 Schematic representation of molecular imaging probes. A molecular imaging probe is synthesized by using a linker to connect an 
imaging agent with a targeting moiety. FMT, fluorescence molecular tomography; BLI, bioluminescence imaging; MRI, magnetic resonance 
imaging; SPECT, single-photon emission computed tomography; PAT, photoacoustic tomography.
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on the clinical change of a much lower amount of biomarker. 
Therefore, greater sensitivity is a critical requirement for 
a potential imaging probe. Amplification strategies such as 
augmented relaxivity of magnetic substrates or quenching 
of fluorochromes are the key strategies for developing 
sufficiently sensitive probes for clinical application. These 
probes can show a specific physical change that profoundly 
favors the signal amplification when the probes are 
spaced close together. In addition, due to the presence 
of numerous corroding enzymes and proteases in serum/
tissue, maintenance of the intact structure of the imaging 
probes is a prerequisite to achieving high-quality images. 
The quantitative analysis of the image validity to assure the 
precession interpretation of physiological and pathological 
processes of the CVDs, along with the quality of molecular 
images, can be potentially affected by the in vivo stability of 
an imaging probe after administration (5).

Initially, the deposition of the imaging probes at the 
targeted site is required to allow the probes to actively 
interact with particular biomarkers like enzymes, receptors, 
and transporters, all which participate in different 
biological activities correlated with specific molecular/cell 
compartments. The specific interaction between biomarkers 
and imaging probes distinctly promotes the acquisition 
of information from the biological processes at the 
molecular level, which is effectively used to investigate and 
understand the distinct biological mechanisms underlying 
a specific disease. Additionally, the specificity between the 
imaging probe and the target site can potentially reduce 
the non-specific site interaction, significantly increasing 
the feasibility for quantification analysis of imaging 
output. Antibodies, peptides, aptamers and small organic 
molecules, have been widely and successfully employed as 
targeting agents for specific biomolecules in cardiovascular 
molecular imaging. The use of targeted imaging probes 
has the capacity to facilitate valuable insights into the 
pathophysiology of CVDs and to facilitate the development 
of novel therapeutic strategies (6).

Molecular imaging probes can be considered a special 
class of pharmaceuticals, especially some theranostics (the 
fusion of therapeutic and diagnostic approaches). Thus, 
potentiality and safety are the two most important concerns 
for molecular imaging probes. Generally, molecular 
imaging probes are administrated in low dose and their 
pharmacological manifestation can be negligible. However, 
the biological effects caused by an imaging probe still 
require close monitoring. The toxicity of molecular imaging 
probes is highly dependent on the probes’ physicochemical 

properties, which include the size, surface charge/coating 
materials, probe dosage, and duration to probe exposure. 
In order to enhance the quality of patients’ lives, there is 
urgent need to synthesize more biocompatible and less 
potentially harmful imaging probes (7,8).

Strategy for molecular imaging probes design: 
interdisciplinary efforts

Progress in molecular imaging highly depends on the 
designing of advanced probes that can effectively detect 
biological activities on the cellular and molecular level. 
The design and development of molecular imaging probes 
require interdisciplinary efforts from the molecular, 
biological, chemical, imaging and nanotechnology fields 
(Figure 2). These interdisciplinary efforts can begin with 
the identification of biomarkers that are applicable to 
human CVD. Following this, physicochemical expertise 
is needed to synthesize molecular imaging probes capable 
of interacting to the target, and to properly optimize the 
devices for imaging. Multifunctional imaging probes based 
on nanotechnology can then extend the limits of currently 
available molecular imaging and allow precision diagnosis, 
contributing greatly to the advancement of personalized 
medicine. However, optimism in this new technology 
must be tempered by consideration of its potentially 
harmful elements. For instance, many of the fluorophores, 
contrasting agents and tracers, could be toxic in nature and 
the right material and specific concentration needs to be 
first identified before a molecular imaging probe can be 
deemed safe to administer to patients. More specifically, a 
gamut of information including cytotoxicity, tissue toxicity, 
in vivo toxicity and mutagenicity, require documentation in 
relation to molecular imaging probes before these probes 
are considered suitable for biomedical application. In this 
regard, some fluorophores such as indocyanine green and 
fluorescein have had their toxicity profile’s fully elucidated, 
and subsequently have been approved by the Food and 
Drug Administration (9).

Biomarker-basis of molecular imaging

Biomarkers can act as indicators of health by correlating 
with disease in physiological  measurement,  or as 
determiners of disease complexity, diagnosis and prognosis. 
In addition, biomarkers also provide signals of fundamental 
metabolic or pathophysiological activities, or provide 
pharmacological responses to interventions. The major 
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contributors to biomarker discoveries are molecular 
profiling studies in cardiovascular medicine, which are 
based on finding correlations between a molecular signature 
and a corresponding CVD behavior. Generally, molecular 
biomarkers include altered/mutant genes, proteins, lipids, 
and small metabolite molecules, which profiling studies 
then correlate with a biological behavior or a clinical 
consequence (10).

The selection of molecular imaging targets should 
meet certain criteria: They should specifically participate 
in the disease in question, particularly in CVD, and they 
should show the difference with respect to the progress 
and development of the disease. Biomarker determination 
and selection is therefore the initial, success-limiting step, 
in the designing of novel molecular imaging probes. As 
genomic and proteomic information from CVDs becomes 
increasingly available, databases to find new cellular/
molecular biomarkers will provide a plethora of new 
targets for molecular imaging of CVDs (11). For example, 
vascular cell adhesion molecule-1, a well-validated marker 
of endothelial activation of atherosclerosis, could serve 
as a target for molecular imaging of atherosclerosis (12). 
Integrins such as avβ3, expressed by neovessels, are similarly 
employable for molecular imaging of atherosclerosis, 
and several 18F-labeled affinity ligands have already been 
developed. The evidence above suggests that the molecular 
imaging of CVDs based on biomarkers is reaching beyond 

anatomy to encompass the assessment of aspects of 
molecular biology related to the pathogenesis of CVDs.

However, CVDs are highly complex and a set of 
biomolecules are unlikely to be able to detect most of the 
individual sensitivities related to developing CVD. The 
development of cardiovascular biomarkers then, naturally 
needs to overcome various obstacles. Research challenges 
include the development of probes for molecular imaging that 
will provide sensitive and robust measurement of thrombosis, 
infarction, angiogenesis, tissue oxygenation, activation and 
adhesion of immune cells. The molecular imaging probes 
also need a scalable synthesis using safe manufacturing 
processes and the necessary accompanying toxicology studies 
for human use. Much progress is being made in this field, and 
the rapidly expanding toolset of available molecular imaging 
probes will make it possible to non-invasively reveal the 
biological processes governing CVDs.

Chemistry-molecular probes synthesis

The design and development of a biologically active probe 
is of utmost importance to realizing the great potential of 
molecular imaging. By achieving the identification of select 
molecular biomarkers appropriate for the diagnosis of 
CVD, advanced chemistry has paved the way in molecular 
imaging probe synthesis. Specifically, click chemistry has 
made breakthroughs in a wide array of molecular imaging 
probe application developments. Within this field, it has 
become a routine strategy to fine-tune the synthesis of 
novel molecular imaging probes and to enhance their 
pharmacokinetic and pharmacodynamics profiles.

Generally, a 1:1 targeting moiety affinity towards the 
biomarker is considered suitable for molecular imaging. 
Biochemical amplification strategies are desirable to 
enhance the imaging signal in the cases where biomarker 
expression levels are low. The selected targeting moiety 
should have good affinity, particularly towards the selected 
biomarker. It also should possess a chemical anatomy that 
can transport different labels: isotopes for nuclear imaging, 
Gd for MRI or fluorescence, and dyes for optical imaging. 
For imaging technologies with intrinsic low sensitivity such 
as MRI, probes carrying large amounts of Gd allow for high 
molecular sensitivity (11).

The probe’s in vivo pharmacokinetics, like adsorption, 
distribution, metabolism, and excretion, are gaining critical 
attention for their molecular imaging probe design potential. 
In general, the widely accepted factors that are believed to 
be significant in the probe’s in vivo pharmacokinetics are its 

Figure 2 The designing and development of molecular imaging 
probes require interdisciplinary efforts from molecular, biological, 
chemical, physical imaging and nanotechnology sciences.
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particular physicochemical properties, including ionization 
constant, lipophilicity and stability. A molecular probe must 
remain stable enough in the blood circulation in order to 
effectively access the specifically targeted site with sufficient 
concentration and time for molecular imaging. Longer 
systemic circulation does provide greater target exposures 
that are highly suitable for therapeutic purposes. In cases 
where the molecular imaging probes are developed to image 
intracellular tissues, the probe needs to penetrate the cell 
membrane. Because ionization is a significant parameter that 
potentially increases/affects the solubility and membrane 
permeability of a molecule, most of the molecular imaging 
probes have been developed with ionizable groups and 
have different charges within the physiological pH range. 
Moreover, the recent developments in high-performance 
liquid chromatography/mass spectrometry instrumentation 
and procedures also provide an array of alternative 
techniques for determining the metabolites of the imaging 
probe—a capability which can amply facilitate necessary 
modification of the imaging probe and potentially enhance 
its in vivo stability (5,13).

Physics and advanced imaging devices

In CVDs, molecular imaging can diagnose, treat and monitor 
disease progress. Still, major modifications to these regular 
procedures need to be adopted in order to upgrade the 
imaging technologies in light of the concurrent development 
of more sophisticated molecular probes. At the time of 
writing, a large number of imaging modalities are under 
preclinical research, with some of them effectively being 
ready for investigation at the clinical stage. The predominant 
imaging modalities can be generally categorized as either 
anatomical imaging modalities like CT and ultrasound, 
or functional imaging modalities like PET, single-photon 
emission computed tomography (SPECT), optical imaging, 
molecular MRI, and magnetic resonance spectroscopy. From 
an engineering perspective, each imaging modality would 
benefit from an increased sensitivity and improved temporal 
and spatial resolution (2,4).

Anatomical imaging can provide anatomical information 
that is potentially altered by changes in the anatomy at 
the time of disease, while functional imaging modalities 
can determine biochemical activities of CVDs in vivo (2). 
Each imaging modality can be characterized by its own 
weaknesses and strengths. By exploiting the combined 
strengths of different imaging methods, a novel imaging 
technology might prove to be an attractive alternative to the 

already mentioned imaging technologies, thereby advancing 
the capacity to image both small animals and humans. 
Multimodality imaging was designed by merging different 
imaging techniques including anatomical, functional and 
molecular imaging. The sets of information of specific target 
sites from each imaging technique have been combined 
to create hybrid images that show characteristics superior 
to all the previously mentioned imaging technologies. 
Generally, multimodality imaging modalities are selected to 
provide synergistic, complementary, or clinically relevant 
data beyond that furnished by any one of the single-
modality methods. For example, co-registration with MRI 
images provides the anatomic landscape for localizing the 
functional or molecular information generated by PET (14).

The ideal multimodal imaging approach should provide 
high precision information like the exact localization, 
extent, molecular change and metabolic activities of 
the targeted site, in addition to specifically highlighting 
the pathogenomic changes which eventually lead to 
disease. While this is still a comparatively young field, it 
is reasonable to expect that sometime in the future, the 
multimodal approach will have significantly advanced 
cardiovascular molecular imaging technology by formulating 
novel multifunctional probes. Fresh insights in hybrid 
imaging technology have already appreciably contributed 
to translational research in cardiovascular medicine with 
small and large animals. Nonetheless, the human anatomy’s 
complex interlinking of organ function, (e.g., when the 
heart beat is affected by lung motion) yet demands further 
advancement be made in areas of cardiovascular imaging, 
such as motion detection devices (15-17). 

Nanotechnology is a promising platform for multifunctional 
molecular imaging probe design

Nanotechnology is a multidisciplinary field and has 
made great strides forward in recent years. The term 
“nanotechnology” can generally be applied to any 
fabrication of new materials with a scale smaller than 
one hundred nanometers. Unique characteristic features 
like optical, electronic, magnetic, and chemical reactivity 
are associated with nanomaterials solely because of their 
nanoscale sizes, big surface area, and shapes, which 
can allow for various biomedical applications including 
molecular imaging. A wide variety of nanoparticles 
have been used as molecular probes with each imaging 
modality demanding nanoparticles with specific properties 
for contrast production. For example, SPIO have long 
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been investigated and are considered to have remarkable 
potential in MRI contrast enhancement. QDs, which show 
tunable wavelength photoluminescence from the visible 
region to near infrared (in accordance with their size), are 
among the most widely studied nanoparticles for optical 
imaging (18,19).

Nanoparticle imaging probes offer many advantages 
compared to conventional small-molecule-based imaging 
probes. These advantages include producing excellent 
contrast, lengthy circulation time, and integrating multiple 
properties. For example, hundreds (or more) imaging labels 
(fluorescence tags, radionuclides, and other biomolecules) 
or a group of labels for different imaging modalities, can 
be merged to formulate a novel single nanoparticle, thus 
providing drastic signal amplification. In addition, multiple 
and potentially different, targeting ligands (antibodies, 
peptides, aptamers, and small molecules) on the nanoparticle 
show increased binding affinity and specificity (20).

Recently, theranostics have been rapidly developing 
technology which can be employed as platforms for 
placing different functionalities not only for molecular 
imaging functions, but for targeted drug delivery as well. 
The combination of different imaging labels, targeting 
ligands, and therapeutics could permit the effective 
and controlled drug delivery to the targeted site, while 
providing noninvasive, quantitative monitoring in real 
time. Application of such multifunctional nanomaterial 
will potentially elevate the diagnostic validation and design 
of therapeutic practice, which can then in turn facilitate 
the prediction of clinical outcomes, realizing the hope of 
personalized and advance medicine (21). In recent years, 
the development of theranostic-based nanomedicines 
has gradually progressed due to the availability of better 
knowledge about molecular imaging technologies and the 
processes that occur at the basic molecular and cellular 
level during cell-exposure to certain therapeutic aids. The 
intimate understanding of mesenchymal stem cells (MSCs) 
and related mediated cancer therapy, has facilitated the 
formulation of theranostic probes which contain umbilical 
cord-derived MSCs conjugated with triple fusion genes 
containing the herpes simplex virus truncated thymidine 
kinase, Renilla luciferase and red fluorescent protein. By 
using near infrared imaging technology, the real-time 
activities of the cells can be monitored by bioluminescence 
signals provided by Renilla luciferase and red fluorescent 
protein. Hence, the formulated theranostic probe can 
effectively inhibit breast cancer progression by inducing 
tumor cell apoptosis and suppressing angiogenesis, in 

addition to facilitating the tracking of cell delivery and 
tumor response to MSCs and molecular and cellular 
activities in tumor cells (22). Similarly, other theranostic 
probes have been developed by conjugating MSCs with 
citrate-coated SPIO and investigated for their efficient 
labeling of human MSCs without transfection agents. The 
formulated theranostic probes showed no adverse effect 
in cell proliferation, presentation of typical cell surface 
marker antigen, and differentiation into the adipogenic and 
osteogenic lineages. Overall, the synthesized theranostic 
probes demonstrated very efficient capacity for intracellular 
magnetic labels for in vivo stem cell tracking by MRI (23).

The most promising applications of nanoplatform-
based imaging probes appears to be in cardiovascular 
medicine. Imaging probes might be able to overcome the 
barriers of the biological system to accumulate the drug at 
the targeted site because certain barriers of the biological 
system potentially affect the drug entry and delivery (24). 
Still, there remains a significant concern as to the potential 
adverse effects of human exposure to nanoparticles. The 
biological distribution and circulation of nanoparticles 
within biological tissues, and immune responses like 
phagocytosis, opsonization and endocytosis of nanoparticles, 
are the specific considerations which seriously need to be to 
evaluated before the field of nanoparticles can be specialized 
into nanomedicine proper (19). In the design of probes for 
molecular imaging, several functionally active nanomaterials 
that have been employed have very low biocompatibility 
which can subsequently lead to quick excretion, instability, 
low circulating time, and potential toxicity. Hence, 
significant precaution and validation should be taken before 
adopting the nanomaterial in a biomedical application. 
PEGylation is widely known as a coating technology 
that is used effectively for nanoparticle formulation and 
can potentially enhance the blood circulation time by 
modulating the protein adsorption to the nanoparticle. 
The prolonged availability of the nanomaterial in the blood 
stream significantly augments the accumulation of higher 
concentrations of prescribed nanomaterial in the targeted 
site. Moreover, the surface-functionalized nanoparticles 
with polyethylene glycol (PEG), promote the bio-
conjugation with various ligands including drug molecules. 
Several steps have been taken to reduce the risks posed by 
nanomaterials in order to enable the novel formulation of 
highly biocompatible and less toxic nanomedicines (e.g., 
silica nanoparticles) (25). 

Other important questions concerning the application 
of nanomaterial in molecular imaging still need to be 
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answered before responsible clinical application is possible. 
These issues include a more thorough understanding of 
the following: the change that occurs in the association 
or conjugation between the nano-carrier and the 
drug molecules, particularly their pharmacokinetics, 
biodistribution and potential adverse effects of the 
nanotherapeutic nanomedicine; chance of change of the 
safety profile of the nanomaterial at the time of conjugation 
or surface functionalization; the possibility to reduce the 
toxicity of the polymeric nanoparticles which accumulate 
considerably at the targeted site and are made up of non-
biodegradable polymer and greater than the size of the 
renal discharge threshold; and the adverse effects (and 
accompanying prevention measures), that could arise when 
nanomaterials cross the blood-brain barrier. The above 
topics are hitherto understudied; thus, clarifying them is 
critically significant to optimizing the selectivity, efficacy 
and safety of nanomaterials in clinical practice. Healthy 
interdisciplinary competition involving the scientific fields 
of physics, chemistry, biology, nanotechnology, engineering 
and medicine could contribute to each discipline’s mutual 
development and the possible design of effective, cutting-
edge nanomedicine for the diagnosis and treatment of 
clinical complications (26,27).

Potential developers of molecular imaging probes 
need to be aware of the specific properties of functional 
nanomaterials before they can be repurposed as effective 
nanoplatforms. The probes should be developed with 
optimality in features such as surface coating, targeting 
properties, and extent of biocompatibility, in order to create 
an assembly with the suitable contrast/therapeutics.

Optical imaging

Optical imaging of live tissues through photonic technology 
has emerged as a significant tool in advanced biomedical 
research. Optical imaging can be defined as a technique 
in which light in ultraviolet, visible or infrared ranges is 
used to visualize intact organisms. Certain optical imaging 
techniques like intracoronary optical coherence tomography, 
Raman spectroscopy and near infrared spectroscopy, are 
widely employed to inspect vascular cellular and lipid 
components in patients suffering from CVDs. Fluorescent 
probes are used to image the molecular phenotype more 
precisely. Near infrared fluorophores, which have an 
excitation and emission wavelength of 630 and 1,000 nm, 
have been employed in optical imaging technologies. 
Properties like high diffusibility, molecular targeting, 

and marking for angiogenesis make these fluorophores 
exceptional candidates for optical imaging technology 
(28,29). The optical imaging itself has a few advantages 
over rapid visualization protocols and other simpler 
methodologies. Fluorescence molecular tomography (FMT) 
and bioluminescence imaging (BLI) are the two major 
optical molecular imaging methods that have been employed 
to diagnose complications of the cardiovascular region. FMT 
is a recent innovation that permits greater spatial localization 
of the fluorescence signal, while BLI is another powerful 
tool for visualizing temporal and spatial development of 
cardiovascular complications in real time (30).  

FMT

In the biomedical research area, microscopic florescence 
techniques are playing a major role in the study of 
molecular and cellular development in cell and tissue 
cultures. Using sophisticated labeling methods, the 
enhanced spatial resolution provided by florescence 
techniques, facilitates easy comparison between cellular 
dimensions and site targeted imaging. Currently, two- and 
three-dimensional (3D) optical imaging has been employed 
to investigate the biological activities in intact organisms 
like mammals. However, this method has come up against 
certain limitations such as poor light propagation in tissue, 
and difficulty in reconstruction of exact spatial information 
due the high scattering and absorbing capacity of biological 
tissues. As a result, the detection of the signal on the surface 
of the tissues will be stronger than the signal detected inside 
the embedded tissues because of the optical properties of 
the surrounding tissues. In an attempt to overcome these 
challenges, FMT techniques have been used to map the 
3D distribution of a florescent probe or concentration 
of protein (31). FMT can be defined as any advanced 
tomographic technique which models the imaging in near 
infrared regions and facilitates the 3D quantitative detection 
of a fluorescence signal distribution in the live tissues 
of the small animal at any depth. Following this, nearly 
50,000 to 100,000 pairs of source detectors have been used 
to measure the diffusion models of photon propagation 
in turbid media (32). The particularly high sensitivity of 
these optical imaging techniques potentially permits the 
detection in tissue of even low concentrations of targeted 
molecules. Furthermore, these methods are comparatively 
cost effective, which supports the biomedical research 
community by reducing their expense in research and 
development procedures (31). However, the effectiveness 
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of the imaging agents in the in vivo condition could be 
highly dependent on certain factors such as probe targeting, 
activation, pharmacokinetics, biocompatibility and 
photophysics, which are all still not yet fully understood. 
Advancements in biomedical research have begun to 
investigate these variable factors as they concern the 
application of optical reporters for in vivo imaging (33).

A basic explanation of how the FMT method works is 
as follows. Light passes to the tissues of the animal body at 
different projections and signals are detected at multiple 
points in the tissue. The imaging prototype is generated 
using cylindrical geometry and charge-coupled device 
(CCD) detection methods. According to the recorded 
raw emission and excitation information, a synthetic 
assessment is developed and applied to the inversion 
code for the reconstruction of absolute fluorochrome 
density in the animal tissue (Figure 3). With the current 
available acquisition setup, the determination of threshold 
fluorochrome is approximately 200 femtomoles in the target 
tissues volume deep in a phantom enhances the optical 
properties of the tissues (34). In a separate experiment, a 
novel handheld device for the 3D fluorescence molecular 
tomography was described. The device is characterized 

by its bendable structure and miniaturized size (nearly 
10 mm in diameter) which was particularly effective as 
an intraoperative tool for imaging the internal tissues 
and facilitating the image guide surgery (35). FMT can 
overcome the limitations encountered by traditional 
fluorescent imaging technology, such as poor images 
at shallow tissues depths due to scattering of signal, by 
increasing the number of source detectors, resulting in 
comparatively less background noise and high submillimeter 
resolution at a depth of 7.5 mm (36). 

BLI

Novel approaches and technologies that facilitate the early 
detection of infections, even before the observation of visible 
clinical manifestations, result in effective diagnosis and 
treatment, by easing the selection of therapeutic procedures 
that start at these earlier stages of infection. Fluorescence 
molecular imaging extends several opportunities to explore 
the biological processes in intact organisms. Similarly, 
BLI is a method which works on a sensitive detection 
of visible light produced during the oxidation reaction 
between luciferase enzymes and the molecular subtract 

Figure 3 A schematic representation of the major components of the FMT system. FMT, fluorescence molecular tomography.
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(30,37). Bioluminescence is the natural capacity some 
organisms have to convert chemical energy into light 
energy. Currently, biological researchers are employing 
this natural phenomenon to visualize intact biological 
tissues, using a technique called BLI. The basic principle 
of this technology is the detection of photons emitted from 
the tissues in the living organisms. In the fluorescence 
imaging methods, usually light absorption is required to 
emit light at longer wavelengths; in BLI, light absorption 
is not required for imaging. For the biological process of 
bioluminescence to occur, luciferase enzymes are required 
to be in the presence of luciferin (substrate) and oxygen. In 
some cases, the enzyme also needs other cofactors like ATP 
and Mg2+ for successful bioluminescence reactions. Most 
often bioluminescence emits light at a wavelength of nearly  
560 nm, which allows for the imaging of deeper tissue layers 
with higher resolutions (Figure 4). This method is widely 
applied in the biomedical areas of monitoring transgene 
expression, development of infection, toxicology, progression 
of viral infections and gene therapies (38,39).

The major advantage of the BLI method is its relatively 
simple implementation which permits the monitoring 
of a disease with continual quantification of progression 
of infections, all without scarifying the experimental 
animal. Moreover, this method decreases the number of 
experimental animals required in testing because multiple 

measurements can be recorded within the same animal 
over the course of infection and treatments, which also 
minimizes the complication of biological variations. 
Recent BLI methods have used a variety of luciferase 
enzymes including firefly luciferase, Renilla luciferase, 
Gaussia luciferase, Metridia luciferase, Vargula luciferase 
and bacterial luciferase. Of these luciferase enzymes, 
firefly, Renilla and bacterial luciferases have been widely 
employed for optical imaging. The BLI method has 
gained significantly more importance than its counterpart, 
fluorescence molecular imaging, mostly due to FMI’s lack 
of endogenous bioluminescent reaction in mammalian 
tissues to offer background free images, in addition 
to the prevalence of fluorescently active compounds 
in the biological tissues which could affect the target 
resolution. BLI technology also has different modalities 
like steady-state bioluminescent imaging, multi-reporter 
bioluminescent imaging, multi-component bioluminescent 
imaging and bioluminescence, as a supplementary imaging 
technique (40). The greater signal-to-noise ration due to 
the absence of intrinsic bioluminescence background in 
animal tissues, has promoted BLI as an interesting tool 
for monitoring biological development of a living animal 
in real time (41). As such, BLI has been mostly used for 
small animal studies to monitor and correlate the survival, 
engraftment and migration of a range of cell populations.

Figure 4 Schematic representation of bioluminescent imaging. BLI, bioluminescence imaging.
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MRI

The basic principle of the MRI works upon the inherent 
magnetic properties of tissue and the ability to employ 
these properties to produce tissue contrast. Single 
protons, which induce the magnetic movement in omni-
present hydrogen atoms, produce the magnetic resonance 
images. As is well-known, when an electric charge in the 
movement that creates magnetic field, spinning protons 
on small magnetic field and can be conceived of as little 
magnet. When a patient is placed in the bore of a large 
magnet (MRI scanner), hydrogen protons align with the 
externally applied static magnetic field to generate a net 
magnetization vector. Most of the protons will distribute 
randomly on a quantum level, either with or against the 
scanner static magnetic fields. On the other hand, a little 
increase in the spins aligns protons with the field causing 
net tissue magnetization (Figure 5). The time required for 
this alignment is determined by the longitudinal relaxation 
time. This longitudinal relaxation time varies between the 
tissues it is employed to provide contrast for (42). MRI 
can provide high-spatial resolution anatomic images with 
intense living tissues’ contrast by using the difference 
in relaxation times of protons in different biochemical 
environments. The collaboration of high spatial resolution 
and contrast, facilitates the anatomic responses of many 
disease complications to be visualized in animal tissues. MRI 
can be used to monitor different physiologic parameters like 
diffusion, permeability and change in blood oxygenation 

levels after neuronal activation. A recent advancement in 
nanotechnology is the addition of passive contrasting agents 
like iron-oxide nanoparticles which can further enhance the 
contrast (43). MRI molecular imaging data can be evaluated 
according to the amount of signal change, the area of the 
tissue displaying contrast enhancement, and the calculation 
of relaxation time change or direct detection of contrasting 
agents by multi-nuclear imaging and/or spectroscopy (44). 

The MRI method of molecular imaging has certain 
limitations however, like lower sensitivity than that of 
nuclear imaging. Nevertheless, certain nanomaterials 
such as micelles, liposomes, iron oxide nanoparticles and 
emulsion can be used to deliver contrasting agents like Gd 
chelates in larger amounts to the targeted sites. In certain 
cases, iron oxide nanoparticles can be used as contrasting 
agent in MRI technology (45,46). The application of 
molecular MRI in vascular imaging is mainly focused on 
determining the significant components of atherosclerotic 
plaque, along with adhesion molecules, plaque hemorrhage, 
ventricular volume or blood velocity,  and plaque 
macrophage content (47,48). MRI molecular imaging 
comprises a wide range of technologies like site-targeted 
contrasting agents, drug delivery vehicles, controllable 
MRI probes, and direct mapping of tissue metabolite (44). 
However, due to the magnetic field interference caused by 
devices like defibrillators and pacemakers, MRI cannot be 
employed on some patients with implantable devices.

SPECT

SPECT is a noninvasive technique that can facilitate 3D 
functional information with greater resolution, sensitivity 
and specificity. All nuclear-based imaging technology, 
including SPECT, relies on the injection of trace amounts 
of molecules labeled with radioactive isotopes. The 
decaying of radiolabeled molecules results in the emission of 
photons. These photons are detected by a position-sensitive 
detector which can give the arrival location of the photon 
and its energy. It cannot provide the information about 
the travelling path of the photons as it requires generating 
projections of the emitting body. A collimator, a device used 
to produce a parallel beam of rays or radiation, is inserted 
between the patient and the detector which in turn shapes 
the stream of emitting photons into a beam. This allows the 
detector to locate the photon associated to a line in space 
along which the decay occurred. Usually, a collimator allows 
to pass the photons to the detector in a certain angle rest 
of the photons are removed. This results in the projection 

Figure 5 A schematic diagram of functional MRI scanning. MRI, 
magnetic resonance imaging.
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of the image at the expense of the discards of most of the 
photons (49). Customarily, SPECT records the 2D nuclear 
medicine images obtained at different positions around the 
patient and gives an estimated 3D radioactivity distribution 
by employing the tool to reconstruct from multiple 
projections. SPECT stands out from the other methods 
of medical imaging modalities due to its special features of 
instrumentation and image reconstruction (Figure 6) (50). 

Generally speaking, energy resolution widely affects the 
quality of an image. In principle, images should be only 
constituted with primary photons which are emitted from 
a decaying radionuclide, and not the secondary scattered 
photons. A device possessing better energy resolution 
should able to discriminate the primary photons from 
the scattered photons and also provide the better image 
contrast and more precise quantification of radionuclide 
amount and distribution inside an animal. By using this 
feature of SPECT in myocardial perfusion imaging, 
the area of hypoperfusion can be discriminated from its 
neighboring normal perfusion region by enhancing image 
contrast (51). SPECT can also be used to detect coronary 
artery diseases (CAD) even at the time of asymptomatic 
or moderate CAD. To support this application of SPECT, 
research has been conducted by the American College 

of Cardiology Foundation and the American Society of 
Nuclear Cardiology to assess if SPECT could be used to 
rate uncertain detection and risk of CAD in asymptomatic 
patients at initial periods of disease complication. 
The experimental results demonstrated that, with a 
retrospectively determined group of asymptomatic patients 
at moderate CAD risk, SPECT had great potential in 
detection and risk stratification of CAD. Moreover, the 
test results showed that average annual mortality was 4% 
in patients with the high-risk scan but only showed 1.6% 
in patients with normal scanning. This proves that SPECT 
imaging can detect the complications in asymptomatic 
patients and can help in bypass surgery even in the 
nonoccurrence of symptoms (52). As can be seen, SPECT is 
a highly sensitive, easy and fast-labeling imaging technology 
with significant spatial resolution. It can facilitate 
convenient quantification in vivo and in vitro, provide real-
time monitoring of cell viability, and enable imaging over 
long intervals. 

Photoacoustic tomography (PAT)

PAT, also known as optoacoustic imaging, is an emerging 
imaging technology which holds great promise for 

Figure 6 Image-capturing system using Single-photon emission computed tomography.
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preclinical research and clinical treatment. In every imaging 
technology, the fundamental constraint is the limiting effect 
of light diffusion on spatial resolution in deep tissue. In 
contrast to these methods, photoacoustic imaging employs 
a laser light generated ultrasound, and so has emerged as a 
promising new technology which can potentially overcome 
the challenges found in traditional optical imaging. PAT 
works with the principle of photoacoustic effect where 
the absorbed optical energy is converted into acoustic 
energy. Biological tissues are lit by nanosecond laser pulses, 
raising the temperature at localized places and generating 
a wideband of ultrasound pulses due to thermal expansion. 
The light-excited ultrasound pulses spread in the biological 
tissues and clarify the detection boundary surrounding the 
biological tissues in ultrasonography (Figure 7) (53). The 
special properties of acoustic waves, which scatter much 
less than optical waves in tissues, are what makes PAT 
technology distinct from other optical imaging technologies. 
Interestingly, PAT is able to produce high-resolution 
images in both optically ballistic and diffusive regimes. 
Moreover, at the time of optical absorption even with 
single origination, PAT can readily utilize the advantages 
of rich endogenous and exogenous optical contrasts. For 
imaging vascular structures, endogenous oxy- and deoxy-
hemoglobin are used as anatomical and functional contrasts. 

Certain dyes, nanoparticles and reporter genes are also used 
as exogenous contrasts for molecular imaging (33,54-56). 
PAT imaging has a wide range of applications like glucose 
metabolism imaging, deep tissue imaging of fluorescent 
proteins, evaluating the prolong period of biodistribution 
of an optical contrast agent, and video rate cross sectional 
imaging (57-60). Due to the advancements in science and 
technology, PAT has been evolving quickly towards greater 
spatial resolution, higher frame rates and higher sensitivity 
detection. Moreover, the continuous progress in PAT has 
also accelerated and augmented contributions from biology, 
chemistry and nanotechnology. In summary, PAT has several 
applications including performing anatomical, functional, 
molecular and fluid-dynamic imaging at different system 
levels, and plays a significant role in essential bio-research 
and clinical practice. 

Conclusions

As a new branch of the biomedical sciences, molecular 
imaging was born under the merging of two areas: imaging 
and probe technology. Based on the probes allowing direct/
indirect spatio-temporal evaluation of molecular markers, 
molecular imaging can provide critical information 
for much earlier detection of disease and is expected 

Figure 7 Schematic representation of working principle of photoacoustic imaging.
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to have a significant impact in personalized medicine 
through providing more appropriate treatment, better 
prognosis, improved staging and better management. 
This review focused on the development of probes for 
future applications in novel cardiovascular targeted 
imaging strategies. The future for probes in cardiovascular 
molecular imaging rests on, among other innovations, the 
development of targeted biological molecules, reporter 
gene methods to enhance gene therapy, tagging cells to 
track stem cell transplantation, and labeling small-molecule 
probes with sensitive isotopes. Realizing the potential 
of these promising probes is likely to play a significant 
role in both diagnostic and prognostic functions, and the 
investigation of therapeutic practices.
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Introduction

According to their biological behavior, lesions of the 
adrenal grands can be classified into being benign or being 
malignant (including primary or metastatic) (Table 1).  
Different lesions have different treatment options and clinical 
prognoses, so it is of great clinical value to make a differential 
diagnosis based on computed tomography (CT) and magnetic 
resonance imaging (MRI) findings. Thought ultrasound and 
Nuclear medicine tests are commonly used for adrenal lesion 
assessment. This article is focused on CT and MRI.

Adrenal lesions can be classified into two types: 
symptomatic and asymptomatic. It has been reported that 
only a small number of adrenal tumors are functional and an 
even smaller number are malignant (1). Some adrenal lesions 
can secrete hormones that cause endocrine syndromes, and 
patients further develop clinical symptoms, such as Conn 
syndrome and Cushing syndrome (CS) (Table 2). 

CS or hypercortisolism is classically described as the 
signs and symptoms associated with prolonged exposure 

to pathologically elevated cortisol levels (2), which 
represents hypercortisolism stemming from various causes 
other than a pituitary adenoma (3). CS can result from 
exogenous administration of glucocorticoids or endogenous 
overproduction of cortisol (4). The triggering pathways of 
CS can be divided into pituitary-dependent and pituitary-
independent. Females are more likely to have CS than 
males. CS is most commonly caused by adrenal adenomas; 
other causes include adrenocortical carcinoma (ACC), 
pheochromocytomas.

CS is characterized by symptoms such as central 
obesity, buffalo hump, a rounded face, chromatosis, 
muscle weakness, hypertension, acne, hirsutism, menstrual 
irregularities, diabetes mellitus, osteoporosis, immune 
suppression, gonadal dysfunction, and mood changes (1-3,5). 
The clinical manifestations of CS are related to the patient’s 
age and the duration and degree of the hypercortisolism (5).

Conn syndrome, or primary aldosteronism, which 
is characterized by excessive spontaneous secretion of 
aldosterone from the adrenal glands, affects 6% of people 
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with high blood pressure and can be either sporadic or 
familial (6,7). Conn syndrome is related to autonomous 
aldosterone production causing sodium retention, plasma 
renin suppression, hypertension, cardiovascular damage, and 
increased potassium excretion, leading to variable degrees 
of hypokalemia (8). The prevalence of cardiovascular 
disease in Conn syndrome patients is higher than that in 
normal individuals in the same age group. Often, patients 
are usually asymptomatic, but there may be symptoms 
of fatigue, muscle weakness, cramping, headaches, and 
palpitations. Patients may also have symptoms of polydipsia 
and polyuria due to hypokalemia caused by renal diabetes 
insipidus.

Addison disease, or primary adrenal insufficiency, 
is a systemic disease caused by hypoadrenocortical 
hypofunction. Addison disease has many causes, the most 
common of which is autoimmune adrenalitis, and other 
causes include tuberculosis, malignant tumor, infection, 
hemorrhage, HIV and certain genetic conditions. The 
incidence of Addison disease is 0.6/100,000 of population 
per year (9). Patients may experience weight loss, weakness, 
fatigue, gastrointestinal upset, orthostatic hypotension and 
pigmentation of skin (10). Dehydration, shock, hyperkalemia, 
and hyponatremia occurred in patients with adrenal crisis. 

Different causes of Addison's disease have different CT 
and MRI findings. CT study of the morphological changes 
of adrenal glands on patients with Addison's disease might 
help to define the etiology of the disease and contribute to 
treatment planning (11). Treatments for Addison disease 
include etiological treatment, hormone therapy (including 
glucocorticoids and mineralocorticoids) and treatment of 
adrenal crisis. When patients develop adrenal crisis, they 
need a stress dose of hydrocortisone and a large amount of 
fluid infusion. The treatment corticosteroid replacement 
and the prognosis following the treatment is the same as the 
normal population (12).

Normal anatomy of the adrenals

The adrenal glands are situated in the retroperitoneal space, 
close to the upper pole of the kidney (13). The normal adrenal 
gland has a linear, inverted V or Y, triangular shape (14).  
Each adrenal gland consists of two parts: the cortex and 
medulla, which have different embryological origins, 
distinct macroscopic and microscopic structures, as well as 
different functions and properties (15). The cortex derives 
from the mesoderm and it can be further divided into three 
areas: the lateral glomerular zone, the middle fascicular 

Table 1 Classification of adrenal benign and malignant lesions

Location Benign lesions Malignant lesions

Cortex Adenoma Adenocarcinoma

Medulla Pheochromocytoma, ganglioneuroma Neuroblastoma

Cortex & medulla Hyperplasia, hemorrhage Metastases

Interstitial Myelolipoma, cystic lymphangioma, hemangioma, cyst, teratoma Lymphoma

Table 2 The causes of Conn syndrome and Cushing syndrome in adrenal glands

Endocrine syndromes Factors of adrenal glands

Cushing syndrome Adrenal adenoma

Adrenocortical carcinoma

Pheochromocytomas 

Primary pigmented nodular adrenocortical disease (PPNAD)

Macronodular hyperplasia with marked adrenal enlargement (MHMAE)

Conn syndrome Adrenal adenoma (50–60%)

Adrenocortical carcinoma (1%)

Adrenal hyperplasia (bilateral idiopathic hyperplasia, primary adrenal hyperplasia)
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zone, and the medial reticulate zone, while the medulla 
consists of pheochromocytes.

The adrenal glands are highly vascularized. The 
adrenal artery has three sources: the middle adrenal artery 
originates from the abdominal aorta; the upper adrenal 
artery originates from the inferior phrenic artery; and the 
inferior adrenal artery originates from the renal artery 
(1,13,16). The branches of these arteries are anastomosed 
to each other. Venous return is different, the right adrenal 
vein enters the inferior vena cava, and the left adrenal vein 
converges with the left renal vein.

The lateral glomerular zone cells secrete mineralocorticoids 
(mainly aldosterone), the middle fascicular zone cells secrete 
glucocorticoids (mainly cortisol), and the medial reticulate zone 
cells produce sex hormones, such as dehydroepiandrosterone 
and estradiol.

Benign conditions

Adrenocortical adenoma

With benign nature, adrenocortical adenomas are the most 
common adrenal tumors (17). In addition, most incidentally 
discovered adrenal lesions are also benign adrenal adenomas 
(18,19).The incidence of adenomas is 3% at autopsy. It 
has been reported that the prevalence of adrenocortical 
adenomas is associated with age. The proportion of 
adenomas in men and women is about 1:2. Adrenocortical 
adenomas include functional  and nonfunctioning 
adenomas. Functional adenomas can be accompanied by 
hypercortisolism (or CS) and primary hyperaldosteronism 
(or Conn’s syndrome). However, most lesions are 
nonfunctional (20). Nonfunctioning adenomas occur in 

the cortex, accounting for 25% of adrenal nonfunctioning 
tumors. Although CT cannot differentiate functional and 
nonfunctional adenomas, it can suggest a functioning 
adenoma when the contralateral adrenal gland atrophies.

The gross appearance of an adenoma is a solid tumor 
with hemorrhagic or cystic changes (Figure 1), and 
occasionally calcification. Under a light microscope, the 
tumor cells are similar to normal cortical cells, with small 
nuclei, pale-staining cytoplasm, and arrangement in clusters, 
and some cells contained large amounts of fat. In addition, 
the mesenchyme separating the blood vessels is visible.

Adenomas are typically smaller in size, well-defined and 
homogeneous in attenuation. Generally, adenomas are 
homogeneous on unenhanced and contrast-enhanced CT 
images, and its density is equal to or slightly lower than that of 
normal adrenal gland tissue. When the tumor is necrotic and/
or cystic, the density is uneven (Figures 2,3). Adenomas can be 
divided into two types: lipid-rich adenomas (70%, density less 
than 10 Hounsfield units (HUs) on pre-contrast-enhanced CT 
scan images) and lipid- poor adenomas (30%, with a density 
between 10–30 HU). On unenhanced CT scans, the decrease 
in the density of the lesion due to an increase in the amount of 
fat (21), and higher density is measured in lipid-poor adenomas 
than in lipid-rich adenomas.

Adenomas are usually characterized by homogeneity 
and mild enhancement. Caoili et al. reported that benign 
adenomas typically demonstrate an absolute percentage 
washout (APW) ≥60% and a relative percentage washout 
(RPW) of ≥40%, which can be computed in 10 to  
15 minutes on delayed images .If the APW is 60% and/or the 
RPW 40%, the lesion is characterized as an adenoma (22). 
The density of the tumor changes with the size of the lesion. 

Figure 1 Adrenocortical adenoma confirmed with pathology in a 35-year-old man with lumbago. (A) Axial precontrast CT image shows 
a 53 mm × 45 mm × 45 mm, well-defined, heterogeneous cystic and solid mass (arrows); (B) axial postcontrast CT image shows marked 
enhancement in substantial parts of areas; (C) coronal reformatted image shows the lesion locates in the anterosuperior of the left kidney, 
which seems to be connected with the internal branch of the left adrenal gland. 

A B C
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Figure 3 Adrenocortical adenoma in a 14-year-old boy presented with Cushing syndrome. (A) Axial pre-contrast CT image shows a 59 mm 
× 60 mm soft tissue density mass (arrows); (B) axial arterial and (C) venous phase images show inhomogeneous marked enhancement.

A B C

The larger and more heterogenous the tumor is, the greater 
the possibility of cystic and necrotic areas.

On MRI, lipid-rich adrenocortical adenomas have 
high intensity signal on T1- and T2-weighted images. 
Chemical shift imaging can detect a large amount of fat in 

the cytoplasm according to its special principles. Because 
of the different precession frequencies of protons in water 
molecules and fat, many adenomas show high signal on in-
phase imaging and the signal decreases in the out-of-phase 
imaging.

Figure 2 Adrenocortical adenoma confirmed with pathology in a 43-year-old woman who presented with right adrenal mass for 4 years. (A) 
Axial pre-contrast CT image shows a 21 mm × 20 mm mass with clear margin and heterogeneous density (arrows); (B) axial arterial and (C) 
venous phase images show moderate enhancement; (D) photomicrograph (original magnification, ×400; H-E stain) shows the tumor cells 
are similar to normal cortical cells, with pale-staining cytoplasm.
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Hyperplasia

Hyperplasia can be seen as a diffuse process, that may 
involve the entire adrenal gland, or nodular hyperplasia, and 
it is typically bilateral (13,23). Diffuse hyperplasia is usually 
characterized by homogeneous thickening of the entire 
adrenal gland, maintaining its overall normal inverted-V 
or inverted-Y appearance (1). As nodular hyperplasia, if the 
nodules are large enough, they can be identified at cross-
sectional imaging.

Most hyperplasia occurs in women, and the proportion 
in  men and women i s  approximate ly  1 :4 ,  with  a 
prevalence that increases with age and is estimated to be 
0.51% (24). Once the hyperplastic adrenal cortex actively 
produces hormones, hormonal abnormalities in the blood 
can result, and ultimately CS and Conn syndrome may 
occur. The treatment of hyperplasia is associated with 
clinical manifestations. There is no need for treatment 
when no clinical and biological evidence indicates 
that hyperplasia is accompanied by adrenal cortical 
hyperfunction (24). When the patient has symptoms, 
sampling of the adrenal vein is essential for determining 
the next step of treatment.

Nodular hyperplasia is evidenced by multiple nodules in 
the adrenal glands, and the cells in the nodules are the same 
as those in the surrounding normal tissue (Figure 4). Diffuse 
hyperplasia shows enlarged cell volume and increased lipid 
content in the cytoplasm.

The density and signal of hyperplasia on CT and MRI 
is the same as that of the normal adrenal gland, but the 
density of some patients may be lower than that of the 
normal adrenal gland on unenhanced imaging (24). 

Pheochromocytoma

Pheochromocytomas are neural crest cell tumors occurring 
in the adrenal medulla. Pheochromocytomas are also a 
rare neuroendocrine tumor that secretes catecholamine, 
which are potent vasoactive hormones. It is known as the 
10% tumor: 10% of these tumors are non-functioning, 
10% occur in children, 10% are located outside the adrenal 
glands, and 10% are bilateral. Goffredo et al. (25) reported 
that although most cases of pheochromocytoma are benign, 
approximately 10% to 15% are malignant. Pathologically, 
there are multi-angle chromaffin cells under the electron 
microscopy. Under light microscopy, dense chromaffin 
granules can be seen around the nucleus (Figure 5).

The incidence of pheochromocytoma is 0.1–0.2%, 
and has no sex difference. The clinical manifestation 
of these tumors is different from person to person and 
associated with the excess hormone produced by the 
tumor. Approximately 10% of pheochromocytomas are 
asymptomatic (14). Symptomatic patients may experience 
a feeling of flushing, hypermetabolism, hyperglycemia, 
hyperhidrosis, headache, palpitations and panic attacks 
or anxiety. The most common symptom is new onset, 
malignant, secondary hypertension. 

The size of pheochromocytomas is diverse; they are 
usually larger than adenomas, but smaller than metastatic 
tumors. A functional lesion is often not as large as a 
nonfunctional lesion. Pheochromocytoma may be visible as 
a well-defined mass, which may be solid or cystic to variable 
degrees (26). CT and MRI can clearly characterize and 
localize suspected pheochromocytomas. CT is associated 
with a certain amount of radiation damage; therefore, MRI 

Figure 4 (A) Photomicrograph (original magnification, ×200; H-E stain) shows rare unilateral nodular cortical hyperplasia. (B) 
Photomicrograph (original magnification, ×200; immunohistochemical staining): melan-A (+).
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is the first choice imaging method for children, pregnant 
women, young people and breast-feeding mothers (22). 
Attenuation values of pheochromocytomas are often similar 
to those of muscle tissue, and are significantly higher than 
those of adrenal adenomas. On CT and MRI, lesions with 

hemorrhage and necrosis can be heterogeneous (Figures 6,7). 
Pheochromocytomas are hyperintense on T2-weighted 
images (light bulb sign) (1,9), however, there is no such 
characteristic appearance in some pheochromocytomas 
(Figure 8).

Figure 5 (A) Gross specimen picture shows dark red broken tissue and pinky-grey in section. (B) Photomicrograph (original magnification, 
×200; H-E stain) shows the tumor cells are irregular polygons, and some cells have multiple nuclei.

BA

50 μM

Figure 6 Pheochromocytoma in a 45-year-old woman presented with hypertension. (A) Axial and (B) coronal pre-contrast CT images show 
a 59 mm × 40 mm × 63 mm soft tissue density mass at the right adrenal area (arrows). (C) Axial arterial and (D) venous phase images show 
heterogeneous enhancement.
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Myelolipoma

Adrenal myelolipomas are rare benign tumors consisting of 
hematopoietic tissue and fat. These tumors are hormonally 
silent and clinically asymptomatic and are usually detected 
incidentally on CT (27). Patients may feel pain only with 
large myelolipomas (more than 10 cm) or those with 
intratumoral hemorrhage. Myelolipomas grow slowly, and 
there is usually no need for treatment. Surgical removal 
is necessary when the lesion is large and accompanied by 
clinical symptoms. It has been reported that congenital 

adrenal hyperplasia may be related to the occurrence of 
bilateral myelolipomas (1).

The composition of fat and bone marrow is visible 
under microscopy (Figure 9). Furthermore, there is internal 
hemorrhage in some lesions. It has been reported that other 
lesions can also contain fat, including adenomas, ACCs, 
pheochromocytomas, adrenal lipomas, or adrenal teratomas. 
In adrenal nodules containing >50% gross (mature) fat, 
the diagnosis of adrenal myelolipoma can be reasonably 
considered (19,28).

Figure 8 Pheochromocytoma in a 38-year-old woman. (A) Axial T1-weighted image, (B) axial T2-weighted image and (C) coronal T2-
weighted image show a 66 mm × 57 mm × 41 mm mass located in the right adrenal (arrows) and show heterogeneity with hyperintense on 
T2-weighted image and hypointense on T1-weighted image.

CBA

Figure 7 Pheochromocytoma in a 42-year-old woman presented with hypertension and lumbago. (A) Axial pre-contrast CT image 
shows clear margin and heterogeneous density mass at bilateral adrenal gland areas (arrows). The larger one is located in the left adrenal 
gland, about 60 mm × 54 mm. (B) Axial arterial and (C) venous phase images show they are obviously and heterogeneously enhanced. (D) 
Photomicrograph (original magnification, ×200; H-E stain) and (E) Photomicrograph (original magnification, ×100; immunohistochemical 
staining): CgA (+++).
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Owing to their lipid content, myelolipomas present with 
specific imaging characteristics with the attenuation less 
than 0 HU, sometimes less than −50 HU on pre-contrast 
CT images. Due to the appearance of hematopoietic tissue, 
the attenuation of myelolipomas is mildly higher than that 
of ambient fat space (16) (Figure 10). On contrast-enhanced 
CT images,the hematopoietic tissue shows contrasted 
enhancement. On MRI, it shows high signal on both T1- 
and T2-weighted images and there is a loss of signal on fat-
saturated MRI (Figure 11).

Cysts

Adrenal cysts are relatively rare, and often occur 
unilaterally. This is an unusual disease that is usually caused 
by epithelial or endothelial proliferation, hemorrhage, or 

parasitic disease. Currently, there are four classifications 
for cysts: endothelial (more than 80%), epithelial, parasitic, 
and pseudocysts (24,26). The prevalence of adrenal cyst 
is 0.064–0.18% and shows a 3:1 female predilection. 
They are often detected incidentally because adrenal cysts 
are nonfunctional. For symptomatic patients, the main 
symptoms include an abdominal mass, hypertension, waist 
and abdominal pain. When lesions are large or functional, 
malignancy should be considered.

Adrenal cysts are reasonably simple to characterize 
radiologically. A cyst appears as a round mass with a clear 
border and a density close to water (Figure 12), and often 
have thin walls less than 3 mm as well as internal septa, and 
both the walls and septa may enhance or contain calcifications 
(16,29) (Figure 13). Adrenal cysts have features with high 
signal on T2-weighted images and low signal on T1-weighted 

Figure 10 Adrenal myelolipoma in a 24-year-old man complained of right flank malaise. (A) Axial pre-contrast-enhanced CT scan image 
demonstrates a 103 mm × 103 mm × 132 mm, large heterogeneous fat lesion (white arrows) with high attenuation content (black arrows). 
(B) Post-contrast-enhanced axial CT scan image and (C) coronal reformatted image show soft tissue components slightly intensified and fat 
component not enhanced.

A B C

Figure 9 (A) Gross specimen picture shows greyish white and greyish yellow cystic wall tissue, 11 cm × 5 cm, with thickness of the wall, 
0.3–0.5 cm, and grayish yellow matter attached to the cystic wall. (B) Photomicrograph (original magnification, ×100; H-E stain) shows the 
tumor consists of mature adipocytes and bone marrow hematopoietic cells.
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Figure 11 Adrenal myelolipoma in a 42-year-old man detected in health check. (A) Axial T1-weighted image, (B) axial T2-weighted image 
and (C) coronal T2-weighted image show a right adrenal mass of heterogeneous, slightly high signal (fatty signal) with strips of iso-intensity 
(myeloid signal, arrows).

CBA

Figure 12 Cyst in a 38-year-old man confirmed with pathology complained of flank malaise. (A) Axial pre-contrast CT image shows a big 
(118 mm × 158 mm × 184 mm), homogeneous, low density left adrenal mass (arrows). (B,C) Axial, (D) coronal, (E) sagittal postcontrast CT 
images show non-enhancing contents and compressing displacement of the left kidney.

A

D E
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images, without contrast enhancement (Figure 14).
When nodular non-enhancement occurs, a cystic 

adrenal tumor which is prone to cystic changes, especially 
pheochromocytoma and cortical adenocarcinoma should be 
considered (17,20).

Cystic lymphangioma

Adrenal cystic lymphangioma is a type of adrenal endothelial 
cyst (30). It is a congenital developmental malformation 
formed by the benign proliferation of primitive lymphatic 

vessels. Briefly speaking, it is a lesion which composed 
of dilated lymphatic vessels. The incidence of adrenal 
cystic lymphangioma is reported to be approximately 
0.06% (1), and occur at all ages, with the peak incidence 
between the third and sixth decades of life (31,32). Some 
researchers have found that these tumors occur distinctly 
in females. Like most cysts, adrenal cystic lymphangiomas 
are commonly asymptomatic and incidentally detected (33).  
However, if the lesion is large enough to compress 
surrounding tissues and organs, there are corresponding 
clinical symptoms, such as a palpable abdominal mass, 
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gastrointestinal symptoms and abdominal pain.
Histologically, almost all of these tumors have polycystic 

changes of different sizes. The endothelial cells in the 
inner area can be observed under microscopy (Figure 15). 
CD31, CD34 (endothelial specific markers) (34) and D2-40 
(lymphatic markers) (32) can help diagnose this disease.

On CT, cystic Lymphangioma shows as sharply 

demarcated,  uni form low-densi ty  lumps without 
enhancement (Figures 16-18). Lymphangiomas usually have 
smooth thin walls, and calcification may occur (Figures 19,20).  
On MRI, adrenal lymphangioma are typically T1 
hypointense and T2 hyperintense. Therefore, imaging 
examinations can only prove that adrenal lymphangioma 
lesion originates from the adrenal gland, but it cannot 

Figure 13 Cyst in a 42-year-old woman with left lumbago. (A) Axial unenhanced CT image shows a well-defined homogeneous round 
masse of near-water attenuation (white arrows) with punctate calcifications (black arrows) on its thin wall. (B) Axial postcontrast CT image 
shows the mass does not enhance. (C) There is no contrast enhancement in the cystic cavity on coronal multiplanar reformation image from 
contrast-enhanced CT.

A CB

Figure 14 Cyst in a 78-year-old woman. (A) Axial T1-weighted image shows a 38 mm × 27 mm × 36 mm, round, low signal mass (arrows) 
in the right adrenal gland. (B,C) Axial, coronal T2-weighted images show the lesion of homogeneous high signal. (D) No contrast 
enhancement in axial postcontrast T1-weighted image.

A B

C D
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Figure 15 (A-E) Photomicrographs (original magnification, A,B: ×100; C: ×40; D,E: ×100; H-E stain) show calcification in (A) 
lymphangiomas lined by flattened endothelial cells with no significant atypia in (B) and lymphatic fluid and dilated lymphatic ducts are found 
in (C-E). (F) Photomicrograph (original magnification, ×100; D2-40 IHC stain) presents positive result.
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Figure 16 Cystic lymphangioma in a 35-year-old man detected in health check. (A) Axial pre-contrast CT image shows an ovoid, well-
circumscribed, low density left adrenal mass (arrows) without contrast enhancement. (B) Axial and (C) coronal postcontrast CT images show 
non-enhancing contents.

A B C

distinguish cystic lymphangiomas from other cysts.

Teratoma

Teratomas are solid neoplasms originating from germ cells 
and have the potential to differentiate into somatic cells. 
These tumors often contain 2 or 3 germ layer tissues, and 
are most commonly seen in gonads and the sacrococcygeal, 

mediastinal, retroperitoneal and pineal regions. The 
biological characteristics of these tumors range from 
benign to borderline and malignant mature teratomas with 
malignant transformation, which most often manifest as 
the development of solid components superimposed on 
pre-existing cystic components (35). Mature teratomas are 
usually benign, but there is a possibility of malignancy, the 
chances of which are greater in adults than in children (36). 
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Figure 17 Cystic lymphangioma in a 35-year-old woman detected in health check and confirmed with pathology. (A) Axial, (B) coronal and 
(C) sagittal postcontrast CT images show a 43 mm × 51 mm × 47 mm, well-demarcated, low density mass (arrows) of the right adrenal gland 
with non-enhancing contents.

CBA

Figure 18 Cystic lymphangioma in a 50-year-old woman complained left loin pain with no obvious cause. (A) Axial pre-contrast CT image 
shows 25 mm × 35 mm × 60 mm low density mass (arrows) with thin wall. (B) Axial and (C) coronal postcontrast CT images show no 
enhancement of this lesion.

A B C

Figure 19 Cystic lymphangioma confirmed with pathology in a 27-year-old man presented with hypertension. (A) Axial, (B) sagittal and (C) 
coronal postcontrast CT images show an elliptical, low density left adrenal mass (white arrows) with scattered peripheral calcifications (black 
arrows).

A B C
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Primary retroperitoneal teratomas of the adrenal gland are 
very uncommon (4% of all primary teratomas) (37). The 
typical gross appearance of teratomas includes hair, teeth, 
bone, calcification, soft tissue, and fat. Microscopically, 
muscle cells, glandular epithelium, squamous epithelium 
and osteocytes can be observed.

Unenhanced CT reveals a well-defined mixed density 
mass with low-density cystic and fatty areas and high 
density calcifications. Septations are visible in the mass. 
Egg-shell calcification is a characteristic manifestation of 
an adrenal teratoma. On MRI, both T1- and T2-weighted 
images show mixed signals, on which fat is hyperintense. 
On enhanced CT and MRI, slight enhancement of the 
substantial part and a hyperdense peripheral rim and 
internal septations with significant enhancement are visible 
(Figure 21). 

Hemorrhage

Adrenal hemorrhage most commonly appears during 
the neonatal period and is rarely seen in adults (16), and 
can be divided into traumatic causes and nontraumatic 
causes with a prevalence of 1.9–5.5‰. Blunt trauma 
is the most common causative factor for all adrenal 
hemorrhage. Traumatic adrenal hemorrhage is usually 
bilateral, but the right side is more commonly affected 
(16,24). Non traumatic bleeding is also common on both 
sides. Coagulation disorders, hemorrhagic diseases or 
stress can give rise to hemorrhage. Common stress events 
include surgery, sepsis, as well as severe burns (1). Adrenal 
hemorrhage can also be a complication of adrenal venous 
sampling (16,24). On histopathology, bleeding often affects 
the medulla, accompanied by different degrees of cortical 

involvement.
Symptoms depend on the degree of hemorrhage, and the 

patient may have symptoms ranging from mild back pain 
change to shock. Nevertheless, hemorrhage may appear 
in both benign and malignant lesions, such as adenomas, 
myelolipomas, pheochromocytomas, metastases and adrenal 
cortical carcinomas. 

On CT and MRI, adrenal hemorrhage has a round 
or oval appearance, and the density and signal change 
according to the different stages of the disease. Acute 
hemorrhage presents with high density on non-contrast-
enhanced CT, and the density decreases along with 
the size of the lesion (29,38). If the normal abdominal 
CT manifestations of the abdomen cannot exclude the 
possibility of hemorrhage, follow-up imaging is necessary. 

Adrenal hemorrhage has a different image performance 
on T1- and T2-weighted imaging during different periods, 
based on the stage of bleeding and its components. Early 
hemorrhage is isointense on T1-weighted imaging and 
shows low signal on T2-weighted imaging. At medium 
term, lesions show high signal on both T1- and T2-
weighted images. Late hemorrhage is hypointense on T1- 
and T2-weighted images.

Hemangioma

Adrenal  hemangiomas are extraordinari ly scarce, 
nonfunctional, benign tumors composed of angioblastic 
cells. Hemangiomas consist of four types: cavernous 
hemangioma, venous hemangioma, capil lary type 
hemangioma and mixed hemangioma (33). Capillary and 
cavernous hemangiomas are the main types, with the latter 
type being more frequent. The prevalence of adrenal 

Figure 20 Cystic lymphangioma in a 40-year-old woman detected in health check. (A,B) Axial precontrast CT scan images show a low 
density lesion (white arrows) with punctate and nodular peripheral calcifications (black arrows). (C) Axial post-contrast CT image shows this 
lesion with non-enhancing contents.

CBA
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Figure 21 Teratoma in a 47-year-old woman detected in health check. (A) Axial T1-weighted image, (B) axial T2-weighted image; (C) 
coronal T2-weighted image. (D) Axial in-phase T1-weighted image. A 59 mm × 47 mm × 45 mm mass locates in the left adrenal (arrows) and 
shows heterogeneity with low signal intensity at T1-weighted image and high signal intensity at T2-weighted image with strip enhancement 
on enhanced scan. (E) Axial pre-contrast-enhanced CT scan image and (F) coronal reformatted image show egg-shell calcifications. (G) 
Photomicrograph (original magnification, ×100; H-E stain) shows fibrous tissue, adipose tissue and muscle fibers are found in tumor tissues, 
and necrosis and calcification are noted. 

hemangiomas is 1 per 10,000 autopsies (1). Although they 
are generally asymptomatic and detected by chance, these 
neoplasms are mainly composed of blood vessels and are 
inclined to be incredibly vascularized (1), which makes 
these tumors associated with a high risk of hemorrhage. 
Therefore, it is important for further management to make 
the correct pretreatment diagnosis. 

Pre-contrast CT scan shows these neoplasms to be well-
circumscribed and homogenous with low density. Post-
contrast CT scans show nodular enhancement during the 
arterial phase, and progressive enhancement in venous 
phase and delayed phases (Figure 22). Some these masses 

are low density and difficult to distinguish from cysts  
(Figure 23). Calcifications may also be present. Phleboliths 
are characteristic. On MRI, these tumors typically have low 
signal intensity on T1-weighted imaging and high signal 
intensity on T2-weighted imaging.

Ganglioneuroma

Ganglioneuromas are a rare benign neurogenic tumor 
originating from the adrenal medulla, and account for 
approximately 0.3–2% of all adrenal incidentalomas (39). 
Only rarely are they hormonally active. These tumors can 
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Figure 22 Right adrenal hemangioma and left adrenal cyst in a 64-year-old woman. (A) Axial unenhanced CT image shows a 31 mm ×  
28 mm, well-demarcated round mass (white arrows) with stippled calcifications (black arrows) in the right adrenal, and a low density lesion 
of the left adrenal gland (arrowheads). (B-D) Axial arterial phase, venous phase and delayed phase CT images show the right lesion is 
heterogeneous and with marked enhancement, and also progressive enhancement in venous phase and delayed phase, the left one has no 
enhancement. 

Figure 23 Hemangioma in a 35-year-old woman detected in health check. (A) Axial pre-contrast CT image shows a round, low density 
right adrenal mass (arrows). (B) Axial arterial phase and (C) axial venous phase CT images show no enhancement of this lesion. (D) 
Photomicrograph (original magnification, ×100; H-E stain) shows vines vascular hyperplasia in full field, and no specific cells are noted.
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occur at any age and are more common in young people 
and adults, and are more common in women than men. 
Ganglioneuromas are usually detected incidentally and 
even with large lesions, patients usually do not develop 
symptoms. 

These lesions are usually solid masses with clear 

boundar ies  and can be  a  shape of  cas t ing mold. 
Microscopically, they are composed of mature ganglion 
cells, Schwann cells, mucous matrix and nerve fibers (40).

CT can reveal a well-circumscribed, homogeneous solid 
tumor with clear boundaries (Figures 24,25), which may be 
companied by punctate or discrete calcifications (in 20% of 

Figure 24 Ganglioneuroma in a 29-year-old man detected in health check. (A) Axial pre-contrast CT image demonstrates a well-
circumscribed, homogeneous oval mass with low density (arrows). (B-C) Axial arterial phase and axial venous phase CT images show mild 
homogeneous enhancement.

CBA

Figure 25 Ganglioneuroma in a 45-year-old man detected in health check. (A) Axial pre-contrast CT image shows a 40 mm × 72 mm, 
crescent homogeneous, low density lesion in the left adrenal area (arrows) with thin wall. (B) Axial arterial phase and (C) axial venous phase 
CT images show slight enhancement of the tumor and wall. (D) Photomicrograph (original magnification, ×200; H-E stain) shows spindle 
shaped tumor cells proliferate and more ganglion cells.
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ganglioneuromas). Enhancement varies and lesions often 
encircle blood vessels, rather than directly encroaching or 
occluding them. On MRI, these lesions show hypointense 
on T1-weighted images and have varied signal on T2-
weighted images.

Malignant conditions

Neuroblastoma

Pheochromocytoma and other adrenal benign or malignant 
tumors can also occur in children, but neuroblastoma is 
the second most common abdominal mass in children 
besides Wilms' tumor. Neuroblastomas originate from 
the neural crest of the embryo with malignant nature, 
and usually occur in the adrenal medulla (40). Generally, 
neuroblastomas have no clinical symptoms unless they 
invade surrounding organs or metastasize. Sometimes, 

patients may have symptoms of flushing, tachycardia or high 
blood pressure due to excessive catecholamine production. 
The prognosis of neuroblastoma varies depending on 
whether the tumor has spread or metastasized (such as to 
liver or bone).

Under microscopy, tumor cells are blue stained small 
round cells, arrayed around the neuropil and have an 
appearance similar to that of a chrysanthemum.

Lesions always present with calcifications, necrotic, 
hemorrhagic and cystic changes, which lead to density/
signal inhomogeneity (Figure 26). CT shows a large mass 
extending across the midline, engulfing abdominal vessels 
and dislocating surrounding structures (Figure 27). On 
MRI, these tumors are nonhomogeneous and hyperintense 
on T2-weighted images and hypointense on T1-weighted 
images (Figure 28). Heterogeneous enhancement on 
post-contrast imaging may occur. Hemorrhagic areas 

Figure 27 Neuroblastoma in 1-year-old girl presented with left abdominal mass. (A) Axial pre-contrast CT image shows a 78 mm × 89 mm, 
round mass above the left kidney (white arrows), extending across the midline with patchy calcifications (black arrows). Abdominal aorta is 
embedded by the mass. Nodules of soft tissue density with calcifications can be detected near the spine (arrowheads). (B) Axial arterial and (C) 
venous phase images show the big lesion markedly and heterogeneously enhanced.
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Figure 26 Left adrenal neuroblastoma in 6-year-old girl. (A) Axial pre-contrast CT scan shows a 27 mm × 35 mm left adrenal mass (white 
arrows) with soft tissue attenuation and amorphous calcification (black arrows). (B-C), Contrast-enhanced axial CT scan images show tumor 
inhomogeneous enhancement.

CBA
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Figure 28 Neuroblastoma confirmed with pathology in 4-year-old boy. (A) Axial T2-weighted image, (B) axial T1-weighted image show a 
62 mm × 54 mm oval mass with mixed signal (arrows). (C-D) Enhanced MR imaging demonstrates marked heterogeneous enhancement. 
(E) Photomicrograph (original magnification, ×400; H-E stain) shows the tumor consists of ganglion cells and ensheathing cells. (F) 
Photomicrograph (original magnification, ×200; immunohistochemical staining): NSE (+).
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are hyperintense on T1-weighted images, and cystic and 
necrotic areas are hyperintense on T2-weighted images.

Metastases

The adrenal blood supply is plentiful, and accordingly, 
it is a common organ for hematogenous metastasis of 
malignant tumors (41,42). While all malignant tumors 
have the possibility of metastasizing to the adrenal 
gland, the most common primary malignancies that 
affect the adrenal gland include lung cancer, breast 
cancer, gastric cancer, liver cancer and pancreatic cancer. 
The bilateral adrenal glands are usually involved, but 
unilateral involvement may occur. Metastases occur more 
commonly in the left gland than in the right gland. On 
autopsy, about 27% of malignant tumors cause adrenal 
metastasis.

Adrenal metastasis has no specific imaging findings 
in routine CT or MRI. On pre-contrast CT scan, the 
attenuation of metastatic tumors is usually greater than 10 
HU. There may be calcification and areas of hemorrhage. 
There is irregular peripheral enhancement following contrast 
administration (Figure 29), but most lesions usually display 
obviously enhanced on enhanced CT scan (Figures 30,31).  

On MRI, adrenal metastases show low signal on T1-
weighed imaging and high signal on T2-weighed imaging; 
sometimes, it may be isointense on T1- and T2-weighed 
imaging with ring or uneven enhancement after contrast 
administration (Figure 32).

ACC

ACC is a malignant tumor occurring in the adrenal cortex. 
The incidence of the disease is low, approximately 1–2 out 
of every one million people (43) and occurs slightly more 
in females than males and can occur at any age but has 
distinct bimodal characteristics. The majority of ACCs 
have endocrine function, so it is typically detected early. 
The mass may lead to CS or primary aldosteronism or 
abnormal sexuality. Other symptoms include weight loss, 
upper abdominal pain, or gastrointestinal complaints. ACCs 
are typically large masses, usually >6 cm and people often 
present with palpable mass.

Macroscopically, necrosis and cystic degeneration 
often occur in ACC. Under microscopy, the cells 
are heteromorphic, and there are a large number of 
multinucleated giant cells and nuclear division.

On pre-contrast-enhanced CT, ACC is  usually 
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characterized by a well-demarcated heterogeneous mass 
with the attenuation greater than 10 HU (1,18). On 
post-contrast-enhanced CT, ACCs show heterogeneous 
enhancement. Necrosis and cyst formation are common, 
particularly in the central part of the lesion (Figure 33). 

The MRI manifestations of ACC are characterized 
heterogenous hyperintensity on T2-weighted images and 
hypointensity on T1-weighted images. As a result, necrosis 
and hemorrhage, both T1- and T2-weighted images may 
appear heterogeneous. Areas of hemorrhage may appear 

hyperintense on T1-weighted images and necrosis may 
demonstrate high signal intensity on T2-weighted images. 
One study suggested that invasion of the inferior vena cava 
is a common complication of ACC.

Lymphoma

Lymphoma is a malignant tumor originating from 
lymphohematopo ie t i c  s y s t em tha t  in f requent ly 
involves of the adrenal gland. The incidence of non-

Figure 29 Bilateral adrenal metastases in a 58-year-old man with right peripheral lung carcinoma. (A) Axial T1-weighted image, (B) axial 
T2-weighted image, (C) coronal T2-weighted image and (D) axial contrast enhanced T1-weighted image show bilateral adrenal masses 
(arrows) which show heterogeneous with low signal intensity at T1-weighted imaging and high signal intensity at T2-weighted imaging with 
the right one irregular, thick-wall peripheral enhancement and the left one heterogeneous enhancement.
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Figure 30 Metastases in a 59-year-old woman with small cell lung cancer. (A) Axial pre-contrast CT image shows a 21 mm × 17 mm round 
nodule with CT attenuation value about 41 HU (arrows). (B) Axial arterial and (C) venous phase images show obvious enhancement.
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Figure 31 Metastases in a 53-year-old man with left small cell lung cancer. (A) Axial pre-contrast CT image shows a 15 mm × 18 mm, well-
circumscribed nodule at left adrenal gland area (arrows). (B) Axial arterial and (C) venous phase images show marked enhancement.

A B C

Figure 32 Metastases in a 53-year-old man with liver cancer. (A) Axial T2-weighted image and (B) axial T1-weighted image show a  
38 mm × 21 mm, well-circumscribed isointense nodule at right adrenal gland area (arrows). (C-D) Axial in-phase T1-weighted image show 
progressive and heterogeneous enhancement.
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Hodgkin’s lymphoma (NHL) is higher than that of 
Hodgkin's lymphoma (HL) (18). There are two types 
of this condition: primary lymphoma and secondary 
lymphoma. Primary adrenal lymphoma is extremely 
rare, and is defined as malignant neoplastic proliferation 
of the lymphoid cells exclusively in the adrenal glands. 
Furthermore, primary lymphoma is confined to a single 
organ but may involve the neighboring lymph nodes. If 
not, it is thought to be secondary. If invasion by lymphoma 
is suspected, other nodal stations should be scanned and 

commonly affected organs (spleen, liver) should be closely 
scrutinized (25). Patients may present with fever, night 
sweats, emaciation, itching, adrenal insufficiency and other 
systemic symptoms. 

The pathological characteristics of NHL and HL are 
different. NHL shows mainly lymphocytes, tissue cells 
or reticular cells with different degrees of differentiation. 
However, the tumor tissues of HL contain lymphocytes, 
eosinophils, plasma cells and specific Reed-Steinberg cells.

Lymphoma lesions are typically large and homogeneous. 
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Figure 33 Adrenocortical carcinoma in a 52-year-old man complained abdominal pain and abdominal mass. (A) Axial pre-contrast CT scan 
shows a large left suprarenal mass with soft tissue attenuation and lower density zone in the center (white arrows). The liver, abdominal and 
retroperitoneal showed multiple round low density nodules with multiple sizes (black arrows). (B) Axial arterial phase and (C) venous phase 
volume-rendered CT images show the substantial part of the tumor rapidly enhanced in arterial phase and consistently enhanced in venous 
phase with progressive enhancement. The liver, abdominal and retroperitoneal nodules show heterogeneous enhancement. Partial filling 
defect of inferior vena cava caused by tumorous embolus.

CBA

Figure 34 Bilateral adrenal lymphomas in a 76-year-old man. (A) Axial pre-contrast CT scan and (B) contrast-enhanced axial CT scan 
images show bilateral adrenal round masses (arrows) with CT attenuation value about 35 HU and slightly enhanced. (C) Axial T2-
weighted image after two courses of chemotherapy, the mass decreased significantly, showing low signal intensity at T2-weighted imaging. 
(D) Photomicrograph (original magnification, ×100; H-E stain) shows tumor cells were large, diffuse, infiltrated, and had significant 
heteromorphism and the mitotic figures. 
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Like neuroblastomas and cortical cancer, the density 
of adrenal lymphoma is heterogeneous because of 
hemorrhagic, necrotic and cystic changes. The enlargement 
of the retroperitoneal lymph nodes is also common. On 

MRI, the typical manifestation of adrenal lymphoma is low 
intensity on T1-weighted images and high-intensity on T2. 
A mild to moderate enhancement can be seen on enhanced 
scan (Figure 34). 
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Conclusions

Lesions in the adrenal glands can secrete hormones and cause 
corresponding endocrine syndrome. CS and Conn syndrome 
are two of them. We summarize the adrenal lesions associated 
with Cushing’s syndrome and conn syndrome in this article. 
In symptom patients, imaging examination is performed 
to search for lesions. However, most adrenal lesions are 
hormonally silent and clinically asymptomatic and are usually 
detected incidentally in routine health check care or tests for 
other purposes. Radiologists should be familiar with imaging 
characteristics of adrenal incidentaloma.
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We read with interests the article of Li et al. (1). This 
article details the plan of the Prospective Urban Rural 
Epidemiology (PURE) China Action on Spine and 
Hip status (CASH) study. It is a prospective large-scale 
population study with a community-based sampling and 
recruitment strategy. The aim of PURE CASH study is 
to determine the prevalence of osteoporosis and spinal 
fracture, and explore the potential relationship between 
spinal fracture and bone mineral density (BMD) with QCT 
measurement. Participants in the PURE CASH study are 
recruited from 12 centers in seven provinces in China. 
These data may have great significance for future policy-
making and the prevention of osteoporosis and osteoporotic 
fractures in China (1).

On the aspect of radiological assessment of spine, in the 
PURE CASH study plan it is noted that ‘the lateral scout 
view images from the QCT are used to detect vertebral body 
fractures according to Genant’s semiquantitative (SQ) method. 
Each vertebral body is classified as normal (grade 0), mild (grade 
1, approximately 20–25% depression in height and a reduction 
in area 10–20%), moderate (grade 2, approximately 25–40% 
depression in height and a reduction in area 20–40%), or 
severe (grade 3, more than 40% reduction in height and area) 
fracture… A subject is considered to have a spinal osteoporotic 
fracture if any one of the T4–L4 vertebral bodies had a VFA 
(vertebral fracture assessment) score ≥ grade 1... The vBMD 
(volumetric bone mineral density) results along with any abnormal 
CT scan findings will be provided to the participants’ (1).  
Hereby we like to elaborate our experience using Genant’s 
semiquantitative (SQ) method (2), as well as the possibility 

of ‘overcall’ if we describe SQ grade-1 vertebral deformity 
(VD) as ‘vertebral fracture’ and if investigators communicate 
to the study subjects as such. 

The SQ criteria proposed by Genant et al. (2) are now 
being widely applied in research setting. Note the initial 
description of SQ criteria also stressed the importance 
of qualitative/radiological evaluation. It was noted that 
‘aside from morphometric features, most vertebral fractures are 
readily distinguished by the presence of endplate deformities and 
buckling of cortices, by the lack of parallelism of end plates, and 
by the loss of vertical continuity of vertebral morphology… Subtle 
distinctions between a fractured end plate and the deformity of 
Schmorl's nodes or the remodeling of the vertebral bodies due 
to degenerative disk disease and scoliosis can frequently be made 
qualitatively by an experienced or trained observer’ (2). These 
points have been emphasized many times later. Genant 
and Jergas described that ‘in addition to height reductions, 
the reader pays careful attention to alterations in the shape and 
configuration of the vertebrae relative to adjacent vertebrae 
and expected normal appearances. These features add a strong 
qualitative, sometimes subjective aspect to the interpretation’ (3). 
Genant also communicated that ‘the first step in the process 
is to visually determine whether a fracture or a non-fracture 
deformity exists. The next steps include determining whether 
endplate deformities (horizontal edges) are present; lack of 
parallelism of endplates exists, buckling of cortices (on the vertical 
edges) and, finally, whether there is loss of vertical continuity 
with adjacent vertebrae’ (4). Appropriate use of Genant’s 
criteria requires knowledge of developmental deformities 
[e.g., Scheuermann’s disease (osteochondrosis of vertebral 
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end plates)] and acquired deformities (e.g., osteoarthritis) 
that do not represent fractures and recognition of features 
that suggest causes of fractures other than osteoporosis. 
The common developmental wedge deformities of the 
mid-thoracic and thoracolumbar regions, the reverse 
wedging of lower lumbar vertebrae, and the common mild 
endplate bowing of the lower lumbar vertebrae should be 
recognized. Nonfractural changes of the vertebrae shape 
should be evaluated to exclude deformities including 
developmental short vertebral height, Cupid’s bow 
deformity, Scheuermann’s disease, and Schmorl’s nodes, 
and degenerative remodeling (5). An isolated anterior 
wedging of vertebral body between vertebrae of normal 
shape may suggest osteoporotic vertebral deformity (oVD), 
rather than if wedged or biconcave vertebrae are evident 
throughout much of the thoracic or lumbar spine (6,7). It 
is understood in the PURE CASH study spine radiograph 
will be read by experienced radiologists (1), and they will 
likely read SQ criteria appropriately. However it will 
be helpful to include Genant et al.’s description of SQ 
criteria’s qualitative/radiological assessment requirement 
in the formal study protocol. As the PURE CASH study 
involves 12 centers in seven provinces in China, without 
such formal documentation, there could be chances that 
miscommunication and misinterpretation may occur locally 
at individual research sites. 

Furthermore, we felt it is very difficult to precisely 
estimate vertebral lateral area reduction. Increasingly, this 
percentage area reduction requirement has been dropped by 

users of SQ criteria; instead, only the percentage vertebral 
height reduction is estimated (4). In addition, according to 
Genant et al.’s description, oVDs are estimated visually (2).  
However, without quantitative measurement, we also 
found it could be difficult to accurately and consistently 
estimate vertebral height loss. In our experience, the main 
discord for inter-reader grading disagreement relates to 
the borderline cases, for example, a perceived reduction in 
vertebral height of approximately 20% can be categorized 
as normal by one reader and grade-1 VD by another reader. 
Similarly, a perceived reduction in vertebral body height 
of approximately 25% can be categorized as grade-1 or 
grade-2 VD. Therefore in our practice while we reply on 
qualitative/radiological approach to define an oVD, to 
improve consistency we use quantitative measurement for 
grading. The important component of assessment is that a 
vertebra should be carefully compared with its neighbors, for 
their morphology as well as height estimation. The anterior 
osteophyte and posterior uncinate should be excluded during 
the measurement. Note where to start to place the cursor for 
measurement has notable influence for the measured ratio. 
Again the placing of cursors requires radiological assessment, 
particularly when multiple  neighboring vertebral bodies are 
involved with deformity.  To measure a few times and take 
the mean may be applied for borderline cases.

Recent work further emphasized the importance of 
identifying osteoporotic vertebral endplate/cortex fracture 
(Figures 1,2) [ECF, or ABQ fracture as defined by Jiang  
et al. (9)]. In addition to vertebral height, particularly 
attention should be paid to the endplate and vertebral 
anterior cortex (2,3,8-10). Lentle et al. (11) showed ECF 
grade-1 vertebral fracture (VF) was associated with higher 
risk of VFs as well as nonvertebral major osteoporotic 
fracture, while grade-1 SQ-VD deformity was not associated 
with higher risk of non-vertebral fracture. We showed 
subjects with grade-1 SQ-vertebral deformity had a similar 
BMD compared with subjects without fracture, while 
subjects with grade-1 ECF VF had lower BMD (12). Our 
unpublished data shows that within the same mild/moderate 
VD grades, compared with the subjects without ECF, the 
subjects with ECF are associated with a higher short term 
(4-years) future risk of VD progression and new incident VD. 
Whether scout view images from the QCT are of sufficient 
image quality to detect subtle changes associated with ECF 
remains to be validated. It has noted that ‘relative reductions in 
vertebral height may not be a necessary nor sufficient criterion by 
which to diagnose a fracture’ (13).

Figure 1 The vertebral fracture morphological classifications 
proposed by Yoshida et al. Modified from reference (8) with 
permission.
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In terms of terminology, as Genant’s criteria do not 
require a conventional ‘fracture’ sign, we feel radiographical 
osteoporotic vertebral deformity (roVD) may be the 
appropriate term for radiographically detected deformity, 
especially for mild oVD. Different imaging technologies 
have difference sensitivity and specificity for detecting and 
classifying vertebral fracture. It is understood that if an 
endplate/cortex fracture exists, then it will be reasonable 
to call the involved vertebra as having a ‘fracture’. It has 
been recently noted that VDs with >34% height loss is 
usually associated with radiographically identifiable vertebra 
fracture signs (14), therefore the term vertebral fracture 
may be appropriate for these roVDs.

Additionally, oVDs of elderly men and elderly women’s 
are likely to have distinctly different features. For example, 
while it is generally accepted that osteoporotic VF is much 
more common in elderly women than elderly men, the 
difference in prevalence of roVD between elderly men 
and elderly women is small (12) (Figure 3). According to 
some reports, the prevalence of roVD is more common in 
elderly men than elderly women (15). On the other hand, 
roVDs in elderly women are more likely to have ECF than 
elderly men (Figure 3) (12). roVDs with 25–34% height loss 
can be with or without ECF in women, while roVD with 
25–34% height loss usually do not have ECF in men (14). 
Our unpublished data also shows lower endplate in elderly 
men is much less likely to fracture than lower endplate in 
elderly women. These evidences suggest that the Genant’s 

SQ criteria may not be most suitable for assessing roVD 
in men. Indeed, Szulc et al. (16) suggested that a cut-off 
of 30% for wedge deformities from T6 to T9 (thoracic 
kyphosis site) and that 25% for deformities at other levels 
may have a high specificity and a moderate sensitivity for 
identifying VDs related to low BMD in men. A recent 
Swedish study reported that, if low threshold for oVD (i.e., 
10% estimated vertebral height loss in that study) is used, 
then a clinical relevance of prevalent vertebral fracture in 
elderly men is low (17). 

Despite years’ research, the radiographic criteria 
for osteoporotic VF and its grading remain debated  
(6,13,18-20). To communicate with study subjects of mild 
roVD, appropriate terminology should be used, so to 
avoid both ‘over-call’ and ‘under-call’. Though group-
wise and statistically, even mild oVDs are associated with 
greater future osteoporotic VF (21), the importance of 
mild roVD remain unclear at individual subject’s level, 
and this is particularly the case for males. Indeed, it has 
been emphasized that Genant’s criteria is developed 
for epidemiological and large clinical trial usage. It is 
acknowledged that osteoporosis pharmacotherapy should 
be strongly considered for patients with an osteoporotic 
VF of more recent, higher grade, or multiple fractures (22). 
A grade 1, solitary, asymptomatic, incidentally discovered 
vertebral fracture is of questionable clinical significance. 
The clinical prevalence and appropriate management of 
these silent VDs remain unknown (13,19,20,22). 

Figure 2 Examples of endplate/cortex fracture (ECF) without apparent height loss. (A) A vertebral upper endplate fracture (yellow arrow) 
without apparent height loss; (B) a sagittally reconstructed CT image shows anterior cortex fracture (yellow arrow) associated with a low 
energy trauma. Note a fracture line can be identified horizontally (orange arrows) with condensed trabecula or trabecula repairing [reproduced 
from reference (5) with permission]. 
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With the increasing employment of imaging modalities 
in the diagnostic work up of patients comes an increase 
in the number of incidental cases with an abnormal bone 
marrow signal. Hematological malignancy can be visualized 
in the bone marrow by several imaging procedures but 
interpretation must also consider the variation in marrow 
appearances due to compositional changes associated with 
normal aging and hematological demand (1). While sporadic 
cases of acute leukemia, lymphoma, myeloma, metastatic 
carcinoma and myeloproliferative neoplasms (MPN) have 
been diagnosed from this initial finding by subsequent 
bone marrow biopsy and hematological work up (2,3), the 
utility of up-front reflexive screening for hematological 
malignancy-associated mutations in such incidental 
cases has not been assessed. The classical Philadelphia 
chromosome-negative MPN are clinically related, stem 
cell neoplasms characterised by hyper-expansion of mature 
hematopoietic cell lineages primarily in the bone marrow. 
The most common driver mutation of these MPN is 
the acquired JAK2 V617F which results in constitutive 
activation of hematopoietic growth factor signalling 
and which is present in greater than 95% of patients 
with polycythemia vera and in 50–60% of patients with 
essential thrombocythemia and primary myelofibrosis (4).  
It is therefore of interest to note that from a cancer 
molecular diagnostics perspective, an isolated, atypical 
bone marrow magnetic resonance imaging (MRI) signal has 
become an infrequent but recurring trigger for requesting 
molecular analysis of the JAK2 V617F.

In order to address the laboratory impact and clinical 
value of such requests, a retrospective audit was performed 

on all JAK2 V617F requests received at a molecular 
diagnostics centre for hematological malignancies. From 
January 2006 to December 2017 inclusive, 15,562 diagnostic 
requests for JAK2 V617F mutation analysis were received. 
Of these, 29 requests (0.2%) were received with the only 
clinical details provided on the request form of an abnormal 
BM signal upon MRI. The median age was 52 years and 
comprised 12 females and 17 males. Using a standardised 
allele-specific PCR screening assay capable of detecting a 
2% mutant allele burden (5) and unchanged throughout the 
audit period, the JAK2 V617F mutation was not detected in 
any of these 29 patients.

Diagnosis and classification of an MPN not only 
requires molecular detection of typical somatic events 
such as the JAK2 V617F, JAK2 exon 12, CALR exon 
9 and MPL exon 10 mutations, but is also reliant on 
other clinical and hematological criteria (6). Selecting 
which patients to screen for the presence of the MPN 
driver mutations of JAK2, CALR and MPL requires 
careful consideration in order to optimize laboratory 
resources (7,8). While further hematological follow up in 
patients with an abnormal bone marrow signal on MRI is 
advocated and despite this molecular diagnostic analysis 
not appreciably impacting on the overall laboratory 
workload, reflexive testing for the JAK2 V617F mutation 
in such cases without overt hematological evidence of an 
MPN appears inappropriate. 
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We are extremely saddened by the passing of Professor Juergen Karl Willmann (Figure 1). Professor Willmann died in a car 
accident on Jan 8 this year at the rather young age of 45 years old. Dr. Juergen Karl Willmann served as an associate editor of 
our journal shortly after this journal was founded in late 2011 and made significant contributions to the development of this 
journal. His passing is a tremendous loss to everyone.

Dr. Juergen Karl Willmann was superb clinician and brilliant scientist. Dr Willmann was a Professor of Radiology and 
Chief of Body Imaging at Stanford University School of Medicine and Vice chair for strategy, outreach and clinical trials. 
Dr. Willmann was an elected fellow of the Society of Abdominal Radiology and of the American Institute for Medical and 
Biological Engineering. Before his career at Stanford, Dr. Willmann was educated in Germany and Switzerland. He attended 
Albert Ludwig University of Freiburg in Germany and completed his medical internship at the University Medical Center 
Freiburg and his residency at University Hospital Zurich in Switzerland. Dr. Willmann is described by his colleagues as 
“exceptionally intelligent, highly driven, supremely organized and a wonderful leader, mentor, father and husband.” 

Dr. Willmann and his lab worked on targeted contrast microbubbles for early detection of  tumors and to direct drugs 
for treatment. His team was the first to use the microbubble technology in human clinical imaging trials, leveraging them to 
identify ovarian cancer and breast cancer. Dr. Willmann’s investigation into cancer detection and imaging technologies earned 
him the 2017 Distinguished Investigator Award from the Academy for Radiology & Biomedical Imaging Research. 

Dr. Willmann is survived by his wife Amelie Lutz, and their two children, Alexander and Juliana Willmann; his parents, 
Elisabeth and Karl Willmann; and sister Sabine Willmann.
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Figure 1 Professor Juergen Karl Willmann.


