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Purpose: Patient-specific protocol optimisation in abdomino-pelvic Computed Tomography (CT) requires mea-
surement of body habitus/size (BH), sensitivity—specificity (surrogates image quality (IQ) metrics) and risk
(surrogates often dose quantities) (RD). This work provides an updated inventory of metrics available for each of
these three categories of optimisation variables derivable directly from patient measurements or images. We
consider objective IQ metrics mostly in the spatial domain (i.e., those related directly to sharpness, contrast,
noise quantity/texture and perceived detectability as these are used by radiologists to assess the acceptability or
otherwise of patient images in practice).

Materials and methods: The search engine used was PubMed with the search period being 2010-2024. The key
words used were: ‘comput* tomography’, ‘CT’, ‘abdom*’, ‘dose’, ‘risk’, ‘SSDE’, ‘image quality’, ‘water equivalent
diameter’, ‘size’, ‘body composition’, ‘habit*’, ‘BMI’, ‘obes*’, ‘overweight’. Since BH is critical for patient specific
optimisation, articles correlating RD vs BH, and IQ vs BH were reviewed.

Results: The inventory includes 11 BH, 12 IQ and 6 RD metrics. 25 RD vs BH correlation studies and 9 IQ vs BH
correlation studies were identified. 7 articles in the latter group correlated metrics from all three categories
concurrently.

Conclusions: Protocol optimisation should be fine-tuned to the level of the individual patient and particular
clinical query. This would require a judicious choice of metrics from each of the three categories. It is suggested
that, for increased utility in clinical practice, more future optimisation studies be clinical task based and involve
the three categories of metrics concurrently.

1. Introduction

imaging have decreased over time [4,5], techniques such as multi-
phasic CT and volumetric imaging have resulted in an increase in the

Computed Tomography (CT) is well established as a reliable, fast and
effective modality for diagnostic imaging, and its use has grown expo-
nentially since its clinical debut in the 1970s [1,2], notwithstanding the
advent of MRI. In particular, for acute non-localised abdomino-pelvic
pain, the ACR Appropriateness Criteria® advise that a CT abdomino-
pelvic scan both with and possibly without intra-venous (IV) contrast
would or may be appropriate, making CT an essential modality for the
emergency department [3].

Although patient doses for typical abdominal and abdomino-pelvic
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collective dose, particularly for some patient groups [4-6] and in
particular larger patients [7-12]. Optimisation of abdomino-pelvic CT
protocols is therefore an ongoing concern.

Protocol optimisation in abdomino-pelvic CT hinges on the use of
accurate estimates of body habitus/size (BH) metrics, sensitivity—spe-
cificity metrics relevant to the particular clinical query (surrogates being
quantitative, ideally objective, image quality (IQ) metrics relevant to the
specific clinical query) and patient risk metrics (surrogates often patient
risk/dose (RD) metrics). Protocol optimisation should ideally be fine-
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tuned to the level of the individual patient, or categories of patients, and
particular clinical query. This would require a judicious choice of met-
rics from each of these three categories.

The objective of this literature review was to provide an updated
inventory of metrics available for each of these categories and of the
available knowledge about the metrics: their definitions, methods used
for measurement or calculation and their utility in practice together
with their respective strengths and limitations. BH metrics are discussed
first: this is because any pre-scanning estimates of image quality and
risk/dose metrics need to be based on BH. Metrics for IQ are then dis-
cussed, as any discussion on RD metrics would be meaningless without
first considering the diagnostic quality of the images. Finally, RD-related
metrics are presented.

The three categories of metrics are often surveyed separately.
However, in the process of optimisation the three categories are inter-
related and this article is perhaps the first attempt to bring them
together in a more comprehensive manner. Hence, this work also reports
on studies which have investigated the presence of correlations between
RD and BH metrics and IQ and BH metrics.

2. Method

The search engine used was PubMed. The articles chosen for estab-
lishing the inventory were retrieved using the query: ((“comput*”[Title]
AND “tomography”[Title]) OR “ct”[Title]) AND “abdom*”[Title] AND
(“dose*”[Title] OR “risk”[Title] OR “SSDE”[Title] OR “image qual-
ity”[Title] OR “water equivalent diameter”[Title] OR “diameter”[Title]
OR “size”[Title] OR “body”[Title] OR “BMI"[Title] OR “habit*”[Title]
OR “obes*”[Title] OR “overweight”[Title]) AND ((humans[Filter]) AND
(2010:2024[pdat])). Articles involving any of ‘photon-CT’, ‘angiog-
raphy’, ‘CBCT’, ‘dental’, and ‘micro-CT’ were excluded. The search
period was between 2010 and 2024. Articles cited by the chosen articles
which included relevant metrics were also included even when pub-
lished prior to the search period. The total number of articles after
applying both inclusion and exclusion criteria was 439.

In terms of the inclusion criteria for the metrics in the inventory, we
focused on metrics which are accessible to the clinical medical physicist
in regular clinics (as opposed to, say, reference centres) and which in
principle can be automated for both RD and IQ. In terms of IQ, we made
a clear distinction between image quality metrics reflecting directly the
sharpness, contrast, noise magnitude/texture and perceived detectability of

Table 1
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patient images and image quality related device performance metrics
derived either from images of test objects or estimated from patient
image features. Device performance metrics are important in particular
for device performance monitoring and inter-device comparisons.
However, this article focuses on the category of metrics which are
perceived to be more directly related to clinical tasks as these are the
qualities that clinicians use to evaluate the quality of the images in
routine practice. Such metrics are in the spatial domain. Nevertheless,
given the historically extensive and present ongoing use of frequency
domain metrics, task-based Modulation Transfer Function (MTF), Noise
Power Spectrum (NPS) and detectability are also included. The criteria
for inclusion of BH metrics were that the metrics would be related to the
abdomino-pelvic region and should be potentially useful as predictors of
RD or IQ prior to the patient being scanned or at most following the
localiser radiograph. Inclusion criteria for the three categories of metrics
are given in Table 1.

In this study we focused on the potential utility of BH metrics for the
process of patient specific protocol optimization and pre-scan choice of
protocol. It was therefore considered imperative to discuss studies that
have attempted to measure the correlation of the various BH metrics to
IQ metrics, and others which measured correlation of BH metrics to RD
metrics (and including of course any which included all three categories
of metrics in a single study). The relevance and importance of each BH
metric needs to be understood in terms of its suitability for a particular
clinical task as well as its level of correlation (and hence predictive
power) with relevant metrics from the other two categories. For
example, Body Mass Index (BMI) might be a good indicator of overall
patient obesity, but may be less correlated with patient dose metrics for
abdomino-pelvic CT than effective diameter, Dg. IQ vs RD metric cor-
relation studies which did not involve BH metrics were excluded from
the scope of this study [13-15].

In order to ensure that all articles involving the above two pairs of
correlations were identified, the earlier PubMed query was focused to
refine the results obtained. For RD v BH metrics, the query used was:
((“comput*”[Title] AND “tomograph*”[Title]) OR “ct’[Title]) AND
“abdom*”[Title] AND (“dose*”[Title] OR “risk’[Title] OR “SSDE”[-
Title]) AND (“water*equivalent diameter”[Title] OR “diameter”[Title]
OR “size”[Title] OR “body”[Title] OR “BMI”[Title] OR “habit*”[Title]
OR “obes*”[Title] OR “overweight”[Title]) AND ((humans|Filter]) AND
(2010:2024[pdat])). The number of retrieved articles was 42, from
which articles concerning either paediatric patients, or non-radiation

Criteria for including body habitus, image quality and dose metrics in the inventory.

Criterion

Rationale

Body Habitus (BH) metrics

1. Within or related to the adult abdomino-pelvic region.
2. Would possibly act as a predictor of dose or image quality metrics.
3. Can be determined pre-scan or post localiser radiograph.

This is dictated by the scope of the study.
Ensures relevance to optimisation work.
Required for making pre-exposure patient habitus specific optimisation possible.

Image Quality (IQ) metrics

1. Objective metrics related to image quality as evaluated by the radiologist in patient
images (i.e. sharpness, contrast, noise quantity/texture, perceived detectability), as
opposed to device performance.

2. Can be calculated solely from ‘for presentation’ image data.

3. Can be automated in principle and be available immediately post-scan.

4. Adult and patient specific.

This qualifies the term ‘image quality metric’ as used in this study.

All such data is available to the clinical medical physicist. On the other hand, this excludes
metrics which, for example, require access to scanner raw data and which would require
clinical-manufacturer agreements which are often only available to major reference
centres.

To avoid the need for reader time and to be useful in objectively assessing whether a
patient needs to be rescanned owing to insufficient image quality.

Required by the increased emphasis on personalised medicine.

Risk/Dose (RD) metrics

1. Can be calculated solely from DICOM header and image data.
2. Can be automated in principle.
3. Adult and patient specific.

All such data is available to the clinical medical physicist.

To avoid the need for human input and for ongoing dose monitoring.

In an era of personalised medicine and increased awareness of individual radiosensitivity,
dose optimisation needs to be patient specific.
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Table 2

Patient habitus/size metrics for abdomino-pelvic CT optimisation.
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Patient body metric
and symbol

Definition, units and Measure/estimate of what?

anatomical location

Measurement method and instant

Use

Patient weight

Waist circumference
(WCQ), also known as
girth.

Waist circumference
(WQ) to hip
circumference (HC)
ratio (WHR)
[16,18-20].

Sagittal and lateral
diameters (AP,
LAT).

Patient cross-sectional
area (A).

Area of
circumscribing
ellipse (Acir).

Effective diameter
(Dg) [23].

Ellipticity ratio (r)
[24].

Water equivalent
diameter (Dy) [25].

Body Mass Index
(BMI).

Patient mass (kg).
Global whole body metric.

General indicator of patient size.

Measure of patient
circumference (in cm).
Regional metric measured
typically at the umbilical
level [16] or midway
between the iliac crest and
lowest rib [17].

Measure of abdominal obesity.

WHR = WC/HCRegional
metric measured typically at
the waist (see WC) and hip.

Measure of abdominal obesity.
WHO defines abdominal obesity
in men and women as
WHR>0.90 and >0.85,
respectively. A WHR>1.0 for
either sex is associated with a
higher probability of health
issues [21].

Distance from front to back Thickness and width of patient.
and left to right of the

patient (mm).

Regional metric measured

typically at a central slice

within the scanned volume

[22].

Area of cross-section of

patient.

Regional metric measured

typically at the level of the

umbilicus.

Area of an ellipse bounded
by the patient bounding box
(the cross-section of the
patient is modelled as an
ellipse).

Regional metric measured
typically at the level of the
umbilicus.

Diameter (mm) of a circle
having an area equal to the
area of the circumscribing
ellipse.

Regional metric measured
typically at the centre of the
body region being scanned
[23].

Ratio of LAT to AP
diameters of the
circumscribing ellipse.
Regional metric measured
as the average over the
entire scanned volume [24].
Dy, (mm) diameter of water
disc having the same total
attenuation coefficient as a
patient slice.

Averaged regional metric
when averaged over the
scanned volume.

Approximates the patient cross-
sectional area

The ellipticity ratio provides an
easy to calculate patient
reference that may be useful to
understand the system’s angular
tube current modulation.

Diameter is not simply
geometrical but includes
embedded information about
patient attenuation and hence
patient dose.

weight

BMI( m?) = ,

(kg/me) height*
Global whole body metric.

Patient scales. Pre-scan or post scan.

i. Pre-scan (direct measure using tape measure)
ii. Post-scan (manual or automatic contour
tracing and measurement)

i. Pre-scan, (direct measure with tape measure)
iii. Post-scan (manual or automatic contour
tracing and measurement).

Measured on image post-scout or post-scan
images using system callipers. Several
approaches are possible (see Fig. 1). The authors
suggest the bounding box method for
consistency.

Approximate estimate pre-scan from waist
circumference. More accurately post-scan.
Number of pixels enclosed by the patient
perimeter (set as an ROI) multiplied by the
square of the pixel pitch. The pixel pitch is
obtained from DICOM Pixel Spacing tag
(0028,0030).

1
A= ZnAP-LAT(mmz). Measured post-scout or

post-scan.

Dg = VAP x LAT. Measured post-scout, or post-
scan.

LAT
r=p Measured post-scout, or post-scan.

_ 1 Arot
Dy, = 2\/[1000CT(X.)')ROI +1 . where

CT(x,Y)go; is the mean of the linear attenuation
values of the pixels in the patient slice and Agoy is
the cross-sectional area of the patient as
measured in the CT slice.

Post-scout, post-scan (latter more reliable).
Pre-scan, direct measurement with stadiometer
for the height and personal digital scales for
mass.

Although still used in some
studies, it has been largely
replaced by other metrics.
Pre-scan measurement is fast but
rarely done in practice as it
reduces patient throughput and
depends on cooperation from
others. Post-scan measurement
depends on contouring accuracy
but can be done independently of
others.

Pre-scan measurement is fast but
rarely done in practice as it
reduces patient throughput and
depends on cooperation from
others. Post-scan measurement
depends on contouring accuracy
but can be done independently of
others.

May be used as a fast measure of
patient size.

May be used as a fast measure of
patient size.

May be used as a fast measure of
patient size.

May be used as a fast measure of
patient size.

May be used as a fast measure of
patient cross-sectional shape,
that may be useful for
understanding the angular tube
current modulation.

Used in conjunction with
CTDlvol to calculate the size-
specific-dose-estimate, SSDE(z)
[25].

Measure of patient obesity. This
metric depends on weight and
height, which may not always be
measured at the time of imaging
[26]. BMI does not take into
account tissue composition and
distribution, which is a function
of sex and age [21,27].

(continued on next page)



E. Pace et al.

Table 2 (continued)

Physica Medica 125 (2024) 103434

Patient body metric Definition, units and Measure/estimate of what? Measurement method and instant Use
and symbol anatomical location
T-shirt size [2]. XXS to XXL General indicator of patient size Pre-scan. Seven ‘T-shirt sizes’ are defined

Global whole body metric. and/or degree of obesity.

separately for different body
regions. For the waist the ranges
have been defined ranging from
XXS (Dg<19 cm), to XXL
(Dg>34.9 cm) [2].

related risks, or did not provide correlations were excluded. Relevant
articles referenced by the chosen articles were included. The number of
reviewed articles was 25.

For IQ v BH metrics, the query used was: ((“comput*”[Title] AND
“tomograph*”[Title]) OR “ct”’[Title]) AND “abdom*”[Title] AND
“image quality”[Title] AND (“water*equivalent diameter”[Title] OR
“diameter”[Title] OR “size”[Title] OR “body”[Title] OR “BMI”[Title]
OR “habit*”[Title] OR “obes*”[Title] OR “overweight”[Title]) AND
((humans[Filter]) AND (2010:2024[pdat])). The number of retrieved
articles was 19, from which articles related either to paediatric patients,
dual energy CT, or contrast agent reduction techniques were excluded.
However, relevant articles referenced by the chosen articles were
included. The number of reviewed articles was nine, of which seven also
included RD metrics.

3. Results

The inventory is provided in Tables 2, 3 and 4 which respectively list
BH, IQ, and RD metrics. Further details on the metrics in a given cate-
gory are discussed in separate sub-sections.

3.1. Inventory of body habitus (BH) metrics

The waist-circumference (WC) to hip-circumference (HC) ratio
(WHR) was as expected correlated to WC (cm), sagittal diameter (cm),
body mass (kg) and subcutaneous and visceral fat area (cm?) [16,18]. It
was noted that antero-posterior (AP) and WC correlated better with
amount of visceral and subcutaneous fat than WHR, in both men and
women. Furthermore, since men and women have different amounts of
visceral and subcutaneous fat, the slope of the regression of AP diameter
to visceral fat was significantly different between genders [18] which
suggests that any predications of dose or image quality metrics derived
from WHR would be gender specific. Regarding ellipticity ratios, an
initial set of reference values has been provided for various body regions
both for adult and paediatric patients, where for the 297 abdomino-
pelvic scans of adults (in the USA) included in the study, this ratio
was found to be 1.48 [24].

Studies of Diagnostic Reference Levels (DRLs) based on Dg are well
established [2,29]. The latter work categorised patients as small,
average and large and based on Dg+SD, while the former, a more recent
study, provided seven separate ranges based on T-shirt reference sizes
for Dg as estimated from localiser radiographs. These ranges ran from
XXS to XXL and were defined separately for each body region [2]. Recent
work has shown that water equivalent diameter (D) varies minimally
with tube potential, indicating that it is a robust metric of patient size
[30] but does depend on an accurate delineation of the patient boundary
[22,24,28,31-36]. Dy, should be evaluated along the entire patient
scanned volume [25], although works have evaluated the suitability of
using a single central slice [37] or a subset of slices or even localiser
radiographs [22,25,38,39], and showed it is still possible to achieve an
accurate size specific dose estimate (SSDE). DRLs for neck, chest,
abdomen and pelvis, stratified by Dy, have been determined for the USA,
where Dy was evaluated at a single slice at the centre of the imaged
region [40].

3.2. Inventory of image quality (IQ) metrics

While there are many IQ metrics [59], this work focused only on
objective metrics derived from patient images which are related directly
to sharpness, contrast, noise magnitude/texture and perceived detect-
ability. Global measurements such as global noise level (GNL) enable a
practical approach to ensure protocol consistency over time and to also
define broad thresholds for acceptable noise levels in images [60].
Regional measurements are more relevant for individual protocol opti-
misation based on particular clinical queries and pathologies. Mogha-
dam et al evaluated abdomino-pelvic image noise by placing a 1000
mm? region of interest (ROI) in the liver [29]. For contrast-to-noise ratio
(CNR) measurements in the abdomino-pelvic region, the contrast was
determined by drawing ROIs in various organs and regions: liver [61] —
with some studies using liver segments II, VII [13] or right lobe [62];
paraspinal [62] or psoas muscles [54]; spleen [13]; arteries [13,62];
subcutaneous fat [13,62]. ROI dimensions were in the range 100-200
mm?. Some works investigated the use of CNR to assess image quality in
iterative reconstruction [61,62], although it has been noted that CNR
has limited applicability in iteratively reconstructed images due to the
non-linear nature of the process (further discussed below) [59,63]. One
study used margin sharpness (MS) in the evaluation of sharpness of
borders between liver lesions (cysts, metastasis, haemangiomas, ab-
scesses, fat deposition, lacerations, focal nodular hyperplasia, and he-
patocellular carcinomas) and liver adjacent tissue [50]. Each lesion,
together with the liver boundary, was segmented manually by trained
radiologists. The authors noted that this metric is highly susceptible to
confounding factors such as the use of contrast agents or physical pa-
rameters such as tube voltage or slice thickness. Similar to MS, structure
sharpness index (SSI) was evaluated as the gradient across a feature-to-
adjacent tissue interface, in particular in relation to vessel sharpness in
contrast enhanced CT [57].

The system response function (also known as transfer function) of
modern CT scanners is neither linear nor shift invariant. In addition,
noise is not wide-sense stationary. Very importantly, in the case of
modern iterative reconstruction techniques, a final regularisation step
based on a priori knowledge of abdomino-pelvic images is also included
in the image reconstruction. In view of this, values of sharpness (such as
MTF) and noise texture (such as NPS) measured on test-objects will not
transfer unmodified to the reconstructed image but become a function of
the local contrast and noise in the ROI in the patient image [64-68].
Hence in the case of studies of image quality directly from patient im-
ages any use of these metrics for the evaluation of image quality should
be done locally in the task-based region of interest (e.g. the task transfer
function (TTF)). An important quality metric found in the literature is the
detectability index d ; [58]. This metric assesses the probability of
detection of a predefined lesion were it to have been present in the
patient and is based on the local task based MTF and NPS.

3.3. Inventory of risk/dose (RD) metrics

The dose length product (DLP) is readily available on CT systems but
based on a standard 32 cm cylinder and hence not a true measure of the
energy imparted to the individual patient. The SSDE attempts to provide
a better estimate of the latter.



Table 3

Image quality metrics for abdomino-pelvic CT optimisation.

Quality category Image quality metric

Definition and unit

Measure/estimate of
what?

Measurement method and instant of determination (all post
scan since derived from patient images)

Use

Noise magnitude in Standard Deviation (SD).
an organ/tissue of

interest.

Tian and Samei noise
(TSN) [41].

Noise magnitude
across whole
image.

Noise magnitude in
segmented
homogenous areas
of interest in the
image.

Global Noise Level (GNL)
(the name is perhaps
somewhat misleading
given that it is actually
applied to segmented
tissue/organs) [42].

Local Task-based
autocovariance (ACV).

Noise structure.

Local task-based Noise
Power Spectrum (NPS,.)
[45].

Noise structure.

SD (HU) of HU values over a manually placed
homogenous ROI (2D or 3D). It should be noted that
SD assumes spatially uncorrelated noise which is
rarely the case in imaging systems, even more so in
iterative reconstructed images. However we have not
come across articles discussing the issue specifically
in the case of CT imaging.

Modal value in HU of the values of SD across areas of
the whole image slice which do not include
anatomical edges.

Modal value in HU of SD values of a noise map of an
area of segmented homogenous tissue in a given slice
(e.g. liver). Whilst TSN focuses on the whole image,
the GNL invites us to focus on specific tissue types
identified by simple thresholding. Specifically for
their work, the authors focused on soft tissue areas of
the image identified as pixels with a HU in the range
0:100HU. This could thus be used for the monitoring
of noise levels in areas of the image that would be most
relevant to the clinical query e.g., liver.

Task-Based Autocovariance (or Autocorrelation
which is the autocovariance normalised to the value
of autocovariance at (0, 0)): this refers to the
autocovariance in the spatial domain of a sub-ROl in a
uniform region of the task-based ROI [43].

This refers to the NPS (again can be normalised as
NNPS) of a sub-ROI in a uniform region of the task-
based ROI. Under circumstances of wide-sense-
stationarity the NPS is equal to the Fourier transform
of the autocovariance (Wiener-Khinchin Theorem).
In practice, small local ROIs are assumed to be wide-
sense-stationary.

Variability of HU values
across expectedly
homogenous ROIs.

The most common
value of stochastic noise
across a whole image
slice.

Gives the most frequent
noise level in areas of
homogenous tissue in a
given CT slice.

Noise texture.

Noise texture.

Manual placement of ROI. Value of SD is provided by the
scanner software.

An image subtraction method is used to generate a noise map
free of anatomical edges. Any remaining edges are then
removed using an edge detection filter. SD values are divided
by V2 to correct for image subtraction. The TSN is then the
mode of all resulting SD values.

A noise map is generated in which the value at each location
corresponds to the SD in a 6 mm area (i.e., kernel)
surrounding that pixel. A ‘convolution method’ was then used
to calculate the SD for each kernel. The GNL is the mode of
the SD values.

Measured post-scan.

1 COVj

nCoOV; =—— Y where i is the image pixel index
n-1 ~ _0j®0j

all jin §; ¢ 7

at the central portion of images, j is a working image pixel
index except i within a sub-region S;, and c; and o; are the
standard deviations at pixels i and j [44]. The values from
ROI should b e detrended before calculation.

Measured post-scan.

NPS(u,v,w) = FT{K(tx,7y,7;) }, where t is the distance
between voxels, K is the autocovariance function and FT is
the Fourier Transform [45].

Traditional assessment of
magnitude of image noise. Still
used extensively [29] particularly
for quick, on-the-fly assessment.
An ROI placed in the surrounding
air or the patient table can be used
as a measure of noise produced by
the scanner only, free from the
influence of anatomical
variability.

Objective and automated
monitoring of noise as part of
routine quality control and for
comparing noise between different
protocols and scanners.
Interestingly, a regression analysis
indicated that TSN could be
predicted using the relationship:
TSN = B,/exp(uD,,), where B is a
scanner, protocol and dose
dependent parameter; p is the
attenuation coefficient of water at
the effective energy level of the CT
spectrum; Dy, is the WED of the
slice.

This could in theory be used to
adjust the protocol before
scanning to produce a desired
noise level.

Suitable for automated monitoring
of noise by measurements on
predefined segmented areas of
relative homogeneity in the
abdomino-pelvic image slice
relevant to the clinical query or
several homogenous regions for a
more global assessment. It is
possible to use also homogeneous
areas such as air and patient couch
which are patient independent.
The shape, peak position and area
under the ACV curve may be used
to compare noise textures.

The shape, peak position and area
under the ACV curve may be used
to compare noise textures.

(continued on next page)
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Table 3 (continued)

Quality category

Image quality metric

Definition and unit

Measure/estimate of
what?

Measurement method and instant of determination (all post
scan since derived from patient images)

Use

Contrast between
feature of interest
and adjacent or
surrounding tissue.

Sharpness of feature-
to-adjacent-tissue
boundary.

Sharpness of feature-
to-adjacent-tissue
boundary.

Sharpness of feature-
to adjacent-tissue
boundary.

Contrast to noise ratio
(CNR).

Local Task-based line
profile.

Local task-based
Modulation Transfer
Function (Task Transfer
Function, TTF).

Margin Sharpness (MS)
[50].

Mean difference in MPV in HU between the feature of
interest (e.g. lesion) and MPV of adjacent tissue with
respect to the value of the uncertainty in the
difference.

_ MPVsubject — MPVpackground

CNR 7z . Several

[sp? + spgg]
definitions of the CNR are found in the literature. We
favour this definition as the uncertainty in the
difference between the two quantities is the square
root of the sum of the squares of the uncertainties.
Moreover, in general the SD of feature and adjacent
tissue are not equal so both must be considered. Again
the presence of correlated noise would require
modifications of the above expression for the CNR.
Again we have not come across references discussing
the issue specifically in the case of CT.

The smoothed sigmoid function describing the pixel
values (in HU) along normals to the boundary
between a feature and its adjacent tissue.

MTF derived from the Fourier Transform of the Line
Spread Function derived from the Sharpness Line
Profile.

Gradient at the inflection point of the sigmoid
function describing the pixel values (in HU) along the
normal to the boundary between a feature and its
adjacent tissue.

Measure of conspicuity
of a feature with respect
to the surrounding
tissue.

Organ/lesion boundary
sharpness.

Organ/lesion boundary
sharpness. The TTF
assess the spatial
resolution under
conditions of contrast
and noise of the specific
clinical task.

Measure of the
sharpness for the
boundary between a
feature and the adjacent
tissue.

ROIs are set up manually on homogenous regions of the
feature and surrounding tissue and MPVs and their SDs read
off directly.

Graphical method obtained post-scan.
A sigmoidal fitting function to the pixel values along the
normal to the boundary may be obtained using [50]:

. S . -
argminy_ [I(x) — Ip — ——= | » where Xy is the position of
SWaxodo X 1+e W

intersection of the boundary and the normal to the boundary,
x is the distance along the normal to the boundary, I, is the
pixel value in HU at the point of intersection of the boundary
to the normal, I is the pixel value in HU along the normal, S is
the contrast (in HU) between the feature and adjacent tissue
and W the distance (in pixels) over which the boundary
occurs.

Sanders et al [51] use a similar method to estimate the skin-
air boundary sharpness. By representing the boundary as a
polygon mesh and using each face of the mesh to set the
normals.

Graphical method obtained post-scan.

The margin sharpness is defined as the gradient of the
sigmoid fit:

MS (HU) =S/W, where S is the contrast (in HU) between the
feature and adjacent tissue and W is the distance (in pixels)
over which the boundary occurs.

The minimum value of the CNR for
detectability is still a subject of
research. Three levels of CNR may
be defined: (a) The CNR level
above which a detection can be
considered a true-positive and a
non-detection a true-negative at a
given level of significance, (b) the
minimum CNR level that may be
expected a priori to lead to
detection — can be used to set
noise indexes at exposure such
that lesions would be detected by
the Radiologist or CAD software,
(c) the CNR level beyond which a
quantitative measurement of
contrast can be performed with a
stated uncertainty [46]. Some
initial suggestions have been put
forward ranging from 3 to 5 and
which involve different definitions
of CNR (e.g. [47-49]) but the
authors feel that none appear to
point to a firm conclusion if
applied to CT.

To quantify image sharpness
across a boundary. The range of
MS values for acceptable image
quality is a subject of research and
may be radiologist dependent.

(continued on next page)
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Table 3 (continued)

Quality category

Image quality metric

Definition and unit

Measure/estimate of
what?

Measurement method and instant of determination (all post
scan since derived from patient images)

Use

Sharpness of feature-
to-adjacent-tissue
boundary.

Sharpness of feature-
to-adjacent-tissue
boundary.

Perceived
detectability.

Image Blur Metric (IBM)
[52] implemented in
MATLAB [53].

Structure Sharpness Index
(SSD [56].

Detectability index dj q
(‘ind’ as based on an
individual patient scan).

IBM is defined to range between 0 (minimum blur,
maximum sharpness) and 1 (maximum blur,
minimum sharpness).

Median of the set of gradients & of HU profiles I; along
a set of equally but densely spaced (to eliminate
placement bias) normal cross-boundary vectors s; of
equal length (s being the distance in mm along the
normal) along the section of boundary of interest. In
their implementation of the method, Chun et al prefer
to use the mean [57], however Taubmann et al argue
that the mean would be too susceptible to outlier
gradient values corresponding to normals close to any
random artefacts [56].

A detectability metric based on the TTF and NPS;,
that can in theory be measured on the patient image
to provide an estimate of detectability of a predefined
chosen lesion, e.g. a 10 mm circular lesion of a
nominal HU contrast difference [58].

Index quantifying
degree of blur (or
inversely sharpness) in
an image.

Measure of the
sharpness of the
boundary between a
feature and the adjacent
tissue.

Neighbouring pixel value differences in the image are
compared with neighbouring pixel value differences in the
same image after being subjected to a low pass filter. Large
differences between the two images indicate low blur and are
assigned low IBM values (i.e. high sharpness) in the original
image and vice versa.

The gradient of the slope of the least squares regression line

fit is given by:
1 1
> (Su - ﬁ,zjsl J-) (Iu - EZJJU)

2
1
> <Su - ﬁlzjsu)

where s contains the distances in physical units of the N
sample locations within the region of interest and I the
corresponding intensities along profile line [. Taubmann et al
and Chun et al have slightly different methods of choosing the
range of s/HU values along the normal over which the
regression is carried out.

_covfsud _

LT varls]

>

(Wi )2« TTF ) dudy : )
- J[IW(w,v) [> ¢ TTF? (1, v) ® NPSjqc (1, v)dudv’ where

W(u,v) is the Fourier transform of the image of the chosen
lesion in the spatial domain.

ind

Can be applied to quantify the
sharpness of a whole image [54]
or specific ROIs [55].

To quantify image sharpness
across a boundary. The range of
SSI values for acceptable image
quality is a subject of research and
may be radiologist dependent.
Taubmann et al’s method involves
only one manual step which is to
select the desired edge by roughly
tracing it with a connected
sequence of line segments. They
then provide a MATLAB script for
the rest of the process for
objectivity. On the other hand,
Chun et al provide a fully
automated process.

The use of the detectability index
from patient images is not trivial
and experience on clinical images
is limited. However, work in this
area is ongoing and it is hoped that
tools for its evaluation in clinical
practice would become more
easily available to all in the near
future.
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Table 4

Risk/Dose metrics for abdomino-pelvic CT optimisation.

Risk/Dose metric
and symbol

Definition and units

Measure/estimate of what?

Measurement method and instant of
determination

Use

Dose Length
Product (DLP)

Size Specific Dose
Estimate (SSDE)

Individual organ
dose (OD)

Effective dose (full
name ‘organ
dose based
effective dose’)
(E or EDgp).

DLP(mGy.cm) = CTDI,q x L[69],
where L is the length of the scan (cm) and

CTDI
CTDLoi(2)(mGy) = L2

1 [70].
CTDIy, = §CTD1100‘C + §CTD1100_P

The CTDI,, must be measured in a standard 32 or 16 cm PMMA
phantom using the same exposure parameters (kV,,, mAs,
bowtie filter, additional filter, pitch, collimation) used during
the patient scan.

The actual definition of DLP used may vary slightly including
by scanner and whether tube current modulation is involved.
A good discussion can be found in IAEA dosimetry code of
practice [71] and appendix VII of the supplementary
document on its implementation [72].

N
DE
SSDE(mGy) = w where SSDE(z) = CTDlyq; X cf

is for a given slice and cf is a calibration factor which is a
function of the Water Equivalent Diameter (WED) of the slice
[23]. N is the total number of slices in the CT image.

€
Dy(mGy) = m—TT, where Dy is the mean absorbed organ dose, &1

is the energy imparted to the tissue and mr is the mass of the
tissue [80].

E(or EDop)(mSv) = Y ;wrHr, where D are absorbed organ
doses to a reference individual representing a given population
and wr are tissue weighting factors indicating organ/tissue
radiosensitivity [84].

A measure of the total energy imparted to the
standard phantom when exposed under the
same exposure parameters as the patient.
However it is important to note that DLP is not
equal to the total energy deposited in the
patient [73].

The nomenclature CTDIvol was introduced to
differentiate it from CTDIw which was
originally defined for axial CT; however, it
should not be considered as implying that it is
an average dose across the patient volume as
its subscription might imply.

Provides a better estimate of the total energy
imparted to the patient by replacing the
standard 32 cm PMMA phantom with a virtual
disc water phantom having the same total
attenuation as the patient slice [23].

Energy imparted per unit mass of an organ.

Measure of stochastic risk from an exposure to
a reference individual representing a
population [85]. However, there is only
allowance for organ/tissue radiosensitivity
and none for age and sex [86].

Measurements of CTDI,, require the use of a
pencil ionising chamber. Determined post scan
since ) CTDI,,(z) (or scan-length) or pre-scan
since scan length is defined prior to scan. It can
be read off from the DICOM dose report [74].

Calculated post-scout or post-scan (latter being
more accurate as it uses the measured values of
linear attenuation of coefficient of patient voxels
as inputs for the calculation of Dy). As of 2019,
manufacturers are required to produce an SSDE
value. [79].

In the case of anthropomorphic phantoms,
absorbed doses can be measured directly in
different tissues/organs using TL, OSL or
electronic dosimeters [81]. In the case of
patients, voxel attenuation values would need to
be converted to absorbed dose using MC based
software involving modelling of the patient and
imaging system [82]. Libraries of voxel models
of patients of different habitus have been
published and can be used to provide an
approximate model for the individual patient.
Other methods for absorbed dose calculation
based on deep learning methods are being
developed [83].

There are multiple approaches to the estimation
of E [87]. May be estimated post scout or post
scan depending on approach used.

Since defined on a non-anthropomorphic
phantom of fixed size, the DLP has little
relevance to the actual energy imparted to the
individual patient who varies in habitus/size
[75]. Used mainly for DRL studies comparing
doses for similar protocols between institutions
[76-78]. Suitable also for comparison of relative
doses for a fixed scanner from different protocols
with similar patient dose distributions e.g. dose
reduction from varying the exposure parameters
for a given protocol or comparing alternative
similar protocols [13].

Suitable for anthropomorphic phantom or
patient optimization studies involving variable
body habitus/size.

Necessary to subsequently evaluate organ risk or
for estimates of effective dose.

Useful for comparing risks between different
protocols particularly when there are significant
differences in absorbed dose distribution in the body

[88]. When time is limited, the Defining Organ
Absorbed Dose (ODp, mGy) defined as the “dose
to an organ which is sensitive enough to be used
as a primary radiation burden indication for a
specific CT protocol and anatomical region” and
thee corresponding effective dose EDop can be
used. ODp, was defined as the absorbed dose to
the stomach for the abdomino-pelvic exam [86].

(continued on next page)
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Table 4 (continued)

Use

Measurement method and instant of

determination

Measure/estimate of what?

Definition and units

Risk/Dose metric
and symbol

This would be the ideal metric to use.

May be estimated post scout or post scan

depending on approach used.

This index is considered as the most reflective

> ¢rrODr, where ODr is the organ dose for organ T and
rris a gender-, age-, and tissue specific risk of cancer incidence

RI =

Risk Index (RI)

of the real patient risk and therefore would be

considered the gold standard [86].

[86,89,90]. The units are number of cancers per 10° patients

per 100 mGy.

This metric was noted as having a very high

May be calculated post scout or post scan

The relative effective dose modifies the

RI

ED,(mSv') =—— x E, where Rl is the RI for a 20 year patient

Relative effective

linear correlation (r? of 0.99) with RI, the gold
standard, which is expected given that EDr as

depending on estimation approach used.

effective dose E to take into account age and

sex specific factors.

dose (ED,)

[6,86,89].

defined is linearly related to RI [86]. This metric

provides a modified dose measurement in mSv to
take into account the ICRP’s suggestion that

effective dose may be adjusted by considering

other risk factors.

Physica Medica 125 (2024) 103434

In a paediatric abdomino-pelvic study comparing the difference be-
tween SSDE evaluated solely at a central slice and the actual mean SSDE
evaluated along the entire z-axis of the patient as per definition, found at
most an 11% difference, concluding that estimates from the central slice
alone may provide a suitable substitute at least for paediatrics [35]. In
other works, SSDE was also correlated with actual physical dosimetric
measurements based on the CIRS© anthropomorphic phantoms [91,92]
as well as Monte Carlo (MC) estimates along the z-direction on adult
patients [93].

There are multiple approaches to calculate effective dose (E)
described in the literature, and an effort to compare seventeen methods
was carried out recently [87]. In this comparison, these methods were
organised into three groups: (1) methods based on a lookup of the
typical effective dose for the examination type as published in literature,
(2) methods based on calculation from typical patient-specific values of
CTDIvol and DLP multiplied by conversion factors, and (3) methods
based on dose calculation software such as those provided by InPACT,
CT-Expo and the National Cancer Institute dosimetry system. The au-
thors concluded that the value of E can vary by 6-18 times depending on
patient size and method used, and recommend that the uncertainty
associated with each method should be taken into account given the
assumptions of patient age, gender and reference phantoms used. The
results of such studies should therefore be approached with utmost care.

4. Discussion

The potential utility of a specific BH metric for the process of patient-
specific protocol optimization and pre-scan choice of protocol depends
on the strength of its correlation to IQ metrics relevant to the clinical
task or to RD metrics (or both). Studies on correlations between RD and
BH metrics and between IQ and BH metrics, are summarised in Tables 5
and 6 respectively. A discussion of the relevance of each set of correla-
tion studies for protocol optimisation follows each respective table.

5. Correlation between Risk/Dose (RD) vs body habitus (BH)
metrics

The retrieved articles that involved correlation of RD and BH metrics
are provided in Table 5. The pertinent issues relevant to optimisation as
elicited from the reviewed articles are discussed below:

System dependence: Correlations between RD and BH metrics are
system dependent, because different manufacturers employ different
approaches to current/voltage modulation and dose/noise reducing
reconstruction algorithms. This has been highlighted both in purposely
designed studies using phantoms [104] as well as patients [111,113],
although these were not tested for statistical significance. In some
studies, data from multiple systems was pooled, potentially masking
these differences [29,33,78,98,106].

Use of modulation: In general, patient studies reported that RD met-
rics (commonly CTDIvol, DLP and SSDE) increased with increasing BH
values (metrics commonly being BMI and Dyy), irrespective of contrast
agent use [40,98]. This indicates that whilst modulation approaches
differ by manufacturer and model, they all to some degree attempt to
maintain similar reference noise. However, whether this modulation
was sufficient to retain clinically adequate image quality at large body
sizes, has only been investigated in a very limited number of studies,
which will be discussed in the following section. What can be concluded
from the articles is that in the case of these specific studies going from
the penultimate to the highest BH category did not lead to RD metric
values tapering off, implying that modulation maximum current values
were high enough to cater for the bigger patients; whether image quality
was sufficient is of course another matter.

Effect of contrast agent: One study showing how RD increased with
BH, stratified by contrast use, showed similar absolute dose values and
dose increases irrespective of contrast use or otherwise [40]. This may
be due to the inclusion of hundreds of facilities having a wide mixture of
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Fig. 1. Potential different approaches in determining the PA and LAT diameters. PA or LAT may be measured either as the maximum extent of the patient along the x
and y axes (i.e. a bounding box) [22], or through the patient’s centre whilst still being aligned along the x and y axes [28]. If the patient is rotated around the z-axes
(i.e. not lying perfectly prone or supine), it may also be possible to measure the PA and LAT along the patient’s axes.

scan protocols. Alternatively, Klosterkemper et al noted that contrast-
enhanced (CE) studies had higher CTDIvol and SSDE for all patient
size groups except the largest, in comparison with non-contrast-
enhanced (NCE) studies [98]. Conversely, and for only average sized
patients, Moghadam et al determined that contrast enhanced studies had
CTDIvol, DLP, and SSDE lower than non-contrast enhanced studies,
likely because whilst for a given sized patient the use of contrast in-
creases Dyy, it also permits the use of a lower mAs and hence CTDIvol
when compared to a NCE study with a similarly sized patient [29,114].
Whilst both the latter studies had large sample sizes (n > 500) for each
contrast group, this discrepancy was not tested for significance. A
possible protocol-related reason that could explain lower doses for NCE
studies in Klosterkemper et al’s work is that the reference mAs was set in
the range 120-150mAs for NCE, but 150mAs for CE. This discrepancy
may also be explained by variability in the structure of multiphasic
protocols, which was not discussed.

Correlation of RD to BH metrics: Five studies correlated RD with BH
metrics [99,105], with three having small sample sizes [94,106,108].
The correlated RD metrics were DLP, SSDE and E, whilst the BH metrics
were weight, BMI, AP+LAT, and adipose tissue volumes. Good corre-
lation was found between CTDIvol and weight = 0.82), and DLP and
BMI (r = 0.797) [99], although DLP will vary with scan length. A lim-
itation of these studies was that these correlations were not stratified by
gender, potentially masking expected differences in fat quantity and
distribution between male and female patients. Further, data was
collected from only one scanner type (per study), so results may not
necessarily generalise over various models, modulation and recon-
struction algorithms. This distinction between male and female patients
was noted by Funashima et al. (2023) [109], where although no cor-
relations or tests for significance were performed, tabulated results
indicated that absolute values of E for female patients were lower than
for male patients in the three broad BMI categories investigated. Most of
the studies reviewed did not explicitly set out to correlate RD with BH
metrics. Indeed most were done for the purposes of establishing or
reviewing DRLs in which stratification by BH metrics (most commonly
BMI, Dy, or Dg) was included [2,29,40,98,110,111]. As such, although a
general trend may be observed in these works, being that RD increases
with each successive BH stratum, no correlations were reported. By the
nature of DRL studies, pooling of examinations from multiple sites and
systems, and pooling by gender, again, potentially masked system and
patient specific correlations of RD with BH. Studies that explicitly target
system and patient specific correlations with the large sample sizes
typically associated with DRL investigations are thus needed.

Relating RD to BH metrics measured pre-scan: Studies that correlated or
stratified RD according to BH used weight [94], BMI
[96,99,101,105,108,109,111], Dw [27,40,98], Dg [29,78,110] or adi-
pose tissue area/volume [99,105]. Weight or BMI are useful as they can
be measured pre-scan, but have the limitation that they are global
metrics which are not sensitive to tissue type or distribution. Metrics
such as Dy and Dg may be evaluated as a function of longitudinal po-
sition along the patient, and in the case of Dy, it is also sensitive to tissue
type and attenuating properties. The limitation of these metrics is that
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they are most accurately determined post-scan on the reconstructed
axial images. However, there are approaches to estimate these metrics
pre-scan. In the case of Dy, one option is the use of localizer radiographs
[25]; in the case of Dg, an innovative approach was explored by Li et al
(2022) [2] using T-shirt size.

Organ dose as an RD metric in correlation studies: Most of the reviewed
studies investigating the relationship between RD and BH used CTDIvol,
DLP and SSDE as the RD metrics [2,29,33,39,40,78,98]. A 2010 study
investigating the correlation of patient weight with CTDIvol made use of
the ImPACT dosimetry calculator, a set of pre-calculated MC tables, in
order to derive individual organ doses [94]. These calculations were
based on mathematical phantoms rather patients, limiting their suit-
ability for patient-specific measurements. More accurate approaches
exist today, notably ones which calculate organ doses via MC techniques
and using actual voxel models based on patient images [83,115-117].
MC simulation has the added advantage that it is able to replicate mA
modulation in 3D if such information is available [118]. Whilst there are
a few articles investigating the use of MC to estimate organ dose, limited
works applied MC to calculate organ dose as a function of body habitus
[27,119]. A MC investigation by Fujii et al (2020) [27] noted increases
in organ dose as patient size increased. While the system used tube
current modulation (TCM), only one scanner was investigated and so
could not investigate how the factor increase in dose changes across
systems and manufacturers. Further, the sample size per BMI group was
small (n = 20), with each sample being further split equally between
male and female patients.

Desirable design features of future correlation studies: Future work is
required that is specifically earmarked for investigating the correlation
of RD with BH. Such work should ensure sufficiently large patient sample
sizes from each stratum of BH, gender, CT scanner models, use or
otherwise of modulation and type of reconstruction algorithm. The RD
metrics should include organ doses derived using MC on voxel models
based on actual patient images. This is complex because the MC simu-
lation must model the individual scanner hardware. The BH metrics
should, in addition to weight and BMI, as a minimum include Dg and Dy.
If this research is conducted retrospectively, with RD and BH metrics
estimated post-scan, the various relationships and correlations obtained
may be useful to prospectively inform protocols that would be tailored
for each gender and BH subgroup. Subsequently, pre-scan BH estimates
may advise the selection of a suitable protocol which would reduce the
need for re-scans and therefore avoid unnecessary dose.

6. Correlation between image quality (IQ) and body habitus
(BH)

The nine reviewed articles that involved correlation between IQ and
BH metrics are provided in Table 6. Seven articles of which included also
RD metrics in addition to the IQ and BH metrics.

The pertinent issues relevant to optimisation as elicited from the reviewed
articles are discussed below:

Phantom or patient based studies: Three studies were patient based
[102,103,111], while four were phantom based [41,104,107,120]. Two
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Table 5
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Studies reporting correlation of RD with BH. Sample sizes are for abdomino-pelvic adult examinations only. TCM=Tube Current Modulation, CE=Contrast Enhanced,
NCE=Non-Contrast Enhanced, FBP=Filtered Back Projection, IR=Iterative Reconstruction, CAP=Chest-Abdo-Pelvis, AP=Abdomino-pelvic. *Reconstruction algo-
rithm (FBP/IR) not stated or not applicable. ®Modulation includes any or all of: current, voltage, longitudinal, angular. “Studies not explicitly looking at the rela-
tionship between RDs and BHs. PUse of contrast medium not stated or not applicable. *Calculated by the authors from the published results.

Study
(chronological)

Brief description

Results and comments

Note on IQ

Israel et al (2010)
[94]

Turner et al (2011)

[95]

Chan et al (2012)
[96]

Boos et al (2015)
[97]

Leng et al (2015)
[33]

Kanal et al (2017)
[40]

Klosterkemper et al
(2018) [98]

McLoughlin et al
(2018) [99]

Li et al (2018)
[100]

Mehdipour et al
(2019) [101]

Ria et al (2019)
[102]

Ria et al (2020)
[103]
Fujii et al (2020)

[27]

Sookpeng (2020)
[104]

Moghadam et al
(2021) [29]

Li et al (2022) [2]

Lee et al (2022)
[105]

Hasan et al (2022)
[78]

Patient based (n = 91, CE) study on one scanner® using
modulation®, compared CTDIvol and organ dose against
patient weight (45.4-141.5 kg).

MC simulation phantom-based (six adult voxel
phantoms) study on four simulated scanners® without
modulation, investigated abdominal organ doses as a
function of phantom circumference (66.5-124.5 cm).
Patient based (n = 100, CE) study on one scanner” using
modulation®, investigated the relationship of BMI
(16.7-44.3 kg/mz) on E, calculated as the DLP times a
multiplicative factor k.

Patient based (n = 1942, CE and NCE) studyC on one
scanner with modulation®, investigated CTDIvol, DLP
stratified into five BMI groups.

Patient based (n = 102)® study on four scanners” with
modulation®, compared two determinations of SSDE
against Dy (20.6-42.7 cm).

Patient based (n = 249,502 NCE, n = 338,056 CE) multi-
centre studyABC (n = 583), investigated CTDIvol, DLP,
and SSDE as a function of binned Dy (21-41 cm).
Patient based (n = 563 NCE, n = 1746 CE) study® on
three scanners using modulation® and IR, investigated
CTDIvol, DLP, and SSDE as a function of Dyy bins as
defined by Kanal et al (2017) [40].

Patient based (n = 239, CE) study on one scanner using
modulation® and IR, investigated various tissue volumes
against DLP for a range of BMI (13.9-49.1 kg/m?).

MC simulation water-phantom-based study on one
simulated scanners® without modulation, investigated
dose to a water as a function of phantom diameter (6-55
cm).

Patient based (n = 73)° studyCA (use of modulation not
stated) investigated CTDIvol, DLP and SSDE stratified
into seven weight bands. Patient weight and lateral
diameters ranged from 38-105 kg and 23.7-46.4 cm.

Patient based studyC (n = 1061, CE) on two scanners
with modulation®, investigated the relationship between
patient size (Dg=21.0-40.9 cm) and CTDIvol.

Patient based study (n = 549, CE) on two scanners with
modulation® and only IR, investigated the relationship
between CTDIvol and Dy (20.3-42.1 cm).

Patient based (n = 80)® study” on one scanner using
modulation®, investigated MC derived organ doses as a
function of Dy (21.8-30.5 cm), for the four BMI
categories.

Phantom based (in-house, physical) study on four
scanners using modulation® and FBP, comparing
CTDIvol between systems across a range of phantom
diameters (19-30 cm).

Patient based study® (n = 4,848 NCE, n = 14,541 CE) on
eight scanners using modulation® and IR, investigated
CTDIvol, DLP, and SSDE against Dg.

Patient based studyc (n = 500,580 CE and NCE)
performed at 256 facilities®, investigated CTDIvol, DLP,
and SSDE against T-shirt size derived from Dg.

Patient based study (n = 695 CE) on scanners of the same
model” using modulation®, investigated effective dose E
against BMIL.

Patient based study® (n = 500 NCE, n = 528 CE) on five
scanners using modulation® and IR, investigated CTDIvol
and DLP between medium and large patients (Dg of

CTDIvol correlated with patient weight (r* = 0.82).
From a 60 kg to a 100 kg patient, CTDIvol found to triple
while individual organ doses noted to double.

As expected with fixed tube current, strong exponential
decrease in abdominal organ doses with phantom
circumference.

E was noted to increase with each successive BMI group,
with values of 7.3, 8.9 and 12.0 mSv for low BMI (<20
kg/m2), normal BMI (20-25 kg/m?), and high BMI
(>25 kg/m?) respectively.

Both CTDIvol and DLP increased with increasing BMI
group, although no correlations were investigated.

SSDE determined from a single central slice agreed well
with mean SSDE determined from a slice-by-slice
approach over a wide range of body habitus.

CTDIvol, DLP, and SSDE increased by factors* of 2.9,
1.8, 3.3 in going from the smallest bin (21-25 cm) to the
largest bin (37-41 cm), irrespective of contrast use.
Although overall lower than Kanal et al (2017) [40],
CTDIvol and SSDE increased dramatically by factors* of
5.3 and 2.8 for CE, and 9.6 and 5.1 for NCE, from the
smallest to the largest Dy bin size. A wider difference
between NCE and CE was also noted.

DLP was found to be correlated significantly to BMI (r =
0.797).

Authors proposed a modified exponential relationship
from that determined in other works [95].

CTDIvol, DLP and SSDE were noted to have increased by
factors* of 3.9, 2.5, and 2 in going from the smallest
weight band (38-50 kg, with a mean BMI of 18.6 kg/m?
and mean LAT diameter of 27.9 cm) to the largest weight
band (101-105 kg, with a mean BMI of 44.1 kg/m? and
mean LAT diameter of 46.2 cm).

Median CTDIvol was noted to increase with each
successive Dy reference range. From smallest to largest
size group, this was 5 mGy (Dg=21.0-24.6 cm) to 16.7
mGy (Dg=37.0-40.9 cm), a factor of 3.34*.

CTDIvol increased with Dy for both scanners, as
expected with modulation.

Liver, stomach and bladder, were noted to have a mean
increase in organ dose of a factor* of 1.8 and 2.3 when
going from normal to obese, and from underweight to
obese, respectively.

TCM was noted to operate differently in different
systems, with some having a wider margin of adjustment
of tube current as the phantom size changes, and
modulation may precede the phantom sections having a
change in diameter (attenuation).

CTDIvol, DLP, and SSDE increased by factors* of 4.2,
3.9, and 2 in going from small (Dg<23 cm) to large
(Dg>36 cm) patients. Pooled CE data showed lower
CTDIvol, DLP, and SSDE compared to NCE.

In going from XXS (Dg=18.2 cm) to XXL (Dg=39.6 cm):
for NCE abdomino-pelvic exams, CTDIvol, DLP, and
SSDE median values increased by factors* of 3.4, 3.5,
and 1.5; while for CE abdomino-pelvic exams, CTDIvol,
DLP, and SSDE increased by factors* of 3.5, 3.9, and 1.6.
E was found to have a positive correlation with BMI (r =
0.715).

For abdominal pain (CE) CTDIvol and DLP both

increased by a factor* of 1.5 in going from the medium
size to the large size patient group.
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No reference to IQ

No reference to IQ

No reference to IQ

No reference to 1Q

No reference to IQ

No reference to IQ

No reference to IQ

No reference to 1Q

No reference to 1Q

Investigation of Acceptable Quality
Dose (AQD) where image quality was
subjectively assessed by a radiologist.

Investigation of IQ noted in Table 6.

Investigation of IQ noted in Table 6.

No reference to 1Q

Investigation of IQ noted in Table 6.

Noise standard deviation was
evaluated for 10 examinations per
protocol, but not stratified by patient
size.

No reference to 1Q

No reference to IQ

No reference to I1Q

(continued on next page)
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Study
(chronological)

Brief description

Results and comments

Note on IQ

El Mansouri et al
(2022) [106]

Tsalafoutas et al

(2022) [107]

Shah et al (2023)
[108]

Funashima et al
(2023) [109]

Amalaraj et al
(2023) [110]

Sebelego et al
(2023) [111]

Sebelego et al
(2023) [113]

20-30, and 30.1-40 cm) and stratified over a number of
clinical indications.

Patient based study® (n = 30, CE) on two scanners” with
modulation®, compared SSDE as a function of AP+LAT
size (43.06-64.25 cm).

Phantom (Mercury 4.0, CTDI) based study on one
scanner® with modulation®, to evaluate the effect of said
modulation and phantom size (Dw=16.5-35.2 cm)
CTDIvol.

Patient based study (n = 61)” on one scanner using
modulation® and FBP, investigated SSDE and E against
BMI (13-26 kg/m?).

Patient based study (n = 180)° on one scanner with
modulation® and IR, compared effective dose E as a
function of sex and BMI (lean, normal, obese): 18.5 <
normal male < 28.1, 17.9 < normal female < 27.8 kg/
m2

Patient based study® (n = 363, NCE) on 14 scanners”
with modulation®, sought to establish DRLs for SSDE that
are stratified by Dg.

Patient based study® (n = 400) on six scanners (5 with
modulation® and using IR), reported CTDIvol, DLP and
five SSDE methods stratified by BMI category.

Patient based study (n = 403, CE) on two scanners with
modulation® and IR, investigated the variation of SSDE
and DLP with BMIL.

Although SSDE was correlated with AP+LAT with r? =
0.69, the sample size was too small to provide statistical
insight into how patient size affected CTDIvol and SSDE.
While CTDIvol was noted to generally increase with Dy,
it was noted that the modulation curves were different
depending on the direction of scanning and do not
closely follow the Dy curve.

Dy ranged between 18-33 cm. Correlations of SSDE
with BMI and E with BMI were both weak with r = 0.54
and r = 0.39, respectively. Given the small sample
collected from a single system, it is difficult to have any
statistical insight.

Although no correlations were performed, E for males
and females both increased by a factor of 1.4 in going
from lean to obese, with absolute values for females
being slightly lower. This is perhaps the only work to
provide BH and results stratified by gender.

Proposed SSDE NDRL values for the abdomen increased
with Dg, from 11.2 mGy to 16.6 mGy for the 18-25 cm
and 38-43 cm Dg groups, respectively.

For hospitals with results stratified by BMI category, all
dose metrics were noted to increase with increasing
BMIL. It should be noted that one SSDE metric, obtained
by applying a conversion factor to the BMI, would be
expected to have such a relationship [112].

For both systems independently, and with CAP and AP
data pooled, both the SSDE and DLP increased with
increasing BMI, although the SSDE in their case was
evaluated as noted previously [111]. No correlations

No reference to IQ

Investigation of IQ noted in Table 6.

No reference to IQ

No reference to 1Q

No reference to IQ

Investigation of IQ noted in Table 6.

Investigation of IQ noted in Table 6.

were evaluated for these.

studies [107] made use of phantoms designed to assess TCM features
(namely the Mercury© phantoms), whilst only one study [120] used
anthropomorphic (CIRS©) phantoms to assess IQ. Although anthropo-
morphic phantoms may better represent heterogenous tissue within the
patient, the mercury phantoms provide a wider range of patient di-
ameters (up to 37 cm); the adult CIRS ATOM phantom is widest at the
thorax with dimensions of 23x32cm [91]. Neither category of phantoms
are suitable for the assessment of image quality for larger patient sizes. A
further limitation of phantom based studies is that increased quantity of
adipose tissue and its distribution in larger sized patients may affect the
TCM in ways that may not be reproducible in a homogenous phantom
[103]. Studies based on patients, evaluating GNL or noise standard de-
viation, noted that these IQ metrics were in general independent of BH
(typically Dy) over multiple scanners, modulation and reconstruction
algorithms. For these studies, Dy ranged from 20.3-42.1 cm, indicating
a wide range of patient sizes. This may indicate either that the system
TCM was sufficient to maintain a constant noise value, or more probably
that non-linear IR approaches suppress noise even when the tube current
would be insufficient [68]. The investigation of noise alone may not
fully describe the IQ of the final image, and therefore it is important for
future patient based studies to evaluate multiple IQ metrics as a function
of BH.

Use of modulation: Tube-current modulation (TCM) seeks to provide
consistent noise magnitude independent of patient size, however TCM
may not always compensate sufficiently for larger patients [63,104,107].
One study investigated TCM across four scanners, and determined that for
three systems (Philips, Siemens, Toshiba) using TCM, noise standard de-
viation increased with phantom diameter. The TCM current may max out
and not properly adjust to a bariatric patient. Of course, the remedy to this
is to increase the maximum allowable current. However, even that may
not always be adequate. As noted by Szczykutowicz [63] the mA range
alone is not sufficient to cater for a patient of any size, meaning that other
parameters may need to also be modified in what the author refers to as
‘size-based protocols’: “Attenuation in CT increases exponentially with
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patient thickness. Indication to indication, dose changes by ~0.5 to 2
times. These dose changes are not changing exponentially with indica-
tion; dose changes as a function of patient size observed in diagnostic
imaging are much larger than indication to indication dose changes [...].
This means that to diagnose the same lesion in an infant as in a bariatric
adult, the CT scanner must be capable of delivering doses ranging from
sub mGy to about 100 mGy. This huge span in dose levels cannot be
accomplished using a single kV, pitch, collimation, and rotation time. CT
scanners do not have high enough mA limits to span this range in dose
needs.” One phantom-based study [107] investigating the effect of tube
current modulation, noted that the detectability index d’ decreased with
increasing Dy. This was in agreement with an earlier study [120] on an
identical scanner which demonstrated that noise standard deviation
increased when moving from a paediatric to an adult anthropomorphic
phantom. However, the latter study also showed that a GE system did
maintain the same noise standard deviation between phantom sizes. This
emphasises that the effect of tube current modulation on IQ metrics is
system dependent.

Limited range of image quality metrics used: Studies mostly evaluated
noise, either as GNL or noise standard deviation in a particular organ.
Although quite a few image quality metrics have been identified in
literature (Table 3), most of these studies have not explored their
dependence on BH. Whilst noise magnitude is an important IQ metric,
other metrics, such as sharpness, contrast, and even noise texture (rather
than only magnitude), need to be included to provide a complete
description of the quality of the final presented image.

Limited range of CT systems studied: Most studies noted in Table 6
evaluated metrics on only one or two scanners. Correlations as well as
any noise prediction models will be system dependent [103]. This limits
the generalisability of these results, given the large number of combi-
nations of scanner hardware and reconstruction approaches. Only the
work by Sebelego et al. (2023) [111] evaluated IQ on six scanners,
however this was only stratified by BMI, and no inter-system comparison
was performed.
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Table 6

Physica Medica 125 (2024) 103434

Studies reporting correlation of IQ to BH. Sample sizes are for abdomino-pelvic adult examinations only. TCM=Tube Current Modulation, CE=Contrast Enhanced,
NCE=Non-Contrast Enhanced, FBP=Filtered Back Projection, IR=Iterative Reconstruction, CAP=Chest-Abdo-Pelvis, AP=Abdomino-pelvic. *Reconstruction algo-
rithm (FBP/IR) not stated or not applicable. 2Modulation includes any or all of: current, voltage, longitudinal, angular. “Study for the purposes of establishing or
evaluating DRLs. "Use of contrast medium not stated or not applicable. *Detectability index is not strictly included as part of the inventory in this work, but given the

dearth of studies is included here for the purpose of highlighting the influence of TCM.

Study Brief description Results Note on RD
Menke et al Phantom based study over a range of fixed tube current using ~ Expected exponential relationship for a linear FBP Investigation of noise standard
(2005) [39] FBP, to correlate noise standard deviation with increasing reconstructed images, at fixed tube currents between 50 deviation as a function of Dy

Solomon et al

phantom diameter (Dy: 20-36 cm).
Anthropomorphic phantom (CIRS ATOM adult and

(2013) [120] paediatric) based study on two scanners (Siemens and GE)
with modulation® and FBP/IR, investigated correlation
between actual noise standard deviation with reference mAs
for both FBP and IR.

Tianetal (2015)  Phantom (Mercury 2.0) based study evaluating noise
[41] standard deviation as a function of Dy (16-37 cm) on one

Ria et al (2019)

scanner without modulation and using both FBP and IR, in
order to derive a relationship to predict noise in patient
images.

Patient based studyC (n = 1061, CE) on two scanners with

[102] modulation®, investigated the relationship between patient
size (Dg=21.0-40.9 cm) and GNL.
Sookpeng Phantom based (in-house, physical) study on four scanners

(2020) [104]

Ria et al (2020)
[103]

Tsalafoutas et al
(2022) [107]

using modulation® and FBP, comparing noise standard
deviation and CNR between systems across a range of
phantom diameters (19-30 cm).

Patient based study (n = 549, CE) on two scanners with
modulation® and only IR, investigated the relationship
between Dy (20.3-42.1 cm) and GNL.

Phantom (Mercury 4.0, CTDI) based study on one scanner”
with modulation®, to evaluate the effect of said modulation
and phantom size (Dyw=16.5-35.2 cm) on detectability
index* d.

and 250mAs.

For GE, noise was independent of phantom size, whilst for
Siemens, noise standard deviation was higher for the adult
phantom. For both systems, noise standard deviation was
higher with FBP than with IR, with the difference being
higher for the Siemens system.

Relationship was dependent on Dy and reconstruction
algorithm, as well as other CT hardware related
parameters. This relationship was noted in Table 3 of this
work as TSN.

GNL was found to be only weakly correlated with patient
size. One system (GE Discovery CT750HD) showed a slight
decrease in noise with patient size, whilst a second scanner
(Siemens SOMATOM Definition Flash) showed a slight
increase in noise with patient size. These metrics were not
correlated or tested for statistical significance.

TCM was noted to operate differently in different systems,
with some having a wider margin of adjustment of tube
current as the phantom size changes. Only the GE scanner
maintained similar noise SD across different phantom
sizes.

Findings were consistent with previous work on the same
two systems [102]. Correlation and fitting parameters
provided in terms of the proposed noise predictive models.
Detectability index d' of five different materials decreased
with Dy and was also noted to vary with phantom scan
direction, even though CTDIvol was noted to increase with
Dy.

evaluated for a range of CTDIy.
No reference to RD

No reference to RD

Investigation of RD noted in
Table 5.

Investigation of RD noted in
Table 5.

Investigation of RD noted in
Table 5.

Investigation of RD noted in
Table 5.

Patient based study (n = 400)" on six scanners with
modulation® with FBP/IR, reported noise standard deviation
stratified by BMI category (underweight, normal,
overweight, and obese).

Patient based study (n = 403, CE) on two scanners with
modulation® and IR, investigated noise standard deviation
with BML

Sebelego et al
(2023) [111]

Sebelego et al
(2023) [113]

Authors noted that the noise standard deviation was
independent of BMI category.

Noise standard deviation was stratified for four BMI
groups (underweight, normal, overweight and obese) and
was noted to vary slightly with BMI, although no

Investigation of RD noted in
Table 5.

Investigation of RD noted in
Table 5.

correlations were performed.

Effect of contrast agent: Most patient studies evaluating IQ in the
abdomino-pelvic region involved the use of contrast agent, however,
none investigated the effect of contrast use on IQ as a function of BH.
One study [121] investigating the potential of reduced contrast use, did
evaluate the CNR in routine CE (n = 46) and reduced CE (n = 46) over a
range of patient weights (48.8-132.5 kg). The authors noted higher CNR
in the routine CE, but did not correlate this with BH. The effect of
contrast use on tube current modulation and the resultant effect on IQ
metrics as a function of BH should be investigated.

Desirable design features of future correlation studies: Investigation of
IQ metrics v BH should take into consideration a number of IQ metrics
and not be limited to the use of noise standard deviation. Furthermore,
such studies should be based on actual final reconstructed patient im-
ages. The study should look at a variety of CT scanner hardware, mod-
ulation systems and reconstruction algorithms, as these were noted to
influence IQ. In terms of BH, sufficiently large patient samples are
needed to ensure each patient size group is suitably represented. Sepa-
rate correlations by gender are needed.

Seven studies considered correlations of IQ, RD, and BH metrics
[39,102-104,107,111,113]. These studies show the emerging impor-
tance of considering BH related metrics in the evaluation of RD and IQ
metrics. These studies were carried out for the purpose of evaluating or
establishing DRLs, and as such a tabulation of RD and IQ metrics strat-
ified by BH metric was sufficient. Future work should seek to investigate
correlations between all three categories of metrics, and ideally include
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multiple metrics from each category, which should be technically
manageable since many of them are measurable post-scan on the axial
images. It would also be beneficial if the anatomical reference point
where IQ and, in particular, the BH metric is measured, is noted. Studies
involving multiple scanner hardware and modulation and reconstruc-
tion algorithm combinations would also be beneficial to highlight the
manufacturer specific dependencies of these metrics.

7. Conclusion

In this review we emphasise that successful protocol optimisation in
abdomino-pelvic CT must take into account three categories of metrics:
Body Habitus/Size, Image Quality, and Risk/Dose. This is to our
knowledge the first attempt to bring these three categories together in a
comprehensive manner. We further emphasise that the BH category
should be given increased importance, since it is critical for patient-
specific pre-scan optimisation and protocol choice.

From this review 11 BH metrics, 12 IQ metrics, and 6 RD metrics
were identified. Their definitions, methods used for measurement or
calculation and their utility in practice were discussed.

It would seem that the current general consensus at present favours
the use of Dy for BH, GNL for IQ and SSDE for RD. The limitation of Dy
is that it is only precisely calculated post-scan, with localiser based ap-
proaches being only approximations. Dy further requires that the full
patient anatomy be contained within the reconstructed field-of-view, a
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condition which may not necessarily hold for larger sized patients. Since
the SSDE is calculated via Dy, this would lead to an inaccurate dose
calculation. SSDE does not provide organ-specific doses, making it ill-
suited for higher-level optimisation studies. GNL is a noise metric,
which, as noted earlier, may not be suitably sensitive to changes in CT
tube current modulation.

It is suggested that future work should correlate a number of metrics
from each of the RD and IQ categories with BH. The sample size should
be large to ensure that each BH stratum, when further separated by
gender, remains well represented. These correlations performed retro-
spectively and post-scan would be informative to understand which
metrics are best suited for optimisation work. This would enable the
creation of BH and gender specific protocols. It would also be beneficial
to understand the correlation between BH metrics that may be measured
prior to imaging, such as T-shirt size as proposed by Li et al [2], with
more accurate BH metrics that are measurable post-scan, such as Dy, as
this would inform on the appropriate protocol for the category of patient
being imaged and clinical task prior to scanning.

The inter-relationship between IQ and RD as a function of BH is
complex owing to patient-specific physical properties (e.g. quantity and
distribution of adipose tissue) and is further compounded by the fact
that modern systems employ various TCM modes, and by the non-linear
nature of modern CT reconstruction algorithms. This makes it difficult to
define metrics that are able to sufficiently predict the final image quality
over a broad range of conditions.

In the case of BH metrics, D,y may be the most useful. This provides the
combined attenuation contribution of various tissues at every axial slice,
which is more informative than a global metric such as BMI or a regional
metric that considers only patient geometry It may be determined accu-
rately post-scan on axial images for the purpose of designing optimised
protocols, and may be quickly estimated pre-scan (e.g. using scout im-
ages) to prospectively select the most appropriate optimal protocol.
Multiple metrics are needed to fully characterise image quality, and if
possible these should ideally be measurable in an automated fashion on
the final reconstructed patient image [57]. Some metrics may be straight-
forward to implement and validate, such as the GNL [42]. Others, such as
the SSI and noise texture and sharpness metrics, would be organ and task
specific and whilst they may be useful for clinical query driven protocol
optimisation, they might not be sufficient for imaging protocols where the
radiologist would need to have good visual presentation of the entire
patient as in the case of acute non-localised abdomino-pelvic pain. In the
case of patient risk, the SSDE, being itself sensitive to patient tissue
composition, may be easily implemented as a fast estimate of patient dose
for day-to-day work. However since SSDE does not reflect individual
organ doses, where deviations have been shown to be as high as 36%
[119], this metric might be unsuitable for optimisation studies which
include TCM. Instead, individual organ doses calculated via MC and
voxelised patient image based models would be the gold standard
approach [83]. The Risk Index as defined by BEIR VII, which sums the MC
organ dose estimates, may then be calculated in order to report a single
value of patient risk from the examination.

Finally, we propose a possible additional novel way forward. This
inventory is intended to assist the clinical medical physicist in the
optimisation of protocols. Such optimisation should ideally be targeted
at addressing the image quality criteria for specific clinical tasks pro-
vided by internationally used guidance documents [122]. The metrics
from the inventory should perhaps be mapped to the specific image
quality criteria from these documents. As an example, a quality criterion
for general abdomen CT in the aforementioned document is the visually
sharp reproduction of the liver parenchyma and intrahepatic vessels.
Under this proposal, images exhibiting acceptable ‘visually sharp
reproduction’ as assessed by local radiologists would correspond to a
specific range of values of the Structure Sharpness Index as determined
by physicists. Using such an approach, radiologist-physicist teams can
automate post-scan image quality checks in ways which would be
acceptable to both.
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