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Abstract

Facial soft tissue thicknesses (FSTT) form a key component of craniofacial identification methods,
but as for any data, embedded measurement errors are highly pertinent. These in part dictate the
effective resolution of the measurements. As herein reviewed, measurement methods are highly
varied in FSTT studies and associated measurement errors have generally not been paid much
attention. Less than half (44%) of 95 FSTT studies comment on measurement error and not all of
these provide specific quantification. Where informative error measurement protocols are employed
(5% of studies), the mean error magnitudes range from 3% to 45% rTEM and are typically in the
order of 10-20%. These values demonstrate that FSTT measurement errors are similar in size to (and
likely larger than) the magnitudes of many biological effects being chased. As a result, the attribution
of small millimeter or submillimeter differences in FSTT to biological variables must be undertaken
with caution, especially where they have not been repeated across different studies/samples. To
improve the integrity of FSTT studies and the reporting of FSTT measurement errors, we propose the
following standard: (1) calculate the technical error of measurement (TEM or rTEM) in any FSTT
research work; (2) assess the error embedded in the full data collection procedure; and (3) conduct
validation testing of FSTT means proposed for point estimation prior to publication to ensure newly
calculated FSTT means provide improvements. In order to facilitate the latter, a freely available R

tool TDValidator that uses the C-Table data for validation testing is herein provided.

Keywords: Craniofacial identification; facial approximation; facial reconstruction; craniofacial

superimposition; facial soft tissue depth; skull; measurement error
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Introduction

Facial soft tissue thicknesses (FSTT) form a core component of the craniofacial identification
methods helping to provide practitioners with metric guidance as to the amount of soft tissue that
overlies the skull [1]. Since 1883, there have been over 95 FSTT studies published in the literature
collectively tallying >246,500 tissue thickness measurements of >16,500 individuals [2]. In the last 30
years, the number of published FSTT studies has risen dramatically (Fig. 1). Almost all studies follow
the same principles established as early as 1883 by Welcker [3] whereby tissue thicknesses are
measured, means are calculated and results are published with little or next to no validation testing to
document estimation accuracies [4]. The surging popularity of these FSTT studies makes a

comprehensive review of FSTT in the context of their measurement errors timely.
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Fig. 1: FSTT studies from 1883 to 2015 (n = 98). Asterisk (*) indicates current period for which

studies are not yet complete. Figure reproduced from [5] with permission from Elsevier.

With some exceptions in North America [6-9], almost all FSTT data have been used as general guides
as to the soft tissue volume covering the skull in craniofacial identification, not exact point-estimation

values [10-17]. In other words, the means are not used as strict indicators. Instead, some divergence



from the mean is tolerated when the measurements are used in practice for specific individuals [18].
This aligns with statistical principles where the mean value represents the central tendency, but not
necessarily the precise value held by any one individual. Subsequently, in many facial approximation
methods the FSTT means are often modified by small amounts according to the bony relief (size and
shape) of the skull when used in casework [10-12]. This step is not without its own considerations /
controversy since modifications may be made on practitioner’s speculative whims rather than
empirically documented biological relationships [18]. Irrespectively, the mean values serve as a guide
not an exact measurement and in similar fashion for craniofacial superimposition methods, intervals

around the mean rather than the mean measurement itself, may serve as the referent [16].

In contrast to the casework where FSTT means are used as general indicators, FSTT researchers often
analyse mean FSTTs differences between groups (e.g., by sex, age, ancestry) down to the millimetre
or submillimetre level of precision [19]. It is thereby pertinent to ask what the utility of such small
research differences are when: 1) they are not used in practice; and 2) the measurement errors are
likely as large. Data improvements can only be guaranteed by fine precision when: 1) measurement
errors are small enough not to interfere with the detection of any differences, i.e., they do not bury the
signal in noise [20]; and 2) improved estimation accuracies are demonstrated in practice by validation

testing of the estimation models.

When noisy data are encountered, one approach to extract meaningful results is the use of long run
pooled means to average out study specific errors [1, 21]. However, obtaining FSTT data with small
measurement errors is in any case an advantage because better ground truth estimates can be achieved
and with smaller samples. In these instances, it is vital that the measurement error be small since they
will be manifested at full intensity without any dampening or buffering provided by other data.
Subsequently, in either approach of single studies or pooled studies, there is a double-edged sword of

error risk that must be weighed and mitigated.



So far, sufficient attention has not been paid to measurement errors in FSTT research [1, 4, 20]. Not
surprisingly then there has not been a systematic review of FSTT measurement errors so far
published. Much speculation has been made as to what factors might be important for FSTT
measurement (e.g., cadaver measurements compared to living subjects [14, 19, 22-27]), but
guantitative data on these factors are generally absent and the error elucidated by repeated
measurement commonly goes entirely unaddressed [20]. There are, for example, no metric data in the
FSTT literature that specifically demonstrate measurements from non-embalmed recently deceased
individuals to be metrically inferior to data derived from living subjects despite a common perspective
that this is the case [28]. To the exact contrary, there are data that instead contradict the long held
speculations that these data are different, i.e., that after a period of curing, embalmed cadavers hold
very similar mean values to living subjects measured by ultrasound [1] (Fig. 2 and 3). In some cases
the measurement method provides restrictions for establishing the measurement error since the
measurement protocol does not permit remeasurement of the same subjects—such as the case for
radiographic protocols where repeat imaging sessions are universally avoided due to additional

ionizing radiation doses, see e.g., [29-55]. This is a major limitation.
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Fig. 2: FSTT differences between pooled independent cross-sectional samples of female White
European cadavers measured by needle puncture (13 pooled studies N = 18-277, [56-67] and [68]
cited in [69]) and living subjects measured by ultrasound (3 pooled studies, N = 505-654, [16, 23, 70])
after [1]. Negative sign indicates ultrasound > needle puncture. Note comparable data (tiny
differences) at most landmarks (15 of 18 in black), and with exceptions only at three highlighted in

grey (go-go’, ecm’-sM?, ecm,-iMy").

Given that the living versus deceased status of participants is a popular topic of discussion in FSTT
data accuracy [14, 19, 22-27], it is important to note that challenges to accurately measure the FSTT
in cadavers also equally applies to living subjects. Subsequently, these limits do not a priori establish
measurements on living subjects as accurate or free from the impacts of measurement error. For
example, the facial soft tissues are highly mobile, delicate and readily compressible in living subjects
complicating measurement methods that require skin contact [16]. These tissue properties also make
body posture an important consideration for non-contact measurement methods, like CT and MRI,
where, to date, subjects have almost universally been measured laying down in the supine position

[71-75] (Fig. 4).



Contrary to popular thought then [76], measurement of living subjects does not guarantee accuracy,
and neither does use of advanced imaging technologies even if technical precision of the imaging
equipment is high [77]. It is vital to recognize that equipment precision is not the same as hands-on
clinical measurement of humans since the former fails to include error of practitioners taking
measurements on living subjects in real world clinical settings. Subsequently, manufacturer reported
equipment precision is often much higher (error lower) than that obtained in real-life clinical context
where real human subjects (whose soft tissues are highly deformable) are physically measured. This is
evidenced by discrepancies in results between different medical imaging methods that all are regarded
‘accurate’, e.¢., measurements made by A-mode ultrasound are not identical to MRI data [16] and
neither are ultrasound and CT data exactly the same [73]. Medical imaging techniques present yet
further hurdles since obtaining repeat scans of healthy but randomly selected subjects is rare—most

clinical samples are not random draws from the larger population [20, 22].
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pooling. The multivariate data for six landmarks (g-g’, n-se’, rhi-rhi’, sm-sm’, pg-pg’, me-me’) have



been simplified into a single generic indicator of the tissue volume (summed FSTT measurement).
Only those studies reporting complete data for adults (>18 years) at the aforementioned six landmarks
are presented as drawn from the full-suite of FSTT literature from 1883-2018. Exact studies from
which this plot is generated are provided in Table 1. Bars represent +1 standard deviation of
individual study tallies around the grand mean. Note the different FSTTs across the different
measurement modes and the relatively much larger cephalogram values compared to other methods as
previously described in the literature [1]. While males consistently display larger raw summed values
for all methods, it must be recognized that the data have not been adjusted for body size, a step that

reverses the direction of the differences, i.e., females hold larger values than males [78, 79].
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Fig. 4: Mean change in face shape from upright to supine posture mapped on the average face for the

same subjects (n = 62). Light pixels indicate soft tissue extrusion sites in the supine position, while
the dark pixels indicate retrusion of tissues in the supine position. Images reproduced from [71] with

permission from Elsevier.

<Table 1 about here>



Subsequently, FSTT measurement is, in practice, a much more challenging task than what might be
anticipated on first impression, especially if millimetre accuracy/precision is sought. This raises the
question if small differences observed between different studies / authors / samples that are commonly
emphasized in the recent FSTT literature are trustworthy, or important? This is especially pertinent to
studies of FSTT by ancestry in small sampled single investigations [4]. In this paper, we explicitly
review and analyse FSTT measurement protocols and errors from the prior published literature to
provide a better handle on this issue. We conclude with suggestions to improve error documentation

in future work and provide a new computer tool to facilitate user-friendly out-of-group validation

testing of FSTT means as vital to documentation of practical utility.



FSTT Measurement Methods

Any discussion of FSTT measurement errors must begin with a description of the protocols and
equipment used for measurement since these protocols, combined with the investigator technique of
implementation, set the overarching error. So far in the literature there have been eight broad classes
of methods used to measure FSTTs; however, within each major class there are many variations as
outlined below. Six of the major methods are mainstream: solid-core needle puncture, ultrasound (A-
and B-mode), ‘plain film’ radiographs; computed tomography (CT), cone beam computed
tomography (CBCT), and magnetic resonance imaging (MRI). The two other methods are much less
common, more niche and have been used in a supplementary capacity: tissue cylinder biopsy, and

methods that combined two or more imaging protocols (one for the skull and one for the face).

Solid-core Needle Puncture:

Synopsis:
At designated anatomical landmarks on a cadaver, a solid-core needle with a small-calibre is inserted
into the soft tissue until it reaches the bone. The depth of the needle penetration, from the skin surface,

is then recorded (Fig. 5).

Variations of Technique:

1. Inan attempt to avoid tissue dimpling upon needle insertion (Fig. 5), some practitioners
lubricate needles prior to insertion with a small amount of oil [67, 107]. Elastic recoil of
tissues, to their original starting state, can also be encouraged by gentle movement of the
needle in and out of the tissue to encourage rebound [68] (Fig. 5).

2. A variety of different needles/pins have been used, from calibrated pins etched with a metric
scale (such as the GPM® Skin Thickness Measuring Instrument #119) to very sharp
hypodermic needles [61, 63]. Regular sewing pins [67] have also been used, as have and 0.5
mm steel wire [108] and endodontic finger pluggers [65] (Fig. 5). The diameters of the

needles/pins used are relatively consistent being 0.4-0.5 mm or 26/27 gauge.



3. Some practitioners use a locator or stop on the pin/needle, such that the tissue depth remains
marked on the needle and can be measured after needle extraction from the tissue. The
various locators that have previously been used include: rubber stop [56, 63, 65, 66, 82, 83,
109-111]; cork stop [61]; and brass sheath [58]. Some authors have used a standard weight
on top of the stop to hold the stopper at the skin surface, e.g., Sutton [61] reports using a4 g
weight on the cork plunger. Other practitioners have avoided stops entirely by using sooted
needles where the soot line (wiped clean by the soft tissue) marks the needle penetration
depth without the need for any externally applied pressure [57, 59, 67, 100, 102, 103].

4. Some practitioners have palpated landmarks prior to tissue depth measurement [63], while
others have not. Palpation may assist locating the bony landmarks more accurately, but it may
also cause soft tissue depression in advance of measurement. Intervals to allow tissues to
rebound following palpation have not been considered, but may be important depending upon
tissue factors such as tissue temperature at the time of measurement (e.g., when bodies have
been stored in fridges [63]) and embalming status.

5. Needle puncture methods have been used on both unembalmed, e.g., [60, 63, 65, 66], and
embalmed cadavers, e.g., [61, 65, 67], and the timeframes from death to measurement have

been highly varied.

For un-embalmed cadavers time since death to measurement has often gone undocumented or
very generally recorded, such as “as soon as possible” [63]. Where recorded, the
measurements have been taken in time windows <12 hours post-mortem [65] up to as long as
up to 5 days post mortem [63]. One consideration for cadaver measurement is rigor mortis,
which may appear as early as 2-4 hours after death, but onset can vary with a variety of
factors, e.g., intensity of exercise immediately prior to death [112]. Clearly, FSTT
measurements should be avoided while the body is in the rigor state [95], however some
studies have been conducted well within typical rigor mortis periods, e.g., <12 hours post-
mortem [82, 83]. Typically rigor mortis will disappear at approximately 36 hours in temperate
climates [112], but it can have varied onset ranging from 12 hours to 6 days depending on the
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ambient temperature. Rigor persists until the very early stages of decomposition where the

bonds in the skeletal muscle filaments degenerate, releasing the rigor state.

For embalmed cadavers, protocols are likely highly varied with some designed for longer
fixation times than others. Often the exact embalming protocol is not reported in FSTT studies
see e.g., [67], and where details are provided they are often incomplete, see e.g., [65]. Time
since death to embalm, time since embalm to measurement, embalming fluid
ingredients/ratios, embalming fluid volume, administration procedure and storage
environment are all variables that may potentially impact on results, though they have not
been specifically investigated in terms of effect on data accuracy [65].

. FSTT measurements have been taken at a variety of different skeletal landmarks and angles
from the skull surface to the soft tissue, but generally these are not well described in the
needle puncture literature [3, 56, 57, 65, 67]. Often, only the craniometric landmark is
reported, although a soft tissue capulometric landmark is also required [113]. As described for
a range of measurement methods, it is possible to take measurements in three ways: (a)
measure between specifically defined hard and soft tissue landmarks (e.g., nasion and sellion)
[96]; (b) measure at angles that bisect the estimated curved surface of the bone at specific
craniometric landmarks [1, 114]; or (c) take measurements at craniometric landmarks, but in

planes of particular head positions such as the Frankfurt Horizontal [50, 54].

Brief History & Recent Advances: The needle puncture method evolved from Welcker’s first
use of a thin blade in 1883 to measure the FSTT [3]. His [56] modified the approach to first
use solid-core pins with a rubber stop and since these initial studies the method has been
popularly used in a variety of formats described above, see e.g., [11, 59, 61, 62, 65, 67, 80,
82, 83, 109, 115, 116], on non-embalmed recently deceased cadavers [63, 65, 66], and

embalmed cadavers [61, 65, 67], [68] cited in [15].
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Fig 5: Needle puncture method: (a) regular polished steel sewing pin (calibre = 0.6mm, length = 30
mm, left) and SybronEndo® stainless steel Finger Plugger (size = 45, length = 21mm, right) and; (b)
FSTT measurement showing a compression dimple (several millimetres deep) formed by pin point
insertion of the steel sewing pin into embalmed soft tissues of the cadaver at the mid-ramus region;
and (c) position for final tissue depth measurement following gentle movement of the needle back-
and-forth to encourage tissue rebound. Note blunted end of the Finger Plugger (a) that for FSTT
measurement requires insertion and removal of pointed pin in advance of Finger Plugger to pierce
skin and provide a tract for the Finger Plugger to follow according to methods of Simpson and

Henneberg [65].

Data fidelity: The needle puncture method enables direct physical measurement of the soft tissue on
the subject, but it can essentially only be used on supine cadavers. As no tissue cylinder is removed to
provide a clear view of the underlying skeletal surface, the position of the underlying craniometric

landmarks must be entirely estimated—a major limitation [117].

No matter how sharp the needle might be, friction between the tissue and the needle causes a
compression dimple to appear in the soft tissue upon contact of the needle with the skin [16]—an
observation noted as early as 1909 by von Eggeling [102]. As described above, lubricated needles can
limit this tissue dimpling and light movement of the needle in-and-out, during insertion, helps the
tissue to relax back towards its initial starting position. This avoids direct pressure being applied to the
skin such as occurs when pinching the tissue with ‘a free hand” as reccommended by Rhine and

12



Campbell [82] or von Eggeling [102]. Using a stopper on the needle holds the additional risk of soft
tissue compression when the stopper is manually lowered to the skin surface or applies pressure to the
tissue if at the tip of the needle upon insertion—a complication entirely avoided by the use of sooted

needles [67].

Preferably, subjects should be measured as soon as possible after death [11]. This too applies to
embalmed cadavers. If anatomical embalming methods are used (where fixative fluid administration
can be large, e.g., 40L), it is vital that measurements are not taken until after a curing phase, where
excess water administered in the embalming fluid has been allowed time to evaporate out of the
tissues, returning them towards their original starting volumes [65]. Measurements should be avoided
at any sites where soft tissue compression due to body position is observed, e.g., at the opisthocranion,

if the body is stored in supine position.

While use of cadavers and embalming technique have been cause for data accuracy concern in the
past [14, 19, 22-27], quantitative data show that needle puncture on cadavers produces near identical
mean values to ultrasound on living subjects [1, 87, 88]. The most salient difference in the raw data
between these two measurement modes appears to be the longer tails observed in the needle puncture
distributions [88]. It should be noted that cadavers from anatomy school programs also rarely
represent random samples that are preferred [20]. One of the great advantages of the method is that it
represents a simple and direct measurement of the soft tissues whose results can be observed

immediately with the naked eye and without the need for any intermediary imaging.

Tissue Cvylinder Biopsy:

Synopsis:
A dermal biopsy punch is used at designated anatomical landmarks, to remove a tissue cylinder or
core sample down to the bone in cadavers (Fig. 6). The tissue is then allowed to relax/rebound over a

period of days to weeks [44, 118]. Following the relax period, a measurement of the thickness of the

13



soft tissue immediately adjacent to the landmark of interest, is made in the sample void [44, 118] (Fig.

6).

Fig. 6: Tissue cylinder biopsy method. Image illustrates FSTT being measured at metopion; some
other measurement sites also visible at the right of image, e.g., supraglabella, glabella and nasion.

Image reproduced from [44] with permission from Elsevier.

Variations of Technique: Varied core calibre sizes have been used (2-3 mm [44] or 4 mm [118]) as

have different time frames for tissue rebound/relax: e.g., overnight [118] versus one week [44].

Brief History & Recent Advances: The method was first used in 2005 [44] for validation testing of
soft tissue data obtained from computed tomography scans (CT), and has since been used for this
purpose by other investigators [118]. The method has so far been used for validation purposes of other
imaging methods, rather than separately deriving FSTT means to be used as point estimators in

casework.
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Data fidelity: Unlike solid-core needle puncture, this method enables direct visualisation and
measurement of the soft tissue near the landmark of interest, which is an advantage for ensuring
correct physical measurement from underlying bony landmarks [44, 118]. As the measurements are
taken directly on the individual, without any intermediary mode of imaging, the method has been used

as a gold standard for testing the accuracy of CT image derived data [44, 118].

Disadvantages of the method include: (1) cadavers must be used which may not be representative of
living condition as per needle puncture [73]; (2) cadavers may be weight range restricted and may not
represent healthy subjects (subjects are already deceased); (3) use of cadavers forces supine body
posture (not representative of upright data [71]); (4) resting of head supine, during storage, hormally
precludes measurement of compressed tissues over the occipital bone; (5) the method cannot be used
at landmarks where underlying bone sharply undulates and/or compact bone is thin/delicate; (6) this
method does not permit relocation of landmarks under blinded conditions in the same subjects for
error quantification; and (7) during extraction of the tissue cylinder, the soft tissues may be
compressed by the manually applied pressure to cut the punch through the soft tissue [44]. Whether or
not the tissues fully rebound to initial positions following initial extraction and/or with a ‘relax phase’

is unknown.

Ultrasound:

Synopsis:

A transducer that emits a narrow window of high-frequency sound-wave pulses is placed on the skin
in this method (with a smear of echo transmitting gel to provide echo connectivity between the
transducer and the patient) to record underlying tissue interfaces [119]. Some sound waves are
reflected from the tissue interfaces back to the transducer and an oscilloscope records the time taken
from emission to receipt [120]. The velocity of the sound waves in soft tissue is known within £ 1 %,
i.e., 1540 + 15 m/s, making distance measurements in the direction of the sound echo accurate [121].
Some ultrasound machines enable the substrate velocity and angle of incidence to be set by the user,
e.g., flaw detection machines used in engineering [70], but most clinical medicine machines work on

15



algorithms that assume the transducer is held perpendicular to the underlying tissue interfaces [120].
For FSTT measurement, facial hair/beards are problematic for this method so subjects possessing

these features are usually excluded from research samples [70, 87, 88].

There are several types of ultrasound (including M-mode and Doppler), but for soft tissue thickness
measurement either A- or B-mode is applicable:

1. A-mode stands for ‘amplitude’ ultrasonography [121]. Here the cathode-ray tube records the
time taken for the return of the echo from the tissue interface as a peak or pulse on an
amplitude graph [121] (Fig. 7). FSTT investigations that have used A-mode include: [16, 19,
24,70, 73];

2. B-mode stands for ‘brightness modulation’ and a spot on the cathode-ray tube correspond to
the time elapsed for return of the echo and the intensity, thus producing an image closer to an
anatomical sections [121] (Fig. 7). FSTT studies using B-mode include: [23, 78, 85, 87, 88,

122].
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Fig. 7: FaC|aI soft tissue thickness measurement at mid-philtrum (mp-mp’) by A-mode (a) and B-
mode (b) ultrasound. The A-mode image (a) is taken using an Epoch 4b A-ultrasound device
(Panametrics, Waltham, USA) identical to that used by De Greef et al. [70, 73]. The tissue distance, at
the peak crossed by the black horizontal bar (gate 1), is given in the top right of the monitor, in
millimetres and a pre-set tissue velocity value of 1542 m/s [73]. The B-mode image (b) is taken on a

Mindray DP50 machine (Shenzen, China) with an 8.5 MHz linear transducer held in horizontal
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orientation across the philtrum using a stand-off gel platform yielding a cross-section like view—note
the philtrum trough and vermillion border ridges visible at the top of the image. ST = soft tissue. HT =

Hard tissue.

Variations of Technique: Ultrasound transducers may be large linear devices (as in B-mode) or small
circular devices (as for A-mode flaw detector machines [70, 73]). The transducer device may be
placed directly against the skin with a thin smear of acoustic gel to maintain sound connectivity [73],
or the unit may be placed on a thicker acoustic stand-off platform that separates the device from the
skin surface (B-mode devices only) [87, 88, 123]. Liberal amounts of highly deformable acoustic gel
have been used as a low viscous alternative to commercially purchased standoff gel-pads to mitigate

the risk of tissue compression [87, 88].

A variety of transducer devices can be used as mentioned above and with a range of echo emission
frequencies. A-mode devices tend to have a smaller physical footprint than B-mode transducers.
Lower sound wave frequencies permit deeper tissue penetration, but at the sacrifice of higher
resolution [121]. Higher frequency devices provide higher resolution of points at the same depth, but
hold shallower tissue penetration capability compared to lower frequency transducers [121].
Generally 7.5 or 10 MHz has been the most popular choices employed in prior FSTT studies,
however, there has been a range from 1 to 13MHz: see e.g., 1-4 MHz [16, 24]; 5 MHz [124]; 7.5 MHz

[23, 122, 125]; 10MHz [19, 70, 87, 88]; 11.4 MHz [86]; 5-13 MHz [123].

There have been some attempts to use ultrasound with the face placed prone into a water bath to avoid
transducer contact [126-128], but it is worth noting that this may deform the soft tissues (see e.g., Fig.
3) under the complex effects of gravity, holding one’s breath, and the face’s own buoyancy in water.
Typically, 3D ultrasound images are acquired with this approach, from which a 2D median slice is

extracted for FSTT measurement [126-128].
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Brief History & Recent Advances: Ultrasound was first used in craniofacial identification by Russian
[84] and German [16] teams, however, Helmer was the first to publish German FSTT tables
associated with this work [16]. Initially, ultrasound machines were large and clunky (Fig. 8), which
made smaller more portable A-mode devices the most popular initial choice for FSTT measurement
[16, 24, 73]. Recent technological advances have decreased the size of the B-mode ultrasound
machine to now only a transducer handpiece that plugs directly into a tablet, making B-mode devices

much more user-friendly, more portable and more popular (Fig. 8).

Fig. 8: Old and new ultrasound technology: (a) Siemens Echopan A-mode ultrasound device as used

by Helmer [16] (imaged reproduced from the German Ultrasound Museum
[http://www.ultraschallmuseum.de/] with permission from B. Frentzel-Beyme); and (b) Epoch 4b A-
mode ultrasound flaw detector (Panametrics, Waltham, USA) as used by De Greef et al. [70, 73] (c)
1975 B-mode ATL Mark Il device (imaged reproduced from the German Ultrasound Museum
[http://mwww.ultraschallmuseum.de/] with permission from B. Frentzel-Beyme); and (d) modern-day
(2018) hand held Philips Lumify B-mode device attached to a handheld tablet [Bothell, WA, USA]

(L12-4).

Data fidelity: Living subjects are easily imaged in upright posture using ultrasound, which is a
distinct advantage, but note here that a variety of body positions have been used in prior FSTT
studies. For example, Helmer’s hallmark study using A-mode ultrasound used subjects in a reclined

seated position [16]; Hodson et al. measured participants in the supine position [122]; Smith et al.
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have used prone positions [126-128]; and others have used seated, but fully upright subject

orientations [23, 87, 88, 123].

As ultrasound methods do not involve ionising radiation, they are ideal for the measurement of
children [23, 24, 86, 122] and repeated measurements of the same subjects in measurement error
studies [73, 78, 87, 88]. One limitation is that ultrasound does not work well on embalmed tissues. As
ultrasound images can be difficult to interpret, either by multiple reflectance peaks in A-mode, or
image complexity in B-mode, operator expertise is an important consideration for data integrity [124].
Practitioner expertise is also important for proper transducer placement, such that the echo beam is
orientated perpendicular to the tissue interfaces [87, 123] to avoid any overestimation of tissue depths
[19]. It is important to note for imaging that, due to sound wave cancellation effects, the ultrasound
beam emitted from the transducer is characterized by a near field converging beam (Fresnel zone) and
a far field divergent beam (Fraunhofer zone) [121], i.e., the acoustic lens is not uniform along its
length. There are a number of artefacts can affect the quality of ultrasound images including side
lobes, reverberations, and aliasing [129]. Soft tissue compression is a major risk when measuring the
delicate and easily moved soft tissues of the face, since ultrasound requires physical contact with the

hand held transducer [16, 23, 73, 87, 126].

It is worth noting that the largest sampled single FSTT study so far conducted (n = 967 adults aged >

18 years) was undertaken by De Greef et al. [70] using A-mode ultrasound.

‘Plain film’ Radiographic Cephalograms:

Synopsis:

In this method, the subject stands side-on to an X-ray unit, facing directly forward and at a specific
distance from the X-ray device. Following exposure to the X-ray source, a radiographic image is
recorded on an X-ray sensitive film/detector. The less dense soft tissues down the midline of the face
can be differentiated from the underlying denser skull due to differential X-ray absorption by the
tissues (Fig. 9). Some variations of the method such as xeroradiography, which uses a specialised
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image receptor plate, offer edge enhancement capabilities (Fig. 9). FSTT measurements can be taken
on the X-ray pictures (lateral cephalograms) at specific anatomical landmarks and these

measurements converted to life-size using magnification factors calculated from the subject-to-source

distance [33].

Fig. 9: Radiography: (a) modern-day diagnostic cephalogram with landmarks highlighted for FSTT
measurement after Gibelli et al. [40]; imaged reproduced from [40] with permission by Elsevier; (b)
film radiograph of a head taken using 1970’s radiographic equipment; imaged reproduced from [130]
with permission by Elsevier; and (c) comparable 1970’s xeroradiographic image to demonstrate edge
enhancement that accompanies xeroradiography making skull and skin surface easier to differentiate;

imaged reproduced from [130] with permission by Elsevier.

Variations of Technique: Subjects are normally positioned in the Frankfurt Horizontal using a
cephalostat [131]. Frontal view radiographs may sometimes be acquired either in addition to, or in
place of, lateral views. A radiographic grid placed between the subject and the radiation source may
be used to attenuate radiation scatter and, thereby, produce clearer radiographic images [120]. Radio-
opaque barium [19], bismuth [132], or even small lead shot pellets [132] have been applied to the face

ahead of imaging to make skin surface landmarks more readily visible on the radiograph.
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As mentioned above, xeroradiography is also possible using reusable selenium plates [120, 133],
though this method was phased-out in the late 1980°s. This method was especially popular in dental
specialities [133] (and mammaography) and is notable for its edge enhancement [120], positive-mode

image and print rather than film media [120].

FSTT measurements may be taken directly on the radiographic image, but it should also be noted that
a common variation is to use tracings of the radiographs made on acetate paper over a light box, see
e.g. [32, 33, 40]. This introduces yet another opportunity for error that is important to quantify in
addition to the separate components of imaging and physical manipulation of measurement devices
for data acquisition. As for other methods, including needle puncture, investigators may use different

angles from the skull at which the FSTTs are taken [1, 87, 88, 96].

Brief History & Recent Developments: As for needle puncture, the origins of this method’s use in
craniofacial identification can be traced back to Welcker [134]. Welcker obtained facial soft tissue
thicknesses at his own nasal bridge, using X-rays approximately one year after radiography was first

developed by Réntgen [135].

As X-ray imaging technology has improved over the years, the radiation exposure times have
decreased making the method safer for the participants being imaged. Image resolutions have also
increased and recordings have moved from wet-film to direct digital recording formats, removing the
requirement for wet-film processing. As lateral cephalograms are routinely taken for clinical dental
assessments, much of the work using lateral radiographs has occurred in the orthodontics domain [29,
96, 136-138] holding ramifications again for the randomness of samples since the bulk of data is

derived from clinical patients [20].

Data fidelity: Lateral cephalograms provided the first means of measuring living subjects in the
upright position and free of any instrument contact with the skin surface—a significant advantage
[96].

21



Subjects should be radiographed under standardized conditions (e.g., using a cephalostat and at
standard distances), so that an appropriate correction factor for magnification can be applied — often
around 10% [96]. One limitation lateral radiographs hold, is that locations lateral to the midline of the
face are much harder to identify due to the superimposition of anatomical structures. While radio-
opaque barium applied to the face ahead of the image capture can help facilitate these measurements
[19], generally radiographic FSTT studies focus on midline landmarks only [1]. Since X-rays are
generated from what is close to a single point source, perspective distortion in the image is another

potential complication given relatively short source-to-subject distances that are employed [139-141].

Radiographs have been used to record FSTTs of cadavers [60], which suffers from the limitations of
recording deceased participants not in a fully erect posture as described above for other methods.
Measurement error assessments are difficult to obtain on living subjects when using radiographs
because they require double exposure of subjects to the ionising radiation, which is normally avoided
due to safety concerns [1]. This can be mitigated, to some degree, by combining diagnostic
procedures with FSTT scans [22], where re-imaging may be part of clinical treatment requirements.
Generally, these contexts are rare, meaning that error studies of radiographs rarely analyse the full
measurement procedure. Instead, studies commonly ignore the imaging component and entirely focus
on physical remeasurement of only one set of radiographic images—a major disadvantage—and they

often concern non-random samples.

Computed Tomography (CT):

Synopsis:

CT produces cross-sectional images of the body with the aid of X-rays taken at multiple angles
around the body. An X-ray tube and detectors are arranged on a gantry and opposite each other, with
the patient positioned between the two, allowing the CT device (tube and detectors) to rotate around
the object to be imaged. Typically, the patient occupies the supine position and can be moved
incrementally along their longitudinal axis (z direction) to produce multiple axial slices via a
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mechanically controlled table. Depending on the machine technology the patient may move through
the gantry in a start-stop fashion or incrementally in a smooth continuous fashion as during helical

scanning [121].

The raw orthoslices of conventional CT represent 2D greyscale axial sections (of a pre-specified
thickness). The intensity of the X-rays registered at the detectors, at different positions around the
subject, are used by the computer to mathematically construct (typically via back projection
algorithms [129]) the cross-sectional images [142]. Modern CT images are typically of 512 x 512
pixels in size [129]. Multiple serial 2D images acquired as an image stack, can be reconstructed as 3D

volume data by computer modelling software (Fig. 10).

The resulting base elements of the CT volume data are small 3D cubes called voxels [143]. Each
voxel holds a numerical value expressed in Hounsfield Units (HU), just like the 2D pixel data in the
2D orthoslices when viewed axially. The Hounsfield scale refers to the attenuation of an x-ray beam
on different materials normalized with respect to the coefficient of attenuation in water (0 HU) and air
(-1000 HU) [121]. The Hounsfield scale has an interval from -1000 to +1000 [143], where each HU
represents 0.1% of the attenuation of water [143]. In the human body, many tissues differ to each
other in terms of their Hounsfield units allowing differentiation/segmentation between most (but not
all) anatomical structures [143]. E.g., fat is approximately -100 HU, soft tissues are often between +20

to +70 HU and bone is generally > +400 HU [143].

Variations of Technique: No matter what CT scanner is used, the patient’s CT experience tends to be
similar—Ilying down on a movable CT table that slides into the gantry. Whilst there are differences in
machine technology for image acquisition, such as 1%, 2" 3" and 4™ generation machines, all variants
ultimately produce images comprised of voxels as a result of the gantry and the subject being moved
relative to one another to acquire serial images. Difference in shape of the X-ray beam, e.g., cone

beam versus fan, is another variation (see section Cone Beam Computed Tomography).
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The choice of CT machine for scanning is important because it determines both speed of the scan
acquisition and the amount of radiation to which subjects are exposed [121]. Different investigators
may also choose different CT settings at the time of scanning, for example the thickness and number
of slices to be acquired, which in part sets different scan resolutions. Thinner slices require a larger
serial slice number to cover the same field of view, they increase the scan time, they increase the
radiation dose to the subject, but they also provide higher tissue imaging resolutions. A good example
of variations in slice data in the FSTT context is provided by Parks et al. where 12 different protocols

with slice thicknesses ranging from 0.98 mm to 6.0 mm are described within a single study [144].
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Fig. 10: Example CT images: (a) sequential axial orthoslices of a head CT taken with a spiral GM
Light Speed CT scanner at 1.25 mm slice thickness and viewed in side-by-side fashion. Here only 18
images from a full head scan consisting of 32 serial images are displayed; (b) illustration of how the
2D orthoslice images represent a stack of images, captured in sequence along the z-axis of the body;
(c) mathematical analysis of the image stacks enables 2D reconstructions to be generated in user-
specified planes including obligue and transverse (left), coronal (middle), and parasagittal (right).
These views are termed multi-planar reconstructions since sections are calculated from many
orthoslices; (d) 3D volume render of the skin surface (white arrows mark stair step artefact due to
helical CT); (e) 3D volume render of the skull alone (white arrows mark stair step artefact due to
helical CT); and (f) 3D volume render of the skull with overlying skin surface at transparency. All

images have been generated using OsiriX v.4.1.2.

It should be noted that the same body tissues will not generate the same CT values if scanned with
different CT scanners, that is, the Hounsfield scale expression of the tissues differs between CT
scanners and with varying energies on the same CT scanner [145]. This can complicate image
segmentations since a single threshold value for segmentation of any single anatomical structure may

produce a noisy result within and between devices.

Brief History & Recent Advances: The first CT scanners were used in the clinical setting in 1972
[121, 129] and used a single detector with a rotate-translate motion of the body to acquire further
sequential axial slices [142]. The first whole-body CT scanner was produced in 1974 [129]. These
early machines were superseded by multi-detector devices that enabled multiple image acquisition
with single tube/detector rotations decreasing scan time [142]. The first helical CTs were developed in
the late 1980s (also known as spiral or volume CT) [129] with the development of slip-ring
technology that enabled constant electrical supply without fixed cables to the spinning detector [142].
Over the years this technology improved, again with multiple detectors being added, which by the late
1990s enabled larger volumes to be captured faster with higher resolution and reduced radiation
dosages [142]. With regards to slice capabilities 4-, 16- and 32-slices were initially common but now
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represent obsolete technology with 64- and 128-slice machines readily available. At the top end of the
commercial market, 640-slice machines are available [146]. Dual source CT also exists to enable

tissues with similar HU to be better differentiated [142].

In the craniofacial identification context, the first use of CT was by Phillips and Smuts in 1996 using a
Elcint 2400 CT scanner [22]. FSTTs of both deceased and living individuals have been investigated
with CT since 2007; for studies of deceased individuals see [147, 148], while for living individuals

see [45, 47, 48, 50, 51, 54, 95, 144, 149-151].

Data fidelity: CT provides FSTT measurement of living individuals [1] and is a non-contact approach
[1, 49], which are prime advantages. CT scans provide excellent morphological details and contrast
between hard and soft tissue, which is why the segmentation of the skull is more easily accomplished
using CT than MRI [95, 149]. The CT and 3D multislice reconstruction methods enable FSTTs to be
taken at any point on the face [1], in sparse or dense manner [152]. These images, just like ultrasound

or other radiographic recordings, enable measurements to be undertaken at any time [93].

Disadvantages of CT include radiation exposure [95], approximately 2 mSv or 0.2 effective radiation
dose for head scans in adults [142], incomplete scans of the region of interest (ROI) [50],
misalignment of hard tissue landmarks and their soft tissue equivalent due to the supine position of
the patient [71, 72, 74, 153], distortion of the facial soft tissues due to a head strap placed over the
forehead, or by the subject’s face being compressed by oxygen masks in clinical scans [77] and
limited scan resolution (e.g., large slice thickness), particularly on old technology [50, 153]. It is
worth noting that picture quality may be degraded by artefacts such as aliasing, beam hardening,
cupping and streaking—the later resulting from registration artefacts or patient movement [119, 121,
129]. Helical CT is also subject to stairstep artefacts (see Fig. 10d/e) due to equipment rotation during

simultaneous Z-axis travel [129].
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The accuracy of the CT data depends on scan resolution, both in the transverse plane (transaxial
resolution) and longitudinally along the length of the subject (Z-axis) [121]. The transaxial or in-plane
resolution is determined (amongst other things [129]) by the detector size or width—small detector
size gives higher resolution [121]. The Z-sensitivity is determined by the slice width [121]. All else
being equal, thinner slices yield higher resolution, but also higher noise [121]. Larger slices yield
larger steps in the surfaces of the 3D reconstructions (see e.g., Fig. 11). It should be recognized that
lower resolution CT scans often possess difficulties in acquiring and retaining thin cortical bone
regions in skulls (orbits, maxillae, pterion etc.), such that these areas may be incomplete or absent on

scans on some individuals to varying degrees (see e.g., Fig. 10 & 11).

CT images hold advantages to traditional 2D X-rays because the superimposition of body structures
on one plane is avoided, instead organs can be visualized either as 3D reconstructions, 2D
reconstructions, or as original 2D orthoslices [121]. In earlier work where multi-slice reconstruction
was not possible, or was not undertaken, FSTT values should be considered with care since the
orientation of the raw orthoslices used for measurement may not adhere to standard measurement

planes [77], see e.g., [22, 45, 77, 149, 150].

Fig. 11: 3D volume render of skull (a) and face (b) from CT scans recorded on a Phillips Mx8000

spiral CT scanner (Amsterdam, Netherlands) using a voxel resolution of 0.5mm. Image (c) shows
visualisation of the skull through the face at opacity. Grey arrows in (a) indicate imaging artefacts

such as holes in skull where bones are thin. Black arrows in (b) illustrate step artefacts (also present in

27



a)) that result from image slices and impact accurate representation of smooth skull and face surfaces.

Images adapted from [51] with permission from Elsevier.

FSTT measurements have been taken between landmarks or at right angles to the bone surface or at
angles bisecting the bony surface [114], while others have measured tissue depths in planes of
particular head positions (such as when measurements are taken from raw 2D CT orthoslices without
multi-slice reconstruction; see citations above). Guyomarc’h et al. [50] proposed an unconventional
method of measuring FSTT parallel with the Frankfurt Horizontal plane in an attempt to provide

improved standardisation; an approach which was also used by Thiemann et al. [54].

Cone Beam Computed Tomography (CBCT):

Synopsis:

A variation of traditional CT, CBCT uses a pyramidal or cone-shaped beam, which encompasses a
large field of view (FOV) [121] that in turn is recorded on a large flat X-ray receptor [154]. In
contrast, regular CT uses a fan or wedge shaped field of radiation [154] that is received on narrow,
curved, linear array(s) of X-ray receptors [121]. As such, the scan is projected in three dimensions in
CBCT, rather than multiple two-dimensional slices stacked atop one another as is usual practice in

traditional CT [154].

Similar to traditional CT scans, CBCT relies on an x-ray emitter and detector that rotate around the
subject [154], but unlike traditional CT methods, which require multiple rotations to be conducted at
various levels, CBCT only requires one full or partial rotation (depending on the required FOV) [154].
Subject to machine type, the emitter in CBCT will either release a constant beam of radiation whilst
rotation is occurring, or a sequence of radiation pulses [154]. A salient advantage of CBCT over
traditional CT method, especially for FSTT data acquisition, is the ability to measure participants in
an upright position, thus acquiring face morphology with a gravity vector directed inferiorly relative

to the standard anatomical position.
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Variation of Techniques: Depending on the CBCT machine that is used for the measurements,
different parameters may be used by different operators. Primary among these is the voxel size used
during the scan. Published voxel sizes used in FSTT investigations range typically from 0.3 to 0.4 mm
[49, 93, 118]. Another important aspect to consider is the FOV size. Somewhat dependent on the
capabilities of individual machines, the FOV can change drastically between studies, with Fourie et al.
using a 17 mm FOV [118], versus a much larger 200 x 179 mm FOV used by Hwang et al. [93]. Of
course, inherent with imaging modalities such as CT, radiographs and CBCT is the exposure time of
the patient. Thus far, only Hwang et al. have reported an exposure time used to obtain scans

specifically for FSTT measurement (= 17 seconds [93]).

Brief History & Recent Advances: CBCT is relatively new technology that has had limited use so far
in the craniofacial identification domain—only four studies so far employ this technology [49, 93,
118, 155]—it has excellent future potential. The first use of this technology in craniofacial
identification can be traced to Masoune et al. [155]. Because the technique is relatively new, there
have been minimal advances since its first use. Advances mainly appear in the clarity of the scans and
reduced radiation doses to the patients, moving from a continual beam of x-ray emission to a pulsed
emission [154]. The 3D images produced by CBCT look very similar to those produced by regular CT

multi-slice reconstruction (see Fig. 11).

Data fidelity: CBCT allows subjects to be measured in an upright position [49, 93], which is a
significant advantage in comparison to other medical imaging technologies such as CT and MRI. As a
non-contact method, CBCT ensures that there is no risk of soft tissue compression during FSTT
measurement. Use of a conical or pyramidal-shaped beam of radiation increases the FOV of a single
scan, thus negating the requirement for separate scans stacked atop one another as is practice in
traditional CT images and potential for error during reconstruction [154]. Because of the reduced time
required for acquisition of CBCT scans compared to traditional CT scans and decreased opportunity
for involuntary patient movement during the scan, the CBCT images hold advantages of fewer motion
artefacts [154]. The radiation dose of CBCT is significantly lower than the radiation dose attributed to
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traditional CT scans, which is another prime advantage [93]. These benefits are counterbalanced by

lower contrast resolution on CBCT scans in contrast to regular CT [156].

As clinical patients often form FSTT study cohorts with CBCT [22], this again encourages sample
bias due to non-random sample selection. Challenges around accurate segmentation at tissue
boundaries are retained in CBCT as for CT, which may impact on accuracy of FSTT measurements

[93]. Like other radiography based approaches, surface skin tones are not retained in the images.

Magnetic Resonnance Imaging (MRI):

Synopsis:

MRI or nuclear spin tomography uses strong magnetic fields and radiowaves to generate images of
the body [120]. Unlike CT scanning, it does not involve ionizing radiation, which is a marked
advantage, but acquisition of MRI images tends to be more expensive. The magnetic field and radio
waves are used to polarize hydrogen atoms in the body (make them spin the same way) then the
protons are measured as they flip back to their equilibrium state at different times between different
tissues to generate the image [120]. In MRI, the bone tissue appears very dark (black) and the soft

tissues hold higher luminosity—the opposite of CT scans (compare Fig. 12 to Fig. 10).

Fig. 12: Parasagittal MRI reconstruction used for FSTT measurement by Sahni et al. [91]. Note black

outline of skull. Image reproduced from [91] with permission from Elsevier.
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Variations of Technique: Machines offering different resolutions may be used (see Brief History &
Recent Advances). Measurements may also be taken on the raw MRI slices or on multi-slice

reconstructed images as per CT methods described above.

Brief History & Recent Advances: MRI was developed in the mid-1970s [157]. The first investigator
to use MRI for FSTT measurement was Helmer [158]. MRI was further utilized for FSTT

measurement by Sahni et al. [90,91] and more recently by Sandamini et al. [114].

Advances in machinery include increases in strength of magnetic field able to be generated, as
measured in Tesla (T), e.g., 7T as opposed to 3T systems [143, 161-163]. The newer 7T systems
provide higher signal-to-noise ratios than 3T systems [161, 162] and improve image resolutions from
approximately 1 mm to 0.5 mm [163]. 7T systems were first implemented in clinical settings in the

early 2000’s and have been especially popular for brain imaging in neuroscience [161-163].

Data fidelity: As for needle puncture methods and CT, MRI is limited because most MRI machines
are designed to scan subjects in the supine position [91]. Therefore, MRI data can be expected to
possess all the usual complications associated with supine subject scans—Ilarger volumes around the

eyes and cheeks and smaller volumes along the nasolabial fold [71] (Fig. 4).

MRI holds the advantage that it is non-contact and soft tissues can be very well visualized [143]. As
for CT, multi-slice reconstructed MRI images tend to have lower resolutions than raw slice images.
Measurement from raw slices may be problematic if the head is not correctly orientated to standard
planes [77]. Segmentation and differentiation of the bone from the soft tissue is broadly recognized to
be much easier and better in CT images than MRI, at least using present day algorithms [74]. For
recent advances regarding bone correction factors, such as zero echo time (ZTE) in PET/MR see
[164]. Per other imaging methods, MRI is also subject to image artefacts including: susceptibility,

motion, coil, machine-dependent and gradient field [121].
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FSTT Measurement Approaches that Combine Imaging Methods

Synopsis:

Rather than using one imaging modality alone to take FSTT measurements, two imaging modalities
have been jointly used to separately image the skull and the facial surface before combining the two to
take FSTT [165]. This holds the benefit that the best modalities for each tissue component can be
utilised (e.qg., soft tissues acquired in upright positions, which is not relevant to skull tissue imaging),
but it adds a subsequent requirement to use a good registration function, so that errors are not

introduced when aligning the scans [165].

Brief History, Variations of Technique & Recent Advances: This approach was first undertaken in
2009 using low-dose CT and holographic facial images [165]. Since its first use, it has also
subsequently been employed using traditional 16-slice spiral CT and 3D photographs taken using a

Breuickmann FaceScanlll-180 device [76, 166].

Data fidelity: As mentioned above, benefit of these methods is that separate imaging modalities well-
suited to skull and face capture can be employed. However, this necessitates precise registration
methods and introduces complications that separate imaging sessions (at different times) may be used
rather than simultaneous scan acquisition at the same session [167]. Prieels et al. [165, 167]
recommend using the forehead and nasal bridge for image registration using iterative closest point,
but no error quantification of misalignment is provided. Kustar et al. [76], also using iterative closest
point registration, recommended the nose and forehead region for alignment with eight registration
landmarks obtaining a mean error of 0.37 mm, s = 0.33 for 40 subjects (whether or not this mean
represents calculations from signed or unsigned data is not clear despite multiple requests to the

publishing authors).
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FSTT Measurement Errors

One might expect the FSTT literature to be awash in data on measurement errors given the vast array
of different measurement variations employed as detailed above—Dbut this is not the case. Of all 90
FSTT papers published (either in English or easily accessible to us) from 1883 to 2018, less than half
(42%) make any effort to address measurement error (Tables 1-4). This increases marginally to 56%
of 36 papers published in the last 5 years. Of those papers attempting to document measurement error,
the vast majority (95%) do not report error statistics that cover the full breadth of data collection
protocol [29-31, 33-40, 42, 45, 47-54, 91, 93]. Generally, the studies concerned here are those that
employ ionizing radiation methods (12 of 13 lateral radiograph studies & 12 of 12 CT/CBCT studies).
Subsequently, in these cases the reported measurement error is very likely underestimated. For lateral
cephalograms, the mean relative technical error of measurement (rTEM) for remeasurement of the
same (not repeat) images ranges between 1.1 to 8.6 % [34]. For CT, the rTEM for intra-observer error
for the remeasurement of single images varies between 0.15-1.92% [54]; and for inter-observer error
is between 0.17-3.91 % [54]. Unfortunately, until these methods include repeated image acquisition
the full extent of errors involved in these measurement methods will remain unknown. Values derived
from single images in the range of 4-8% can only indicate that the overarching measurement errors,

which will be even larger, are not negligible.

<Table 2 about here>

Only 5% of studies use two separate data acquisition sessions to assess the full measurement protocol
and utilise the technical error of measurement (TEM) for error calculation [168]. These studies pertain
only to needle puncture [65, 67] and B-mode ultrasound [87, 88]. For needle puncture, the mean error
magnitudes (rTEM) for intra-observer error varies between 10-15 % (maximum at any landmark was
34% or in millimetre terms 3.4 mm [65]); and for inter-observer error is 12% (maximum at any

landmark was 34 % or in millimetre terms 6.4 mm [65]). For B-mode ultrasound, the mean error
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magnitudes (rTEM) for intra-observer error vary between 8-10 % (maximum at any landmark was 15
% or in millimetre terms 1.7 mm [88]); and for inter-observer error vary between 11-21 % (maximum
at any landmark was 45 % or in millimetre terms 5.6 mm [88]). These measurement error metrics,
which assess the entire data acquisition process are, expectedly, substantially higher than error reports
for ionizing radiation methods where only one half of the measurement protocol is assessed. While
repeat scans for MRI are possible (scans are radiation free), no such repeat studies examining the error

embedded in measurement procedures have yet been conducted—perhaps because cost is prohibitive.

<Table 3 about here>

It is important to note that in some cases, entirely inappropriate statistical methods have been used to
assess the measurement error, e.g., one way ANOVA for independent (not dependant) samples [53]
and a surprisingly large number of cephalogram studies attempt to report measurement errors using t-
tests [29, 32, 33, 39, 40, 49, 73, 91, 122]. Student’s t-tests should be avoided when examining
measurement errors since these tests will only identify systematic error, not normally distributed
errors about a mean of zero [168], which most of the measurement error is likely to be. Not
surprisingly then, studies employing t-tests (including Hodson’s first use for FSTT measurement
errors in 1985) rarely find statistically significant differences between repeated measurement sessions
[29, 32, 33, 39, 40, 49, 73, 91, 122]. Counter to what prior studies claim, the lack of statistical
significance following t-testing is not a reliable indicator of little or negligible error because the test is

insensitive to error normally distributed about a mean of zero [168].

<Table 4 about here>
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Interclass correlation coefficients (ICC) have also been popularly used for describing the
measurement error. While valid, care needs to be taken with this statistic since large ICCs, e.g., well
above 0.9 (see Table 1-4), though positive, do not mean that the error is negligible [168]. ICC values
can be high when substantial measurement error is present [168]. Statements that “perfect reliability’
exists based on high (0.98), but not perfect ICC values, is misleading, especially when repeated

imaging sessions are not used for the analysis, see e.g., [42].

<Table 5 about here>

In summary, measurement errors for full data collection protocols have only been conducted in a
limited number of studies applicable to two of the eight main measurement methods (needle puncture
and ultrasound). These data indicate that measurement errors are in the vicinity of 10 % across both
modalities of measurement and can be as high as 45 %. Even for medical imaging methods, where
repeat scans are not acquired (i.e., only single images remeasured), errors are as high as 2-8%.
Measurement errors exceeding 1 mm clearly invalidate any temptation to report FSTT means to
multiple decimal places as popular in the current research literature [19] and they also strongly
guestion near universal subdivision of samples based on small millimetre or submillimetre differences

[1, 20, 169].
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Recommendations

1. Anynew FSTT study should report its corresponding measurement error by taking repeated
measurements of the same subjects using the full data collection protocol. Where ionizing
radiation is used (precluding repeat scanning of healthy subjects), then alternate permissible
methods of rescanning should be investigated e.g., using cadaver surrogates, artificial
surrogates, or clinical samples where rescanning subjects with time delay between scans is
required as part of treatment. Measurement errors should be reported for commonly measured
landmarks (e.g., as revealed by meta-analysis [1, 2, 170]) to facilitate comparisons at the same
landmarks between different measurement modalities and studies. If the measurement error
cannot be established using the full data collection protocol, then this must be clearly stated in
the written work.

2. The measurement error should be, at least, described by the TEM (or rTEM) because these
statistics flag the error well [168, 171-174]. If other statistics are employed such as the raw
mean difference, the mean absolute error, r and ICC, then they should be provided in addition
to the TEM and rTEM. There is no harm in reporting the full suite of error metrics to be
comprehensive. Student’s t-tests should not be used for evaluating the measurement error
because the error is commonly distributed about a mean of zero such that the t-tests will
produce statistically insignificant results even though substantial measurement error exists
[168]. Where mean errors are reported, it should be specified if they are calculated from
signed or unsigned data, as different signed errors will tend to average out when in opposing
directions. Care should be taken not to report data to unreasonable degrees of decimal places
(i.e., two or three), when the measurement error clearly does not justify this degree of
precision [1, 19, 20].

3. When FSTT means are calculated from the raw data and presented as point estimators for new
subjects, they should be accompanied with their associated estimation errors [4]. The
standard error of the estimate (SEE) should be used as this statistic and will in part include

measurement errors embedded in the training data used to produce the estimation model. The
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estimation error can be calculated by testing the means as point estimates for known subjects

that have not contributed to the estimation model [4].

New FSTT studies reporting means as point estimators should not be published unless
accompanied by estimation error metrics that document their accuracy (such as the SEE).
Ideally, any newly published means should offer estimation improvements over and above
pre-existing means. To help facilitate validation tests, we provide free and open source R tool
(TDValidator) at CRANIOFACIALidentification.com. This tool enables investigators to enter
their FSTT means, for standard T-Table landmarks, and test their accuracy of estimation
using previously acquired FSTT data for other known individuals in the C-Table data
repository. TDValidator reports three error metrics: raw mean error (mm and %), mean

absolute error (mm and in %) and the SEE.
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Table 1

Table 1: Studies and sample sizes used to generate Figure 3.

Needle Ultrasound MRI CT/CBCT | Radiographic
Puncture Cephalogram
# of
Studies 12 8 5 8 7
E Reference [22, 45, 48,
LL
é numbers [57, 59, 62-66, | [16, 23, 70, [64,89- | 51,52, 93- [32, 34, 38,
T 68, 80-83] 84-88] 92] 95] 60, 96-98]
Pooled n 241 1564 288 552 709
# of
Studies 17 8 5 6 10
E Reference [57, 59, 62-66, [19, 32, 34,
% numbers 68, 80-83, 99- | [16, 23, 70, [64,89- | [22,46,48, | 38,60, 96, 97,
> 103] 84-88] 92] | 51,52, 94] 104-106]
Pooled n 480 1280 324 413 822




Table 2

Table 2: Error metrics reported for needle puncture studies using cadavers

Author

Simpson &
Henneberg [65]

Domaracki &
Stephan [67]

Suazo et al. [109]

Codinha [80]

Date

2002

2006
2008

2009

Number of
Remeasured
Subjects

10
45

20

NR = not reported

% of Sample
Remeasured

29

30
100

13

Total
Sample
Size (N)

31

33
45

151

#

Landmarks

Used

20

10
14

20

Timeframe
of Remeas-
urement

NR

NR
NR

2hrs

Error
Metric

TEM,
rTEM and
r

EM(CVE)
and rTEM
k

MAE error
and rTEM

Intra-observer Error

TEM (mm): mean=1.4, min=0.2, max=3.0
rTEM (%): mean =14.9, min=3.9, max =33.8
r:mean=0.71, min=0.17, max=0.96

TEM (mm): mean = 0.9, min=0.4, max =2.4
rTEM (%): mean=9.7, min=3.4 , max=24.1
k=0.93

MAE (mm): mean =0.2, min=0.1, max=0.3
rTEM (%): mean =1.6, min=1.0, max=2.5

Inter-observer Error

TEM: mean=1.6, min=0.3, max=6.4
rTEM: mean=12.8, min=5.2, max =33.8
r:no r provided

NA
k=0.93

NA



Table 3

Table 3: Error metrics reported for ultrasound studies using living participants

Number of Total # Timeframe of
Remeasured % of Sample Sample Landmarks Remeas-
Author Date Subjects Remeasured Size (N) Used urement (days)  Error Metric Intra-observer Error Inter-observer Error
intra-observer
error: 17-35
Inter-observer
Hodson et al. [122] 1985 5 10 50 20 error: <1 t-tests No intra results reported NS at 19 landmarks, one significant.



De Greef et al. [73]

Ballie et al. [123]

Jia et al. [86]

Stephan & Preisler
[87]

Stephan &
Sievwright [88]

NR = not reported

2005

2015

2016

2018

2018

33

100

17

13

33

30

135

63

71

52

34

19

20

2-61

42

NR

Intra-observer
error: >=2
Inter-observer
error: <1
Intra-observer
error: 13-126
Inter-observer
error: 0-71

t-tests &
Wilcoxon
signed rank
tests

ICC using 2-
way mixed
model,
absolute
agreement
and CI=95%

NR

TEM, rTEM

TEM, rTEM, r

Signed raw error =0.09mm, sd = 2.17 mm;
NS at 49 of 52 landmarks

27 landmarks = 0.61-1.00 and 5 landmarks
(0.41-0.60) (erect infraM2tooth R, Supine
infraM2ridge R, Supine InfraM2ridge R, Erect
InfraM2ridge L and Supine gonion L)
dropped two landmarks due to negative

error not exceeding 0.5 mm

TEM (mm): mean=0.8, min=0.5, max=1.1
rTEM (%): mean =10, min=9, max =12

TEM(mm): mean=0.8, min=0.1, max=1.7
rTEM (%): mean =8, min =3, max =15
r: mean =0.73; min =-0.23, max = 0.97

NA

NA

NA

TEM (mm): mean=0.9, min=0.5, max=1.1
rTEM (%): mean = 11, min =7, max = 19

TEM (mm): mean = 2.1, min= 0.4, max= 5.6
rTEM (%): mean = 21, min = 6, max = 45
r: mean =0.29; min =-0.14, max = 0.78



Table 4

Table 4: Error metrics reported for CBCT & CT studies using living participants

Author

Kim et al. [44]
Cavanagh & Steyn [45]
Hwang et al. [46]

Panekova et al. [47]

Dong et al. [48]

Perlaza Ruiz & Alonso [49]
Guyomarc’h et al. [50]

Bulut et al. [51]

Drgacova et al. [52]

Lodha et al. [53]

Thiemann et al. [54]

Toneva et al. [55]

Date
2005
2011
2012

2012

2012

2013
2013

2014

2016

2016

2017

2018

Number of
Remeasured
Subjects

1
22

20

20

20

20

30

489

24

15

% of Sample
Remeasured

100
14
20

13

10

17

100

20

Total
Sample
Size (N)

1
154

100

160

200

30
500

320

102

489

320

75

#
Landmarks
Used

6
28
31

14

20

17
37

31

40

25

38

16

* only single images were remeasured. Repeat images were not taken.

NR = not reported

Timeframe of
Remeas-
urement (days)

28
NR

28

14

NR

NR
28

21

NR

NR

28

Error Metric
ICC*
ICC*

TEM*
absolute diff.
and Mann-
Whitney U
Tests*

rand TEM*
t-test and
pearson r*

CVE*

TEM, Mann-
Whitney U
test*

mean error*
one-way
ANOVA*

r, TEM,
rTEM*

ICC, TEM*

Intra-observer Error
ICC=0.996
min = 0.425, max = 0.919

mean =0.31, min =0.07, max=1.1

No significance, Min diff = 0, max
diff = 5.3 mm, no means given

NA
r = 1.00, statistical significance
unreported.

CVE less than 5%

Mann-Whitney U test = no
significant differences

TEM: Less than 0.5mm for all
landmarks (min 0.07 to max 0.40),
mean =0.20 mm

Inter-observer Error

ICC =0.9960

min = 0.545, max = 0.946
NA

NA

r: mean=0.81, min=0.60, max =0.92
TEM: mean =0.93, min =0.24, max =2.11

r = 0.99, statistical significance unreported.

CVE less than 5%

NA

mean error =0.78 mm
(not specified if intra- or inter-observer error)

no significance detected

r range = 0.94-0.97
TEM (mm) range = 0.03-0.23
rTEM (%) range = 0.15-1.92

ICC>0.98
TEM (mm) < max. 0.41

NA

r range = 0.96-1.00
TEM (mm) range = 0.03-0.49
rTEM (%) range = 0.17-3.91

NA



Table 5

Table 5: Error metrics reported for lateral radiograph studies using living participants

Number of Total # Timeframe of
Remeasured % of Sample  Sample Landmarks Remeas-
Author Date Subjects Remeasured  Size (N) Used urement (days) Error Metric Intra-observer Error Inter-observer Error
Dumont [29] 1986 18 19 94 9 1 t-test* no significance detected NR
Genecov et al. [30] 1990 10 16 64 NR NR t-tests* no significance detected NR
Kasai [31] 1998 20 7 297 4 28 mean error* mean error <1.0mm NR
Garlie & Saunders [32] 1999 20 22 90 14 28 t-test* NR NR
Williamson et al. [33] 2002 20 9 224 13 1 t-tests* no significance detected no significance detected
Kurkcuoglu et al. [34] 2011 200 100 200 10 NR rTEM* min=1.1%, max=8.6 % NA
TEM, t-test
(systematic 2 out of 10 measurements significant

Fernandes et al. [35] 2013 20 19 105 10 30 error) TEM: mean =0.62, min=0.31, max = 0.97 NR

Briers et al. [36] 2015 27 7 388 10 NR ICC* min = 0.99, max = 1.00
Jeelani et al. [37] 2015 30 2 1357 11 21 ICC* mean = 0.95, min = 0.83, max = 0.95 NR**
Wang et al. [38] 2016 50 20 256 10 7 r¥ min 0.96 to max 1.00 min 0.92 to max 1.00
Kotrashetti & Mallapur [39] 2016 20 6 308 23 NR paired t-tests* only one test significant (gonion) NR
Gibelli et al. [40] 2016 222 100 222 14 NR t-tests* no significance detected no significance detected
Jeelani et al. [41] 2017 30 13 231 11 21 ICC* mean =0.96, min =0.87, max = 0.99 NR**
Buyuk et al. [42] 2018 16 20 80 10 28 ICC* >0.98 NR
Ayoub et al. [43] 2018 30 14 222 10 14 TEM* min =0.12, max=0.76 min = 0.24, max = 0.86

* only single images were remeasured. Repeat images were not taken.
** study used multiple investigators but did not report inter-observer errors.

NR = not reported



