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ABSTRACT

Background: Surface-topography has been used for almost two decades in the radiation-free clinical evaluation
of spinal posture. So far, it was limited to the analysis of back surface and spine. In order to better understand,
diagnose and treat complex spinal pathologies, it is important to measure the whole torso.

Research question: Purpose of this study was to introduce and test an application that allows 360° reconstruction
and analysis of the patient’s torso.

Methods: The application uses the information gathered from eight distinct scans and angles. For validation we
used an Alderson phantom as an anthropomorphic body. Defined areas and volumes were measured by CT and
surface-topography. Inter- and intra-rater reliability was tested in 35 healthy subjects by two observers.
Results: The results revealed good correspondence between systems in the imaging and evaluation of the
Alderson model (5.3-0.5%). Inter- (0.9-0.98) and intra-rater reliability (0.8-0.95) testing revealed good and
excellent results in the detection of almost all body surface structures and measurement of areas and volumes.
Only area and volume measurements using jugular notch as a reference showed partly moderate results in
reliability (0.62-0.93) testing.

Significance: We were able to introduce a novel 360° torso scan application using surface topography to re-
construct torso measurements. The results of our study showed its high validity and reliability. In the future, this
application needs to be tested in patients with spinal pathologies. In summary, this new application may help to

better understand, diagnose and treat patients with pathologies of torso and spine.

1. Introduction

The diagnosis and treatment of patients with three-dimensional
(3D) spinal deformities, e.g. scoliosis, hyperkyphosis, still requires
whole-spine x-rays to assess the severity of the deformity and to initiate
adequate treatment. Frequent radiographs of the spine are also neces-
sary in adolescent patients with spinal deformities to provide the ne-
cessary therapeutic information of the growing spine [1]. Especially in
young patients, the consequences of repeated whole-spine x-rays can be
problematic as it can significantly increase the risk of thyroid-, breast-
cancer, and leukemia [2]. The proper treatment of complex spinal
pathologies, e.g. in adolescent scoliosis, is not solely determined by
radiological measurements, such as the Cobb-angle, but it is also in-
fluenced by the deformity itself and its influence on the ribcage,
sternum, thoracic volume, and lung capacity [1]. More and more, the
patient’s self-perception and body-image, which both can be sig-
nificantly affected by scoliosis, hyperkyphosis or thoracic deformities,
become important [3]. Young female adolescent patients with scoliosis
are both physically and psychologically affected by breast asymmetry,

which can be caused by the spinal deformity [4]. Most standard ima-
ging techniques, such as conventional x-rays, and supine CT-scans do
not allow a visualization and quantification of such trunk asymmetries
[5]. Surface topography can be used to address the limitations of cur-
rent whole-body imaging modalities and spare ionizing radiation. The
system is based on the mathematical principle of triangulation [6,7]. It
projects horizontal light lines onto the body surface of the patients.
Then, a digital video camera captures an image of the body and the
respective parallel light lines, which are distorted by the patients’
anatomy. Based on the localization of specific anatomical landmarks a
3D-model of the spine and pelvis can be calculated. The 3D-spine-model
is based on a correlation model of reference radiographs for an accurate
3D-reconstruction [8,9]. Previous studies showed good correlation with
radiographic measurements of the spine in healthy subjects [10] and in
patients with scoliosis [11,12]. Furthermore, the high accuracy and
reliability was also shown under dynamic conditions [13-15]. Over the
past years, surface topography has helped to reduce the number of x-
rays needed to treat patients with spinal pathologies and has added
valuable 3D information to better understand and treat spinal
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deformities [11,16]. So far, surface topography is limited to measure
and reconstruct the back surface and spine of patients. However, spinal
pathologies are 3D-deformities that not only affect the spine, but also
the whole body. To overcome current limitations of this technique, a
new surface topography application called “torso scan” that allows a
3D-reconstruction of the entire torso was developed. Purpose of this
study was to introduce and evaluate a novel surface topography ap-
plication for its validity and reliability in healthy subjects.

2. Methods
2.1. Surface topography-based torso scan application

The “Torso Scan” is a new developed application, using the surface
topography system “Formetric” (Formetric 4D, Diers International
GmbH, Schlangenbad, Germany). The “Torso Scan” application was
developed along with this study to allow an three-dimensional and
volume-related evaluation of the torso.

2.2. Human participants

35 healthy subjects (male = 27, female = 8) participated in this
study. None of the participants had any history of spine, pelvic, torso or
lower limb pathology. The study was approved by the local ethics
committee (Study number: EK080/17) and all subjects gave their
written and oral consent.

2.3. Measurement protocol and data acquisition

2.3.1. Torso scan protocol

The “Torso scan” application combines eight individual surface to-
pography images from eight previously defined angles in order to be
able to create a continuous digital 3D-model. Subjects were standing in
a relaxed posture, with arms hanging to the sides and extended knees to
ensure reproducible measurements. Subjects positioned themselves in
eight predefined positions relative to the camera: 0° (full back), then in
a clockwise rotation the 30°, 90°, 120° position, full frontal view (180°),
210°, 270° and 330° position (Fig. 1). Acquisition time was three sec-
onds for each position. Afterwards the application automatically cal-
culated the eight different 3D point-clouds from the different views of
the body for further processing. By aligning two additionally placed
shoulder markers, positioned slightly lateral and inferior to the acro-
mion, the upper part of the volumetric torso scan was coarsely aligned.
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For the final exact alignment of the eight individual point-clouds
(creation of a single volumetric 3D model), surface features like cur-
vature and surface normal vectors of all the eight surfaces models were
matched to create a best-fit surface [17,18].

2.3.2. Validity testing

In order to validate the “Torso scan”, we used an Alderson phantom
(RANDO"® Phantom, Alderson Research Laboratories Inc., Stamford, CT,
USA), which has been previously applied in clinical routine to plan the
radiation field for radiotherapy [19]. This model contains a human
skeleton, which is embedded in isocyanate rubber. It provides a human-
like surface, and also contains radiographically detectable bony struc-
tures. For validation we compared surface topography measurements of
the Anderson model with CT scans. Flat infrared reflective markers
were placed on the models back (n = 5: X1-X5) along the spinal mid-
line starting from the cervical spine down to the thoracic and lumbar
spine (Fig. 2). Additionally, markers were placed on the phantoms
front. They were localized at the jugular notch (JN), lower sternum
(ST), left and right nipple (NL, NR). The prepared model was placed on
a rotating platform in order to position the model for the respective
eight surface scans (Fig. 2). A series of three scans was performed each
by two observers (OB1 and OB2) in alternating order. Afterwards we
prepped the Phantom for CT measurements. The infrared reflective
markers were accurately covered by crosshair CT spots (CT-SPOTS’
crosshair, Beekley Medical®, Bristol, USA). The Alderson phantom un-
derwent a standardized complete CT-scan on a dedicated 256-slice
multidetector CT-scanner (MDCT) (SOMATOM Definition Flash, Sie-
mens, Forchheim, Germany). The following scan parameters were used:
120kV, effective tube current-time product 108 mA, slice thickness
1.0 mm, rotation time 280 ms, pitch 0.9, and collimation 64 X 1.0 mm.
The field-of-view was adapted to the model’s physique, and a medium
smooth convolution kernel (B30f) was chosen for image reconstruction.
Coronal and sagittal reconstructions were acquired. The CT scans were
measured by each observer independently 3 times for defined areas and
volumes as described below.

We defined specific areas and volumes of the measured model to
evaluate validity and reliability of the “Torso scan” application. A total
of five markers were placed on the back surface (reflective markers for
surface measurements and CT-spots for CT measurements) and four
markers on the front surface of the Alderson model. Using the “Torso
scan” application the location of the marker was automatically detected
by the software, and an axial cut was placed through the torso model
from the center of the reflective marker. The so defined area was then

Fig. 1. The Torso-scan is a surface topography-based application. To create the three-dimensional torso model, 8 scans of the subject’s torso are taken from defined

angles (Diers International GmbH, Schlagenbad, Deutschland).
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Fig. 2. A) Alderson RANDO® Phantom placed on a platform, which can be rotated manually according to the underlying direction indicator. On the models back,
reflective markers were placed on anatomical fixed points. The markers on the shoulders were used for the three-dimensional tracking of the model by the system.
The sagittal profile shows the localization of posterior markers (X2-X5) used as intersection points for validation. B) Anterior Markers were placed approximately on
the jugular notch (JN) left (NL) and right nipple (NR) and the distal sternum at the xyphoid processus (ST). C) Strict axial cuts were made through the spinal markers
of the Alderson phantom and the respective areas and volume between two markers were measured. The different colors define different surface heights (height

map).
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Fig. 3. A) Axial cut through a Torso Scan 3D model of subject with spine reconstruction. B).Volumes are calculated between different cuts. C) The calculation and

measurement of areas and volumes is automatically performed by the system.

automatically measured by the software application. Furthermore, vo-
lumes between the areas (X1-X2, X1-X3, X1-X4, X1-X5, JN-NL, JN-NR,
JN-ST) were also automatically measured by the “Torso scan” appli-
cation for validity testing. Similar to the surface topography measure-
ments, we used the same protocol for the CT-measurements of the
Alderson. First, the center of the CT-spots was localized on the CT-scans
of the model in the sagittal reconstruction. Then, based on the position
of the Alderson model on the CT-table, a strict axial cut was placed
through the torso from the center of the CT-spots. For comparison, the
area was then measured by two observers using JiveX DICOM Viewer
Version 5.0 (VISUS Health IT GmbH, Bochum, Germany). Furthermore,
we also measured the volume between the respective areas using 3D
Slicer Version 4.8.1 [20] (Fig. 3).
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2.3.3. Reliability testing

To test the reliability of the “Torso scan” application, we measured a
total of 35 healthy subjects (Table 1). Infrared flat reflective markers
were placed on each subjects’ back (spinous process of the 7th cervical
body (VP) and both lumbar dimples) and front (Jugular notch = JN,
Sternum = ST and both nipples = NL and NR). Each subject was
scanned 3 times (every 5min: t=0, t=5, t =10, t =15, t = 20,
t = 25 min) by each observer (OB1 and OB2). The measurements were
performed, following the torso-scan protocol. Areas and volumes were
defined by five intersection points in the middle of the patient’s spine
(C7 (X1), T5 (X2), T8 (X3), T11 (X4), L2 (X5)) for reference purposes.
Also, four anterior intersection points were defined (JN, NL, NR, ST).
Marking the intersection points was done automatically by the software
of the system (Fig. 3). The accuracy of the automatic detection of the
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Table 1
Comparison of the values of the rasterstereographic “torso scan” application
and CT measurements for the defined areas and volumes of the Alderson model.

Area Value Deviation
Torso-scan [cm?] CT [em?] Absolute [cm?] Relative
X1 126.70 = 5.72 125.41 + 0.18 1.29 1.03%
X2 458.24 + 3.00 460.76 + 1.86 —2.53 —0.55%
X3 473.56 + 0.67 479.21 = 2.85 —5.66 —-1.18%
X4 408.71 = 4.62 418.19 = 1.44 —9.48 —2.27%
X5 349.61 + 2.56 355.16 = 0.75 —5.55 —1.56%
JN 427.47 = 11.07 436.61 = 2.33 —-9.14 —2.09%
NL 458.18 + 2.20 466.72 = 0.48 —8.55 —1.83%
NR 459.26 + 2.52 469.83 = 0.31 —10.57 —2.25%
ST 398.09 = 7.11 399.77 = 0.49 —-1.68 —0.42%
Volume Value Deviation
Torso-scan [liter] CT [liter] Absolute [liter] Relative
X1-X2 3.02 = 0.11 3.19 = 0.08 -0.17 —5.30%
X1-X3 6.61 + 0.11 6.80 = 0.08 -0.19 —2.82%
X1-X4 9.89 + 0.12 10.35 = 0.06 —0.46 —4.46%
X1-X4 12.69 = 0.07 13.39 = 0.02 -0.70 —5.25%
JN-NL 5.62 *+ 5.52 5.52 = 0.01 0.09 1.69%
JN-NR 5.55 * 5.76 5.76 = 0.01 -0.21 —3.66%
JN-ST 8.40 = 0.09 8.59 = 0.01 -0.19 —2.21%

spinous process, the vertebrae and the reflective marker by the used
rasterstereographic device has been shown in previous studies [21,22].
The respective area and volume measurements were automatically
calculated by the software itself (Fig. 3). The subjects were measured
three times by two observers (OB1 and OB2). The intraclass-correlation-
coefficient (ICC) was used to evaluate the intra-rater-reliability as well
as the inter-rater-reliability. For the determination of the intra-rater-
reliability the ICC-model “Two-way mixed, single score ICC (A,1)”
(McGraw and Wong convention) was used to evaluate the degree of
agreement among all three measurements performed by one observer
[23]. To determine the inter-rater-reliability and evaluate the degree of
agreement among the two observers the ICC model “Two-way mixed,
average score ICC (A,k)” (McGraw and Wong convention) is used.

2.4. Statistics

Statistical analysis was performed using Matlab (Version 2018a,
MathWorks® Inc., Natick, MA, USA) and SPSS software (IBM SPSS
Statistics, Version 24, Chicago, IL, USA). All data were checked for
Gaussian distribution by Shapiro Wilk test. According to this test and
the central limit theorem, the dataset for the ICC-study was normally
distributed. ICC results were graded in poor < 0.5, moderate 0.5-0.75,
good 0.75-0.9, and excellent > 0.9. The Shapiro Wilk test shows that
the distribution of the dataset of the Alderson phantom measurements
does not follow a Gaussian distribution.

3. Results
3.1. Validity measurements

Overall, the “Torso scan” area measurements showed a deviation
from the CT measurements for the respective areas from —2.27% to
1.03% (—10.57 to 1.29 cm?) (Table 1). The highest deviation was
found for the back area X4 with —2.27% (—9.48 cm?) and for the front
area NR with —2.25% (—10.57 cm?) (Fig. 4). For the volumetric
measurements of the Alderson phantom, we found comparable results.
Here, we measured absolute differences between the “Torso scan” ap-
plication and the CT measurements from —5.30% to 1.69% (Table 1).
The highest relative deviation was found for the back area X1-X2 of
—5.30% (—0.17 L) and for the front area JN-NR of —3.66% (—0.21L)
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(Fig. 4).
3.2. Reliability measurements

The reliability measurements revealed almost no user dependent
differences. Area evaluation based on the posterior intersection points
revealed mostly excellent reliability (Table 2). The area at the inter-
section of marker X1 showed good intra-rater reliability (ICC < 0.9) in
both observers (Table 2). All other areas referring to posterior inter-
section points (X2-X5) revealed excellent reliability in the evaluation
done by both observers (ICC > 0.9). Areas evaluated based on anterior
intersection points showed similar results (Table 2). The upper inter-
section point at marker JN revealed only moderate reliability (ICC:
0.622 and 0.667) in both observers. All other areas (NR, NL and ST)
showed excellent reliability in observer 1 and 2 (ICC > 0.9). Inter-
rater-reliability showed excellent results for almost all areas. However,
the area located at intersection point of marker JN revealed good re-
liability between both observers (Table 2).

Evaluating the reliability of the measured volumes between the
areas showed excellent results for the majority of volumes. Intra-rater
reliability testing showed good results for the cervico-thoracic volume
(X1-X2) based on posterior intersection points (X1-X2). All other vo-
lumes based on back markers, reveled excellent reliability in both ob-
servers (X1-X3, X1-X4 and X1-X5). Volumes calculated between
anterior body markers showed good and moderate intra-observer re-
liability. However inter-observer reliability was excellent for all mea-
sured volumes (Table 2).

4. Discussion

Full body surface scanners are well established e.g. in the textile
industry, where they are used to create custom-fit clothes [24]. In
medicine, 3D body surface scanners are so far only used for anthropo-
metric measurements and the crude analysis of the body shape [25-27].
However, these systems do not provide reliable information of the
musculoskeletal system. Therefore, magnetic resonance imaging (MRI)
and — especially in musculoskeletal imaging — computed tomography
(CT) are still standard techniques to assess 3D deformities [28]. Al-
though there do exist upright MRI-scanners, they are not readily
available for functional imaging of such patients. The aim of this study
was to introduce and evaluate a novel surface topography based “Torso
scan” application. Rasterstereography has been used for evaluation of
humans back surface and spine since many years. In previous studies,
the accuracy of the here used spine model has been shown [11,13-15].
Furthermore, the high accuracy and reliability of the automatic fix
point and marker detection by surface topography was shown in mul-
tiple studies [13,21,22]. A pilot study by Knott et al. evaluated single
anterior surface topography measurements of patients with torso de-
formities [29]. The system used, however was only able to measure the
anterior or posterior torso, without the possibility to match and com-
bine both scans to allow for a complete 3D-reconstruction. In addition,
to conventional surface topography, which has been used in multiple
previous studies [11,13-15], the here introduced “Torso scan” appli-
cation does allow a 3D analysis and reconstruction of the whole torso.
In order to test the validity of this new application, we compared “torso
scan” measurements of torso with CT-scans as the current gold standard
in musculoskeletal imaging. In summary, the results showed only minor
differences for the measured areas and volumes compared to the CT-
measurements. Areas measured by surface topography showed low re-
lative deviations (0.42-2.25%) compared to the CT based measure-
ments. In most cases the surface torso scans underestimated the areas.
These findings were also shown for volumetric measurements. Some
differences can be explained because of the dark, black color of the
Alderson model, which decreased the contrast between the projected
light lines and the surface of the model, and therefore led to difficulties
in reconstructing the 3D-torso. Results of reliability testing showed
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The intra-rater-reliability (observer 1 and 2) and the inter-rater reliability of the
rasterstereographic application “torso scan” for area and volume measurement.

Area Intra-rater reliability Inter-rater reliability
Observer 1 Observer 2
X1 0.875 0.801 0.906
X2 0.917 0.904 0.958
X3 0.934 0.934 0.978
X4 0.932 0.943 0.982
X5 0.944 0.942 0.987
JN 0.622 0.667 0.729
NL 0.919 0.91 0.982
NR 0.9 0.925 0.982
ST 0.924 0.884 0.976
Volume Intra-rater-reliability Inter-rater-reliability
Observer 1 Observer 2
X1-X2 0.876 0.857 0.927
X1-X3 0.915 0.918 0.965
X1-X4 0.935 0.942 0.981
X1-X5 0.941 0.951 0.985
JN-NL 0.782 0.669 0.924
JN-NR 0.818 0.819 0.955
JN-ST 0.782 0.669 0.924

mostly excellent intra- and interrater reliability. It is interesting to note
that the reliability of areas measured in the cervicobrachial region re-
vealed only moderate or good reliability. The named areas were cal-
culated around JN and VP. The higher differences between the two
systems might be related to frequent movements of shoulder girdle and
throat, that occurred even under standing in a relaxed posture. The
findings for volume measurements showed similar results. Intra-rater
reliability for volumes based anterior measurements revealed to be
moderate or good, while measurements from posterior points were
mostly excellent. However, inter-observer reliability proved to be ex-
cellent for all calculated volumes. The reliability testing and automatic
fix-point detection of the established spine model used in “Formetric”
surface topography revealed similar results regarding reliability testing
[21,22]. However, a 3D reconstruction and measurement of the entire
torso by surface topography has not been described or evaluated before.
Most 3D body surface-scanners on the market are based on laser
scanning and are clinically used for anthropometric measurements re-
garding body shape and composition [25,30]. In a validation and ca-
libration study of Shepherd et al. tape measurements were used for
validation purposes of the hip and waist, which showed similar accu-
racy to our study [25]. However, to our knowledge, so far there is no
light-based 3D whole body scanner that can be used for clinical in-
dications like the imaging of 3D torso deformities. Surface topography
was initially developed to image spine and torso deformities without
any harmful radiation and to gain a better understanding of such
complex deformities. With the development of the “Torso scan” appli-
cation, this technique does now potentially offer clinicians and scien-
tists new aspects and perspective to analyze torso and spinal
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Fig. 4. Comparison of average values eval-
uated for Alderson-phantom measurements
using CT scan (blue bars) and raster-
stereography torso-scan application (yellow
bars). Intersection points on back (X1-X5) and
front (JN, NL, NR, ST) were used for the defi-
nition of the areas (A). Volumes were defined
between the planes at the intersection points
on back and front (B) (For interpretation of the
references to colour in this figure legend, the

X1XS reader is referred to the web version of this

INLNL  JN_NR NST

Intersection points
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article).

deformities [11,29]. It was recently shown that surface topography can
detect anterior trunk asymmetry for the assessment of patients with
scoliosis [29]. The use of the torso-scan may now allow to combine the
anterior and posterior findings for a better understanding and ther-
apeutic decision making. It was also shown that scoliotic patients pre-
operative concern and postoperative satisfaction depend not only on
radiographic measurable musculoskeletal deformation [3]. Soft tissue
and surface irregularities that affect patients body image are often
difficult to objectify and quantify. The combination of anthropometric
and musculoskeletal imaging by the torso-scan, can be of great use in
accessing and quantifying the patient’s own body image and asymme-
tries, such as e.g. shoulder height differences, breast asymmetry or rib
cage deformities. It has to be mentioned that this pilot study uses
healthy subjects for reliability testing as the recently developed torso
scan has previously not been used or evaluated. As the torso-scan is
mostly developed for diagnostic purposes in further studies it needs to
be evaluated in patients with e.g. spine and chest wall deformities.

Our study has certainly some limitations. The results of our validity
measurements are certainly distorted by the single number of objects
measured. Further difficulties were caused by the black surface color of
the Alderson phantom as the light-based surface topography systems
depends on the reflection of the projected raster [6,7]. This also might
have caused the slight but constant overestimation of measured areas
and volumes compared to CT scan. However even under these chal-
lenging circumstances the “Torso scan” provides accurate automatic
reconstruction of the used body. It must also be noted, that although
CT-measurements were considered to be gold standard, all CT-mea-
surements were done semi-automatically by the observers. This might
have also led to some differences in the results between the two sys-
tems. Previous studies showed the reliability of dynamic surface topo-
graphy measurements for the analysis of the spine and pelvis under
physiological and pathological conditions [13-15].

The “torso scan” application, however, provides valuable additional
information of the whole torso. So far, this application is limited to the
standing position due to the use of a single camera system. As we were
able to prove excellent reliability and validity of this system, we aim to
develop a two-camera system to allow a whole-body analysis under
dynamic conditions.

5. Conclusions

In this study, we were able to show and demonstrate a novel “torso
scan” application, which does allow the reconstruction of the torso with
adequate accuracy and reliability. In the future, such an application will
be helpful to better understand, visualize and treat spinal and thoracic
deformities.
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