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a b s t r a c t 

Externally visible deformities are cosmetic features of great concern for Adolescent Idiopathic Scoliosis 

(AIS) patients. Current assessment techniques for AIS do not fully encompass the external deformity. A 

non-invasive method capable of capturing superficial anatomy, such as 3D scanning, would enable better 

qualitative and quantitative evaluation of cosmesis. This study aimed to quantify the accuracy of com- 

monly available scanners, in assessing posterior asymmetry in AIS. The technique of 3D surface deviation 

analysis was proposed as a suitable method for comparing the models created by each scanner. 

Eight plaster cast moulds manufactured to create braces for AIS patients were used as test samples. 

Four 3D scanners were selected: Solutionix RexScan CS + ; Artec Eva; Microsoft Kinect V1; iPhone with 

123D Catch App. These scanners were selected from those available as representative of a range of scan- 

ning technologies. 

Each cast was scanned and 3D models created. A simulated rib hump measurement was obtained 

and the surface-to-surface deviations between the Solutionix scan and all other scans were determined. 

The Solutionix scanner is a metrology scanner of very high quality and so it was selected as the refer- 

ence. Surface-to-surface deviations were calculated in the positive and negative directions separately to 

specifically identify size and volume inaccuracies created by the scans. 

Surface deviations showed excellent agreement between the Solutionix and the Eva with deviations of 

+ 0.17 ± 0.17 mm (Eva regions larger) and −0.20 ± 0.32 mm (Eva regions smaller) (mean ±SD). The Kinect 

showed lower agreement ( + 1.58 ± 1.50 mm and −0.58 ± 0.58 mm). The iPhone scans were not able to be 

scaled to the correct size, so were excluded. Rib hump measurements with all scanners were within 

clinical measurement variability ( ±4.9 deg) of the known values. 

These commercially available 3D scanners are capable of imaging torso shape in 3D and deriving 

clinically relevant external deformity measures. The non-invasive 3D topographic information provided 

can be used to improve assessment of torso shape in spinal deformity patients. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Adolescent Idiopathic Scoliosis (AIS) is typically thought of as

 three-dimension deformity of the spine. The severity of the de-

ormity is assessed using the Cobb angle [1] of the spine on a

osterior-anterior radiograph. The change in the patients’ Cobb an-

le over time can then be used to prescribe treatments – either

perative or non-operative, and to assess the effectiveness of the

hosen treatment. Using only the Cobb angle however, is an overly

implistic view of this condition, with the deformity being present
Abbreviations: (AIS), Adolescent Idiopathic Scoliosis. 
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ot only in the spine, but also in the rib cage creating a whole

orso deformity. 

It is this torso deformity which is often the first symptom ob-

erved by the patients or their parents – an uneven waist, hips or

houlders, a protruding scapula or protruding ribs above or below

ne breast. It is also this externally visible component of their con-

ition that remains of great concern to patients and their parents

2] , and its effect on patients health related quality of life is well

ocumented [3] . 

Before the advent of easily accessible radiography for diagno-

is of AIS the posterior component of the torso deformity, often

alled the rib hump, was considered a critical diagnostic indicator.

dam’s forward bending test [4] , described in 1865, is a method

f examining a patients back while they were in a stooped pos-

ure in order to determine if they had a curvature to their spine.
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Table 1 

Scanner details. 

Scanner Manufacturer Technology Stated Scanner or Retail price Software processing 

accuracy sample handling Scanner AU$ manufacturer and costs 

1 Eva Artec Group Inc., 

Luxembourg 

White light 

Structured light 

Accuracy: up to 

0.1mm 

Hand held scanner, 

stationary sample, no 

limits or constraints to 

sample 

$25 0 0 0 Artec Studio v10, 

included in purchase 

price 

2 Kinect V1 Microsoft Corp., 

Washington, USA 

Infrared structured 

light 

None stated, not 

original purpose 

Hand held scanner, 

stationary sample, no 

limits or constraints to 

sample 

$250 Free software “3D Scan 

app” now available 

from Microsoft for 

Windows 10 (Note: 

Artec Studio used in 

this study v10) 

3 123D Catch 

(iPhone app) 

AutoDesk Inc., 

California, USA 

Photogrammetry None stated Hand held scanner, 

stationary sample, scan 

volume limited by total 

photo upload of 60 

images 

$0 ( + users Apple 

iPhone 6s with 

12MP camera 

(Apple, California, 

USA)) 

Free, processed online 

by Autodesk 

4 Rexcan CS + Solutionix, Seoul, 

Korea 

Blue LED structured 

light 

None stated Fixed desktop scanner, 

sample mounted on an 

automated turn table, 

small scan volume 

$60 0 0 0 Built in processing, 

included in purchase 

price 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

w  

f  

s  

p  

m  

h  

s  

e  

p

2

2

 

w  

b  

n  

p  

T  

L  

c  

s  

i  

‘  

s  

t  

t  

e  

t  

t  

s  

c  

h  

a  

a  

s  

m  

l  

d  

a  

t  
Today this method of diagnosis continues as an initial examination

test prior to referring the patient for radiographs. The test itself

has changed little, though a specialised goniometer or protractor,

commonly a Scoliometer, has been added to quantify the size of

the rib hump or rotational deformity [5] . Additionally several ques-

tionnaires have been developed to help document the patients per-

ception of their torso deformity including the Walter Reed Visual

Assessment Scale [6] and the Trunk Appearance Perception Scale

[7] . 

While the measurement of the rib hump is standardly in-

cluded in clinical assessment of a patient, the size or meaning

of this measurement is often not considered. While surgeons ac-

knowledge that aesthetics is of primary concern in AIS surgery

[8] , the primary outcome measure in assessing surgical correction

of AIS is the reduction in the Cobb angle. However it has been

shown that this measure of success has little correlation to pa-

tient satisfaction with their surgery [9–11] . Perhaps a more com-

prehensive measure of full torso deformity would have a greater

correlation. 

In the past attempts have been made to quantify the torso

rotational deformity in greater detail, most prominently using

Moiré topography [12] . This technique used the projection of lines

onto the patients back to quantify the asymmetry. Logistically

however, this technique proved difficult to setup and so was not

widely adopted. More recently 3D scanning using structured light

scanners has started being used for research into the AIS torso de-

formity [13–26] . 

3D models offer the ability to capture the full geometry of the

patient. Calculations of asymmetry on anterior and posterior sur-

faces as well as changes with time are able to be compared. These

3D scans show great potential in recording, measuring and track-

ing the external deformity in patients [23,24] . 

The technology and availability of 3D scanners however are

changing rapidly and with them comes the question of which of

the available scanners are best suited to a clinical application?

This study examined four commercially available 3D scanners, at

a variety of price points, and using a variety of different scan-

ning technologies, to determine the accuracy of the scanners in

replicating a 3D object, and the ability of the scans captured to

be used to recreate the clinical measurement of rib hump using a

Scoliometer. 

A 3D linear or surface to surface deviation analysis was used

to compare the 3D model surfaces generated by each scanner.

This technique provides a powerful tool to compare surfaces either
 t
hen assessing different technologies for generating the surface, or

or comparing differences between two objects, or changes in the

ame object at different time points. This technique has been used

reviously to assess wear of medical implants [27] and is used in

anufacturing quality assurance processes [28] . Similar techniques

ave also been used previously to assess the effect of CT image

egmentation techniques and the accuracy of MRI generated mod-

ls of bones [29,30] and in examining the symmetry of scoliosis

atients [17,19,23,24] . 

. Methods 

.1. Scanners 

Four scanners were selected for inclusion in this study ( Table 1 ),

ith three of these representing technologies which could feasi-

ly be implemented in a clinical environment. These three scan-

ers were selected to represent a range of technologies and price

oints from those available commercially (as detailed in Table 1 ).

he fourth scanner, Solutionix Rexcan CS + , is a fully calibrated blue

ED metrology scanner capable of automatically scanning and re-

onstructing a small desktop volume (Ø300mm x 215 mm). This

canner is not appropriate for use in the clinical setting as it

s a non-portable fixed scanner, but was included instead as the

Gold Standard’ for measurement of the samples due to its superior

canning accuracy. The Rexcan C + uses ultra-high accuracy struc-

ured light scanning technology, whereby a blue light pattern (grid

ype) is projected onto the surface of interest and multiple cam-

ras capture the distortion of this pattern from different orienta-

ions. The distance to each of these points is calculated and the

hree-dimensional position of these points used to reconstruct the

urface geometry. By comparing many thousands of points, the re-

onstructed geometry has an exceptional level of detail and very

igh precision. The blue LEDs used have a very short wavelength

nd are highly coherent giving the scanner the highest possible

ccuracy. Both the Artec Eva scanner and the Microsoft Kinect v1

canner also use structured light as their means of creating a 3D

odel, however they each utilise a different light source, white

ight (Eva) and infrared (Kinect). These alternate light sources re-

uce the achievable accuracy of the reconstructed scan. The iPhone

pp uses photogrammetry to create its 3D models, using informa-

ion taken from dozens of photographs of the object to reconstruct

he geometry [31] . 
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Fig. 1. A plaster cast mould of the posterior torso of an AIS patient. Casts made in 

the process of bracing the patients were replicated for use in a previous study on 

the use of an iPhone as a substitute Scoliometer [32] , and were used as models for 

assessing 3D scanners in the present study. The calibration tool is visible attached 

to the left side of the mould. 
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.2. Samples 

Eight plaster cast moulds of the posterior torso of AIS patients

ere used as models for scanning ( Fig. 1 ). These casts were created

uring the process of brace creation for the patients and have been

sed previously in the validation of the iPhone (with acrylic sleeve)

s a substitute Scoliometer, and so have a known rib hump (mean

6 ° ± 5.8 (range 6–30)) [32] . The casts are positive replicas of the

atient’s external torso anatomy at true to life size. Each plaster

ast is covered in a 7 mm thick layer of foam (EVA), to mimic the

kin surface. 

A calibration tool (3D printed in ABS) was attached to the side

f each cast (Supplementary Fig. 1 ), to act both as a consistent ref-

rence from which to create a reliable coordinate system between

cans and also to quantify the ability of each scanner to accurately

etect and reconstruct geometric shapes of various types and sizes.

hile humans are not made of simple geometric shapes, the in-

lusion of each of the shape types in this object (sphere, cylin-

er, cone and cube) enabled the scanners limitations to be exam-

ned in a controlled manner. Rounded shapes (sphere, cylinder and

one) were emphasised for their basic similarity to organic fea-

ures, with each at risk of scanning errors due to incorrect registra-

ion of images. To quantify the ability of the scanners to replicate

hese shapes, the surfaces corresponding to each shape were se-

ected and the appropriate geometric shape was fitted (automatic

est fit) to the surface and its parameters recorded. 

.3. Scans 

The plaster casts were scanned using each of the four scanners.

or the Solutionix scanner this was an automated process in which

he cast was mounted to a computer controlled rotating and tilt-

ng platform, the cast was then scanned repeatedly in numerous

rientations until a complete model was created. All other scans

ere conducted manually by a single author (CG). Eva and Kinect

cans were both conducted using Artec studio (v10 Professional,

rtec Group Inc., Luxembourg) image processing software. To cap-

ure the scans, the hand held Eva and Kinect scanners were (indi-

idually) pointed at the cast, while user walked around the cast,

onitoring the scanned area displayed on screen to ensure the full
olume was captured. For 123D Catch, a series of 40–70 pho-

ographs were captured of the cast covering the full volume, using

he authors’ iPhone 6. The photographs, captured in the app, were

hen automatically processed using photogrammetry techniques by

utoDesk via internet based submission through the app. A 3D

odel of the cast was then available for download after the pro-

essing. In each case the final scan obtained from each device was

xported in .stl format for post-processing. 

.4. Analysis 

Each scan was imported into Geomagic Wrap (2015, 3D Sys-

ems, North Carolina, USA) for cleaning and removal of unwanted

dditional items captured in the background of the scan. For the

inect and 123D catch scans this process involved use of the mesh

octor and global smoothing tools. The mesh doctor is a built in

utomated process for cleaning scan data. It includes correction or

emoval of Non-Manifold Edges, Self-Intersections, Highly Creased

dges, Spikes, Small Components, Small Tunnels and Small Holes.

lobal smoothing was applied using the Quick Smooth command.

here are no options or parameters associated with either of these

ommands. 

Because of the risk of over smoothing and loosing detail,

moothing was only performed when considered absolutely nec-

ssary. Scans from the Solutionix and Eva were used in their raw

tate as exported from the capture software, with only the removal

f unwanted regions of the scans. 

Figures showing the raw scans, the cleaned scans and a 3D lin-

ar deviation analysis between them for the Kinect and 123D catch

re included in supplementary Fig. 2 . 

Once cleaned, all four scans for a single torso mould were im-

orted into Geomagic Control (2015, 3D Systems, North Carolina,

SA) for comparison. A local coordinate system was created in

he Solutionix scan, such that the table on which the cast was

laced formed the x-y plane, a cylindrical axis of best fit along

he length of the torso was then used to define the direction of

he x-axis along this plane, and the location of the centre of the

alibration tools’ sphere was set as the origin. This created cross

ections aligned in the y-z plane, perpendicular to the longitu-

inal axis of the plaster cast and therefore, the patient’s torso.

ll other torso casts were then automatically registered to each

ther using a global registration process. This in-built algorithm

ses a least squares method to minimise the distance between

he two surfaces across the entire model, shifting the scanner

est models to the Solutionix model with the created coordinate

ystem. 

A 3D linear deviation analysis was then conducted between

he scans created using the Solutionix scanner and scans from the

ther three scanners, such that a positive deviation occurred when

he test scan was larger than the Solutionix scan, and vice versa

or a negative deviation. Deviations were assessed across the whole

urface of the scans. In this automated process in Geomagic Con-

rol, the 3D linear vector distance between each point on the test

can (Eva, Kinect or 123D catch) and the closest corresponding

oint on the reference scan (Solutionix scan) was calculated. Full

eviation maps and results tables (ie the result from every point

n the test scan) were exported for further analysis in Excel (Mi-

rosoft Corp., Washington, USA). Sectioned views aligned in the y - z

lane were then taken through each cast at 20 mm intervals along

he x -axis ( Fig. 2 ). Within each of these slices the linear deviations

ere assessed and the mean and standard deviation of the posi-

ive and negative deviations were assessed. Regions corresponding

o the calibration tool were specifically excluded due to any possi-

le errors in reproducing its geometry. 

Simulated rib hump measurements were also calculated at each

lice location and the largest value seen across the torso reported
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Fig. 2. Slice ( y - z plane) through two scans, Solutionix in red, and Microsoft Kinect in black, showing the linear deviations between them (yellow, green and blue whiskers). 

The scale shows deviations from + 11.00 mm (yellow) to −11.00 mm (blue). Note that a negative deviation occurs when the test scan (Microsoft Kinect in this case) lies inside 

the reference scan (Solutionix), and a positive deviation where it is outside the reference scan. Both of these cases can be seen on the left of the image surrounding the 

calibration tool. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. (a) Calculation of a simulated rib hump from a y - z plane slice through a Solutionix scan, note the spinous process excluded from the fitting requirements (b) use of 

a Scoliometer to measure Rib Hump clinically. 
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as the measured rib hump for that scanner for that cast. The

simulated rib hump was calculated as the angle of the steepest

line tangential to the scan, making contact on both sides of the

spinous process ( Fig. 3 a). In this way the central cut out of a

traditional Scoliometer (National Scoliosis Foundation, Watertown,

MA, USA) was simulated ( Fig. 3 b), while calculating this within

the y - z plane slices ensured that the measurement was performed

perpendicular to the longitudinal axis as would be done clinically

[5] . Comparison was then made to the clinical measurement of rib

hump as obtained by experienced clinicians with a Scoliometer

[32] . The Scoliometer has been shown to have excellent inter-

and intra-rater reliability in the mid to lower thoracic region [33] .

Inter-rater mean differences are reported to be as high as 1.1 °,
with 95% confidence intervals of ±4.9 ° [32–34] . 

The scanned dimensions of the calibration tool geometric

components were determined by fitting standard shapes to the

scanned surfaces. Comparisons were then made between the de-

signed dimensions of the object and the diameter of the sphere,

the diameter of the cylinder, the angle of the cone (half the angle

enclosed between the sides), and the planar distance between two

opposing surfaces of the cube as shown in Supplementary Fig. 1 . 
. Results 

Thirty one of a possible thirty two scans were obtained. Dif-

culty was experienced in scanning one of the torso casts with

he 123D catch app on the iPhone, and after several repeat at-

empts (different locations and lighting) this scan was abandoned.

t is not clear why this scan repeatedly failed. All other torso casts

ere successfully scanned with all scanners. Examples of each of

he four scans for a single torso cast are shown in Fig. 4 . 

Additionally, the seven scans that were captured with the 123D

atch iPhone app were all lacking in scale information - the torso

cans generally appearing to be ∼ 1/10th or less of actual size. At-

empts were made to scale the scans using the calibration tool,

owever this proved unsuccessful due to the limited resolution of

he scans ( Fig. 4 D). For this reason the scans obtained with the

23D catch app have been removed from the remaining analysis.

pproximate length and width measurements of the actual casts

nd the 123D catch models are included in the raw and processed

can images in supplementary Fig. 2 . 

Cleaning of the raw scans is an important part of the process

f obtaining a usable model. There is a risk however of over
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Table 2 

Comparison of the calibration tools dimensions from the Solutionix and Eva scanners vs. the original design dimensions. 

Sphere diameter (mm) Cylinder diameter (mm) Cone Half angle ( °) Cube width (mm) 

Designed size 20.00 15.00 30.00 10.00 

Solutionix (Mean ± St Dev) 20.06 ± 0.09 15.02 ± 0.07 29.03 ± 1.25 9.98 ± 0.07 

Eva (Mean ± St Dev) 20.17 ± 0.43 15.19 ± 0.63 28.56 ± 1.66 9.70 ± 0.92 

Fig. 4. Images of processed scan data (A) Solutionix Rexcan CS + ; (B) Artec Eva; (C) 

Microsoft Kinect V1; (D)123D Catch iPhone App; all raw data images can be seen 

in supplementary Fig. 2 . 
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moothing the model in pursuit of a more visually appealing

odel and in the process loosing important details or changing

he overall dimensions of the model. To quantify the effects of the

lean process on the Kinect and 123D catch models a 3D linear

eviation analysis was performed between each raw model and

he processed clean model. Figures showing the raw, clean and

eviation analysis for each scan are available in supplementary

ig. 2 . For the Kinect scanner the largest average deviation within

 scan caused by cleaning was 0.065 mm. For the 123D catch scans

he issue of the overall size of the raw models prevents a useful

alculation of deviations 

.1. Calibration tool comparisons 

The dimensions of the scanned calibration tool were compared

o their original designed dimensions by fitting the geometric

hape to the appropriate region of the scanned surface ( Table 2 ).

s the object was 3D printed however the true final dimensions of

he object are not known. The 5 geometric shapes were not able

o be fit to any of the Kinect models due to the low resolution of

he obtained scans. For example the region corresponding to the

phere in the centre of the calibration tool could not be identified

n order to fit a geometric sphere to it. 

.2. Rib hump 

The simulated Rib hump values were compared to those mea-

ured by experienced clinicians using a Scoliometer, as reported

reviously in the literature for these casts [32] . The angular dif-

erence to each of the four scanners is shown in Table 3 . 
.3. Surface deviations 

Linear surface deviations are reported in comparison to the So-

utionix scanner in each case in Table 4 , Fig. 5 . A positive devia-

ion occurred when the test scan was outside the Solutionix scan,

nd vice versa for a negative deviation. Both positive and nega-

ive deviations can be seen in Fig. 3 surrounding the calibration

ool, with the blue whiskers showing a negative deviation, and the

reen-yellow showing a positive deviation. 

. Discussion 

While more researchers and clinicians are embracing the use of

D scanning in clinical applications, the appropriateness of their

hoice of scanner in each case has not been assessed. There are

n ever increasing number of 3D scanners available commercially

hese days. This paper aimed to determine the accuracy of a few

ommercially available scanners at a range of price points, in both

inear surface deviations and clinically relevant angular measure-

ents (Rib Hump). The scanners chosen also represent two basic

echnologies – structured light scanners and photogrammetry, with

hree light source variations in the structured light scanners (Blue

ED, White light and Infrared). 

In researching scanners for this investigation it became clear

hat manufacturers do not like to give values for the achievable

evels or accuracy or precision of their scanners. As was noted in

able 1 , of the scanners included in this study, only the Artec Eva

as a reported accuracy. This makes scanner comparison challeng-

ng for consumers. 

In a structured light scanner, the quality of the light source

s fundamental to the achievable accuracy of the scanner. Blue

EDs are the industry gold standard for this purpose. LEDs are

onochromatic and provide a highly coherent light source, com-

ined with the choice of blue light, having the smallest wavelength

vailable means the projected ‘structured light’ pattern is of very

igh quality, and has a very low susceptibility to external light-

ng and conditions. This in turn means the captured images and

alculated depth of each part of the image is of a very high qual-

ty. White light from a standard flash bulb, as used by the Eva, in

ontrast covers the full spectrum of visible wavelengths. This low-

rs the quality of the projected pattern on the object. Additionally

isible light and heat (infrared) from external sources can create

oise or artefacts and lowers the quality of the final 3D model.

hough as seen in this work, the differences between the Eva and

he Solutionix scans are generally quite small in this context. The

icrosoft Kinect, rather than using visible light, uses infrared. In-

rared light has an even greater susceptibility to degradation by ex-

ernal sources of heat. This again lowers the achievable quality of

he scan. 

Scans captured by the 123D catch app had to be removed from

he analysis due to a lack of scale information. This is unfortunate

s the technique used by the app – Photogrammetry, is widely

sed in other engineering and scientific applications with good

uality results. In this instance there was the possibility of us-

ng the calibration tool to scale the final models; however the ex-

remely low resolution of the scans produced created large errors

n this scaling which would have confounded all other geometric

omparisons. Being a free application, with cloud based processing
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Table 3 

Scoliometer published values [32] , and the difference in maximum Rib Hump angle (degrees) between each scanner and the Scoliometer values. 

Sample Scoliometer measured value Difference between scan and Scoliometer value ( °) 

Solutionix Eva Kinect 

Torso 1 17.10 0.24 0.67 0.33 

Torso 2 12.10 1.01 1.11 1.98 

Torso 3 25.60 0.99 1.06 −1.89 

Torso 4 9.70 −0.56 0.06 −0.66 

Torso 5 9.60 0.46 0.63 0.04 

Torso 6 19.40 3.55 3.37 2.85 

Torso 7 19.20 0.85 1.44 0.11 

Torso 8 11.90 −0.40 −0.61 −0.51 

Mean 0.77 0.96 0.28 

Standard Deviation 1.27 1.17 1.50 

Table 4 

Linear surface deviations (mm). 

Positive deviations Negative deviations 

Scanner Mean Standard deviation Mean number of points Mean Standard deviation Mean number of points 

Artec Eva 0.17 0.17 4035 −0.20 0.32 2513 

Microsoft Kinect 1.58 1.50 4277 −0.58 0.58 819 

Fig. 5. Surface deviation maps for an individual torso mould (a) Solutionix vs Artec Eva; (b) Solutionix vs Microsoft Kinect; deviations from + 1.5 mm (yellow) to −1.5 mm 

(blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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of images resulted in a very limited point cloud resolution of the

final model. Using photogrammetry techniques with higher quality

software processing and image quality would likely alleviate this

issue and the inclusion of a scaling object would then allow high

quality, correctly sized models to be created. 

Additionally, this app or ones of a similar nature using online

or cloud based external processing of images raise privacy issues

when considering clinical datasets. 

For linear deviations in comparison to the Solutionix Rex-

can CS + scanner, the other three scanners performed with vary-

ing results. The Artec Eva scanner performed well, achieving the

lowest deviation in both the positive and negative directions at

+ 0.17 ± 0.17 mm and −0.20 ± 0.32 mm, respectively. While the size

of these deviations is roughly equivalent, the mean number of

points occurring in each direction shows a slight bias towards cre-

ating a larger model than that seen by the Solutionix. The accuracy

of scans obtained with the Eva scanner makes it ideally suited to

clinical applications in which fine detail is necessary. 
The Microsoft Kinect performed less well, though with a

ubstantially cheaper price point this is probably to be expected.

eviations of + 1.58 ± 1.50 mm and −0.58 ± 0.58 mm show a strong

ias to the creation of a larger model, with less dimensional

ccuracy. With this level of accuracy, small anatomical features

ould easily be lost in a clinical setting. There was also a tendency

or these models to be shorter longitudinally (in the x-direction),

his is evident in Supplementary Fig. 4 with the grey and dark

lue regions along the top and bottom edge of the cast being

reas where the Kinect model was too far away from the reference

odel to be included in the assessment, i.e. there was no surface

o compare to, and is shown in Supplementary Fig. 2 , with the

inect and Solutionix models overlaid. A total length difference

uch as this is likely due to the physical and optical smoothness

f the foam covering of the torso casts. The lack of optical tex-

ure/features at the resolution of this scanner creates registration

rrors between frames during the scanning process, making them

verlap by a larger degree than is correct, causing the model to
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horten. In the clinical setting when scanning skin, which is highly

ptically textured however, this problem would be minimised.

dding a matt finish to the surface or a speckled, spotted or

ariegated colour pattern to the surface would also assist in the

ptical tracking of the object. 

The Kinect models were also seen to have small linear devia-

ions across the flatter central regions of the model (the ‘top’ sur-

ace in the y-z slices), with the region at the sides of the chest

aring wider than the reference model creating the large positive

eviations that were seen ( Fig. 2 and yellow regions in Fig. 5 b).

gain this could be caused by scanning registration errors result-

ng in a model significantly wider than the actual object. 

In contrast to linear deviations, the angular Rib hump measure-

ents were much more reliable, particularly in the context of the

linical repeatability of this measurement (inter-rater mean differ-

nce 1.1 °, 95% CI 4.9 °) which includes confounding factors of the

ovement of the patient and patient variability in performing the

orward bend test repeatedly. The Solutionix, Eva and Kinect scan-

ers all showed greater accuracy than clinical levels in all scans.

hough the number of torso casts included in this study was small

t only 8, they included a wide variety of curve types, locations

nd severity as would be seen clinically. Both the Eva and Kinect

canners were able to replicate the Scoliometer value for each

orso cast within the range of clinical accuracy. 

Comparison of the calibration tools’ scanned dimensions and

heir original designed dimensions showed that both the Solutionix

nd Eva scanners are good at replicating round or spherical sur-

aces with the smallest differences seen in the Sphere and Cylinder

iameters. The cone presented a problem to both scanners because

f its tapering point, which was rounded off or obscured by shad-

ws and the inability of the scanners to adequately see under the

bject. The cube was replicated well by the Solutionix, but the Eva

cans suffered from rounding of the corners leading to a smaller

easured size. In contrast the calibration tool was not well enough

eplicated by the Kinect scanner to test any of the shapes. As can

e seen in Fig. 4 C (in results), only a vague outline of the tool is

een in the scan. This could be problematic if the application re-

uires capture of even relatively large features on the surface of an

bject. 

The linear deviation analysis provided a robust technique for vi-

ually and numerically assessing the differences between two ob-

ects. The deviation maps were able to clearly show the location

nd magnitude of differences, enabling the determination of the

auses of those differences. 

To extend this technique into the clinical setting of measur-

ng real human torsos a number of factors would need to be

onsidered and methodology developed to achieve high quality

cans with useable clinical measures. While there are a number of

hallenges associated with introducing these techniques clinically,

here are also great advantages. Real patients will move through-

ut the scans, both breathing and swaying will occur during the

ime course of a scan and these will cause artefacts that will need

o be dealt with in a consistent way. 

For quantification of the rib hump, a patient could be po-

itioned in a traditional Adam’s forward bend, and their back

canned. However in contrast to a single Scoliometer measure-

ent, a 3D scan would allow for much greater detail in the data

aptured and stored. This would then enable closer comparison

nd monitoring of the patients external torso deformity over time.

omparing scans at different time points however raises challenges

f consistency of positioning and methods of comparison of two

imilar but potentially quite different objects as patients undergo

oth normal growth and progression of their deformity. 

A number of papers have been published from a Canadian

roup utilising surface topography to monitor scoliosis in the clin-

cal setting, and in comparison to skeletally healthy adolescents
17,19,23,24] . Their use of a symmetry analysis for quantifying the

urve magnitude and monitoring progression is an interesting ap-

lication of these techniques to the clinical setting. Their scan-

er however is not a commercially available product (though it is

omprised of commercially available cameras etc.), and no infor-

ation is given on the achievable geometric accuracy of the ac-

uired scans. As noted throughout this study though, when exam-

ning the gross geometry of the torso and the changes which oc-

ur in a condition such as scoliosis, the required geometric accu-

acy of the models is much lower than would be required in other

pplications. 

.1. Limitations 

The torso casts used in this study were covered in a white foam

ayer. This material is not ideal for 3D scanning purposes and is not

articularly similar to human skin. Human skin is in ideal material

or 3D scanning as it contains lots of visual texture (veins, hair,

reckles, moles etc.). For this reason each of the scanners consid-

red in this study would likely perform better when examining a

uman than they did when examining these casts, so these results

an likely be taken essentially as a worst case scenario. 

While the number of casts included in the study is small at only

ight. They represent a wide variety of AIS curve types, locations

nd severities on a range of different sized people (the approxi-

ate dimensions of the torso casts can be seen in the supplemen-

ary figures). 

Each of the torso casts were only scanned once, and all by a

ingle investigator. Hence no comment can be made on the re-

eatability of the scans or any variations that different investiga-

ors might introduce. 

These scanners used in this study were selected because of

heir availability for inclusion in the study and because they rep-

esented a range of technology types and price points. There

re many other commercial scanners available with more being

rought to market daily, and as such it is simply not feasible to

ompare all of the available scanners. As noted in the results of

his study, care should be taken when selecting a scanner to en-

ure that the results that are achievable meet the requirements of

he intended application. 

Neither scan time nor processing time were captured in this in-

estigation. In a clinical setting, both of these parameters would be

f importance. With a hand held scanner such as the ones used

n this investigation, the time taken to capture a whole body 3D

can would be a matter of a few minutes, depending on the frame

ate of the specific scanner. The specific data processing used in

his study is not proposed as a clinical methodology. In a clinical

etting, automated algorithms should be produced to calculate any

arameters of interest. 

Additionally, only a single clinical measurement was included

n the study, however this is representative of the typical clinical

xamination of a scoliosis patient in which the single rib hump

easurement is the only external measurement taken. 

. Conclusion 

3D scanning has great potential in clinical applications, but care

s needed in selecting the appropriate scanner. Some applications,

uch as scanning facial features, require a very high geometric ac-

uracy ( < 0.5 mm), while others, such as brace or orthotic design;

equire volumetric accuracy to ensure comfort and efficacy of the

reated brace. In these applications a white light structured light

canner such as the Artec Eva is ideally suited. Collection of simple

ngles and distances between anatomical landmarks on the other

and may be able to be collected with lower accuracy ( ±1–5 mm)

ithout excessive clinical risk, for example with a Microsoft Kinect,
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though repeated collection over time for example to assess growth

or changes in a condition, may require higher levels of accuracy, or

the acceptance of larger thresholds for measuring a change in the

parameter. 

While relatively more expensive ($25,0 0 0), the Artec Eva scan-

ner showed superior performance in linear deviations with submil-

limetre accuracy obtained and Rib Hump angles well within clini-

cal repeatability. From these results, of the four scanners compared

this would be the recommended scanner for use in clinical applica-

tions involving fine anatomical detail, or volumetric accuracy. This

scanner uses a white light flash bulb as its structured light source.

For applications requiring less anatomical detail or where a

global size overestimation is not considered a problem, the Mi-

crosoft Kinect provides a simple low cost scanner for rapidly

capturing gross anatomical parameters. Caution should be used

though if linear or area measurements are required as the model

is likely to be significantly larger than the scanned object. 

The 123D catch iPhone app should only be used with caution.

Measurements should not be taken from these scans as scaling

information is unreliable even with the inclusion of a calibration

object. The basic technique of photogrammetry used by the app

however remains a viable option if higher performing software and

photography are used [31] . 

The 3D linear deviation analysis technique used provided a

powerful tool for comparing two surfaces. As well as being used

to assess the differences between scanning technologies, this tech-

nique also has applications in assessing errors or inaccuracies from

different imaging modalities (such as CT to MRI 3D volume com-

parison), differences between similar objects (e.g. left/right sym-

metry assessment of bones or limbs), or changes in an object over

time (e.g. growth or deformity progression). 

Manufacturers of 3D scanners will rarely report the achievable

accuracy of their devices. This paper compared three structured

light scanners with differing light sources and one photogramme-

try scanner. With Blue LED scanners being the industry standard

for high accuracy measurement, a scanner using this technology

will produce 3D models of very high fidelity but is likely to come

at a much higher price point. The white light scanner used in this

study produced models of only slightly lower quality but at less

than half the price. 
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