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Abstract

This study aimed to develop a systematic method of comparing manual and digital
anthropometric measurements and validate a commercial threglimensional laser
scanner, for measurements related to obesity. Firstly, novel manual volumetry
methodologies were developed. 20 participants were measured for a variety of
linear, circumferential, and segmental volumetric measurements. Error between
manual and scarextracted measurements was compared based on IXD685, and
clinical standards. Regression analysis iptoved the quality of the measurements
and residuals were again compared to the standards. After regression, 18 of 23 of
the measurements were within, or close to (two times standard), standards. Error
was caused by a combination of image quality issuesssociated with the laser
scanner, as well as algorithmic issues associated with larger participants. Overall,
the results are promising,and given the indicated population,a small number of
minor improvements may very quickly allow the scanner to collecmeasurements

on a clinical population.



Chapter 1. Introduction

The overarching objectives of this research are twofold. Firstly, the document
outlines the justification for the body of research proposed bsed on an analysis of
current and past researchactivities performed in the Occupational Ergonomics and
Biomechanics Lab at Dalhousie, as well as documented research in the relevant
literature related to human anthropometry and health Secondly, a desqstion of
processes andmethods undertaken are presented that tested the technical and
logical issues associated with the area of research in human anthropometry and
health.

1.1. Anthropometry

Anthropometry is the scientific field associated with measuring thehuman form,
motion, and the forces and working capacity associated with motion(Pheasant,
1996) The word anthropometry is a derivative of the Greekanthropo-, meaning
man, and -metry, meaning measurement; thus,anthropometry is literally the
measurement of man(Oxford english dictionary.2011) Anthropometry has served
an important role in the quantification of human interaction with working
environments sincethe industrial revolution of the 19t century; however, evidence
of the study of anthropometry existed long beforethe modern scientific perspective

was adopted.

The Occupational Ergonomics and Biomechanics Laboratory (OEAB Lab) at
Dalhousie University investigatesthree research foci relating to the study of
anthropometry (see Figure 1). Engineering ergonomics division is involved in
using measurements collected on human subgts to design workspaces, personal
protective equipment, and other products. Biomechanics and body composition
uses body measurements as a means of predicting relative composition of various
body tissues, and to calculate the kinetics related to body mon. Finally, tre focus

of this proposal which deals primarily with research performed in the Health



Researchwhich deals fundamentally with issues related to obesity and other health

risk factors.

Engineering
Ergonomics

Anthropometry

Body
Composition

and Research
Biomechanics

Health

Figurel: Divisions of tle Occupational Ergonomics and Biomechanics Laboratory

Previous literature has demonstrated that a relationship exists between non-
invasive, surface measurements and the relative composition of body tissues,
especially body fat (Brozek, Grande, Anderson, & Keys, 1963) With this
understanding, researchers have been able to relate the presence of adipose (fat)
tissue with diseaserisk factors (Kissebah & Krakower, 1994) Currently, the most
commonly used albeit crude, predictor of adiposity is the body mass index (BMI),
which has been related to the presence of disease in obese subjects. Further work
has demonstrated that regional measurements of adiposity, such as waist
circumference (WC) (Janssen, Katzmarzyk, & Ross, 2004)r waist-to-hip ratio
(WHR) (J. Lin, Chiou, Weng, Tsai, & Liu, 20Q02etter predict the presence of disease

than do such whole-body measurements as BMI.



Early means of collecting anthropometric measurements involved the use of manual
measuring apparatus and methodologies, including measuring tapes,
anthropometers and specialized calipers for skinfold thickness measureménas
well as the measurement of linear distances and girths. The skin folds methods
were constructed by regressions of selective skin folds measures against body
density and the resulting predictions of percent body fat using underwater weighing
or whole body immersion. Recent technological improvements in anthropometric
measurement and data acquisition technology have culminated in the design of
whole-body laser scanners capable of collecting measurements relevant to health
research. Furthermore, the lierature has shown that with the use of three
dimensional laser imaging, new indices of health can be developed which more
positively correlate to risk for disease than currently used standards of BMI and
WHR(J. Lin etal., 2002) These improved measures require measurements beyond

one-dimensional scalar measures.

1.2. Statement of Problem

The overriding objective of this researchwas to validate the ability of a commercial
laser scanner and associated software to identify anthropometric landmark
markers, identify body segments, and measure th&hole and segmentalolumes in
normal weight and obese populations. In addition,a validation procedure for
selectedlength, circumferential, and girth measurementsvas developed andtested;

specifically, this study established the followingthree processes:

1. Three dimensional laser scanning apparatus was evaluatedThis consisted
of a comparison of directly measured manual lineargircumferential, and
volumetric measurements to scan extracted measurements. Where
appropriate and available, previously defined measurement tolerances from

the literature were applied.



2. To accurately compare the volume measurements of the various body
segnents and the whole body, customizedirhb volumetry equipment and

methods weredesigned and validated

3. As required based on objective 1,ustomized software was designed, refined,

and validated for effectiveness

This study will form the foundation of a further investigations focussed on
developing relationships between metabolic changesz i.e. the remission of
metabolic diseases and changes in body shape following weight loss surgery. The
measurements investigated in this study will be used to validate idically relevant
methods of assessing adiposity (WHRNC,BMI) and explore other shape factors
that may demonstrate better relationships to adiposity and indicators of metabolic
disorders than those measurements currently used. Eventually, a database of
metabolic disease and anthropometric relationships may be used as a method of

predicting disease risk factors as a function of body shape.



Chapter 2. Review of Literature

2.1. Historical Perspective

The importance of the study of marmachine interactions arose as a resulof
industrialization and the growing demand for products and systems that that
required worker efficiency and mass production to lower production costs.
Increases in population allowed a young, unskilled labour force to become available
for large-scale poduction plants. As a result, complex manufacturing processes
were broken down into simpler, repetitive tasks requiring welldefined
workstations. In order to increase the efficiency of these processes, the relationship
between machines and their operatrs had to be analysed. Through an
understanding of the geometric and functional constraints of machine operators, as
well as an indepth analysis of workplace conditions, workspace designers were
able to maximize the efficiency of the positions and incese output, while

decreasing physical burden on the employeridger, 2009).

2.1.1. Anthropometric Surveys

Typically, the outcome of a largescale anthropometric survey is a databaser a
statistical summary ofpredetermined anthropometric characteristics over a defined
population. The objective of collecting such a survey is to accumulate sufficient
guantitative information such that the representative measurements of the
population can be defined. Thse measuresan beused in a variety of design and
research based applications, includingndividual or group workspaces and personal
protective equipment design In either case, constraints of manmachine
interactions must be defined in order to increase employee efficien@and workplace
safety. Health research also benefits from anthropometric surveys as many disease
states can be related to static and functional anthropometric measurements
(Schneider et al., 2010) Furthermore, medical devices must be designed with
consideration for the user populations, as well as for the patients for whom the

devices are developed.



2.1.2. Measurement Standardization ANSUR

Military organizations have been the primary generators of many fothe early
OOOAEAO 1T £ AT OEOI PT T AOOUS 4EA AEOAOOEOU I
anthropometry, as does the requirement to accommodate as wide a variety of

people as possible in uniform, equipment, and workspace as is reasonably and
economically possible. For example,the earlier studies of forward reach were

developed in order to optimize fighter aircraft designgDempster, 1955).

In recent times, he largest anthropometric survey perfemed using manual
measurement methods, before the modernization of collection methods, was the
ANSUR Anthropometric Survey) survey (Gordon, Churchill, Clauser, Bradtmiller, &
McConville, 1989) Collected in 1988, ANSURcomprised the benchmark survey that
defined mean absolute differences (MADWwithin and between measurers when
collecting multiple measurements that became the standard for the precision error

of future, modernized measurement techniquegRobinette, 2006).

2.2. Mid-CenturyDevelopments

The sophistication of the equipment used to perform anthropometric surveys has
increased almost as quickly as the need for the surveys themselves. Early
measurements were taken almosexclusively with linear mechanicalmeasurement
devices Later, specialized calipers were developed to aid in the identification of
palpable landmarks, resulting in the anthropometer(Hrdlicka, 1972). As image
capturing technology was developing, so were methods of photogrammetric
analysis for anthropometry. The early methods of capturing anthropometric
measurements involved the scaling of linear measurements in@. When a second
view was incorporated into the image, either by means of a mirror reflection, or by
the use of a second camera, a thre#mensional image was able to be approximated
as a contour map comprisedof crosssectional slices. Thse three-dimensional
approximations allowed for such anthropometric measurements as surface area and
total body volume to be approximated(Hertzberg, Dupertuis, & Emanuel, 1957)

Although there are some reports of the use ophotogrammetric measues for



functional reach (Dempster, Gabel, & Felts, 1959)ttle else happened until the mid
pwx nd O x E@dnser, foVspdedl photogrammetry toanalyse biomechanical

properties in body shapes of children.

2.3. Modern Imaging Techniques

Similar to the stereophotogmammetric methods discussed prior 3-D body scanners
rely on the interpretation of image data from multiple view positions for each
scanned portion to ceate a data file of three dimensional data points. Several
technologies such as laser imaging, and millimetre wave imagingxist for the

collection of image data.

2.3.1. Laser Imaging

In most laser scanners, one scanning head uses two image capture devicegiewv a
single or series of points of illumination on the scamed subject. Based on known
calibration standards, image processing softwardriangulates the location of points
identified by laser illumination, with reference to an origin position. These sgtems
require the subject to be clad in predefined clothing; typically, highly reflective and
tight-fitting garments are chosen. The participant is also asked to assume and
remain in a standardized position for the duration of the scajusually less thanone

minute.

2.3.1.1. Data Point Triangulation

A scanner head is calibrated based on an object with known dimensions. When the
calibration object is photographed from two directions, a transformation matrix can
be developed that converts a local coordinate systenmterpreted by the scanner
head to the global coordinate system defining the object. This transformation
matrix can then be used to convert data points interpreted by a scan head into a
point cloud of 3-dimensional in a global coordinate system for any smned object
(Zzhengyou Zhang, 2000)



2.3.1.2. Data Processing

Built into scanner data processing software is a filtering algorithm that removes
points that do not indicate a location on the surface of the subject. By coiming the
point clouds from each of the scanner heads into one point cloud file, an acceptance
envelope can be defined that allowsall points outside a volume of expected
dimensions to be rejected. These points can be indicative of scanner walls, floans,

optical anomalies.

After the Cartesian point cloud has been filtered, a thredimensional spline
algorithm (J. C. K. Wells, 2007pr in some cases a straigHine linear interpolation
(Allen, 2003), fits a mesh to the data points so that calculations (such as volumetric
approximations) can be made. While some algorithms utilize a template of expected
topography to fit the surface splineto the acquired data points, others fit only points
that are acquired, without a preconceived template of the expected human for(d.
Wells, Douros, Fuller, Elia, & Dekker, 2000)

Much of the literature related to photonic imaging involves demonstrating that
scanning devices more efficiently measure the human form than standard classical
methods, within a reasonable margin of error. To achieve the efficiency that
justifies the utility of many of the currently researched scanners, landmark
identification and measurement processes have been either fully or serautomated
(Robinette, 2006). The key motivation has been to extend the number of
measurements possible in the least ammt of time for setup, subject preparation

and data collectionand reductiontime.

2.3.2. Millimeter Wave Imaging

A second technology investigated is the millimeter wave scanning technology. This
device uses microwaverange electromagnetic radiation that is refected off of the

surface of the skin and received by a linear array of antennae. These antennae
transmit and receivethe signals and through the interference and phase changes of

reflected waves, calculate the distance to the surface of the subject.



Seveal benefits are apparent with the use of the millimeter wave scanner, when
compared the laser scanner. Firstly, the millimeter wave scanner completes a single
scan in approximately five to ten seconds as compared to the nearly one minute
scan performed ly the laser imaging device. Furthermore, privacy concerns of the
subjects can be alleviated as the millimeter wave scanner does not requithe
wearing of specificgarments during the scan.Rather the participant is free to his or

the scanned imageadditional considerations are necessary.

AEA TEITEI AOGAO xAOA OAATTAO 100DOO OFI Co A
voxels arranged in a three dimensional grid. The tresverse plane is divided into a

256 by 256 voxel grid, and 225 of these grids are stacked along the vertical axis of

the erect subject. After scanning, each voxel is assigned an intensity value
corresponding to the strength of signal indicating that pointin space. In general,

reflective metallic objects and the water in the human skin provide high intensity

values of reflectance that differentiate these surfaces from the surroundings, and the
OOAEAAOOG CAOI AT OOs

In our case, sing proprietary software supplied by Unique Solutions, these fog files
AAT AA AT 1 OGAOOAA O1 OEA OEOAA AEI AT OETTAI

software has been developed ifhouse to extract anthropometric data.

2.4. Automatic Measurement Collection

While the three-dimensional imagesrendered in the data processing procedures
discussed prior are a novel rendering of human topography, they have little value if
the data points cannot be converted into measurements for practical use. In order
for the anthropometric measurement data to ke collected from the three
dimensional image captured and processed by a scanner, the landmarks identifying
these measurements must first be located. Manually identifying these landmarks,
and measuring between them on the digital image would be a time cemming

process, and would need to be completed within one study session. Photonic



imaging allows the subject to be dismissed and the image from which

measurements are collected to be retaine@. Lin et al., 2002)

2.4.1. Landmark ldentification and Linear Measurement Calculation

Currently, there are several automatic methods of identifying anthropometric
landmarks in three-dimensional imaging, usually applied to laser scanning methods.
The first method involves manual idetification of palpable landmarks using the
classical methods, and the placement of removable targets on these landmarks.
After the subject is scanned, a computer algorithm recognizes these targets and uses
them as proximal and distal measuremenpoints for anthropometric measurements
(Robinette, 2006).

The second and less common method of identifying anthropometric landmarks
consists of an automatic landmark recognition algorithm that automatically locates
the locaions on the topography of the scan, without the need for prplaced targets.
The benefit of this method is that less time is required to prepare a subject for a
scan; however, the cost of this efficiency is that errors can be introduced due to

variabilit y of subjects(Burnsides, Boehmer, & Robinette, 2001)

Once landmarks have been identified, and assigned 3D coordinates, distances
between landmarks can be easily calculated using a three dimensional distance

formula based onEuclidian geometry.

2.4.2. Circumferential and Volumetric Measurements

The measurement of mcumferential and volumetric dimensions is more
complicated that the simple straightline lengths discussed previous. After the point
cloud has been collected and converted to a three dimensional mesh, the resulting
model of the subject is sliced horizotally and the circumference (girth) and the area
of that slice calculated. The calculated areas are multiplied by the slice thicknesses
and summed over body regions or totalled over the whole subject model. This
yields body segment volumes, or total bodyolume, which can be used in percent

fat calculations (Siri, 1956). The circumferential measures are obtained via one of
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two different methods; either the circumferential shape is represented as a simple
geometric shape z usually an ellipse z or a detailed method of following the

concavity-convexity of the object is developedJensen, 1978b)

2.5. Measurement Validation

In order to ensure that the methods of collecting scaextracted measurements are
valid, they must be compared to standard methods that have been previously
validated and accepted by the scientific community. Validation schemes vary

depending on the specific measurements collected.

As the act of measuring flesh landmarks can result in compression of tissue,
affecting the result, initial validation should be performed on standardized inflexible
phantoms (Robinette, 2006). This will minimize some of the potential direct
measurer error, and errors associated with human variation; however, as the
objective of designing a laser imaging system is the eventual use on human
populations, paired testing on subjects against a known measurement standard

must also be performed.

2.5.1. Linear and Circumferential Measurements

The most obvious means of validating any new measurement methodology is to

Al T DBAOA OI OEA AQGEOOET C OCIi1T A OOAT AAOAG
collecting the measurements. Classically, linear straigiine measurements are
collected using a pair of calipers, known as an anthropometer, which measures
distances between palpable bony landmarks. Circumferential measurements are

generally collected using a flexible cloth or steel measuring tagélrdlicka, 1972).

The results of the CAESAR study, a largeale anthropometric survey jointly
conducted jointly in the Netherlands, North America, and Italy, using laser scanning
technologies, were compared to results collected usg the methods developed in
the ANSUR survey a decade prior for the American military. The study compared
the mean absolute differences (MAD values) within linear measures of subsequent

scans to ensure the repeatability of the measurement process, as ccengd to
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expected MAD values presented in the ANSUR survey. The MAD values determined
in the ANSUR work ranged from 2 to 11 mm and are reported with respect to the
true length of the measure recorded. The laser scanning technology performed

sufficiently according to these standards(Robinette, 2006).

In 2010, the International Standards Organization (ISO) building upon the ANSUR
work, published standards governing the collection of anthropometric
measurements forthe creation of largescale databases. Amongst other things, this
document outlined maximum allowable error between scarextracted values and
manually measured one dimension scalar values, shown ifable 1. Furthermore
ISO 20685 described the means of performing validation studies of anthropometric
hardware (STANDARD & ISO, 2010) Interestingly, there have been very few
reports in the literature that truly compare manual measures to scan extracted
measures on the same sample of participants. For the most part the emphasis has
been on documenting the repeatability of the measures within on measurement

system.

Tablel: Maximum allowable error between extracted value and traditionally measured value

Measurement type Maximum mean difference (mmStandard, ISO 2010)

(3]

Segment lengths

Body heights

Large circumferences

Small circumferences

Bodybreadths

Body depths

Head dimensions without hair

Head dimensions with hair

Hand dimensions

NFRINRFRORMBOIDS

Foot dimensions

2.5.2.  Volumetric and Body Fat Measurements

Direct measurement of body volume is a more difficult process and until the
development of modern imaging technologies, could only be performed using

indirect calculation, or approximation. The earliest direct measurement work
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calculated body and segmentavolumes using direct volumetric immersion from

which the segmental and whole body density could be determined (Dempster.

(19567?) These body volume measurements are critical in the determination of
DAOAAT O AT Au Z£AOh Al EIT ABfk@ds@gaihstEwhish DA OE A
imaging units compare volume measurements vary depending on the application of

the volume measurement. In 2006, Wang published a paper wherein he described

an experiment where a laser scanning apparatus collecting segmental volumen a

mannequin, and comparing to manual volume measures using the displacement of

water (Wang et al., April 2006) The results can be seen ihable 2.

Table2: Body volumes of a mannequin measured 9 times by-di®ensional laser scanner
and water displacement technique@Vang et al., April 2006)

Volumes (L) 3DPS; Scan (L) Water Displacement (L' Difference (L) p Relative
Error (%)
Total body 23.87+0.03 23.62+0.03 -0.25£0.04 0.0001 -1.1
Head (top) 1.88+ 0.02 1.82+0.01 -0.06+ 0.02 0.0149 -3.3
Left arm 0.51+0.00 0.53+0.00 0.01+0.00 0.0016 1.9
Right arm 0.42+0.00 0.40+0.00 -0.02+0.00 0.0001 -5.0
Left leg 2.33+0.02 2.37+0.01 0.04+£0.03 0.1256 1.7
Right leg 2.08+0.02 2.08+0.00 0.00+0.02 0.9564 <0.0

Two important points are evident from this paper.

Firstly, there are small but

statistically significant differences in the values and secondly, the total body volume
of the manikin is approximately23.62 Lwhich substantially less than the total body

volumes of typical adults.

The simplest and least time consuming approximations dafotal body volume are

performed using underwater weighing where the buoyant force of a submerged
OOAEAAO EO 1 AAOOOAAS I AAT OAET ¢ OlequalOAEEIT A
to the weight of the water displaced by the volume of the immersed object The

weight of the displaced fluid is equal to the product of the density of the water and

OEA Oi1 Oi As "U OAEEIT ¢ OE AdryAakdfmdgighteAd theA A A O x
in-water weight of the submerged subject as shown by a load cell attached to the
submerging apparatus, and dividing by the density of water, the volume of a subject

can be determined. Segmental techniques use variations of this technique by
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directly capturing the volume of displaced water and from this, determine the

volume of the immersed segment.

Finally, photonic scanners can compare the quicklgxtracted volume
measurements to the more time consuming volume measurements collected using
medical imaging apparatus such as duatnergy xray absorptiometry (DEXA),
computed tomography (CT), or magnetic resonance imaging (MRI). While DEXA, CT,
and MRIlare purported to precisely identify body composition and volumes, liese
methods are time consuming ad costly, andrequire specialized environments and
technical staff for their operation (J. C. K. Wells, 2007)Several research institutions
have validated laser imaging units against these medical imaging technoieg and
have demonstrated that laser scanners provide reasonable approximations of body
volume at a much lower cost poin{J. C. K. Wells, 2007)All of these measures must
deal with the small changes in body volumassociated with normal breathing, and
movement of the subject during the measurement process as well as subsequent

image related measurement errors.

2.5.3. Definition of Axes

For this document, all axes will be defined according tigure 2.
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Figure2: Axis definitions

In this definition, the X-axis is the mediallateral axis, the Yaxis is the inferior-

superior axis, and the Zaxis is theanterior -posterior axis.

2.6. Obesity, Classical Adiposity Indication, and Metabolic Disease

The literature demonstrates that many disease states develop secondary to obesity,
resulting in strong correlations between obesity and hypertension, diabetes
mellitus, and many other metabolic disorders. Waist circumference and waist to hip
ratio, discussed later, serve as a metric in many studies investigations the
relationships between obesity and such diseases as ischemic heart disease and
diabetes, because these sieases have been shown to be best predicted by the
quantification of central obesity. The World Health Organization defines overweight
and obesity & abnormal or excessive fat accumulation that presents a risk to health
The WHO has classified obesity as global epidemic(World Health Organization,
2014).
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2.6.1. Metabolic Syndrome

Several cardiovascular and metabolic risk factors can be grouped under a single
term, known as metabolic syndrome as these risk fars often coincide  Such
symptoms as hypertension, obesitydysglycemia and elevated triglyceride levels
can be attributed to metabolic syndrome, or Syndrome X, where obesity has been

established to be an important cause of the disease stg#lberti et al., 2009).

Lin, Chiou et. Al. (2002), utilized a 3D laser imaging device to perform a cress
sectional study of metabolic diseases as correlated to a variety of anthropometric
characteristics. Included in tkeir study were correlations of metabolic disorders to
WHR, BMI, and a custom health index involving anthropometric data including two

dimensional area measurementgJ. Lin et al., 2002)

2.6.2. Classical Adiposity Indication

Metrics for obesity have been developed using external anthropometric
characteristics as greater emphasis is placed on obesity as a cause for a variety of
metabolic and other diseases and disorders. While some measures utilize single
dimension measuremens such as waist circumference, other measurements
account for relative body shape through a multidimensional approacl{J. D. Lin,
Chiou, Weng, Fang, & Liu, 2004)

2.6.3. Body Mass Index

The current medical standard determiningA DA OEAT 06 0 AAEDITI OEOQOU
index (BMI), calculated using a formula that incorporates the anthropometric
measures of height and mass, seen in Eq. 1. While this measure has clinical
advantages because it utilizes simple, commonly obtained meass it has been

shown to be a poor indicator of actual % body fat. This metric is only a rough guide

to determine excess fat, and does not account for body macrostructure or soft tissue

composition.

600 —— (1)
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A person with a BMI geater than 25— is considered overweight. A person whose

BMI exceeds or is equal to 36—is considered obese. For examplall of the

calculations in Table 3 result in a similar BMI value that would be classified as

obese.

Table3: Example mass and stature parameters for a BMI of 30

Stature (m) Mass (kg) BMI
141 60 30
1.47 65 30
1.53 70 30
1.58 75 30
1.63 80 30

It should be reasonably obvious that physically these are very different people who

may or may not actuallybe at risk for metabolic disorders

2.6.3.1. Percent Body Fat

A more accurate assessment of soft tissue composition is a percent body fat analysis,

which requires greater measurement time, but provides greater insight into

adiposity, and accounts for more muscular builds. Several standards exist for the
determination of body fat. The first method involves the use of calipers to measure

the thicknesses of folds of skin at known positions on the body. These measurement

values are operated upon by regression equations that can be used to approximate

body density. Ths density value can be used in another equation yield an

APPOl @EIi AGETT 1T &£/ OEA DPAOAAT OACA 1T &£ EAO OE

mass.

4EA OAATTA 1T AOEITA T &£ AAOAOIEIT ETC DPAOAAT O
equation, except in this casebodyAAT OEOU EO AAOEOAA AU AEOE
mass by theirvolume z calculated using the differential force method during an

underwater submersion discussed prior. Unfortunately, both of these measures

would require additional clinical time to obtain the measures and subsequent
calculations (Siri, 1956) . 3EOE8 O &I Oi 01 A OEAO OOHMO OEA
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estimate percent body fat is shown in Equationd), where f is the desired measure

of percent bodyfat, and d is the measurement of density.
» 8
Q — 1dnm (2)

Participants undergoing hydrostatic weighing to determine percent body fatare
often asked toexhale forcefully, and the force used to calculate density is taken at
the end of a maximal expation to correct for air volume in the lungs Further
adjustments are made for residual lung volume(Biaggi et al.,, 1999) Waist

Circumference and Waisto-Hip Ratio

Waist circumference has been demonstrated asather means of predicting health
risks associated with obesity. Like BMI, waist circumference does not account for
the frame of the participant, nor does it account for the body composition. Both
measurements have demonstrated relationships to indicators of metabolic
syndrome, yet it is inconclusive from the literature which measure is better
correlated. Both have been found to be superior to BMI as a predictor of
cardiovascular diseasgSchneider et al., 2010) Waist to hip ratio has been found to
be significantly correlated to total cholesterolz an indicator of metabolic syndrome

Z (r = 0.384, p = 0.0001). Other studies have suggested that waist to hip ratio
(WHR), while correlated to disease, is a poomdicator of fat distribution (Chan,
Watts, Barrett, & Burke, 2003) Nevertheless, waist circumferenceand WHR
continue to beclinical standards in the evaluation of adiposity and have led to the

development of healthindices, discussed in the next section.

2.6.3.2. Chang Gung Research and Health Index

Several largescale studies were performed at the Chang Gung Medical Centre in
Taiwan that sought to demonstrate a correlation between the prevalence of
metabolic syndromeand cettain pre-determined anthropometric factors, measured

using a fulkbody laser scanner.
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Waist circumference has been shown to be an indicator of obesity; however, further
correlations exist for measurements that are referenced to another body
measurement,such as the waist to hip ratio. The ratio of the waist width to the hip
width was researched in the Chang Gung studies discussed above in order to predict
metabolic diseases. In addition, a complicated formula combining anthropometric
data and laboratoryblood test result values yielded aHealth Index (HI)shown in Eq.

3 (J. Lin et al., 2002that was even more strongly correlated to some metabolic

diseases.

00 3)

The Chinese ethics rules under which the Chang Gung studies operated allowed
those conducting the stulies in Taiwan access to the clinical files associated with
study participants. This allowed for relationships to be built between the acquired
data and clinical histories. Such broad content release is more difficult to attain in
North America. Furthemore, this study analysed a sample with a broad

distribution of adiposity .

2.7. Bariatric Surgical Interventions and Pe€lperative Evaluation

The most practical solution to excess adiposity is a lifestyle change, adjusting
activity and eating habits. Unforturately, people who are extremely overweight
have been shown also to have a decrease in mobilifYincent, Vincent, & Lamb,
2010). As a result, it becomes difficult for this popation to achieve the required
mobility to effect significant weight loss. Furthermore, emotional factors can also
result in this population consuming excess food, or types of food conducive to excess
adiposity. Candidates like these can benefit from a bariatric surgical program as an

option to help to decrease appetite, and aid in the process of weight loss.

2.7.1. Bariatric Surgery Program Requirements

Gastric surgery at Capital District Health Authority is viewed as a tool to aid in the

decrease of excess body weight, to be used along with lifestyle changes such as
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healthy eating and exercise. After surgery, the gastrointestinal systems of patients
will be greatly modified, requiring extreme diet modification for months following

surgery. Before patients are allowed to enter the gastric surgery program at Capital
District Health Authority in Halifax NS, they must demonstrate that they are going to
perform the required lifestyle changes by making these changes prior to surgery.

These changes include:
Quitting smoking

Improving eating habits

Becoming knowledgeable on weight loss surgery

= = =4 =2

Increasing activity level
1 Journaling all lifestyle changes

Weight loss surgery candidates are screened by ganel at CDHA consisting of a
nurse practitioner, a surgeon, adietician, and apsychologist, to determine if the
candidates are ready mentally and physically for the changes to their lifestyle that

bariatric surgery will entail (Obesity Network, 2010).

2.7.2. Vertical Sleeve Gastrectomy

While many different options exist for gastric surgery, including temporary and
permanent restrictive surgeries, as well as surgeries that bypassapgs of the
gastrointestinal tract that absorb nutrients, the singular surgery that is performed at
CDHA is called a vertical sleeve gastrectomy (VSG), or gastric sleeve. The VSG is an
irreversible surgery that involves the restriction of the stomach by emoving over

85% of it and creating asleevethat connects the esophagus to the small intestine.

The vertical sleeve gastrectomy offers several improvements over the alternative

surgical options(Obesity Network, 2010, including:

1 The portion of stomach removed contains the glands that producghrelin,
the hormone that induces hunger
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1 The portion of stomach that remains is less stretchy, thusatiety is achieved
with less food

1 The lack of intestinal bypass means thavitamins and nutrients can be
absorbed properly

2.7.3. Laboratory and Anthropometric Evaluation

In order to evaluate patients pre and postoperatively, gastric surgery patients are
subjected to a battery of tests in clinic before, as well as after the surgerg i
performed. These tests encompass physical measurements, as well as laboratory
investigation. . The only anthropometric investigations currently conducted
clinically are a single dimension measure of waist circumference, and BMI, as
calculated using héght and mass. It is the long term goal of this research to develop
the technical and clinical components that would allow for the rapid, accurate
measure of body volumes and shapes to explore whether these may be valuable in
the clinical component of obsity. ! AAEOET T AT 1T UR A 11T OA OPAOER
measuring total body volumez in order to compute percent body fatz than
hydrostatic weighing, which is mechanically difficult for this population due to
mobility requirements such as climbingthe ladder into the tank, and limitations in
apparatus strength. However, in order to proceed with this work, fundamental
biomedical engineering work in imaging and extracted measurements is required

which is the focus of this study.
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Chapter 3. Methods

3.1. Population Sampling

The first phase of this study comprised a proof of concept validation to ensure
proposed technology will adequately measure the linear, circumferential and
volumetric measurements, especially in severely obese populations. Consequently,
this does not comprise a largescale anthropometric survey, and only studied a
small scale sample of convenience of the target population. The proposed sample
size for this survey was 16, stratified by sex and BMI; however this was eventually
expanded to a sample sizeof 20, to account for increased variation in the
population. The summary of participant strata is shown inTable 4. With this
sample, the systematic error of the saaer was determined over a large range of
possible measurements, prior to determination of agreement between manual and
3D scan extracted measures in obese participantsthe ISO provided a sample size

calculation according to the following formula:

& — p2oo pHuU (4)

Work performed prior to this study indicated that breadth measurements had a standard
deviation of 4.2 mm which was used for the samples standard deviation. The sample size
according to this calculation that comprised the samplesize for this preliminary study,
where the ISO standard for allowable error for breadth measurements is 4 mm, is 15
participants. This was increased slightly to 20 to ensure a larger variety of body shapes
could be captured by the study.

Table4: Stratification ofstudy participants

BMI Males Females Total
<18.5 1 2 3
18.51t0 24.9 3 5 8
2510 29.9 3 2 5
30 + 4 0 4
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3.1.1. Recruitment

Recruitment of participants, as approved by the ethics proposal submission to the
Dalhousie University Health Sciences Research Ethics Boamndas performed
through posters distributed on the Dalhousie University campus Participants
consisted of adults between the ages 18 and 65nal who were able to hold their
breath underwater for 20 seconds. A full disclosure of all processegas made to

participants, and eaclparticipant signed an informed consent waiver.

3.2. Data Collection

All participants underwent the same measurementprotocol consisting of one
landmark identification station and three measurement stationsas shown inFigure
3. Attempts were made to scheduleparticipants to undergo measuements in
tandemOi AAOOAO OOEI EUA OAOAAOAE .AOOEOOAT 006

Landmarking

Laser Scan
Linear Manual Measurement
Volumetric Manual Measurement

Figure3: Flowchart of human testing procedures

3.2.1. Station 1: Landmark Identification

Prior to entering the first station, participants underwent landmark marking using a
non-OT EA ODPAOI AT AT QarticiphndsOnerk Gigked to 4chadge into
standard garments provided by the technicias. Maleswore white boxer briefs, and

females wore white undergarments, or spandex shorts, and a white sportgor
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other) brassiere.

OAARET EAEAT h AT A EAAT OF £E A Aook dpickimalely o0i Al |

minutes.

Each of the landmarks listed inTable 5 were palpated by a

Table5: Anthropometric landmarks identified

Number Landmark Name
1 Apex of Head
2 Glabella
3 Eye (left corner)
4 Spinous process of thé"Zervical vertebra¢C?)
5 Below bulge of thyroid cartilage
6 RightAcromion
7 Left Acromion
8 Right Front Scye CreaS® marking)
9 Left Front Scye Creageo marking)
10 Maximum Circumference Upper Arm
11 Right Olecranon
12 Left Olecranon
13 Right Ulnar Styloid
14 Left Ulnar Styloid
15 Midpoint of Nipple Line
16 Omphalion
17 Right lliocristale
18 Left lliocristale
19 Right Greater Trochanter
20 Left Greater Trochanter
21 Right Gluteal Fold
22 Left Gluteal Fold
23 Crotch (no marking)
24 Right Lateral Femoral Epicondyle
25 Left Lateral Femoral Epicondyle
26 Right LateraMalleolus
27 LeftLateral Malleolus

(Chamberland, Carrier, Forest, & Hachez, 19985 TANDARD & I1SO, 2008)Zatsiorsky &

Seluyanov, 1983)

3.2.2. Station 2: Scanning

The participants then proceeded to the laser scanner and instructions were

provided by the technician who allowed the opportunity to ask questions. The

scanner technicianthen applied markers over the previously identified landmarks,

such that the centres of the markersverA AAEAAAT O xEOE TiREA

s e oA s~

24

5

O



technician instructed the participansOT  OOAT A OOEI 1T AT A AOOOI A
EAECEO xAO O1 AAOCFustiegoré, ke g@rixipahi whd irdudted
to breathe normally, as it may have been difficult to hold their breath for the
duration of the scan. The participant entered the scanner, steped onto the scale,
and assumel the posture shown inFigure 4. Thepatrticipant indicated readiness to
the technician,scamed a barcode under the reader at the front of the scanneand
remained still while the laser scanner perforned the scan. This scan process
proceeded three times in total. Once each scan ha completed, the participant
proceeded to the third station z manual measurement The participant alternated
between scan and manual measuremengtations as there was a waiting period
between scans such that the scan was processed. Total sgamcess took

approximately 30 minutes.

Figure4: Participant posture within scanner

3.2.3. Station 3: Manual Measuremeng Circumferences, Breadths, and
Lengths

After scanning, theparticipant proceeded to the manual measurement station that

involved the measurement of circumferences, breadths, andengths. Each
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measurement wasbe collectedthree times, such that the finalvalue wasthe average
of the measuredvalues. All limb measurements wee taken on theparticipant O &ft
side. All measurements shownin Table 6 were defined using documented

standards and are described in detail.

Table6: Manual measurements to be collected

Measurement Measurement Method Obtained  Standard Used
Type
Volumes Head and Neck Calculated measure¢ (Zatsiorsky & Seluyanov, 198:
Volume
(Left and RightYpper Direct measure (Zatsiorsky & Seluyanov, 1982
Arm Volume
(Left and Rightlower Direct measure (Zatsiorsky & Seluyanov, 198:
Arm Volume
(Left and RightiHand  Direct measure (Zatsiorsky & Seluyanov, 1982
Volume
Torso Volume Direct measure (Zatsiorsky &eluyanov, 1983)
(Left and RightJThigh Direct & calculated (Zatsiorsky & Seluyanov, 198:
Volume measure
(Left and Right).eg Direct & calculated (Zatsiorsky & Seluyanov, 1982
Volume measure
(Left and RightFoot ~ Direct measure (Zatsiorsky & Seluyanov, 198:
Volume
Circumferences Neck Circumference Direct measure (Chamberlandbt al., 1998)
Chest Circumference Direct measure (STANDARD & 1SO, 2008)
Waist Circumference Direct measure (Chamberland et al., 1998)
Hip Circumference Directmeasure (Chan et al., 2003)
Lengths Stature Direct measure (STANDARD & 1SO, 2008)
Breadths Chest Breadth Direct measure (Chamberlandbt al., 1998)
Hip Breadth Direct measure (Chamberland et al., 1998)
Depths Chest Depth Direct measure (Chamberland et al., 1998)
Waist Depth Direct measure (Chamberland et al., 1998)
Other Relevant Weight Direct measure (Chamberland et al., 1998)
Data
Body Mass Index Calculated measur¢ (Chamberland et al., 1998)
Age Participant -
reported
Sex Participant -
reported
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3.2.3.1. Linear Measurements

To measure vertical lengths from the ground, such as stature, and C7 height, a
stadiometer was used, andparticipants were measuredthree times to the nearest
milometer. To measure lengths between landmarks, an anthropometevas used
with straight tips, and measurements were taken three times to the nearest
millimeter. Breadth and depth measurementsalso utilized the anthropometer;
however, assome depth measurements lie concave relative to adjacent anatomical

structures, a curved tipwas utilized.

3.2.3.2. Circumferential Measurements

All circumferenceswere taken at the landmark locations described inTable 7. A
flexible cloth or metal measuring tape was used to collect circumference
measurements to the nearest millimeter. Each circumference measurementvas

taken three times.

Table7: Manual circumferential measurements to be collected

Number Measurement Landmarks

1 NeckCircumference Circumference taken at the C7 landmark

2 Chest Circumference Circumference taken at midpoint of nipple line

3 Waist Circumference Circumference taken at omphalion

4 Hip Circumference Circumference taken at trochanterian landmarks

3.2.4. Manual Measurement Volumes

Manual volume measurementswere collected on the body segments outlined in
Table 8. To perform these measurements, apparatusas constructed to allow for
obese populations. A full description of the development of volumeters can be seen
in Appendix A The strategyusedinvolves the measurement of the volume of water
displaced by the measured body segment. The entire segmental volume

measurement procesgook approximately 45 minutes.
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Table8: Manual volumetric segmental measurements to be collected, with distal and
proximal landmarks

Number Segment Name Distal Landmark(s) Proximate Landmark(s)
1 Head and Neck Apex of Head C7, parallel taground
2 Torso C7 Centre of crotch, passing
horizontally through the
segment
5 Thigh Centre of crotchpassing Lateral femoral epichondyle,
horizontally through the parallel to ground
segment
6 Leg Lateral femoral epichondyle Sphyrionlandmark, parallel to
ground
7 Foot Sphyrion landmark Ground
8 Upper Arm Acromion, passing laterally to Olecranon, normal to arm
scye creases length
9 Lower Arm Olecranon Ulnar styloid, normal to arm
length
10 Hand Ulnar styloid Distal tip of middIdinger

3.2.4.1. Measurement Apparatus

To perform limb volume measurements, arm and leg segment volumeters were
manufactured. The device was comprised of a polyethylene container placed am a

AMTI force plate shown inFigure 5.
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Figure5: Force plate used for limb volumetry

The force plate was covered with a plastic sheet for protection from spillage. The
volumeter was filled approximately two-thirds of the total volume such that a limb
could be inserted without touching the walls, and also avoid overflowing of the
water. The force plate was zeroed when it had stabilized, and prior to any limb
submersion. In order to account for spillage eductions and/or loss of initial
volume, the force plate amplifier was zeroed after every participant. The volumeter
was validated according to the procedure discussed iAppendix A In the case of
the upper limb, the participant inserted his or her limb into the volumeter until the

level intersectedthe landmark described inTable 8.

Theparticipantd O OA1 A @A Avas@lacedAint thie #oiureter. Five seconds of
force plate data was collected at a frequency of 20 HZThe volume of the limb
segmentwas derived using the force andiensity of the displacedwater. Each limb

measurementwas taken three times.

3.2.4.2. Torsoand ThighVolumes

The torso volume was measured using a fulbody immersion method as described
in the Review of Literature. Participants clothed in their personal bathing suit
proceeded to the immersion tank, where a techniciaraskedthem to enter the tank

and sit on the immersion chair. The participant performed a preliminary immersion

29



and was asked to remove all air bubbles from their hair, body surface as well as the
air trapped within the bathing suit. The participants were asked to immerse
themselves to the C7 landmarkand breathe normally, in order to emulate the
experience within the scanner The force of theparticipant was collected and used
to determine participant torso and limbs volume, using a AMTEK Chatillon CCR

Series (CCR220) force gauge, shown irfFigure 6.

L\METEK'
Chatillon"CCR Scriga

22008 = 0.7 1b

Figure6: Force gauge used for torso, thigh, dhead and neck volumetry

The limb volumes extracted priorwere subtracted from this value to determine the
torso value. Torso volumeswere collected three times per subject.This provided a
measure of the total body volume less the head and neck. Frdms, total volume
the upper and lower limb volumes were subtracted to provide a measure of the

torso. This measure was repeated three times per subject.

Participants were then asked to stand on the immersion chair, and lower
themselves until the surface of the water intersected their crotch landmark. This
was observed by the technician, but due to parallax as a result of viewing angle, the

participants were asked to identify by sensation as well. The force value was
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collected and by subtracting torso, upper limb, leg, and foot volumes, thigh segment

volumes were computed.

3.2.4.3. Total Body Volume

To determine total body volume (TBV), e participants were then asked toinspire
normally, and then lean forward to immerse themselves completely, again
attempting to be compatible with what was experienced in the total body scanner
The force of theparticipant was then collected and used to determineparticipant
volume. The finalsubmerged weightvalue was not compensated for the residual
volume of air in the lungs as the scarextracted value was only a surface
representation of the torso region; compensation would lead to scanner over
prediction of torso volume. Head and neck volumevere calculated by subtracting
total body volume from the torso and limb volume.Head and neck, as well as TBV

were taken three times for each subject.

3.3. ScanPostProcessing

After the scanswere collected, theywere converted to a point cloud of three
dimensional data points. The conversion softwarewas supplied by Unique
Solutions. Custom software developed in the latvas used to identify landmark

markers, and begin the measurement process.

3.3.1. Linear Measurements

Custom software identified the distal and proximal landmarks of the length

measurements inTable 6 and measureal the distances between them. In the case
where the ground is the terminal point of the measurement, the lowest data point
on the foot functionedA O OEA OCOi1 01 A6 1T AAOOOAI AT 08

3.3.2. Circumferential and VolumetridMeasurements

Another application developed in thelab usel the landmark markers described in
Table 8 to create planes dividing sections of data comprising thbody segments

described. Thee segment volumes were meased according to the procedure
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discussed inChapter 5 discussing software development. Total body volume was

calculatedby summingsegmental volumes.

3.4. StatisticalAnalyses

The data (linear, circumferential, and volumetric) collected using manual
measurement methods and extracted using thredimensional imaging was
compared statistically to confirm agreement between the two measurement
methodologies. All data from the manual and scannerwas tested for normality
using the ShaparieWilkes test. The critical alpha required for the testwasset to =
0.1.

3.4.1. Validity viaCorrelationand FTest

Two measurement techniques that perform the same measurement should be
highly correlated and not differ in overall mean scores.A Pearson Product Moment
Correlation Coefficientwas calculated for each measurement across ghlarticipants

to represent the strength of the relationship between the two measures

However, kecause correftion can only test the linearity of a relationship between

two modes of measurement, and cannot account for bias, -tetst determined if there

EO A OUOOAI AGEA AOOI O AAOxAAT OEA -esti 1 AAC
was used because the samparticipant population was used for both measurement
methodologies.

3.4.2. Agreement

)y £ Ox1 1 AAOGOOAT AT O 1T AOGETATTTCEAOG AOA Al DB

values, a larger correlation coefficient can be determined; if the range of

measurement validation is narraved, the relative error between measurements is

higher. Furthermore, an increase in sample size may indicate a better strength of

relationship between the scarextracted and manual measures than actually exists.

A Bland-Altman Agreement testwas alsoused to determine the limits of agreement

of the two strategies within a 95% confidence interval. The difference between the
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measurements taken from 3D scans and manual technique®re plotted against the

manual values. Ideally, these differenseshould be randomly distributed; however,

if a systematic error was found, it was accounted for, and the data adjusted
accordingly. This test also determind if the 95% confidence interval of linear

measurements arewithin the maximum allowable error as discussedin ANSUR
(Robinette, 2006), and maximum allowable errors outlined in ISO 20685
(STANDARD & ISO, 2010)

3.4.3. Volumetric Considerations

As the ISO has not published standards for segmental volume measurements,
7 A1 ¢6 O mdadurérheAts of mannequins haveerved as a preliminary basis of
comparison (Wang et al., April 2006) However, a more reasamable standard for
acceptability, especially at this early stage in the research program, should be based
on the intendedclinical population. Clinical significance will be discussed in section
3.5.

3.4.4. Regression

Finally, due to the presence ofsystematic errors in many of the scarextracted
measurements when compared to manual methodologies, regression analysis was
used to improve the prediction of the laser scannerof acquiring anthropometric
measurements. In the regression, shown in Equatiorb, 0 is the regressed segment
volume value, Yis the scanextracted value] is the coefficient of the scarextracted
measurement term,0 is the constant offset of the regession, andQi is error not

accounted for by the regression.
O 6 1Y Qi (5)

In some cases, standard healthcarelated measurements of manual stature and
manual mass were used as predictors in the regressions of secaxtracted

measurements if they were significant coefficients ina backwards stepwise linear
OACOAOOET I The fpormde for thés gre@ression followed Equation 5, and is
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shown in Equation6 below where & andi are manual mass and stature terms, and

I andf are coeffigents for the manual mass and stature terms of the regression.
0O o6 T YT & i Qii (6)

Coefficients of determination (R) were reported for every regression, as were the p

values for each included variable.

The residuals of these regressions were then correlated to the manual
measurements in order to determine if there was a significant linear error.The
95th percentile confidence intervals of residuals of the regressed measurements
were then substituted for differences when comparingto 1ISO standards for human
anthropometry for allowable confidence intervals of difference values.Finally, a
single sample ttest was thenused todetermine if the mean value was significantly

different from zero.

3.5. Clinicalsignificance

There is a general consensus iabesity literature OEAO OAIl ET EAAI T U EI DI
1T00 AT i POEOAO A AAAOAAmddketi€ Macid, IThabanex AECE O
Williamson, 2005). Therefore, while a neasurement tool may have sensitivity to

read with high precision, and measure differencestatistically significant (according

to section 3.4), such measurements may not comprisginical significance; however,

it is important that any tool with an intended clinical application related to obesity

at least attain this standard.

It has been shown that for a decrease in adipose tissue due to a caledeficit diet,
75% of weight loss is a result of a decrease in adipose tissue, and 25% of weight loss
is a decease in fatfree mass (Klein et al., 2004) Many of the measurements
collected in this study were volumetric measurements, and therefore it is important
to recognize that there will be a decrease in volume that coinagd with a decrease
ET 1 AOOS 3 i), £18656), whithOfdrndsEthel foundation of body fat

approximation, approximates the density of fatfree mass (n«) to be 0.9 g/cn®, and
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the density of fatmass (m) to be 1.1 g/cm3. Computing using the above
proportions, a 5% decrease in mass would result in a 5.3% decrease in volume. As
the intended clinical population of the research, those undergoing weigHoss by
way of calorie-deficit diet and other lifestyle changs as well as potential surgical
intervention, this was used asthe standard for clinical significance for this pilot

investigation.
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Chapter 4. Preliminary Work

Precision error in assessing human measurements can be quite high, as the
identification of human anthropometric landmarks can be challenging, and the
suppleness of flesh, respiration, and short term physiological changes can cause
measurement variability. Consequently, the identification of sources of systematic
error in measurement instruments, such as thecanning apparatus intended for use

in this body of research, can be equally as challenging. As a result, the scanner must
be validated for measurements extracted from scans of a rigid imaging phantom of
known dimensions, such that variation of measuremets collected by the scanning
device can be associated with systematic errors within the device itselflnitially,
access to two different scanning devices was granted by Unique Solutions for
evaluation for use in health research applications, a millime& wave scanner, and a

laser scanner.

4.1. Millimetre Wave Scanner

The first scanner investigated was the millimeter wave scanner. Human
participants were scanned in the millimeter wave scanner located at Unique
Solutions, in a variety of limb configurations aproved in a prior ethics submission.

Visual inspection of the output scans can be seenkigure 7.
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i
Figure7: FOG filoutput from millimetre wave scanner

The fog (3D voxel positions with assigned intensity values) files seen above were
operated upon by a conversion application supplied by Unigue Solutions in order to
convert the above to a point cloud, seen below iRigure 8 that can be used by OEAB

Lab developed software.

Figure8: Point cloud output of converted millimeter wave FOG file
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It becomes apparent that centrally located data points are much better represented
in the scanner output than are those located peripherally. Lateral surfaces of the
arms can be clearly seen, however medial surfaces are not wedpresented by data
points in the point cloud. The inability for the scanner to extract meaningful
measurements from certain peripheral regions of the humanparticipants is
problematic for circumferential and volumetric measurements. As a result, the
OEAB Lab despite limitations, decided to focus efforts on the laser scanner,
discussed below. This decision was vindicated retrospectively, as the literature
demonstrated decreased precision with this san modality (H. Daanen & Ter Haar,
2013).

4.2. Lase& Scanner

The second evaluated imaging devicewas the laser scanner, for which a series of
validation studies were designed. This photonic imaging device was originally
designed for the garment industry, but because photonic imaging has recently
shown much promise in ergonomics and health research applications, this scanner
is undergoing validation across a wider variety of measurements relevant to these
fields.

The laser technology utilized in this work was the Unique Solutions laser scanner,
for which access was provided to the Occupational Ergonomics and Biomechanics
Laboratory on an ongoing basis as part of an industrial partnership with the
common goal of validating the device for healthcareelated applications. The
scanner was provided with builtin software that processed point cloud data from
sixteen scan heads and produced an output file of automaticalxtracted
measurements of length and volume relevant to the garment industry.Figure 9
outlines the process flow of the Unique Solutions software as it existed at the outset
of the partnership with the OEAB Lab.
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Figure9: Flowchart of point cloud generation with Unique Solutions threkmensional laser

scanner

The first phase of the evaluation of the scanner assessed the onboard software for

its utility for health -related applications. Given the increasing importance of

percent body fat assessment in obese populations, the ability for the proprietary

software to extract volumetric measurements from the point cloud data for percent

body fat calculation was evaluated in a small pilot study of four participants.

4.2.1. Pilot Trial

Each participant was asked to wear lightoloured snugfitting undergarments, and

a scan cap to cover hair. The participant was then asked to enter the scanner, scan

their barcode under a barcode reader to initiate the scan process, and assume a

standardized posture and breathe normally. The scan took approximately 30

seconds. The point cloud was passed digitally to the proprietary software which

automatically extracted total body volume (TBV) information.

Once the scan concluded, the participant was é¢n asked to change into swimming

garments and was directed to a hydrostatic weighing tank, where they sat on a
submerged chair that was suspended by a force gauge. The participant was asked to
take a normal breath and submerge for ten seconds while the rfee of the
OOAI AOCAA PAOOEAEDPAT O xAO 1 AAOOOAAS 4 EA

land weight and the submerged force was used to calculate the buoyant force which
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was then used to calculate TBV. The hydrostatic and seartracted TBV results

were compared and are shown iTable9 below.

Table9: Results ofnitial pilot study

Participant 3D Scanner Hydrostatic Weigh ing Absolute
Number Volume (L) Volume (L) Difference
1 49.01 47.02 2.0
2 75.4 76.3 0.9
3 136.1 120.7 154
4 146.03 59.48 86.6

As is evident inTable 9, there are significant errors with increasing volumes. Visual
observation of scanrextracted point cloud data in point cloud viewer software
availed distortion errors, as well as body sectios unrepresented by point cloud

data. A representative image can be seen below.
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FigurelO: Distortions on side view of human scan
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The results of this pilot study demonstrated a number of limitations associated with
not only the software extracting and processing the point cloud, but also limitations
associated with the hardware and setip of the mechanical components of the three
dimensional scanner. To correct for these sources of error, a series of hardware and

software- related improvements were undertaken

4.2.2. Mechanical limitations

The most obvious limitation that became evident during this pilot study was the lack

I £#/ AAOA PI ET OO0 AAi T x OEA ATEIAO | £ PAOOEAE
This particular source of eror was due to an insufficient field of view of the four

lower scan heads. A custom acrylic bracket (shown Figure 11 and Figure 12,) was

designed that attached to the bolts on the back of the scan head, and also to the scan

head mount, such that the scan head could be tilted forward, collecting an increased

field of view. Trhe effect of this tilt was an increase in a vertical field of view at the

midpoint of the scanner of approximately 23 cm. Further adjustments to the

brackets were not feasible so adjustment to the lower level of the scanner were

made through the use of asmall platform. This correction was useful for

participants of shorter stature, but would not work for taller individuals.

Figurell: Photo of custom bracket mounted on scan head
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Figurel2: Photo ofcustom bracket mounted in situ

Further adjustments to the brackets were not feasible so adjustment to the lower
level of the scanner were made through the use of a small platform. This correction
was useful for participants of shorter stature, but would wt work for taller
individuals. The platformz painted black such that it did not reflect sufficient laser
light that representative data points were generated, seen iRigure 13 z was placed
on the floor of the scan booth. This allowed participants to step into the field of

view of the scan heads.
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Figurel3: Photo of platform for scanned participants

It was important, however, that both maging devices on the lower scan heads be
able to view sufficient portion of the calibration target such that the extrinsic
characteristics of the scan heads could be determinedand correction for camera
perspective could be performed Rotating the scarheads forward to increase their
lower field of view decreased scan coverage in the abdominal region of the
participant. Furthermore, the centre of the calibration target, shown irFigure 14,
had to be visible in all imaging devices for the scanner to calculate correct extrinsic

parameters.
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Figurel4: Calibration target

However, the subject could not simply be lifted to accommodate the reded field of
view. Despite this lower improvement, a large number of participants were unable
to be completely scanned as partial omission of data points in the region of the head

was common in tall participants.

4.3. PhantomRelated Validation Work

A phantomis a device of regular topography used to validate a medical imaging tool.
Regularly shaped objects (mannequins, spheres, etc.) have been employed in the
literature as a means of validating landmark marker location, and the quality of
linear and volumetric measurements(Kouchi et al., 2012) The first phantom used
here was constructed to imitate the torso and legs of a humaarticipant, a photo of
which can be seen irFigure 15. The materials utilized consisted of a plastic pail,
several lengths of ABS sewer pipe and associated caps, as well as feet constructed
using spruce lumber. The entire surface wasoated with white spray paint such

that the dark colours would best reflect the rel lasers output by the scanner.
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Figurel5: Laselimaging phantom

Visual observation of scan data oproprietary software owned by Unique Solutiors,
Point Cloud Browser, demonstrated sagittal plane distortion approximately below
the knees and above shoulders in prior experiments. Anthropometric markers
created from 1 cm white beads were placed along the length of the leg in order to
localize the intial point of distortion, and validate frontal plane accuracy. The
markers, seen inFigure 15, were measured linearly from the ground, and from
visual observation, the distortion occurs at approximately 0.49 meters above the
floor.  The phantom was lifted 0.85 m by several boxes in order to determine that
the upper limit of sagittal plane distortion occurs at approximately 1.44 m above the

floor. The upper threshold distortion can be seen irFigure 16.
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Figurel6: Upper threshold of scanner sagittallane distortion

The implication of this distortion is that there is a range of only approximately 0.95

metres where measurements can be reliably measured in the sagittal plane.

4.3.1. Cylinder

The distortion observed on the output scans of the above imaging phantoled to
the development of another measurement phantoma 25.4 cm diameter cardboard

concrete piling formthat was coated inwhite paper.

4.3.1.1. Linear Measurement Validation

Measurements were taken with a Holtaid™ anthropometer in the mediatlateral and
anterior-posterior directions at 10 cm increments along the vertical axis. The
heights of these measurements marked with black landmark markers 3.8 cm on a
side. The cylinder, seen irFigure 17, was scanned and processed using lab

developed software, discussed in SectioGhapter 5
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Figurel?: Cylinder forlaser scanner validation

The differences between manual and scaextracted measurements were calculated
in order to determine error in both the X and Zaxis directions. These errors were

then plotted with respect to Y-axis height. It became immediately clear, as shown in

Figure 18, that there was a systematic undeprediction of X and Zaxis

measurements at the upper and loweregions of measurement.
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Figurel8: X and Z length errors withespect to the vertical position

The error was modeled with a2nd order polynomial in both X and Zaxis directions
as the systematic error appeared to take on parabolic characteristic# correlation
was performed between the polynomial predicted values ah the actual errors,

yielding the results summarized inTable 10, below.

Tablel0: Error mrrection polynomials withrespective PPMCoefficients

Direction PolynomialFit Equation Polynomial FittPMC
Coefficient

X-axis errx=1.63-0.0414y+0.000208y? 0.957

Z-axis err;=4.88-0.109y+0.000581y? 0.983

Because the erroralong the vertical length of the cylinderwas demonstrably non-
linear and poorly suited to correlation tests, aBland-Altman statistical test was
applied to the error values in order to test the limits of agreement of the manual and
scanextracted methods. The results are summarized ifable 11. Subsequently,
the formulae of the parabolic regressions inFigure 18 were used to correct the
systematic effects in thescanextracted data The resultingerror-corrected data can

be seen inFigure 19.

49



0.8

0.6 4 ] z

0.4

0.2 - L
0.0 -

-0.2 o " u

Corrected Error (cm)
L
.
.
| ]

-0.4 -

-0.6 4 | |

-0.8 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Height Along Y-axis (cm)

Figurel9: X and Z length errors with respect to the vertical position corrected for the
systematic error

After correction, the magnitude of the error was reduced by almost an order of
magnitude. The limits of agreement of the measurement methods were again tested
with a Bland-Altman statistical test, the results of which are summarized iTable
11.

Table11: Limits of @reement (98" percentile) between nanual andscan-extracted linear
measurementdefore andafter correction

Direction Before Correction After Correction
X-axis 0.85cm 0.25 an
Z-axis 2.26cm 042cm

A summary of scanner error before and after correction can be seenTiable 12.
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Tablel2: Scannemeanerror (and Standard Deviationfor linear measurementsbefore and
after correction

Direction Before Correction After Correction
X-axis 0.02 (0.43) cm 0.00(0.13)cm
Z-axis 0.96 (1.15) cm 0.00(0.21)cm

The resulting data shown inFigure 19 appears random, withlittle to no systematic
effect. This was testedvith a PPMCto determine if there was any remaining linear

relationship after correction. The results of this test cambe found inTable 13.

Tablel3: PPMC between mor-corrected scandata for linear measurementsand Y-axis height

Direction PPMC Coefficient
X-axis 0.03
Z-axis -0.11

Work with the cylinder demonstrated that minor measurement errors associated
with the scan data could be corrected to improve the overall device performance.
Furthermore, the error after correction is within a reasonable margin. It has been
hypothesized that with improved calibration procedures, this systematic error can

be reduced without the need for systematic error correction.

4.3.1.2. Volumetric Measurement dlidation

Using the X and Z diametric measurements(manual and scanextracted) collected

above as major and minor axes an elliptic cylinder model was used to model the
volume of the cylinder at each 10 cm increment levedlong the Yaxis. The area of
each crosssectional ellipse was calculated and multiplied ¥ the segment height.
The differences between manual and scaextracted volume calculations of each 10

cm thick segment were plotted, as is shown in the image Figure 20.
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Figure20: Segmental volumeselliptical model

Marked, seemingly parabolic, distortion can be seen, similar to the linear plots
shown above, as shown by the black points. As was performed in the dianniet
measurement data, the data was plotted after applying thparabolic corrections to
the linear data Table 14 shows the mean errors of the volumse of the segments
with respect to manually calculated segment volumes before and after the linear
corrections were applied. Note that volumesin this preliminary validation are
measured in centimetres cubed, which is equal to one thousandth of a litre. For
convenience, the majority olanatomicalvolume measurements in this document are

presented in litres.

Table1l4: Scannemeanerror (andstandard deviation) for volumetric measurements before
and after correction

After Correction
9 (60) cnB

Before Correction
196 (315) cm3

Table 15 shows the 95th percentlimits of agreement between manual and scan
extracted volume measurements as determined using a Blam&ltman statistical
test. The errorcorrected data, with 95thpercent confidence interval bars, can be

seen inFigure 21.
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Table15: Limits ofagreement (98" percent) betweenmanual andscan-extracted volumetric
measurementsbefore andafter correction

Before Correction After Correction
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Figure21: Segmental volumerrors with respect to the vertical position corrected for the
systematic error

The regression equations shown in Table 10, while valid for measurements taken at

the medial-lateral and anterior-posterior axes along the surface of the cylinder,

could not be applied as a global correction for all measurements within the scan

volume. The overall modeled error was a composite of errors of each camera on

each scan head.As a result, an investigationz discussed in Appendix A zZ was

DAOA&EI O AA ET 1T OAAO Oi AAOAOIETA EZE£ A Al OOA

properties might correct this quantifiable systematic effect.
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Chapter 5. SoftwareDevelopment

As was discussed prior, thentended design of the Unique Solutions laser scanngr
and accompanying software, was for use in the fashion industry, where scanned
measurements can be usedo determine sizing requirements for garments. The
original intention of this thesis was to evaluate the measurements output by then-
board software, in anticipation for its use in clinical applications. Discussion with
the industry partner revealed that the output measurement file of the orboard
software, an example of which can be seen below, irable 16, contained industry
measurements related to garment design, not validated against an international

standard for anthropometry.

Tablel6: Example output of garmentelated from onboard measurement software

Dimension Magnitude (in)
Inseam on Leg 34.62
Left Outseam 42.04
Right Outseam 40.77
Left Lower Hip Depth 11.00
Left Lower Hip Front 15.97
Abdomen Location 7.05
Abdomen Measurement 30.24

Given the eventual clinical and anthropometric applications of the scanner, it was
decided within the research group thatnew software should be developed that
extracted measurements based on ISO and research standards such that the scanner

could be validged based on compatible comparisons.

5.1. Design Requirements

The Unique Solutions software was bypassed, and the raw point cloud data was
extracted from the scanner for custom software developmentBefore measurement
extraction was be possible, software hadto be developed that couldprocess this
point cloud data, identify anthropometric landmarks, and perform linear,

circumferential, and volumetric measurements. Furthermore, a graphical user
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interface (GUI) had to be developed that albwed non-technical users to interact

with point cloud data.

5.2. GUI Dashboard

The GUI dashboards the main workspace for user interaction with point cloud data.

It displays the threedimensional point cloud and allows users to select a series of
anthropometric landmarks from the plot, from which measurements are extracted.
Figure 22 shows an view of the dashboard, and is accompanied Byable 17 which

describes the variouscritical functions of the software.
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Figure22: GUI dashboard for OEAB L8bananalysisoftware
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