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Abstract

Forward dynamic simulation of human movement has the potential to investigate the biomechanical
effects of weight loss in obese individuals. However, guidelines for altering body segment inertial
parameters (BSIPs) of a biomechanical model to approximate changes that occur with weight loss
are currently unavailable. Therefore, the goal of this study was to quantify three-dimensional changes
in BSIPs with weight loss. Nineteen Caucasian men of age 43.6 £ 7.5 years (mean * standard
deviation) were evaluated. Body mass and body mass index prior to weight loss were 102.7 £ 3.6 kg
and 32.6 + 3.2 kg/m?, respectively. Both before and after weight loss, magnetic resonance imaging
scans were acquired along the length of the body to discriminate muscle, bone, organ, and adipose
tissues. Segment masses, center of mass (COM) positions, and radii of gyration were determined
from these scans using published tissue densities and established methods. A number of significant
changes in BSIPs occurred with the 13.8 + 2.4 % average weight loss. Mass decreased in all segments.
COM position moved distally for the thigh and upper arm, superiorly for the trunk, and inferiorly
for the whole body. Radius of gyration, in general, decreased in all segments. The changes in BSIPs
with weight loss reported here could be used in forward dynamic simulations investigating the
biomechanical implications of weight loss.
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Introduction

Methods

Obesity is a major and growing health concern in the United States (US). In 2004, 31% of adult
men in the US were considered obese (Ogden et al., 2006). This percentage has been steadily
increasing as the prevalence of obesity in the US doubled between 1980 and 2002 (Ogden et
al., 2006). The problem with obesity is its association with numerous health conditions
including type-2 diabetes mellitus, high blood pressure, high cholesterol, asthma, and
osteoarthritis (Mokdad et al., 2003; Sturmer et al., 2000). As a result, approximately $92 billion,
or 6% of the total annual medical expenditures in the US, can be attributed to obesity
(Finkelstein et al., 2003).

Perhaps the most direct intervention for avoiding or mitigating obesity-related health
conditions is weight loss. Several experimental studies have investigated the effects of weight
loss on musculoskeletal function and lower extremity kinetics (Messier et al., 2005; Miller et
al., 2006; Teasdale et al., 2007). These studies provide quantitative evidence on the benefits
of weight loss for maintaining function and preventing the development and/or progression of
obesity-related health conditions. For example, Messier et al. (2005) reported a 4-fold reduction
in knee loads during gait with each pound of weight loss in the obese. An alternative approach
to these experimental studies investigating the effects of weight loss is to conduct virtual
experiments using forward dynamic simulations of human movement. While they should
ultimately be validated with experimental studies, forward dynamic simulations can be a cost-
effective initial approach for evaluating potential interventions, and offer a greater level of
experimental control compared to human subject testing. They can also provide greater
understanding of underlying biomechanical mechanisms that contribute to impaired function.

The biomechanical models used in forward dynamic simulations require accurate estimations
of body segment inertial parameters (BSIPs) including segment mass, center of mass (COM)
position, and segment moment of inertia. To study weight loss with forward dynamic
simulations, it is necessary to alter BSIPs to approximate changes that occur with weight loss.
However, no information describing how to alter BSIPs is currently available. Based on this
need, the goal of this study was to quantify changes in BSIPs with weight loss in obese
individuals. The long-term goal of this research effort is to investigate the biomechanical effects
of weight loss in obese individuals using forward dynamic simulations.

Magnetic resonance imaging (MRI) scans from 19 Caucasian males who participated in a
separate study on weight loss (Ross et al., 1996) were used for the present study. These subjects
had a mean (z standard deviation) age of 43.6 + 7.5 years, and height 177.3 £ 6.9 cm. Body
mass and body mass index (BMI) prior to weight loss were 102.7 + 13.6 kg and 32.6 + 3.2 kg/
m?, respectively (three of the subjects had a BMI below 30, but above 27.5, prior to weight
loss). BSIP changes were not influenced by the mode of weight loss (diet only, diet and aerobic
exercise, or diet and resistance exercise), so the data were pooled across these groups for
statistical analyses. Details of the weight loss interventions are reported elsewhere (Ross et al.,
1996). The study was conducted in accordance with the ethical guidelines of Queen’s
University, and all subjects provided written consent before participation.

MRI data were obtained with a General Electric Signa Advantage 1.5-tesla scanner using a
T1-weighted spin-echo sequence with a 210-ms repetition time and 17-ms echo time (Ross et
al. 1992). Subjects laid in a supine position with arms placed straight above the head.
Transverse images (10mm thickness ; 50 mm centers) were initially acquired from the L4-L5
inter-vertebral space to the ankle. Subjects were then required to exit the magnet and re-enter
head first to acquire scans from L4-Lg to the wrist.
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Tissue discrimination was performed using commercially available medical imaging software
(sliceOmatic v4.3, Montreal, Quebec, Canada). Optimal threshold values of pixel brightness
for adipose tissue, muscle, organs, and bone were determined using automated procedures with
manual correction of obvious artifacts. For each image, tissues were color-coded, and images
were exported for subsequent analysis using customized programs in MATLAB (Mathworks,
Natick, MA).

Atotal of six segments were investigated including the forearm, upper arm, trunk, thigh, shank,
and whole body (Figure 1). The head, neck, hands, and feet were not included based on the
small amount of adipose tissue in these segments compared to other body segments (Kotani et
al., 1994), and findings that changes in adipose tissue volume in the head and neck with weight
loss are orders of magnitude smaller than those in other body segments (Chowdhury et al.,
1993). The head, neck, hands, and feet account for approximately 12% of total body mass
(Dempster, 1955), thus “whole body” values presented in this study account for 88% of true
body mass. Segment endpoints (except for the trunk) and coordinate systems were defined by
Dumas et al. (2007). BSIPs reported for the appendicular segments were averaged across the
left and right sides.

Three-dimensional BSIPs were calculated using methods similar to Pearsall et al. (1994).
Tissue densities of 1.178 g/cm3 for muscle, 1.705 g/cm? for bone, 1.158 g/cm?3 for liver, and
0.563 g/cm?3 for lung tissue (Erdmann and Gos, 1990; Martin et al., 1989) were used to
calculated segment masses. Adipose tissue density was approximated as 0.947 g/cm3, which
was an average of the densities of the colon, off-peritoneum, and subcutaneous adipose tissue
(Erdmann and Gos, 1990). All other tissues were defined as lean tissue with a density of 1.138
g/em3, which was an average of densities for blood, vasculature, tendon, stomach, intestines,
and heart (Erdmann and Gos, 1990). Mass, COM, and radius of gyration were calculated for
each scan and the intervals between scans (40mm) using methods similar to Pearsall et al.
(1994). Four 10mm-thick “virtual scans” were created to span this interval, and the inertial
properties of these scans were linearly interpolated from the bounding scans.

A Wilcoxon Signed-Rank test was used to analyze changes in BSIPs with weight loss due to
non-normal data distributions. The overall Type 1 error rate for the 42 tests performed (6
segments x 7 parameters) was controlled using false discovery rate control. This approach is
an alternative to the commonly used Bonferroni procedure and controls the proportion of
significant results that are in fact Type 1 errors (Benjamini and Hochberg, 2000) rather than
reducing the p-value to prevent one Type 1 error. As a result, false discovery rate control does
not suffer from the undesirable lack of statistical power associated with the Bonferroni
procedure with an increasing number of tests (Nakagawa, 2004; VVerhoeven et al., 2005). The
trunk and whole body BSIPs of one subject were excluded from the analysis due to unequal
segment lengths before and after weight loss. Statistical analysis was conducted using JMP v6
(Cary, North Carolina, USA).

BSIPs of obese individuals prior to weight loss are reported in Table 1. Subjects lost 14.2 £
3.4 kg or 13.8 £ 2.4 % of initial body weight with weight loss. This resulted ina 4.5+ 1.0
decrease in BMI (four subjects still had a BMI > 30 kg/m? after weight loss). The MRI method
estimated that subjects lost 13.9 + 3.0% body weight, yielding a root mean squared error of
1.9% from actual weight loss.

Average changes in segment mass, COM position, and radius of gyration with weight loss are
reported in Table 2. Effect sizes and p-values are reported in Table 3. Mass decreased in all
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segments. COM position moved distally for the thigh and upper arm, superiorly for the trunk,
and inferiorly for the whole body. Radius of gyration, in general, decreased in all segments.

Discussion

The long-term goal of this research effort is to investigate the biomechanical effects of weight
loss in obese individuals. Joint and muscle level biomechanical effects of weight loss are
nonlinearly related to changes in weight, so they cannot be predicted a priori and must be
investigated either experimentally or using forward dynamic simulations. The specific goal of
this study was to quantify changes in BSIPs with weight loss. Results showed weight loss
changed many BSIPs, primarily due to changes in segment mass and changes in the distribution
of mass along the segment’s longitudinal axis.

Some limitations of our study that may impact our estimation of BSIPs warrant discussion.
First, the spacing between adjacent MRI scan centers was 50mm, which was larger than the
8-25mm used in other studies that derived BSIPs with MRI (Bauer et al., 2007; Cheng et al.,
2000; Martin et al., 1989; Mungiole and Martin, 1990). This larger spacing could contribute
to systematic errors in BSIPs primarily through inaccuracies in identification of segment
endpoints. We estimate that a segment length error of 90 mm (the maximum possible error in
segment length) would correspond to an average of 8.09% and 2.97% of total body mass in
the trunk (body segment with the largest mass) and the thigh (representative appendicular body
segment). These are non-trivial errors but are well below the observed changes in BSIP values
(Table 2). It should also be pointed out that number of scans for each segment was identical
before and after weight loss, and calculating changes in BSIPs with weight loss would
presumably eliminate the majority of this error.

A second limitation of our study was that the tissue densities were adopted from the literature
and assumed to be constant. These densities have known variability that could have influenced
our results. The standard deviation of tissue density estimates were 0.041 g/cm? for muscle,
0.054 g/cm?3 for bone, 0.021 g/cm? for liver, 0.042 g/cm? for lung tissue, 0.041 g/cm3 for
adipose tissue, and 0.046 g/cm? for other lean tissue (Erdmann and Gos, 1990; Martin et al.,
1989). These standard deviations are an average of 4.1% of the actual densities used. Third,
subjects were imaged in the supine position. This position likely contributed to some soft tissue
deformation compared to the vertical position, which is likely the position of the body in most
tasks to be modeled. Fourth, the moments of inertia about the segment coordinate axes were
assumed to be the principal moments of inertia. A similar assumption was employed in other
studies that derived BSIPs using MRI (Bauer et al., 2007; Cheng et al., 2000; Martin et al.,
1989). Fifth, data were only collected from Caucasian male subjects, and therefore results may
not be generalizable to other populations.

In conclusion, changes in BSIPs with weight loss were quantified in obese Caucasian males
using MRI. These data can be used to investigate the biomechanical effects of weight loss using
a biomechanical model and forward dynamic simulations.
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Figure 1.
Illustration of MRI scans collected from an obese male with segment endpoints and sample

segment coordinate system of the thigh. Segment endpoints for all appendicular segments were
joint centers. Segment endpoints for the trunk were the midpoint between the shoulder centers
and the midpoint between the hip centers. For all segment coordinate systems, the x-axis
corresponded to the anterior-posterior direction of the segment (anterior being positive), the
y-axis to the proximal-distal direction of the segment (proximal being positive), and the z-axis
to the medial-lateral direction (medial being positive). The origin of all segment coordinate
systems was at the proximal endpoint of the segment.

J Biomech. Author manuscript; available in PMC 2009 November 14.



Page 7

Matrangola et al.

"199) pue ‘SpuBy X28U ‘peay apnjoul 10U saop Apod 3JoYAA

®

‘A1annoadsal ‘Juawibas ayp Jo sixe [euipniibuo] ay) 03 [eIpawWw pue JOLIBJUR SeM INOD Ul Seredlpul ZNOD pue XINOD aAnisod e ‘sjuswbas Jejnaipuadde o4 (T ainbiq)
u1Buio s,JuswBas ayy wouy pasuaiagal st uonisod NOD "yibua] Juswbas Jo Juadsad ul usalb are uonelAb Jo npes pue uonisod NOD ‘Sluswibas |[e 104 ‘ssew Apog ajoym 4o Juadiad ul UsAIb sI SSe :S210N

YO'T ¥ ¥6'8T TE0F50°L S0'L ¥ 29'6T S0 ¥ 22°0- £€'7 7 25°8¢- YSOFIST - 2/P0g 3j0um
850 08'LZ 6TTF66TT 95'0 ¥ 98'/2 6E7 F 61T €60 F TL'2h- 2807590 6E0F VY HURYS
0ETFOT'EY 8LTFILLT [TT 88Ty L0TF100 860 ¥ 0T 12T 7S50 V60 F €L°€T ybiyL
09°0 ¥ 08'0€ €T F9L°02 SL0F YT EE SPTFITO LT F 28T ZETTIST 267 7 05°€S SuniIL
L90F VT TE 6ETF 26T 50 ¥ G6°08 95T ¥ 050 STTFLETH 02T 960 SE0F 19'E wiy Jeddn
6TT 1562 29T F2ULYT SO'T ¥ ¥9'62 £2°€ F 0E°0 STT T oL 8T T F220 6207 25T ULealo4

% ) X NOD oo “NOD ssel awbas

NIH-PA Author Manuscript

$507 1yBI19/\\ 240)89g S[enpIAIpU] 85800 JO Slalawrled [erJau] Juswbss Apog

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Biomech. Author manuscript; available in PMC 2009 November 14.



Page 8

Matrangola et al.

'sso| JyBram yam abueyo juediyiubis e ssjousp
*

199} pue ‘Spuey 23U ‘peay apnjoul 1ou saop Apog m_oc\squ

‘Aj1ouadns panow NOD 8y sareatpul ANODV ansod e “uniy pue Apog ajoym ayy 104 ‘Ajaanoadsas ‘Ajeipaw pue ‘Ajjewixoid ‘ALoLIBIUE paAoW INOD 3yl sayeatpul ZNOIV pue ‘ANoDV
XINODQV aAnisod e ‘syuawbas Jejnoipuadde 104 ‘yiBus| wawbas Jo 1uadiad se usAlb ale a pue NOD ul sabuey) "ssew ssoj ybram aid wouy abueyd Juadiad se uaAIb ale ssew ul sabuey) :seloN

*Nm_o +T.0 *m._”.o F¥0- ynom.o +€90 9’0+ T00 *R.._” + .60 1°0 F90°0- *vo.m +T6°€T- UMV\€om_ 3]0UM
9€'0 ¥ €0°0- ,64°0F680- €€'0 F90°0- EYTFIVO 29°0 ¥80°0- LL90+050- LHOEFG8L Nueys
*B.o +98°0- *mN.H +08'T- *mm.o +¢L0- 0L'0¥90°0- *mv.o +G.°0- G6'0 ¥ 020 *B.N +90°€T- ybyl
*m@.o +9¢0- *mmq +/8'T- *mﬁo Fv9°0- 67’ TFE00 *mm.o +€90 STTFOL0 *mm.m FGC'GT- Munip
9,'0F 000 LBTTF8ET- TLOFETO 98'T+¢E0 LT F090- COTFST0- ,L09'9 F89°GT- Wiy Jaddn
6T TF¥T0- *wmq +59°0- L0TF800- LICTTF 890 GZTFELO- T F500- *mm.m F€9°6- wJealod
v Ly 'y NOD v ‘noo v “NOD V SSBIN V uswbag

NIH-PA Author Manuscript

$S07 JYBIBAA Yl SidlawieIed [enJtsu| Juswbas Apog ul sebuey) jusdisd
¢39l|qelL

NIH-PA Author Manuscript NIH-PA Author Manuscript

J Biomech. Author manuscript; available in PMC 2009 November 14.



Page 9

Matrangola et al.

'ss0] JyBram yam abueyd Juedyiubis e ssjousp
*

'$50] 1yB1am 81049q

uoIRIASp pJepue)s 8yl Aq papIAIP ‘sso| 1yB1am Jalye anjeA Ueaw ay} Woly pa1oeligns sso| yB1am 2104aq anjeA ueaw ay} ‘p s,usyoD Buisn pare|nojes sem az1s 109443 “sasayjualed ul uanlb ase senjea-d :saloN

,(1000'0>) T289°0 ,(1000'0>) 20171~ ,(6000°0) 88800 (000°T) 6920°0 (cev0'0) 8v17°0- (£89%°0) 60TT0- ,(1000'0>) €€¥0'T- Apog sjoym
(9068°0) 2190°0- ,(1000°0>) 66720~ (v619°0) 250T'0- (€TV0) 0¥60°0 (525€°0) £160°0- ,(1£00°0) 72090~ ,(1000°0>) 1808°0 Aueys
,(1000°0>) 80990~ ,(1000'0>) STT0'T- (€000°0) ¥¥95°0- (2059°0) 6950°0- ,(1000'0>) T€92°0- (¥21£°0) 9T9T°0- ,(1000'0>) £€9T°0 ybiyL
(eve00) T19ev0- ,(1000'0>) ZETE'T- (1v00°0) 90T2°0- (6T0L°0) 282070 ,(9100°0) §TEV'0 (1212°0) 9522°0 (1000'0>) TT2€°0- Munip
(¥619'0) 99000 ,(¥000°0) £266'0- (eTv7°0) €T¥T0- (ev86°0) TE0Z'0 (r10°0) L28y'0- (eS19°0) L92T°0- ,(1000°0>) L9€20- wiy Jeddn
(6¥650) ¥ETT0- ,(1810°0) 66v2°0- (9229°0) v€L0°0- .(8010°0) 20120 (56€°0) ¥€92°0- (2726°0) 68€0°0- ,(10000>) 66.2°0 wiesloy
ay fiv v NOD v ‘Woo v “NOD V SSBIN V Juswbog

NIH-PA Author Manuscript

€o|qeL
NIH-PA Author Manuscript

sig18weled [enJau| Juawbas Apog ui sabueys 1oj sanjeA-d pue sazis 199443

NIH-PA Author Manuscript

J Biomech. Author manuscript; available in PMC 2009 November 14.



