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ABSTRACT
Objectives: To determine whether patterns of high
internal tissue stress during gait are associated with
patterns of monosodium urate crystal deposition and
bone erosion in gout.
Methods: We compared patterns of foot von Mises
stress predicted computationally during gait in
volunteers of normal and high body mass index (BMI)
with patterns of urate deposition in gout and
asymptomatic hyperuricaemia, and bone erosion in
gout using dual-energy and conventional CT data.
Results: The highest average and peak von Mises
stress during gait was observed at the third metatarsal
(MT) head. Similar stress patterns were observed for
high and low BMI groups. In contrast, for both urate
deposition and bone erosion, the first MT head was
most frequently affected, with very infrequent
involvement of the third MT head. There was no clear
relationship between average or peak von Mises stress
patterns with patterns of urate deposition or bone
erosion (−0.29>r<0.16). Addition of BMI into linear
regression models did not alter the findings.
Conclusions: These data do not support the concept
that elevated internal tissue stress during
biomechanical loading plays an important role in
patterns of monosodium urate crystal deposition or
structural damage in gout.

INTRODUCTION
Gout typically presents as a severe inflamma-
tory arthritis at characteristic sites; the first
metatarsophalangeal joint, midfoot or
ankle.1 2 Advanced imaging techniques have
also demonstrated that these sites are prefer-
entially affected by urate deposition and bone
erosion in patients with gout.3–5 Obesity is an
important risk factor for development of
gout.6 Although this relationship may be

partly mediated through hyperuricaemia,7 it
is also possible that altered biomechanical
loading or tissue stress in weight-bearing
joints contributes to monosodium urate
(MSU) crystal deposition in overweight/
obese individuals. Furthermore, it is well-
recognised that gout frequently coexists with
osteoarthritis,8 a disease that is strongly
mediated by abnormal biomechanics.9

Collectively, these observations suggest that
biomechanical load or tissue stress contribute
to deposition of MSU crystals.10 We hypothe-
sised that patterns of high internal tissue
stress during gait are associated with patterns
of urate deposition and bone erosion in gout.
A key challenge to examining the relation-

ship between biomechanical stress and MSU
crystal deposition or joint damage in gout is
that people with established gout have major
alterations in their gait pattern even in the
absence of acute attacks or clinically appar-
ent tophi.11 These changes may occur due to
off-loading of painful joints or altered
loading due to joint deformity. Therefore,

Key messages

What is already known about this subject?
In gout, there is preferential involvement of certain
joints. Gout is also associated with obesity and
osteoarthritis. These observations suggest that bio-
mechanical load or tissue stress contribute to
deposition of monosodium urate crystals.

What does this study add?
This study did not demonstrate a relationship
between average or peak internal stress patterns
during normal gait with patterns of urate deposition
in hyperuricaemia and gout.
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examining biomechanical load during gait in people
with established gout may not accurately reflect tissue
stress that occurs at the time of MSU crystal deposition.
For this reason, we designed a study comparing patterns
of foot tissue stress measured computationally during
gait in healthy volunteers without gout with patterns of
MSU crystal deposition and bone erosion in people with
gout. A further aim of this study was to examine whether
tissue stress patterns in overweight/obese individuals
were associated with patterns of urate deposition and
bone erosion in gout.

METHODS
This study was designed to compare patterns of bone
stress predicted computationally during gait in volun-
teers of normal and high body mass index (BMI), with
patterns of urate deposition in hyperuricaemia and
gout, and patterns of bone erosion in gout using pub-
lished data from dual-energy CT (DECT) and conven-
tional CT studies.3 4

Foot tissue stress data
We recruited 50 healthy participants by public advertis-
ing; 25 with normal BMI (18–25 kg/m2) and 25 with
high BMI (>25 kg/m2). Inclusion criteria were: male
sex; age 18–60 years; and no history of diabetes, arthritis,
foot surgery or other foot problems. The University of
Auckland Human Participants Ethics Committee
approved the study and participants provided written
informed consent.
Each participant had their right foot scanned while

standing barefoot and in an undeformed configuration
using a structured light scanner (Mephisto, EX-PRO
scanner, 4DDynamics, Antwerp, Belgium). All scanned
data were registered and combined using the open
source software CloudCompare (http://www.danielgm.
net/cc) to make a full three-dimensional scanned ren-
dering of the foot. Each participant then performed
three walking trials, at 1.2 m/s (the self-selected speed
of most people). Participants walked over an Emed pres-
sure platform (Novel, Munich, Germany), a system that
contains 6080 individually calibrated capacitive sensors
with a resolution of four sensors per cm2 (pressure
range 10–1270 kPa). For each participant, an average
foot pressure map, a centre of pressure map and ground
reaction force plot was generated for the entire gait
cycle using the data from the Emed platform.
These data were then applied to a previously devel-

oped generic anatomically based finite element compu-
tational musculoskeletal model of the foot,12 13 which
was based on a healthy middle-aged male with no foot
pathology (and no history of gout or diabetes). The geo-
metric data from each participant was used to morph
the generic foot into the participant’s shape and incorp-
orate their measured foot pressure (biomechanical
data) on the sole of the foot. The computational model

was then solved in the finite element software Abaqus
(3DS, Tokyo, Japan) to obtain the tissue von Mises stres-
ses within the various foot regions (bones, muscles and
fatty tissues). Von Mises stress is a single value that
accounts for stresses in all directions and describes the
yield stress of a material.14 Bone stress values at the fol-
lowing sites were analysed using this model: distal and
proximal portions of the first proximal phalanx, first to
fifth metatarsal (MT) heads, first to fifth MT bases,
lateral, middle and medial cuneiforms, navicular,
cuboid, anterior process of calcaneus, proximal calca-
neus, and distal talus.3 4

Gout urate deposition and bone erosion data
For the urate deposition analysis, we used published
data from DECT scans of both feet from 92 patients with
tophaceous gout (mean age 58, BMI 33 kg/m2) and 25
patient with asymptomatic hyperuricaemia (mean age
64, BMI 32 kg/m2).4 15 The percentage (95% CI) of
patients with DECT urate deposition at each bone site
described above was used in the analysis.
For the bone erosion analysis, we used published data

from conventional CT scans of both feet from 25
patients with gout.3 This data set included erosion size
scored semiquantitatively at bone sites described above,
scored separately from 0 to 10.16 The mean (95% CI)
bone erosion score at each site was used in the analysis.

Statistical analysis
Data were analysed using Prism (V.6, GraphPad, San
Diego, California, USA) and SPPS (V.22, SPSS Inc,
Chicago, Illinois, USA). Means with SDs and percen-
tages were used to describe the characteristics of partici-
pants. Wilson score CIs for proportions were calculated
using http://www.OpenEpi.com.17 Pearson’s correlation
tests were used to examine the relationship between CT
and tissue stress variables. Analysis of 20 bone sites
allowed 80% power (α 0.05) to detect a correlation coef-
ficient ρ of at least 0.53. Linear regression models were
used to examine the relationship between CT values
with tissue stress and BMI. All tests were two tailed and
p<0.05 was considered statistically significant.

RESULTS
Gait study participants
The 50 healthy male participants had mean (SD) age
28 (8) years, weight 81.9 (18.1) kg, and BMI 26.2 (5.1)
kg/m2. Ethnicities were Caucasian (60%), Asian (36%)
and Polynesian (4%). The mean (SD) BMI was
30.9 (2.5) kg/m2 in the high BMI group and 21.5 (1.3)
kg/m2 in the low BMI group. The average and peak von
Mises stress values of the tissue at each site for the entire
group are represented in figure 1 and for each BMI
group in table 1. The highest average and peak stress
was observed at the third MT head with lower tissue
stress values at all other MT heads. Although ground
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Figure 1 Foot maps showing the patterns of average tissue stress, peak tissue stress, urate deposition in gout and bone

erosion in gout. For each map, both the sphere diameter and colour represents the linear range from 0 to the maximum value, as

shown in the figure keys (DECT, dual-energy CT).

Table 1 Average and peak von Mises stress values for all participants and the high and low BMI groups

Average von Mises stress (MPa) Peak von Mises stress (MPa)
All
n=50

High BMI
n=25

Low BMI
n=25

All
n=50

High BMI
n=25

Low BMI
n=25

Distal portion of the first proximal phalanx 0.834 (0.455) 0.878 (0.398) 0.789 (0.510) 4.143 (2.334) 4.405 (1.885) 3.882 (2.724)

Proximal portion of the first proximal phalanx 0.595 (0.298) 0.645 (0.244) 0.545 (0.342) 3.681 (2.041) 3.853 (1.564) 3.509 (2.449)

First metatarsal head 0.749 (0.400) 0.808 (0.343) 0.690 (0.450) 6.520 (3.350) 7.082 (2.869) 5.957 (3.745)

Second metatarsal head 1.093 (0.567) 1.063 (0.418) 1.124 (0.692) 6.886 (3.538) 6.800 (2.886) 6.973 (4.149)

Third metatarsal head 1.276 (0.681) 1.267 (0.572) 1.284 (0.787) 8.668 (4.878) 8.586 (4.107) 8.751 (5.630)

Fourth metatarsal head 1.129 (0.704) 1.109 (0.573) 1.148 (0.827) 6.451 (4.384) 6.304 (3.529) 6.599 (5.171)

Fifth metatarsal head 0.849 (0.569) 0.811 (0.493) 0.887 (0.644) 5.496 (3.836) 5.252 (3.413) 5.740 (4.274)

First metatarsal base 0.543 (0.301) 0.577 (0.263) 0.509 (0.337) 3.105 (1.779) 3.217 (1.561) 2.992 (1.999)

Second metatarsal base 0.750 (0.388) 0.745 (0.316) 0.755 (0.455) 3.434 (1.876) 3.329 (1.508) 3.539 (2.211)

Third metatarsal base 0.759 (0.413) 0.755 (0.342) 0.764 (0.481) 4.777 (2.735) 4.608 (2.193) 4.946 (3.226)

Fourth metatarsal base 0.909 (0.549) 0.895 (0.462) 0.922 (0.628) 4.580 (2.745) 4.463 (2.322) 4.697 (3.157)

Fifth metatarsal base 0.684 (0.478) 0.661 (0.423) 0.707 (0.535) 3.406 (2.562) 3.169 (2.163) 3.643 (2.934)

Lateral cuneiform 0.549 (0.296) 0.562 (0.251) 0.536 (0.339) 4.175 (2.308) 4.235 (1.988) 4.116 (2.630)

Middle cuneiform 0.593 (0.328) 0.594 (0.278) 0.591 (0.378) 3.034 (1.711) 3.012 (1.464) 3.056 (1.958)

Medial cuneiform 0.578 (0.352) 0.578 (0.302) 0.577 (0.402) 2.720 (1.716) 2.691 (1.516) 2.749 (1.927)

Navicular 0.396 (0.219) 0.402 (0.187) 0.390 (0.251) 2.119 (1.201) 2.079 (0.956) 2.159 (1.423)

Cuboid 0.516 (0.282) 0.521 (0.237) 0.511 (0.326) 3.325 (1.938) 3.394 (1.672) 3.256 (2.205)

Anterior process of calcaneus 0.431 (0.236) 0.444 (0.207) 0.418 (0.266) 4.763 (2.806) 4.891 (2.424) 4.635 (3.187)

Proximal calcaneus 0.354 (0.170) 0.374 (0.152) 0.334 (0.188) 1.781 (0.860) 1.848 (0.782) 1.715 (0.942)

Distal talus 0.350 (0.193) 0.374 (0.177) 0.326 (0.209) 2.051 (1.078) 2.191 (1.039) 1.912 (1.119)

Data are shown as mean (SD).
BMI, body mass index.
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reaction forces were higher in those with high BMI
(p<0.0001), foot contact area was also higher
(p<0.0001), with similar von Mises stress patterns
observed in the high and low BMI groups (p>0.29).

Relationship between tissue stress and patterns of urate
deposition and bone erosion
The patterns of urate deposition and bone erosion in
gout are shown in figure 1. The first MT head was most
affected, with infrequent involvement of the third MT
head. There was no clear relationship between average
or peak von Mises stress with patterns of either urate
deposition or bone erosion in gout (figure 3,
−0.20>r<0.16 for all comparisons). Similar results were
observed for high and low BMI groups, and addition of
BMI into linear regression models did not alter the find-
ings (data not shown).
The frequency of urate deposition was <10% in all

bone areas in asymptomatic hyperuricaemia. There was
no positive relationship between patterns of urate depos-
ition in asymptomatic hyperuricaemia with either
average or peak von Mises stress (figure 4, r=−0.28 and
r=−0.09 respectively).

DISCUSSION
This study has not demonstrated a relationship between
patterns of urate deposition and bone erosion in gout
and patterns of tissue stress during gait in volunteers of
normal and high BMI. Although ground reaction forces
were higher in those with high BMI, von Mises stress

Figure 2 Foot ground reaction force during stance phase of

gait (average gait cycle at 1.2 m/s) showing difference

between high and low body mass index (BMI) cohorts. Data

are presented as mean (SD).

Figure 3 XY plots with regression lines (red) showing the relationship between average (left panel) and peak (right panel)

tissue stress at all bone sites for (A) dual-energy CT (DECT) urate deposition in gout, and (B) conventional CT bone erosion

score in gout. Error bars represent 95% CIs.
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during gait did not differ between BMI groups, suggest-
ing that alterations in internal tissue stress due to over-
weight/obesity do not explain the preferential
involvement of certain sites in gout.
The lack of relationship between tissue stress and pat-

terns of MSU crystal deposition and erosion in gout
raises further questions about what factors do contribute
to the preferential sites of involvement in gout. Factors
known to promote MSU crystal formation in vitro have
been postulated, including physical shock, decreased
temperature and lower pH.18 19 Our analysis did not
include other dynamic tasks such as stair climbing or
running. It is conceivable that pathological changes that
occur due to intensive joint loading or joint injury may
promote both osteoarthritis and also MSU crystal forma-
tion in the presence of urate supersaturation.20

This study, examining tissue stress in normal and
high BMI volunteers without gout, was carefully
designed to avoid the potential confounding effect of
pathological changes in biomechanical loading that
occur in established urate deposition.11 Importantly,
the majority of participants in our study will not
develop gout, and the tissue stress patterns in people
with hyperuricaemia who develop gout may differ from
those who do not. Further exploration of factors,
including local bone and joint factors, contributing to
development of both asymptomatic and symptomatic
MSU crystal deposition will require large prospective
studies of people with hyperuricaemia.
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APPENDIX
SUPPLEMENTARY METHODS
Calculation of von Mises stress
The von Mises stress yield criteria (σv) is typically used to evaluate

the failure of tissues in bioengineering. In musculoskeletal applications

it is used to establish when bone is likely to be damaged initiating a

process of repair and remodelling. It has been previously used to

determine when damage and remodelling occurs in bone.[14] It repre-

sents a combination of three principal stresses σ1, σ2, σ3 combined

into an equivalent stress which is then compared to the yield stress of

the material. If the von Mises stress of the material exceeds the yield

value then the material will undergo failure, damage and remodelling.

The von Mises stress in 3D is shown in equation 1:

sy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
s1 � s2ð Þ2þ s1 � s3ð Þ2þ s2 � s3ð Þ2

h ir
;

where, σʋ is the von Mises stress, σ1 is the principal stress in the x-

direction, σ2 is the principal stress in the y-direction and σ3 is the

principal stress in the z-direction. This stress is an internal tissue

stress, which is different to the surface plantar pressure typically

reported in foot biomechanics studies. Von Mises stress can only be

computed using computer modelling.

SUPPLEMENTARY RESULTS
Data collected from the Emed® pressure platform (Novel, Munich,

Germany) included foot ground reaction force, foot contact area and

peak plantar pressure for both low and high BMI cohorts. These raw

data were entered into the computer model to predict the bone von

Mises stress.

The high BMI group showed a higher ground reaction force than

the low BMI group (two way ANOVA p<0.0001, Figure 2). However,

the high BMI group also exhibited higher foot contact area (for high

BMI group average (SD) area 154 (20) cm2 and for low BMI group

125 (13) cm2, p<0.0001). Consequently, there was no difference in

peak plantar pressures between the low and high BMI groups

(p>0.37).
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