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Biomechanical properties of heel-pad and metatarsal head soft tissue and foot
ulcers in patients with systemic sclerosis: a case control study
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Systemic sclerosis is a chronic connective tissue disease accompanied with skin and inner organ fibrosis and increased risk of foot
ulcers. Biomechanical indexes (soft tissue thickness and compressibility) could affect the risk of this phenomenon.

This study aimed to assess the heel pad and first metatarsal head soft-tissue thickness and compressibility index in scleroderma
patients with and without foot ulcers and compare them with those of healthy individuals.

Heel pad thickness in standing (loaded) and lying (unloaded) positions was measured in 40 scleroderma patients (diagnosed based
on American College of Rheumatology classification criteria) by means of lateral foot radiography. The compressibility index was
measured as the ratio of loaded to unloaded thickness. Also, soft-tissue thickness of the first metatarsal head was measured with
ultrasound. Results were compared with 40 healthy controls of matched age and body mass index.

Among 40 scleroderma patients (36 females, 4 males) with a mean age of 45 (£12) years, a mean body mass index of 25.5 (+4), and
a mean disease duration of 10 years (£9.6), 8 (20%) patients had foot ulcers. Heel pad thickness (P value= 0.03) and the compress-
ibility index (P value= 0.005) in the dominant side and the metatarsal head soft-tissue thickness on both sides (P value<0.0001)
had significant differences with the control group. When comparing patients with and without foot ulcers, the soft-tissue thickness
in both heels was significantly different (P value 0.01 for the right side and 0.007 for the left side). Thicknesses were negatively
related to, but no relationship between the compressibility index and disease duration was observed.

Plantar soft-tissue thickness decreases in scleroderma patients and could be a risk factor for foot ulcers.
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in systemic sclerosis have been introduced. The modified
Rodnan skin score (mRSS) is used in most clinical centers;
however, this method is qualitative, and its validity and re-
producibility could be distorted by intra- and interobserver

Introduction

Systemic sclerosis (SSc) is a connective tissue disorder
characterized by three principal features: vasculopathy,
immune activation with the production of autoantibodies

and alterations in immune cells, and fibroblast dysfunction
with excessive matrix deposition leading to fibrosis of the
skin and internal organs [1, 2].

The skin is one of the main organs affected by systemic
sclerosis. Studies have shown that the extent, distribution,
and rate of progression of skin involvement in SSc corre-
late with internal organ involvement and patient outcome
[3, 4]. Skin disease is both a disabling feature of SSc [5]
and a predictor of visceral involvement and increased mor-
tality [6, 7].

A number of methods for evaluating skin involvement

variability (18% and 21%, respectively) [8]. Hence, quan-
titative methods are preferred for the evaluation of skin
thickness and stiffness.

The impact of SSc on foot health has been poorly studied.
The few published studies have shown that podiatric prob-
lems are common and potentially disabling for patients
with SSc. The biomechanical properties of the foot also
seem to be altered in SSc [9].

The primary goal of the current study was to evaluate

changes in soft-tissue thickness and stiffness (using a com-
pressibility index) of both the heel-pad and the first metatar-
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sal head (which are more affected by biomechanical altera-
tions in the foot) in SSc patients through the inexpensive and
widely available imaging methods of ultrasound and X-ray,
to better predict foot ulcers in the course of the disease.

Materials and Methods

Study design

This study was a case-control study of patients attending
the rheumatology clinic at Firouzgar Hospital, Iran Uni-
versity of Medical Sciences, from October 2016 to March
2017. Before starting the study, ethical approval was ob-
tained from the Ethics Committee of Iran University of
Medical Sciences.

Study population

Forty patients with systemic sclerosis who fulfilled the
inclusion criteria below were enrolled in this study:

1. Diagnosis of systemic sclerosis made by a rheumatol-
ogist based on diagnostic criteria of The American College
of Rheumatology (ACR);

2. Aged between 20 and 70 years;

3. No history of diabetes mellitus.

Patients with uncertain diagnoses, aged out of range, or
problems possibly affecting the biomechanical properties
of the foot, e.g., a history of diabetes mellitus or vasculitis,
foot deformity, or smoking (because of vascular side ef-
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fects), were excluded.

Forty healthy age- and BMI-matched volunteers who ful-
filled the inclusion criteria were also enrolled in the study
for comparison purposes.

All participants gave informed consent prior to the study.
Clinical data and disease history were abstracted from pa-
tients’ medical records in the rheumatology clinic.

Image acquisition

Lateral foot radiographs of both feet (with a focal-film
distance of 40 inches using 45 KV and 5 MAS [125 mA,
0.04 sec]) were utilized for the evaluation of both unloaded
(lying) and loaded (standing) soft-tissue thickness of the
heel-pad in both patients and healthy subjects. Loaded ra-
diographs were obtained after 8 seconds of weight-bearing
on the target foot in a standing position. The soft-tissue
density under the surface of the calcaneus was measured to
determine heel-pad thickness. The measurement was made
from the lowest part of the plantar tuberosity of the calca-
neus vertically to the skin edge (Figure 1).

The compressibility index (CI) was defined as the ratio
of the heel-pad thickness in loaded position to heel-pad
thickness in unloaded positions; as the index approach-
es one, the elasticity approaches zero. All measurements
were made by one radiologist. The radiographic images of
a sample patient are shown in Figure 2.

1988/11/20 F

Figure 1. Sample measurement of soft-tissue thickness of heel pad using lateral foot X-ray
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Figure 2. Lateral foot X-ray of both feet in lying (unloaded) and standing (loaded) positions

A sonographic study of the first metatarsal head was also
done to measure the soft-tissue thickness. Ultrasound was
used for this part of the study because of limitations of the
radiography due to the overlapping of the soft tissue of
the metatarsal heads on the lateral foot X-ray. Each subject
was placed in a sitting position with the ankle in the neu-
tral position and the knee in the extended position lying on
the examiner’s thigh. All measurements were obtained by

First metatarsal neck
bone

Mindray DC-7 ultrasound machine with 7MHz transduc-
er. An adequate amount of ultrasound gel was applied to
prevent transducer pressure impairment of the evaluation.
Soft-tissue thickness, which was the shortest distance be-
tween the first metatarsal head and the skin surface, was
measured. All measurements were made by the same op-
erator (Figure 3).

First metatarsal head
bone

| 433133

Figure 3. Measurement of first metatarsal head soft-tissue thickness with ultrasound
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Statistical Analysis

Statistical analysis was performed using IBM SPSS Sta-
tistics, version 18. The chi-square test was used for the
comparison of nominal and categorical variables, and the
independent sample T-test was used for quantitative meas-
urements.

The soft-tissue thickness of the heel pad of both feet (dom-
inant and non-dominant) was measured in lateral foot radio-
graphs. The compressibility index was calculated using the
formula, and the soft-tissue thickness of the first metatarsal
head of both feet was obtained using the ultrasound tech-
nique. These variables as well as demographic data (age,

Pourian et al.

BMI, gender, disease duration, age of discase onset) were
compared between the control and patient groups, and also
between patients with and without foot ulcers.

Results

The average age and BMI distribution between the two
groups was similar. The demographic data is summarized
in Table 1. The average age of patients at disease onset was
36+ 11 (23-67) years, the mean duration of disease was 10
years. Among the patients, 57% had objective Raynaud’s
phenomenon, and 20% had foot ulcer (Table 2). Except for
one patient, the rest were right-handed.

Table 1. Demographic characteristics of normal subjects and patients

Patients Controls P value
No. of subjects 40 40
4 male (10%) 10 male (25%)
Gender
36 female 30 female
Age (years), Mean (SD) 45 (12.3) 42 (11.5) 0.25
BMI, Mean (SD) 25.5(3.8) 26.1(3.7) 0.45
Disease duration (years) 10+9.6
Age at disease onset (years) 36 + 11 (20-59)
Table 2. Disease characteristics of patients
Characteristic No. (%)
Foot ulcer 8 (20%)
Objective Raynaud phenomenon 23 (57%)
Subjective Raynaud phenomenon 24 (60%)

Thickness and compressibility index measurement

In the current study, heel-pad thickness (17.8 vs 19 mm)
and first metatarsal soft tissue thickness (10.5 vs 12 mm)
were significantly lower in the dominant foot of patients
in comparison with normal subjects. The compressibility
index of the heel pad was significantly higher in SSc pa-
tients than in normal individuals (p-value <0.05) (Table 3).

The same significant difference was seen in the heel-pad
thickness of both feet (15.5 vs 18.4 mm in the right foot
and 15 vs 18.7 in the left foot) among SSc patients with
or without ulcer, but neither the metatarsal head thickness

nor the compressibility index differed in either group
(Table 4).

The heel-pad thickness was overall 6% less in scleroder-
ma patients than normal subjects (17.8 vs. 19 mm); the dif-
ference was 18% in patients with a foot ulcer (15.5 vs. 19
mm) and 3% in patients without foot ulcers. The overall dif-
ference in the compressibility index was 9% (0.64 in healthy
subjects vs. 0.7 in scleroderma patients), with the same dis-
tribution among patients with and without foot ulcers.

Among demographic factors evaluated in this study, BMI
and disease duration demonstrated a positive correlation
with heel-pad thickness, but none of them were signifi-
cantly correlated with the compressibility index. Gender
and age demonstrated no significant correlation with any
measurements (25% of male patients and 19% of female
patients had ulcers).
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Table 3. Comparison of heel-pad thickness, compressibility index, and metatarsal head soft-tissue thickness between normal

subjects and SSc patients (mean, standard deviation)

Scleroderma Control

Mean (SD) Mean (SD) Pvalue
Right heel pad unloaded thickness radiograph (mm) 17.8 (3) 19 (1.9) 0.03
Right heel pad compressibility index 0.7 (0.07) 0.64 (0.08) 0.005
Left heel pad unloaded thickness radiograph (mm) 17.96 (3.4) 19 (1.9) 0.1
Left heel pad compressibility index 0.68 (0.08) 0.65 (0.08) 0.28
Right metatarsal head soft-tissue thickness US (mm) 10.7 (2) 12.5(1.6) <0.0001
Left metatarsal head soft-tissue thickness US (mm) 10 (1.9) 12.11 (1.5) <0.0001

Table 4. Comparison of heel-pad thickness, compressibility index, and metatarsal head soft-tissue thickness between patients

with and without foot ulcers (mean, standard deviation)

With ulcer Without ulcer
- Mean (SD) Mean (SD) Pvalue
Right heel pad unloaded thickness radiograph (mm) 15.5(3) 18.4 (2.7) 0.01
Right heel pad compressibility index 0.71 (0.09) 0.7 (0.07) 0.72
Left heel pad unloaded thickness radiograph (mm) 15(2.8) 18.7 (3.2) 0.007
Left heel compressibility index 0.71 (0.08) 0.67 (0.08) 0.18
Right metatarsal head soft-tissue thickness US (mm) 10.8 (2.4) 10.7 (2) 0.86
Left metatarsal head soft-tissue thickness US (mm) 9.3(1.4) 10.2 (1.7) 0.27

Discussion

As foot ulcers are one of the irritating complications of
scleroderma that have a high impact on the functional dis-
ability of patients, early detection and risk factor modifi-
cation are necessary. The foot is a specific organ, because
mechanical (external) forces affect soft-tissue changes.

A significant change was found in the compressibility in-
dex and soft-tissue thickness of the feet in scleroderma
patients. With disease progression over time, the thick-
ness decreases, but the compressibility index does not
seem to change significantly. To justify these findings,
it was hypothesized that as the scleroderma progresses
and becomes more severe over time, soft tissue becomes
stiffer pathophysiologically because of more extra-cellu-
lar matrix accumulation and because the variation range
becomes narrower. Finally, changes in the stiffness could
hardly be detected with the method of measurement used
in this study.

In the current study, heel-pad thickness and first meta-
tarsal soft-tissue thickness were significantly lower in
the dominant foot of patients in comparison with normal

subjects, but the relationship was not significant in the
non-dominant foot. This could be due to the higher pres-
sure on the dominant foot.

In addition to the main findings, two ancillary points were
detected. The first point was that Raynaud’s phenomenon
had a significant relationship with ulcer manifestation
(P value= 0.006) (as Sunderkétter et al. also found) [12],
but did not have a significant correlation with quantitative
parameters (thickness and compressibility index). This is
reasonable because of the common vasculopathic nature
of foot ulcers and Raynaud’s phenomenon. The second
point was identified when the group of patients without
ulcers was compared with the normal control group; the
compressibility index increased (0.7 vs 0.65), but thick-
nesses had no significant difference (there was a 0.3-0.6
millimeters increase in thickness, which is not significant
statistically). This could mean that the change in stiffness
occurs prior to the change in thickness. Thus, stiffness is
a more important factor than skin thickness for the early
detection of skin changes in patients with SSc.

The results can be applied for the patients’ clinical fol-
low-up, so the compressibility changes can be more

Rheumatology Research., Vol. 4, No. 2, April. 2019

53



Biomechanics of heel-pad and foot ulcers in systemic sclerosis

valuable in their first clinician visits. However, with the
disease progressing in severity and time, following the
patients with thickness measurements (mainly heel-pad)
can be more prognostic and a better predictor of foot ul-
cers. Unfortunately, no cut-off point for thicknesses could
be found for which less than that, the risk of foot ulcers
would significantly increase. It is much more valuable to
compare measurements between visits.

A thorough search of the literature revealed no study
similar to this one on the biomechanics of the foot in
scleroderma patients, though similar studies on normal
populations and specific groups with foot problems (e.g.,
sportsmen with podiatric problems, patients with heel
pain, diabetic patients with foot ulcers, etc.) are available.
Several studies have addressed digital ulcers in sclero-
derma patients and their possible risk factors. The study
of Allanore et al. is one of the largest and most recent
(2016) studies done on digital ulcers and gangrene with
4642 patients with systemic sclerosis. They concluded
that being a current/former smoker and having a previ-
ous limb sympathectomy were independent risk factors
for gangrene of the fingers [10]. Smokers were excluded
from the current study, because of the possible effects
smoking could have on vessels interfering with the study
elements.

A number of studies suggested male gender [11, 12] and
younger age at onset [11-14] as risk factors for digital
ulcers. No significant relationship between gender and
digital ulcers was found in the current study, possibly due
to the small number of male subjects. Duration of dis-
ease had a positive relationship with ulcers in the current
study, in agreement with Thiev [11], but younger age of
onset was not found to be a related factor in the current
study.

Several measurement methods for determining skin prop-
erties in scleroderma have been introduced. Moinzadeh
et al. (2012) collected different measurement types for
skin involvement [15]. The most widely-used procedure
is the modified Rodnan skin score (mRSS), which qual-
itatively grades skin elasticity through palpation of 17
parts of the body by a clinician (not including the sole
of the foot). Because of operator dependency, this test is
prone to inter-/intra-observer variability. Moreover, it is
not sensitive to initial and mild skin changes.

Two other tools in this area are the plicometer and
durometer tests, which are more reproducible and objec-
tive techniques. The plicometer test works similarly to
clinical pinching of the skin in mRSS measurements. The
durometer test, on the other hand, measures the hardness
(but not the thickness) of the skin through applied pres-
sure [16, 17].

Magnetic resonance imaging (MRI) is a modality that has
been used mostly to study musculoskeletal involvement,
e.g., arthritis and myositis. The weak point of this method
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is its cost, which precludes its extensive use.

Ultrasound is a cost-effective, easy-to-use, quantitative
technique which can measure not only skin thickness, but
also other properties of the skin, like the characteristics
of subcutaneous connective tissue which may occur prior
to changes in the skin’s thickness [18].

A few studies used the ultrasound technique to measure
skin thickness and other properties in scleroderma pa-
tients. Moore et al. studied the sites which are normally
evaluated for mRSS [19]. Kaloudi et al. (2010) used this
technique to measure skin thickness in hand digits, which
are prone to ulcers as well [20]. Suliman et al. (2018)
recently characterized skin ulcers by means of the ul-
trasound technique (grayscale and Doppler study) [21].
Studies have shown reliable results with good inter-/in-
tra-observer variability of this imaging method [22].
While the current study investigated a number of biome-
chanical indices in patients with scleroderma and made
comparisons with age- and BMI-matched healthy sub-
jects, it has some limitations. Theoretically, foot ulcers
are affected by biomechanical (e.g., weight pressure, type
of footwear) and ischemic factors. The effects of each of
these factors could not be calculated separately. Patients
unable to stand on their feet were not enrolled in the
study because of either painful foot ulcers or general not
well-being. In effect, patients with more severe disease
were not investigated. Another weak point of this study
was that patients with and without digital ulcers were not
matched based on their medical treatments. Therefore,
possible effects of drugs on the biomechanical proper-
ties of foot were not considered. Finally, because of the
cross-sectional nature of the current study, the course of
change in thicknesses and compressibility indices over
time could not be seen. This can be a more valuable in-
dex than a static measurement in predicting digital ulcers
and disease progression. A prospective study will be of
great interest to follow up patients through the course of
their disease to find the cause and effect relationship of
relevant factors.

Conclusion

Digital ulcers are disturbing complications of scleroder-
ma and have a high impact on the functional disability
of patients as well as a direct relationship with internal
organ involvement. The current study tried to look at the
mechanical side of this catastrophic problem. Because
of the high morbidity and great burden, finding precur-
sors and risk factors before the manifestation of an ulcer
draws more attention.

Ultrasound and conventional radiography are two inex-
pensive imaging modalities used to evaluate soft-tissue
thickness and the compressibility index, which change in
patients with systemic sclerosis, and could be predictors
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