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Abstract

Background: This study aimed to investigate the thickness changes of the heel fat pad and the plantar fascia associated
with loading and unloading in healthy individuals and patients with heel pain and reveal the differences between them.
Methods: The study included adult male participants with (n=9) and without (n=26) heel pain. The participants placed
their right foot on an evaluation apparatus with a polymethylpentene resin board (PMP), while their left foot was positioned
on a weighing scale used to adjust the loading weight. The heel fat pad was differentiated into superficial Microchamber
and deep Macrochamber layers. These layers and plantar fascia thickness were measured using an ultrasonographic imaging
device at loading phase ranging from 0% to 100% of their body weight and unloading phase from 100% to 0%. Additionally,
the study examined the thickness change ratios of the superficial and deep heel fat pad layers when the load increased
from 0% (unload) to 100% (full load).

Results: In healthy individuals and patients with heel pain, no significant thickness changes were observed in the
Microchamber layer of the heel fat pad or the plantar fascia during loading and unloading evaluations. However, significant
thickness changes were observed in the Macrochamber layer of the heel fat pad, and the pattern of change differed
between the loading and unloading phases. Additionally, patients with heel pain showed differences in the thickness change
and thickness change ratios of the microchamber and macrochamber layers of the heel fat pad during both loading and
unloading phases. The thickness of the plantar fascia did not show significant differences between both groups.
Conclusion: Compared with healthy individuals, in our relatively small study, patients with heel pain had greater deep fat
pad compression in loading and less recovery after load removal. This finding suggests that these patients have different
intrinsic fat pad function and related morphology than those without heel pain.

Level of Evidence: Level lll, retrospective cohort study.
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Table |. Physical Characteristics of Participants.?

Variable Control Plantar Heel Pain

n 26 P Value 95% CI
Age,y 21.8 (34) 22.1 (2.9) 0.807 —2.266 to 2.888
Height, cm 173.9 (5.6) 172.0 (3.4) 0.340 -5.993 to 2.131
Body mass, kg 81.0 (17.6) 78.2 (12.6) 0.462 —-17.857 to 8.302
BMI 26.6 (4.7) 25.8 (4.5) 0.670 -4.479 to 2917
Foot length, cm 27.5 (1.5) 27.3 (1.3) 0.693 —-1.360 to 0.915

Abbreviation: BMI, body mass index.
?Data are shown as mean (SD).

morning pain when walking. Although the primary source
of pain is the plantar fascia, the fat pad present in the heel
(referred to as the heel fat pad) may also be a contributing
factor. The heel fat pad primarily absorbs shock and distri-
bution during walking and running. Prolonged exposure
to compressive loads may lead to degeneration and break-
down in this area, potentially increasing the risk of heel
pain.'2142531 Therefore, understanding the differences
between healthy individuals and those with heel fat pad
conditions is crucial for understanding the pathogenesis of
heel pain and developing preventive measures.

As the function of tissues depends on their structure,
many studies have focused on evaluating the function of
the heel fat pad based on its morphology. However, some
studies suggest an increase in thickness during loading
and unloading, and others indicate no change in thick-
ness.! 123262729 Thys, there is no consensus on the relation-
ship between the morphology of the heel fat pad and heel
pain. Additionally, reports on in vitro testing of heel fat
pad function have not provided a clear consensus, and
assessing the function of dynamic soft tissues with static
measures may have limitations.>° Therefore, evaluating
changes in the load on the heel fat pad in a living organism
is considered important. Hsu et al® have emphasized the
importance of assessing dynamic changes to understand
soft tissue function and have reported that tissue behavior
can suggest the presence of diseases.

Previous studies have investigated changes in the heel
fat pad using radiographs, computed tomography scans,
magnetic resonance imaging, and ultrasound imag-
ing,>3502224252832 However, obtaining a clear and detailed
depiction of the internal structure has been challenging.
Furthermore, the heel fat pad can be divided into 2 layers:
the superficial part, also known as microchambers (MICs),
and the deep part, referred to as macrochambers (MACs),
separated by fibrous septa (fibrous partitions). MICs are
primarily composed of elastic fibers, whereas MACs con-
sist of collagen and elastic fibers, resulting in different tis-
sue morphologies between the 2 layers.#71%1330 It ig
hypothesized that they exhibit different dynamic changes
under loading. However, research that focuses on the

differences between the 2 layers is limited and has various
limitations, including weight restrictions of 20kg; thus,
investigating changes from unloading to full loading and
vice versa is challenging. To address these issues, we
developed an evaluation tool using polymethylpentene
resin boards (PMP).”!° This device allows measurement of
changes in the morphology of the heel fat pad during full
loading. The resin board used in this device is close to the
acoustic impedance of the human body, which offers the
potential for precise and detailed measurements of internal
structures.'®

This study aimed to use this PMP evaluation tool to
investigate changes in heel fat pad and plantar fascia thick-
ness during loading (from unloading to full loading) and
unloading (from full loading to unloading) in healthy indi-
viduals and patients with heel pain.

Materials and Methods

Participants

A total of 26 healthy adult males (control: CON) and 9
male patients with plantar heel pain (Table 1) were
recruited for the study. The healthy adult males who met
any of the following criteria were excluded from the study:
(1) engaged in vigorous physical activity in the past
48 hours; (2) had a history of foot or ankle surgery or sig-
nificant trauma; (3) had orthopedic injuries related to the
foot or ankle, such as heel pain or ligament damage; (4)
had rheumatic diseases like osteoarthritis, gout, or rheu-
matoid arthritis; and (5) had systemic diseases such as dia-
betes or connective tissue disorders.

The patients with plantar heel pain were university student-
athletes actively participating in sports competitions and
sought treatment at the clinic affiliated with the university.
The athletes represented various sports, including track and
field (3), basketball (2), American football (2), and judo (2).
They all reported localized plantar tenderness at the most
prominent part of the heel bone and experienced induced pain
on applying body weight after a period of rest. Additionally,
all patients had a duration of symptoms lasting at least
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Figure |. Load-measuring instrument. (A and B) Load-measuring instrument and tank: Lines are drawn on the weightbearing device
to indicate where to place your feet. A water tank was placed along the drawn line, and the subjects were instructed to place the
second metatarsal bone and calcaneus bone on the line. A fixture was attached to the measurement surface to prevent the water
tank from moving during unloading operations. (C) Position of the foot on the load device: The right foot was immersed in water, and
observations were made using an ultrasonographic imaging diagnostic device through the cross-shaped hole created in the heel area.

6 months, and their visual analog scale (VAS) scores during
weightbearing at the time of the clinic visit averaged
35.6 £ 6.4mm. At the time of the athlete’s examination, in
addition to tenderness at the medial attachment of the plantar
aponeurosis, evaluation using the Doppler function of an
ultrasound imaging system revealed that there was a notice-
ableincrease in blood flow within the heel fat pad. Additionally,
there were no findings suggestive of tarsal tunnel syndrome,
and magnetic resonance imaging examination revealed no
bony abnormalities such as calcaneal stress fractures or osteo-
myelitis. All were examined by the same doctor.

Before the study, all participants were provided with
explanations regarding the purpose of the research, measure-
ment methods, and ethical considerations and were required
to provide informed consent. This study was conducted with

the approval of the Ethical Review Committee for Human
Research (approval number 2020-228).

Protocol

Load-measuring instruments. The load-measuring instru-
ments consisted of two 4-legged iron frames, each measur-
ing 400 mm in height and 350 mm on all sides. One of these
frames supported an evaluation platform with a 20-mm-
thick polycarbonate resin top, whereas the other held a
weighing scale for measuring the load. Given that the aver-
age sagittal plane foot axis angle in adult males during
walking is approximately 7 degrees, the 2 evaluation plat-
forms were positioned to open at a 7-degree angle to the
sagittal plane (Figure 1).2! The top surface of the platform
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Figure 2. Macroscopic anatomy and loading-induced morphologic changes of the heel fat pad and plantar fascia. (A and B)
Ultrasonographic images of the longitudinal section of the heel fat pad and plantar fascia: panel A represents the ultrasonographic
image under nonloading conditions, whereas panel B shows the ultrasonographic image under loading conditions. Similar structures
to macroscopic anatomy were observed. The MAC layer includes MACs, the plantar fascia, and the fibrous septum. The MIC layer

consists of MICs and subcutaneous tissues.

featured cross-shaped holes, allowing the ultrasound probe
to image the heel fat pad from below. '

In a study by Matsumoto et al,' ultrasound gel was used
to measure changes in the morphology of the heel fat pad
under loading. However, preliminary experiments revealed
that observing the changes in the heel fat pad's morphology
during unloading using ultrasonography was challenging
because of the deformation of the ultrasound gel under
loading. Therefore, an original tank made from PMP was
created, allowing continuous measurement of loading and
unloading. A tank made of 5-mm-thick PMP plates, measur-
ing 90mm in height, 350mm in length, and 155mm in
width, was fixed to the cross-shaped holes in the platform
top. Water was added to the tank, filling it up to a height of
10 mm.

Measurement of heel fat pad and plantar fascia thickness using
ultrasonography. In this study, measurements were taken by
individuals with more than 8 years of experience in observ-
ing the heel fat pad and plantar fascia. An ultrasound imag-
ing diagnostic device (Applioa Verifia, Canon, JPN) with a

10-MHz high-frequency linear probe was used, and the
screen was flipped vertically for measurements. Following
previous reports, the area from the lower edge of the calca-
neal prominence to the bottom of the fibrous septum was
designated as the MAC layer, whereas the area from the
bottom of the fibrous septum to the skin was designated as
the MIC layer.!™!° The MAC layer included the plantar fas-
cia, MACs, and the fibrous septum, whereas the MIC layer
included the MICs and the skin. The plantar fascia was
measured by drawing a line connecting the calcaneal prom-
inence to the base of the second metatarsal bone and mea-
suring its thickness at 0.5 cm proximal to the distal end.
Measurements of the heel fat pad under nonloading con-
ditions (0% load) (Figure 2A) were taken by drawing a per-
pendicular line from the most prominent point of the
calcaneal prominence to the transducer’s contact surface.
Measurements of the heel fat pad under loading conditions
(10% to 100% load) (Figure 2B) designated the area from
the most prominent point of the calcaneal prominence to the
surface of the PMP as the whole layer, whereas measure-
ments of the MAC layer were taken using the same method
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Table 2. Calculation Formula for Evaluating the Function of the Heel Fat Pad.
Amount of change (MIC layer) = 0% loading (MIC layer) - 100% loading (MIC layer)
OR
Amount of change (MAC layer) = 0% loading (MAC layer) - 100% loading (MAC layer) (nH
Rate of change (MIC layer) = Amount of change (MIC layer) X 100
0% loading (MIC layer)
OR
Rate of change (MAC layer) = __Amount of change (MAC layer) X 100 @
0% loading (MAC layer)
Deformation proportionx 100 = Amount of change (MIC layer) X 100
(MIC layer) Amount of change (MIC layer)+
Amount of change (MAC layer)
OR
Deformation proportionx 100 = Amount of change (MAC layer) X 100 ®)

(MAC layer)

Amount of change (MIC layer)+

Amount of change (MAC layer)

Abbreviations: MAC, macrochamber; MIC, microchamber.

as under nonloading conditions, and measurements of the
MIC layer were taken from the bottom of the fibrous sep-
tum to the surface of the PMP.

Images were captured in sets of 3 at each loading point,
and the average of these 3 images was used in this study.'®!?

Evaluation of heel fat pad (MIC layer and MAC layer) and plan-
tar fascia under loading and unloading conditions. In this
study, all participants used their right foot for measure-
ments, as all plantar heel pain patients had symptoms in
their right foot. To ensure a uniform measurement approach,
healthy control participants also used their right foot. We
positioned the right foot in the water tank by detecting the
longitudinal axis of the foot from the sole to the lower edge
of the calcaneus through the PMP, ensuring that the second
metatarsal and calcaneal prominence align with the straight
line drawn on the load-measuring instrument with the PMP.

Following a previous study, we defined the evaluation of
loading as starting from a state where the heel fat pad does
not contact the PMP (unload) and progressing to a state with
a load equivalent to 100% of the body weight (end load).
The evaluation of unloading starts from a state with 100%
load (end load) and continues until the heel fat pad sepa-
rates completely from the PMP (fully relaxed).

The amount of loading on the right foot was adjusted
based on the values measured on the left foot’s weighing
scale. We measured every 20% of body weight (in total, 5
points) from 0% load to 100% load, which we designated
as the loading phase. Similarly, we measured from 100%
to 0% load (in total, 5 points) in the unloading phase. The
measurements were conducted by one examiner using
ultrasonographic imaging, whereas another examiner
monitored the loading and gave instructions to the partici-
pants when they reached the designated load point to
maintain that load for 5seconds. At each measurement

point, 3 ultrasonographic images were captured, and we
used the average of these 3 images for analysis.

To prevent changes in posture during measurements, we
provided a wall for participants to lean on. The participants
were positioned in a forward-leaning posture to avoid rais-
ing their heels, and we marked their eye level in the stand-
ing position. They were instructed to maintain their eye
level with the mark throughout the measurement.
Furthermore, we ensured that the calcaneus did not invert or
evert during loading, and we confirmed that the load axis
remained aligned by observing from the rear. The measure-
ments started with the toes in contact with the straight line
drawn on the polycarbonate resin top surface, with the heel
maintained in its initial position.

With these considerations in mind, our study aimed to
evaluate the thickness of the MIC layer, the MAC layer, and
the plantar fascia under various loading and unloading con-
ditions. Following the methodology of a previous study, we
calculated the thickness change (1) and thickness change
rate (2) for the MIC and MAC layers, as well as the defor-
mation proportion (3) as a percentage of the overall thick-
ness change for the MIC and MAC layers. The formulas for
these calculations are in the Table 2.

Statistical analysis. The statistical analysis was conducted
using SPSS Statistics 28 software by IBM (USA).

Before comparing the MIC layer, the MAC layer, and
plantar fascia under different conditions (unload, end load,
fully relaxed) for healthy participants and those with plantar
heel pain, we conducted the Shapiro-Wilk test to assess nor-
mality. Because normality was assumed, we performed a
2-way repeated measures analysis of variance (ANOVA). In
cases where the test results indicated a significant differ-
ence in measurements, we conducted post hoc tests using
the Bonferroni method.
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Figure 3. MIC layer, MAC layer, and plantar fascia thickness of unload, end load, fully relaxed. (A) MAC layer thickness. (B) MIC
layer thickness. (C) Plantar fascia thickness. (MAC, macrochamber; MIC, microchamber; N.S., nonsignificant.)

*Significantly different from maximal load and initial contact, unloading (P <.05).

1Significant difference between microchamber and microchamber layers (P <.05).

Similarly, before comparing measurements at 20% incre-
ments for the MIC and MAC layers’ thickness change,
thickness change rate, and the deformation proportion
within each layer under loading and unloading conditions,
we conducted the Shapiro-Wilk test to check for normality.
Given that the data were normally distributed, we per-
formed paired ¢ tests to compare the measurements. In cases
where the test results indicated a significant difference, we
conducted post hoc tests using the Bonferroni method.

For comparisons of thickness change, thickness change
rate, and deformation proportion between the MIC and
MAC layers as well as between loading and unloading con-
ditions, we conducted the Shapiro-Wilk test to check for
normality. After confirming that the data were normally dis-
tributed, we conducted a 2-way repeated measures analysis
of variance (ANOVA). In cases where the test results indi-
cated a significant difference in measurements, we con-
ducted post hoc tests using the Bonferroni method.

Results

Both groups showed a statistically significant difference in
MAC layer thickness between the unload and end load con-
ditions and between the end load and fully relaxed condi-
tions. No statistically significant differences were observed
in the MIC layer or the plantar fascia thickness among the 3
conditions. However, in the MAC layer, statistically signifi-
cant differences were observed between the groups at all
measurement points (Figure 3).

When comparing thickness measurements at 20%
increments under load and unload conditions, the MAC
layer of healthy participants showed statistically signifi-
cant changes up to 40% of loading and significant changes
at all stages during unloading. In contrast, for participants
with plantar heel pain, the MAC layer exhibited statisti-
cally significant changes up to 20% during loading and

statistically significant changes at all stages during unload-
ing. However, no statistically significant changes were
observed in the MIC layer and the plantar fascia for both
groups during load and unload conditions (Figure 4).
Regarding thickness change, thickness change rate, and
the deformation proportion of the MIC and MAC layers,
statistically significant differences were observed between
the MIC and MAC layers during both loading and unload-
ing conditions. These differences were consistent in healthy
participants and those with plantar heel pain. Furthermore,
in the participants with plantar heel pain, statistically sig-
nificant differences were revealed in MAC layer thickness
change, thickness change rate, and MIC layer thickness
change rate between load and unload conditions (Table 3).

Discussion

Previous studies have also examined changes in MICs and
MACs under pseudo-loading or partial-loading conditions
in healthy individuals."%!>!635 These studies reported that
the structural changes in MACs were more significant than
those in MICs. Our study focused on changes in MICs and
MACs from nonloading to full loading in healthy individu-
als and in individuals with heel pain for the first time.
Regarding the differences between MIC and MAC lay-
ers during loading and unloading, the changes in MAC lay-
ers accounted for approximately 98% of the overall
thickness changes in the heel fat body, whereas MIC layers
accounted for approximately 2%. This pattern of change
was consistent in healthy individuals and patients with heel
pain. However, the rate of change itself differed. In healthy
individuals, the maximum change occurred at 40% of self-
weight loading, with no further changes as loading
increased. In contrast, patients with heel pain reached their
maximum change point at 20% loading, earlier than healthy
individuals. Moreover, the changes in the deep part of the
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Figure 4. Change processes in the MAC layer, the MIC layer, and the plantar fascia through loading and unloading in healthy
participants and those with plantar heel pain. In the graphs labeled A, B, and C (representing healthy participants), the asterisk (*)
indicates a statistically significant difference compared to measurements taken at 20% before. The same applies to graphs A', B', and C'
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Table 3. MIC Layer and MAC Layer Tissue Properties.

MAC Layer MIC Layer
Mean (SD) 95% CI Mean (SD) 95% CI P Value
Control

Amount of change

Loading 7.3(1.3) 4.81t0 9.9 0.1 (0.1) 0.0to0 0.3 .001

Unloading 6.9 (1.5) 4.0t0 9.8 0.1 (0.1) 0.0to0 0.2 .001
Rate of change

Loading 58.7 (8.7) 41.5t075.8 3.6 (24) -1.2t0 83 .001

Unloading 56.9 (9.4) 384to 754 34 (24) -1.3t0 8.0 .001
Deformation proportion X 100

Loading 98.6 (1.0) 97.6 to 99.6 1.4 (1.3) 0.1 to 2.7 .001

Unloading 98.9 (1.0) 97.9 to 99.9 1.1 (1.0) 0.1 to 2.1 .001

PHP

Amount of change

Loading 6.6% (0.8) 5.1t0 82 0.1 (0.1) -0.1to 0.3 .001

Unloading 5.5 (1.0) 3.6to74 0.1 (0.1) -0.1 to 0.2 .001
Rate of change

Loading 59.2* (7.8) 43.8to0 74.5 3.4% (3.1) -2.6t0 94 .001

Unloading 54.4 (8.8) 372t0 71.6 2.2 (2.5) -28t0 7.2 .001
Deformation proportion X 100

Loading 98.6 (1.0) 97.6 to 99.6 1.4 (1.0) 0.4 to 2.4 .001

Unloading 98.6 (1.0) 97.6 to 99.6 1.4 (1.1) 03to25 .001

Abbreviations: MAC, macrochamber; MIC, microchamber; PHP, plantar heel pain.

*There was a significant difference between loading and unloading.

heel fat body during loading and unloading were different.
Superficial layers showed no significant changes, and no
significant changes were observed in the transition from 0%
loading. However, a significant difference was observed in
the rate of change and thickness of the MAC and MIC lay-
ers in patients with heel pain during unloading.

The heel fat body undergoes degenerative changes with
age and diseases like diabetes, resulting in thinning (degen-
erates and becomes thinner) and losing (go bankrupt and
decrease) healthy fat tissue. Heel pain is more common in
individuals aged 40-60 years, and it has been observed that
MACs thin only after this age.!” This suggests that changes
in MACs might lead to reduced shock absorption and
increased compressive stress, possibly contributing to heel
pain. This, in turn, suggests the importance of distinguish-
ing between the 2 layers in the heel fat body rather than
examining them collectively.

Plantar heel pain is primarily thought to result from trac-
tion stress on the plantar fascia, thus, stretching exercises
are one of the treatment methods. However, the treatment
effectiveness is limited, and there are cases where relief is
not easily achieved. The pain source may not solely be the
plantar fascia, and the mechanical loads acting on the heel
region may have been neglected. In our patients with heel
pain, no abnormal thickness of the plantar fascia was found;
however, MAC changes were observed. This suggests that

the heel fat pad may affect heel pain. Compressive loads
and bone spur development on the heel bone could poten-
tially damage the plantar fascia, indicating the importance
of the cushioning function of the heel fat pad underneath the
calcaneus to mitigate such compressive loads. ">

This study confirmed that PMP can thoroughly and
clearly evaluate the internal structure of the heel fat pad dur-
ing loading. This can be applied to various motion measure-
ments, especially for understanding everyday activities’
biomechanical behavior, such as walking and running,
which is crucial for understanding a variety of movements in
the future. Additionally, although this study targeted healthy
individuals and patients with heel pain, the values obtained
here could serve as a basis for measuring changes in the heel
fat pad during loading and unloading due to degenerative
changes or pathologies. This could potentially lead to a bet-
ter understanding of the relationship between heel pain and
the heel fat pad, as well as the mechanisms underlying the
development of heel pain. Therefore, it is necessary to inves-
tigate further based on this study’s findings.

Limitations

Owing to the absence of plantar pressure measurements
during loading and unloading assessments, we cannot
definitively confirm whether the entire load was applied to
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the right foot, which was the measured foot. The limited
number of participants in this study suggests the need for a
larger sample size to obtain more reliable results.

Conclusions

Throughout full loading, the possibility of differential func-
tionality between MICs and MACs within the heel fat body
was suggested. Compared with healthy individuals, patients
with heel pain experienced less load to reach the maximum
change in MACs. Additionally, the changes during unloading
were smaller compared to the changes during loading, indicat-
ing that the original morphology was not fully restored.

This study suggests that heel fat body changes may be
related to heel pain.
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