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The effects of abdominal obesity

on the heel strike transient during
walking by using simulated abdominal
weights on healthy people

A pilot study

OBJECTIVE To identify whether abdominal weights increase heel strike tran-
sients (HST) in healthy individuals. METHOD Ten experimental subjects (mean
age 27.5+8.84) with external weights placed on their abdomen, under specific
experimental conditions, walked over a 9.5 walkway instrumented with a
Bertec force plate at a self-selected low and high speed. Friedman’s ANOVA
test was used to detect any significant differences between conditions on the
HST, the first and second peak maximum, the contact time and the loading
rate. RESULTS The HST changed significantly only when the subjects increased
their gait speed. However, the first maximum force peak increased significantly
when the external weights were placed on them, under specific experimental
conditions. The second maximum force peak decreased significantly when the
external weights were placed on the subjects, under specific experimental
conditions. CONCLUSIONS Abdominal weight may not affect the size of the
HST and rates of loading in healthy individuals. However, the first maximum
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force may increase on healthy participants.

The ground reaction force (GRF) serves as a valuable
marker in the field of biomechanics, facilitating the as-
sessment of musculoskeletal injury risk. GRF patterns
play a crucial role in biomechanical analyses, aiding in the
evaluation of both normal and pathological gait.” Moreover,
the repeated occurrence of unusually high GRFs has been
linked to an increased risk of injury and the development
of osteoarthritis (OA).?* Research indicates that postmeno-
pausal women tend to exhibit higher levels of abdominal
fat mass compared to premenopausal women.**

Estrogens are believed to influence the distribution
of body fat in women, particularly leading to a higher
concentration of abdominal fat. Previous research studies
suggest that administering exogenous estrogen to post-
menopausal women may lead to lower waist-to-hip ratios
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and reduced visceral adipose tissue compared to women
without estrogen supplementation.® Furthermore, obesity
has been identified as a significant risk factor for knee OA.
Studies have shown that obesity increases the loading on
the knee joint, triggering the activation of chondrocyte
mechanoreceptors. This activation, in turn, leads to the
release of cytokines, growth factors, and metalloprotein-
ases, which interfere with matrix synthesis and contribute
to cartilage degeneration and the development of OA.?

Research has demonstrated that repeated uncontrol-
lable impulse loading of the bone increases the risk of micro-
fractures, leading to stiffening during the healing process.
Additionally, this repetitive loading pattern decreases the
duration of eccentric activation of the quadriceps, resulting
in rapid muscle fatigue and alterations in ground reaction
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forces.This mechanism increases the rate of loading on the
knee joint because the musculature, particularly the quad-
riceps muscle, serves as a shock-absorbing mechanism.”?

At heel strike, vertical impact forces initiate transient
stress waves that propagate through the lower extremi-
ties, traveling up the kinetic chain.”? These transient stress
waves are called heel strike transients (HST).”” HST's are
generated from the sudden impact of the heel with the
ground surface. The magnitude of these ground reaction
forces is largely depending on gait speed, footwear, hard-
ness of the ground surface and the angle and velocity
of the foot.””-’* HST’s may appear in approximately one
third of the general population during walking and the
reason for their existence in some people is still unclear.’
However, previous suggestions indicate that the HST is a
consequence of increased rates of loading. Furthermore,
research supports a positive association between HST and
the etiology, as well as the progression of OA."%

To date, the majority of studies have aimed to identify
possible correlations between the presence of the HST
and muscular weakness of the lower limb, as well as the
development and presence of OA.”"’* However, conflicting
evidence exists in the literature regarding the aforemen-
tioned statements.’#'¢-'¢ |t is widely acknowledged that
there s a relationship between hormonal changes occurring
during menopause and the development of knee OA.79-22
Given the alteration of fat distribution in postmenopausal
women and the associated increase in the prevalence and
incidence of knee OA,Z it is crucial to identify potential
mechanisms that may influence joint integrity. Therefore,
the purpose of this study was to investigate the impact
of different levels of external weight on GRF and the HST
during walking at freely chosen high and low speeds.

MATERIAL AND METHOD

The study protocol received approval from the Ethics Commit-
tee of the Department of Physical Education and Sports Science at
the University of Thessaly in Trikala. All procedures were reviewed
and approved by the Internal Ethics Committee of the Department
on April 23, 2015 (protocol number: 1000).

Participants

Due to the weight carriage component of the study, several
exclusion criteria were applied. Participants were excluded if they
had a history of lower limb or spinal injury or surgical treatment,
painful knees, or developmental or congenital abnormalities of the
lower limbs. Additionally, individuals with neurological conditions
affecting the lower limbs, such as paralysis or paresis, or other
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medical problems altering normal gait patterns were excluded.
Participants were also ineligible if they had a history of cerebrovas-
cular disease, hernia, rheumatoid arthritis, autoimmune diseases
affecting gait patterns, spinal stenosis, or chronic or acute back
pain.The exclusion criteria were explained to potential participants,
and those meeting the criteria were asked to sign a consent form
before participation. Finally, ten subjects (seven males and three
females) were recruited for this study. The subject’s age, height
and weight were (meanzstandard deviation) 27.5+8.84, 174.6+3.83
and 71.5+6.36, respectively. Their average body mass index (BMI)
and waist to hip ratio were 23.5+1.7 and 0.79+0.05, respectively.

Equipment

In the lab, a Bertec force plate was employed to measure the
GRF. This force plate is specifically designed to measure forces
in three perpendicular axes and moments and their associated
axes. The output data were recorded in a text file containing all
the necessary measurements, along with a title for easy identifica-
tion of the data collected.?** The biomechanical gait analysis was
conducted on a 9.5 meters level walkway equipped with a Bertec
force plate. This setup allowed for the measurement of both the
magnitude and direction of the GRF applied by the foot to the
ground.’The HST can be observed by utilizing force plates at the
onset of the stance phase during gait analysis. However, it has been
overlooked by some investigators who have utilized force plates
due to limitations such as insufficient high-frequency sampling
rates and excessive low-pass filtering.’”®

Procedure

The testing equipment was calibrated prior to commencement
of testing. Weight was measured on the force platform in Newtons,
and height was measured using a stadiometer. Each participant
walked over the force platform with their dominant foot at both
a self-selected low and high speed, repeating the process three
times. Only trials where the entire foot landed on the force platform
and the gait pattern remained unaltered were accepted. Partici-
pants were instructed to walk freely along the walkway without
specifically targeting the force plate. Since visual guidance does
not influence GRF variability,??” it was not considered essential for
the subjects to wear special goggles in order to reduce peripheral
vision and eliminate force plate targeting as previously described.?

The subjects were instructed to maintain forward gaze at eye
level and to refrain from looking directly at the force plates during
the trials. Participants, being healthy and sufficiently fit, practiced
their walking trials multiple times to familiarize themselves with
the dimensions of the walkway and the positioning of the force
plates. Initial trials were conducted to determine the optimal
starting point for each subject and to ensure that their dominant
leg would strike the force plate. These preliminary trials were
performed three times without any external weight.

Subsequently, a custom-made device resembling a backpack
was positioned on the side of the belly, with ample space to ac-



commodate 5 kg, 10 kg, and 15 kg weight plates affixed to the
front of the abdomen. Since the additional weight was positioned
on the anterior-external part of the abdomen, it was considered
to simulate subcutaneous fat, which is the fat located closest to
the skin on the outermost part of the abdomen. This positioning
was chosen to closely replicate the effects of external weight. The
subjects were then instructed to perform three trials with each of
the 5 kg, 10 kg, and 15 kg external weights.

The protocol was conducted at both a low walking speed,
representing their typical relaxed daily walking pace, and at a
higher speed, simulating rushed walking. Prior to the experi-
mental trials, participants engaged in practice sessions to ensure
that their foot would consistently strike the force plate when the
external weights were applied, and to determine the appropri-
ate starting point for each trial.? The duration taken to reach the
force plate without external weight and with each external weight
was carefully monitored using a timer to detect any changes in
gait velocity. An independent observer was consistently present
to ensure that measurements were conducted under consistent
environmental conditions.?

Data processing

To ensure data integrity, the observer verified that the inves-
tigator collected force plate data at a sampling rate of 1,000 Hz.
Force plates were manually activated after instructing each subject
to begin their walking trial from a predetermined starting point.
The software provided various data, which were transferred to
Microsoft Excel 2007. For each valid trial, the program generated
a force curve graph.

GRF data collected from subjects were normalized to body
weight (BW) for trials without external weights. For trials with
external weights, data were normalized to BW plus the weight of
the external load. Each trial was labelled with the subject’s iden-
tification number and indicated the presence and magnitude of
the external weight.

Mean readings were taken for several parameters, including the
heel-strike transient (HST), the first maximum force peak (FMFP),
the second maximum force peak (SMFP), the time taken for the
FMFP to occur, and the total contact time, as described previously
(fig. 1).?° Also, the time to first peak along with the loading rate of
the first peak maximum were calculated by dividing the FMFP by
the time to FMFP.262?

The aim of this study was to identify statistically significant
differences in the GRF components, total contact time, and load-
ing rates of the HST and the FMFP across various alterations of
external weight and different walking velocities. A total of 240
measurements were analysed. Data were exported to Microsoft
Excel 2007 to derive the required dependent variables. A graph
was generated for each trial, and values were extracted from these
graphs.The mean value of the three accepted trials was calculated
and compared using the appropriate statistical tests in the Statisti-
cal Package for Social Sciences (SPSS), version 18.0 for Windows.
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Figure 1. Force/time curve demonstrating the heel strike transient (HST),
the first maximum force peak (F1), the second maximum force peak (F2)
and the total contact time (T1). BW: Body weight.

The dependent variables were calculated and defined as fol-
lows: The HST was defined as the vertical force recorded prior to
the usual, expected peak vertical force derived from heel strike,
calculated via the force plate. A specific way to identify HSTs is
not available in the literature and most researchers use their own
rationale to measure HSTs.”” The maximal vertical force recorded
after the obvious HST (if the HST is present), calculated via the
force plate. The total contact time as it was evident by the graph,
calculated via the force plate. The loading rates were calculated
by dividing the maximal vertical force by the time to the maximal
vertical force.*®

Statistical analysis

To determine the appropriate test for comparing the various
trials, the normality of the data was assessed using the Kolmogorov-
Smirnov test. Additionally, means and standard deviations (SD)
were calculated to provide descriptive statistics for the data. The
One-way repeated measures analysis of variance (ANOVA) test
was found to be the appropriate test for each dependent variable.
This test was used to discover statistically significant differences
between the external weights and then between the different
velocities for the HST, the FMFP, the total contact time and the load-
ing rates. Differences were considered significant at the 5% level.
Data analyses were conducted using the Statistical Package for
the Social Sciences (SPSS), version 25.0 (SPSS Inc, Chicago, IL, USA).

RESULTS

Based on the findings of the normality examination it
was evident that the data were not normally distributed.
Since the data did not appear to be normally distributed,
a nonparametric test was used. Friedman’s ANOVA is the
nonparametric alternative to the One-way ANOVA with
repeated measures. Friedman’s ANOVA was used to evaluate
differences across several different measurement condi-
tions for each variable. The Friedman’s ANOVA test showed
a statistically significant difference at the HST in the eight
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different conditions measured (p<0.001). Post-hoc analysis
with Wilcoxon signed-rank test was conducted for all the
variables tested with a Bonferroni correction applied, re-
sulting in a significance level set at p<0.00625. The results
are available in table 1.

The mean and SD analysis indicates a predominant in-
crease in the HST as gait velocity increased. The statistically
significant difference (p<0.001) observed can be attributed
to variations in gait velocity. Similarly, for the FMFP, there
was a gradual increase with both increasing external weight
and gait velocity. The statistical significance (p<0.001) ob-
served was evident across multiple comparisons. Regarding
the SMFP, there were significant differences (p<0.001) in
several comparisons, yet these differences were not attrib-
uted to variations in gait velocity. Interestingly, while the
HST and FMFP increased with added weight and increased
gait velocity, the SMFP showed a slight decrease in most
subjects under these conditions. Overall, these findings
suggest that adding external weight and increasing gait
velocity have differential effects on various components of
the ground reaction force, with the SMFP showing a unique
response compared to the HST and FMFP.

The time taken to reach the first maximum vertical force
peak was significantly reduced only when subjects increased
their gait velocity. The observed statistical significance
(p<0.001) in the mean time to reach the first peak was pri-
marily attributed to the increase in gait velocity. Similarly,
the contact time of the foot with the force plate increased
significantly (p<0.001) only when subjects altered their gait
velocity. Total contact time serves as a reliable indicator of
changes in gait velocity.?® Interestingly, total contact time did
not significantly change when external weights were added
to the subjects. The loading rate significantly changed with
variations in gait velocity (p<0.001). Notably, the loading

Table 1. Results from force plate measurements.
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rate was greater when subjects walked on the force plate
without any external weights in both slow and fast gait
conditions. Overall, these results underscore the influence
of gait velocity on various parameters such as time to reach
the first peak, contact time, and loading rate, with minimal
impact observed from the addition of external weights.

DISCUSSION

The findings of this study suggest that the size of the
HST is not influenced by the addition of external weight
simulating the accumulation of abdominal fat. The study
predominantly involved young and active subjects, which
supports the notion that the muscles of the thigh serve as
the primary shock absorbers during walking. It has been
previously supported that quadriceps strength produces
a breaking action that is essential for knee deceleration
just before heel-strike.’” Therefore, quadriceps weakness
could potentially lead to an increase in the size of the
HST and consequently increase the impact loading of
the knee. However, the ability of the subjects to practice
their gait technique with external weights allowed them
to adequately prepare their muscles, enabling them to
activate the necessary reflexes and absorb the energy of
impact by appropriately lengthening the muscles around
the knee joint.*?

Although the HST and the loading rates were not signifi-
cantly different when the external weights were placed on
the subjects, the size of the FMFP was significantly increased
when external weights were placed on the subjects. This
finding aligns with a previous study?** which demonstrated
that the absolute peak vertical GRF increases proportionally
with BW. However, it is important to note that the previ-
ous study recruited individuals diagnosed with knee OA,

Mean HST 1st peak max 2nd peak max Time to 1st peak Contact time Loading rate
(N/BW) (N/BW) (N/BW) (sec) (millisec) (BW/sec)
Slow 0 kg 0.79 1.19 1.15 0.12 624.10 13.40
Slow 5 kg 0.78 1.24 1.15 0.14 625.20 8.78
Slow 10 kg 0.79 1.27 1.1 0.13 633.80 9.64
Slow 15 kg 0.71 1.30 1.06 0.14 612.65 9.78
Fast 0 kg 1.08 1.39 1.18 0.10 513.10 16.12
Fast 5 kg 1.09 1.47 1.12 0.11 513.70 13.96
Fast 10 kg 1.06 1.50 1.05 0.11 513.90 14.60
Fast 15 kg 1.08 1.51 99.00 0.09 506.10 16.68

BW: Body weight, Slow: Low gait speed, Fast: Fast gait speed, Mean HST: Mean heel strike transient, 1st peak max: 1st vertical force peak maximum; 2nd peak max: 2nd
vertical force peak maximum, Contact time: Contact time on force plate, Loading rate: Representation of how quickly the impact force is applied



and therefore, it did not provide information about GRF in
obese individuals without knee OA. Additionally, research
indicates that statistical significance was only observed
in the absolute GRFs.** In this current study the statistical
significance was evident even after normalizing the GRFs
for BW. Previous research has shown that the size of the
GRF may be influenced by walking speed.** However, in
this study, the gait speed did not change when external
weights were placed on the subjects, as indicated by the
statistically unchanged contact time.***¢ Additionally, the
size of the HST did not significantly change at any point
with the placement of external weights, an aspect strongly
influenced by gait speed.”

It should be especially noted that significant alterations
in gait velocity would have created statistically significant
differences in foot contact time.>* Moreover, previous re-
search studies have also reported that obese individuals
exhibit larger vertical GRF when compared with normal-
weight individuals.>* However, in their study the comparison
was made with absolute and not with normalized GRFs.
Still, the statistical significance in the current study was
evident with and without normalizing the GRFs.

Interestingly, the SMFP, representing the vertical GRF
during the propulsive phase of gait, exhibited a decrease
when external weights were added, and this decrease was
further pronounced with an increase in gait velocity, con-
trasting with the behaviour of the FMFP. In some instances,
there was a statistically significant difference in the SMFP
between conditions, regardless of gait speed. In this study,
the addition of external weights led to the development of
larger GRFs during the passive part of gait, which may have
detrimental implications for the integrity of the knee joint.

Research evidence has shown that heel contact pro-
duces larger forces that are easily transmitted to the knee
joint.*” In contrast, landing with the metatarsal heads may
attenuate the GRFs that may reach the knee joint and reduce
therisk of knee degeneration. The loading rates increased
significantly only when gait velocity increased. It seems
that the absence of knee OA and similarly quadriceps
muscle weakness may not affect the loading rates of the
lower limbs when adding external weights. This finding is
also supported by more researchers who state that people
with knee OA and muscle weakness tend to have higher
loading rates.*

Furthermore, an interesting study showed that people
with pre-osteoarthritic changes may have distinct HSTs
and as a result higher loading rates.* Furthermore, the
study revealed that the pre-osteoarthritic group exhibited
shorter periods of eccentric contraction of the quadriceps
as detected by electromyography (EMG). This finding rein-
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forces the idea that the quadriceps muscle possesses shock-
absorbing properties. Notably, avoidance of quadriceps
engagement during ambulation is frequently observed
in individuals with knee OA, particularly in those who are
obese.* This gait pattern transfers significant amount of
impact shock to the knee joint which reduces the thick-
ness of the cartilage and joint space. This mechanism also
makes the ligaments of the knee less stable.’* Also, their
ligamentous laxity may be reduced only by the muscles
of the thigh and if their weak their loading rates may in-
crease by 21% when compared with people with stronger
muscles.*’ It should be noted that higher loading rates may
be seen irrespective of BW or knee joint integrity in people
with weak lower limb muscles.’

Limitations

A limitation of this study is that the investigator is not
aware of any possible altered rear-foot motions that may
have been used by the subjects in order to reduce the
vertical impact of their lower limbs. The everted rear foot
posture in their experimental group reduced the impact
force during ambulation and resulted in a smaller and de-
layed HST.”” Since the first and second peak maximum were
statistically different in multiple weight conditions but with
the same speed, it is unknown whether the subjects used
different multi-joint compensatory strategies in order to
maintain the size of the HST unchanged when the external
weights were added.**#

Furthermore, another limitation is the recruitment of a
gender-mixed group of people. The inclusion of a female
group of people would have been more appropriate for
this study. However, this study did not compare the find-
ings between the participants. This study assessed the
same people before and after the intervention and thus
measuring different genders should not be a problem for
the identification of HST alterations when external weights
were added.

In conclusion, the findings of this study suggest that
increased abdominal fat may indeed alter the gait pattern.
However, it remains unknown whether compensatory
strategies involving the foot or the upper joints of the
lower limbs and spine may influence the size of the vertical
GRF. The study underscores the critical role of quadriceps
strength and gait technique in knee loading during walk-
ing. External weight addition didn’t significantly alter
knee loading, suggesting factors beyond weight influence
impact. Despite normalization, increased GRFs indicate
multifactorial knee loading beyond obesity. Unique gait
patterns observed in knee OA individuals emphasize the
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importance of tailored interventions. Gender consider-

at

ions warrant attention for comprehensive understand-

ing. Overall, interventions targeting muscle strength, gait

m

echanics, and weight management could mitigate knee

loading, reducing injury risks and enhancing knee health

in

clinical and public health settings.
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O1 emSPACEIG TNG KOIAIAKNG TTAXUGAPKIOAG OTNV MTPWTN MAPOSIKNA Katakopupn eda@iki Suvaun
avtidpaong katd tn BAdion XpNOoIHOTTOIWVTAG TTPOCOUOIWHEVA KOIAIOKA BApn o€ vyl dtoua:
Mia mAOTIKA MENETN
E. MAPAZKEYOMOYAOZ,? ©. TZATAAAZ,? P. AEBANTINOY,? I TTAKAZ3
"Turjua @uotikoBepareiag, Mavemotriuio Avtikrig ATtikng, ABrva, 2Turjua QuoikoBepareiag, Aegean College,

AOrjva, ’Turjua Emotriung Quoikric Aywyric kat ABAntiouod, MNavemoTtruio @soocaliag, Tpikaia

Apxeia EAAnviknc latpikng 2025, 42(3):390-396

ZKOMNOX Na e€etdoel €édv ta KoIAlakd Bdpn auédavouv to heel strike transient (HST) oe vy dtopa. YAIKO-ME®O-

AOZ lMpoonABav 10 dtopa amd SetypatoAnyia eukoAiag, Ta omoia eEETACTNKAV WG TIPOG TNV KATAAANASTNTA TOUG

yla tn HeAETN. Ta dtopa autd Badioav o évav Siadpouo 9,5 m, otov omoio gixe TomoBetnOei Suvapoddamedo Bertec.

A6 Toug e€eTaldpevoug (NTrBNKe va TEpAcouV armd To SUVAPOSATTESO E TO KUPIAPXO KATW AKPO OE UId OPIOUEVN

XAMNAA Kat VYNAR TaxVTNTA, OTIWG AUTH EMAEXONKE armo Toug e€etaldpevoug. H dokipaacia Friedman’s ANOVA xpn-

OlUOTTIOINONKE Yla VA EVTOTIICEL OTATIOTIKA ONUAVTIKEG Sla@opég peTadl Twv ocuvOnkwv. AMMOTEAEZMATA Ta amno-

TeNéopata €6et€av 611 1o HST, 0 xpovog HEXPL TNV TTPWTN MEYIOTN KATAKOPU®N SUvAN, 0 XPOVOG ETTAPIG KAl O pub-

HOG @OPTIONG EMNPEACTNKAV HOVO artd TNV TaxLuTNTa BAdiong Kat OxtL and tnv Tomobétnon Bapwv. MNap’ 6Aa autd, n

TPWTN MEYIOTN KATAKOPLU®N SUVAUN AUEAONKE OTATIOTIKWG CNUAVTIKA ME TNV aANayr TNG Taxutntag Badiong alAd

Kal JE TNV av&non Twv eEWTEPIKWV BapwV Kal, avTiOeTa, HelwONnKe N Se0TEPN PEYIOTN KaTtakdpuen Suvaun. EYMIME-

PAZMATA To KOIAlaKO BApog umopei va unv emnpeddel to péye0og tou HST Kat Ta TOCOOTA (pOPTIONG OE LYIN ATOA.

QoT1600, N MPWTN HEYIOTN SUvapn evOéxeTal va au§nOEei OTOUG LYIEIG CUUMETEXOVTEG.

.........................................................................................................................................................

NEé&erg evpeTnpiou: Avaluon Badiong, MNévato, Auvapoddamnedo, OoteoapBOpitida, Xévdpog
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