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ABSTRACT
The aim of this study was to compare running biomechanics between retrospective and prospective cases of plantar fasciitis, and 
healthy matched controls. A further analysis from the 4HAIE cohort, the current study included four groups: 10 prospectively 
newly injured runners with plantar fasciitis during the 1-year follow-up (PPF), 14 retrospectively injured runners with no report 
of any prospective lower limb injury (RPF; resolved plantar fasciitis), and two groups of 24 matched healthy controls (10 CON1 
and 14 CON2; matching criteria: sex, age, weakly running distance, BMI, height, mass, and body fat). All participants completed 
eight overground running trials, during which three-dimensional kinematic and kinetic data were collected. Key variables in-
cluded vertical component of ground reaction force (VGRF) and ankle joint angle waveforms. Statistical parametric mapping 
using paired and independent t-tests was performed to identify differences between groups. In addition, baseline MRI of plantar 
fascia and inflammatory markers were evaluated as control variables. The most notable findings were observed in the frontal 
plane: the PPF group showed significantly greater ankle eversion compared to CON1 (between 10%–100% stance, p < 0.001) and 
RPF (0%–100% stance, p < 0.001). In addition, both PPF and RPF displayed greater VGRF than their controls (25%–50% stance, 
p < 0.001). These findings offer new insights into plantar fasciitis-related running biomechanics. Prevention and management 
may benefit from altered technique and motion-control/stability footwear or insoles, particularly in runners with a history of 
plantar fasciitis and in uninjured runners exhibiting elevated ankle eversion and increased VGRF near peak eversion.

1   |   Introduction

Plantar fasciitis is among the most common running-related in-
juries [1]. However, it does not always prompt runners to inter-
rupt their daily training routines or seek professional medical 
attention [2]. Despite this, it is evident that the condition causes 
a certain degree of discomfort, often leading to a reduction in 
training frequency or volume [3]. While numerous publications 

have addressed treatment strategies [4–6], relatively few pro-
spective studies have explored the risk factors that may contrib-
ute to the development of plantar fasciitis in runners [7, 8].

It is well established that running injuries are multifactorial 
in nature (running technique, training errors, sex, footwear, 
surface, running experience etc.) as is typical for overuse inju-
ries [9]. Among the most significant risk factors are a history 
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of previous injury, high weekly running volume and running 
biomechanics [8–10]. In addition to these external and biome-
chanical aspects, tissue-level processes such as extracellular 
matrix remodeling and low-grade chronic inflammation may 
play important roles in the onset and progression of plantar 
fasciitis. Chronic mechanical stress may lead to inflammation, 
degenerative changes and altered mechanical properties of the 
fascia, which further increase pain and functional limitations 
[11]. Pro-inflammatory cytokines, such as interleukin-1β (IL-1β) 
and tumor necrosis factor-α (TNF-α), may play a role in the early 
stages of tissue degeneration and pain sensitization, even before 
clinical symptoms appear [11–14]. Magnetic resonance imaging 
(MRI) is useful for detecting subclinical changes in the plantar 
fascia, including thickening, oedema, and altered signal inten-
sity [15, 16], which may indicate early stages of the condition. 
These findings support the idea that some runners may exhibit 
tissue-level pathology without obvious symptoms [17], poten-
tially influencing their biomechanics.

In terms of running biomechanics, previous research pri-
marily using retrospective study designs, have investigated 
whether running technique and associated vertical ground 
reaction forces (VGRF) may play a role in plantar fasciitis 
[18–21]. These studies typically involved runners who ran at 
least 20 km per week. Based on their findings, increased load-
ing rates following initial foot-ground contact were frequently 
identified as factors associated with plantar fasciitis, although 
their causal role remains uncertain due to the retrospective 
nature of the studies [18, 20, 21]. However, these proposed risk 
factors were not supported by our recent prospective cohort 
study that included wide range of runners from 18–65 years 
who regularly have ran from 6 to more than 41 km/week 
[8]. Additionally, the abovementioned study identified peak 
rearfoot eversion during stance as a potential biomechanical 
risk factor for plantar fasciitis (an increase of one degree to 
the eversion indicates a 19% higher risk) while greater peak 

ankle abduction (toe-out) was displayed in the healthy con-
trols. Moreover, recent cross-sectional study by Kongtong & 
Khongprasert (2025) [22] showed also greater peak rearfoot 
eversion in runners with plantar fasciitis compared to their 
controls. Nevertheless, these studies, like many others, relied 
on/investigated discrete variables such as maxima, minima, 
range of motion or values at specific time points (e.g., initial 
contact), without considering the continuous nature of joint 
motion—particularly at the ankle—throughout the stance 
phase. A recent prospective study by Plesek et  al. (2025) [8] 
did not include individuals with a prior history of plantar fas-
ciitis in the biomechanical analysis. On the contrary, a ret-
rospective cross-sectional study by Wiegand et al. (2022) [19] 
compared runners with acute plantar fasciitis, runners with a 
history of plantar fasciitis but no current symptoms (resolved), 
and healthy controls; however, this study lacked prospectively 
injured individuals with plantar fasciitis.

From this perspective, it would be valuable to examine runners 
who were: (1) asymptomatic at the start of the study but had a 
history of plantar fasciitis and who remained injury-free during 
the 1-year follow-up; (2) runners who newly developed plantar 
fasciitis prospectively during the follow-up; and (3) healthy con-
trols with no plantar fasciitis history before or during follow-up 
(those who remained injury-free throughout). The inclusion of 
two matched-pair control groups allowed us to compare one 
matched group with the prospective, and another with the ret-
rospective group, which methodologically provides less biased 
comparisons (Table  1). In general, this approach may offer 
deeper insight into the biomechanical characteristics of running 
technique across different stages of the injury, particularly when 
combined with waveform analysis which preserves the natural 
structure of the data and avoids issues that can arise from dis-
cretization (e.g., initial contact, minimum, maximum etc.) [23]. 
This injury-stage-specific waveform analysis could help distin-
guish between risk-related biomechanical characteristics and 

TABLE 1    |    Descriptive characteristics of the groups. Matching criterion: Sex, age, weekly running distance, BMI, height, mass, body fat (Paired 
t-test).

PPF CON1 p d RPF CON2 p d

N 10 10 14 14

Key Characteristics (Matching-Criteria)

Sex (F/M; N (%)) 5/5 (50%/50%) 5/5 (50%/50%) 7/7 (50%/50%) 7/7 (50%/50%)

Age (year) 37.5 ± 11.2 37.9 ± 11.2 0.343 0.04 38.4 ± 8.2 38.6 ± 8.0 0.435 0.02

Running 
distance—
retrospective 
questionnaire 
(km/week)

29.1 ± 9.7 29.4 ± 10.1 0.745 0.03 31.2 ± 20.3 31.9 ± 18.9 0.138 0.05

BMI 22.3 ± 2.4 22.1 ± 1.2 0.703 0.11 22.8 ± 1.8 22.9 ± 1.5 0.818 0.06

Height (cm) 178.4 ± 7.9 177.5 ± 8.8 0.545 0.11 174.3 ± 11.6 174.9 ± 8.4 0.774 0.06

Mass (kg) 71.3 ± 10.8 69.9 ± 10.0 0.587 0.13 69.7 ± 12.8 70.3 ± 9.3 0.831 0.05

Body Fat (%) 26.2 ± 2.4 25.9 ± 3.9 0.815 0.06 27.0 ± 5.7 27.1 ± 6.1 0.867 0.03

Note: Data are presented as mean and SD. PPF cases—participants who had no history of plantar fasciitis before baseline measurement and suffered new plantar 
fasciitis during one-year follow-up. CON1—matched-pair controls for PPF. RPF cases—participants who reported plantar fasciitis before baseline measurement and 
consequently did not suffer any lower limb injury during one-year follow-up. CON2—matched-pair controls for RPF.
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compensatory adaptations, offering valuable insights for pre-
vention and rehabilitation strategies.

Therefore, the aim of this study was to compare profiles of the 
vertical ground reaction force (VGRF) component and ankle 
joint kinematics during the stance phase of running between 
four groups: prospective onset of new cases of plantar fasciitis 
in runners (PPF), runners with “resolved” cases of plantar fasci-
itis (RPF), and two groups of matched healthy controls (by sex, 
age, running volume, BMI, shoes) using statistical parametric 
mapping (SPM) for waveform analysis. We hypothesized that 
we would observe no differences in VGRF between the groups 
[8, 19]. In addition, we hypothesized that the PPF group would 
exhibit greater ankle eversion and lower abduction during 
the stance phase compared to both the RPF and the matched 
healthy controls (CON1) [8, 22].

2   |   Methods

2.1   |   Study Design and Study Sample Size

This study is the further analysis of the 1-year prospective, mul-
tidisciplinary, 4HAIE cohort study (N = 1315) on biomechanical 
risk factors for plantar fasciitis [8, 24]. The current study focused 
more specifically on biomechanical risk factors using waveform 
analysis and included participants who suffered plantar fasciitis 
on the right foot. This selection was made to ensure higher in-
ternal validity of the data, as the overground running task was 
designed to assess the biomechanics of the right lower limb.

At baseline, 37 participants retrospectively reported a history 
of plantar fasciitis (from N = 1315). Seven participants were ex-
cluded: two dropped out during the 1-year follow-up, and five 
others reported a history of plantar fasciitis both retrospectively 
and concurrently, along with a self-reported injury similar to 
plantar fasciitis also reported prospectively (excluded from the 
analysis).

Among the remaining 30 participants with resolved plantar fas-
ciitis, ten (33%) reported an injury on the left foot (excluded), 
seven (23%) had a history of plantar fasciitis on the right foot 
(included), another seven (23%) reported a history on both sides 
(included), and six (20%) did not report any specific side (miss-
ing data; excluded). Hence, 14 runners with resolved right-foot 
plantar fasciitis were included in this study.

Additionally, most of the new prospective cases of plantar fasci-
itis in runners (N = 14) were reported on the right foot (N = 10; 
71%; included), while the remaining cases were on the left foot 
(N = 4; 29%; excluded). Thus, 10 new cases with right-foot plan-
tar fasciitis were included in this study.

For the purposes of this study, a subsample of 48 runners was 
included and divided into four groups according to their plan-
tar fasciitis injury status: prospective new plantar fasciitis 
(PPF); healthy controls to PPF (CON1); resolved plantar fasci-
itis (RPF); healthy controls to RPF (CON2). Sample size estima-
tion—sensitivity for paired t-tests (PPF-CON1: 20 participants; 
and RPF-CON2: 28 participants; with the statistical power 80%; 
alpha = 0.05) indicated that the sample was sufficient to detect 

statistically significant differences on the level d = 0.66 and 
d = 0.55, respectively. The 4HAIE study was approved by the 
Ethics and Research Committee of the University of Ostrava 
(OU-87674190-2018) and was conducted in accordance with the 
principles of the Declaration of Helsinki. All participants signed 
an informed consent before the data collection.

Independent variable (both retrospective and prospective data): 
injury status (PPF, RPF, CON1, and CON2).

Main dependent variables (baseline—lab data): profiles of 
VGRF, ankle angle in sagittal (dorsiflexion/plantar flexion), 
frontal (inversion/eversion), and transversal plane (adduction/
abduction; toe-in/toe-out) during stance phase of running.

Main control variables (baseline—lab data): sex, age, weekly 
running distance (retrospective questionnaire ACLS), BMI, 
height, mass, body fat.

Additional control variables: training characteristics (prospec-
tive—follow up data: e.g. average elevation gained per week 
during running episodes, average number of running episodes 
per week and average weekly running distance etc.); VO2max, 
strike index, cadence, MRI plantar fascia evaluation, blood 
inflammatory and anti-inflammatory biomarkers (baseline—
lab data).

2.2   |   Participants

In the 4HAIE study, a runner was defined as an individual who 
regularly ran at least 10 km per week for a minimum of 6 weeks 
(or at least 6 km per week for individuals older than 60 years) 
and planned to continue running for another 12 months. All 
runners in the current study (N = 48) regularly ran at least 10 km 
per week. We included 10 runners with no history of plantar fas-
ciitis before the baseline who reported a new condition of plan-
tar fasciitis during 1 year follow-up (PPF) and 10 non-injured 
healthy controls (CON1) who were match-paired to the PPF 
group (Table 1) [8]. In addition, we included 14 runners with a 
history of plantar fasciitis prior to baseline who remained free 
of lower-limb injuries during the 1-year follow-up (RPF), along 
with 14 non-injured healthy controls (CON2) matched to the 
RPF group. Prospectively injured runners (PPF) were assessed 
and confirmed by medical professionals after an injury report 
(via the 4HAIE application (HealthReact) or phone call). For the 
purposes of this study, a previous history of plantar fasciitis was 
classified as resolved if participants had been asymptomatic and 
fully participating in their normal running routine for at least 
6 weeks prior to the baseline and remained injury-free through-
out the 12-month follow-up period (consistent with IOC consen-
sus definitions of full recovery) [17, 19, 25].

All runners wore neutral standard running (cushioned) shoes 
during their runs. In 63% of the participants, runners ran on a 
hard surface such as asphalt/hard-surfaced road (PPF = 90%; 
CON1 = 70%; RPF = 50%; CON2 = 50%) with 37% of runners 
running on unpaved roads or natural surfaces (PPF = 10%; 
CON1 = 30%; RPF = 50%; CON2 = 50%). Only 29% of runners 
ran in an urban environment (equally distributed among the 
groups).
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Ninety-six percent of runners had been running regularly 
for more than 1 year before the baseline. Most of them had 
been running for 2–5 years (38%), followed by 5–8 years (27%) 
and more than 8 years (17%). In the PPF group, 10% had been 
running for less than half a year; 10% for 1–2 years; 50% for 
2–5 years; 20% for 5–8 years; and 10% for more than 8 years. In 
CON1, 10% had been running for 1–2 years; 60% for 2–5 years; 
and 30% for 5–8 years. In RPF, 14% had been running for 
1–2 years; 21% for 2–5 years; 29% for 5–8 years; and 36% for 
more than 8 years.

Seventy percent of PPF runners reported spending their work 
time in sedentary or standing positions, while RPF runners and 
CON2 reported less sedentary or standing activity—64% and 
57%, respectively. In contrast, CON1 worked sedentary only 
in 40%.

2.3   |   Protocol and Setting

Baseline assessments were conducted over two consecutive 
days. On the first day at 6:00 p.m., participants reported to the 
Human Motion Diagnostic Centre, where they underwent a se-
ries of initial evaluations. These included completing physical 
activity questionnaires, anthropometric measurements (body 
height and mass), and assessments of resting blood pressure 
(data not shown), cardiorespiratory fitness, resting spirome-
try (data not shown), and a graded exercise test to exhaustion 
(VO2peak). Detailed procedures are outlined in the methodolog-
ical papers [26, 27].

The Aerobics Center Longitudinal Study survey (ACLS) [28] 
and the Running Status and History questionnaire (RUNHIS) 
[2], were used to retrospectively describe runners characteristics 
at the baseline (weekly running mileage, running shoes, run-
ning surface, running environment, running experience etc.) 
For instance, data from the ACLS survey contained questions: 
“During the last two months, which of the following moderate 
or vigorous activities have you performed regularly? – Jogging 
or running?” (Yes/No), “How many sessions per week?”, and 
“How many kilometers per session?” Weekly running distance 
was then calculated by multiplying the number of sessions by 
the distance per session.

On the second day, fasting blood samples (30 mL) were col-
lected from the antecubital vein in the morning hours 
(06:30–07:00) within the physiology laboratory and followed 
by anthropometric body composition assessment (body di-
mensions and composition). Magnetic resonance imaging 
(MRI; 1.5 T Magnetom Sempra scanner; Siemens, Erlangen, 
Germany) was performed followed by anthropological assess-
ments. Ankle joint scans were conducted using a 16-channel 
head coil modified for foot-ankle (including plantar fascia 
and Achilles' tendon). The head coil was equipped with a 
custom-designed device to secure the leg at a 90-degree angle. 
Participants lay in a supine position with their ankle immo-
bilized and they were instructed to remain completely still 
throughout the scan. The total acquisition time was approx-
imately 20 min. The MRI measurements were focused on the 
region of the ankle joint, the Achilles tendon, and the calca-
neus, including the plantar fascia and the calcaneal tuberosity. 

Protocol included five sequences: sagittal T1-weighted spin 
echo (SAG T1 SE), transverse T2-weighted turbo spin echo 
(TRA T2 TSE), coronal T1-weighted turbo spin echo (COR T1 
TSE), sagittal and transverse proton density–weighted turbo 
spin echo with fat suppression (SAG/TRA PD TSE FS), and 
sagittal T2* mapping (multi-echo GRE). The selection was tai-
lored to evaluate the plantar fascia (thickness and morphology) 
and to detect fasciitis on fluid-sensitive images (hyperintense 
fascial signal with peri-fascial/bone-marrow edema).

Finally, participants completed an overground running pro-
tocol at a self-selected speed corresponding to their typical 
training pace. Participants first reported their typical training 
pace (min/km), which we converted to a target speed (m/s) to 
guide self-selection. The speed was the objectively measured 
average from photocell timing gates. Two timing gates were 
positioned 3 m apart straddling the force plate (at the midpoint 
of a 17-m runway); the measured speed represented the av-
erage over this 3-m segment centered on the force plate (i.e., 
reflecting speed at the force platform), not the average across 
the full 17 m. Participants then ran back and forth for 2 min; 
during the final 30 s, four runs (not captured by the motion 
capture system) were measured by photocells timing gates, 
and their mean defined each participant's self-selected speed. 
The overground running task consisted of eight successful 
trials performed at the self-selected speed within ±5% and re-
corded by the 3D motion capture system. Each recorded trial 
was initiated from rest (standing start) on a verbal instruction; 
the starting point was at least 7 m before the force plate. After 
each discontinued running trial, participants walked back to 
the start position. A trial was considered valid if the partici-
pant stepped onto the force plate, landing approximately at its 
center, with the entire right foot. Recording continued until 
eight valid trials were obtained; invalid trials (e.g., off-target 
foot strikes or speed outside ±5%) were repeated. The over-
ground running task for a single participant usually did not 
exceed 15 min. Across participants, the total number of run-
ning trials typically ranged from 10 to 20.

2.4   |   Laboratory Set-Up, Instrumentation 
and Marker Placement

Kinematic and kinetic data were collected by using a 10-camera 
3D motion capture system (Oqus, Qualysis Inc., Gothenburg, 
Sweden) sampling at 240 Hz and recorded synchronously 
with ground reaction forces from the force platform sam-
pling at 2160 Hz (90 × 90 cm 9287CCAQ02 Kistler, Winterthur, 
Switzerland). Four reflective tracking markers were attached 
bilaterally to the pelvis at the posterior and anterior superior 
iliac spines. Additionally, ten calibration markers were placed 
on both sides of the body at the medial and lateral malleoli, me-
dial and lateral femoral condyles, and the greater trochanter of 
the femur. Four lightweight rigid plates, each with four mark-
ers, were mounted on the thigh and shank. Thirteen markers 
were positioned on the right running shoe following the multi-
segmental Rizzoli foot model (Figure  1A,B). However, for the 
purposes of data analysis in this study, only a triad of tracking 
markers on intact shoe (over the heel) and two markers on the 
first and fifth metatarsal heads were used as this simplified 
setup provided greater reliability and objectivity compared to 
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the full multi-segmental model [29]. Before the biomechanical 
measurement, a standing calibration trial was recorded. All 
participants wore standard laboratory neutral running shoes 
(Brooks Launch 5; Brooks Sport Inc., Seattle, WA) (Figure 1B).

Anthropometric data (body height and mass) of all participants 
were measured by a stadiometer (In Body 370, Biospace, South 
Korea) and body composition analyzer (Inbody 770, Biospace, 
South Korea), respectively. Body composition parameters of fat 
and fat-free mass (lean mass) were measured by dual-energy 
X-ray absorptiometry (DEXA; Hologic Discovery A, USA). 
Magnetic resonance data were acquired at a 1.5 T Magnetom 
Sempra scanner (Siemens, Erlangen, Germany).

Prospectively monitored physical activity (during 1 year fol-
low-up) was monitored via Fitbit Charge 3 or 4 monitors (Fitbit, 
San Francisco, USA).

2.5   |   One-Year Follow Up and Injury Reporting

Participants wore physical activity monitors continuously 
for 1 year. In terms of reporting running related injuries, we 
used three methods/approaches: (1) a self-initiated injury re-
port by participant via a mobile app (4HAIE app); (2) a weekly 
injury survey administered every Sunday between 4:00 and 
8:00 p.m.; or (3) a triggered survey if a decline in physical ac-
tivity was detected by the Fitbit device [26]. In cases where 
injury reports were unclear, a physiotherapist from the 4HAIE 
team contacted the participant to verify the injury and con-
firm whether medical assessment was sought and a medical 
diagnosis was made. Only participants with plantar fasciitis 
(PPF) confirmed by a medical doctor or physiotherapist were 
included in the study. Participants were provided with the op-
portunity to consult an orthopedic specialist affiliated with 
the study. However, due to the broad geographic distribution 
of the 4HAIE cohort, they were also permitted to seek consul-
tation from their usual healthcare provider or orthopaedist. 
Additionally, participants were asked whether their plantar 
fasciitis was related to sports activity, and if so, whether it was 
specifically caused by running.

2.6   |   Data Processing

2.6.1   |   Biomechanics

All biomechanical data were processed using Qualisys Track 
Manager (Qualisys, Sweden). Further data processing was 
performed in Visual 3D software (C-motion, USA). A low–pass 
Butterworth filter with a cut-off frequency of 12 Hz and 50 Hz 
was applied for the motion capture data and for force data, 
respectively [24]. Three-dimensional (3-D) knee and ankle 
joint angles were calculated using an X-y-z Cardan rotation 
sequence. Ankle angles were determined as the relative posi-
tion of the right foot to the right shank. A virtual foot model 
was used for the description of ankle angle motion in order to 
better clinical interpretation. Rotations around the axis and 
description of the ankle movement followed the right thumb 
rule. Specifically, rotations around the X axis (Figure 1; red) 
describe a movement in the sagittal plane of the ankle (dor-
siflexion +/plantarflexion-), rotations around Y (green) cor-
respond to the frontal plane (inversion +/eversion-), and 
rotation around the Z (blue) represented movement in the 
transversal plane of the ankle (adduction; toe-in +/abduction; 
toe-out-). Signals of VGRF and ankle angles during the stance 
phase of the right lower limb were normalized into 101 points 
(0%–100% stance) for following statistical parametric mapping 
analysis [23]. The strike index was estimated based on the lo-
cation of the centre of pressure at the initial foot-ground con-
tact and reported as a relative length (%) from the posterior 
calcaneus [30].

2.6.2   |   Magnetic Resonance Imaging

Additional (ad-hoc; in September 2025) plantar fascia MRI 
data of 46 participants (two participants had missing MRI 
data; Table S1) were evaluated by an experienced radiologist 
with over 15 years of clinical experience in musculoskeletal 
imaging. Participant group assignment was blinded to the 
radiologist. Plantar fascia was evaluated using sagittal T1-
weighted spin-echo (thickness), coronal T1-weighted turbo 
spin-echo (thickness), and sagittal proton-density–weighted 

FIGURE 1    |    Marker set up. Virtual foot model: Axis X (red, medio-lateral); Y (green, anterior–posterior), Z (blue, vertical) (A). Marker set up and 
running shoes (B).
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turbo spin-echo sequences with fat suppression (thickness, 
intensity of the signal, and oedema). The radiologist assessed 
thickness of the plantar fascia (thickness < 4 mm or thickness 
≥ 4 mm), signal intensity (low, intermediate, heterogeneous 
hyperintensity), oedema in the adjacent soft tissues or calca-
neal bone marrow oedema (yes/no), and possible partial tears 
of plantar fascia (yes/no) [15, 16]. Thickness was measured on 
all three aforementioned sequences, and the mean of the three 
measurements was calculated. This mean value was subse-
quently categorized into two groups (< 4 mm or ≥ 4 mm). The 
plantar fascia thickness was measured at the point of maximal 
thickness of the central component of the plantar aponeurosis, 
located within 1 cm of the calcaneal insertion (medial tuber-
cle of the calcaneus). Measurements were performed using 
orthogonal line placement perpendicular to the long axis of 
the fascial fibers [31]. Tissue borders were delineated based on 
characteristic MRI signal intensity patterns. The plantar fas-
cia was identified as a well-defined hypointense linear struc-
ture, clearly distinguishable from the adjacent plantar fat pad 
(high signal intensity on T1-weighted images) and intrinsic 
plantar muscles (intermediate signal intensity).

We used grading of plantar fascia: grade 0—healthy plantar fas-
cia, thickness < 4 mm with low signal intensity, no oedema and 
no tears; grade 1—thickness ≥ 4 mm with low signal intensity, 
no oedema and no tears; grade 2—thickness ≥ 4 mm with in-
termediate intensity of the signal without oedema and no tears; 
grade 3—thickness ≥ 4 mm with heterogeneous hyperintensity 
of the signal and extensive oedema, or possible tears of plan-
tar fascia. Representative examples of each grade are shown in 
Supplemental Figure  1. Consequently, we dichotomized MRI 
grading of the plantar fascia into two categories: intact or non-
pathological fascia (grades 0–1, representing normal to mildly 
altered tissue), and pathological fascia (grades 2–3, representing 
moderately to severely altered tissue).

For reliability assessment, the radiologist re-evaluated MRI 
scans of 12 randomly selected participants representing all grad-
ing categories (0–3) to determine intra-reader consistency. Test–
retest agreement between the two time points (September 2025 
and January 2026) for the ordinal grading showed excellent 
reliability (quadratically weighted κ = 0.94, 95% CI 0.78–1.00). 
As a sensitivity analysis, we additionally calculated ICC (3,1; 
two-way mixed model, consistency), which was also excellent 
(ICC = 0.947, 95% CI 0.828–0.985, p < 0.001). Overall, the ra-
diologist's assessments demonstrated excellent intra-reader 
reliability.

2.6.3   |   Biochemical Blood Analysis

The biochemical blood analysis was provided by an external 
specialized and certified biochemical laboratory with long-term 
experience in clinical analysis and research projects. For the 
purposes of this study, we analyzed these inflammatory bio-
markers: interleukin-1β (IL-1β), interleukin-1 receptor antago-
nist (IL-1RA), interleukin-6 (IL-6), interleukin-10 (IL-10), tumor 
necrosis factor-α (TNF-α), high-sensitive C reactive protein 
(CRP) [14, 17]. It was shown that pro-inflammatory and anti-
inflammatory cytokines may play an important role in chronic 
diseases/injuries or potentially be used as early predictors for 

running-related injuries through initiation of healing or facili-
tating tissue repair [14].

2.6.4   |   Physical Activity Data (Fitbit)

Weekly running distance and average elevation gained were ob-
tained using a custom script in Python from the Fitbit Charge 
3/4 fitness tracker based on minute-to-minute accelerometer 
and barometer data. These data were calculated as weekly av-
erage values from active running weeks. The definition of an 
active running week followed the criteria outlined in the proto-
col paper [24]. Specifically, participants were required to report 
a minimum of 75 min or 6 km of running during that week. We 
calculated running-related characteristics, including average 
weekly running distance (km/week), average number of run-
ning episodes per week (N/week), average weekly total duration 
of running episodes (min/week), average duration of a single 
running episode (min), average speed during running episodes 
(km/h), and average elevation gained per week (m/week) during 
running episodes. All metrics were computed as averages across 
complete active running weeks (Monday–Sunday). Partial 
weeks at the beginning or end of follow-up were excluded. For 
prospectively injured runners (PPF), the averaging period in-
cluded only the weeks preceding the first prospectively reported 
plantar fasciitis.

2.7   |   Statistical Methods

A two-tailed paired t-test was performed for normally dis-
tributed data or a Wilcoxon signed rank test for non-normally 
distributed data to compare anthropometric, running char-
acteristics, and blood cytokines levels of participants between 
paired groups (Table 1). A two-tailed independent t-test or Mann 
Whitney U test was used for PPF-RPF and CON1-CON2 differ-
ences. Normality of the data was assessed by Shapiro–Wilk test. 
Statistical level of significance was set at p = 0.05.

A Wilcoxon signed rank test (PPF-CON1 and RPF-CON2) and 
Mann Whitney U test (PPF-RPF and CON1-CON2) were used 
to compare ordinal data of MRI grading of plantar fascia at the 
baseline. Statistical level of significance was also set at p = 0.05.

The 3-D ankle motion curves (X-Y-Z) and VGRF component 
were analyzed in Matlab (MATLAB R2017a, Mathworks Inc., 
Natick, MA, USA) and an open-source SPM software package 
was used to conduct the statistical analysis of the ankle angles 
and VGRF during the stance phase [23]. Statistical parametric 
mapping allows researchers to perform statistical analyses di-
rectly on smooth, continuous biomechanical data such as move-
ment patterns over time without needing to break them into 
arbitrary segments or discrete events (initial contact, maximum, 
minimum, etc.). This approach helps preserve the natural struc-
ture of the data and avoids issues that can arise from discretiza-
tion [23]. A two-tailed paired t-test was used for related samples 
paired groups (PPF-CON1; 80–80 running trials kinematics 
and VGRF data) and (RPF-CON2; 102–102 trials for kinemat-
ics; 108–108 trials for VGRF) and a two-tailed independent t-test 
was performed for the PPF-RPF comparison (also addition-
ally for control groups comparison (CON1-CON2)). Numbers 
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and distribution of missing data can be seen in the Table  S1. 
Statistical level of significance was also set at p = 0.05.

Biological relevance (practical significance) was expressed as ef-
fect size assessed by Cohen's d (small < 0.50; medium 0.50 < 0.80; 
large ≥ 0.80) and by Rank-biserial correlation r (small 0.10 < 0.30; 
medium 0.30 < 0.50; large ≥ 0.50) [32, 33].

3   |   Results

3.1   |   Anthropometrics and Running 
Characteristics

No differences were found between paired groups (PPF-CON1 
and RPF-CON2) in sex, age, BMI, height, mass, percentage of 
fat, weekly running volume (ACLS), prospectively measured 
average weekly running distance, average total duration of run-
ning activity per week, average number of running episodes per 
week, average weekly, average duration of one running episode, 
average running speed in running episodes, average elevation 
gained during running per week, VO2max, strike index, cadence 
(p > 0.05) (Table 1 and Table 2).

Independent t-test showed no differences between PPF-RPF (N: 
10/14) and CON1-CON2 (N: 10/14) in age (small effects; d = 0.10 
and d = 0.07), BMI (small and moderate; d = 0.21 and d = 0.55), 
height (small; d = 0.40 and d = 0.30), mass (small; d = 0.13 
and d = 0.04), percentage of fat (small; d = 0.14 and d = 0.24), 
VO2max (small; d = 0.01 and d < 0.01), cadence (small; d = 0.25 
and d = 0.08), average speed during running episodes (N: 9/14; 
p = 0.324; d = 0.42; and N: 10/13; p = 0.742, d = 0.14).

The Mann Whitney U test did not show any differences be-
tween PPF-RPF (N: 9/14) and CON1-CON (N: 10/13) with small 
effects: average weekly running distance (p = 0.829; r = 0.05; 
and p = 0.648; r = 0.10), average number of running episodes 
per week (p = 0.516; r = 0.15; and p = 0.784; r = 0.07), average 
weekly total duration of running episodes (p = 0.829; r = 0.05; 
and p = 0.832; r = 0.05), average duration of a single running ep-
isode (p = 0.201; r = 0.28; and p = 0.410; r = 0.18), average eleva-
tion gained per week (p = 0.277; r = 0.24; and p = 0.648; r = 0.10) 
during running episodes, and strike index (N: 10/14; p = 0.285, 
r = 0.23, and N: 10/13; p = 0.693; r = 0.09).

3.2   |   MRI and Cytokines

A Wilcoxon signed rank test showed marginally non-significant 
differences were found between PPF and CON1 with medium-
large effect size (p = 0.157; r = 0.47; N = 18) in MRI grading of 
plantar fascia at the baseline. In addition, there were no differ-
ences between RPF and CON2 (p = 0.180; r = 0.34; N = 26) with 
medium effect size. A Mann Whitney U test showed no statis-
tical differences between PPF-RPF (p = 0.471, r = 0.16; N = 23) 
and CON1-CON2 (p = 0.966, r = 0.01; N = 23) with small effect 
size. The sample (N = 46) did not include any cases of complete 
plantar fascia tears.

The baseline blood concentration of most cytokines did not 
differ significantly between paired groups (p > 0.05). However, 

pro-inflammatory TNF-α was higher in the PPF group com-
pared to CON1 with large effect size (p = 0.036; r = 0.74; N = 16), 
while no significant differences were observed between RPF 
and CON2 (p = 0.331; r = 0.27; N = 28). Additionally, the Mann 
Whitney test showed significantly higher levels of IL-1RA 
(p = 0.009; r = 0.67; N = 22), IL-6 (p = 0.008; r = 0.70; N = 22), and 
TNF-α (p = 0.037; r = 0.54; N = 22) in PPF compared to RPF with 
large effect sizes.

3.3   |   Biomechanics

The SPM analysis of the VGRF profiles revealed significant dif-
ferences between injured groups and controls (Figure  2). The 
greatest difference in VGRF was found when comparing the PPF 
group with CON1 (25%–88% stance, p < 0.001, average mean dif-
ference = 97.9 N, average ES: d = 0.60). Additionally, we found 
greater VGRF in RPF compared to CON2 at approximately 16%–
50% of stance (p < 0.001, average mean difference = 120.3 N, av-
erage ES: d = 0.42). No differences were found between PPF and 
RPF, or between both control groups (p > 0.05).

In terms of sagittal plane, both PPF and RPF displayed a more 
plantar flexed ankle at initial foot-ground contact than their 
control groups (0%–16% stance, p = 0.018, average mean differ-
ence = 3.8°, average ES: d = 0.68; and 0%–13% stance, p = 0.028, 
average mean difference = 5.2°, average ES: d = 0.86). The RPF 
showed greater plantarflexion later in stance compared to PPF 
(60%–95% stance, p < 0.001, average mean difference = 2.9°, 
average ES: d = 0.71) and also compared to its controls CON2 
(40%–95% stance; p < 0.001, average mean difference = 2.7°, av-
erage ES: d = 0.63). No differences were found between control 
groups (Figure 3).

In the frontal plane, the most striking results of this study 
emerged between the PPF and RPF since the PPF had a greater 
ankle eversion angle during the entire stance phase than the 
RPF (0%–100% stance, p < 0.001, average mean difference 
0–100% stance = 5.4°; average ES: d = 0.85).

The PPF group also displayed a significantly greater eversion 
angle than CON1 (14%–100% stance, p < 0.001; average mean 
difference 14%–100% stance = 2.9°; average ES: d = 0.47). The 
highest effect size between PPF and CON1 occurred at 25% 
(mean difference = 3.8°; d = 0.70).

In addition, RPF showed reduced eversion compared to CON2 
across the entire stance phase (0%–100% stance, p < 0.001; av-
erage mean difference = 3.7°; d = 0.55). The largest mean differ-
ences were observed within 0%–20% of stance (average mean 
difference 0%–20% stance = 4.8°; average ES: d = 0.70) and 
within 50%–100% of stance (average mean difference = 3.7°; av-
erage ES: d = 0.55). No differences were seen between control 
groups up to 90% of stance (Figure 4).

The comparisons in the transverse plane showed interesting 
results (Figure 5), the CON1 and RPF groups displayed signifi-
cantly greater ankle abduction angles (relative position of the 
foot to the shank, toward toeing out) than the PPF group during 
entire stance (0%–100% stance, p < 0.001, d = 1.06; d = 0.69). On 
the contrary, RPF also displayed greater abduction compared to 

 16000838, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.70281 by U
niversity O

f O
strava, W

iley O
nline L

ibrary on [14/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 16 Scandinavian Journal of Medicine & Science in Sports, 2026

T
A

B
L

E
 2

    
|    

R
un

ni
ng

 c
ha

ra
ct

er
is

tic
s,

 M
R

I o
f p

la
nt

ar
 fa

sc
ia

, a
nd

 c
yt

ok
in

es
 (P

ai
re

d 
t-t

es
t o

r W
ilc

ox
on

 si
gn

ed
 ra

nk
 te

st
).

PP
F

C
O

N
1

p 
(d

 o
r 

r)
R

PF
C

O
N

2
p 

(d
 o

r 
r)

R
un

ni
ng

 C
ha

ra
ct

er
is

tic
s

R
un

n
in

g 
Ph

ys
ic

al
 A

ct
iv

it
y—

pr
os

pe
ct

iv
el

y 
m

ea
su

re
d 

by
 F

itb
it 

du
ri

ng
 fo

llo
w

-u
p

N
 =

 9
N

 =
 9

N
 =

 13
N

 =
 13

A
ve

ra
ge

 ru
nn

in
g 

di
st

an
ce

 p
er

 
w

ee
k 

(k
m

/w
ee

k)
28

.9
 (1

4.
5–

36
.2

)—
up

 to
 P

PF
 in

ju
ry

19
.0

 (1
4.

9–
21

.4
)

0.
17

3 
(0

.4
5)

19
.4

 (1
7.

4–
34

.1
)

20
.9

 (1
4.

2–
28

.4
)

0.
31

1 
(0

.2
8)

A
ve

ra
ge

 d
ur

at
io

n 
of

 ru
nn

in
g 

ac
tiv

ity
 p

er
 w

ee
k 

(m
in

/w
ee

k)
16

8 
(8

0–
23

1)
—

up
 to

 P
PF

 in
ju

ry
11

9 
(8

2–
13

8)
0.

11
0 

(0
.5

3)
12

4 
(1

01
–2

04
)

11
5 

(8
5–

16
2)

0.
34

5 
(0

.2
6)

A
ve

ra
ge

 n
um

be
r o

f r
un

ni
ng

 
ep

is
od

es
 p

er
 w

ee
k 

(N
/w

ee
k)

3.
22

 (2
.8

0–
4.

82
)—

up
 to

 P
PF

 in
ju

ry
3.

45
 (2

.8
6–

4.
10

)
0.

76
7 

(0
.1

0)
4.

00
 (3

.1
0–

5.
18

)
3.

29
 (2

.5
3–

4.
73

)
0.

17
3 

(0
.3

8)

A
ve

ra
ge

 d
ur

at
io

n 
of

 si
ng

le
 

ru
nn

in
g 

ep
is

od
e 

(m
in

)
41

.4
 ±

 15
.4

—
up

 to
 P

PF
 in

ju
ry

31
.2

 ±
 7.

3
0.

06
5 

(0
.7

8)
33

.7
 ±

 11
.0

36
.7

 ±
 15

.4
0.

52
5 

(0
.2

2)

A
ve

ra
ge

 ru
nn

in
g 

sp
ee

d 
in

 
ru

nn
in

g 
ep

is
od

es
 (k

m
/h

)
9.

99
 ±

 0.
78

—
up

 to
 P

PF
 in

ju
ry

9.
71

 ±
 0.

89
0.

40
8 

(0
.3

4)
9.

7 ±
 0.

8
9.

8 ±
 0.

9
0.

82
3 

(0
.0

7)

A
ve

ra
ge

 el
ev

at
io

n 
ga

in
ed

 p
er

 
w

ee
k 

(m
/w

ee
k)

17
5.

6 
(7

2.
1–

29
0.

5)
—

up
 to

 P
FF

 in
ju

ry
15

4.
9 

(1
15

.0
–2

98
.2

)
0.

95
3 

(0
.2

0)
19

4.
3 

(1
66

.0
–4

43
.3

)
17

7.
5 

(9
4.

4–
46

9.
4)

0.
55

2

A
er

ob
ic

 c
ap

ac
it

y—
ba

se
li

ne
N

 =
 10

N
 =

 10
N

 =
 14

N
 =

 14

V
O

2M
ax

 –
 la

b 
(m

l/
m

in
/k

g)
48

.7
 ±

 7.
9

46
.0

 ±
 6.

9
0.

07
3 

(0
.3

5)
48

.7
 ±

 7.
0

46
.0

 ±
 8.

2
0.

18
3 

(0
.3

5)

R
un

n
in

g 
B

io
m

ec
ha

n
ic

al
 

va
ri

ab
le

s—
ba

se
li

ne
N

 =
 10

N
 =

 10
N

 =
 13

N
 =

 13

St
ri

ke
 in

de
x—

la
b 

(%
)

10
.0

 (1
.4

–5
2.

8)
10

.8
 (7

.2
–2

9.
4)

0.
72

1 
(0

.1
1)

13
.6

 (7
.8

–6
5.

1)
11

.2
 (6

.6
–1

8.
0)

0.
15

2 
(0

.3
8)

St
ri

ke
 in

de
x

24
.6

 ±
 27

.5
19

.7
 ±

 20
.9

34
.6

 ±
 30

.3
15

.3
 ±

 18
.3

Fo
ot

fa
ll 

pa
tte

rn
 –

 st
ri

ke
 in

de
x 

(R
FS

/M
FS

/F
FS

)
6/

4/
0

8/
1/

1
7/

4/
2

11
/1

/1

R
FS

/N
R

FS
 (%

)
60

%
/4

0%
80

%
/2

0%
54

%
/4

6%
85

%
/1

5%

C
ad

en
ce

—
la

b 
(s

te
ps

/m
in

)
16

2.
3 ±

 9.
0

16
0.

8 ±
 8.

6
0.

70
7 

(0
.1

7)
16

4.
4 ±

 8.
3

16
2.

3 ±
 11

.4
0.

62
0 

(0
.2

1)

M
R

I d
at

a—
ba

se
li

ne

M
or

ph
ol

og
ic

al
/s

tr
uc

tu
ra

l 
al

te
ra

ti
on

 o
f p

la
nt

ar
 fa

sc
ia

N
 =

 9
N

 =
 9

N
 =

 13
N

 =
 13

G
ra

de
: 0

 –
 n

or
m

al
 (N

/%
)

4 
(4

5%
)

7 
(7

8%
)

8 
(6

2%
)

11
 (8

5%
)

(C
on

tin
ue

s)

 16000838, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.70281 by U
niversity O

f O
strava, W

iley O
nline L

ibrary on [14/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



9 of 16Scandinavian Journal of Medicine & Science in Sports, 2026

PP
F

C
O

N
1

p 
(d

 o
r 

r)
R

PF
C

O
N

2
p 

(d
 o

r 
r)

G
ra

de
: 1

—
m

ild
 (N

/%
)

1 
(1

1%
)

0 
(0

%
)

1 
(7

.5
%

)
1 

(7
.5

%
)

G
ra

de
: 2

—
m

od
er

at
e 

(N
/%

)
1 

(1
1%

)
1 

(1
1%

)
0 

(0
%

)
0 

(0
%

)

G
ra

de
: 3

—
se

ve
re

 (N
/%

)
3 

(3
4%

)
1 

(1
1%

)
4 

(3
0.

5%
)

1 
(7

.5
%

)

10
0%

10
0%

10
0%

10
0%

Pl
an

ta
r f

as
ci

a 
(n

on
-

pa
th

ol
og

ic
al

/p
at

ho
lo

gi
ca

l) 
(N

/%
)

5/
4

56
%

/4
4%

7/
2

78
%

/2
2%

9/
4

69
.5

%
/3

0.
5%

12
/1

92
.5

%
/7

.5
%

G
ro

up
 sc

or
e (

M
ed

ia
n 

Q
1-

Q
3)

1 
(0

–3
)

0 
(0

–0
)

0.
15

7 
(0

.4
7)

0 
(0

–1
)

0 
(0

–0
)

0.
18

0 
(0

.3
4)

B
lo

od
 in

fl
am

m
at

or
y 

an
d 

an
ti

-
in

fl
am

m
at

or
y 

bi
om

ar
ke

rs
 

(c
yt

ok
in

es
)—

ba
se

li
ne

N
 =

 8
N

 =
 8

N
 =

 14
N

 =
 14

IL
-1

β 
(p

g/
m

L)
0.

45
 (0

.1
9–

1.
39

)
0.

37
 (0

.2
4–

1.
50

)
0.

61
1 

(0
.1

8)
0.

51
 (0

.2
0–

1.
50

)
0.

48
 (0

.1
2–

1.
50

)
0.

94
4 

(0
.0

2)

IL
-1

R
A

 (p
g/

m
L)

62
7 

(5
09

–8
57

)
42

3 
(2

86
–6

81
)

0.
20

8 
(0

.4
5)

35
2 

(2
89

–5
38

)
40

6 
(3

24
–4

63
)

0.
96

4 
(0

.0
4)

IL
-6

 (p
g/

m
L)

0.
85

 (0
.2

9–
1.

29
)

0.
45

 (0
.1

2–
0.

66
)

0.
09

1 
(0

.6
0)

0.
07

 (0
.0

4–
0.

30
)

0.
32

 (0
.0

7–
0.

73
)

0.
15

8 
(0

.3
8)

IL
-1

0 
(p

g/
m

L)
0.

15
 (0

.1
2–

0.
15

)
0.

18
 (0

.0
9–

0.
44

)
0.

31
0 

(0
.3

6)
0.

11
 (0

.0
3–

0.
45

)
0.

20
 (0

.1
2–

0.
50

)
0.

33
0 

(0
.2

6)

TN
F-

α 
(p

g/
m

L)
2.

51
 (0

.4
4–

3.
20

)
1.

00
 (0

.4
3–

1.
99

)
0.

03
6*

 (0
.7

4)
0.

55
 (0

.1
9–

0.
91

)
0.

92
 (0

.1
7–

1.
70

)
0.

31
1 

(0
.2

7)

N
 =

 9
N

 =
 9

N
 =

 14
N

 =
 14

C
R

P 
(m

g/
L)

1.
65

 (0
.5

0–
2.

40
)

0.
50

 (0
.5

0–
0.

50
)

0.
08

0 
(0

.5
8)

0.
50

 (0
.5

0–
1.

23
)

0.
50

 (0
.5

0–
1.

45
)

0.
94

4 
(0

.0
2)

N
ot

e:
 D

at
a 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
an

d 
SD

 o
r M

ed
ia

n 
an

d 
Q

1–
Q

3 
or

 N
 (%

) f
ro

m
 c

om
pl

et
e 

pa
ir

s.
 It

al
ic

 re
pr

es
en

ts
 v

ar
ia

bl
es

 w
ith

 n
on

-n
or

m
al

 d
is

tr
ib

ut
io

n.
 *A

st
er

is
k 

in
di

ca
te

s s
ta

tis
tic

al
ly

 si
gn

if
ic

an
t d

if
fe

re
nc

es
. B

ol
d 

va
lu

es
 re

pr
es

en
t 

la
rg

e 
ef

fe
ct

 si
ze

. P
PF

 c
as

es
 –

 p
ar

tic
ip

an
ts

 w
ho

 h
ad

 n
o 

hi
st

or
y 

of
 p

la
nt

ar
 fa

sc
iit

is
 b

ef
or

e 
ba

se
lin

e 
m

ea
su

re
m

en
t a

nd
 su

ff
er

 n
ew

 p
la

nt
ar

 fa
sc

iit
is

 d
ur

in
g 

on
e-

ye
ar

 fo
llo

w
-u

p.
 C

O
N

1—
m

at
ch

ed
-p

ai
r c

on
tr

ol
s f

or
 P

PF
. R

PF
 c

as
es

 —
pa

rt
ic

ip
an

ts
 w

ho
 re

po
rt

ed
 p

la
nt

ar
 fa

sc
iit

is
 b

ef
or

e 
ba

se
lin

e 
m

ea
su

re
m

en
t a

nd
 c

on
se

qu
en

tly
 d

id
 n

ot
 su

ff
er

 a
ny

 lo
w

er
 li

m
b 

in
ju

ry
 d

ur
in

g 
on

e-
ye

ar
 fo

llo
w

-u
p.

 C
O

N
2—

m
at

ch
ed

-p
ai

r c
on

tr
ol

s f
or

 R
PF

.

T
A

B
L

E
 2

    
|    


(C

on
tin

ue
d)

 16000838, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.70281 by U
niversity O

f O
strava, W

iley O
nline L

ibrary on [14/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



10 of 16 Scandinavian Journal of Medicine & Science in Sports, 2026

its CON2 (30%–80% stance; p < 0.001; d = 0.40). However, there 
were also differences between the control groups (0%–100% 
stance; p < 0.001; d = 0.86).

4   |   Discussion

The aim of this study was to compare profiles of vertical 
ground reaction force and ankle angles during the stance 
phase among three groups of runners with different injury 
status of plantar fasciitis (resolved plantar fasciitis (RPF)), 
prospective cases of plantar fasciitis (PPF), and healthy con-
trols (CON1 and CON2). First, we hypothesized that there 
would be no differences in the VGRF profiles among the 
groups. Second, we hypothesized that the PPF group would 
have a different pattern in the ankle angle profiles than RPF 
and CON1. Specifically, the PPF group would display a greater 
eversion angle during stance compared to CON1 and RPF. On 
the contrary, CON1 would exhibit a greater ankle abduction 
angle through the stance.

The present study identified distinct kinetic and kinematic 
running characteristics among individuals with a history of 
plantar fasciitis (RPF), those who prospectively developed the 
injury (PPF), and healthy controls (CON1 and CON2). In the 
VGRF profiles, both injured groups PPF and RPF exhibited 
significantly greater forces than both CON1 and CON2, with 
PPF and RPF most exceeding their controls notably around 
30% of stance phase. This time point is of particular interest 
as it coincides with previously reported significant differences 

in eversion maxima in an earlier study [8] and is consistent 
with the greater eversion angle observed in PPF during this 
study. While higher vertical loading amplitudes have been hy-
pothesized to increase plantar fascia strain [18, 21, 34], recent 
prospective findings demonstrated that vertical instantaneous 
loading rate (VILR) was not a risk factor for plantar fasciitis 
[8]. However, VILR is typically calculated using one of several 
methods: within the first 50 milliseconds after initial contact, 
from footstrike to the impact peak, between 20%–80% of the 
impact peak, or between initial contact and 13% of the stance 
phase [35, 36]. This indicates that, in the current study, the 
observed later differences in VGRF (with peaks between 
23%–35%) more likely reflect loading mechanisms involving 
sustained forces in combination with altered kinematics, par-
ticularly in the frontal plane [8], rather than impact transient 
effects alone.

In the sagittal plane, both control groups (CON1 and CON2) 
exhibited a more dorsiflexed ankle at initial contact and early 
stance (0%–16% of the stance phase) than injured groups (PPF 
and RPF). From a mechanical stress perspective, there appears 
to be a conflict in the existing literature regarding plantar fasci-
itis. While Chen et al. (2019) [37] reported higher tensile forces 
in the plantar fascia during forefoot running, on the contrary 
Johnson et al. (2020) [21] discussed higher vertical instantaneous 
loading rates in runners with plantar fasciitis which are typi-
cally associated with rearfoot strike. Johnson et al. (2020) [21] 
suggested that this strike pattern results in greater rates of ver-
tical arch deformation, thereby increasing the strain rate on the 
plantar fascia and potentially contributing to pain. It should also 

FIGURE 2    |    Statistical parametric mapping of vertical ground reaction force during stance phase of running. PPF, red solid line; CON1, red 
dashed line; RPF, blue solid line; CON2, blue dashed line.
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be noted that rearfoot strike patterns were more prevalent in the 
control groups compared to both injured groups. However, as 
no significant differences in strike index were observed between 
PPF and RPF, foot strike classification alone does not appear to 
account for the observed kinematic and kinetic differences.

Some treatment strategies for plantar fasciitis are based on 
stretching interventions [5, 38], which may influence or reflect 
this biomechanical adaptation. In light of the results presented 
in the current study, we may speculate whether resolved plantar 
fasciitis and continued running activity could be underpinned 
by adaptive changes in plantar fascia mechanical properties 
in RPF runners. This may be related to a more effective wind-
lass mechanism, potentially resulting in a lower chance of re-
occurrence of the injury. Notably, RPF runners displayed greater 
plantar flexion during late stance (60%–90%), which may reflect 
altered energy storage and release within the plantar fascia–
arch complex. The windlass mechanism refers to the process by 
which dorsiflexion of the toes during the push-off phase of gait 
tensions the plantar fascia, thereby increasing the arch height 
and contributing to efficient force transmission during running. 
In addition, it was shown that runners with acute plantar fasci-
itis also change their foot mechanics during running leading to 
attenuate windlass mechanism in order to avoid greater stress 
and pain in plantar fascia before the toe-off [19]. However, these 
sagittal-plane differences appear to be secondary findings and 

should be interpreted in the broader context of the pronounced 
frontal-plane alterations and elevated VGRF observed in the 
PPF group, which may represent the primary mechanical char-
acteristics associated with injury status in the current study.

As hypothesized, the frontal plane analysis revealed pronounced 
differences in ankle eversion angle profile between groups. The 
PPF exhibited greater and more prolonged eversion throughout 
the entire stance compared with both RPF and CON1. This is 
consistent with elevated or prolonged pronation which is often 
thought a recognized risk factor for plantar fasciitis [8, 39]. The 
RPF group demonstrated a reduced eversion across stance and 
greater inversion in early stance. This may reflect a protective 
adaptation for limiting medial fascia strain and avoiding pain 
during weight acceptance, potentially shifting load distribution 
toward the lateral foot structures. Both CON1 and CON2 groups 
also exhibited a more balanced eversion profile “buffer-zone” 
and avoiding the extreme values observed in the prospective 
injury group. Importantly, the PPF group demonstrated signifi-
cantly higher VGRF than the CON1 group at the time of peak 
eversion, occurring at approximately 30%–40% of stance. This 
finding should be considered during a running assessment 
when selecting motion-control/stability running shoes or using 
motion control insoles [39–41], particularly for individuals who 
exhibit excessive ankle eversion combined with elevated VGRF 
around 30% of stance.

FIGURE 3    |    Statistical parametric mapping of ankle joint angle in the sagittal plane (dorsiflexion (+)/plantar flexion (−)) during stance phase of 
running. PPF, red solid line; CON1, red dashed line; RPF, blue solid line; CON2, blue dashed line.
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In the transverse plane, the resolved RPF and control (CON1) 
groups demonstrated greater ankle abduction (i.e., toe-out)—
compared to prospectively injured group throughout the stance 
phase. However, the potential protective role of ankle abduc-
tion remains unclear [8]. One possible explanation is that the 
foot progression angle observed in the CON1 group may re-
distribute plantar loading across the medial arch. In addition, 
previous studies have suggested that tendons consist of physio-
logically active tissue capable of structural adaptation [42, 43]. 
Specifically, changes in collagen synthesis may enhance tissue 
function following targeted eccentric strength and/or stretch-
ing interventions [5]. In this context, dynamic movement in the 
transverse plane may stimulate collagen turnover mechanism 
[43]. However, this potential explanation of protective mecha-
nisms in transversal plane remains highly speculative if we take 
in to the account that there were also significant differences be-
tween the CON1 and CON2. The existence of between-control 
differences suggests that transversal-plane findings should be 
interpreted with caution and may partly reflect inter-group vari-
ability unrelated to injury status.

In addition to the biomechanical considerations, the MRI find-
ings revealed that some PPF runners exhibited pathologically 
altered plantar fascia despite being asymptomatic at baseline, 
similarly to prospectively injured runners with Achilles' ten-
dinopathy as recently reported by Jandacka et  al. (2025) [44]. 
These findings may indicate that approximately 44% of PPF 

individuals could be in the prodromal stage of the injury, poten-
tially associated with elevated levels of baseline TNF-α, IL-1RA 
and IL-6, indicative of subclinical microdamage and the early 
phase of tissue repair [12–14]. This may suggest that certain 
PPF runners could be in an occult phase of tissue degeneration, 
which was difficult to detect clinically, as they did not yet ex-
perience pain and concurrently have not altered their running 
technique due to pain discomfort. This was possibly evident in 
the differences observed between RPF and PPF runners, par-
ticularly throughout the entire stance phase in the frontal and/
or sagittal planes during late stance. For instance, Cook and 
Purdam (2009) [17] proposed that pain may occur at any stage 
of the tendon pathology continuum and that structural pathol-
ogy and symptom presentation do not necessarily progress in 
parallel. The continuum model describes three stages of load-
induced tendon-like connective tissue pathology: reactive ten-
dinopathy, tendon dysrepair, and degenerative tendinopathy 
[17]. The reactive stage represents an early, potentially reversible 
response to overload, whereas later stages involve progressive 
matrix disorganization and degeneration. This dissociation be-
tween tissue morphology and pain may help explain why 44% 
of PPF runners (MRI grade 2–3) exhibited altered plantar fascia 
structure at baseline despite being asymptomatic. In contrast, 
70% of runners in the RPF group demonstrated non-pathological 
plantar fascia morphology at baseline. Within the framework 
of the continuum model, early reactive tissue changes may be 
reversible if mechanical loading is appropriately reduced. It is 

FIGURE 4    |    Statistical parametric mapping of ankle joint angle in the frontal plane (inversion (+)/eversion (−)) during stance phase of running. 
PPF, red solid line; CON1, red dashed line; RPF, blue solid line; CON2, blue dashed line.
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therefore possible that during their previous symptomatic epi-
sode, these individuals adjusted their mechanical loading by 
modifying their running pattern in response to pain, potentially 
facilitating structural recovery of the plantar fascia. Although 
this interpretation remains speculative, it is consistent with the 
concept that symptom-driven load modification may influence 
tissue adaptation, as described in the tendon pathology contin-
uum model [17].

4.1   |   Strength and Limitations of the Study

A key strength of this study is its prospective design, incorporat-
ing four groups of runners based on their plantar fasciitis injury 
status. These four groups did not differ in sex, age, anthropo-
metric characteristics, aerobic capacity, running experience 
(years of running), training characteristics (weekly running 
distance, number of running episodes per week, total duration 
of running episodes per week, average duration of a single run-
ning episode, average speed during running episodes, average 
weekly elevation gained, footwear type, running surface, and 
environment), or occupational physical activity. The inclusion 
of a group with resolved plantar fasciitis who remained injury-
free during a 1-year follow-up provides a novel perspective on 
the biomechanics of running-related injuries. Until now, most 
studies have compared running biomechanics between groups 

currently injured or with a history of injury and control groups. 
A matched observational design with two different injury-stage 
groups and separate control groups methodologically provides 
less biased comparisons. Importantly, this study also included 
two control variables: MRI-based evaluation of plantar fascia 
morphology and baseline blood cytokine concentrations. These 
provided additional context for interpreting the biomechanical 
findings and help to estimate the stage of injury. Furthermore, 
prospective cases in this study were confirmed by medical pro-
fessionals, although the assessment did not include severity of 
plantar fasciitis and was not conducted by a single physician 
due to logistical constraints. The use of standardized laboratory-
neutral cushioned running footwear (standard running shoes) 
can be considered both a strength and a limitation of the study.

First, the main limitation of this study is the absence of medical 
verification for retrospective cases of plantar fasciitis, which were 
self-reported by participants at baseline. Second, the study did 
not include a dynamic analysis of training characteristics prior 
to injury onset (i.e., a time-event analysis). Third, although the 
PPF-CON1 and RPF-CON2 groups were generally well matched 
based on baseline data, small differences in some variables 
(e.g., prospectively measured physical activity, VO2max) were 
observed. However, none of these differences were statistically 
significant, but some of them reach a medium-large effect size, 
particularly prospectively measured weekly running distance, 

FIGURE 5    |    Statistical parametric mapping of ankle joint angle in the transversal plane (adduction (+)/abduction (−)) during stance phase of run-
ning. PPF, red solid line; CON1, red dashed line; RPF, blue solid line; CON2, blue dashed line.
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average weekly duration of running activity, and average du-
ration of single running episode in the PPF-CON1 comparison 
(r = 0.45; r = 0.53; d = 0.78; Table 2). Fourth, another limitation of 
this study is that inflammatory cytokines were measured only 
once at baseline. This single time-point assessment restricts the 
ability to establish temporal or causal relationships between in-
flammatory status and subsequent or retrospective injury devel-
opment. Fifth, to our knowledge, there is currently no widely 
accepted standardized MRI grading system for plantar fascia 
pathology. Therefore, we used a structured grading approach 
integrating thickness, signal intensity, edema, and partial tears 
based on published radiologic descriptions [15, 16, 31] and clin-
ical practice. Although the grading demonstrated excellent 
intra-reader reliability, comparisons with studies using differ-
ent imaging criteria should be interpreted cautiously. Lastly, 
baseline biomechanical data were collected under non-fatigued 
conditions. Consequently, it is uncertain whether participants' 
movement patterns would differ under fatigue, which may in-
fluence the applicability of the findings to situations involving 
prolonged running episode in some runners. These limitations 
should be taken into account when interpreting the biomechan-
ical findings.

5   |   Conclusions

The current study brought a new perspective into the assessment 
of running biomechanics and injury risk/protective/coping fac-
tors with regard to different stages of a running related-injury. In 
general, differences in running biomechanics between runners 
with resolved plantar fasciitis (retrospectively injured), prospec-
tively injured runners, and healthy controls may indicate that cer-
tain biomechanical patterns observed in retrospectively injured 
(resolved) runners could reflect adaptive mechanisms rather 
than inherent risk factors, as concluded by most previous biome-
chanical studies using groups of retrospectively injured runners 
and healthy controls. Specifically, this study identified elevated 
ankle eversion during the stance phase of running as a primary 
risk factor for the development/onset of plantar fasciitis and/or 
also adaptation to avoid the reoccurrence of the injury, suggest-
ing that early correction of eversion may serve as an effective 
preventive strategy against this common running-related injury. 
Furthermore, the findings suggest that adopting a combination 
of reduced ankle eversion and greater plantar flexion during late 
stance may represent viable coping mechanisms to prevent reoc-
currence in runners who have previously recovered from plantar 
fasciitis and wish to continue engaging in this physical activity 
in a healthy and sustainable manner while respecting moderate/
appropriate weekly running volume.

6   |   Perspective

This research showed importance of understanding the multi-
planar and temporal loading patterns that contribute to plan-
tar fasciitis risk. Evidence suggests that sustained vertical 
ground reaction forces combined with elevated eversion may 
increase strain on the plantar fascia, even in the absence of 
high vertical instantaneous loading rates early after initial con-
tact [8]. A primary preventive strategy could aim to replicate 

lower vertical ground forces and reduced eversion observed 
in healthy runners during the absorption phase (near peak 
eversion). Additionally, some runners appear to adopt com-
pensatory patterns, such as reduced eversion and increased 
plantar flexion before take-off, potentially improving wind-
lass mechanism function. These findings highlight the need 
to consider not only load magnitude but also its timing and 
multi-directional components in risk assessment and rehabili-
tation. Interventions may include pronation-control footwear, 
insoles and targeted stretching. Future studies should employ 
time-to-event designs enabling survival analysis to better cap-
ture behavioral patterns (e.g., training characteristics) pre-
ceding injury onset. Moreover, research should explore ankle 
biomechanics in relation to plantar fasciitis and Achilles' tend-
inopathy, given their mechanical connection. Finally, random-
ized controlled trials comparing different running techniques 
and various footwear types could provide valuable insights for 
injury prevention and treatment strategies.
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Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: MRI assessment (represen-
tative grading images): (A) Grade 0 – normal thin hypointense fascia 
without edema; (B) Grade 1 – thickened fascia with preserved low signal 
(both representing non-pathologic plantar fascia, i.e., normal to mildly 
altered tissue); (C) Grade 2 – thickened fascia with intermediate intra-
fascial signal; (D) Grade 3 – thickened fascia with heterogeneous hyper-
intensity and perifascial edema (both representing pathologic plantar 
fascia, i.e., moderately to severely altered tissue). Table S1: Numbers of 
missing data in the pair comparisons. 
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