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Extended Abstract

Background and Purpose

Anterior cruciate ligament (ACL) rupture is among the most prevalent and functionally
disruptive injuries in the lower extremities, particularly in active populations. Surgical
reconstruction (ACLR) is often required to restore knee stability, yet biomechanical deficits
frequently persist long after the procedure, especially when compounded by pre-existing or
concomitant biomechanical abnormalities such as pronated feet. Pronated foot posture,
characterized by excessive eversion of the calcaneus and collapse of the medial longitudinal
arch, alters the kinetic chain from the foot up to the hip and spine, potentially exacerbating
instability and maladaptive loading patterns in ACL-reconstructed knees. Epidemiological
data indicate that 20-23% of adult’s exhibit pronated feet, while annual ACL injury incidence
ranges from 30 to 70 per 100,000 individuals, with over 200,000 ACL reconstructions
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performed annually in the United States alone. Despite advances in surgical techniques and
rehabilitation protocols, re-injury rates remain alarmingly high (5-25%), particularly within
the first 1-2 years’ post-surgery, often attributed to premature return to sport, inadequate
neuromuscular control, and unresolved biomechanical asymmetries. Muscular fatigue, a
physiological state marked by reduced force-generating capacity and impaired
neuromuscular coordination, further compounds these deficits. Fatigue diminishes
proprioceptive acuity, delays muscle activation, and disrupts agonist-antagonist co-activation
patterns, thereby increasing vulnerability to joint instability and abnormal loading. In
individuals with ACLR, fatigue may unmask latent biomechanical deficiencies that are not
apparent under non-fatigued conditions. Moreover, the synergistic effect of ACLR and
pronated foot posture on plantar pressure distribution particularly under fatigued conditions
remains underexplored, despite its critical implications for rehabilitation strategy and injury
prevention.

Plantar pressure analysis serves as a sensitive biomechanical indicator of postural control,
load distribution, and neuromuscular compensation strategies. Abnormal pressure patterns,
especially elevated medial heel and midfoot pressures, are associated with increased
pronation and may reflect compensatory strategies to stabilize the knee in the presence of
residual ACL deficiency. Therefore, the purpose of this study was to investigate static plantar
pressure parameters in male individuals with ACL reconstruction and pronated feet across
different post-surgical time intervals (less than 6 months, 6-12 months, and more than 12
months), both before and after induced muscular fatigue, to identify critical windows of
vulnerability and inform targeted rehabilitation interventions.

Methods

This quasi-experimental study employed a pretest-posttest design with repeated measures
and was conducted in the Sports Biomechanics Laboratory at the University of Mohaghegh
Ardabili, Iran. Sample size calculation using G*Power 3.1 (P = 0.05, effect size = 0.7, power
= 0.8) determined a minimum of 10 participants per group. Forty male volunteers aged
18-45 years were recruited and divided into four groups: Group A (ACLR + pronated foot,
<6 months’ post- operative, n=10), Group B (ACLR + pronated foot, 6-12 months’ post-
operative, n=10), Group C (ACLR + pronated foot, >12 months’ post- operative, n=10), and
Group D (healthy controls, n=10). Inclusion criteria comprised unilateral ACLR using
hamstring autograft, absence of lower limb pain or injury, ability to run without restriction,
BMI between 18.5-25 kg/m?, navicular drop >10 mm, and rearfoot angle >4°. Exclusion
criteria included history of lower limb fracture, leg length discrepancy >5 mm, or
unwillingness to participate. Ethical approval was obtained (IR.UMA.REC.1404.019,
IRCT20220129053865N2), and written informed consent was secured from all participants.
Plantar pressure data were collected using the Footscan pressure plate system (RSscan
International, Belgium; 4363 sensors, 300 Hz sampling rate). The system automatically
segmented the foot into 10 anatomical regions: medial heel, lateral heel, midfoot, metatarsals
1-5 (M1-M5), hallux (T1), and toes 2-5 (T2-T5). Measurements were taken in static
standing posture, both pre- and post-fatigue. Fatigue was induced via a progressive treadmill
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protocol (Horizon Fitness, Omega GT, USA) starting at 6 km/h, increasing by 1 km/h every
2 minutes until participants reached a Borg Rating of Perceived Exertion (RPE) of 13 or
higher. Participants then maintained a steady pace of 12 km/h until RPE >17 or heart rate
>80% of maximum for 2 minutes.

Statistical analysis was performed using SPSS v23. Data normality was confirmed via
Shapiro-Wilk test. A two-way repeated-measures ANOVA was used to examine the main
effects of “time” (pre- vs. post-fatigue) and “group” (A, B, C, D), as well as their interaction.
Post-hoc pairwise comparisons with Bonferroni correction were conducted where significant
effects were found. Effect sizes (Cohen’s d) were calculated for all significant outcomes.
Statistical significance was set at p < 0.05.

Results

Results revealed a significant main effect of time (fatigue) on nearly all plantar pressure
variables (p < 0.001), indicating that fatigue universally increased plantar pressures across
all groups. The “group” factor also showed significant differences (p < 0.05), with Group A
(<6 months’ post-op) exhibiting the highest-pressure values in the medial heel, midfoot, and
metatarsal regions suggesting that early-stage rehabilitation is marked by the most
pronounced biomechanical compromise.

Critically, a significant time x group interaction was observed for mean plantar pressure
(right foot: p = 0.006, d = 0.877; left foot: p = 0.007, d = 0.281), medial heel pressure (right:
p =0.001, d = 0.384; left: p=0.041, d = 0.280), first metatarsal pressure (M1), and pressure
under toes 2-5 (T2-T5) (right: p = 0.009, d = 0.364; left: p = 0.004, d = 0.378). Post-hoc
analyses confirmed that the greatest pressure increases post-fatigue occurred in Groups A
and B (<12 months’ post-op), particularly in medial heel and forefoot regions.

Conclusion

Individuals with ACL reconstruction and concomitant pronated foot posture demonstrate
significantly elevated and abnormally distributed plantar pressures during static standing,
particularly under fatigued conditions and within the first 12 months’ post-surgery. The most
critical period appears to be the first six months, where medial heel and forefoot loading
increases dramatically with fatigue, signaling profound neuromuscular instability and
compensatory strategies.

Keywords: Anterior cruciate ligament reconstruction, Pronated feet, Plantar pressure, Static
posture, Muscular fatigue.

Article Message

It appears that individuals with anterior cruciate ligament reconstruction and pronated feet,
particularly during the early stages of rehabilitation (less than 12 months’ post-surgery),
experience a significant increase in plantar pressure under fatigued conditions, indicating
greater postural instability and improper load distribution across the foot highlighting the
critical need for fatigue-resilient, foot-targeted rehabilitation strategies.
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Mean and standard deviation of static pressure variables, including mean pressure, maximum -Table 2
pressure, contact area, normalized force, center of pressure path, and center of pressure velocity for each foot

(}|05|&|)6)|0M5bu Dog)f Cos; Ba,; Aogjf
P-Value (Effect Size) Group D Group C Group B Group A
el Jole Sl Jole 51 o i
09,5 0lej 295 loj 09031 T oglom T ailom T ogilom T .
Time x Effect o Toosl e Toseiloe Y 31~ © ool Variables
Effect Post- Pre-test Post- Pre-test Post- Pre-test Post- Pre-test
_ Group of of time test test test test
interaction  group factor
effect factor
JLad 5 Sile
0.006* <0.001* <0.001* 172.00 171.72 187.17 176.75 191.44 181.00 = 199.22 181.77 £ el el
(0.877) (0.897)  (0.375)  +2.46 2.33 +2.09 2.08 +1.95 1.96 +2.47 2.49 (K; ;5)
L8 (5 Sle
0.007* <0.001* <0.001* 170.20 166.92 + 180.37 17195+ 180.64 176.20 £ 194.37 183.94 + -l
(0.281) (0.895)  (0.615)  +2.46 2.33 +2.09 2.08 +1.95 1.96 +255 2.45 (KP‘;

0181  <0.001* <0.001* 32237 30215+ 32719 30681+ 33159 31124+ 34447 31423+ bl
(0.125)  (0.924) (0.887)  +2.84 2.70 +2.06 2.05 +1.83 1.84 +3.08 302 (KPaycu,

0.147 <0.001* <0.001* 30057 297.35+ 32239 30201+ 32679 30644+ 339.66 31019+ sk l¥cs
(0.137)  (0.923) (0.279)  +2.84 2.70 +2.06 2.05 +1.83 1.84 +3.09 3.08 (KPa)

s s
0.543 <0.001* <0001* 9624+ 8608+ 10041  90.37+ 10321 9299 10783 9066+
(0.057)  (0.891) (0.648)  1.64 1.33 +1.24 1.28 +159 1.45 +187 1.90 )t
cm?)
ooles s
0.538 <0.001* <0.001* 9554+ 8548+ 9971+ 8977+ 10351 9239+  107.15  92.07+ .
(0.058)  (0.891) (0.612)  1.64 1.33 1.24 1.28 +159 1.45 +1.86 1.89 cm‘j
( )

0117  <0.001* <0.001* 41112 407.18+ 42071 41175+ 43555 41560+ 44444 42423+ b JS s
(0.149)  (0.874) (0.642)  +2.59 2.59 +2.30 2.28 +2.08 2.08 +2.96 311 (e e,

0.089 <0.001* <0.001* 42242 40248+ 42701 407.05+ 430.85 41090+ 439.75 40953+ b S uax
(0.163) (0.875)  (0.183) +2.59 2.59 +2.30 2.28 +2.08 2.08 +294 3.11 (Fs) o

e Jobo
0.111 0512 0426 4599+ 4299+ 4699+ 4349+ 4701+ 4441+ 4934+ 4584+ LS
(0213)  (0.843) (0.200)  0.60 0.60 0.47 047 052 052 0.62 0.62 e, b
mm)
e Jsbo
0.214 0.478 0.352 45.39 + 42.09 + 46.39 = 43.09 = 4731+ 4401 = 48.74 + 4544 + HLad 55 5
(0.059) (0.321) (0.157) 0.60 0.60 0.47 0.47 0.52 0.52 0.62 0.62 e b
mm)
S leye
0.489 <0.001* <0.001* 1454+ 11.20+ 14.95 + 11.65 + 15.25 + 1195+ 15.96 + 12.46 + b ol
(0.069)  (0.839) (0.025)  0.30 0.22 0.19 0.19 0.19 0.19 0.29 0.30 )
(mm/s)
S leye
0.352 <0.001* <0.001* 14.24+ 11.00 = 14.65 + 1145+ 15.95 + 11.75 % 15.66 = 12.44 + o oL s
(0.124)  (0.800) (0.033)  0.30 0.22 0.19 0.19 0.19 0.19 0.29 030 ° m‘ﬁm/;
( )
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Mean and standard deviation of static pressure variables, including mean pressure, maximum -Table 2
pressure, contact area, normalized force, center of pressure path, and center of pressure velocity for each foot

(}|05|&|)6)|0M5bu Dog)f Cos; Ba,; Aogjf
P-Value (Effect Size) Group D Group C Group B Group A
Sholas i1 Jule 51 Jole
0g,5x o 09,5 s 1505T g B 505T g ; S ; 5031 oo B o yedia
Timex  Effect S0 OT7Foseilgm 700N ggeilgie OT0 O psesie O % gseilie Variables
Effect Post- Pre-test Post- Pre-test Post- Pre-test Post- Pre-test
_ Group of of time test test test test
interaction  group factor
effect factor
o ,led
ausly dilaie
<0.001* <0.001* <0.001* 200.12 196.85 + 211.30 201.96 £ 220.49 206.14 £ 229.06 21413 + el b
(0.384) (0.887)  (0.473) +254 2.33 +2.20 2.23 +1.93 1.94 +2.87 3.12 Heel )
Medial,
kPa
5o Lled
0.041* 0.021* <0.001* 206.32 19205+ 21150 19716+ 21569 201.34+ 22410 209.29 + sk
(0.280) (0.885)  (0.211) +254 2.33 +220 2.23 +1.93 1.94 +2.90 3.17 Heel )
Medial,
kPa
o ,led
0.961 0.321 <0.001* 19226 18200+ 19566 18746+ 199.81 19161+ 20042 199.19+ sbz >
(0.008) (0.884)  (0.003)  +254 2.46 +2.10 2.10 +1.84 1.84 +2.95 3.02 Heel ) e,
Lateral,
kPa
o ,led
ausly dilae
0.889 0.149 <0.001* 183.46 177.20 £ 190.86 182.66 + 199.01 186.81 + 200.62 19435 + sk
(0.629) (0.387)  (0.150)  +2.54 2.46 +2.10 2.10 +1.84 1.84 +2.95 3.07 Heel )
Lateral,
kPa
G led
0.404 0.005*  <0.001* 99.24+  96.24+ 107.41 10041+ 109.21 103.21+ 11783 10781+ ey sk
(0.077) (0.448)  (0.100) 1.64 1.64 +1.24 1.24 +1.59 1.59 +1.87 1.89 Midfoot, )
kPa
@S e ,led
0.135 0.047* <0.001* 9754+ 93.54 + 100.71 97.71 104.51 100.51 + 115.13 105.10 £ ez sb
(0.141) (0.320)  (0.142) 1.64 1.64 +1.24 1.24 +1.59 1.59 +1.87 1.90 Midfoot, )
kPa

sy sl + ACLR € (6lo FVY) csgy sl + ACLR B (ole # 5 12a5) iy sl + ACLR A ¢ P<+ /-0 15 Jolins el

F"JL"" oj)f D (oo VY )l w)
P-Value: P<0.05; A: ACLR + pronated foot (< 6 months), B: ACLR + pronated foot (6-12 months), C:
ACLR + pronated foot (> 12 months), D: healthy control group.
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50 ks (P=e/e ey dd=e /¥ e+ FOXPAMYE) conly b ¥ Jloblis jo jLzd (P=+/+ - F l=-/- - ¥ FQOX$)=0/A%)
5o ykad (P=ere oy =2 YAD FOX$)=V M) C sl «(P=+/c o) == /MY FQOXP)= YY) cl, b F Jlo,blee
eSSl o jLlad (P=+/ VA =+ /- YN FO X$)=0/YA) > b «P=+/- V0 =1V -« FOX)=NY) conly 6L O Jlo bl
BY eSSl ,o jlad «P=/-Y) d=-/V0+) e b «(P=+/c+ ) l=-/08Y FOXP)=F/7Y) cly b (T1) cuns
olzs 1) s lobiae Liol3dl (P=+/- V¥ = *VEFQO X9)=/A) o b «(P=+/+ ) dd=+/VOY) ey b (T2-T5) 0
ML) Co g e, b ocus cuSl o Jlad olp ) glolime Ll 69,8 Jele I cpamen Lol
FEre=viy) sl olis obe £ 51 jeS 65losb 09,5 10w sb F Jlo blis jo ,Lad o (P<e/« < V(Y Y5)=9/F0)
(T oo b cas cuSl o Jled Glp ) blae 23l 09,5 ele 31 ogdeay (P<+/+0
Slis ol VY 51 S o3kl 0,5 40 o g Cenly b (T2-TB) O B Y sl jo jLad o (P<e/+ V(X ¥$)=2/VA)
Cawly GbaaS (M1) s <Xl o jlad gl 05,5 ks lalas Jil wols lis leaxdl, (P<«/-0 F(FYP)=ANY) ol
sk (T2-T5) O LY el jo Lad g (P=+/c -0 =+ NYF FXX£)=£IA) > g (P=+/+ -V U=+ Y\ Y F(XX)=V/F0)
~lire ial33l o bl Llodd g o(P=+/+ + ¥ =+ /¥YA Fr Y91 Y) o b o(P=+/+ + 4 dl=+ /¥FEF X XE)=ANY) ol
09,5 & borye (ML) cond cnSil o jlad e Gl 253 n it wols Gl sl 503 @S cals )l
Wl S s5lasl 09,5 4 Lgaye (T2-TH O LY LSl ) jLad paie Gl 25 cn it 5 oo 751 22a8 (55l
s (5 olire yobo 4y LaS o )L w565 (6o ACL > > 5l e aS 0l lis gl o oy, plu b auslie 4o oo
Omizmed g (Cond il 9 F Lo, bl aisle) LiaS Sles g (5l (>lg jo JLad ialisl & gm0 4 Ol i ol oS e
Eb 0 o sl RIB Gl Sl @l saaaslas Wil e oI (pl ok ssmline b (eSSl s jLad (2l

il (2 5l o Jate 5lbl 4

b ales (2155 )0 (laS b ,Lid @555 o lilivel Bl ol g (12 Sbeo - Jgur
Mean and standard deviation of plantar pressure distribution in the ten-foot regions-Table 3

(51 031050) (5 lobn law D 09,5 C 09,5 B 09,5 Ao,,f
P-Value (Effect Size) Group D Group C Group B Group A
ol 51 Jole 51 dale 1 L
eooxoles  es) Sy oseslom Ta, ovilom i, osilom Ta, ovilom v
Time x Effect o) st S st S st S " osesloe Variables
Effect POSt pretest PO pretest T pretest """ pre-test
_ Group of of time test test test test
interaction  group ¢
effect factor
il Led
Sl e
0.007* <0.001* <0.001* 130.20 125.20 £ 140.80 128.80 £ 145.60 132.60 £ 153.50 138.50 £ o
(0.213)  (0.860) (0.254)  +1.93 1.93 +1.54 1.54 +2.22 2.22 +2.54 2.54 ’
Metatarsal )
d, kPa
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Mean and standard deviation of plantar pressure distribution in the ten-foot regions-Table 3

(51 031050) (5 lobxo law D 09,5 C 09,5 B 09,5 Aos)f
P-Value (Effect Size) Group D Group C Group B Group A
sl 1 Jote Jole i1 o
29,5 olej o Gy o9eilom T osoilom T asilom T T -
Time x Effect o™ L 1T MY 1Y) MY VS| -9} © ol Variables
Effect POS- pretest "o pre-test POSt-  pretest  POSE Pre-test
Group of of time test test test test

interaction  group

effect factor factor

Sl o lad

0.005%  <0.001* 0.004* 13020 12220+ 13580 12580+ 140.60 129.60+ 15050 13550% <= b s
(0.124)  (0.210)  (0.004)  +1.93 1.93 +154 1.54 +2.22 2.22 +2.54 254  Metatarsal )

d, kPa
Ja)L;;;é
0.341 0.630 0.245 120.20 11520+ 13342 11821+ 137.60 12220+ 14350 128.50 + v bl
(0.124) (0.831)  (0.341) +1.17 1.01 +1.00 1.01 +2.12 2.14 +2.00 2.16 cely sl
kPa)
5o ,Lad
0.124 0.287 0.175 127.20 11220+ 130.72 11519+ 13485 119.76+ 140.15 12552+ v b bl
(0.004) (0.102)  (0.436) +1.17 1.08 +1.32 1.42 +2.76 2.13 +2.75 2.00 oz sl
kPa)
5o ,Lad
0.111 0.930 0.003* 112.02 107.16+ 12514 11026+ 129.18 11413+ 13554 12061+ ¥ Jbe bl
(0.213) (0.164)  (0.200) +1.71 1.18 +1.00 1.23 +2.74 2.00 +2.85 2.10 el b
kPa)
)Q)Li'..é
0.462 0.051 0.143 122.38 107.20+ 125.08 110.08+ 129.06 11464+ 13550 120.50 + ¥l bl
(0.394) (0.103)  (0.159) +1.67 1.32 +1.91 1.09 +2.44 2.14 +2.45 2.19 o b
kPa)
)Q)Li'..é
0.123 0.200 <0.001* 120.08 10556+ 123.10 108.37+ 127.08 11222+ 135.62 118.35% ¥ bl
(0.100) (0.412)  (0.313) +1.00 1.02 +1.18 1.96 +2.12 2.23 +2.08 1.22 el b
kPa)
5o ,lad
0.256 <0.001* <0.001* 107.46 102.01+ 115,62 10521+ 11452 109.19+ 130.28 115.15% F b bl
(0.021) (0.486)  (0.285) +1.10 1.10 +1.13 1.10 +2.16 212 +2.91 1.00 o sl
kPa)
5o ,las
0.212 0.284  0.015* 10503 10072+ 11807 103.02+ 12200 107.72+ 12875 113.63+ O Jwbte
(0.001) (0.461)  (0.100) +1.00 1.03 +1.42 1.85 +2.01 2.22 +2.00 1.53 coly b
kPa)
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Mean and standard deviation of plantar pressure distribution in the ten-foot regions-Table 3

(51 031050) (5 lobxe baw D 09,5 C 09,5 B 09,5 Aos)f
P-Value (Effect Size) Group D Group C Group B Group A
oles 51 Jole 1 dole i1 i
295% ke 29,5 sy oseilom T oselom T oseilom T osedlom 7
Time x Effect ol st U Tosle st S © ossloe Variables
Effect POS- pretest "o pre-test POSt-  pretest  POSE Pre-test
_ Group of of time test test test test
interaction  group factor
effect factor
5o ,Lud
0.442 0.400 0.180* 100.11 97.00 + 115.00 100.42+ 119.00 104.12+ 12565 11013 0 Jl,ble
(0.136) (0.231) (0.021) +1.28 1.00 +1.00 1.00 +2.77 2.75 +2.00 1.00 e sl
kPa)
LS s L
0.100 0.421 0.002* 150.25 13536+ 153.16 138.36+ 15770 14285+ 16350 148.25+ b Sl
(0.451) (0.562)  (0.251) +1.00 1.36 +1.23 1.64 +2.01 2.13 +2.00 2.63 Toe ) cul,
d, kPa
LS s L
0.319 0.021* <0.001* 147.01 132.37 £ 150.52 13553 £ 160.37 139.64 + 155.00 14554 + <% Gl Sl
(0.289) (0.750)  (0.631) +1.59 1.00 +1.00 1.34 +2.47 2.39 +1.13 2.00 Toel,)
kPa
5o ,Lad
LY ekl
0.009* <0.001* <0.001* 140.28 130.54 148.20 133.03 158.05 137.03 £ 158.31 143.08 £ s ol
(0.364) (0.100) (0.751)  +1.37 1.37 +1.37 1.33 +2.39 2.13 +1.00 2.18 2R
Toe 2-5,)
kPa
5o )Li'.é
LY ekl
0.004* 0.012* 0.014* 130.62 122.27 140.00 130.15 ¢ 147.10 134.00 £ 155.34 140.11 £ o oL
(0.378) (0.461)  (0.314) +1.42 1.30 +121 1.78 +2.01 2.00 +1.75 2.00 AN
Toe 2-5,)
kPa

Cadgp LSLZ.+ ACLR .C (ole £-VY) gy GL‘ +ACLR B (olo £ )l )».05) Codgp &L, +ACLR A < P<./-0 :é)bl.;_r.a cJa....«-:Z:-

p.ll.....; 03; :D (ol VY )l o)
P-Value: P<0.05; A: ACLR + pronated foot (< 6 months), B: ACLR + pronated foot (6-12 months), C:
ACLR + pronated foot (> 12 months), D: healthy control group.

£5 0yl Y 095 N F ylimmo) o) g oo olalllao dobila



b\ e 381 43 (S ary g S8 Ll Cumdg (LS sl LS oy

S5 4 g Sy

M8 (oo bl (lasb aila b ol Bl ,o (Sous an g S8 tanl Cundy (oL iS lajlid (o) caslllas (pf Soa
Sibosl ailo b ghlo &5 wad oo lis aalllae (nl @l g (2 5 e Solite (Sloj laosl po Sudgn by
(ol adl (g o 1) lad polie on i (2l 5l o Jolole (A 50 0hagt Sudsp b g (8 (oo L
0 10,8 G (e (crae Glpx el Goib 3l Ol 1) 5188 o8 (nl aiS oo 42 b Jlu bl 5 Lol
(gadloe (Ll 6o 3T 5 |y e o (i SR L (635 0 (sras pien 35800 wse 5l 5 IMLL &S 5,5k
JLad Gl g Sle g (3l aily jlad gl Ojse a ] 093 5Tl cpl oS slml gl Jate ol (0B Al
ol B> (6l pias (2195 4512 1S (oo WaiS 1) Cgene a3 2 (nl (Dlae (S £485 a0 oo LS JLo bl
P9y 2 48l cpl b oo Gl k293 B jeb 4 j5S0e slajlad a0 g il el sl 5L Sl slagSl
)l 55505 Lad s 655 (30Tl 5 b e slpoaiS sl (Dhae gras J7S 2 a5 wiedan (Lidugls iy el
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b (55l Blsreas il 50 Slpss ) 1) 2900 (G > JFHS 53 kS 5 e il Jlad o 5B
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