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Abstract

Background: Total hip arthroplasty (THA) is an effective treatment for advanced hip
osteoarthritis, yet the influence of the surgical approach on early biomechanical and neu-
romuscular recovery remains debated. The direct anterior approach (DAA) is considered
muscle-sparing, whereas the lateral approach (LA) involves partial abductor detachment
and may influence postoperative gait and muscle activation. As a first step, this pilot study
was designed primarily to assess the feasibility of an integrated, multidomain assessment
protocol to combine clinical and patient-reported outcomes, instrumented gait analysis,
hip biomechanics, and surface electromyography (sEMG), and to delineate preliminary
trajectories of recovery after DAA versus LA THA to inform a future, adequately powered
trial. Methods: In this prospective, non-randomized pilot study, 12 patients undergoing
primary unilateral THA were evaluated and allocated according to surgical approach (DAA,
n = 6; LA, n = 6). Assessments were performed at three months (T3M) and six months
(T6M) postoperatively. Outcomes included pain intensity, SF-12, the Hip disability and
Osteoarthritis Outcome Score (HOOS), instrumented gait analysis, hip kinematics and ki-
netics, and sEMG activity of the gluteus medius, semitendinosus, and rectus femoris of the
operated limb. Given the small sample, between-group differences, within-group changes,
and change scores from T3M to T6M were analyzed using non-parametric tests, and all
results were treated as exploratory and hypothesis-generating. Results: Recruitment, re-
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primary outcomes. Preliminary findings suggested that at three months, the DAA group
showed lower pain and higher PCS-12, HOOS Total and HOOS Function scores, together
with faster gait speed, longer normalized stride length, and shorter cycle and stance times.
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increase in the LA group. Given the limited sample, these observations are preliminary and
require confirmation. Conclusions: This pilot study supports the feasibility of an integrated
protocol combining patient-reported measures, instrumented gait analysis, and sEMG to
characterize early recovery after THA. Preliminary, hypothesis-generating data suggest that
DAA may be associated with a more favorable early postoperative clinical and spatiotem-
poral gait profile, with global gait performance tending to converge between approaches
by six months, while persistent differences in hip-specific patient-reported outcomes and
SsEMG activation patterns hint that a similar gait performance may be achieved through
different neuromuscular strategies. These preliminary findings should be interpreted with
caution and used primarily to inform the design of larger, adequately powered studies
with longer follow-up.

Keywords: total hip arthroplasty; direct anterior approach; lateral approach; gait analysis;
surface electromyography; postoperative recovery; hip biomechanics; rehabilitation

1. Introduction

Total hip arthroplasty (THA) is widely regarded as one of the most successful sur-
gical procedures of the past decades, originally driven by advances in implant design,
biomaterials, and fixation strategies [1]. More recently, attention has increasingly shifted
toward “minimally invasive” techniques; however, there is still no universal agreement
on what “minimally invasive” precisely means. Some authors emphasize a shorter skin
incision, whereas others reserve the term for approaches that minimize soft tissues and
muscle disruption, underscoring the need to distinguish minimal-incision methods from
muscle-sparing techniques [2].

The clinical rationale to minimize soft-tissue trauma is the expectation of earlier
mobilization and faster rehabilitation, particularly during the immediate postoperative
period [3]. Several studies have associated these techniques with reduced blood loss
and less pain compared with standard approaches [4]. Nonetheless, objective evidence
demonstrating faster recovery, especially regarding walking ability and gait quality, remains
relatively limited [5].

Among the commonly used approaches, the lateral approach (LA) is widely adopted; it
requires release of part of the gluteus medius, raising concerns about potential alterations in
gait mechanics and delayed postoperative recovery [6]. The direct anterior approach (DAA)
has gained popularity as an alternative because it uses an internervous plane between the
tensor fascia latae and sartorius, reducing soft-tissue dissection and preserving periarticular
musculature; it is often described as minimally invasive and is associated with a shorter
incision [7]. Importantly, THA outcomes are not determined by the surgical approach alone,
but also by multiple factors including implant-related and technical variables [8].

Restoring a near-normal gait is a key goal after THA, particularly within the first
postoperative year [9]. Gait analysis provides objective quantification of walking perfor-
mance and has been used to evaluate postoperative hip function and gait quality after hip
replacement [10,11]. More generally, gait analysis is applied to individuals with conditions
affecting their ability to walk, and walking performance is commonly characterized through
spatiotemporal gait parameters [12]. Spatiotemporal assessment is one of the principal
components of gait analysis, together with kinematic and kinetic domains [13]. Methods
span a continuum from low-cost clinical approaches (e.g., visual observation and simple
timing tools) to complex instrumented systems used in research or specialized facilities [14].
Advanced gait laboratories may differ substantially in the platform and instrumentation
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used: conventional analyses have historically relied on force plates in overground settings,
whereas newer systems increasingly include instrumented treadmills, at times enabling
self-selected walking speed with the potential to capture multiple consecutive strides in
limited space [15,16]. Despite acknowledged practical limitations, three-dimensional opto-
electronic motion-capture systems are often considered the reference standard for detailed
gait assessment [17]. These systems use retroreflective skin markers placed on anatomi-
cal landmarks to build biomechanical models and derive spatiotemporal, kinematic, and
kinetic parameters [18]. Spatiotemporal outcomes typically include distance-related mea-
sures such as step and stride length and time-related measures such as stride time and
walking speed, whereas kinematic analysis focuses on joint and segment angular motion
and kinetic analysis quantifies movement-related forces [19].

From a broader perspective, THA should not be viewed solely as a structural recon-
struction, but also as a substantial biomechanical and neuromuscular transition [20]. In
this framework, electromyography (EMG) has become an important tool to investigate
neuromuscular adaptations after THA, as it captures the electrical activity produced by
skeletal muscles and their motor units during activation, enabling the direct evaluation of
muscle activation and neuromuscular control [21]. Needle EMG allows for a detailed assess-
ment of motor unit integrity and can identify denervation and reinnervation processes [22].
Early postoperative needle-EMG investigations reported impaired voluntary activation
and reduced recruitment capacity of the hip abductors [23]. Subsequently, surface EMG
has been used to describe muscle activation patterns during movement, providing quanti-
tative information on timing, amplitude, and intermuscular coordination during functional
tasks [24]. EMG studies suggest that atypical activation patterns may persist for months
after surgery and may involve not only the abductors, but also other hip-related muscles
during gait and load-bearing activities [25]. More recent high-density surface EMG and
multimodal approaches indicate that neuromuscular reorganization can extend beyond
the hip, involving coordinated adaptations across the limb and trunk, and may remain
detectable up to one year or longer after surgery, even after pain resolution and basic
functional recovery [26,27]. This apparent dissociation between biomechanical improve-
ment and neuromuscular reorganization highlights a clinically relevant gap in current
postoperative evaluation models [28].

Despite the growing interest in muscle-sparing approaches and the increasing use
of objective measures to study recovery after THA, the available evidence remains frag-
mented: clinical outcomes are often reported separately from biomechanical performance,
and neuromuscular adaptations may not align temporally with pain resolution or basic
functional gains [5,27,28]. Moreover, while gait analysis and EMG have each been used to
investigate postoperative recovery, an integrated, multidomain characterization capable of
capturing compensatory motor strategies early after surgery is still lacking [5,12,24].

Therefore, the aim of this pilot prospective study was to perform a multidomain
comparison between anterior and lateral THA by integrating patient-reported and clinical
outcomes with objective gait analysis and surface electromyography (sEMG) [10-12,24]. We
specifically sought to determine whether approach-related differences in early recovery are
detectable through gait- and EMG-derived metrics that reflect compensatory activation pat-
terns, and whether these metrics provide complementary information beyond conventional
clinical assessment [19,25,28].

We hypothesized that compared with the lateral approach, the anterior approach
would be associated with a faster normalization of functional outcomes and spatiotemporal
gait parameters, alongside a more physiological sSEMG activation profile during walking,
indicating reduced compensatory neuromuscular strategies in the early postoperative
phase [23,25,29-31].
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2. Materials and Methods
2.1. Study Design and Ethics

This prospective, two-arm observational study compared clinical outcomes, spa-
tiotemporal and biomechanical gait parameters, and surface electromyographic (SEMG)
recovery following direct anterior approach (DAA) versus lateral approach (LA) total
hip arthroplasty (THA). A total of 12 patients were included in the analysis: 6 in the
anterior approach group and 6 in the lateral approach group. Patients were screened
and data were collected between June 2024 and December 2025 at Azienda Ospedaliero-
Universitaria Sant’Andrea, Rome, Italy. The study was conducted in accordance with the
Declaration of Helsinki and approved by La Sapienza University’s Institutional Review
Board (Prot. 0495/2024—Approval Date: 29 May 2024). All participants provided written
informed consent prior to the study procedures. No clinical trial registration was performed.
According to the ICMJE definition, this study does not qualify as a clinical trial because it
was observational: participants were not prospectively assigned by the investigators to a
surgical intervention according to a study protocol, but were allocated to the anterior or
lateral approach as part of routine clinical practice. Data were collected prospectively for
observational purposes only. A flow diagram of this study is shown in Figure 1.

Patients included in the study
n=12
+
Allocated according to surgical
approach
i N\
Anterior Lateral
approach approach
group group
n=6 n=6
‘ +
First First
postoperative postoperative
assessment assessment
(T3M) 3 (T3M) 3
months months
n=6 n=6
‘ +
Second Second
postoperative postoperative
assessment assessment
(T6M) 6 months (T6M) 6 months
n=6 n=6
+ ¥

I Included in final analysis: n = 12 ‘

Figure 1. Flow diagram of the study.

2.2. Participants

Eligible participants were adults undergoing primary unilateral THA for hip os-
teoarthritis and able to safely perform instrumented gait testing at follow-up. To reduce
confounding factors affecting gait and neuromuscular activation, participants were not
enrolled in the presence of conditions expected to significantly alter walking performance
(e.g., major neurologic disorders, severe contralateral lower-limb impairment, or inability
to ambulate independently at the scheduled evaluation). Patients were assigned to groups
according to the surgical approach performed (DAA vs. LA) as part of routine clinical
practice (non-randomized observational allocation). Baseline demographic and anthropo-

https:/ /doi.org/10.3390/ prosthesis8070075


https://doi.org/10.3390/prosthesis8070075

Prosthesis 2026, 8, 75

50f19

metric data were recorded, including age, sex, weight, height, body mass index (BMI), and
physical activity level.

2.3. Surgical Procedure

All procedures were performed by a single senior surgeon with extensive experience
in both surgical approaches, to minimize technique-related variability. The same implant
system was used in all cases to ensure consistency across groups. All patients received an
uncemented acetabular component (Trinity™ cup, Corin Ltd., Cirencester, UK) combined
with a cementless tapered wedge femoral stem (TriFit TS™, Corin Ltd., Cirencester, UK).

Direct anterior approach (DAA): In the anterior approach group, patients were po-
sitioned supine on a radiolucent operating table. The hip was approached through a
minimally invasive direct anterior technique utilizing an intermuscular and internervous
interval. A skin incision was performed approximately 3 cm lateral and 3 cm distal to
the anterior superior iliac spine, oriented along the axis of the tensor fasciae latae (TFL).
The intermuscular plane between the TFL and sartorius was developed proximally and
continued distally between the TFL and rectus femoris. Care was taken to remain within
the anatomical interval to minimize the risk of traction or irritation of the lateral femoral cu-
taneous nerve. Capsular access was obtained through a longitudinal capsulotomy. Femoral
exposure was achieved through controlled release of the anterior and superior capsule to
allow adequate hip extension and external rotation, without detachment of the abductor
tendons [32,33].

Lateral approach (LA): In the lateral approach group, patients were positioned in the
lateral decubitus position. A longitudinal incision centered over the greater trochanter was
performed. After splitting the fascia lata, exposure was obtained through a transgluteal
approach consistent with the Hardinge technique. Partial detachment of the anterior fibers
of the gluteus medius and minimus was performed to allow capsular visualization and
joint access, avoiding excessive proximal dissection to preserve the superior gluteal nerve.
Following component implantation, meticulous reattachment of the abductor mechanism
was performed to restore anatomical tension and footprint [34].

Perioperative care was standardized for all patients. Spinal anesthesia combined
with loco-regional analgesia was administered in all cases. Antibiotic prophylaxis and
thromboprophylaxis protocols were identical between groups and followed institutional
guidelines. No systematic differences in perioperative management were present between
the two surgical approaches.

2.4. Postoperative Rehabilitation

Postoperative management followed a standardized rehabilitation pathway applied
consistently to both surgical approach groups. Early mobilization was initiated as soon
as clinically feasible, according to the patient’s general clinical status, pain status, and
postoperative precautions. Ambulation was progressively introduced under physiother-
apist supervision, with gait re-education focused on safe weight bearing, step symmetry,
balance control, and progressive recovery of walking independence. Assistive devices were
used during the early postoperative phase, and were gradually reduced according to pain,
balance, walking safety, and neuromuscular control.

The rehabilitation program included progressive functional exercises aimed at restor-
ing hip and pelvic stability, lower-limb strength, and tolerance to daily activities. Exercises
were individualized according to clinical evaluation and generally included active and
active-assisted hip mobility exercises within the permitted range, isometric and progressive
strengthening exercises for the hip and lower-limb muscles, balance and transfer training,
stair training when appropriate, and progressive walking practice. Exercise intensity and
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functional progression were advanced according to pain, fatigue, movement quality, and
patient tolerance.

All patients received standardized instructions for home-based activity progression
and were referred to outpatient physiotherapy when clinically indicated. The same re-
habilitation principles were applied to both groups, and no group-specific rehabilitation
protocol was prescribed according to surgical approach. This approach is consistent with
enhanced-recovery and postoperative rehabilitation principles after THA, which empha-
size early mobilization, progressive functional recovery, gait training, strengthening, and
individualized progression according to patient status and tolerance [4,35,36].

2.5. Assessment Timeline

Participants were enrolled consecutively during the study period (June 2024 and
December 2025) and were followed according to a predefined postoperative assessment
schedule aimed at capturing early recovery and mid-term functional stabilization. For each
patient, the evaluation pathway included two standardized postoperative follow-up visits,
planned at three months (T3M) and six months (T6M) after surgery. These timepoints were
selected to reflect two clinically meaningful phases: the transition from initial recovery to
autonomous gait reorganization (around 3 months), and the subsequent consolidation of
walking function and neuromuscular strategies (around 6 months) [37].

At both T3M and T6M, participants underwent the same sequence of assessments
on the same day whenever feasible, starting with the completion of patient-reported
outcome measures and pain rating, followed by the instrumented gait analysis session
with synchronized sEMG recording. Preoperative pain intensity data were available in
the clinical records, therefore baseline VAS scores were extracted to better characterize the
presurgical status and to contextualize postoperative pain trajectories. All outcomes were
recorded using identical procedures at both postoperative evaluations.

2.6. Clinical and Patient-Reported Outcomes

At each postoperative assessment, pain and function were evaluated using a stan-
dardized set of validated measures. Pain intensity at the time of evaluation was quantified
through a Visual Analog Scale (VAS) [38]. Generic health status was assessed using the
12-Item Short Form Survey (SF-12), with computation of the Physical Component Summary
(PCS-12) and Mental Component Summary (MCS-12) scores [39]. Hip-specific symptoms
and disability were captured using the Hip disability and Osteoarthritis Outcome Score
(HOOS), including both the total score and domain-level scores (Pain, Function, and
Quality of Life) [40]. All questionnaires were administered in the same modality at both
timepoints, and scores were calculated according to the respective scoring manuals to
ensure comparability across visits.

2.7. Instrumented Gait Analysis and Surface Electromyography

Instrumented gait analysis with synchronized surface electromyography (sEMG)
was performed at both postoperative timepoints (T3M, 3 months; T6M, 6 months) to
objectively characterize locomotor recovery after total hip arthroplasty performed through
an anterior versus lateral approach. Gait data were acquired using a three-dimensional
optoelectronic motion capture system (Smart D500; BTS Bioengineering, Milan, Italy)
integrated with a force platform (INFINI-T-Force Plate BTS Bioengineering, Milan, Italy)
and two video camera systems (BTS Bioengineering). Marker trajectories were sampled at
100 fps and ground reaction forces at 500 Hz. Prior to each session, system calibration was
performed according to the manufacturer’s procedures. Reflective markers were placed on
anatomical landmarks according to the protocol described by Davis et al. [41]. Participants
walked barefoot along a 8—10 meter walkway at a self-selected comfortable speed. After a
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familiarization trial, each participant performed repeated walking trials at a self-selected
speed. For each patient, three valid gait trials were recorded and analyzed. A trial was
considered valid when the participant walked at a self-selected speed without interruption
and with complete marker trajectories and force-plate acquisition [42,43].

Spatiotemporal outcomes included mean gait speed, cadence, cycle time, stance time
of the operated limb, and stride length normalized to height [44]. Hip kinematics focused
on sagittal-plane measures, including minimum hip flexion (as a surrogate of late-stance
hip extension) and hip flexion range of motion (ROM) [45]. Hip kinetics were summarized
using hip flexion—extension moment descriptors (peak and minimum values during gait)
derived from synchronized kinematic and ground-reaction force data [46—48].

sEMG signals were recorded concurrently from the gluteus medius, rectus femoris,
and semitendinosus of the operated limb with a sampling frequency of 1000 Hz. Skin was
prepared (shaving, abrasion, alcohol) to reduce impedance, and bipolar surface electrodes
were placed according to standardized recommendations with an inter-electrode distance
of 20 mm [49,50]. Raw EMG signals were band-pass filtered (lower and upper cut-off fre-
quencies of the Hamming filter were 10 and 400 Hz), full-wave rectified, and subsequently
low-pass filtered at 5 Hz to obtain the linear envelope [51]. The amplitude values used
for analysis therefore corresponded to processed sEMG envelope amplitudes expressed
in microvolts (V). No normalization to maximal voluntary contraction or to a dynamic
reference task was performed.

2.8. Sample Size and Statistical Analysis

Given the pilot design, sample size estimation was informed by the large between-
group effect observed in Varin et al. [52] for postoperative contralateral hip flex-
ion/extension ROM (assumed Cohen’s d = 1.8), resulting in a minimum target of 6 partici-
pants per group (x = 0.05; power = 0.85).

Statistical analyses were performed using IBM SPSS Statistics (version 29.0; IBM Corp.,
Armonk, NY, USA). Continuous variables are presented as mean =+ standard deviation
(SD), and categorical variables as counts and percentages. Data distribution was explored
using Shapiro-Wilk tests and visual inspection; given the pilot nature of the study and the
distribution of several outcomes, non-parametric tests were used for the main comparisons.

Between-group comparisons (DAA vs. LA) at each postoperative timepoint (T3M
and T6M) were performed using the Mann-Whitney U test. Within-group changes from
T3M to T6M were assessed using the Wilcoxon signed-rank test. To compare recovery
progression between approaches, change scores were computed as A = T6M — T3M and
compared between groups using the Mann-Whitney U test. Effect sizes for between-group
comparisons were calculated as rank-biserial correlation (r_rb). Statistical significance was
set at p < 0.05 (two-tailed). Given the pilot and exploratory nature of the study and the
multidomain assessment performed, no adjustment for multiple comparisons was applied.
Therefore, all p values should be interpreted as exploratory and hypothesis-generating
rather than confirmatory.

3. Results
3.1. T3M, 3-Month Postoperative Assessment Characteristics

At the first study assessment (T3M, three months postoperatively), no significant
between-group differences were found in demographic or clinical characteristics (all
p > 0.05) (Table 1). The two groups were comparable in terms of age, body weight, height,
body mass index (BMI), and preoperative pain intensity (VAS). Similarly, the distribution
of sex and physical activity level did not differ significantly between groups. These find-
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ings support the comparability of the sample, suggesting that subsequent between-group
comparisons are less likely to be explained by baseline imbalances.

Table 1. Characteristics at first postoperative assessment (T3M, 3 months).

Anterior Approach (Group 1) Lateral Approach (Group 2)

Variable Mean + SD or n (%) Mean + SD or n (%) p-Value
Age (years) 60.67 £ 9.79 64.83 £ 11.37 0.47
Weight (kg) 75.83 £ 20.56 75.86 £ 21.62 0.99
Height (cm) 168.17 & 8.18 170.69 £ 9.58 0.62
BMI (kg/m?) 26.74 + 6.78 25.67 + 4.89 0.75
Gender (M/F) 4/2 3/3 0.62
Physical activity (1 = sedentary; 2 = active) 2.00 1.67 £ 0.52 0.32
Preoperative VAS pain 7.50 £ 1.05 8.00 + 0.63 0.29

Values are expressed as mean + standard deviation or as absolute frequencies (n).

3.2. Between-Group Comparison at Three Months Postoperatively (T3M)

At three months postoperatively (T3M), Mann-Whitney U tests were performed

to compare the two groups across clinical outcomes and operated-limb gait, kinematic,

kinetic, and electromyographic parameters, and significant between-group differences are

summarized in Table 2.

Table 2. Significant between-group differences at three months postoperatively (T3M).

Variable Anterior Group  Lateral Group Value Effect Size Mean Difference Interpretation
(Mean £ SD)  (Mean+SD)  * (Ir_rb1) (95% CI) P
VAS pain 3.00 + 0.63 417 +0.75 0.026 0.75 ~117(~183t0  Lower pain intensity in
—0.50) the anterior group
Better perceived
PCS-12 35.03 +£3.43 28.08 + 2.53 0.009 0.90 6.95 (3.73 t0 9.92) physical health in
anterior group
Higher overall
HOOS Total 68.20 + 4.54 61.69 + 1.58 0.026 0.75 6.51 (2.79 t0 9.76) self-reported hip
function in anterior
group
Superior self-reported
HOC.)S 73.28 £5.55 67.39 £+ 1.67 0.009 0.86 >89 (1.94to physical function in
Function 10.31) .
anterior group
Mean gait 14.15 (9.26 to Higher gait speed in
speed (% 58.8 45 447 + 46 0.002 1.00 19.16) thge ant%riorp o
height/s) : group
Stride length 8.14 (1.94 to Longer normalized
pae eng 68.02 + 5.61 59.87 + 5.90 0.041 0.72 R, stride length in
(% height) 13.91) .
anterior group
Cycle time (s) 1.14 £ 0.09 1.33 £ 0.14 0.026 0.75 —0188(~0315t0  Shorter gait cycle time
—0.067) in anterior group
Shorter stance phase
Stance time (s) 0.68 = 0.08 0.83 £ 0.07 0.026 0.78 —0.148 (~0.223 to duration in

—0.069)

anterior group

Abbreviations: HOOS = Hip disability and Osteoarthritis Outcome Score; PCS-12/PCS-12 = Physical/Mental
Component Summary of the SF-12; CI = confidence interval; r_rb = rank-biserial correlation.

At T3M, the anterior approach group (Group 1) exhibited significantly better clinical

and patient-reported outcomes. Specifically, VAS pain was significantly lower in the
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anterior group (3.00 & 0.63 vs. 4.17 £ 0.75; p = 0.026), a difference exceeding the published
MCID threshold for postoperative pain measured using the VAS [53,54]. PCS-12 was also
significantly higher in the anterior group (35.03 £ 3.43 vs. 28.08 & 2.53; p = 0.009), with a
between-group difference meeting the published MCID thresholds reported for the SF-12
Physical Component in orthopedic populations [55].

HOOS Total (68.20 & 4.54 vs. 61.69 £ 1.58; p = 0.026), and HOOS Function (73.28 + 5.55
vs. 67.39 £+ 1.67; p = 0.009) were also significantly higher in the anterior group, with
between-group differences approaching lower published MCID thresholds for HOOS-
derived measures after total hip replacement [56].

Overall, these findings indicate better perceived physical health, better hip-related
outcome, and lower pain intensity in the anterior group at the first postoperative assessment.
MCS-12 (p = 0.093), HOOS Pain (p = 0.485), and HOOS Quality of Life (p = 0.180) did not
differ significantly between groups.

In the gait analysis, mean gait speed (% height/s) was significantly higher in the
anterior group than in the lateral group (58.8 &= 5 vs. 44.7 £ 4.6; p = 0.002), and the magni-
tude of this difference exceeded commonly reported thresholds for clinically meaningful
differences in gait speed [57] and longer normalized stride length (68.02 £ 5.61% height vs.
59.87 £ 5.90% height; p = 0.041), together with shorter cycle (1.14 & 0.09 s vs. 1.33 £ 0.14 s;
p = 0.026) and stance times (0.68 £ 0.08 s vs. 0.83 &£ 0.07 s; p = 0.026).

These findings are consistent with a faster gait pattern characterized by higher walking
speed, longer stride length, and shorter cycle and stance times in the anterior group. Ca-
dence tended to be higher in the anterior group (104.75 £ 8.74 vs. 90.97 & 12.29 steps/min;
p = 0.093), although this difference did not reach significance. No significant differences
were detected in swing time, stance and swing phase proportions, single- and double-
support durations, or step width (all p > 0.10). The kinematic analysis revealed comparable
hip joint ranges of motion between groups for flexion, abduction, and rotation (all p > 0.10).
Similarly, kinetic parameters (peak and minimum hip flexion—extension moments) and
electromyographic amplitudes of the gluteus medius, semitendinosus, and rectus femoris
muscles on the operated side were not significantly different (all p > 0.10). All significant
between-group differences showed large effect sizes (1r(rb) | > 0.5).

3.3. Between-Group Comparison at Six Months Postoperatively (T6M)

At six months postoperatively (T6M), Mann—-Whitney U tests were performed to
compare the anterior and lateral approach groups on clinical, gait, kinematic, and elec-
tromyographic variables of the operated limb; significant between-group differences are
summarized in Table 3. No significant differences were observed in VAS pain (p = 0.60),
PCS-12 (p = 0.42), or MCS-12 (p = 0.87), indicating comparable levels of perceived pain in-
tensity and general health status between groups at this stage. Regarding HOOS scores, the
anterior approach group continued to demonstrate superior self-reported outcomes. HOOS
Total (81.37 £ 2.64 vs. 73.87 &+ 1.60; p = 0.004), HOOS Pain (85.50 £ 1.87 vs. 77.39 £ 3.16;
p = 0.004), and HOOS Function (85.57 £ 2.02 vs. 81.51 &£ 1.27; p = 0.010). The HOOS Quality
of Life subscale (p = 0.23) showed no significant difference.

In the gait analysis, no significant differences were detected between groups in cycle
time, stance time, swing time, stance/swing phase proportions, double support phase,
mean gait speed, cadence, stride length, step length, or step width (all p > 0.33). No between-
group differences were observed in spatiotemporal gait parameters at T6M, suggesting a
convergence of gait performance by six months postoperatively.
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Table 3. Significant between-group differences at six months postoperatively (T6M).

Anterior Group  Lateral Group p Value Effect Size = Mean Difference Interpretation

Variable (Mean + SD)  (Mean + SD) (Ir_tbl) (95% CI)

Better overall
HOOS Total 81.37 £ 2.64 73.87 £ 1.60 0.004 1.00 7.50 (5.31t09.81)  hip-related outcome in
the anterior group

Better pain-related

HOOS Pain 85.50 4+ 1.87 77.39 £ 3.16 0.004 1.00 8115573)3 to outcome in
' anterior group
HOOS Better self-reported
Function 85.57 £+ 2.02 81.51 £1.27 0.010 0.89 4.06 (2.31 t0 5.75)  physical function in the
anterior group
e 1. More extended
Min hip 1.87 + 7.89 —8.42 + 6.49 0.037 0.72 10293320}, stance hip position
flexion (°) 18.12) .
in the lateral group
EMG semi- Higher semitendinosus
tendinosus 55.16 & 30.04 116.96 + 26.03 0.004 0.94 —61.80 (-8997t0 activation in the
—32.00)
(nv) lateral group
Higher rectus femoris
EMG rectus 36.08 £ 9.24 4822 + 14.10 0.040 0.67 —12.14 (-2421 to activation in the
femoris (uV) 0.29)

lateral group

Abbreviations: EMG = electromyography; HOOS = Hip disability and Osteoarthritis Outcome Score.

The kinematic assessment showed similar ranges of motion for hip flexion, abduction,
and rotation (all p > 0.33). Minimum hip flexion differed between groups (p = 0.037), with
the lateral group reaching a more extended hip position during late stance (—8.42 & 6.49°)
compared with the anterior group (1.87 £ 7.89°). All other kinematic variables (maximum
angles and ROMs) were comparable (p > 0.33). Regarding hip joint kinetics, neither the
peak hip flexion—extension moment (0.48 = 0.22 vs. 0.28 +£ 0.10; p = 0.26) nor the minimum
hip moment (—0.12 £+ 0.52 vs. —0.58 £ 0.15; p = 0.20) differed significantly, indicating
similar dynamic joint loading across surgical approaches.

For electromyographic (EMG) activity, gluteus medius amplitude was not significantly
different (p = 0.18). However, semitendinosus activation was significantly higher in the
lateral approach group (116.96 & 26.03 vs. 55.16 £ 30.04; p = 0.004), and rectus femoris
amplitude showed a significant difference (48.22 + 14.10 vs. 36.08 £ 9.24; p = 0.04); both
were higher in the lateral group. All significant between-group differences showed large
effect sizes (Ir_rb| > 0.5), supporting a relevant between-group difference at T6M.

3.4. Between-Group Comparison of Changes (A = T6M — T3M)

Mann-Whitney U tests were performed to compare postoperative changes (A = T6M — T3M)
between the anterior and lateral approach groups, assessing functional progression from
three to six months after surgery. Significant between-group differences were found for
HOQS Pain, cycle time, stance time, mean normalized gait speed, stride length normal-
ized to height, hip flexion ROM, and semitendinosus activation. The HOOS Pain score
improved more in the anterior approach group (A = 20.86 £ 2.74) than in the lateral group
(A =15.40 & 4.41; p = 0.025), indicating greater perceived pain relief. For gait temporal pa-
rameters, the anterior approach showed a smaller decrease in cycle time (A = —0.005 £ 0.12
vs. —0.19 £ 0.41; p = 0.041) and stance time (A = —0.007 + 0.12 vs. —0.16 & 0.09; p = 0.045),
whereas the lateral approach exhibited a larger reduction in both measures. The nor-
malized gait speed increased in both groups, with a greater increase in the lateral group
(A=4.8=+84vs. 20.1+13.2; p = 0.040). Regarding spatiotemporal gait parameters, stride
length normalized to height increased in both groups, with a greater increase in the lateral
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group (A =2.25+4.2vs. 122 £ 7.5; p = 0.025). Similarly, hip flexion ROM increased, again
with a greater increase in the lateral group (A = 0.9 £ 5.08 vs. 11.3 £ 7.7; p = 0.042). Finally,
semitendinosus EMG amplitude decreased in the anterior group (A = —54.93 £ 107.6) and
increased in the lateral group (A = 38.74 & 33.49), showing a significant between-group
difference (p = 0.026). This pattern may suggest a trend toward neuromuscular normal-
ization in the anterior approach, whereas the lateral group showed increased semitendi-
nosus recruitment over time. All significant variables (Table 4) showed large effect sizes
(Ir(rb) | >0.5).

Table 4. Significant between-group differences in clinical and operated-limb changes from T3M
to T6M.

Mean Difference

Variable Group 1 (Mean + SD)  Group 2 (Mean + SD) Effect Size (Ir_rb 1) (95% CI) p Value
HOOS Pain 20.86 + 2.74 15.40 £ 4.41 0.78 5.46 (1.80 to 9.40) 0.025
Cycle time (s) —0.005 + 0.12 —0.19 £ 0.41 0.69 0.187 (0.049 to 0.326) 0.041
Stance time (s) —0.007 £ 0.12 —0.16 £ 0.09 0.64 0.158 (0.044 to 0.273) 0.045
Mean gait speed —15.27 (—=26.71 to
(% height/s) 48+84 20.1+13.2 0.67 ~3.97) 0.040
Stride length —9.95 (—16.20 to
(% height) 225+42 122+75 0.78 —3.68) 0.025
Hip flexion ROM (°) 0.9 +5.08 11.3+77 0.67 710.4:2:633?11 to 0.042
Semitendinosus —93.68 (—182.55 to
amplitude (1V) —54.93 +107.6 38.74 £+ 33.49 0.78 ~2131) 0.026

Abbreviations: ROM = range of motion; EMG = electromyography; HOOS = Hip disability and Osteoarthritis
Outcome Score.

4. Discussion

In this prospective observational pilot study comparing total hip arthroplasty per-
formed through an anterior versus a lateral approach, several clinically and biomechanically
relevant patterns emerged between 3 and 6 months postoperatively. At the first assessment
time point (T3M, 3 months), patients treated with the anterior approach reported a better
clinical status, with lower pain and better perceived physical function, and also demon-
strated a more favorable spatiotemporal gait profile, characterized by higher walking
speed, longer normalized stride length, and shorter cycle and stance times. Notably, the
observed between-group difference in VAS pain, Hoos Total, Hoos Function, and PCS-12
approached the published MCID threshold for postoperative pain in this clinical context,
suggesting that this early difference may have potential clinical relevance [53-56]. At
6 months (T6M), between-group differences in most spatiotemporal metrics were no longer
detectable, suggesting a convergence of overall gait performance across the two approaches.
However, the anterior approach maintained higher hip-specific patient-reported outcomes,
with consistently better HOOS Total, Pain, and Function scores at ToM. Notably, at T6M, we
observed neuromuscular and kinematic differences, including greater hip extension during
late stance in the lateral group (more negative minimum hip flexion) and higher EMG
amplitudes of the semitendinosus and rectus femoris compared with the anterior group.

However, no preoperative gait or sSEMG assessment was performed; therefore, pre-
existing biomechanical or neuromuscular differences between groups may have influenced
the postoperative patterns observed in this study and cannot be excluded as potential
contributors to the between-group differences. Change-score analysis (A = T6M — T3M)
suggested a possible “catch-up” pattern in the lateral group, which showed larger improve-
ments in spatiotemporal and kinematic measures despite greater HOOS Pain improvement
in the anterior group [58].
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Regarding surface electromyography, semitendinosus activity decreased over time
in the anterior group but increased in the lateral group, suggesting that similar global
spatiotemporal gait performance at 6 months may be achieved through different under-
lying neuromuscular activation patterns. This interpretation is consistent with previous
EMG studies after THA showing that improvements in time—distance gait parameters
do not necessarily coincide with the complete normalization of muscle activation pat-
terns [59,60]. Horstmann et al. reported persistent postoperative EMG differences at
6 months after THA, including increased semitendinosus activation and altered activa-
tion patterns compared with healthy controls [59]. Similarly, posterior-chain overactivity
and altered neuromuscular activation patterns may persist after THA despite clinical and
functional improvement [60]. In our cohort, the increase in semitendinosus activity in
the lateral group may be compatible with a compensatory stabilization strategy during
gait, possibly related to the transition from an initially more protected walking pattern to
a more demanding gait pattern at 6 months. However, given the small sample size, the
exploratory nature of the sSEMG analysis, the use of non-normalized sEMG amplitudes,
and the absence of preoperative EMG data, these findings should be interpreted cautiously
as preliminary indicators of different motor-control strategies rather than as evidence of
persistent neuromuscular impairment. Future studies using time-domain EMG analyses,
co-contraction indices, and integrated kinematic, kinetic, and patient-reported outcomes are
needed to clarify whether these activation patterns reflect adaptive stabilization strategies,
residual motor-control alterations, or clinically relevant discomfort during gait, given the
established role of antagonist muscle coactivation in contributing to joint stability [61].

Our findings should also be considered in the context of recent developments in
objective gait assessment after THA. Wearable sensors and inertial measurement units
have increasingly been proposed as scalable tools to assess gait recovery outside the tradi-
tional motion-analysis laboratory, and validation studies in THA populations suggest that
IMU-derived parameters may provide clinically useful information on gait and hip mo-
tion [62,63]. In parallel, machine-learning approaches applied to wearable or smartphone-
derived mobility data are emerging as promising methods to classify gait patterns, predict
recovery trajectories, and identify patients at risk of suboptimal functional recovery [64,65].
However, these approaches generally provide limited direct information on the neuromus-
cular strategies underlying movement. Conversely, advanced EMG methods, including
normalized amplitude analysis, timing metrics, co-contraction indices, and high-density
sEMG, may improve the characterization of postoperative motor-control adaptations after
THA [60]. In this context, the present pilot study contributes by integrating patient-reported
outcomes, instrumented gait analysis, and sEMG, providing a multidomain characteri-
zation of early recovery after anterior versus lateral THA. Future studies should com-
bine laboratory-based biomechanical and neuromuscular assessments with wearable and
machine-learning approaches to improve both mechanistic interpretation and real-world
monitoring of postoperative recovery.

The anterior approach maintained higher HOOS scores at 6 months (Total, Pain,
and Function) despite the absence of between-group differences at the same time point
for generic or less joint-specific measures such as PCS-12 and VAS pain. Our results
are in line with a recent prospective randomized study comparing the direct anterior
and lateral approaches, reporting earlier functional advantages for the anterior approach,
particularly walking speed and clinical scores, followed by the convergence of outcomes
between the two approaches [66]. One possible explanation is a dissociation between
patient-reported outcome measures and performance: at 6 months, spatiotemporal gait
parameters converge between groups, yet hip-specific perceived outcomes remain different.
Available evidence indeed indicates that relationships between patient-reported outcome
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measures and objective gait-related biomechanical factors after THA are often only partial,
suggesting that the way patients walk does not always align with how they perceive their
well-being [67].

From a clinical standpoint, these findings support the idea that in the mid-term
postoperative window (3—6 months), hip-specific patient-reported outcome measures such
as HOOS may be more sensitive than VAS or generic health scores in detecting between-
group differences in perceived recovery, even when objective spatiotemporal gait measures
appear similar [68].

Moreover, the anterior approach showed a more evident functional advantage at
3 months, with higher walking speed, longer normalized stride length, and shorter cycle
and stance times. Notably, the magnitude of the between-group difference in walking speed
reached commonly reported thresholds for clinically meaningful change [57]. Although
validated MCID thresholds for normalized stride length and temporal gait parameters
are not yet fully established, the overall spatiotemporal pattern supports a more efficient
gait profile in the anterior group, in line with previous evidence of faster early functional
recovery after THA with the direct anterior approach [69]. It should also be considered that
gait speed may influence both EMG amplitudes and kinetic variables [70,71]. Therefore,
part of the observed between-group differences in muscle activation or joint moments may
reflect differences in walking speed rather than surgical approach alone.

At 6 months, however, in our patients, the most basic spatiotemporal parameters no
longer differed between groups, indicating a macroscopic convergence of gait performance.
This convergence of outcomes between groups is consistent with the literature describing
substantial improvements in gait biomechanics in the first 6-12 postoperative months, with
many spatiotemporal variables tending to improve substantially by around 6 months after
surgery across different cohorts and reviews [37,72].

Convergence of spatiotemporal metrics should not be interpreted as the absence
of underlying physiological differences; spatiotemporal variables are relatively coarse
descriptors of gait output and may normalize, while more subtle features, such as joint-
level kinematics/kinetics or neuromuscular control strategies, remain distinct or recover
more slowly [73-75]. Therefore, the matching of results between the two groups observed
at 6 months likely reflects a global functional recovery at the level of gait performance,
rather than a complete normalization of the mechanisms used to achieve it [37].

The higher A values observed in the lateral group for stride length, normalized walking
speed, and hip flexion ROM are plausibly explained by a “catch-up” effect [76], as this
group started from less favorable spatiotemporal values at T3M and therefore had greater
room for improvement. Change scores are intrinsically linked to baseline values and can
be amplified by regression to the mean and ceiling effects; therefore, a larger A does not
necessarily imply a better final outcome when absolute values converge at follow-up [58].

From a methodological standpoint, future adequately powered studies should priori-
tize baseline-adjusted analyses (e.g., ANCOVA on follow-up outcomes or mixed models
with baseline as a covariate) to better isolate approach-related differences in recovery
trajectories and reduce bias associated with initial imbalances [77].

At T6M, the only kinematic difference between groups was minimum hip flexion,
with the lateral group reaching greater hip extension in late stance (more negative values).
Although a validated MCID for this parameter after THA is not available, the between-
group difference of approximately 10° exceeded commonly reported minimal detectable
change thresholds for lower-limb gait kinematics [78]. This finding underscores that joint
mechanics in the final phases of stance can remain different even when many spatiotem-
poral gait parameters have already converged [79-81]. Reduced hip extension during late
stance is a well-recognized residual gait feature after THA and is closely related to step
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mechanics and compensatory strategies [37,82]; accordingly, differences in minimum hip
flexion may persist between surgical approaches even when spatiotemporal gait parameters
have already converged [83].

In parallel, late neuromuscular differences emerged: at 3 months, there were no EMG
differences, whereas at 6 months, semitendinosus and rectus femoris activity was higher in
the lateral group; moreover, semitendinosus increased over time in the lateral group and
decreased in the anterior group. This pattern is compatible with previous studies showing
that when patients transition from an initially more protected gait to higher-demand
walking, different motor-control strategies may emerge even in the presence of similar
spatiotemporal output—a “same result, different control” phenomenon already discussed
in the post-THA EMG literature [59]. Future studies should more thoroughly analyze
the neuromuscular activation pattern during gait, also including symmetry indices and
tasks with different demands (fast walking, stairs/step, dual-task), to clarify whether the
increased recruitment of semitendinosus and rectus femoris in the lateral group represents
a transient compensatory strategy or a persistent adaptation. In addition, larger samples
and analyses adjusted for baseline values should verify whether these EMG markers can
identify subgroups of patients at risk of still-suboptimal motor control, thereby guiding
more targeted rehabilitation interventions.

5. Limitations

This study has several limitations. First, the sample size was small, consistent with
the pilot nature of the study, which limits statistical power and the generalizability of the
findings. Second, the observational and non-randomized design does not allow for causal
inference. Patients were assigned to the surgical approach according to routine clinical
practice rather than randomization, hence selection bias and unmeasured confounding
cannot be excluded. Therefore, some of the observed between-group differences may
reflect pre-existing patient or clinical factors rather than the effects of surgical approach
alone. Third, instrumented gait analysis and sEMG were not collected preoperatively
or during the immediate early postoperative phase; therefore, recovery trajectories were
described from the first postoperative assessment at 3 months onward, rather than from
a pre-surgical baseline. The sEMG analysis was limited to three selected muscles and
relied on a single amplitude-based measure. Therefore, it did not capture activation
timing, onset/ offset patterns, co-contraction indices, symmetry measures, or broader lower-
limb muscle coordination. This choice is consistent with the pilot nature of the study,
which was intended to provide an initial exploratory characterization of postoperative
neuromuscular recovery and to inform future, more comprehensive investigations. Future
studies should include a larger muscle set and more detailed time-domain, symmetry, and
coordination analyses to better characterize postoperative motor-control adaptations after
THA. Fifth, although sEMG data were not analyzed as raw signals but as processed linear-
envelope amplitudes, the values were not normalized to maximal voluntary contraction or
to another reference task. Therefore, between-subject and between-session comparisons
may still be influenced by electrode placement, skin impedance, subcutaneous tissue
thickness, and other patient-specific factors. For this reason, the sSEMG findings should
be interpreted cautiously and considered exploratory. Finally, the follow-up period was
limited to 6 months. Therefore, the present findings should be interpreted as reflecting
early-to-mid postoperative recovery rather than long-term biomechanical or neuromuscular
adaptation after THA. Longer follow-up assessments, ideally at 12-24 months, are needed
to determine whether the observed kinematic and sEMG differences persist, resolve, or
evolve over time, and to clarify their long-term clinical relevance.
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6. Conclusions

In patients undergoing total hip arthroplasty for osteoarthritis, both the anterior and
lateral approaches were associated with progressive postoperative improvement in clinical
status, with spatiotemporal gait performance tending to converge between groups by
six months after surgery.

The anterior approach was associated with a more favorable early postoperative pro-
file at 3 months, whereas the lateral approach showed higher semitendinosus and rectus
femoris activation at six months, possibly suggesting different neuromuscular activation
patterns during gait. These preliminary findings suggest that the two surgical techniques
may lead to similar spatiotemporal gait performance by the mid-term postoperative phase,
while still differing in hip-specific patient-reported outcomes and underlying neuromuscu-
lar control strategies.

The integration of patient-reported measures, instrumented gait analysis, and surface
electromyography may provide a multidomain, quantitative characterization of postop-
erative recovery. This combined framework may support the use of biomechanical and
wearable sensor-based technologies as objective tools to monitor motor adaptation and
guide tailored rehabilitation programs.

Future research with larger samples and longer follow-up is warranted to confirm
these preliminary findings and to determine whether early neuromuscular activation
patterns can predict long-term functional outcomes and rehabilitation trajectories across
different surgical approaches.
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