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Abstract

Objective—To investigate whether sex impacts the trajectory of functional recovery following
total knee arthroplasty (TKA).

Design—Retrospective analysis from a historical database containing data from three prospective
clinical trials and a pilot study.

Setting—All studies were performed in a clinical laboratory setting.

Participants—Recruitment across studies was restricted to patients who underwent an elective
unilateral TKA for the treatment of osteoarthritis and were between 50-85 years of age (N=301).

Intervention—Across all four studies patients received a TKA and physical therapy intervention.
Measures of physical function and strength were assessed prior to TKA, 1, 3, and 6 months after
TKA.

Main Outcome Measures—Statistical inference using a maximum likelihood model for
repeated measures was done to estimate the changes in outcomes by sex from pre-surgical
assessment compared to 1, 3, and 6 months after TKA. Muscle strength was assessed during
maximal isometric quadriceps and hamstrings contractions. Muscle activation was assessed in the
quadriceps muscle. Physical function outcomes included: Timed-Up-and-Go (TUG), Stair
Climbing Test (SCT), and the Six-Minute Walk Test (6MWT).

Results—Women demonstrated less decline in quadriceps strength than men at 1, 3, and 6
months after TKA (p<0.04), whereas women demonstrated less decline in hamstrings strength 1
month after TKA (p<0.0001). Women demonstrated a greater decline than men on the TUG
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(p=0.001), SCT (p=0.004), and 6MWT (p=0.001) 1 month after TKA. Sex differences in physical
function did not persist at 3 and 6 months following TKA.

Conclusions—Sex impacted early recovery of muscle and physical function within the first
month after TKA. Women demonstrated better preservation of quadriceps strength, but
demonstrated greater decline on measures of physical function compared to men.
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INTRODUCTION

Osteoarthritis (OA) of the knee is a chronic disease that impacts approximately 9.3 million
people in the United States, with the prevalence and severity being greater in women than
men23 due to sex differences in the underlying physiological and psychosocial mechanisms
of disease onset and severity. For example, in post-menopausal women the loss of ovarian
hormones has been linked to impairments in knee joint function, though the exact
physiologic mechanisms have yet to be discerned.* From a psychosocial perspective, women
with osteoarthritis have greater perceived disability compared to men,? but often seek
treatment later in the course of the disease.® Thus, women and men with osteoarthritis
exhibit different clinical presentations in terms of disease severity and functional
limitations,”:8 which may impact the trajectory of recovery and the types of intervention
strategies employed to prevent long-term disability.* Importantly, women are at greater risk
for developing disability in response to osteoarthritis due to longer duration of the
osteoarthritic condition’-8 and increased life spans,3 both of which lead to an increased risk
for costly institutionalization and poor quality of life.910

To alleviate the function-limiting symptoms associated with knee OA, 700,000 people
voluntarily undergo total knee arthroplasty (TKA) annually, with ~60% (420,000) being
women.11 By 2030, the number of people receiving a TKA is expected to dramatically
increase 5-fold to 3.5 million per year or ~2.1 million women.11 Despite the pain relief
reported following surgery, patients continue to demonstrate deficits in gait speed and stair
climbing ability,12 with some evidence that women perform worse on functional outcomes
compared to men.213-17 However, the reports on sex differences in functional outcomes
following TKA are conflicting and show either no sex differences® or that women perform
worse after TKA compared to men 16-18 Quadriceps weakness in the surgical limb after
TKA is a profound contributor to poor physical function. One month after TKA, quadriceps
strength drops to 60% of pre-operative levels.1%-20 Quadriceps weakness in the surgical limb
has been associated with decreases in gait speed, balance, stair-climbing ability, and chair
rise ability, as well as increased risk for falls.21-27 While, women demonstrate greater
quadriceps weakness in the involved limb prior to surgery than men,2 the impact of pre-
surgical quadriceps strength on the recovery of physical function and strength is unknown.

Previous studies have not explored the longitudinal trajectories of functional recovery for
men and women compared to pre-surgical function and strength, specifically in the
immediate post-operative period (e.g., 1 month), a time when rehabilitation interventions are
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likely to have the greatest impact.214.17.28.29 Sex differences in baseline measures of
function and muscle strength have been established in OA.2 However, no studies have
explored the absolute change in functional and strength measures from before to after TKA
in men versus women, which may better elucidate sex-specific trajectories of recovery. A
clearer understanding of the functional trajectory will guide future research designed to
develop effective rehabilitation strategies that can be applied at a time post-surgery where
they have the greatest impact on long-term recovery.

Therefore, the gap in knowledge of differences in the trajectory of functional recovery of
men and women following TKA represents a barrier to developing sex-specific rehabilitation
prescriptions that would reduce the risk for long-term disability. The purpose of this
retrospective analysis was to determine the impact of sex on the longitudinal recovery (i.e.,
change from pre-operative to post-operative) of muscle and physical function following
TKA, by pooling data from three prospective clinical trials and one pilot study.39-36 The
current analyses were designed to estimate sex differences in functional recovery after TKA
that would indicate the need for sex-specific tailoring of rehabilitation approaches.

METHODS
SUBJECTS

This analysis examined a historical database of patients who participated in one of three
clinical trials or a pilot study spanning June 2006 to May 2015.31-33 Recruitment across all
studies was restricted to patients who underwent an elective unilateral TKA for the treatment
of OA and were between 50-85 years of age. Exclusion criteria in all studies included
uncontrolled hypertension, uncontrolled diabetes, significant neurologic impairments,
contralateral knee osteoarthritis (as defined by a pain level of greater than 4/10 with
activity), the presence of other unstable lower-extremity orthopedic conditions, and a body
mass index (BMI) greater than >40 kg/mZ. This retrospective study on a convenience sample
does not address whether the different interventions presented in each of the four studies
were effective. Rather, the studies were selected and combined to answer a different
question, a question regarding the trajectory of recovery and quantification of sex differences
after TKA. All four studies have consistent eligibility criteria and were stratified by sex for
randomization; therefore, the risk of selection bias is small.

OUTCOMES

Isometric Quadriceps and Hamstrings Muscle Strength & Quadriceps
Activation—Maximal isometric hamstrings and quadriceps muscle torque of the surgical
leg were assessed in all four studies as previously described31:32:36-40 gt haseline (1-2
weeks before TKA), and at 1, 3, and 6 months after TKA. Patients were positioned and
stabilized in the dynamometer with 60° of knee flexion. Voluntary activation of the
quadriceps muscle was assessed using the doublet interpolation technique, in which a
supramaximal stimulus (2-pulse, 600-us pulse duration, 100-Hz electrical train) was applied
during a maximum voluntary isometric contraction and again immediately afterwards while
the quadriceps muscle was at rest.3437-39 A value of 100% represents full voluntary muscle
activation and anything less than 100% indicates incomplete motor unit recruitment or
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decreased motor unit discharge rates.37-38:41 Normalization of the torque from the
superimposed doublet to the resting doublet allows for comparisons of quadriceps muscle
activation across individuals and lower extremities. Isometric hamstrings torque was
measured in 60°of knee flexion, although no activation testing was performed. Both
quadriceps and hamstrings measures were performed twice, with a third trial performed if
maximal torque differed by more than 5%.32 Torque data were reported as normalized to
body weight.

Measures of Physical Function—Patients performed assessments of physical function
at baseline (1-2 weeks before TKA), and at 1, 3, and 6 months after TKA. Measures of
physical function included the Stair Climbing Test (SCT), Timed-Up-and-Go test (TUG),
and Six-Minute Walk Test (6MWT). All measures were performed as previously
described.30-32:36.40 Briefly, the SCT measures the total time to ascend, turn around, and
descend a flight of stairs.#243 The TUG measures the time it takes a patient to rise from an
arm chair (seat height of 46 centimeters), walk 3 meters, turn, and return to sitting in the
same chair without physical assistance (although assistive devices can be used if
necessary).** The 6BMWT measures the total distance walked in meters in a period of 6
minutes.4®

STATISTICAL ANALYSIS

RESULTS

Descriptive statistics were calculated for sex, age, and BMI by Study. Physical function
measures (SCT, TUG, 6MWT) were described, by sex, pre-surgically and at 1, 3, and 6
months after TKA. Statistical inference was done to estimate the changes by sex in
functional performance measures, muscle strength, and quadriceps muscle activation from
pre-surgical values (i.e., baseline) to 1, 3, and 6 months after TKA using a maximum
likelihood model for repeated measures. This method of analysis avoids case-wise deletion
of records with missing data and provides unbiased estimates under the assumption that
missing data are missing at random.#® The correlation structure was assumed to be
autoregressive. Age and pre-surgical BMI were centered on the mean and included in all
regressions. Age and BMI are considered important indicators of recovery following TKA 47
Across the four studies different interventions were administered; however indicators for
Group, Study, and GroupxStudy were included in all analysis to control for differences in
the interventions. For the analysis of the functional measures quadriceps and hamstrings
strength values were entered as time-varying covariates because the strength loss or gain
varied significantly during the stages of recovery. Differences between sexes in the change in
outcomes across 1, 3, and 6 month time points compared to pre-surgical measures were
estimated using linear contrasts. All analysis were done in SAS 9.3, SAS Inc., Cary, NC. A
two-sided p value of 0.05 was designated for statistical significance.

Pre-Surgery Patient Characteristics—The combined study population (N=301; 55%
females) had a mean age (xstandard deviation [SD]) of 64.2+7.8 years and a mean BMI
(+SD) of 30.1+4.9 kg/m? (Table 1). Individual and combined study characteristics are shown
in Table 1.
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Quadriceps and Hamstrings Strength & Quadriceps Activation—The unadjusted
means (SD) and differences between sexes (95% confidence intervals) for surgical leg
quadriceps and hamstrings strength are shown in Table 2. At 1, 3, and 6 months after TKA,
women demonstrated less absolute quadriceps and hamstring strength compared to men
(Table 2). The model was then adjusted for BMI, age, the baseline value of the outcome
measure, Group, and Study. Adjusted means (standard error of estimate [SEE]) for the
change from pre-surgical values by sex in all outcomes are shown in Table 3. Women
demonstrated less decline in quadriceps strength than men at 1, 3, and 6 months after TKA
(p<0.04; Table 3), whereas women demonstrated less decline in hamstrings strength at only
the 1 month time point (p<0.0001; Table 3).

There were no differences between men and women in unadjusted quadriceps muscle
activation prior to surgery or any time after TKA (Table 2). Following adjustment for the
same variables indicated for quadriceps strength, no differences between men and women
were observed in the change in quadriceps activation compared to pre-surgical levels at any
time point (p>0.102; Table 3).

Functional Performance Measures—The unadjusted means and differences between

sexes for measures of physical function are shown in Table 2. Unadjusted sex differences in
TUG, SCT, and 6MWT were statistically significant pre-surgically and at all post-operative
time points, in which women performed TUG and SCT slower and ambulated less distance
on the BMWT compared to men (p<0.05; Table 2; Figure 1).

The model was then adjusted for BMI, age, normalized pre-surgical quadriceps strength,
normalized pre-surgical hamstrings strength, Group, and Study; Adjusted means (SEE) by
sex for the change from pre-surgical values in all outcomes are shown in Table 3. Adjusted
means (SEE) for the difference between sexes (men-women) in change from pre-surgical
values are shown in Table 3. For adjusted change in TUG from prior to surgery to 1 month
(men-women), women demonstrated a greater decline (1.15 [0.33] seconds slower than men)
(p=0.001). Measurement of change in TUG times at 3 and 6 months compared to pre-
surgical values were not statistically significant between sexes (p=0.83 and p=0.64,
respectively). The adjusted change in SCT from before surgery to 1 month (men-women)
showed that women demonstrated greater decline (3.59 [1.23] seconds slower than men)
(p=0.004). SCT times at 3 and 6 months were not significantly different between sexes
(p=0.22 and p=0.08, respectively). The adjusted change in 6MWT distance from before
surgery to 1 month (men-women), revealed that women demonstrated a greater decline (28.3
[8.72] meters less than men) (p=0.001). No significant differences between men and women
during the 6BMWT were detected from before surgery to 3 or 6 months (p=0.18 and p=0.44,
respectively).

DISCUSSION

The objective of this analysis was to determine whether sex affected the longitudinal
recovery of muscle and physical function after TKA. One month following TKA, women
demonstrated less decline in adjusted quadriceps and hamstrings strength compared to pre-
surgical values, but performed worse on adjusted TUG, SCT, and 6MWT measures (all p <
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0.05). At 3 and 6 month time points, women continued to demonstrate significantly less
decline in quadriceps strength compared to men, but sex differences in physical performance
and hamstrings strength were no longer apparent.

Previous examinations of sex differences after TKA for both subjective and performance
measures of muscle and physical function, without a preoperative comparison, have shown
conflicting results.14:15.17.18.48:49 | one study, women demonstrated greater improvement
than men on Western Ontario and McMaster Universities Arthritis Index (WOMAC)
function and pain scores after TKA.#8 Meanwhile, several studies have shown that women
score lower and improve less on the Knee Society Score (KSS) after TKA,14:16.18,50 yyhjle
other investigations have indicated no sex differences in KSS.15:1848 While many more
studies have focused on subjective outcomes after TKA, far fewer have focused on
performance measures of muscle and physical function that were utilized in the present
analysis. A recent study by Pua et al. showed that after TKA, women demonstrate slower
recovery of quadriceps strength and gait speed compared to men.4® However, the strength of
the current analysis of sex differences is that we used pre-surgery measures to compare to
post-operative time points. Use of change values from the pre-surgical time points adjusted
for the well-established differences between sexes as a result of OA and allowed for a more
complete evaluation of sex differences with respect to functional trajectories over time.
Results from the current analysis indicate women demonstrate a paradoxically slower
recovery of physical function during the first month after TKA, as measured by the TUG,
SCT, and 6MWT, despite the fact that they experience less decline in quadriceps strength, as
measured by isometric knee extensor torque. We acknowledge that, to date, minimal
clinically important differences (MCID) have not been defined for TUG, SCT, and 6MWT in
the TKA population, which limits our ability to state definitively the clinical significance of
these results. However, in the study by Stevens-Lapsley et al., the NMES intervention
demonstrated the following between group differences on functional performance from
baseline to 3.5 weeks after TKA: 13.3 seconds (SCT), 2.7 seconds (TUG), and 102.4 meters
(6MWT). The remaining differences between sexes, across the four combined studies, were
not this large. Another explanation for the incongruent finding is that recovery of quadriceps
strength and physical function occurs independently due to inherent sex differences in
strength. Women demonstrate less absolute muscle strength compared to men®! and,
therefore, their pre-surgical strength may be sufficiently low such that surgery does not
affect greatly induce further loss compared to men(i.e., “floor effect”). Since men have
greater strength before surgery, they may have more strength to lose acutely after TKA.

Numerous physiological factors may explain sex-specific differences in the recovery of
muscle function 1 month after TKA. Sex differences in the adaptation of muscle’s intrinsic
functionality (i.e., ability to produce force and velocity of contraction) might help explain
the results of the current analysis, as men and women with advanced knee OA exhibit
differences in single muscle fiber contractile properties prior to TKA compared to healthy
controls.52 More specifically, in fast-twitch muscle fibers, men with knee OA showed
greater single muscle fiber power output relative to women with knee OA.52 In contrast, the
force-producing capacity of fast-twitch muscle fibers (both absolute and relative to fiber
cross-sectional area) did not differ between men and women with knee OA, suggesting men
were able to compensate for the loss of force generating capacity that occurs with OA by
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increasing contractile velocity to yield increased power production.>? Aside from the
importance of muscle power output in determining lower extremity function in older
adults,>3 we have recently shown that contractile velocity in fast-twitch fibers is a strong
determinant of the whole muscle rate of force development in men and women with knee
OA.>* Rate of force development is a measure that we and others have shown is acutely
reduced following TKA and predicts decreased function.%:56 Sex differences in
myofilament adaptations could also help explain why women maintain isometric quadriceps
strength compared to men after TKA. We have shown that sex differences in molecular
function (i.e., slowed cross-bridge kinetics), as well as variation in single fiber power and
velocity, contributed to the reduced quadriceps power.>” Thus, sex-specific adaptations of
muscle myofilaments following TKA may partially explain the incongruity between
recovery trajectories of muscle strength compared to physical function

Another possible account for the sex differences in recovery of muscle and physical function
is altered movement patterns with functional activities, which can occur independently from
recovery of muscle strength and activation. Quadriceps strength losses are pronounced at 1
month after TKA (~50-60% deficit) and are largely believed to result from neural activation
deficits.31 However, sex differences in quadriceps activation were not observed in the current
analysis, which is consistent with work by Petterson and colleagues also demonstrating that
quadriceps activation deficits are comparable between men and women after TKA.17 Thus,
differences in recovery of quadriceps strength between sexes are not explained by muscle
activation deficits. However, the surgical TKA intervention imparts known changes in
movement patterns and knee joint biomechanics, which have been suggested to demonstrate
sex-specific patterns at one year after TKA.58 Such findings indicate neuromuscular and
motor control may help account for the early (1 month) sex differences in physical function
with women performing worse than men, despite the fact that women preserve more
quadriceps strength early after TKA.

Non-physiological factors could also contribute to results of the current analysis. For
example women, far more often than men, cite the importance of delaying surgery until they
are unable to perform essential daily activities or surgical technology has advanced. %9
Women also cite more distrust with physicians who recommend and perform surgery, which
impacts the timing at which they seek treatment.>® Thus, women tend to seek surgery later in
the course of osteoarthritic disease because of perceptions that the surgery as “too risky” or
would adversely disrupt their roles as primary caregiver for dependent spouses or other
family members.5® Additionally, women are 3—4 times less likely to receive a
recommendation for elective TKA compared to men,8:60.61 despite the longer duration of
osteoarthritic symptoms in women and greater losses in function.8:59.60

STUDY LIMITATIONS

A limitation of this analysis is that the studied population may not be fully representative of
the population of patients undergoing a TKA. The inclusion and exclusion criteria of the
combined studies yielded a relatively healthy cohort of patients who had limited
comorbidities and subsequent reduced risk for complications. Thus, sex differences in
recovery of muscle strength and physical function after TKA may have a greater impact on
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the excluded, medically-complex population, who demonstrate limited mobility before
surgery and are consequently at the highest risk for re-hospitalization, institutionalization,
and long-term functional decline after TKA. A second limitation is the loss to follow-up,
which increased over time in all four studies. It is unlikely that missingness is related to the
outcomes; however, this assumption is not testable. Finally, unknown confounders may have
affected the results. For example, participants who opted into the studies may present with
demographic and clinical factors that are different from those who opt-out or are ineligible
of research investigations.

CONCLUSION

The results of this study add greater clarification and insight into the functional trajectory of
both men and women following TKA. In this cohort of patients undergoing elective TKA,
sex was statistically significant in early recovery (within the first month after TKA);
although these differences were not apparent during late recovery (3 and 6 months after
TKA). Previous literature has shown Physical Therapy has the greatest impact within the
first month after TKA. Thus, research initiatives should focus on this critical time period. In
addition, developing effective rehabilitation strategies during the early post-surgical period
has implications for payment reform and the commencement of bundled payments, as
healthcare settings strive to decrease utilization (e.g., number of physical therapy visits),
while increasing desirable outcomes (e.g., reduced long-term complications including
disability and rehospitalization)82 Sex-specific approaches to rehabilitation may be
necessary during the early post-operative phase as men lose significantly more strength
during this time compared to women, while women demonstrate greater declines in function
than men. Importantly, the discrepancy between strength loss and deficits in physical
function during the 6 month recovery period in both sexes suggests that muscle activation is
a crucial target for rehabilitation interventions. Improved evidence-based rehabilitation
based on the physiologic and psychosocial mechanisms of functional impairment after TKA
is of high importance to the healthcare field, because it has the potential to reduce the risk of
long-term complications stemming from poor physical functioning and, subsequently, may
decrease healthcare burden.
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Figurel.
Unadjusted muscle and physical function measurements at baseline, 1, 3, and 6 months post.

TKA for men and women. Measures assessed included: normalized quadriceps strength (a),
normalized harmstrings strength (b), quadriceps activation (c). TUG (d) SCT (e), and
6MWT (f). Solid circles and solid lines represent women. Open circles and dotted lines
represent men. Lines presented as group means.
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