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ABSTRACT: There are no established benchmarks for gait mechanics after total hip arthroplasty (THA). This study sought to identify
minimum clinically important postoperative (MCIP) or minimum clinically important improvement (MCII) values for self-selected
walking speed, sagittal plane dynamic hip range of motion (HROM) (peak flexion-peak extension) and peak hip adduction moments
measured during quantitative gait analysis. Preoperative and 1-year postoperative data collected during quantitative gait analysis,
along with Harris Hip Scores (HHS), for 145 subjects were collected from a motion analysis data repository. The MCIP (or MCII) was
defined as the 75th percentile mark on a plot of the cumulative percent of subjects with HHS � 80 versus the postoperative value (or
change) in the respective variable. 95% confidence intervals (CI) were calculated. Logistic regression was used to test the association of
age, sex, BMI, and preoperative HHS with benchmarks. The MCIP of speed was 1.34m/s (95%CI 1.30, 1.37); MCII was 0.32 (0.30, 0.35)
m/s. The HROM MCIP was 30.0˚ (29.4˚, 30.7˚); MCII was 13.3˚ (12.1˚, 14.8˚). The adduction moment MCIP was 4.2% Body Weight �
Height (4.0, 4.4); MCII was 0.87 (0.57, 1.17) % Body Weight � Height. Women were more likely to achieve MCII for HROM and MCIP
for adduction moment (ORs 2.4–11.6, p�0.031). Lower BMI predicted HROM and adduction moment MCIPs (ORs 0.85–0.88,
p�0.015). Lower preoperative HHS predicted speed, HROM and adduction moment MCIIs (ORs 0.95–0.97, p�0.012). With further
validation, clinically-relevant gait benchmarks can enhance efforts to improve THA outcomes. � 2015 Orthopaedic Research Society.
Published by Wiley Periodicals, Inc. J Orthop Res 34:88–96, 2016.
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Over 300,000 people undergo total hip arthroplasty
(THA) each year in the US alone; demand is rising,
especially in middle aged patients.1,2 Functional recov-
ery is an important priority, as well as a key expecta-
tion, for patients undergoing THA.3–5 Unfortunately,
between 14 and 22% of patients report limitations in
walking function and other physical activities, or
do not have clinically meaningful functional
improvement.6–8 Abnormal gait mechanics may be a
barrier to full restoration of physical function.9–17 In
recent reviews,18,19 the most consistently reported
spatiotemporal, kinematic, and kinetic gait deficits,
are, respectively, reduced walking speed, reduced
dynamic hip range of motion in the sagittal plane and
reduced dynamic abductor function compared to con-
trol subjects. These aspects of gait are directly associ-
ated with self-reported gait function in THA
patients.20 Therefore, the longstanding calls in the
literature for new ways to improve gait function are
certainly justified, and moreover, improving gait me-
chanics may be one pathway to improving overall
clinical and functional outcomes.

A barrier in the goal of improving gait mechanics
after THA is that we do not yet have a definition of
what constitutes an “acceptable” or “good” gait out-
come. A tacit assumption is that normal walking
mechanics is the goal, but this goal may be unattain-
able for many patients because of the significant

impairment present before surgery.9,11,17,21 Normal
walking mechanics may also not necessarily be desir-
able, because high values of certain gait parameters
may increase potentially damaging joint forces.22–24

Finally, although we know from our recent work that
there is an association between gait improvement and
clinical improvement,20 we do not yet know how much
improvement, or what final postoperative outcome
may be meaningful to a given patient. There is a need
for clinically relevant benchmarks for gait improve-
ment after THA.

Typically, gait variables before and after THA or
versus a control group are compared and p values are
reported to as an indication of statistical significance.
Statistical significance does not, however, indicate a
clinically meaningful finding. The idea of minimum
clinically important improvement (MCII) is one of the
strategies that has proposed to complement conven-
tional statistical comparisons.25 The concept of MCII
was used here because it was attractive to anchor
quantitative gait measures to a clinical instrument
that evaluates function in a different way and incorpo-
rates other domains. In this study, the MCII concept
was expanded to include a calculation of minimum
clinically important postoperative (MCIP) values for
gait measures, because preoperative gait evaluations
are not always available in the literature.

Having benchmarks for a meaningful response
could, for example, reveal that statistically significant
gait differences between groups of subjects undergoing
different rehabilitation techniques or different surgical
approaches, are not actually likely to have clinical
importance. Conversely, subtle differences identified
between groups may not be statistically significant,
but may make the difference between an individual
patient having a clinically important change or not.
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The purpose of this study was to present a method for
establishing attainable, clinically relevant benchmarks
for MCII and MCIP values for selected gait variables.
Because age, sex, BMI, and preoperative clinical
status have been associated with functional recovery
in some studies,26–28 the secondary goal of this study
was to preliminarily identify preoperative patient
factors that may be associated with attaining gait
benchmarks.

METHODS
Subjects
Subjects were identified from an IRB-approved data reposito-
ry for this retrospective cohort study (Level of Evidence 3).
Characteristics of this cohort have been previously pre-
sented.20 Briefly, inclusion criteria were previous participa-
tion in IRB-approved studies of gait in subjects undergoing
primary unilateral THA, and having both pre- and postoper-
ative gait data included in the repository. Relevant inclusion
and exclusion criteria for the original studies in which these
subjects were enrolled included candidacy for primary unilat-
eral THA, no other planned or anticipated joint surgeries,
and no symptoms in any other lower extremity joint at the
time of enrollment. All original studies excluded patients
with a diagnosis of inflammatory arthritis. For the present
analysis, the target follow-up time point was 1 year. Because
of our previous work showing that gait kinematics and
kinetics stabilize by 6 months after surgery,29 subjects whose
postoperative data were collected before this time point were
not included. When more than one postoperative visit had
been conducted, the visit closest to 1 year after surgery was
selected. 145 subjects were identified who fit the specified
inclusion criteria (61� 10 yrs, BMI 28.5� 5.0 kg/m2, 68
female). The indication for THA was listed as osteoarthritis
for 123 subjects, avascular necrosis for 4 subjects, ankylosing
spondylitis for 1 subject; diagnoses were not available for the
remaining 17.

Motion Analysis
All subjects underwent gait analysis using standard meth-
ods described in detail elsewhere.30,31 In addition, some
pre- and postoperative gait data for the original studies in
which these subjects participated,29,32 as well as for this
subject cohort,17,20 have been previously reported. In brief,
a multicomponent forceplate (Bertec, Columbus OH) mea-
sured ground reaction forces as subjects walked across a
10m walkway at a range of self-selected speeds. Reflective
markers were placed on the iliac crest, greater trochanter,
lateral knee joint line, lateral malleolus, head of the second
metatarsal, and lateral posterior aspect of the calcaneus.
An optoelectronic camera system (Qualisys North America,
Deerfield IL) tracked the motion of the markers. Joint
centers were identified based on 3D marker positions and
anthropometric measurements. Specifically, calipers were
used to measure the distance between the medial and
lateral knee and ankle joint lines. This measurement was
bisected to determine the knee and ankle joint centers. The
hip center was placed 2.5 cm distal to a point bisecting the
ASIS and the pubic tubercle, which were located by
palpation. Therefore the 3D joint center positions were
determine by translating the 3D position of the respective
marker by the distance calculated. Custom software
(CFTC—Computerized Functional Testing Corporation,

Chicago, IL) was used to determine spatiotemporal gait
variables and, sagittal plane joint kinematics, from marker
positions, and external moments in the sagittal, frontal,
and transverse planes, using inverse dynamics. Note that
the requirements for inverse dynamics calculations include
knowledge of the 3D position of the proximal and distal
ends and joint centers, and the inertial properties of each
segment. Additional markers would have been needed to
calculate frontal and transverse plane kinematics, but all
needed information was present to compute 3D external
moments. Moments were normalized to subject body weight
and height (% BWH) to reduce the effect of body size
overall, as well as the gender differences that are solely
attributable to size.33 Typically three trials were collected
for the affected hip at a self-selected normal speed. Speed,
sagittal plane dynamic hip range of motion (HROM), and
peak external moments in each plane were averaged from
these trials, at each visit. The variables of interest in this
study were the speed, HROM and the peak external hip
adduction moment because in meta-analyses these varia-
bles have been consistently identified as reduced compared
to control subjects across studies.18

Clinical Outcome Measure
Because it was the instrument most commonly and most
consistently used in the lab, the Harris Hip Score (HHS) was
used here to characterize clinical status before and after
THA. The same study personnel who performed the gait
analysis test administered the HHS. The HHS is valid and
reliable in determining clinical outcomes of THA.34 It
consists of 4 domains: pain, function (gait and activities of
daily living), absence of deformity (e.g., leg length discrepan-
cy, flexion contracture), and passive range of motion assessed
by the examiner. The maximum score is 100. In the scoring,
pain (worth 44 points) and function (worth 47 points) are
most heavily weighted. For these subjects, the preoperative
HHS was 56.5� 14 and the postoperative HHS 91.7� 10.5.
By convention, a score above 80 is considered “good”.34 This
cutoff value was used for the subsequent anchoring proce-
dure.

Statistical Analysis
Analyses were conducted using SPSS V.22 (IBM SPSS
Statistics, Chicago, IL). To identify the MCII and MCIP for
the gait variables, a method to identify clinically meaning-
ful cutoffs for improvement in patient reported outcome
measures described by Tubach and colleagues,25 and
adopted by others,35,36 was used here. In the present study,
the anchor was a “good” outcome via the HHS. The
cumulative percent of subjects who had an HHS � 80 was
plotted against the change in each gait variable. Next, a
logistic function was fitted to each curve, and the 75th
percentile was calculated and determined to be the MCII.
The MCII with 95%CI were determined for each gait
variable. The proportion of subjects attaining an MCII for
each variable was computed. This analysis was repeated
for the 1-year postoperative value of each variable to
determine the MCIP (example for the peak hip adduction
moment shown in Fig. 1). Finally, logistic regression was
used to determine whether the selected patient factors, age,
sex (coded as female¼ 1, male¼ 0), BMI, and preoperative
HHS were associated with having an MCII or MCIP for the
selected gait variables. Odds ratios with 95% confidence
intervals were determined.
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RESULTS
Walking Speed
After THA, self-selected normal walking speed im-
proved by 0.18�0.19m/s from a preoperative speed of
1.0�0.2m/s to a postoperative speed of 1.2�0.12m/s
(p<0.001). The MCIP (Fig. 2A) for speed was 1.34m/s
(1.30, 1.37) and the MCII (Fig. 2B) for speed was
0.32m/s (0.30, 0.35). 37.4% and 21.6% of subjects,
respectively, achieved the MCIP and MCII for walking
speed. Preoperative walking speed was higher for
those who did not achieve the MCII compared to those
who did (respectively, 1.06�0.19 vs 0.81�0.25m/s,
p¼ 0.001), but postoperative speeds were not signifi-
cantly different (p¼0.076; Fig. 3). Younger age was
statistically associated with achieving the MCIP
(Table 1), however this association was not strong.
Higher BMI, lower preoperative HHS, and lower
preoperative speeds were associated with attaining the
MCII (Table 1).

Sagittal Plane Dynamic Hip Range of Motion
HROM improved by 9.3˚�5.7˚ (range �9.7˚ to 23˚),
from 16.3˚�6.0˚ to 25.7˚�5.9˚. Based on paired t-tests,
this change was statistically significant (p<0.001). The
MCIP for HROM was 30.0˚ (29.4˚, 30.7˚) and, despite
this statistically significant improvement, only 19.3%
(13.1%, 26.2%) of subjects achieved this HROM after
surgery (Fig. 4A). The MCII for HROM was 13.3˚
(12.1˚, 14.8˚). 16.6% (11.0%, 22.8%) subjects attained
this MCII (Fig. 4B). While preoperative HROM was
higher for the subjects who failed to attain the MCII
(Fig. 5), postoperative HROM was lower (24.8� 5.8 vs.
29.4�4.5, p¼0.001). Women and people with a lower
BMI were more likely to have an MCIP for HROM

Figure 1. Example of determining the minimum clinically
important postoperative peak hip adduction moment by identify-
ing the value of that gait variable at which 75% of subjects had a
good clinical outcome.

Figure 2. (A) Histogram of postoperative walking speed. Vertical line indicates the minimum clinically important postoperative
(MCIP) value. (B) Histogram of the preoperative-to-postoperative change in walking speed. Vertical line indicates the minimum
clinically important improvement (MCII) for walking speed.

Figure 3. Box and dot plots illustrating the preoperative and
postoperative values of self-selected normal walking speed for
subjects who attained an MCII for this variable and those who
did not. In this figure, and in figures 5 and 7, horizontal lines
represent the median, 25th and 75th percentile; whiskers repre-
sent the 5th and 95th percentile. The dotted line across the
entire graph represents the mean value for a previously
described 29 group of healthy subjects.
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(Table 1). Only preoperative HHS was associated with
attaining an MCII for HROM (Table 1).

Peak Hip Adduction Moment
The peak hip adduction moment did not significantly
improve after THA on average (p¼0.359). Preoperative
adduction moments were 3.39�1.1%BWH and postoper-
ative adduction moments were 3.43�0.96% BWH. Al-
though the average change was near zero (0.04�1.15%
BWH), the change values ranged from �2.68 to 3.99%
BWH. The MCIP for the hip adduction moment was
4.15% BWH (3.95% BWH, 4.35% BWH), and was
attained by 20.7% (14.5%, 27.6%) of subjects (Fig. 6A).
The MCII for hip adduction moment was 0.87% BWH
(0.57% BWH, 1.17% BWH) and was attained by 22.8%
(15.9%, 30.3%) (Fig. 6B). Again, preoperative hip adduc-
tion moments were higher for subjects who did not

attain the MCII, but postoperative moments were lower
(Fig. 7). Lower BMI, but not sex or HHS, was associated
with achieving the MCIP for hip adduction moment
(Table 1). Sex was associated with odds of attaining the
MCII (Table 1); 31% of women attained the MCII
compared to only 16% of men. People who did not achieve
the MCII for the adduction moment also had higher
preoperative HHS than those who did (58.2�13.6 vs.
51.5�14.4). Age and BMI were not associated with
having an MCII (Table 1).

DISCUSSION
There were four main contributions of this work. First,
this study presented a novel approach to determining
benchmarks for gait improvement that are both clini-
cally appropriate and patient-attainable. Second, pre-
liminary benchmarks were established for three key
gait variables, normal walking speed, the sagittal
plane hip range of motion, and the peak external hip
adduction moment. Third, this study began to estab-
lish the prevalence of these clinically important gait
deficits. Finally, several potential risk factors for
failing to achieve the benchmarks were identified.

We and others have previously demonstrated that
higher walking speeds or more postoperative improve-
ment in walking speeds are associated with better
clinical outcomes or more improvement in clinical
outcomes.20,37,38 This study further demonstrated that
a postoperative speed of at least 1.3m/s could be
considered clinically important. This speed benchmark
has real-life relevance, as it is approximately the speed
required for safe street crossing in an urban area.39 It
should also be noted that this preferred walking speed
in the lab may be slightly (�0.2m/s) higher that the
habitual normal speed measured in real life settings,
possibly due to behavioral factors in the testing

Figure 4. (A) Histogram of the postoperative dynamic sagittal plane hip range of motion (HROM). Vertical line indicates the
minimum clinically important postoperative value. (B) Histogram of the preoperative-to-postoperative change in dynamic sagittal plane
HROM. Vertical line indicates the minimum clinically important improvement (MCII) for HROM.

Figure 5. Dot plots illustrating the preoperative and postoper-
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setting.40 Therefore this speed benchmark may reflect
a likely real-world speed of �1.1m/s; this is on the low
end of the range of speeds associated with indepen-
dence in activities of daily living, later hospitalization,
and fall-related adverse events.41 Having benchmarks
for walking speed is attractive because speed can
be measured outside of a gait lab setting without
specialized equipment, and because walking speed has
relevance for the health of older adults beyond any
association with THA outcomes.

A sagittal plane HROM of at least 30˚ and a
postoperative hip adduction moment of 4.2%BWH can
be considered clinically important. This postoperative
HROM was just below the range of normal values
reported both in the literature (31–52˚),18 and in our
previous work.29,32 The clinically important hip adduc-
tion moment was also at the low end of the values for

controls that we have previously reported (4.0�0.8%
BWH to 4.8�0.9%BWH).29,32 This suggests that some-
what normal gait should indeed be a goal of THA and
supports the notion that more effective rehabilitation
interventions targeting these aspects of gait are
needed. For range of motion, the minimum clinically
important improvement was only 4˚ higher than the
average improvement. This suggests that only minor
adjustments in current rehabilitation protocols, with
increased focus on flexibility in the sagittal plane, may
be needed to reap significant additional benefits. The
average hip adduction moment change was substan-
tially lower than the minimum clinically important
improvement; thus wider evaluation and adoption of
those interventions that have shown promise,42 or new
abductor-focused interventions may be needed. Gait
analysis can be a useful way of quantifying dynamic
muscle function during walking; the present study can
aid future investigations by providing recovery targets
for these important gait variables.

It is important to note that although this analysis
showed that �80% of subjects failed to have a clinical-
ly important response with respect to gait variables of
interest, it is not the case that these subjects necessar-
ily had poor clinical or functional outcomes overall.
Indeed, 24% had the maximum possible score
(HHS¼100) and 38% had the maximum possible HHS
function subscore. However recent reports, for exam-
ple a recent study from Singh & Lewallen using data
from the Mayo Clinic Total Joint Registry which
showed that over 25% of patients have moderate to
severe limitations in walking and other important
activities of daily living 2–5 years after THA,6 demon-
strate that there is room for improvement. We have
previously shown that improvement in sagittal plane
HROM and dynamic abductor function are associated
with improvement in clinical scores.20 The low re-

Figure 6. (A) Histogram of the postoperative peak external hip adduction moment. Vertical line indicates the minimum clinically
important postoperative value. (B) Histogram of the preoperative-to-postoperative change in hip adduction moment. Vertical line
indicates the MCII.

Figure 7. Dot plots illustrating the preoperative and postoper-
ative values of the hip adduction moment for subjects who
attained an MCII for this variable and those who did not.
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sponse rate for HROM and the hip adduction moment
in this study confirms that these are important poten-
tial targets for new rehabilitation efforts, and for the
first time provides some benchmarks for improvement.

Preoperative patient factors associated with having
a meaningful gait response to THA were similar to the
predictors of having a meaningful clinical response to
THA that have been described in the literature.
Younger age was associated with attaining the MCIP
for walking speed, but not any of the other variables.
This may reflect the inverse relationship between age
and gait speed seen in older adults with physical
impairment.9,41,43 Patients with worse preoperative
clinical scores typically have more postoperative im-
provement in these same scores, but worse final
outcomes.27,44 In this study, worse preoperative HHS
were associated with higher odds of attaining a
minimally clinically important improvement for both
hip range of motion and the adduction moment
mirrors. The odds of achieving a meaningful final
outcome of these variables, however, were not influ-
enced by baseline scores. The literature is mixed on
the relationship between BMI and clinical outcomes. A
few studies have reported that patients with higher
BMIs gain more from THA than those with lower
BMIs, but still have poorer final clinical and functional
outcomes.28 Other studies have reported no association
between BMI and clinical improvement.44,45 The pres-
ent study is generally in line with the literature.
Higher BMI was associated with worse odds of passing
the clinically meaningful threshold for postoperative
range of motion and hip adduction moments, but was
not associated with change in these gait variables.
This contributes to the consensus that patients with
high BMIs obtain significant benefits from THA, but
may need additional intervention to achieve optimal
results.

Many studies statistically adjust for potential sex
effects on THA outcomes without reporting the pres-
ence or absence of sex difference. Where the relation-
ship between sex and THA outcomes is specifically
discussed, however, results vary. For example, while
Nilsdotter and colleagues reported that no sex associa-
tions between change in WOMAC function scores two
years after THA,26 others have reported that women
experience less recovery of physical function scores
compared to men.44,45 In the present study, female sex
was associated with higher odds of having a minimum
clinically important improvement in both range of
motion and the hip adduction moment, but there was
no association between sex and the final outcome
threshold for these variables. Still to be determined,
however, is whether or not men and women should
have the same targets for gait outcomes. Two separate
studies have shown that healthy women have higher
hip adduction moments than healthy men, and attrib-
uted this to anatomical differences.33,46 Accordingly,
perhaps, women should be expected to reach higher
values of the hip adduction moment than men after

THA. This, in turn, suggests in the present study, men
may actually have been more likely, rather than less
likely, to reach their clinically meaningful hip adduc-
tion moment than the women. More work investigat-
ing potential sex differences in THA functional
outcomes is needed.

Despite its strengths, which include a large sam-
ple size relative to most THA gait studies,18 and the
novel approach to identifying meaningful gait bench-
marks, this study has several important limitations.
These limitations largely concern the properties of
the HHS. First, in outcomes research, minimum
clinically important improvement is determined by
anchoring relative change in a patient reported
outcome measure to a patient acceptable symptom
state (PASS).47 The PASS is identified by directly
asking a question such as whether or not the patient
is satisfied with his or her current status or whether
or not the patient feels “well”. An HHS of 80 or above
is typically considered a “good” clinical outcome,34

but whether or not this score is associated with
achieving a PASS has not been studied. The HHS is
also a legacy instrument with ceiling effects that
may keep it from capturing important higher levels
of function,48 that may be important to contemporary
patients. This means that it is possible that the gait
benchmarks anchored to an HHS value of 80 may be
too conservative for patients with higher functional
demands. It has been suggested that patients with
lower function may require more relative improve-
ment in order to be satisfied with their treatment
outcomes than those with higher preoperative func-
tion.49 Conversely, patients with higher preoperative
function may need to reach higher absolute levels of
function postoperatively in order to be satisfied.50 It
may be necessary to consider preoperative gait or
preoperative clinical scores when determining bench-
marks gait improvement. Another limitation is that
there are other perioperative factors that could affect
gait outcomes, and potentially the benchmarks that
would be calculated. These include surgical approach,
rehabilitation approaches, implant type, implant po-
sitioning and others. However because it is reason-
able that all patients should be able to expect some
minimum level of functional improvement, it was
appropriate to conduct this preliminary analysis with
a heterogeneous subject group.

In conclusion, through a novel approach borrowed
from outcomes research and not previously used with
gait data, this study introduced a new method for
establishing clinically relevant gait improvement
benchmarks after THA, and identified preliminary
MCIP and MCII benchmarks for three key gait
variables. MCIP values were calculated for walking
speed (1.34m/s), sagittal plane dynamic hip range of
motion (30.0˚), and the peak external hip adduction
moment (4.2% BWH). MCIP for speed was associated
with younger age; MCIP for hip range of motion was
associated with female sex, and lower BMI; MCIP for
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adduction moment was associated with lower BMI.
MCII values were also calculated for walking speed
(0.32m/s), range of motion (13.3˚), and the peak
adduction moment 0.87% BWH. MCII for speed was
associated with higher BMI and lower preoperative
HHS; MCII for hip range of motion was associated
with lower preoperative HHS; finally MCII for adduc-
tion moment was associated with female sex and lower
preoperative HHS. Further validation of these and
other gait benchmarks will expand the potential for
wider clinical use of gait analysis in the THA popula-
tion. On a small scale, gait analysis has already shown
to be a useful tool for outcomes assessment and
rehabilitation planning after THA.51 Having meaning-
ful benchmarks can expand its potential for wider use.
This work represents an important step in advancing
THA gait and rehabilitation research by providing a
framework for identifying meaningful benchmarks for
improvement. Future prospective studies, using con-
temporary PROs, other conceptualizations of recovery,
and investigating the effect of other patient factors,
can build on this framework.
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