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Abstract: The importance of knee sagittal kinematic parameters, as a predictor of walking performance
in post-stroke gait has been emphasised by numerous researchers. However, no studies so far were
designed to determine the minimal clinically important differences (MCID), i.e., the smallest difference
in the relevant score for the kinematic gait parameters, which are perceived as beneficial for patients
with stroke. Studies focusing on clinically important difference are useful because they can identify
the clinical relevance of changes in the scores. The purpose of the study was to estimate the MCID for
knee range of motion (ROM) in the sagittal plane for the affected and unaffected side at a chronic stage
post-stroke. Fifty individuals were identified in a database of a rehabilitation clinic. We estimated
MCID values using: an anchor-based method, distribution-based method, linear regression analysis
and specification of the receiver operating characteristic (ROC) curve. In the anchor-based study,
the mean change in knee flexion/extension ROM for the affected/unaffected side in the MCID group
amounted to 8.48°/6.81° (the first MCID estimate). In the distribution-based study, the standard error
of measurement for the no-change group was 1.86°/5.63° (the second MCID estimate). Method 3
analyses showed 7.71°/4.66° change in the ROM corresponding to 1.85-point change in the Barthel
Index. The best cut-off point, determined with ROC curve, was the value corresponding to 3.9°/3.8°
of change in the knee sagittal ROM for the affected/unaffected side (the fourth MCID estimate).
We have determined that, in chronic stroke, MCID estimates of knee sagittal ROM for the affected
side amount to 8.48° and for the unaffected side to 6.81°. These findings will assist clinicians and
researchers in interpreting the significance of changes observed in kinematic sagittal plane parameters
of the knee. The data are part of the following clinical trial: Australian New Zealand Clinical Trials
Registry: ACTRN12617000436370
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1. Introduction

Measurement of progress in rehabilitation is of utmost importance. For post-stroke rehabilitation,
there are numerous standardised clinical measures predominantly assessing temporal and spatial gait
parameters, e.g., 10-m walk test [1,2], 2-, 6-, and 12-min walk tests [2,3], up and go test [4], cadence [5]
or step length symmetry [6]. Furthermore, the concept of minimal clinically important difference
(MCID) is currently at the centre of a newer approach in research on clinical measures post-stroke [7].
MCID is defined as “the smallest difference in score in the domain of interest which patients perceive
as beneficial and which would mandate (...) a change in the patient’s management” [8]. The values
of MCID have already been determined for the above measures [9-11]. Conversely, no studies have
aimed to determine the MCID for kinematic gait parameters post-stroke, even though kinematic
analysis of gait provides objective evidence and may successfully be used to evaluate effects of gait
re-education [12].

The knee function is critical to walking because it enables the lower leg to move relative to the
thigh, and provides support for the weight of the body. Furthermore, the motion in the knee also adjusts
the length of the lower limb during the swing phase [13,14]. Impaired knee kinematics is a common
consequence of stroke, as a result of which normal mobility becomes impossible, e.g., most patients
with hemiparesis after stroke present with knee hyperextension during the subphases of loading
response and at mid stance [15].

Evaluation of gait kinematics post-stroke is an important part of assessment. The measure
is essential for planning rehabilitation, and for monitoring the effectiveness of therapies [16,17].
Clinical gait analysis generally applies 3-dimensional (3D) kinematic measures of gait, which are also
used as key outcome measures in clinical practice and in gait research [18].

Many researchers have pointed out that the knee function is of essential importance in describing
and monitoring changes in post-stroke gait patterns [19-21]. Taking into account the sagittal knee
parameters, i.e., knee flexion and knee extension, Beyaert et al. identified three main types of patterns
in individuals with chronic stroke. Significant and prolonged hyperextension of the affected knee
during stance, followed by low peak knee flexion in swing phase, can frequently be observed in very
slow gait. Significant and prolonged flexion of the affected knee during stance, followed by irregular
decrease in knee flexion in swing phase may commonly be observed in very slow or slow gait. Mild to
moderate flexion or hyperextension of the affected knee during part of stance, followed by irregular
mild reduction in knee flexion in the swing phase can usually be observed in moderate or faster
gait [22].

It has been established that the highest reliability indices occur in the hip and knee in the sagittal
plane [16,20], with the lowest errors in pelvic rotation and obliquity as well as hip abduction [16].
However, MCID has not yet been calculated for any of the above major predictors of walking
performance post-stroke. Due to this we have decided to start the related research by identifying
the MCID for knee flexion/extension range of motion (ROM) for the affected and the unaffected side.
We chose to focus on this parameter first because it permanently affects post-stroke gait and numerous
researchers have emphasised the importance of knee sagittal kinematic parameters, as a predictor of
walking performance post-stroke [18,20,23-26]. Moreover, the sagittal knee pattern in individuals with
hemiparesis after stroke strongly correlates with the sagittal ankle or foot patterns and to a lesser degree
to the sagittal hip pattern [20,22,25,27,28]. This conclusion provided a motivation for the present study.

The study aimed to estimate MCID values for knee ROM in the sagittal plane for the affected
and the unaffected side in the late period post-stroke. We estimated MCID values using: a patient
anchor-based method, distribution-based method, linear regression analysis and specification of the
receiver operating characteristic (ROC) curve.
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2. Materials and Methods

2.1. Participants

The study involved 57 patients in a chronic phase of recovery post stroke recruited among the
200 patients with stroke receiving treatment at a rehabilitation clinic (117 patients were not eligible to
participate and 26 patients were not interested after receiving information about the study protocol).
Ultimately the analyses took into account 50 individuals (7 patients were not assessed at the follow-up
because their rehabilitation program was completed earlier than four weeks after the initial assessment).
The eligibility criteria were defined as follows: age 30-75 years; single ischaemic stroke; a minimum
of 6 months from the stroke incident; unilateral paresis; Brunnstrom recovery stage 3—4; Functional
Ambulation Category level 3 or higher, with an ability to get up from chair without help, and walk a
distance of at least 10 m without assistance (walking aid permitted, walking speed > 0.4 m/s). Patients
excluded from the study had more than one stroke incident, presented unstable medical condition,
orthopaedic disorders of the lower limbs, pain and inflammation in the musculoskeletal system
significantly affecting gait and requiring anti-inflammatory drugs, cognitive impairment affecting their
ability to understand the instructions, and perform the tasks. The study was approved by the local
Bioethics Commission of the Medical Faculty University of Rzeszow (5/2/2017, date: 9 February 2017).
All procedures were carried out in compliance with the Declaration of Helsinki. Written informed
consent was obtained from all the subjects. No adverse events were observed during the study. The
flow of the subjects through the study is presented in Figure 1. The baseline subject characteristics are
shown in Table 1. The knee kinematic characteristics of the study participants are shown in Table 2.
Representative graphs for knee flexion/extension ROM for the affected and unaffected sides in two
subjects with right- and left-hemiparesis are shown in Figure 2.

Table 1. Baseline subject characteristics.

Group N =50
Mean age, (SD) 60.9 +11.2
Mean time from stroke (months), range 42 (8-120)
Sex (women/men) 18/32
Hemisphere lesions (right/left) 15/35

N—number of subjects, SD—standard deviation.

Table 2. Knee kinematic characteristics of the study participants.

Knee Flexion/Extension Range of Motion, N = 50

Baseline ROM affected side (deg.), mean (SD) 34.62 (9.71)
Follow-up ROM affected side (deg.), mean (SD) 41.58 (9.52)
Baseline ROM unaffected side (deg.), mean (SD) 42.33 (8.52)

Follow-up ROM unaffected side (deg.), mean (SD) 48.78 (8.84)
Baseline ROM right side (deg.), mean (SD) 36.9 (10.24)
Follow-up ROM right side (deg.), mean (SD) 44.63 (10.2)
Baseline ROM left side (deg.), mean (SD) 40.08 (9.44)
Follow-up ROM left side (deg.), mean (SD) 45.43 (9.67)

N—number of subjects, SD—standard deviation, ROM—range of motion, deg.—degrees.
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Figure 1. Flow of subjects through the study.
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Figure 2. Representative figures for knee flexion/extension ROM for the affected and unaffected sides
in two subjects with right- and left-hemiparesis. Average normal kinematics is represented by the grey
solid line. The affected lower limb is shown by the black solid line. The unaffected lower limb is shown

by the grey dotted line.
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2.2. Measures

Kinematic knee data were collected with a six-camera motion capture system (BTS SMART-DX 700,
250 Hz) with software, in SMART Capture, Tracker and Analyzer and two force-plates. Passive markers
were placed on the subjects’ skin, following the internal protocol of the system Davis Marker Placement,
on the sacrum, pelvis (the anterior and posterior iliac spine), femur (lateral epicondyle, great trochanter
and in the lower one-third of the shank), fibula (lateral malleolus, lateral end of the condyle in the
lower one-third of the shank), as well as foot (metatarsal head and heel) [29]. Each 3D assessment was
preceded by the system calibration. The recording of each patient covered a walking distance of 10 m,
repeated at least six times. More trials were necessary if the patient lost balance or excessively hesitated
during the basic trials. The tests were conducted without shoes. The subjects were asked to walk
the distance at their natural pace. A 3D skeletal model was created for each subject. The model and
the joint centres were scaled, taking into account the subject’s height and weight. The generic model
also was scaled. After the tests were performed, the data were collected and processed with software
from the BTS Smart system (Smart Tracker and Smart Analyzer). The analyses took into account
the complete range of knee flexion and extension in a gait cycle for the affected and the unaffected
side. The gait cycle for each leg was defined to comprise all the phases starting with heel strike and
ending with the next contact of the same foot with the ground. One stance phase and one swing phase
were recorded during a single gait cycle performed by each leg. The analyses took into account a
minimum of six gait cycles performed by each subject. Based on that, mean values of biomechanical
gait parameters were calculated for the complete range of knee flexion and extension for the affected
and unaffected side.

Barthel Index (BI) is a tool designed for assessing activities of daily living in patients with various
impairments. It takes into account 10 aspects of daily living, e.g., grooming, toilet use, and ambulation.
Bl is the basic tool applied in clinical practice in assessing functional performance post-stroke [30,31].
The MCID for BI post-stroke was estimated to be 1.85 points [32]. In this study, BI was determined
twice, at baseline and at follow-up.

2.3. Data Analysis

Statistica 13.1 (StatSoft, Cracow, Poland) was used to compute all the statistics. Descriptive
statistics (mean, standard deviation) were calculated for the participants’” knee kinematic characteristics.
A significance level was assumed for p < 0.05. The statistical comparisons applied mean difference and
a 95% CIL.

The MCID for the knee ROM, for the affected/unaffected side, was determined using four methods,
and finally the highest result was selected.

The anchor-based method made it possible to identify the first estimate for the MCID, i.e., the mean
change in the knee sagittal ROM for the affected/unaffected side in the “positive change group” (MCID
group). Anchor-based methods take into account change in scores related to a clearly defined clinical
observation. External criteria applied include perception of the change by the patient or clinician.
Besides a simple estimate of change, the construct of “important change” implies that a change has
occurred and is perceived as significant by the patient, physician, or researcher [33-36].

The distribution-based method was used to determine the second estimate for the MCID,
i.e., the standard error of measurement (SEM) was computed as the square root of the variance
of a change in the knee sagittal ROM in the relevant subgroup. Distribution-based methods take
into account the statistical characteristics of the scores obtained, i.e., their significance, or sample
variation, or measurement precision. Representing the latter type, the method of the standard error
of measurement (SEM) is most promising for MCID-related research for three reasons. It takes into
account both the amount of error specific to the instrument and the amount of random variation to be
expected in repeated administrations. It is not greatly affected by the sample size or change variability.
Finally, it is sample-independent [32,37].
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Linear regression analysis was applied to identify the third estimate for the MCID,
i.e., the relationship between the change in the knee sagittal ROM (dependent variable) and the
change in BI (independent variable). Linear regression is applied in various analyses. The biggest
advantage of linear regression models is linearity: it makes the estimation procedure simple and, most
importantly, these linear equations are easy to interpret on a modular level [38,39].

ROC curve, applied to determine the fourth estimate of the MCID in the knee ROM for the
affected/unaffected side, made it possible to identify the optimal cut-off point for the change in the
knee sagittal ROM, producing the optimum relation of sensitivity and specificity. ROC curves are
often applied to visualise the connection/trade-off between sensitivity and specificity for every possible
cut-off for a test or a combination of tests. Sensitivity is described as a probability that if a rule says
an event will occur, it indeed will occur. Specificity on the other hand is a probability that if a rule
says an event will not happen, it indeed will not happen. When we have calculated sensitivity and
specificity, we may draw an ROC curve for every possible cut-off. Generally, it is impossible to have
high sensitivity and high specificity at the same time, but we strive for perfection. Hence, we want
our ROC curve to get as close as possible to the left upper corner, to identify a point in that area.
In terms of sensitivity and specificity, this point most accurately corresponds to the change identified
as MCID [40,41].

In order to assess the age-related effects, comparative analyses were performed taking into account
groups distinguished based on the category of age (dichotomous age stratification into two groups of
subjects up to 50 and over 50 years of age). For this purpose, descriptive statistics were compared and
differences between the average values were assessed (Mann-Whitney test) by examining the relations
between age and the knee flexion/extension ROM identified before the start of the rehabilitation
program and showing effects of rehabilitation.

2.4. Procedures

All patients participated in a four-week rehabilitation programme, comprising individual and
group exercises, ergotherapy, and psychotherapy. The therapy addressed the basic motor functions,
change of position, standing up, walking, and balance. On average, each patient exercised for two
hours daily.

For the needs of the anchor-based method, knee ROM was assessed at baseline (upon the patients
admission to the rehabilitation department) and at a follow-up (four weeks after the initial assessment).
During the latter assessment, the subjects were asked whether they noticed any actual change in their
knee ROM, compared to their condition before the therapy. Ultimately, three groups were distinguished
based on the subjects’ perceptions of the improvement achieved in the knee ROM. Those reporting “no
change” were assigned to the “no-change group”. Those reporting improvement were allocated to
the “MCID group” (or “positive change group”). Those who claimed their condition was “worse”,

7

were classified into the “negative change group”.

The distribution-based method was applied in analyses related to the no-change group,
which means that SEM was calculated for the patients reporting no change in their knee sagittal ROM
between baseline and the follow-up.

A linear regression analysis was used to assess a change in the knee sagittal ROM by comparison
to a clinically important change in the BL

The ROC curve method was used in analyses taking into account the “no-change group” and the
“positive change group”, to identify the cut-off point for the change in the knee sagittal ROM most
effectively separating these two groups with the ROC curve.

3. Results

Taking into account the anchor-based analyses, only two groups (MCID/positive change and
no-change) were distinguished based on the patients’ perceptions of the knee sagittal ROM, because
no subjects reported deterioration in the knee sagittal ROM at the follow-up. The no-change group
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comprised 16 patients, while the MCID/positive change group consisted of 34 subjects. The mean
values of knee sagittal ROM for the affected/unaffected side in the MCID group and no-change group
are shown in Table 3.

Table 3. The mean knee sagittal ROM for the affected/unaffected side in the minimal clinically important
differences (MCID) group and no-change group.

Mean Knee Sagittal ROM—MCID Group, N = 34

Baseline ROM affected side (deg.), mean (SD) 33.6 (9.34)
Follow-up ROM affected side (deg.), mean (SD) 42.1(9.2)
Baseline ROM unaffected side (deg.), mean (SD) 41.64 (8.95)

Follow-up ROM unaffected side (deg.), mean (SD) 48.45 (9.25)
Mean Knee Sagittal ROM—No-change Group, N =16

Baseline ROM affected side (deg.), mean (SD) 38.23 (11.0)
Follow-up ROM affected side (deg.), mean (SD) 39.8 (11.26)
Baseline ROM unaffected side (deg.), mean (SD) 44.88 (7.77)

Follow-up ROM unaffected side (deg.), mean (SD) 48.6 (9.55)

N—number of subjects, SD—standard deviation, ROM—range of motion, deg.—degrees.

For the needs of the anchor-based estimate, only the changes identified in the MCID group
were analysed. The mean change in knee flexion/extension ROM for the affected side was 8.48°,
which constituted the first estimate of the MCID of the knee flexion/extension ROM for the affected
side (Table 4). The mean change in knee flexion/extension ROM for the unaffected side was 6.81°,
which constituted the first estimate of the MCID of knee flexion/extension ROM for the unaffected side
(Table 5).

Table 4. MCID identified with four methods for knee flexion/extension ROM (affected side).

MCID (deg.) 95% Confidence Interval
Anchor-Based Method 8.48 6.7 10.26
Distribution-Based Method 1.86 1.3 3.27
Linear Regression Analysis 7.71 5.22 10.2
Receiver operating 39 . o

characteristic Curve

Table 5. MCID identified with four methods for knee flexion/extension ROM (unaffected side).

MCID (deg.) 95% Confidence Interval
Anchor-Based Method 6.81 4.57 9.05
Distribution-Based Method 5.63 3.93 9.88
Linear Regression Analysis 4.66 0.95 8.37
Receiver operating 38 . o

characteristic Curve

Distribution-based analyses took into account the no-change group only. The SEM of 1.86° was
adopted as the second estimate of the MCID of the knee sagittal ROM for the affected side (Table 4).
The SEM of 5.63° was the second estimate of the MCID of the knee sagittal ROM for the unaffected
side (Table 5).

Linear regression analyses showed the slope of the regression line amounting to 4.168° which
means than a one-point change in the Bl is associated with a change of 4.168° in the knee sagittal
ROM for the affected side (Figure 3). This translates to a change of 7.71° in the range of motion
corresponding to a 1.85-point change in BI (the third MCID estimate of the knee sagittal ROM for the
affected side)—Table 4. The slope of the regression line was 2.518° which means than one-point change
in Bl is associated with a change of 2.518° in the knee sagittal ROM for the unaffected side (Figure 4).
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This translates to a change of 4.66° in the range of motion corresponding to a 1.85-point change in BI
(the third MCID estimate of the knee sagittal ROM for the unaffected side)—Table 5.

25
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Figure 3. Scatterplots with linear regression showing the correlation between the change in the knee
sagittal ROM (dependent variable) for the affected side and the change in the Barthel Index (BI)
(independent variable).

Change in ROM (degrees)

10 .

00 05 10 15 20 25 30
Change in BI (points)

Figure 4. Scatterplots with linear regression showing the correlation between the change in the knee
sagittal ROM (dependent variable) for the unaffected side and the change in the BI (independent
variable).

The analyses based on ROC curve showed that the best cut-off points were the values representing
3.9° and 3.8° change in the knee sagittal ROM for the affected and unaffected side, respectively
(Figures 5 and 6)—the fourth estimate of the MCID for the knee sagittal ROM for the affected/unaffected
side (Tables 4 and 5).
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Figure 5. Receiver operating characteristic (ROC) curves—plot of sensitivity versus 1—specificity
values for the knee sagittal ROM for the affected side, showing the trade-off possible between sensitivity
and specificity, AUC—Area Under Curve (an ideal ROC curve has an AUC of 1), optimal cut-off point

(black point in the plot).
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Figure 6. Receiver operating characteristic (ROC) curves—plot of sensitivity versus 1—specificity
values for the knee sagittal ROM for the unaffected side, showing the trade-off possible between
sensitivity and specificity, AUC—Area Under Curve (an ideal ROC curve has an AUC of 1), optimal

cut-off point (black point in the plot).

Given the fact that the subjects participating in the study represented a wide age range, they were
divided into two groups—up to 50 (7 subjects —14%) and over 50 years of age (43 subjects—86%).
A comparison based on the dichotomous distinction of the age groups showed there were no
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relationships between age and the knee flexion/extension ROM in the patients prior to the rehabilitation
(Table 6). Likewise, a comparative analysis of the results achieved by these two age groups showed no
statistically significant differences in the effects of the rehabilitation (Table 6).

Table 6. Distribution of the knee flexion/extension ROM in the patients relative to age, in a dichotomous
classification into age groups—prior to the rehabilitation versus rehabilitation effects.

Knee Flexion/Extension Age Groups (Years)

ROM (before Up to 50 Over 50 14
Rehabilitation) Mean  95%CI  SD  Mean  95%CI  SD

Knee flexion/extension ROM
affected side (deg.)

Knee flexion/extension ROM
unaffected side (deg.)

37.66  25.28-50.03 13.38 3413  31.29-3697 9.21 0.7353

45.16 36.8-53.52  9.04 419 39.22-4458 871 0.1762

Knee Flexion/Extension Age Groups (Years)

ROM (Effects of Up to 50 Over 50 14
Rehabilitation) o o
Mean 95% CI SD Mean 95% CI SD

Knee flexion/extension ROM

affected side (deg.) 4.56 0.15-9.26 5.09 7.35 5.58-9.12 5.75 0.2367

Knee flexion/extension ROM

unaffected side (deg.) 5.01 3.9-13.12 8.76 6.32 4.33-8.30 6.44 0.3980

ROM—range of motion, deg.—degrees, CI—confidence interval, SD—standard deviation, p—test probability.

The highest of the four MCID estimates of the knee sagittal ROM for the affected side amounted
to 8.48° and for the unaffected side it was 6.81°, in patients with chronic stroke, which is defined as the
MCID for these respective parameters.

4. Discussion

This study aimed to identify MCID for knee sagittal ROM separately for the affected and for the
unaffected side. The concept of MCID has been investigated in the context of stroke [7], however, to the
best of our knowledge, the current study was the first to determine the MCID for the knee sagittal ROM
in patients with stroke. It was shown that, in chronic stroke, MCID estimates of the knee sagittal ROM
for the affected and unaffected side amounted to 8.48° and 6.81°, respectively. Notably, the estimated
MCIDs were slightly lower for the unaffected side. Indeed, it seems logical that MCID in knee sagittal
ROM will be smaller for the unaffected than for the affected side. Unfortunately, we cannot compare
the current findings to other reported results because in the related literature we did not find any
estimates of MCID for kinematic parameters of lower limb joints post-stroke.

The strength of our study lies in the fact that four statistical methods were applied in determining
MCID, significantly increasing the likelihood that the computed values are valid and reliable. By using
the four methods and then choosing the highest estimated MCID value we could ensure that, ultimately,
the MCID represents the patients” perception of the change in knee sagittal ROM, it exceeds the
measurement error, and reflects a significant correlation with the highly reliable BI [31], and accounts
for the optimum trade-off between sensitivity and specificity. Notably, the differences in the estimates
and the rationale for using the four methods are linked with the term “Clinically Important”, a part
of the MCID acronym. “Clinically important” is not a strictly defined concept (there is no related
formula). Each of these methods understands the term in a different way, and the related approaches,
besides some advantages, present certain drawbacks. In the anchor-based method, this is the external
criterion, which may be subjective. In the distribution-based method, this is the distribution of values
in a sample. The sample may be small and not quite representative, and the results may be affected
by unknown factors. In the linear regression method, this is the MCID of another tool, determined
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using one of these methods and presenting drawbacks of that method. In the ROC method, this is the
“trade-off between sensitivity and specificity”. However, the trade-off may not be a good solution,
e.g., because sensitivity is more important than specificity. Furthermore, the method also applies an
external criterion from the anchor-based method, in a way “inheriting” its drawbacks [36,38,40].

Likewise, Hsieh et al. applied both anchor-based and distribution-based approaches to determine
the MCID of BI post-stroke; they chose the larger MCID value of the two estimates. However, the study
groups differed in terms of recovery stage and disability level [32]. Conversely, the current study
applied all methods to one group of patients at the same recovery stage and disability level.

Notably, the anchor-based estimate of the MCID for knee flexion/extension ROM (8.48°
affected/6.81° unaffected side) is higher than the distribution-based estimate (1.86° affected/5.63°
unaffected side). This means that the value reflecting patients’ self-reported assessment of important
change exceeds the measurement error, which shows that the MCID estimate is correct [34]. In other
words, if the measurement error of a tool is higher than patients’ ratings, the tool cannot reliably assess
the patients’ perceptions, making such an MCID questionable. Furthermore, the linear regression-based
estimate of the MCID for knee flexion/extension ROM for affected side (7.71°) is similar to the value of
the anchor-based estimate, while the one for unaffected side (4.66°) is closer to the distribution-based
estimate. This suggests that the MCID of BI applied here is more specific to the affected than the
unaffected side, which seems reasonable since Bl measures the patient’s condition for which the affected
side is mainly responsible. The identified cut-off points for the affected and unaffected side, i.e., 3.9° and
3.8°, respectively, are practically identical. This shows that the subjective rating of improvement
applied here is impacted by a change in ROM on either side in a similar way. This may be surprising
because a change on the affected side would seem more important for a subjective assessment of
change. On the other hand, this observation may reflect compensatory mechanisms developing in gait
patterns post-stroke [42].

The current study showed that the participants’ mean knee flexion/extension ROM for the affected
and the unaffected side amounted to 34.62° and 42.33°, respectively. Similar values of knee sagittal
ROM (33.7° and 49.8°, respectively) in individuals with chronic stroke were reported by Kim and Eng
in a study focusing on 3D kinematic gait profiles [24]. Likewise, Carmo et al. in a 3D kinematic gait
analysis of patients with chronic stroke showed similar values of knee sagittal ROM, 37.8° for the
affected and 55.2 for unaffected side [43].

By assumption, the area under an ROC curve (AUC) is a measure of the overall usefulness of
a test, with a greater area reflecting higher usefulness [38,41]. A larger AUC corresponds to greater
effectiveness of a variable (here: knee ROM) in determining the improvement. An ideal ROC curve
has an AUC of 1 [40]. In our study the AUC for affected side amounted to 0.883, a fairly good result.
For the unaffected side it is only 0.64 which means it is far less suitable to identify improvement.
This seems logical and is consistent with our earlier research on Gait Deviation Index (GDI), calculated
from selected kinematic gait parameters, including sagittal knee ROM, in patients with chronic stroke.
We showed that in these patients, gait analysis and the use of GDI could be limited to the affected leg
or mean GDI. However, to identify any potential compensations, it is also necessary to calculate the
GDI for unaffected leg [42].

Clinical relevance of the findings may be described by reference to intervention outcomes reported
in the related literature. Druzbicki et al. assessed effects of treadmill training with/without biofeedback,
including changes in kinematic gait parameters, in patients with chronic stroke. The therapy led to
significant improvement in knee sagittal ROM on the affected and unaffected side by 4.6° (p = 0.0171)
and 1.5° (p = 0.0007), respectively, in the biofeedback group, and by 3.4° (p = 0.0077) and 2.8° (p = 0.0152),
respectively, in the non-biofeedback group [44]. However, by reference to the identified MCID one
could conclude that the change was not clinically important. In a real-life situation, when changes
in a patient’s condition are evaluated over longer timeframes, this would be a helpful conclusion,
showing a need to continue a therapy or perhaps redesign the rehabilitation strategy adopted for a
specific patient.
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Study Limitation

The shortcomings of the study include the fact that the MCIDs for knee flexion/extension ROM
were determined only for patients at a chronic stage post-stroke. Generally, the largest progress in
recovery of neuromotor functions is frequently observed during the early period post-stroke [45,46]
due to the fact that recovery-related changes within the ischemic penumbra adjacent to the focal
lesion occur relatively rapidly following onset, and later the process slows down [47,48]. Therefore,
we suspect that the MCIDs determined for chronic stage may be lower than those relevant to acute
phase post-stroke. This effect may also be associated with patients” adaptation to and prolonged use of
compensatory gait patterns. Hence, further research is needed to investigate this issue in patients at an
acute phase after stroke.

Another limitation is that generalisation of the results may be farfetched due to the small size of
the MCID group. It would be justified to conduct further research involving a larger sample of patients
with varied motor control and presenting different gait patterns post-stroke. Furthermore, subsequent
studies should aim to determine MCID for the kinematics of the hip, ankle and pelvis. It would also be
worthwhile to determine the MCID for other kinematic parameters of the knee, for example peak knee
flexion or knee angular velocity.

5. Conclusions

In summary, our findings provide the first estimates of MCID of the knee sagittal ROM for
individuals with hemiparesis after stroke. We have estimated that, in patients with chronic stroke,
MCID in the knee sagittal ROM for the affected and unaffected sides amount to 8.48° and 6.81°,
respectively. From the viewpoint of clinical practice, the MCID facilitates assessment of effects
produced by interventions administered to patients and may be used in designing treatment strategies.
Therefore, these findings will assist clinicians and researchers in the interpretation of changes observed
in kinematic sagittal plane parameters of the knee and their significance, and will be helpful in setting
goals for patients with hemiparesis at a chronic stage post-stroke.

Author Contributions: Conceptualization, A.G.; methodology, A.G.; formal analysis, A.G., A.T. and M.D.;
investigation, A.G. and M.D.; data curation, M.D. and A.W.-N.; writing—original draft preparation, A.G. and
AW.-N.; writing—review and editing, PK. and A.G.; visualization, A.T. and P.K,; supervision, A.G.; project
administration, A.G. and M.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grants from funding agencies in the public, commercial,
or not-for-profit sectors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. An,S; Lee, Y,; Shin, H.; Lee, G. Gait velocity and walking distance to predict community walking after
stroke. Nurs. Health Sci. 2015, 17, 533-538. [CrossRef] [PubMed]

2. van Bloemendaal, M.; van de Water, A.T.; van de Port, I.G. Walking tests for stroke survivors: A systematic
review of their measurement properties. Disabil. Rehabil. 2012, 34, 2207-2221. [CrossRef] [PubMed]

3.  Kosak, M.; Smith, T. Comparison of the 2-, 6-, and 12-minute walk tests in patients with stroke. J. Rehabil.
Res. Dev. 2005, 42, 103-107. [CrossRef] [PubMed]

4.  Hafsteinsdéttir, T.B.; Rensink, M.; Schuurmans, M. Clinimetric properties of the Timed Up and Go Test for
patients with stroke: A systematic review. Top. Stroke. Rehabil. 2014, 21, 197-210. [CrossRef] [PubMed]

5. Wonsetler, E.C.; Bowden, M.G. A systematic review of mechanisms of gait speed change post-stroke. Part 1:
Spatiotemporal parameters and asymmetry ratios. Top. Stroke Rehabil. 2017, 24, 435-446. [CrossRef]

6.  Patterson, K.K.; Nadkarni, N.K.; Black, S.E.; Mcllroy, W.E. Temporal gait symmetry and velocity differ in
their relationship to age. Gait Posture 2012, 35, 590-594. [CrossRef]

7. Barak, S.; Duncan, PW. Issues in selecting outcome measures to assess functional recovery after stroke.
NeuroRx 2006, 3, 505-524. [CrossRef]


http://dx.doi.org/10.1111/nhs.12234
http://www.ncbi.nlm.nih.gov/pubmed/26310714
http://dx.doi.org/10.3109/09638288.2012.680649
http://www.ncbi.nlm.nih.gov/pubmed/22583082
http://dx.doi.org/10.1682/JRRD.2003.11.0171
http://www.ncbi.nlm.nih.gov/pubmed/15742254
http://dx.doi.org/10.1310/tsr2103-197
http://www.ncbi.nlm.nih.gov/pubmed/24985387
http://dx.doi.org/10.1080/10749357.2017.1285746
http://dx.doi.org/10.1016/j.gaitpost.2011.11.030
http://dx.doi.org/10.1016/j.nurx.2006.07.009

J. Clin. Med. 2020, 9, 3305 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jaeschke, R.; Singer, J.; Guyatt, G.H. Measurement of health status. Ascertaining the minimal clinically
important difference. Control Clin. Trials 1989, 10, 407-415. [CrossRef]

Bohannon, RW.; Andrews, A.W.; Glenney, S.S. Minimal clinically important difference for comfortable speed
as a measure of gait performance in patients undergoing inpatient rehabilitation after stroke. J. Phys. Ther.
Sci. 2013, 25, 1223-1225. [CrossRef]

Bushnell, C.; Bettger, ].P.; Cockroft, K.M.; Cramer, S5.C.; Edelen, M.O.; Hanley, D.; Katzan, LL.; Mattke, S.;
Nilsen, D.M.; Piquado, T; et al. Chronic Stroke Outcome Measures for Motor Function Intervention Trials:
Expert Panel Recommendations. Circ. Cardiovasc. Qual. Outcomes 2015, 8, S163-5169. [CrossRef]

Fulk, G.D.; He, Y. Minimal Clinically Important Difference of the 6-Minute Walk Test in People with Stroke.
J. Neurol. Phys. Ther. 2018, 42, 235-240. [CrossRef] [PubMed]

Baker, R.; McGinley, J.L.; Schwartz, M.H.; Beynon, S.; Rozumalski, A.; Graham, K.; Tirosh, O. The gait profile
score and movement analysis profile. Gait Posture 2009, 30, 265-269. [CrossRef] [PubMed]

Kazemi, M.; Dabiri, Y.; Li, L.P. Recent Advances in Computational Mechanics of the Human Knee Joint.
Comput. Math. Methods. Med. 2013, 2013, 718423. [CrossRef] [PubMed]

Reicher, M.; Bochenek, A. Human Anathomy. General Anatomy. Bones, Joints and Ligaments; PZWL Press:
Warsaw, Poland, 2008.

Perry, J.; Garret, M.; Gronley, ].K.; Mulroy, S.J. Classification of walking handicap in the stroke population.
Stroke 1995, 26, 982-989. [CrossRef] [PubMed]

McGinley, J.L.; Baker, R.; Wolfe, R.; Morris, M.E. The reliability of three-dimensional kinematic gait
measurements: A systematic review. Gait Posture 2009, 29, 360-369. [CrossRef] [PubMed]

Nadeau, S.; Betschart, M.; Bethoux, F. Gait analysis for poststroke rehabilitation: The relevance of biomechanical
analysis and the impact of gait speed. Phys. Med. Rehabil. Clin. N. Am. 2013, 24, 265-276. [CrossRef] [PubMed]
Boudarham, J.; Roche, N.; Pradon, D.; Bonnyaud, C.; Bensmail, D.; Zory, R. Variations in kinematics during
clinical gait analysis in stroke patients. PLoS ONE 2013, 8, e66421. [CrossRef] [PubMed]

Cooper, A.; Alghamdi, G.A.; Alghamdi, M.A.; Altowaijri, A.; Richardson, S. The relationship of lower limb
muscle strength and knee joint hyperextension during the stance phase of gait in hemiparetic stroke patients.
Physiother. Res. Int. 2012, 17, 150-156. [CrossRef] [PubMed]

Kaczmarczyk, K.; Wit, A.; Krawczyk, M.; Zaborski, ]. Gait classification in post-stroke patients using artificial
neural networks. Gait Posture 2009, 30, 207-210. [CrossRef]

Mun, B.M; Lee, Y.S.; Kim, T.H.; Lee, ]. H.; Sim, S.M.; Park, LM.; Seo, D.K. Study on the usefulness of sit to
stand training in self-directed treatment of stroke patients. J. Phys. Ther. Sci. 2014, 26, 483-485. [CrossRef]
Beyaert, C.; Vasa, R.; Frykberg, G.E. Gait post-stroke: Pathophysiology and rehabilitation strategies.
Neurophysiol. Clin. 2015, 45, 335-355. [CrossRef] [PubMed]

De Quervain, I.A,; Simon, S.R.; Leurgans, S.; Pease, W.S.; McAllister, D. Gait pattern in the early recovery
period after stroke. J. Bone Joint Surg. Am. 1996, 78, 1506-1514. [CrossRef] [PubMed]

Kim, C.M.; Eng, ].J. Magnitude and pattern of 3D kinematic and kinetic gait profiles in persons with stroke:
Relationship to walking speed. Gait Posture 2004, 20, 140-146. [CrossRef] [PubMed]

Mulroy, S.; Gronley, J.; Weiss, W.; Newsam, C.; Perry, J. Use of cluster analysis for gait pattern classification
of patients in the early and late recovery phases following stroke. Gait Posture 2003, 18, 114-125. [CrossRef]
Olney, S.J.; Griffin, M.P.; Monga, T.N.; McBride, .D. Work and power in gait of stroke patients. Arch. Phys.
Med. Rehabil. 1991, 72, 309-314. [PubMed]

Kinsella, S.; Moran, K. Gait pattern categorization of stroke participants with equinus deformity of the foot.
Gait Posture 2008, 27, 144-151. [CrossRef] [PubMed]

Olney, S.J.; Griffin, M.P.; McBride, I.D. Multivariate examination of data from gait analysis of persons with
stroke. Phys. Ther. 1998, 78, 814-828. [CrossRef]

Davis, R.B.; Ounpuu, S.; Tyburski, D.; Gage, J.R. A gait analysis data collection and reduction technique.
Hum. Mowv. Sci. 1991, 10, 575-587. [CrossRef]

Collin, C.; Wade, D.T.; Davies, S.; Horne, V. The Barthel ADL Index: A reliability study. Int. Disabil. Stud.
1998, 10, 61-63. [CrossRef]

Hsueh, I.P; Lee, M.M.; Hsieh, C.L. Psychometric characteristics of the Barthel Activities of Daily Living
Index in stroke patients. J. Formos. Med. Assoc. 2001, 100, 526-532.


http://dx.doi.org/10.1016/0197-2456(89)90005-6
http://dx.doi.org/10.1589/jpts.25.1223
http://dx.doi.org/10.1161/CIRCOUTCOMES.115.002098
http://dx.doi.org/10.1097/NPT.0000000000000236
http://www.ncbi.nlm.nih.gov/pubmed/30138230
http://dx.doi.org/10.1016/j.gaitpost.2009.05.020
http://www.ncbi.nlm.nih.gov/pubmed/19632117
http://dx.doi.org/10.1155/2013/718423
http://www.ncbi.nlm.nih.gov/pubmed/23509602
http://dx.doi.org/10.1161/01.STR.26.6.982
http://www.ncbi.nlm.nih.gov/pubmed/7762050
http://dx.doi.org/10.1016/j.gaitpost.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/19013070
http://dx.doi.org/10.1016/j.pmr.2012.11.007
http://www.ncbi.nlm.nih.gov/pubmed/23598262
http://dx.doi.org/10.1371/journal.pone.0066421
http://www.ncbi.nlm.nih.gov/pubmed/23799100
http://dx.doi.org/10.1002/pri.528
http://www.ncbi.nlm.nih.gov/pubmed/22147298
http://dx.doi.org/10.1016/j.gaitpost.2009.04.010
http://dx.doi.org/10.1589/jpts.26.483
http://dx.doi.org/10.1016/j.neucli.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26547547
http://dx.doi.org/10.2106/00004623-199610000-00008
http://www.ncbi.nlm.nih.gov/pubmed/8876578
http://dx.doi.org/10.1016/j.gaitpost.2003.07.002
http://www.ncbi.nlm.nih.gov/pubmed/15336283
http://dx.doi.org/10.1016/S0966-6362(02)00165-0
http://www.ncbi.nlm.nih.gov/pubmed/2009047
http://dx.doi.org/10.1016/j.gaitpost.2007.03.008
http://www.ncbi.nlm.nih.gov/pubmed/17467274
http://dx.doi.org/10.1093/ptj/78.8.814
http://dx.doi.org/10.1016/0167-9457(91)90046-Z
http://dx.doi.org/10.3109/09638288809164103

J. Clin. Med. 2020, 9, 3305 14 of 14

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hsieh, YW.; Wang, C.H.; Wu, 5.C.; Chen, P.C,; Sheu, C.F; Hsieh, C.L. Establishing the minimal clinically
important difference of the Barthel Index in stroke patients. Neurorehabil. Neural. Repair. 2007, 21, 233-238.
[CrossRef] [PubMed]

Beaton, D.E.; Bombardier, C.; Katz, ].N.; Wright, ].G.; Wells, G.; Boers, M.; Strand, V.; Shea, B. Looking for
important change/differences in studies of responsiveness. OMERACT MCID Working Group. Outcome
Measures in Rheumatology. Minimal Clinically Important Difference. . Rheumatol. 2001, 28, 400-405.
[PubMed]

Hagg, O; Fritzell, P; Nordwall, A. The clinical importance of changes in outcome scores after treatment for
chronic low back pain. Eur. Spine J. 2003, 12, 12-20. [CrossRef] [PubMed]

Lydick, E.; Epstein, R.S. Interpretation of quality of life changes. Qual. Life Res. 1993, 2, 221-226. [CrossRef]
Wyrwich, K.W. Minimal important difference thresholds and the standard error of measurement: Is there a
connection? |. Biopharm. Stat. 2004, 14, 97-110. [CrossRef]

Crosby, R.D.; Kolotkin, R.L.; Williams, G.R. Defining clinically meaningful change in health-related quality
of life. J. Clin. Epidemiol. 2003, 56, 395-407. [CrossRef]

Hastie, T.; Tibshirani, R.; Friedman, J. The Elements of Statistical Learning: Data Mining, Inference, and Prediction;
Springer Press: New York, NY, USA, 2009.

Hoffman, J.I.E. Variations Based on Linear Regression, in Biostatistics for Medical and Biomedical Practitioners;
Academic Press: London, UK, 2015.

Beninato, M.; Gill-Body, K.M.; Salles, S.; Stark, P.C.; Black-Schaffer, R.M.; Stein, J. Determination of the
minimal clinically important difference in the FIM instrument in patients with stroke. Arch. Phys. Med.
Rehabil. 2006, 87, 32-39. [CrossRef]

Stratford, P.W.; Binkley, EM.; Riddle, D.L. Health status measures: Strategies and analytic methods for
assessing change scores. Phys. Ther. 1996, 76, 1109-1123. [CrossRef]

Guzik, A.; Druzbicki, M. Application of the Gait Deviation Index in the analysis of post-stroke hemiparetic
gait. J. Biomech. 2020, 99, 109575. [CrossRef]

Carmo, A.A; Kleiner, A.E; Costa, PH.; Barros, R.M. Three-dimensional kinematic analysis of upper and
lower limb motion during gait of post-stroke patients. Braz. ]. Med. Biol. Res. 2012, 45, 537-545. [CrossRef]
Druzbicki, M.; Guzik, A.; Przysada, G.; Kwolek, A.; Brzozowska-Magon, A.; Sobolewski, M. Changes in Gait
Symmetry After Training on a Treadmill with Biofeedback in Chronic Stroke Patients: A 6-Month Follow-Up
from a Randomized Controlled Trial. Med. Sci. Monit. 2016, 22, 4859-4868. [CrossRef] [PubMed]

Duncan, PW,; Lai, S.M.; Keighley, J. Defining post-stroke recovery: Implications for design and interpretation
of drug trials. Neuropharmacology 2000, 39, 835-841. [CrossRef]

Lee, K.B.; Lim, S.H.; Kim, KH.; Kim, K.J.; Kim, Y.R.; Chang, WN.; Yeom, ] W.; Kim, Y.D.; Hwang, B.Y.
Six-month functional recovery of stroke patients: A multi-time-point study. Int. |. Rehabil. Res. 2015, 38,
173-180. [CrossRef] [PubMed]

Dabrowski, J.; Czajka, A.; Zielifiska-Turek, J.; Jaroszynski, J.; Furtak-Niczyporuk, M.; Mela, A,;
Poniatowski, L.A.; Drop, B.; Dorobek, M.; Barcikowska-Kotowicz, M.; et al. Brain Functional Reserve in the
Context of Neuroplasticity after Stroke. Neural. Plast. 2019, 2019, 9708905. [CrossRef]

Kopp, B.; Kunkel, A.; Muhlnickel, W.; Villringer, K.; Taub, E.; Flor, H. Plasticity in the motor system related
to therapy-induced improvement of movement after stroke. Neuroreport 1990, 10, 807-810. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1177/1545968306294729
http://www.ncbi.nlm.nih.gov/pubmed/17351082
http://www.ncbi.nlm.nih.gov/pubmed/11246687
http://dx.doi.org/10.1007/s00586-002-0464-0
http://www.ncbi.nlm.nih.gov/pubmed/12592542
http://dx.doi.org/10.1007/BF00435226
http://dx.doi.org/10.1081/BIP-120028508
http://dx.doi.org/10.1016/S0895-4356(03)00044-1
http://dx.doi.org/10.1016/j.apmr.2005.08.130
http://dx.doi.org/10.1093/ptj/76.10.1109
http://dx.doi.org/10.1016/j.jbiomech.2019.109575
http://dx.doi.org/10.1590/S0100-879X2012007500051
http://dx.doi.org/10.12659/MSM.898420
http://www.ncbi.nlm.nih.gov/pubmed/27941712
http://dx.doi.org/10.1016/S0028-3908(00)00003-4
http://dx.doi.org/10.1097/MRR.0000000000000108
http://www.ncbi.nlm.nih.gov/pubmed/25603539
http://dx.doi.org/10.1155/2019/9708905
http://dx.doi.org/10.1097/00001756-199903170-00026
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Measures 
	Data Analysis 
	Procedures 

	Results 
	Discussion 
	Conclusions 
	References

