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Background: Quadriceps strength testing is recommended to guide rehabilitation and mit-
igate the risk of second injury following anterior cruciate ligament (ACL) reconstruction.
Hand-held dynamometry is a practical alternative to electromechanical dynamometry
but demonstrates insufficient reliability and criterion validity in healthy and ACL-
reconstructed participants respectively. The purpose of this study is to investigate the reli-
ability and concurrent validity of inline dynamometry for measuring quadriceps strength.
The hypotheses are that intra-class correlation coefficient (ICC) values will be >0.90 for reli-
ability and concurrent validity.
Methods: This was a cross sectional study using a within-participant, repeated measures
design. Isometric quadriceps testing was performed at 60� knee flexion in 50 healthy
and 52 ACL-reconstructed participants. Interrater reliability, intrarater reliability, and con-
current validity of inline dynamometry was investigated through calculation of ICCs,
Bland-Altman analysis, linear regression, standard error of measurement (SEM) and mini-
mal detectable change (MDC).
Results: The lower bounds of the 95% confidence intervals were >0.90 for all reliability and
validity ICCs in healthy and ACL-reconstructed participants, except for intrarater reliability
in healthy participants using absolute scores (ICC = 0.936 [95% CI 0.890–0.963]). In ACL-
reconstructed participants, Bland-Altman bias was 0.01 Nm/kg for absolute and average
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scores, limits of agreement were �11.74% to 12.59% for absolute scores, the SEM was
0.13Nm/kg (95% CI 0.10–0.17) and the MDC was 0.36Nm/kg (95% CI 0.28 – 0.47).
Conclusion: Inline dynamometry is a reliable and economical alternative to electromechan-
ical dynamometry for the assessment of quadriceps strength following ACL-reconstruction.
Clinical trial registration number: ClinicalTrials.gov (NCT05109871)

� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Anterior cruciate ligament (ACL) injuries are common with a median annual incidence of 0.03% per person overall and up
to 3.7% in professional athletes [1]. Surgical reconstruction of a torn ACL is indicated for patients reporting persistent knee
instability [2,3], with an estimated 30,000 primary surgical reconstructions performed in England each year [4]. In the United
States, approximately 130,000 ACL-reconstructions are performed annually, with an incidence rate that has risen over the
last two decades [5,6].

Following ACL-reconstruction, recovery of quadriceps strength is an important criterion that informs clinical decision
making [7–9] including return to running [10] and return to play (RTP) [11,12]. Pre-injury (healthy) values provide the most
accurate reference to evaluate post-operative recovery, but these data are rarely available [13]. In the absence of pre-injury
data, normative values from matched controls and between-limb strength symmetry are recommended as proxy measures
[13–15]. Strength symmetry is typically calculated by dividing the operated limb scores by the unoperated limb scores and
converting to a percentage, though other methods exist [16]. Quadriceps strength deficits can persist in patients that pass
functional RTP tests (e.g., hop for distance) [17–19], and are associated with an increased risk of second ACL injury
[11,12], reduced self-reported knee function [20–22], and knee osteoarthritis [23], highlighting the importance of measuring
quadriceps strength specifically.

Electromechanical dynamometry (ED), in either isometric or isokinetic mode, is considered the gold-standard method of
quantifying quadriceps strength [24]. Quadriceps strength is expressed as peak knee extensor torque, with peak torque val-
ues produced at approximately 60� knee flexion [25,26]. ED can detect small, clinically relevant changes (<10%) in strength
[27] but is cost prohibitive, time consuming [28], and lacks portability [29]. ‘Push-type’ handheld dynamometry (HHD),
which measures the pushing force applied to a sensor, is a more affordable and practical option but has been shown to
underestimate quadriceps strength by almost 30% at 60� knee flexion when stability is provided by the tester [30]. Belt sta-
bilisation is required for stronger individuals [31,32], which precludes testing at 60� knee flexion due to slippage of the
device and non-perpendicular forces being applied to the gauge [24]. For practical purposes, belt-stabilised HHD is therefore
performed at 90� knee flexion [24] but this method is not recommended for measuring quadriceps strength in healthy indi-
viduals based on estimates of reliability [27,33].

Following ACL-reconstruction, isometric-ED (at 60� knee flexion) or isokinetic-ED are the preferred methods of assessing
quadriceps strength [9], with HHD considered an alternative when ED is not accessible [9,34]. Belt-stabilised HHD at 90�
knee flexion demonstrates excellent test–retest reliability and 100% specificity for detecting strength asymmetry greater
than 10% in ACL-reconstructed patients [35]. However, estimates of criterion validity are considered insufficient [34], with
belt-stabilised HHD underestimating isokinetic-ED values by almost 20% [35]. Furthermore, strength symmetry can be mis-
leading and should not be used in isolation to evaluate quadriceps strength recovery [13,36]. Peak knee extensor torque, nor-
malised to body mass, is a stronger predictor of self-reported knee function [20,21], and should be considered alongside
symmetry when an individual’s pre-injury data are not available for reference [13–15]. A practical and reliable measure
of peak knee extensor torque, which also demonstrates high concurrent validity, is therefore required to inform clinical
decision-making following ACL-reconstruction, especially when ED is inaccessible.

‘Pull-type’ inline dynamometers are set up to measure the tensile pulling force passing through a load cell; these devices
are also known as traction dynamometers or strain gauges. Inline dynamometry has been shown to demonstrate higher esti-
mates of validity than belt-stabilised HHD in healthy individuals [29], but the reliability and validity of inline dynamometry
for measuring peak knee extensor torque has not been investigated in participants following ACL-reconstruction, or at 60�
knee flexion. The primary objectives of this study are to investigate the reliability of inline dynamometry in healthy and ACL-
reconstructed individuals, and the validity of inline dynamometry in ACL-reconstructed individuals for measuring peak iso-
metric knee extensor torque at 60� knee flexion. Based on previous inline dynamometry studies demonstrating intra-class
coefficient (ICC) values above 0.90 [29,37], the hypotheses are that ICC values will be > 0.90 for interrater and intrarater reli-
ability, and concurrent validity. The secondary objectives are to determine whether there is a significant difference in pain,
and time taken to perform testing, between the two measurement methods in ACL-reconstructed individuals.

Inline dynamometry will be performed using an operator-independent dynamometer (KForce Link, Kinvent) by two phys-
iotherapists with varying amounts of inline dynamometry experience. Normative reference values will be obtained from
healthy participants.
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2. Material and methods

2.1. Study design

This was a cross sectional study using a within-participant, repeated measures design that was approved by the Trust and
NHS ethics committees. The study was registered a priori on ClinicalTrials.gov (NCT05109871), and conducted in accordance
with the ethical standards of the World Medical Association Declaration of Helsinki (2002) and Consensus-based Standards
for the selection of health Measurement Instruments (COSMIN) recommendations [38]. The study is reported using the
Guidelines for Reporting Reliability and Agreement Studies (GRRAS) [39] and CHecklist for statistical Assessment of Medical
Papers (CHAMP) [40].

2.2. Sample size

For assessment of reliability, to ensure with 80% power that the width of the 95% confidence interval (CI) is 0.20 when the
anticipated ICC value is 0.85 or higher, a sample size of 45 was calculated based on values reported in a previous ‘pull-type’
dynamometer study [37]. For assessment of validity, to ensure with 80% power that the width of the 95% CI is 0.30 when the
anticipated ICC value is 0.75 or higher, a sample size of 45 was calculated. To account for possible participant attrition (10%)
and to meet the COSMIN recommendations for a ‘good’ sample size [38], both samples were increased to a minimum of 50
participants (total �100).

2.3. Study population

For interrater and intrarater reliability in healthy individuals, a quota sample of healthy staff, of different age and sporting
activity levels, was recruited from Liverpool University Hospitals, NHS Foundation Trust (LUHFT). For intrarater reliability
and concurrent validity in an ACL-reconstructed cohort, consecutive patients presenting to an orthopaedic outpatient clinic
following ACL-reconstruction were recruited from LUHFT.

2.4. Inclusion and exclusion criteria

Potential participants were approached by direct invitation and deemed eligible for inclusion if they were willing and able
to give informed consent, and aged 18 years or above. For the healthy cohort, participants must have reported no current or
previous history of significant lower limb injury, no history of previous minor injury that was symptomatic at the time of
recruitment/testing, and no previous lower limb surgery on the leg to be tested. For the ACL-reconstructed cohort, partici-
pants must have undergone ACL-reconstruction surgery, with or without additional meniscal repair or excision; participants
with concomitant knee ligament reconstruction or non-meniscal surgical procedures (e.g., osteotomy, microfracture) were
excluded.

Participants could not enter the study if they had any medical condition that might hinder their ability to perform max-
imal strength testing or put themselves at risk by participating (Supplemental Section 1). Participants that failed to attend
any of the designated testing sessions or reported unacceptable pain during testing, defined as � 6/10 on a visual analogue
scale (VAS) [9], were excluded. Once informed consent was obtained, relevant testing sessions were conducted in an LUHFT
physiotherapy department.

2.5. Testing procedure

Inline dynamometry was performed using the KForce Link (300 kg [2942 N] force capacity) and KForce Pro iOS application
(Kinvent, Montpellier, France). Isometric-ED was performed using the HUMAC NORM Cybex with HUMAC 2015 software
(CSMI Medical Solutions, Stoughton, MA, USA). The procedure for inline dynamometry (Supplemental Video 1) and
isometric-ED was standardised. The order of testing between assessors and devices was randomised to control for potential
sources of systematic error including fatigue [37] and a learning effect [30] using an online random number generator
(https://www.random.org/lists).

For healthy participants, the dominant leg was used for testing; if the participant was unsure of leg dominance, this was
determined by asking which leg they would use to kick a ball [41]. For ACL-reconstructed participants, the operated leg was
used for testing as documented in the operation notes and confirmed during clinical examination. Testing was not performed
until at least 12-weeks after ACL-reconstruction, to allow adequate time for the resolution of pain and effusion, and to coin-
cide with criterion-based milestones (e.g., return to running) [9].

2.5.1. Inline dynamometry (Figure 1A and Supplemental Video 1)
A three-panel, height-adjustable plinth (AKRON, Ipswich, UK) was placed side on against a wall with the end panels

removed to allow the participant to grip the sides. The participant sat on the centre panel of the plinth with a six-inch, soft
plyometric box (Jordan, Norfolk, UK) placed behind them acting as a back rest. A dense foam pad (green TheraBand� stability
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trainer, Akron, OH, USA) and small folded towel was placed under the distal thigh to maintain a horizontal thigh position and
maximise comfort during testing. An 11 cm wide Velcro ankle strap with double D-rings (Kinvent, Montpellier, France) was
attached securely to the leg with the distal end of the straps resting immediately proximal to the medial malleolus. Via two
carabiners (Kinvent, Montpellier, France), one end of the dynamometer was connected to the D-rings of the ankle strap and
the other end to an adjustable, rigid strap (Kinvent, Montpellier, France) that was looped around the furthest perpendicular
metal bar of the plinth, in line with the leg.

Whilst sat in an upright position, gripping the sides of the plinth to prevent the pelvis from lifting [29,30], the participant
was asked to slowly extend their knee until all slack was taken up in the straps. The plinth height and strap length were
adjusted until the knee was positioned at 70� flexion and the rigid strap at an angle of 100� to the shin, measured by a plastic
30 cm goniometer. These angles were chosen to account for the small decrease in knee flexion (approximately 10�) noted
during maximal-effort isometric knee extension [42]. The practice trials were used to confirm that the knee was at 60� flex-
ion, and the inline dynamometer/strap perpendicular to the shin, during the 100% maximal effort. If the angles were not cor-
rect, the plinth height and straps were adjusted accordingly. The moment arm was recorded by measuring the distance from
the lateral epicondyle of the femur [43] to the centre of the ankle strap, to the nearest half centimetre. These measurements
were obtained with the knee relaxed over the edge of the bed, using a tape measure, and converted to metres.

2.5.2. Isometric-ED (Figure 1B)
Isometric-ED was performed using the relevant testing mode (isometric knee extension at 60�) with gravity correction.

The participant sat on the chair with trunk, pelvis and thigh straps fastened securely. The backrest was adjusted until the
back of the knee was overhanging the end of the seat by approximately 2 cm (finger width), as measured by the assessor’s
hand. To ensure the axis of the knee was aligned with the axis of the device during maximal testing, the dynamometer and
seat were adjusted until the lateral epicondyle of the femur was positioned approximately 2.5 cm above, and in front of, the
axis of the dynamometer. This was to account for the small change in knee position (downwards and backwards) during
maximal-effort isometric knee extension [42]. The pad of the lever arm was positioned 2 cm above the lateral malleolus,
checked for comfort, and adjusted if required. The limb was then weighed for gravity correction. The participant was
instructed to grab the handles to prevent the pelvis from lifting during testing.

2.5.3. Measurement of peak knee extensor torque
For both testing methods, three practice trials (50%, 75% and 100% maximal effort) were performed to familiarise the par-

ticipant with the procedure and to screen for pain. If pain was reported as �6/10 on a VAS, no further testing was performed,
and they were excluded from the study.

During testing, the participant was asked to extend their knee as hard as possible for five seconds, with standardised ver-
bal encouragement. To avoid jolting the leg during inline dynamometry testing, the knee was passively extended by the
assessor, until all slack was taken up in the strap, before the participant exerted maximal effort. A 30-second rest period
was used between trials [44], monitored by the K-Force Pro iOS application (inline dynamometry) and HUMAC software
(isometric-ED), with three maximal-effort trials completed per assessor and device. Force-time curves were inspected visu-
ally after each testing procedure to confirm peak torque had been achieved. If the force–time curve was still rising at the 5-
second mark, testing was repeated after a 5-minute rest period and the individual was advised to push faster.

Peak force measurements for inline dynamometry were extracted from the KForce Pro iOS application in Newtons (N),
multiplied by the moment arm to calculate peak torque (Nm) then divided by body mass (Nm/kg). For isometric-ED, peak
Figure 1. Representation of the testing setup. Representative images illustrating the testing setup for (A) inline dynamometry and (B) isometric
electromechanical dynamometry.
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torque normalised to body mass (Nm/kg) was extracted from the test summary. The sampling rate for inline dynamometry
and isometric-ED were 75 Hertz (Hz) and 100 Hz respectively.

2.5.4. Measurement of time and pain
The time taken to complete each testing procedure was recorded on an iPhone stopwatch, and individuals were asked to

record their pain during testing on a VAS immediately after each assessment.

2.6. Reliability

In the context of this study, reliability is defined as the extent to which scores for individuals who have not changed are
the same for repeated measurement [38]. Interrater reliability reflects the variation between two or more raters who mea-
sure the same group of participants, while intrarater reliability reflects the variation of data measured by one rater across
two or more trials [45].

For interrater reliability in healthy individuals, inline dynamometry was performed by Assessors A and B at the index
testing session (within-session reliability). Assessor A is a physiotherapist with 19-years’ clinical experience and
three-years’ experience using inline dynamometry. Assessor B is a physiotherapist with six-years’ clinical experience but
no previous experience using dynamometry. Assessor B received adequate training from Assessor A before data collection
was initiated. A 5-minute rest period was used between assessors to allow adequate recovery [29].

For intrarater reliability in healthy individuals, the testing procedure was repeated by Assessor A seven days after the
index test (between-session reliability). This timeframe was considered appropriate to maintain the independence of admin-
istrations [46] whilst precluding significant changes in strength. All participants were encouraged to continue their usual
weekly activities between testing sessions, but to avoid significant changes in load, which may affect fatigue levels and sub-
sequent ability to generate force. Consistent activity levels were confirmed by each participant via direct questioning before
retesting.

The three maximal-effort test scores were used to determine the intrarater reliability of inline dynamometry in ACL-
reconstructed individuals, which were 30-seconds apart (within-session reliability). This timeframe was considered suitable
as 30-seconds has been shown to allow sufficient recovery between repetitions when measuring peak quadriceps torque
[44] and a one-week interval may result in changes in scores that could be attributed to the volatility of recovery rather than
measurement error.

2.7. Concurrent validity

Inline dynamometry and isometric-ED were performed within the same testing session by Assessors A and C respectively
(within-session validity). Assessor C is an assistant practitioner with a degree in sports and exercise science, eight-years’
experience using ED, and six-years’ clinical experience. A 5-minute rest period was used between devices to allow adequate
recovery [29].

2.8. Blinding

Knee extensor torque scores were obtained independently with each assessor blinded to the other assessor’s measure-
ments until testing was complete. Participants were also blinded to their scores until all testing was complete. For intrarater
reliability in healthy participants, Assessor A was blinded to the force values during retesting by using the auditory cues from
the KForce Pro iOS application only.

2.9. Data analysis

All statistical analyses were performed using SPSS 25.0 (SPSS Inc, Chicago, Illinois, USA) and R (R version 3.2.0, The R
Foundation for Statistical Computing). Continuous variables were assessed for normality using graphical analysis (construc-
tion of histograms and normal Q-Q plots), and through the Kolmogorov-Smirnov and Shapiro-Wilk tests. Data are presented
for absolute (maximum of three trials) and average scores (mean of three trials) as average scores provide a more reliable
measure [47] but absolute values are often used to quantify strength and inform clinical decision making [14].

Reliability and concurrent validity were assessed through calculation of the ICC with 95% CIs reported. For interrater reli-
ability and concurrent validity, a two-way random effects model for absolute agreement based on single ratings (ICC2,1) was
used for absolute scores and multiple ratings (ICC2,3) for average scores [45]. For intrarater reliability, a two-way mixed
effects model for absolute agreement based on single ratings (ICC3,1) was used for absolute scores and multiple ratings
(ICC3,3) for average scores [45]. The ICCs were categorised as ‘poor’ if less than 0.50, ‘moderate’ between 0.50–0.75, ‘good’
between 0.75–0.90, and ‘excellent’ if greater than 0.90 [45].

Scatter plots were created to illustrate the spread of data on the X and Y axes, relative to a 45� line of ‘perfect fit’, with a
regression line overlayed and R2 values calculated. Bland-Altman plots were constructed with bias and limits of agreement
(LOA) reported. Evidence for fixed and proportional bias was assessed via ordinary least squares (OLS) regression of the dif-
ference in scores on the mean of scores [48], with the null hypothesis that the slope of this line equals zero, and the 95% CIs
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for the Y intercept and slope coefficients would include zero. Measurement error was also expressed as standard error of
measurement (SEM) [46] and calculated as SD �p

(1-ICC), where SD is the standard deviation of the test and retest scores
combined. The minimal detectable change (MDC) was calculated as 1.96 �p

2 � SEM [46].
The difference between pain during inline dynamometry and ED was determined using a paired t-test. The difference

between time taken to complete each method was determined using a related-samples Wilcoxon Signed Rank test, with
median values and interquartile ranges (IQR) provided.
3. Results

Fifty participants were recruited to determine the interrater and intrarater reliability of inline dynamometry in a healthy
cohort (Table 1); no participants were excluded from the study (0%). Fifty-six participants were recruited to determine the
intrarater reliability and concurrent validity of inline dynamometry following ACL-reconstruction. Four (7.1%) participants
were excluded due to non-attendance; therefore 52 participants were included in the study (Table 1). For both cohorts,
no adverse events were reported during testing and no data were missing (0%). There was no significant difference in
age, mass, height, or BMI between the healthy and ACL-reconstructed cohorts, except for age in female participants
(p = 0.042) (Table 1).

The median Tegner Actvity Scale level for healthy participants was 5.5 (IQR 3.0 [4.0 – 7.0]) (Supplemental Table 1). Ham-
strings (semitendinosus/gracilis) grafts were used for all ACL-reconstructions with 23 (44.2%) participants undergoing
concomitant meniscal procedures (Supplemental Table 2). The median time from surgery was 15.9-weeks (IQR 29.0
[13.1–42.1]). Inline dynamometry and isometric-ED torque values, normalised to body mass, are presented in Table 2 with
corresponding force and torque values presented in Supplemental Table 3.

3.1. Interrater reliability

The ICC values in healthy participants were excellent for absolute (0.967 [95% CI 0.943–0.981]) and average inline
dynamometry scores (0.976 [95% CI 0.958–0.986]). Linear regression R2 was 0.94 for absolute scores and 0.91 for average
scores (Supplemental Figure 1A and Supplemental Figure 2A). Bland-Altman bias was 0.02 Nm/kg for absolute (Figure 2A)
and average scores (Figure 2B) with LOA between �10.17% to 11.94% for absolute scores and �11.37% to 13.26% for average
scores (Supplemental Figure 3A and B). The 95% CIs for the Y axis intercept and slope coefficients of the OLS regression lines
contained zero, therefore no fixed or proportional bias was evident for absolute or average scores (Supplemental Table 4).

3.2. Intrarater reliability

In healthy participants, ICC values were good-to-excellent for absolute inline dynamometry scores and excellent for aver-
age inline dynamometry scores (Table 3). In ACL-reconstructed participants, ICC values were excellent for inline dynamom-
etry and isometric-ED scores (Table 3). The SEM and MDC of inline dynamometry were lower for average scores than
absolute scores in healthy participants (Table 3).

Linear regression R2 was 0.88 for absolute scores and 0.86 for average scores (Supplemental Figure 1B and Supplemen-
tal Figure 2B). Bland-Altman bias was �0.05 Nm/kg for absolute scores (Figure 3A) and �0.04 Nm/kg for average scores (Fig-
ure 3B), with LOA between �17.24% to 13.27% for absolute scores and �16.64% to 13.80% for average scores (Supplemental
Figure 4A and B). The 95% CIs for the Y axis intercept and slope coefficients of the OLS regression lines contained zero, there-
fore no fixed or proportional bias was evident for absolute or average scores (Supplemental Table 4).

3.3. Validity

The ICCs for validity were excellent for absolute (0.969 [95% CI 0.947–0.982]) and average scores (0.977 [95% CI 0.960–
0.987]). Linear regression R2 was 0.94 for absolute scores and 0.91 for average scores (Supplemental Figure 1C and Supple-
Table 1
Demographics for healthy and ACL-reconstructed participants. Data of participant demographics are presented as mean values with standard deviations in
parentheses.

Healthy cohort ACL reconstruction cohort p value

All (n = 50) Female (n = 25) Male (n = 25) All (n = 52) Female (n = 5) Male (n = 47) Female Male

Age [years] 26.8 (5.2) 26.7 (6.2) 26.9 (4.2) 28.3 (8.0) 28.0 (12.2) 28.3 (7.6) 0.042 0.773
Mass [kg] 71.1 (12.3) 63.7 ð 9.1) 78.4 (10.6) 82.1 (16.4) 68.4 (15.9) 83.6 (15.9) 0.364 0.173
Height [m] 1.74 (0.10) 1.67 (0.06) 1.80 (0.09) 1.80 (0.07) 1.69 (0.07) 1.81 (0.06) 0.430 0.586
BMI [kg/m2] 23.5 (3.2) 22.9 (3.5) 24.1 (2.9) 26.3 (5.2) 25.0 (5.7) 26.4 (5.2) 0.276 0.044

ACL: anterior cruciate ligament, BMI: body mass index, kg: kilograms, m: metres.
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Table 2
Absolute and average peak knee extensor torque divided by body mass.

Cohort Testing session Absolute peak torque/BM [Nm/kg] (SD) Average peak torque/BM [Nm/kg] (SD)

All Female Male All Female Male

Healthy ID Assessor A (n = 50) 3.12 (0.66) 2.81 (0.52) 3.44 (0.64) 2.99 (0.62) 2.72 (0.52) 3.27 (0.60)
ID Assessor B (n = 50) 3.10 (0.68) 2.79 (0.53) 3.41 (0.67) 2.97 (0.65) 2.69 (0.54) 3.24 (0.64)
ID Re-test (n = 50) 3.17 (0.64) 2.88 (0.50) 3.46 (0.65) 3.03 (0.63) 2.76 (0.52) 3.30 (0.63)

ACLR ID (n = 52) 2.66 (0.66) 2.39 (0.72) 2.69 (0.66) 2.56 (0.63) 2.24 (0.64) 2.60 (0.63)
Isometric-ED (n = 52) 2.65 (0.66) 2.34 (0.57) 2.69 (0.67) 2.55 (0.63) 2.27 (0.57) 2.58 (0.63)

ACLR: ACL reconstruction, BM: body mass, ED: electromechanical dynamometry, ID: inline dynamometry, Nm/kg: Newton-metres per kilogram, SD:
standard deviation.

Figure 2. Interrater reliability of inline dynamometry in healthy participants. (A) Bland-Altman plot of absolute scores and (B) average scores. LOA: limits of
agreement. Nm/kg: Newton-metres per kilogram.

Table 3
Intrarater reliability of inline dynamometry and isometric electromechanical dynamometry (ED) in healthy participants and ACL-reconstructed participants.

Cohort Testing method ICC [95% CI] SEM (Nm/kg) [95% CI] MDC (Nm/kg) [95% CI]

Healthy
(n = 50)

ID (absolute scores) 0.936 [0.890–0.963] 0.16 [0.12–0.21] 0.45 [0.35–0.59]
ID (average scores) 0.961 [0.932–0.978] 0.12 [0.09–0.16] 0.34 [0.26–0.45]

ACLR
(n = 52)

ID 0.958 [0.930–0.975] 0.13 [0.10–0.17] 0.36 [0.28–0.47]
Isometric-ED 0.967 [0.947–0.980] 0.12 [0.09–0.15] 0.32 [0.25–0.41]

ACLR: anterior cruciate ligament reconstruction, CI: confidence intervals, inline dynamometry (ID), ICC: intra-class correlation coefficient, MDC: minimal
detectable change, Nm/kg: Newton-metres per kilogram, SEM: standard error of measurement.
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mental Figure 2C). Bland-Altman bias was 0.01 Nm/kg for absolute (Figure 4A) and average scores (Figure 4B) with LOA
between �11.74% to 12.59% for absolute scores and �14.28% to 15.25% for average scores (Supplemental Figure 5A and
B). The 95% CIs for the Y axis intercept and slope coefficients of the OLS regression lines contained zero, therefore no fixed
or proportional bias was evident for absolute or average scores (Supplemental Table 4).
3.4. Pain

No participants recorded pain � 6/10 on a VAS. Any pain experienced was at the knee, with no pain reported at the inter-
face/ankle strap. There was no significant difference (p = 0.164) in pain scores between inline dynamometry (median 1.0, IQR
2.0 [0.0–2.0]) and isometric-ED (median 1.0, IQR 3.0 [0.0–3.0]). One participant (1.9%) reported increased pain and effusion in
the ACL-reconstructed knee within 24-hours of testing, which resolved with appropriate management. This individual was
12-weeks and 2-days following isolated ACL-reconstruction (ipsilateral hamstrings autograft), with a VAS of 5/10 on both
devices.
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Figure 3. Intrarater reliability of inline dynamometry in healthy participants. (A) Bland-Altman plot of absolute scores and (B) average scores. LOA: limits of
agreement. Nm/kg: Newton-metres per kilogram.

Figure 4. Validity of inline dynamometry in ACL-reconstructed participants. (A) Bland-Altman plot of absolute scores and (B) average scores. LOA: limits of
agreement. Nm/kg: Newton-metres per kilogram.
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3.5. Time

The mean time taken to complete testing was 3-minutes 43 seconds (SD = 42.9 seconds) for inline dynamometry and 6-
minutes 20 seconds (SD = 39.0 seconds) for isometric-ED; the difference in time was statistically significant (p < 0.001).
4. Discussion

The most important findings from the current study are inline dynamometry, performed at 60� knee flexion, provides reli-
able measurements of quadriceps strength in healthy and ACL-reconstructed individuals. Based on the estimates for concur-
rent validity, this method can also be recommended as a valid alternative to isometric-ED following ACL-reconstruction.
There was no evidence of fixed or proportional bias for inline dynamometry. Since all ICC scores for reliability and concurrent
validity exceed 0.90, the hypotheses were accepted.

Clinical practice guidelines advocate quadriceps strength measurement following ACL-reconstruction to guide rehabilita-
tion and mitigate the risk of second ACL injury [8,9]. Despite this, fewer than half of physiotherapists use instrumented
strength testing [49,50]. This is understandable as gold-standard ED is cost prohibitive [28] and the only published system-
atic review with meta-analysis suggests that current HHD methods demonstrate insufficient criterion validity in ACL-
reconstructed patients [34]. A practical and reliable method of measuring quadriceps strength, which also demonstrates suf-
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ficient concurrent validity, is therefore required to make valid clinical decisions, and facilitate compliance with clinical prac-
tice guidelines when gold-standard methods are inaccessible.

Reliability is a characteristic of an instrument used in a population, not just the instrument itself, and should therefore be
investigated in a sample in which the measurement instrument is to be used [47]. The reliability of inline dynamometry was
evaluated in both healthy and ACL-reconstructed individuals as routine collection of pre-injury (healthy) data is recom-
mended to determine rehabilitation status following ACL-reconstruction [13]. Where pre-injury data is not available, pre-
operative uninvolved (healthy) limb scores and normative (healthy control) data can be used alongside post-operative values
(peak knee extensor torque and symmetry) to inform clinical decision-making [13–15].

In healthy individuals, interrater reliability ICCs were excellent for average and absolute scores with Bland-Altman anal-
ysis demonstrating very small mean bias and LOA <15%, indicating that this method of testing is not affected by assessor
experience. Intrarater reliability ICCs were excellent for average scores and good-to-excellent for absolute scores, the latter
of which is consistent with previous inline dynamometry studies performed at 90� knee flexion [29,37]. The highest mean
scores were obtained at the retest session, which might indicate a learning effect. Healthy male and female absolute scores
combined were consistent with target values following ACL-reconstruction (�3.0–3.1 Nm/kg) [20,21] but female scores
(2.8 Nm/kg) were lower than male scores (3.4 Nm/kg), suggesting normative values may be gender-specific. The MDC
was 0.45 Nm/kg for absolute scores, which is consistent with the MDC previously reported for inline dynamometry at 90�
knee flexion (0.42 Nm/kg) [29].

In ACL-reconstructed participants, ICCs for intrarater reliability and concurrent validity were excellent. Bland-Altman
analysis demonstrated very small mean bias and LOA <15% for absolute scores. A recent systematic review with meta-
analysis suggests that strength assessment tools should demonstrate LOA <15% before being recommended for use [27]; this
is the first ‘push’ or ‘pull-type’ dynamometer study to demonstrate LOA <15% in participants following ACL-reconstruction.
However, these thresholds are arbitrary and specific values should be established for quadriceps strength testing methods
[34]. The MDC for inline dynamometry was 0.36 Nm/kg, which was comparable with isometric-ED (0.32 Nm/kg). The
MDC for belt-stabilised HHD in ACL-reconstructed participants has previously been reported as 2.8 Nm/kg, which most likely
reflects an error in calculation/reporting as the MDC was greater than the mean score [35].

Previous studies have shown that HHD positioning impacts comfort during quadriceps strength testing [51]. No partic-
ipants reported pain at the interface during inline dynamometry, which may be due to the wide (11 cm) ankle strap. There
were no adverse events during testing, indicating that inline dynamometry at 60� knee flexion is safe from 12-weeks follow-
ing ACL-reconstruction. This is not unexpected as open chain knee extension places minimal strain on the ACL at 60� knee
flexion [52]. Peak loading of the ACL occurs between 10-30� of knee flexion [52], prompting caution when introducing
resisted knee extension within this range following ACL-reconstruction [53]. However, 2–3 times more strain is placed on
the ACL during walking [54] and the introduction of full range resisted knee extension from 4-weeks after ACL-
reconstruction has not been shown to increase hamstrings graft laxity versus closed chain exercises alone [55].

The difference in time taken to perform inline dynamometry and isometric-ED was statistically significant; for every two
legs tested with isometric-ED, three legs could be tested with inline dynamometry. This time-efficient method of testing
quadriceps strength may be particularly beneficial for practitioners working in sports and health care settings, where time
is often constrained. Inline dynamometry is also more portable than ED, allowing quadriceps strength to be measured at
point of contact, thereby avoiding any delays associated with onward referral for ED. This is particularly beneficial as testing
the uninjured side as soon as possible after ACL injury provides a more accurate estimate of pre-injury capacity [36].

4.1. Strength, limitations, and clinical recommendations

To ensure the findings from the current study were practicable, strength testing was performed with a commercially
available dynamometer and equipment that should be readily accessible in a clinical setting. To improve the quality of
the study, the GRRAS [39] and CHAMP [40] guidelines were followed, and the sample size was increased as recommended
by COSMIN [38]. Average (mean) and absolute values are presented; averaging scores demonstrated smaller measurement
error in healthy individuals and is therefore recommended for this population.

Clinical practice guidelines recommend isometric quadriceps strength testing at 60� knee flexion as soon as knee range of
movement allows following ACL-reconstruction [9]. Quadriceps strength testing was not performed within 12-weeks of ACL-
reconstruction and future studies should investigate the efficacy of earlier implementation. All ACL-reconstructions in the
current study were performed using a hamstrings graft, therefore findings may not be generalisable to other graft types.
In addition, 91.4% of ACL-reconstructed participants were male, which reflects a male-dominant caseload in this cohort
but limits the inference to females. The highest force recorded with inline dynamometry was 1133 N (115.5 kg) in a healthy
male participant, which should be taken into consideration when testing this population, to ensure the device has sufficient
force capacity.

Isokinetic-ED measures torque through range, ensuring that peak torque angles are captured, whereas inline dynamom-
etry can only be performed where peak torque is assumed to occur (i.e., approximately 60� knee flexion). Angle specific
impairments identified with isokinetic-ED may provide a focus for rehabilitation, but peak torque values alone are used
to quantify an individual’s strength and inform criterion-based rehabilitation [14]. Peak torque values increase as angular
velocity decreases, therefore isometric testing will produce higher values at peak torque angles than concentric
isokinetic-ED [56]. Quadriceps strength was not measured at different angles in the current study, therefore higher peak tor-
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que values may have been attainable at different knee positions. Pincivero et al. (2004) recorded highest peak torque values
at 70� knee flexion using isometric-ED in healthy participants but did not test at 60� knee flexion [43]; these values are con-
sistent with the mean absolute inline dynamometry scores for the same cohort in the current study, both for males (3.5 Nm/
kg) and females (2.7 Nm/kg) and are considerably higher than those previously reported for inline dynamometry at 90� knee
flexion [29,37].

Knee extensor rate of torque development (RTD) is considered an important metric following ACL-reconstruction [15,57]
and can be assessed with isometric testing [58]. In the current study, the sampling rate for inline dynamometry was 75 Hz,
which is appropriate for the assessment of peak torque but insufficient to accurately measure RTD, particularly early and
maximum RTD [59]. Since completion of the study, the sampling rate for the device used has increased to 1000 Hz, therefore
future studies should determine whether inline dynamometry produces reliable and valid measurements of RTD.

An interval of at least one week is recommended between measurement for intrarater reliability [46]; this timeframe was
utilised for healthy participants, but the three maximal effort inline dynamometry scores were used for ACL-reconstructed
participants, which were 30-seconds apart. This approach has been utilised previously [35] and was deemed appropriate for
the current study as ACL-reconstructed patients may exhibit considerable changes in strength measurement over a one-
week period due to the volatility of recovery rather than measurement error. For example, knee pain or effusion that devel-
ops between testing sessions can inhibit the quadriceps, while specific treatment techniques can disinhibit the quadriceps
[60], both of which can cause measurement interference [47]. Consequently, there was not enough time between repetitions
to remove and reapply the device, which could have impacted the results. However, intrarater reliability estimates for the
ACL-reconstructed group are comparable with those of the healthy cohort, where the device was removed and reapplied one
week later. Future studies should investigate the intrarater reliability following device removal and reapplication, and inter-
rater reliability in ACL-reconstructed individuals.
5. Conclusion

Inline dynamometry, performed at 60� knee flexion, provides reliable measurements of quadriceps strength in healthy
individuals. In participants who were at least 12-weeks post ACL-reconstruction using a hamstrings graft, inline dynamom-
etry provides reliable measurements of quadriceps strength, with high concurrent validity. Inline dynamometry can be rec-
ommended as a practical means of measuring quadriceps strength, to inform clinical decision making, especially when gold-
standard methods are inaccessible. Inline dynamometry can be performed with equipment that should be readily accessible
in a clinical setting, is safe, and takes significantly less time than electromechanical dynamometry.
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