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Abstract

Title: Electrical impedance myography improves hand-held dynamometry compared to isokinetic
dynamometry in assessment of hamstring/quadriceps strength ratio in elite female football

players

Jessica Tsao, Seward Rutkove, Scott Brown, Adam Pacheck, and Mark Fulcher

Objectives: The measurement of hamstring to quadriceps ratio (H/Q ratio) has been proposed as
a possible screening tool to identify those at risk of anterior cruciate ligament injury.
Unfortunately, the widespread implementation of this measurement is limited due to the lack of
portability and ease of use of isokinetic dynamometry. The objective of this study was to assess
the validity of using handheld dynamometry in conjunction with a new technology, electrical
impedance myography, compared to isokinetic dynamometry alone to measure H/Q ratio in elite

female footballers.

Design: Laboratory based validity study

Methods: A convenience sample of 20 elite female footballers completed strength testing using

isokinetic dynamometry and hand-held dynamometry as well as electrical impedance

myography.

Results: Mean H/Q ratio as measured by hand-held dynamometry was 0.68+0.14 compared to
0.54+0.07 with isokinetic dynamometry. Correlation(R) between H/Q ratio measured using
hand-held dynamometry and isokinetic dynamometry was 0.21. When electrical impedance data

was added the correlation improved to 0.32.

Conclusions: Handheld dynamometry alone poorly predicts isokinetic dynamometry H/Q ratio.
The addition of electrical impedance myography improves this relationship; however, further
study is required to determine, the role, hand-held dynamometry and electrical impedance

myography together can play in the measurement of H/Q ratio.



Student Role

I met with Dr. Fulcher several times and we discussed several ideas he had of studies he was
interested in carrying out. The idea to determine the reliability of hand-held dynamometry to
measure H/Q ratio was initially conceived by Dr. Fulcher. I performed a literature review to
determine the current literature on the subject. I then designed the methods to carry out the study
with input from Dr. Fulcher and Dr. Rutkove. Together, we decided to include isokinetic
dynamometry and electrical impedance myography to the hand-held dynamometry component of
the study. Both Dr. Fulcher and Dr. Rutkove approved my study design prior to the start of the
study. I then was responsible for obtaining both the Harvard and the New Zealand IRB

approvals.

Over the summer of 2014, I traveled to New Zealand for data collection. With Dr. Fulcher, I was
one of the two investigators to perform the hand-held dynamometry reliability testing. I then
performed all electrical impedance myography testing. With assistance from Scott Brown I
performed all isokinetic dynamometry testing. I was present and the primary investigator
performing all data collection and testing with the athletes. I collated all data and performed all
preliminary analyses of the data. Adam Pacheck was responsible for helping with much of the
statistical analyses and ensuring that the statistical analyses were done correctly after my initial

analysis of the data.

I discussed the results of the study with Dr. Rutkove and Dr. Fulcher to determine the feasibility
of publication. I was responsible for selecting the target journal for publication and ensuring the
correct format for the manuscript. I drafted all sections of the manuscript, including the results
and discussion. Dr. Rutkove and Dr. Fulcher both provided feedback and editing for the

manuscript, which I used to revise the manuscript prior to submission.



Appendix 1 - Manuscript
Introduction

Hamstring to quadriceps strength ratio (H/Q ratio) appears to be a clinically relevant measure
used to detect muscle imbalance. A H/Q ratio of less than 0.6 has been identified as a potential
risk factor for anterior cruciate ligament (ACL) injury.' Despite its potential utility as a predictor
and screen for ACL injury, widespread measurement of H/Q ratio is limited due to the lack of
portability and ease of use of isokinetic dynamometry (IKD).” The gold standard of strength
measurement, [KD requires testing be done in a laboratory setting using an expensive, large, and
immobile device. This severely limits the number of individuals who can receive this type of

testing.

Handheld dynamometry (HHD) is a portable, easy-to-use alternative to IKD. HHD has been
widely validated for use in populations with a variety of medical conditions (who are likely to be
comparatively weaker) or for muscle groups with limited strength.”> > The reliability of HHD is
thought to be dependent on the strength of the assessor, as the examiner provides the resistance
to the subject’s strength.® Hence, if a subject is stronger than the resistance provided, an accurate
measurement will be difficult to obtain. Given this limitation, the validity of HHD strength
measurements in stronger populations and muscle groups has been questioned. Some studies
have found it is a reliable and valid tool in athletes and other healthy populations.””. However,
others have found that HHD is not a valid or reliable measure in stronger muscle groups or
stronger individuals.*'® No study has evaluated the validity of using HHD to specifically

measure H/Q ratio in elite female athletes.

Electrical impedance myography (EIM) uses high frequency, low voltage current applied across
electrodes placed on the skin to measure muscle impedance. The measured impedance is a
reflection of the muscle composition and architecture. Recent research has suggested that EIM
can be used to track muscle changes in neuromuscular diseases such as amyotrophic lateral
sclerosis and muscular dystrophy and correlates with muscle strength in these populations.'"' If

EIM can be used as a measure of muscle condition in healthy populations, it could be used as an



alternative to strength measurements, such as H/Q ratio, without the limitations of both HHD or

IKD.

Currently the measurement of H/Q ratio is restricted to inconvenient IKD measurements. The
ability to use cheaper and more portable methods, such as HHD or EIM, to measure H/Q ratio in
female athletes would allow for more widespread testing and screening for those at risk of knee
injury. Before this can be done however, the validity of these measurement methods either alone
or in combination must first be established. The purpose of this study was to assess the validity
of using HHD in combination with EIM to approximate the IKD-obtained H/Q ratio in elite

female footballers.

Methods

A convenience sample of 20 female footballers (>16.0 years of age) was obtained from a
youth women’s national football team. The sample size was determined using previously
described methods."® Injured participants were excluded. A participant was considered
injured if they were unable to participate in team training or had an injury that prevented
them from performing the strength testing. Demographic, exercise and injury details, as
well as any potential adverse events from research procedures were recorded on a
questionnaire. All strength and EIM measurements were performed on the dominant leg as
defined by preferred kicking leg. Written informed consent was obtained from participants.
Ethical approval was obtained from the University of Auckland Human Participants Ethics

Committee (Protocol 011970).

EIM measurements were made using a DF50® (ImpediMed, Inc, San Diego, CA) with a
previously described customised hand-held electrode array.'* A standardised method was
used for each measurement with the array placed parallel to the long axis of the thigh in the
centre of the muscle belly. A small amount of isotonic saline was applied to the skin to
ensure good electrical contact. Unilateral single frequency (50kHz) phase, resistance,
impedance, and reactance measurements were performed for v. lateralis, v. medialis, biceps

femoris, and the medial hamstrings. All EIM measurements were normalised by weight.



HHD measurements were measured using an electronic HHD produced by Industrial
Research Limited. Two investigators (Raters A and B) measured isometric knee flexor and
extensor strength in each participant. Rater A measured each participant twice while Rater
B measured each participant once. All HHD measurements for each individual took place
during a single session. Familiarisation required three practice exertions performed at 50%,
70%, and 100% of perceived maximal exertion. Each effort lasted 3 seconds. Strength was
assessed in a prone position with the knee flexed to 90 degrees. For the knee flexors, the
HHD was placed 5 cm above from the medial malleolus on the posterior calf. For the knee
extensors, the HHD was placed on the anterior surface of the shin 5 cm above the medial

malleolus.

Isokinetic knee flexor and extensor strength were measured using a Biodex dynamometer
(Biodex, Shirley, NY, USA). Isokinetic tests were carried out at 60°/s and along a range of
motion of 90, using a common knee protocol.'”” Warm-up repetitions were performed at
50%, 70%, and 100% of maximal exertion. After a rest period of 60 seconds, a single set of
3 maximal exertions was performed. For each exertion, the investigator provided the same
verbal instructions and encouragement. The peak knee extension force (quadriceps) and

peak knee flexion force (hamstrings) were recorded.

All statistical analyses were performed using MATLAB (The Mathworks, Natick, MA,
USA). Intra-class correlation coefficients (ICCs) were used to assess inter- and intra-rater
reliability of the HHD. Validity of the HHD and EIM data compared to the IKD
measurements was estimated using linear regression and multiple regression. For validity
analyses, the HHD values used represented an average of the measurements taken by Rater

A and Rater B. T-tests were used to compare IKD and HHD data.

Results

Twenty participants (age 18+1.3 years; height 167.6+4.9 cm; weight 64+7.1 kg) were recruited,
with 19 completing the study. One participant dropped out prior to the completion of the study



for personal reasons and her data were not included in the analysis. The majority of participants
(84%) were right leg dominant, with 16% having a previous knee injury to the dominant leg,

including ligament strains, ligament tears, and meniscal tears.

Intra-rater reliability ICCs for HHD are shown in Table 1 and ranged from 0.81 to 0.92, with an

ICC of 0.97 for the H/Q strength ratio. Using criteria from previous literature, all ICCs for intra-
rater reliability were rated as excellent.'® Inter-rater reliability ICCs for HHD are shown in Table
1 and ranged from 0.65 to 0.68, with an ICC of 0.66 for the H/Q strength ratio. Using the same

criteria, all ICCs for inter-rater reliability were rated as good.

The mean H/Q ratio as measured by IKD and HHD were 0.54 + 0.07 and 0.68 = 0.14,
respectively. The H/Q ratio as calculated from HHD measurements was significantly greater than
that calculated from IKD measurements (t(36)=4.03, p<0.001). A comparison of IKD and HHD
H/Q ratio is shown in Figure 1. Mean hamstring strength as measured by IKD was 86.7 + 15.5

N-m compared to 24.0 + 3.3 N-m as measured by HHD. Mean quadriceps strength as measured

by IKD was 160.8 + 28.2 N-m compared to 35.63 + 4.2 N-m as measured by HHD. The
absolute hamstring and quadriceps strength measured by HHD was significantly smaller than the
strength values obtained by the IKD (t(36)=17.26, p<0.001 and t(36)=19.13, p<0.001,

respectively).

Linear and multiple regression data comparing IKD with HHD and EIM measurements
(resistance data was used as it showed the best correlation; see Table 2 for EIM data) is shown in
Table 3. The correlation between HHD and IKD H/Q ratio was 0.21 which improved to 0.32
with addition of EIM data from the quadriceps. Addition of EIM data for the hamstrings had a no
significant effect on the correlation between HHD and IKD H/Q ratio (R?=0.22).

Discussion

This is the first study to investigate the reliability and validity of using HHD in healthy

female athletes to measure H/Q ratio. Using criteria from previous literature, all ICCs for

intra-rater reliability were rated as ‘excellent’.'® All ICCs for inter-rater reliability were



rated as ‘good.’ This is similar to other studies that have found HHD to be a reliable
method of measurement.>* The correlations were stronger for quadriceps strength than for
hamstring strength. This is somewhat surprising, as the quadriceps are a stronger muscle
group than the hamstrings and previous research has shown that increased muscle strength
correlates with worse reliability.'”'® One possibility is that the hamstring was less reliable
in testing as it is more prone to fatigue. Previous studies have shown that the hamstrings
experience fatigue during strength testing prior to the quadriceps.'’ Notably, that study used
male professional soccer players who may have been less easily fatigued than the
adolescent females used in this study. While this study was designed to keep the number of

repetitions as low as possible, fatigue during testing may still have been a factor.

The H/Q ratio in this study using IKD was similar to that found in previous studies."** HHD
significantly overestimated the H/Q ratio compared to IKD measurements (Figure 1). This is
problematic as the overestimation means that some athletes who might be at risk of injury may
be ‘missed.” Given that it is more difficult to measure stronger muscle groups with HHD, it is
likely that there was a relative greater underestimation of quadriceps strength compared to
hamstring strength when using HHD, which led to an increased hamstring to quadriceps ratio.
This is further underscored by comparing measurements of the individual muscle groups, which
confirms that HHD significantly underestimates muscle strength compared to IKD, with a
greater underestimation of quadriceps strength. Additionally, mean H/Q ratios using HHD (0.68)
were higher than those found using IKD (0.55) in this study. This is a clinically significant
difference and might be falsely reassuring, as an H/Q ratio less than 0.6 is considered a risk

factor for ACL injury.'

The angle of the knee joint may have also affected the measurement of H/Q ratio. We used
measurement positions that were easy to maintain and replicate using HHD. The maximum
strength of both the quadriceps and hamstrings changes throughout the range of motion of
the knee however. Peak extension strength occurs at 50-70° of knee flexion while peak
flexion strength occurs at 90° of flexion, meaning that peak strength for each muscle group
occurs at different knee angles.”' In this study, H/Q measurements using the HHD were

measuring peak force at a single knee angle, while measurements using the IKD used peak



force throughout the range of motion. Because hamstring strength is closer to its maximum
at 90° compared to quadriceps strength, the H/Q ratio calculated from the HHD
measurements likely underestimates true quadriceps strength compared to hamstring
strength, resulting in a falsely elevated H/Q ratio. This is another possible contributing

factor for the increased H/Q ratio seen using HHD in this study.

HHD alone poorly predicts IKD H/Q ratio, likely due, in part, to inherent limitations in rater
strength. EIM, in contrast, does not have these same limitations, but is not a direct measure of
muscle strength. In fact, correlation between EIM alone and IKD data was poor. However,
including EIM data to HHD when comparing to IKD H/Q ratio helps to overcome some of their
respective limitations as addition of EIM data to the regression improves the correlation between
HHD and IKD. Multiple regression using impedance data for both the hamstrings and quadriceps
improves the correlation (R*=0.31) compared to the HHD alone (R*=0.21). The majority of this
improvement is due to the addition of quadriceps impedance data (R*=0.32) rather than
hamstring impedance data (R*=0.22). In fact, when looking at quadriceps strength alone, adding
quadriceps resistance to the regression significantly improves the correlation (R*=0.49). Using
electrical impedance data in addition to the HHD data adds another measure of muscle condition,
improving the correlation. The improvement seen in the correlation between isokinetic and HHD
with the addition of EIM suggests that it may be a useful tool to use in conjunction with HHD to
predict H/Q ratio.

There are several factors that may have limited the findings of this study. The dynamic range of
strength measurements in this population was relatively small, which may have contributed to
the poor correlation seen in this study. Knee extensor strength ranged from only 100-208 Nm and
knee flexor strength ranged from 58-114 Nm, which is much smaller than previous studies which
have found good correlations between HHD and IKD data.** The small ranges coupled with the
small sample size may have resulted in insufficient power to detect a difference between subjects
and a larger sample size may have yielded more meaningful data. Additionally, the participants
had training sessions throughout the testing period. This could have resulted in different baseline
levels of fatigue between the two visits. Testing order was not randomised, with all participants

completing the HHD portion of the study on the first visit and the IKD testing at a second visit.



Future investigations should concentrate on larger sample sizes with a greater variability in

strength as well as refining testing techniques to optimise HHD data.

Conclusions

Injuries to the ACL are a significant problem in female athletes and there should be continued
efforts to find a feasible way to identify and intervene in athletes found to be at risk for knee
injury. This is the first study to compare using HHD and IKD to measure H/Q ratio in female
athletes. There was a poor but significant correlation between HHD and IKD H/Q ratio alone.
The correlations improved with the addition of EIM data. These findings are limited by the small
sample size and limited dynamic range across the cohort of participants. Further study is required
with larger sample sizes and refined measurement positions and techniques to determine the role

of HHD in combination with EIM can play in the identification of athletes at risk for knee injury.

Practical implications

e H/Q ratio may be a clinically relevant measure used to detect muscle imbalance that may
have implications for risk of ACL injury.

e Isokinetic dynamometry remains the gold standard measurement method for H/Q ratio.

e Hand-held dynamometry alone overestimates H/Q ratio, and should be used with caution
as it could lead to falsely reassuring measurements.

e Addition of electrical impedance myography improves hand-held dynamometry
correlation, which suggests it may be a useful tool to use in conjunction with hand-held

dynamometry to predict H/Q ratio.
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Table 1. HHD Reliability

Rater Rater
Rater A, Rater A, A B Intra-Rater Inter-Rater
Trial 1 Trial 2 ’ ’ Reliability ~ Reliability ICC
Mean Mean
Mean (SD)  Mean (SD) ICC (95% CI) (95% CI)
(SD) (SD)
H/Q Strength 0.68 0.68 0.97 0.66 (0.13,
) 0.68 (0.14)  0.69 (0.15)
Ratio (0.14)  (0.16) (0.92,0.99) 0.86)
Hamstring
23.72 24.00 0.81 0.65 (0.13,
Strength 23.67 (3.11) 23.73 (4.00)
(3.28) (4.12) (0.54,0.92) 0.86)
(N-m)
Quadriceps
35.20 36.14 0.92 0.68 (0.20,
Strength 35.55(4.90) 34.81 (3.98)
(4.30) (6.57) (0.81,0.96) 0.87)

(N-m)
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Figure 1. Relationship between H/Q ratio calculated from IKD and HHD measurements. Solid
lines represent an ‘at-risk’ threshold of 0.6. Data to the left of the vertical line represent

individuals classified as ‘at risk” according to the IKD measurements, while data below the

horizontal line represent individuals classified as ‘at risk’ according to the HHD measurements.

Data in the bottom left quadrant represent individuals identified as ‘at risk’ using both

measurement methods.
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Table 2. EIM data. Mean + SD phase, resistance, reactance, and impedance for each muscle

group measured.

Phase Resistance Reactance
Medial hamstrings  0.12+0.03 1.77+0.26  0.24 +£0.05
Biceps femoris 0.10£0.02 2.12+0.41 0.23+£0.44
Vastus medialis 0.15+0.04 1.78+0.35 0.30+0.06
Vastus lateralis 0.18+0.04 1.58+0.28 0.30+0.05
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Table 3. Goodness of fit statistics for comparison between HHD and EIM measurements

compared to IKD measurements. R*-value (RMSE) for H/Q ratio and hamstring and quadriceps

strength.
H/Q Ratio  Hamstring Strength Quadriceps Strength
HHD 0.21 (0.06)* 0.29 (13.36)* 0.36 (3.48)*
EIM (VLR or MHR) — 0.14 (0.25) 0.27 (0.25)*
HHD + VLR 0.32 (0.06)* - 0.49 (21.42)*
HHD + MHR 0.22 (0.06) 0.35 (13.18)* -

HHD + VLR + MHR 0.31 (0.06) - -

VLR =v. lateralis resistance; MHR = medial hamstring resistance

* Indicates p-value <0.05
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