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Background

The Single-Leg Heel-Rise test (SLHR) is commonly used to determine the functional
status of patients following Achilles tendon rupture (ATR). Several methods exist to
quantify performance variables during the SLHR including repetition counting, linear
position transducers (LPT) and motion capture/analysis systems; however, they have not
been directly compared following operative or non-operative management of ATR.
Hypothesis/Purpose: The purpose of this study was to compare three methods to quantify
repetition number, heel-rise height, and total work during the SLHR test in patients
managed either operatively or non-operatively for ATR.

Study Design

Cross-sectional study

Methods

Twenty-four patients who underwent either operative or nonoperative treatment for
complete ATR completed SLHR to failure on a 10° angle board. LPT, two-dimensional
motion capture, and the Calf Raise smartphone application recorded heel-rise repetitions
and height. Intraclass correlation coefficients and Bland-Altman plots (95% limits of
agreement) compared devices. Work was reported as absolute values and limb symmetry
index. Two-way analyses of variance were completed for all variables.

Results

In this sample of 17 males and 7 females (operative [n=12; 39.0£8.9 years; 9 male] and
non-operative [n=12; 46.2+14.1 years; 8 male] groups) strong, positive correlations were
demonstrated between all devices, with the highest occurring between motion capture
and the app (r2 =0.997). Bland-Altman Limits of Agreement showed wide limits of
agreement across all methods. Peak and accumulated heel-rise height was reduced on the
affected limb when measured by all devices, translating to reduced affected limb total
work (mean difference: motion capture -403.5 Joules [J] (95%CI -41.5-902.6), app -434.7 ]
(95%CI -924.3-54.8), and LPT -370.4 ] (95%CI -802.6-61.9).

a Corresponding Author:
Dr. Dan Ogborn
Pan Am Clinic Foundation
75 Poseidon Bay, Rm 314
Winnipeg, MB, Canada
R3M 3E4

dogborn@panamclinic.com
204-927-2829


https://orcid.org/0009-0004-4090-4933
https://orcid.org/0000-0001-6066-9193
https://doi.org/10.26603/001c.153965
mailto:dogborn@panamclinic.com
https://doi.org/10.26603/001c.153965

Comparing Quantification Methodologies for the Single-Leg Heel-Rise in Patients Following Operative and...

Conclusion

LPT, motion capture, and the calf raise app can be used to quantify repetitions, work, and
heel-rise height in patients following ATR. However, device values should not be used
interchangeably due to wide limits of agreement across methodologies.

Level of Evidence

Level 2¢

INTRODUCTION

Assessment of patients’ functional abilities following
Achilles tendon rupture (ATR) has been done using various
techniques including, but not limited to, isokinetic and iso-
metric strength testing, various heel-rise tests, unilateral
countermovement jumps and patient reported outcome
measures.!# These techniques each provide unique infor-
mation regarding the patient’s functional abilities; includ-
ing muscle strength deficits, dynamic performance, as well
as subjective experiences and functional limitations. The
Single-Leg Heel-Rise (SLHR) test is commonly used to as-
sess ankle function due to the relative simplicity of the test
and minimal equipment required.>8

The SLHR is an endurance test where individuals per-
form unilateral heel-rises until failure, or until they are un-
able to maintain frequency or minimum heel rise height,
8-12 and is a reliable and valid test often used by clinicians
to assess strength and endurance.>!3 In previous litera-
ture, 1415 the SLHR assessment was based on the total num-
ber of heel-rises completed in unilateral stance on each
limb!2; however, the accumulated number of repetitions is
limited in its ability to detect performance differences be-
tween limbs in patients after ATR. Total work, the product
of total body weight and distance moved, completed during
the test may provide more insight to performance deficits
when total repetitions are comparable.>16

Silbernagel et al. introduced the use of a linear encoder
for the SLHR, where a string was attached from the device
to the rear sole of the participant’s shoe,>"!! allowing for
the quantification of total repetitions, total work, and heel-
rise height. It has been suggested that heel-rise height may
be a critical component for assessing the end range of plan-
tar flexion strength.l” Therefore, including this measure
may improve the sensitivity of the SLHR test during assess-
ments.5

Recently, the Calf Raise smartphone application was de-
veloped by Dr. Hébert-Losier from the University of
Waikato!8 as a cost-effective alternative to the linear po-
sition transducer (LPT).18 This methodology uses a smart
phone camera and reflective marker placed on the patient’s
heel. Previous work has validated the app in measuring rep-
etitions, work (force*distance), total and peak height, fa-
tigue index (how quickly fatigue develops), and peak power
(maximum work rate) compared to three-dimensional mo-
tion capture and force plates.!1819 Additionally, concurrent
validity has been demonstrated against a linear position
transducer in total concentric work.20 Like the linear posi-
tion transducer, motion capture cameras and software can
be expensive and may not be feasible in a clinical setting.

Therefore, this application may be a cost-effective alterna-
tive to assess patients’ recovery.

The purpose of this study was to compare three methods
to quantify repetition number, heel-rise height, and total
work during the SLHR test in patients managed either op-
eratively or non-operatively for ATR.

MATERIAL AND METHODS

PARTICIPANTS

This was a retrospective cohort with a single evaluation
completed prospectively, with comparative analyses of pa-
tient outcomes reported previously.2! Participants were el-
igible for inclusion if they were between the ages of 18-65
years, had undergone treatment for a complete ATR be-
tween October 2014 and 2019 and were treated either oper-
atively or non-operatively within three weeks of the initial
injury. Patients were excluded if they had re-ruptured their
Achilles tendon since the index injury, had an ATR on their
contralateral leg, or had any significant ankle, knee or med-
ical comorbidities that prevented completion of the func-
tional test. A total of 24 patients who had either operative
or non-operative management participated in the study. All
participants provided informed consent prior to data col-
lection and procedures were approved by the Institutional
Review Board of the University of Manitoba (HS22439
(B2018:136)).

PROCEDURES

SLHR was recorded using LPT (GymAware LE; Kinetic Per-
formance; Braddon ACT, Australia), two-dimensional mo-
tion capture (Myovideo, Noraxon, U.S.A Inc.; Scottsdale,
AZ, USA), and the Calf Raise app (version 3.06; Hamilton,
New Zealand), during a single trial.18:1922 pPatients were
barefoot with the LPT anchored to their heel via an ankle
strap and tape to hold the position constant. A reflective
marker for the motion capture and Calf Raise app was po-
sitioned inferior to the lateral malleolus, as instructed by
the app. Patients were positioned standing on one leg at a
time on a 10° angle board. To maintain balance, patients
were instructed to apply light, finger-touch pressure to a
wall. Patients completed repetitive plantar flexion to a
metronome set to a tempo of 1-0-1-0, (i.e., 60 beats per
minute [bpm] or 30 heel-rises in one-minute) and were in-
structed to go as high as they could for each repetition. The
test was terminated when the patient voluntarily stopped
due to fatigue, was no longer able to maintain the pre-
scribed tempo, or completed a technical error (i.e., knee
flexion, lowering other parts of the body while raising the
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Table 1. Patient Demographics

Operative Treatment Non-Operative Treatment Group
(n=12) (n=12) (N=24)
Age (yrs) 39.0+8.9 46.2+14.1 42.6+12.3
Age at injury (yrs) 353+9.1 43.0+£13.6 39.2+12.2
Follow-up interval (yrs) 41+14 33+1.2 37+13
Sex - no. (% male) 9(75.0) 8(66.7) 17 (70.8)
Height (cm) 175.7+8.4 174.1+7.8 174.9+8.0
Weight (kg) 89.7+14.8 944+225 92+18.8
Body mass index 293+54 31.3+8.0 30.3+£6.9
Injury to right limb -no. (%) 5(41.7) 4(41.7) 10(41.7)
Smoker - no. (%) 1(8.3) 2(16.7) 3(12.5)

Patient demographics. Data are represented as mean * standard deviation. cm= centimeters; kg= kilograms.

foot, loss of contact with portions of the forefoot with the
ground). The number of completed repetitions and total
height completed across all repetitions was recorded for all
three devices. Work® was calculated for each limb and ex-
pressed as absolute values per limb and limb symmetry in-
dex (LSI; affected limb / unaffected limb * 100%).

DATA PROCESSING

Video used for both the Calf Raise app and motion capture
software was recorded with a NiNOX 125 camera (Noraxon,
U.S.A Inc.; Scottsdale, AZ, USA) at rate of 120 fps. The video
was imported into the Calf Raise app where it was post-
processed and provided total heel-rise height and work.
Motion capture processing was completed using two-di-
mensional vertical tracking of the ankle marker, resulting
in the output of number of repetitions and individual repe-
tition heights. LPT data was recorded using the GymAware
app (Kinetic Performance, Braddon ACT, Australia), with
exported files showing number of repetitions and height of
each repetition.

STATISTICAL ANALYSIS

Data from each device were reported as mean and standard
deviation where appropriate. Two-way analyses of variance
(ANOVAs; Group: Operative, Non-operative; Side: Affected,
Unaffected) were completed for all test metrics. Intraclass
correlation coefficients (ICC) were used to determine the
degree of correlation between measurement devices and
Bland Altman Plot with 95% limits of agreement were de-
termined across all devices. ICCs were interpreted as 0.49
poor, 0.5-0.74 moderate, 0.75-0.89 good, and > 0.9 excel-
lent,23 and correlation coefficients as: 0.10-0.39 weak,
0.4-0.69 moderate, 0.7-0.89 strong, and 0.9-.10 very
strong.24 Statistical significance was determined at p < 0.05.

RESULTS

Records of 196 patients were initially screened against the
eligibility criteria with 114 eligible individuals sent a
mailout to inform them of the study. Thirty-eight partic-

ipants responded with 24 ultimately participating in the
study (n = 24; 42.6 £ 12.3 years; 17 male), having undergone
either operative (n = 12; 39.0 = 8.9 years; 9 male) or non-
operative management (n = 12; 46.2 + 14.1 years; 8 male).
Patient demographics are shown in Table 1.

HEEL-RISE TEST REPETITIONS

Heel-rise repetitions did not differ between limbs as mea-
sured with the LPT (F(1,44) = 1.848, p = 0.181), motion cap-
ture (Fq 44) = 0.942, p = 0.337), or app Fe1,44) = 0.942 p =
0.337; Table 2). Total repetitions were greater in the oper-
ative group when measured with motion capture (F1,44) =
4.486 p = 0.040) or the app (F(1,44) = 4486 p = 0.040), but
not the LPT (F1,44)= 2.118,p = 0.153; Table 2). No interac-
tion of group and side was found, suggesting any affected
limb deficits were comparable between treatments.

HEEL-RISE TEST HEIGHT

Peak heel-rise height (centimeters; cm) was reduced on the
affected limb when measured on all devices (motion cap-
ture F; 44) = 6.650, p = 0.013; app F; 44, = 6.374, p = 0.015,
LPT (F(y 44y =4.699, p = 0.036), with no effect of group or
interaction of group and limb. There was no main effect
of limb on accumulated heel-rise height (motion capture
F144y=3111,p = 0.085, app F(1 44y = 2.936, p = 0.094, LPT
Fi,44)= 2.822, p = 0.100). While not statistically significant,
the mean difference in accumulated height between limbs
was lower on the affected limb (motion capture -52.7 cm
[95%CI -113.0 — 7.5 cm, p = 0.085], app -53.1 cm [95%CI
-115.5 - 9.3 cm, p = 0.094], LPT -43.9 cm [95%CI -97.0 -
8.8 cm, p = 0.100]), with observed power of 0.407, 0.388 and
0.376 for motion capture, app and LPT respectively. Data
are presented in Table 2.

HEEL-RISE TEST WORK

While total work (Joules [J]) was reduced on the affected
limb (mean difference of -403.5 | [95%CI -41.5 - 902.6],
-434.7 ] [95%CI -924.3 — 54.8 J], and -370.4 ] [95%CI -802.6
- 61.9]] on the motion capture, app, and LPT respectively),
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Table 2. Single-Leg Heel-Rise Test Performance

Operative Non-operative Statistics
Unaffected Affected Unaffected Affected Limb Group Interaction
Repetitions
LPT F, =1.848 F =2.118 F, =0.031
(1,44) (1,44) (1,44)
254+9.7 214+11.6 21.2+48 18.1+8.7 b=0.181 b'=0.153 b =0.861
Motion F =
(1,44) - -
capture 322+17.7 28.7 £14.9 243+75 20.5+9.7 0.0942 F (144) 4.486 F<1,4f> 0.002
~ p =0.040 p=0.965
p=0.337
App Fry44= - -
322+17.7 28.7+14.9 243+7.5 20.5+9.7 0.0942 F(1v4j‘) = 4486 F(1v4j‘) =0.002
~ p=0.040 p=0.965
p=0.337
Peak Height (cm)
LPT 10.08 + 8.98+ 7.31+ F, =4.699 F, =2.99 F, =0.025
(1,44) (1,44) (1,44)
2.13 8.64£2.13 243 2.55 p=0.036 p=0.096 p=0.876
Motion F =
9.44 + 645+ F =6.650 F =0.154 (1,44)
(1,44) (1,44)
capture 8.99+1.86 7.58+2.24 454 241 b=0.013 b=0.697 0.0853
p=0.361
App Fiqa4) =
8.17+ 6.46 (1,44 F =2.518 F, =0.074
8.97+1.88 7.59+2.34 6.374 (1,44) (144)
1.96 2.26 p=0015 p=0.120 p=0.786
TOTAL HEIGHT (cm)
LPT 2015+ 158441191 158.4 + 113.7 Fl1,44)=2822 F(1,44)= 2823 F(1,44)=0.001
103.9 59.5 65.3 p=0.100 p=0.100 p=0.997
Motion 2323+ 175441191 163.1+ 114.7 + Fl1,44=3111 Fi144y=4.721 F(1,44)=0.020
capture 1514 511 56.4 p=0.085 p=0.035 p=0.888
App 240.9 £ 184.7127.7 1678+ 1179+ F(1,44)=2.936 F(1,44)=5.115 F(1,44)=0.010
152.6 54.8 58.6 p=0.094 p=0.029 p=0.919
Work (J)
LPT 1703.3¢ 1339.0+ 9731 14289 + 10525+ F(1,44)=2.985 F(1.44y= 1710 F(1,44)=0.001
796.7 530.9 586.7 p=0.091 p=0.198 p=0.978
Motion 19412+ 1475.6 +937.2 1459.7 £ 1064.3 £ F(1,44=3.378 F(1,44)=3.633 F(1,44)=0.022
capture 1144.2 430.0 510.7 p=0.073 p=0.063 p=0.882
App F1,44)= Fla,49= Fla,49=
210115245* 1550.4 + 1002.8 132;'88 * 122;"; * 303 3959 0013
i : ’ p=0.080 p=0.053 p=0.911

Data are represented as mean * standard deviation. cm= centimetres; J= joule; LPT= Linear Position Transducer. Bolded text indicates statistical significance.

the effect of limb (motion capture F(1,44) = 3.378, p = 0.075;
app Fq 44y =3.203, p = 0.080; LPT F(; 44, =2.985, p = 0.091),
group (motion capture F(1’44) = 3.633, p = 0.063; app F(1’44)
=3.959, p = 0.053; LPT F1,44)= 1.710, p = 0.198) and inter-
action of limb and group (motion capture F(1,44)=0.022, p
= 0.882; app F; 44y =0.013, p = 0.911; LPT F; 44, = 0.001, p
=0.978), did not reach statistical significance. Similarly, the
mean difference in work was reduced in the non-operative
group when measured with motion capture (-446.4 ] [95%CI
-918.0 - 26.6J; p =0.063]) and app (-483.3 ] [95%CI -927.9 -
6.2 T; p = 0.053]) with an observed power of 0.462 and 0.495
respectively. Data is represented in Table 2.

DEVICE AGREEMENT AND INTRACLASS CORRELATION
COEFFICIENTS

Strong, positive correlations were demonstrated between
all devices, with the highest between motion capture and
the app (2 = 0.997), followed by the LPT and app ( r% =
0.906) and motion capture and LPT (2 = 0.905) (p < 0.001).
Bland-Altman limits of agreement for total work and LSI in
total work are shown in Table 3 and 4, respectively.

DISCUSSION

This study compared the use of LPT, two-dimensional mo-
tion capture and the Calf Raise app to quantify repetition
number, heel-rise height, and total work during the SLHR
test in patients who were managed either operatively or
non-operatively for ATR. The current results revealed a
strong positive correlation between the motion capture
software and Calf Raise app; however, Bland-Altman plots
had wide limits of agreement for both total work and the
LSI of total work across all methods. Significant differences
were found between operative and non-operative groups in
the number of heel-rise repetitions and total height while
using motion capture and the Calf Raise app, while there
were no significant differences for total work. Although po-
tentially clinically relevant differences were observed be-
tween affected and unaffected sides for repetitions, height,
and work, they were not statistically significant.

As the focus of this study was to compare different SLHR
measurement methodologies, correlation and limit of
agreement analyses were employed. Comparisons of total
heel-rise work between LPT with motion capture (ICC
0.893), and LPT with the app (ICC 0.881) demonstrated
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Table 3. Intraclass Correlation Coefficients and Bland Altman Limits of Agreement for total work during the

SLHR
Bland-Altmann
. Bias 95% Limits of Agreement
Comparison ICC (95%Cl) (SD)
LPT? vs appP 0.881(0.774 - 0.936) 158.9(373.7) -573.7-891.4
LPT? vs motion capture® 0.893(0.814 - 0.939) 104.3(360.7) -602.6 -811.2
Motion capture® vs appP 0.995(0.976 - 0.998) 54.54(70.27) -83.19 - 197.30

LPT= Linear Position Transducer; SD= standard deviation; PMotion capture; Calf Raise App

Table 4. Intraclass Correlation Coefficients and Bland Altman Limits of Agreement of the Limb Symmetry Index

for total work during the SLHR.

Comparison ICC (95%Cl)
LPT2ys appP 0.789(0.571 - 0.903)
LPT? vs motion capture® 0.771(0.539 - 0.894)
Motion capture® vs appP 0.990(0.978 - 0.996)

Bland-Altmann

:35';5) 95% Limits of Agreement
1.51(16.89) -31.60 - 34.61
1.58(17.70) -33.12-36.27
-0.067 (3.22) -6.38 - 6.25

LPT= Linear Position Transducer; SD= standard deviation; PMotion capture; Calf Raise App

a relatively strong positive correlation, whereas the cor-
relation between motion capture and the app (ICC 0.995)
showed a near perfect positive correlation. This is consis-
tent with previous work that found good to excellent con-
current validity (ICC > 0.878) between motion capture and
the Calf Raise app, which also showed a strong relative
agreement.!® Similarly, another study confirmed the apps
validity and reliability compared to three-dimensional mo-
tion capture in rugby players following a familiarization
session.19 This supports that there is a strong relationship
between devices and their ability to determine total heel-
rise work. However, correlation does not reflect the magni-
tude of difference between devices. Therefore, a Bland-Alt-
man Limits of Agreement analysis between devices resulted
in wide confidence intervals, indicating that values ob-
tained from devices cannot be used interchangeably.
Significant differences in heel-rise repetitions were
found between groups when comparing motion capture and
Calf Raise app, whereas the LPT did not. This greater agree-
ment is likely due to the use of the same video file. Addi-
tionally, the operative group was younger and had a longer
follow-up period than the non-operative group, which may
be a contributing factor to the higher performance. While
there was no statistically significant difference in heel-rise
repetitions between limbs, the current results are consis-
tent with previous work, with a two or four heel-rise repeti-
tion difference.10:25 This study was not adequately powered
to detect this between-group difference. Additionally, pre-
vious research has mainly focused on side-to-side compar-
isons using LSI rather than comparison of operative vs non-
operative management.>9-11,25 Studies evaluating the LSI
of heel-rise repetitions have reported values of 82-95%.5
911,25 Collectively, these findings suggest that differences
between heel-rise repetitions may exist between limbs.
Nevertheless, heel-rise repetitions and LSI can be informa-

tive for future work to ensure adequate sampling for trials
comparing functional performance after operative or non-
operative management of ATR.

Peak heel-rise height was significantly reduced on the
affected limb regardless of the type of equipment used for
assessment. This is consistent with previous work reporting
side-to-side differences in mean heel-rise height after ATR
where multiple measurement methods were not utilized.”
25 This difference may be due to impaired plantar flexor
strength, as this cohort previously demonstrated angle-
specific torque deficits, Achilles tendon elongation and
thickening, and gastrocnemius atrophy.20 Additionally, to-
tal heel-rise height revealed differences that were not sta-
tistically significant, by recording the total number of heel-
rises of each limb. The observed values suggest there may
be clinically meaningful differences that are not reflected
by repetitions alone.

Significant differences were found in total heel-rise
height between groups, which could be due to the operative
group being younger and having a later follow-up period.
Again, a reduction in affected limb total heel-rise height
compared to their unaffected limb was observed, but this
did not reach a statistically significant difference. Interpre-
tation across previous studies evaluating heel-rise height
is challenging due to variability in outcome measurements;
some studies quantify heel-rise height using LSI, while oth-
ers report mean height per repetition. In five studies that
examined heel-rise LSI, values ranged from 60-95% with
only two studies demonstrating significant differences be-
tween limbs.!1,25-28 Between group comparisons were not
done in the majority of the above studies, with only one
finding no difference between groups.26 As such, this vari-
ability in measurement approaches limits direct compar-
isons which may reduce the clarity of meaningful differ-
ences in functional performance and recovery. The current
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findings of differences between heel-rise height and heel-
rise repetitions are consistent with previous work indicat-
ing that heel-rise repetitions are not an adequate measure
of performance during rehabilitation,> as they are unable to
show differences that are notable by using height measure-
ments.

While there were no significant differences observed in
heel-rise work between limbs and groups, this may still
have clinical relevance as heel-rise work is an indicator of
functional performance following ATR>16 and warrants dis-
cussion. Given previous findings of functional and morpho-
logical impairments following ATR from this cohort, in-
cluding tendon elongation and reduced muscle volume,?21
force production may be limited, leading to lower work out-
put. Further investigation with a larger sample size is nec-
essary to confirm if impairments in heel-rise work exist
between limbs or treatment groups. Moreover, there is con-
flicting evidence on heel-rise work between limbs.%2529
One study reported persistent impairments in heel-rise
work on the injured limb in patients who received operative
treatment one year post-operatively,2> while others report
no differences between limbs within one? to three years
post-operative.2? However, few studies have investigated
heel-rise work in relation to operative or non-operative
management, highlighting a need for further research, ide-
ally with randomized treatment allocation and standard-
ized follow-up intervals.

Moreover, variations in methodology may contribute to
the discrepancies observed across studies. A systematic re-
view examining the consistency and acceptance of the
SLHR test’s evaluation purposes, test parameters, and out-
come measurements indicated that both test purpose and
parameters varied across the literature, with limited re-
porting of reliability and validity.30 Additionally, cadence
and positioning are both critical factors that can signifi-
cantly influence SLHR outcomes. Recent work has shown
that the cadence used during the SLHR test can influence
total vertical displacement, total work, peak height, and
peak power.16 Between a cadence of 30, 60 and 120 bpm,
60 bpm resulted in greater vertical displacement and work
while peak height and power were greater at 120 bpm. Ad-
ditionally, a study comparing the SLHR test at 0°, 10°, and
full ankle dorsiflexion found that the 0° resulted in greater
repetitions, total vertical displacement and positive work,
10° was greatest peak vertical height, and full ankle dor-
siflexion was lowest in all outcomes.3! Collectively, these
findings highlight the importance of standardizing the
SLHR test, as performance metrics can vary significantly.
These variations in performance may reflect testing vari-
ability rather than true functional deficits or recovery

progress, which is crucial when assessing patients following
ATR.

LIMITATIONS

A limitation of this study was that that Calf Raise app was
developed for real-time acquisition, whereas the current
analyses were conducted using recorded data from a com-
mon file. This approach does not fully reflect how the app
would be used in clinical practice, which may impact the
translation of these findings. Nevertheless, the ability to
post-process the video files as done in this study would
also be possible in the clinical setting. Immediate feedback
could influence a patient’s technique or effort, resulting in
differing performance outcomes. Additionally, the sample
was underpowered for between-group comparisons on op-
erative and non-operative patients; however, this was not
the primary focus of this paper.

CONCLUSION

Positive correlations were found between motion capture
and Calf Raise app; however, Bland-Altman plots had wide
limits of agreement for both total work and the LSI of
total work across the three available technologies for SLHR
quantification. There were significant differences between
operative and non-operative groups in the number of heel-
rise repetitions (regardless of limb) and total height while
using motion capture and the Calf Raise app, and no sig-
nificant differences for total work. These findings indicate
that LPT, motion capture, and Calf Raise app can be used to
quantify repetitions, work, and heel-rise height in patients
following ATR. However, due to wide limits of agreement
between devices, values should not be used interchange-
ably.
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