I SP I Hart CS, Chumanov ES. Investigation of Force Plate Jump Testing Metrics Relevant to
e de— Return to Play Decision Making in Basketball Athletes After Anterior Cruciate Ligament
SPORTS PENICAT THERAPY Reconstruction. //SPT. 2025;20(7):985-994. doi:10.26603/001¢.141101

Original Research
Investigation of Force Plate Jump Testing Metrics Relevant to
Return to Play Decision Making in Basketball Athletes After

Anterior Cruciate Ligament Reconstruction
Christopher S Hart, PT, DPT", Elizabeth S Chumanov, PhD, PT, DPT?

1 Medical and Performance Department, Detroit Pistons, 2 Sports Rehabilitation, UW Health University Hospital
Keywords: ACL, basketball, return to sport, vertical jump test
https://doi.org/10.26603/001¢.141101

International Journal of Sports Physical Therapy
Vol. 20, Issue 7, 2025

Background

Force plate vertical jump testing can identify persistent lower limb asymmetries after
anterior cruciate ligament reconstruction (ACLR). Unfortunately, there is no consensus
on which vertical jump task, nor the hundreds of available metric assessment
combinations that are relevant to basketball athletes after ACLR.

Purpose

The purpose of this study was to examine the jump performances of high school and
collegiate male basketball athletes in the final stages of ACLR rehabilitation to 1)
establish referenceable between-limb symmetry scores, and 2) identify metrics that best
detect between-limb asymmetry during common vertical jump tasks.

Study Design

Retrospective cohort examination

Methods

Forty-nine male high school and collegiate basketball athletes who underwent primary
ACLR were examined using a dual force plate system in the final stages rehabilitation.
Participants were subdivided into two groups: athletes who exhibited above or below 90%
isokinetic quadriceps peak torque limb symmetry index (LSI). Select jump metrics were
collected from three jumping tasks: double-leg countermovement jump (DL-CM]),
single-leg countermovement jump (SL-CM]), and single-leg repeat hop (SL-RH).
Referenceable LSI jump scores were reported using descriptive analysis and compared
between the two groups using independent samples t-tests.

Results

Significant differences in LSI between the two groups were identified (p< 0.05) during the
DL-CMJ: eccentric rate of force development (MD= -22.6), concentric impulse (MD=
-22.4), concentric impulse 100ms (MD= -24.0), contact time (MD= -.43), and peak take-off
force (MD= -12.7), and during the SL-RH: jump height (MD= -12.4) and flight
time:contact time (MD= 13.3). No significant differences were found during SL-CM]
testing.
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Conclusions

In the final phases of ACLR rehabilitation, basketball athletes who exhibit quadriceps
strength asymmetry also demonstrated greater asymmetry during double-leg and
single-leg reactive jumping tasks but not during single-leg countermovement jumps
suggesting the importance of a battery of jump tests to ensure adequate restoration of

physical qualities required for the sport.

Level of Evidence
Level 3

INTRODUCTION

Basketball is a sport that requires large volumes of high-in-
tensity changes of direction, jumps, and sprints, which pose
an increased risk of lower limb injury.! Knee injuries ac-
count for 16.3% of the total number of injuries sustained
in adolescent competitive basketball athletes.2 The anterior
cruciate ligament (ACL) injury incidence rate per 1,000 ath-
lete-exposures in basketball are 0.06 and 0.16 for high-
school and collegiate or semi-professional level players,
respectively.3 Athletes intending to return to sport com-
monly elect an anterior cruciate ligament reconstruction
(ACLR) procedure to attempt to restore the structural sta-
bility of the knee.* However, approximately one in three
young athletes will suffer a second ACL injury after return-
ing to sport.>6 Though it has been shown that following
a recommended ACLR rehabilitation timeline and achiev-
ing satisfactory performance benchmarks reduces the risk
of reinjury,”"!! there is still a lack of consensus on test se-
lection to identify reinjury risk.12

In the clinical setting, force plate technology has been
used to examine kinetic performance(s) during jumping
tasks. Vertical jump testing can identify persistent lower
limb asymmetries in athletes after ACLR, even after satis-
factory clearance of conventional strength and horizontal
hop testing.13-18 Unfortunately, it is unclear in the liter-
ature which of the suggested vertical jump tasks and the
hundreds of available assessment metric combinations are
relevant to basketball athletes after injury.1? To add greater
complexity to clinical decision-making, the previously rec-
ommended 90% limb symmetry for other rehabilitation test
benchmarks is not applicable to vertical jump tasks as be-
tween-limb asymmetries scores will have large variability
with repeated testing in the uninjured athletic popula-
tion.20-23

Therefore, the purpose of this study was to examine the
jump performances of high school and collegiate male bas-
ketball athletes in the final stages of ACLR rehabilitation
to 1) establish referenceable between-limb symmetry refer-
enceable scores and 2) identify metrics that best detect be-
tween-limb asymmetry during common vertical jump tasks.

MATERIALS AND METHODS

STUDY DESIGN

This was a retrospective cohort study among high school
and collegiate male basketball athletes undergoing rehabil-

itation after ACLR. A-priori sample size was derived from
similar research examining asymmetry performances of
athletes undergoing ACLR rehabilitation during a series of
jumping tasks.l4 An effect size of -0.95 of the metric con-
centric impulse was selected as this metric demonstrated
statistically significant differences between lower limbs for
all jumping tasks. An alpha of 0.05 and a power of 0.8 were
selected to determine a sample size of 15 for our study
per the referenced table.24 The Rocky Mountain University
of Health Professions and University of Wisconsin Institu-
tional Review Boards approved the waiver of informed con-
sent per the maintenance of database retrieval standards of
the IRB committee.

PARTICIPANTS

The UW Health database was queried between March 2019
and April 2023 to identify patients who underwent primary
ACLR using either patellar tendon autograft, hamstrings
tendon autograft, or quadriceps tendon autograft proce-
dures and who completed force plate jump testing from two
UW Health hospital-based locations in Madison, Wiscon-
sin. Participants met the following inclusion criteria: (1)
aged between 14 and 25 years at the time of study participa-
tion, (2) male population, (3) completed an isokinetic knee
extension test at 60°/sec, and (4) patient intended to return
to competitive basketball after surgeon’s clearance. Partic-
ipants were excluded if they met the following criteria: (1)
lower limb surgery six months prior to ACLR, (2) concomi-
tant cartilage injury requiring surgical correction, and (3)
pain limiting the participant’s ability to complete the jump-
ing tasks.

PROCEDURE

Data were collected from two rehabilitation centers of a
hospital system. The data examined were of the partici-
pant’s most recent assessment of jump performances and
isokinetic testing on record within that system. The record-
ing clinician provided verbal instructions on how to execute
the jumping task. Jump testing was performed using in-
ground, dual force plates sampling at 1,000Hz (AMTI Wa-
tertown, MA).25 Participants completed the jumping tasks
in the following order: [1] Double-Leg Countermovement
Jump (DL-CMJ), [2] Single-Leg Countermovement Jump
(SL-CMYJ), [3] Single-Leg Repeated Hop (SL-RH). The proce-
dure order and description of each jump task are in Figure
1. Each test was completed first by the uninvolved limb.
Table 1 presents the metrics examined in this study, which
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Double-Leg

Countermovement Jump

* 2 Practice Jumps

* Hands on hips required

*  "Drop fast and jump as
high as you can"

25,26

Single-Leg Countermovement
Jump?®

2 Practice Jumps
Hands on hips not
required

"Drop fast and jump as

Single Leg Repeated Hop

25,26

2 Practice Jumps

Hands on hips not
required

"Jump as high as you can,
as fast as you can for four

o 3trals high as you can, and stick Jumps"
the landing" *  3trials
*  3trials

Figure 1. Jump testing procedures of the three jumping tasks performed during ACLR rehabilitation.

were based on previous literature that found statistically
significant lower-limb asymmetries during jumping tasks in
uninjured and injured athletes.

Quadriceps peak torque was tested using an isokinetic
dynamometer (Biodex System 4 Pro; Biodex Medical Sys-
tems) with hips and knees flexed to 90° with straps secured
over the participant’s thigh and hips, the femoral condyles
aligned with the axis of rotation, and the distal pad was
affixed to distal shank about 5cm proximal to the medial
malleolus. The uninvolved limb was completed first with
three submaximal trials at 50%, 75%, and 90% of maximum
effort. Testing then consisted of five consecutive maximum
efforts of extension and flexion at 60° per second. Partic-
ipants were provided with standardized verbal encourage-
ment.

DOUBLE-LEG COUNTERMOVEMENT JUMP (DL-CMJ)

Participants were asked to place their hands on their hips
with one foot on each force plate, hold still until given the
verbal cue to jump, and “drop fast and jump as high as pos-
sible.” Participants were given two practice jumps and three
recorded trial jumps.

SINGLE-LEG COUNTERMOVEMENT JUMP (SL-
CMJ)

Participants were not required to keep their hands on hips
but were asked to place one foot on a force plate with the
free leg bent at the knee behind the subject, hold still un-
til given the verbal cue to jump, and “drop fast and jump
as high as possible,” and maintain landing for two sec-
onds. Participants were given two practice jumps, and three
recorded trial jumps on each leg.

SINGLE-LEG REPEATED HOP (SL-RH)

Participants were not required to keep their hands on hips
but were asked to place one foot on a force plate with free
leg bent at the knee behind the subject, hold still until
given the verbal cue to jump, and to “jump as high as you
can as fast as you can for four jumps.” Participants were
given two practice trials and three recorded trials for each
leg.

STATISTICAL ANALYSIS

Descriptive statistics were used to report demographic data
and jump metrics. The normality of the distribution of data
was determined using the Shapiro-Wilk test after removal
of data outliers demonstrating p<0.05.3> Further analysis
examined the average score for each jump test, metric, and
quadriceps peak torque. Limb symmetry index (LSI) was
calculated for each metric with the following formula36:

ST — Surgical Limb 100

Nonsurgical Limb :c
Independent samples t-tests were performed to determine
the differences in LSI of each metric between participants
who had a quadriceps peak torque LSI of less than 90%
and greater than 90%. A p<0.05 was chosen as statistically
significant. Cohen’s d values were calculated and classified
as small (<0.2), moderate (0.5), and large (>0.8).37 Analysis
was computed via Intellectus Statistics software 2023 (7th
ed, Intellectus Statistics).
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Table 1. Jump Testing Symmetry Metrics Examined

Jump Height18'27'29
Derived from the Flight Time Method (h=t2g/8).

Reactive Strength Index (Flight Time:Contact Time)1827.30

Time taken during the flight phase divided by the total time taken from initiation of movement to take-off.

Concentric Impulse - 100ms (N-s)1423:31,32

The area under the force-time curve during the first 100ms of the propulsive phase (Impulse = Force*At).

Eccentric Impulse (N-s)30-32

The area under the force-time curve during the braking phase (Impulse = Force*At).

Concentric Impulse (N-s)23:31.32

The area under the force-time curve during the propulsive phase (Impulse = Force*At).

Eccentric Braking RFD (N/s)30.32-34

Rate of change in force over the braking phase (RFD = AForce/At).

Peak Landing Force (N)14,30.32

The peak instantaneous vertical ground reaction force applied during the landing phase.

Take-Off Peak Force (N)30:33

The peak instantaneous vertical ground reaction force applied during the propulsive phase.

h= height, t= flight time (s), g= gravity acceleration, N= newtons, N-s= newton-seconds, N/s= newtons per second, RFD= rate of force development.

Table 2. Participant information

Quad LSI <90% Quad LSI >90%

(n=24) (n=25)

Age range (n)

<15 years 2 7

15-18 years 14 13

>18 years 8 5
Body mass (kg) 80.9+16.3 78.5+19.5
Isokinetic Peak Torque (60%sec) LSI* 75.2+8.1 975+9.1
Average postoperative time of testing (months) 8.3+3.0 9.6+39
ACL autograft type (n)

Bone-Patellar-Tendon-Bone 17 9

Hamstring 10

Quadriceps Tendon 4 [¢)
Meniscal surgery

Meniscectomy 7

Meniscus repair 13
Mechanism of injury

Contact 6

Indirect contact

Non-contact 17 18

Quad, quadriceps; LSI, limb symmetry index; ACL, anterior cruciate ligament. Values shown as mean * standard deviation.

*Statistically significant between groups

RESULTS

This study reviewed the jumping performances of 49 male
basketball athletes in the final phases of rehabilitation after
ACLR with demographics and isokinetic quadriceps testing
outcomes presented in Table 2.

Referenceable lower limb symmetry scores for metrics
of the jumping tasks are summarized in Table 3. The ref-
erenceable LSI jump performance data provides clinicians
with the perspective of differences between athletes who
have and do not have satisfactory quadriceps strength as

defined as >90% LSI. Clinicians are encouraged to also ref-
erence the coefficient of variation for each metric when
discerning rehabilitation progress as determinations by LSI
alone may mislead athlete progress.

A comparison of jump metrics between athletes above
and below 90% quadriceps peak torque LSI is presented in
Table 3. Statistically significant differences in LSI scores
during the DL-CM] were found in Eccentric Rate of Force
Development (RFD), Concentric Impulse, Concentric Im-
pulse 100ms, Contact Time, and Peak Take-Off Force. Sta-
tistically significant differences in LSI scores during the
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Table 3. Comparison of jump performance LSI scores between athletes above and below 90% quadriceps peak

torque LSI
Mean
0, 0,
Mean (%) cV% Mean (%) V% P d difference (95%
+SD +SD value
Cls)

Double-Leg

Countermovement Quad LSI <90% (n= 24) Quad LSI >90% (n= 25)

Jump
F;;‘fﬂ;:c 90.4+15.3 17.0% 94.5+10.4 11.0% 0.269 -4.1(-11.5,3.3)
Eccentric RFD 68.8+16.9 25.0% 91.5+185 20.2% <0.001 1.28 -22.7(-32.7,-12.6)
Icnf’;l‘ji’;t”c 76.8+212 27.7% 99.1+£210 21.2% <0.001 1.06 -22.4(-34.4,-10.4)
Icr:;l‘jg;t;&)ms 77.6+15.4 19.8% 1016+ 16.6 16.4% <0.001 1.50 -24.0(-33.1,-14.9)
Contact Time 99.4+0.4 0.4% 99.8+0.6 0.6% 0.004 0.83 -0.4(-0.7,-0.1)
Flight
Time:Contact 100.5+ 3.5 3.5% 100.3+2.1 2.1% 0.74 0.3(-1.3,-1.8)
Time
ngl‘eTake'Off 84.2+42 5.0% 96.9+5.5 5.6% <0001 261  -127(-15.6,-9.8)
ESfl‘eLa”d'”g 91.9+23.2 25.2% 1003+ 16.0 159%  0.156 -8.5(-20.3,3.4)

Single-Leg

Countermovement Quad LSI <90% (n= 19) Quad LS| >90% (n=22)

Jump
F;‘;irl‘stg'c 98.8+ 155 15.7% 102.4+19.3 18.9% 0.53 -3.6(-15.4,8.1)
Eccentric RFD 107.8 +20.3 18.8% 99.0+29.4 30.0% 0.32 8.8(-8.9, 26.5)
Icr:;l‘jg;t”c 101.1+ 148 14.6% 91.3+24.7 27.1% 0.17 9.9 (-4.4,24.1)
Fn?SSEZtEISOms 101.5+12.3 12.1% 1004+ 11.6 11.6% 077 1.1(-6.5,8.8)
Contact Time 953+11.7 12.3% 101.9+ 165 16.2% 0.14 -6.6(-15.5,2.3)
Flight
Time:Contact 100.5+3.5 3.5% 100.3+2.1 21% 0.74 0.3(-1.3,-1.8)
Time
ESfl‘eTake'Off 102.9+58 5.6% 103.3+ 125 12.1% 0.90 -0.3(-6.9, 6.1)
Jump Height 1136+ 113 10.0% 109.2+9.0 8.2% 0.18 4.4(-2.1,10.8)
ng:eLa“d'”g 1070192  180%  1089+124  114% 072 -1.9(-12.4,8.6)

e ton Quad LSI <90% (n= 16) Quad LSI >90% (n= 19)
Contact Time 90.4+15.3 17.0% 94.5+10.4 11.0% 0.269 -4.1(-11.5,3.3)
Flight
Time:Contact 116.7 155 13.2% 1034+ 162 15.6% 0.009 0.84 13.3(3.5,23.1)
Time
Jump Height 865+17.7 20.4% 98.9+12.9 13.0% 0.024 0.81 -12.4(-23.1,-1.8)

LSI, limb symmetry index; Quad, quadriceps; RFD, rate of force development; CV%, coefficient of variation percentage Bolded values indicate statistically significant differences.

DISCUSSION

SL-RH were found in Flight Time:Contact Time and Jump
Height. No significant differences in LSI scores were found
between SL-CM] testing groups.

This study provides referenceable lower limb symmetry
data during jumping tasks of high school and collegiate

male basketball athletes in the final phases of rehabilitation
after ACLR. Additionally, jump performances were com-
pared between jumping tasks and quadriceps strength
scores to identify metrics that exhibit the highest sensitiv-
ity for between-limb asymmetry.

Normative symmetry data for jumping tasks has been
provided for other athletic populations after ACLR, but to
the author’s knowledge, there is no comprehensive refer-
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ence for the basketball population after ACLR.14,18,27-29,31,
34,38 Referenceable symmetry measures are available for
the healthy basketball population, but the metrics selected
are limited to jump height, peak force, or peak power
alone.39-41 More robust symmetry metrics are available for
healthy collegiate and amateur basketball players, but
these studies have limited sample sizes (<15 male sub-
jects).30:42

Select jump characteristics were not restored at the time
of final testing when athletes also demonstrated a quadri-
ceps peak torque LSI of less than 90% relative to athletes
who scored greater than 90%. The symmetry performances
during the DL-CM] and SL-RH are consistent with previous
findings in other athletic populations, which showed resid-
ual deficits even after clearance to return to competition.l%
18,27-29,31,33 To improve the clinical efficacy of detecting
asymmetries during force plate jump testing, these findings
lend to the clinical recommendation of assessing multiple
jumping tasks and metrics.

Interestingly, no asymmetries were found in this study
between groups during the SL-CM]J. Statistical trends were
noted in this study; however, the findings are not in agree-
ment with other athlete performances after ACLR. Kotsifaki
et al. compared 26 male athletes after return to sport clear-
ance after ACLR to controls and identified significant dif-
ferences in Jump Height and Flight Time:Contract Time
values during an SL-CMJ.!4 The following year, Kotsifaki
published the performance results of 126 professional and
recreational male athletes at the time of return to sport
clearance after ACLR compared to controls and only noted a
significant difference in the metric Concentric Impulse dur-
ing the SL-CM]J.13 Another investigation group examined
various single-leg jump performances in collegiate athletes
about seven months after ACLR and found that the Jump
Height during the SL-CM] was more discriminative in
asymmetry detection than horizontal hopping perfor-
mances.28 Differences in the findings of this study could
be attributed to the comparison between ‘weaker’ and
‘stronger’ quadriceps groups rather than comparing to a
control group. Additionally, the act of a SL-CM] is a train-
able skill and can improve with practice. The cohort in the
current study was of a relatively younger population com-
pared to the previously referenced athlete groups who pre-
sumably have more years of sport and strength training ex-
perience.

The examination of the performances of groups based
on quadriceps peak torque was chosen as isokinetic dy-
namometry is established as a gold standard in assessing
knee strength in the ACLR literature and has been shown
to be more sensitive in detecting between-limb asymme-
tries than other performance tests, such as hopping for
distance and leg press output following ACLR.74344 Addi-
tionally, significant relationships between isokinetic peak
torque of the quadriceps single-leg jump performances in
male field-sport athletes in the final stages of ACLR reha-
bilitation have been demonstrated. O’Malley et al. showed
at 6 months post-ACLR a strong relationship between
quadriceps peak torque LSI and SL-CM] Jump Height LSI,
while Crotty et al. demonstrated at 9 months post-ACLR

a significant relationship between quadriceps peak torque
LSI and single-leg drop jump Flight Time:Contraction Time
LSI.3345 A 90% quadriceps strength LSI cutoff between
groups was established in this study per previous ACLR
research and content expert consensus.”%20.21 However,
though previous studies demonstrate a significant relation-
ship between isokinetic measures and jump testing, this
study reveals that isokinetic testing does not consistently
align with jump test findings for all jumping tasks. There-
fore, it can be presumed that these tests measure different
physical qualities and jump testing can supplement a test-
ing battery for this population.

The findings from this study reinforce findings of other
studies that a 90% LSI demonstrates an inconsistent rela-
tionship to all metrics and jumping tasks for this popula-
tion, lending to the author’s discouragement of this bench-
mark as a proxy for jump symmetry criteria.21-23 Therefore,
effort was made to reference the standard deviations and
coefficient of variation of the jump metrics to help guide
practitioners when jump performances do not satisfy tradi-
tional LSI thresholds.

LIMITATIONS

The retrospective design limits the strength of the results
by increasing the risk of selection bias and the dependency
on the accuracy of medical records. The data selected for
analysis were from the participant’s last recorded jump per-
formance, but the timeline of completion of rehabilitation
and successful return to basketball rates were unknown.
The average postoperative test may have limited asymme-
try findings as greater asymmetries may have been found
with earlier testing. Only males were included from a single
institution, limiting generalizability to other populations.
There was no established rehabilitation protocol lending to
potentially differing outcomes. For example, an LSI score
of >100% on a test could infer successful rehabilitation;
however, undertraining of an uninvolved limb may skew re-
sults. Future research should also include allometric scor-
ing relative to body weight to establish meaningful cutoffs.
Longitudinal research is needed to compare against unin-
jured control groups and to analyze the relationship be-
tween graft type and performance outcomes. Lastly, the ef-
fort of the athlete performing the jump testing could be
standardized by utilizing the metric peak eccentric velocity
to establish a threshold and the inclusion of psychological
readiness outcome measures.

CONCLUSION

Basketball athletes in the final phases of ACLR rehabil-
itation who exhibit more significant quadriceps strength
asymmetry demonstrated greater asymmetry during dou-
ble-leg and single-leg reactive jumping tasks but not during
single-leg countermovement jumps. These inconsistencies
highlight the importance of implementing a battery of
jump tests during rehabilitation to ensure adequate
restoration of the several physical qualities required of bas-
ketball athletes. Additionally, the referenceable data pro-
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