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Abstract

Objective: To examine the effect of anterior cruciate ligament (ACL) reconstruction on spinal-reflex and corticospinal excitability of the quadri-
ceps muscle.

Methods: A comprehensive electronic database search was performed to identify studies that objectively measured Hoffmann reflex to muscle
response ratio, motor threshold, and motor evoked potentials after ACL reconstruction. Pooled standardized mean differences (SMDs) were com-
puted using a random effects meta-analysis model.

Results: A total of 13 studies were eligible for analysis. The Hoffmann reflex to muscle response ratio was significantly higher on both the recon-
structed and non-reconstructed legs when compared with the healthy control leg (SMD =0.28, 95% confidence interval (95%CI): 0.08—0.49,
»=0.006 and SMD =0.22, 95%CI: 0.04—0.40, p=0.016, respectively) but did not differ between legs (SMD =0.10, 95%CI: —0.01 to 0.21,
p=0.078). The motor threshold was significantly higher on both the reconstructed (SMD =0.76, 95%CI: 0.40—1.12, p < 0.001) and non-recon-
structed legs (SMD =0.47, 95%CI: 0.00—0.95, p =0.049) when compared with the legs of healthy controls. The reconstructed leg also had a
higher motor threshold when compared with the non-reconstructed leg (SMD = 0.20, 95%CI: 0.06—0.34, p =0.005). These changes were paral-
leled by bilateral reductions in quadriceps strength (ACL reconstructed: SMD = —0.78, 95%CI: —1.07 to —0.49, p < 0.001; non-reconstructed:
SMD = —0.32, 95%CI: —0.63 to —0.01, p=0.042) and quadriceps voluntary activation (ACL reconstructed: SMD = —0.73, 95%CI: —0.97 to
—0.50, p < 0.001; non-reconstructed: SMD = —0.55, 95%CI: —0.82 to —0.27, p < 0.001) when compared with healthy controls.

Conclusion: There is increased excitability of the spinal-reflex pathways and reduced excitability of the corticospinal pathways following ACL
reconstruction. These changes are paralleled by reductions in quadriceps strength and voluntary activation, suggesting that rehabilitation inter-
ventions should focus on normalizing the excitability of neural pathways to effectively address quadriceps dysfunction after ACL reconstruction.
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1. Introduction abnormal knee biomechanics, poor patient-reported function,
decreased functional performance, and increased risk of re-
injury in individuals with ACL reconstruction.” '* Further-
more, quadriceps weakness has been linked to an increased
risk for ACL re-injury'' and early-onset post-traumatic osteo-
arthritis."” Thus, understanding the factors that contribute to
chronic quadriceps weakness is critical to prevent re-injury
and support long-term joint health after ACL reconstruction.
Incomplete voluntary activation (i.e., the inability to acti-
Peer review under responsibility of Shanghai University of Sport. s quadrlceps muscle completely dqrmg a contraction) is
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More than 250,000 people suffer from an anterior cruciate
ligament (ACL) injury each year, resulting in more than
150,000 ACL reconstruction procedures annually.' Despite
the goal to restore quadriceps strength and function during
rehabilitation, many individuals continue to present with lin-
gering quadriceps deficits for months to years after surgery.”
This persistent quadriceps weakness has been associated with
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Neural adaptations after ACL reconstruction

occur due to submaximal recruitment of the motor units within
the quadriceps muscle and/or due to suboptimal firing of the
recruited motor units.'* Indeed, diminished voluntary activa-
tion is well documented in the literature for both the recon-
structed and the non-reconstructed legs relative to healthy
control legs (i.e., legs of the uninjured control group partici-
pants), and this bilateral inhibition has been attributed to the
observed bilateral weakness after unilateral ACL injury and
reconstruction.'> Proposed sources of voluntary activation def-
icits include peripheral factors, such as pain,“’ joint effusion, 17
and abnormal afferent feedback from the mechanorecep-
tors.'®'” Recent evidence also points to the contributions of
neural alterations that occur following ACL reconstruction.
For example, alterations in spinal-reflex and corticospinal
excitability have been reported following ACL injury and
reconstruction,’’ *° and these alterations have been associated
with quadriceps weakness after ACL reconstruction.

Spinal-reflex excitability is typically measured using the
quadriceps Hoffmann reflex (H-reflex), which provides an esti-
mate of the proportion of the motor-neuron pool that can be
reflexively activated.”’ The H-reflex can be influenced by both
pre- and post-synaptic pathways,”’ and decreased H-reflex
excitability is considered to contribute to poor quadriceps vol-
untary activation after ACL injury or surgery.”* However, the
magnitude and direction for spinal-reflex changes remain
unclear, as studies have reported conflicting results,> *°
which may limit the ability to design appropriate interventions
to target quadriceps inhibition after ACL reconstruction. Thus,
a better understanding of the alterations in spinal-reflex path-
ways is crucial to combat quadriceps weakness after ACL
reconstruction.

The excitability of the corticospinal pathways is typically
evaluated using the size of the motor evoked potentials
(MEPs) elicited via transcranial magnetic stimulation (TMS)
and the minimum TMS intensity required to produce a
pre-defined MEP (i.e., motor threshold). Following injury and
surgery, changes in neurophysiology associated with lost ACL
mechanoreceptors”’ and other peripheral (e.g., pain and effu-
sion) and spinal factors could influence the excitability of the
corticospinal pathways. Consequently, the disrupted cortico-
spinal pathways may suppress the neural drive to the quadri-
ceps muscle and induce quadriceps weakness and activation
failure.”* Although decreased MEPs and increased motor
threshold are reported in individuals with ACL injury and
reconstruction,””* these studies also present conflicting
findings.”"* > * Thus, similar to spinal-reflex excitabil-
ity, it remains unclear whether the excitability of the cortico-
spinal pathways is altered after ACL reconstruction.

Therefore, the primary purpose of this study was to system-
atically review the current research related to alterations of
spinal-reflex and corticospinal excitability following ACL
reconstruction and perform a meta-analysis to gain a better
understanding of the magnitude and direction of changes in
spinal-reflex and corticospinal excitability of the quadriceps
muscle. A secondary purpose was to evaluate the extent of
quadriceps weakness and activation failure in this population.
We hypothesized that individuals with ACL reconstruction
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will demonstrate a decrease in spinal-reflex (H-reflex to mus-
cle response (H:M) ratio) and corticospinal excitability (motor
threshold, MEP), which will be paralleled by a decrease in
quadriceps strength and voluntary activation.

2. Methods
2.1. Identification and selection of studies

Based on guidelines of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) state-
ment,”* a comprehensive search of the published literature was
performed on the following electronic databases: (1) MED-
LINE via PubMed, (2) EMBASE, (3) Web of Science Core
Collection, and (4) the Cochrane Library. Permutations of the
text keyword combinations for the search included the follow-
ing: “anterior cruciate ligament”, “anterior cruciate ligament
injury”, “anterior cruciate ligament reconstruction”, “anterior
cruciate ligament surgery”, and their respective abbreviations,
along with the terms “quadriceps”, “knee”, and “muscle”.
These terms were then combined with terms associated with
neural alterations, such as “cortical excitability”, “neural
excitability”,  “corticospinal  excitability”,  “H-reflex”,
“Hoffmann reflex”, “spinal reflex”, “spinal excitability”,
“transcranial magnetic stimulation”, “TMS”, “motor thresh-
old”, “motor evoked potential”, “MEP”, and “H:M ratio”.
Paper references yielded from the computerized search were
manually inspected to identify other potential studies that fit
our inclusion criteria. All databases were searched for relevant
articles up until January 13, 2020.

2.2. Inclusion and exclusion criteria

Studies were examined by 2 independent reviewers to
determine eligibility and to appraise methodological quality.
This meta-analysis included relevant articles that were (1)
original investigations related to individuals with unilateral
ACL reconstruction; (2) cross-sectional and prospective case-
control studies measuring at least one of the following varia-
bles in the quadriceps muscle: H:M ratio, MEP, or motor
threshold; and (3) written in English. Case studies or case
series, conference abstracts or presentations, studies that
focused on other lower leg injuries and variables, or studies
that failed to meet inclusion criteria (e.g., literature reviews,
articles not available in English) were excluded. Intervention
studies were included only if pre-intervention data were avail-
able. An initial screening was used to determine inclusion
based on title and abstract. If the abstract provided insufficient
information, researchers read full-length articles to finalize eli-
gibility. The reference lists of all included articles were also
manually surveyed for relevant articles.

2.3. Assessment of methodological quality and risk of bias
across eligible studies

The National Institutes of Health (NIH) Quality Assessment
Tool for Observational Cohort and Cross-Sectional Studies
was used to examine the methodological quality of all included
studies. The assessment tool included 14 questions shown in
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The standard error of the effect size for between-leg analy-
sis Eq. (6) was calculated using the following equation:*

1 2
SE; = (— + d—)
n 2n

Standardized mean difference (SMD) meta-analyses
were performed for H:M ratio, motor threshold (% maxi-
mum stimulator output (%MSO)), MEP, knee extensor
strength, and voluntary activation (central activation ratio
(CAR)) using the JASP software program (Version
0.11.1.0; JASP-Stats, Amsterdam, the Netherlands). SMD
meta-analyses were performed to quantify (1) reconstructed
and non-reconstructed leg differences, (2) reconstructed
and healthy control leg differences, and (3) non-recon-
structed and healthy control leg differences.”®*’ A random-
effects model was selected to improve generalizability, as
eligible studies varied in participant demographics and var-
iables collected.”’ A Wald’s test was utilized to determine
between-group (ACL reconstructed vs. healthy controls)
and within-group (reconstructed vs. non-reconstructed leg)
differences for all variables. Forest plots were created for
all variables to determine SMDs and 95% confidence inter-
vals (95%Cls) of the between-group and within-group dif-
ferences. I° statistics was used to assess heterogeneity
between the studies. The /> values of <40% is considered
to be not important and 50%—90% represent substantial
heterogeneity. "'

Eq.(6)

3. Results

3.1. Literature search, study selection, and study
characteristics

Our comprehensive search identified 337 articles. A total of
213 studies were assessed after removal of duplicate studies.
After screening the titles and abstracts, 17 articles were further
evaluated for inclusion criteria. A total of 13 studies met our
eligibility criteria. A total of 10 studies reported H:M ratio, 12
studies reported motor threshold, 6 studies reported MEPs
(Table 2), 9 studies reported quadriceps strength, and 9 studies
reported voluntary activation (Supplementary Table 2). Sub-
ject characteristics and descriptive data for each study are out-
lined in Table 1. A PRISMA flowchart for the literature search
and selection is shown in Fig. 1.

3.2. Study quality and risk of bias

The methodological quality of the studies ranged from a
score of from 5 to 8 (maximum possible 11) (Supplementary
Table 1). Visual inspection of the funnel plots indicated mini-
mal publication bias for the variables included in the analysis
(Supplementary Figs. 1—5). The Egger’s test indicated a sig-
nificant publication bias for MEP when comparing the recon-
structed and non-reconstructed legs (p < 0.001) and for motor
threshold when comparing the reconstructed and healthy con-
trol legs (»p =0.024). All remaining analyses indicated no sig-
nificant publication bias (all p > 0.05).

Table 2

Primary outcome variables (H:M ratio, motor threshold, and motor evoked potential) of included studies (mean £ SD).

Motor evoked potential

Motor threshold (%MSO)

H:M ratio

Control ACL ACL

reconstructed leg non-reconstructed leg healthy leg

ACL ACL

Control healthy

leg

ACL ACL

Control healthy

leg

Study

reconstructed leg non-reconstructed leg

reconstructed leg non-reconstructed leg

0.265 £ 0.154

NE NE

NE

373+ 15.0
56.00 + 14.47
3835+ 14.39

439+ 163
61.81 £11.98
45.14 £ 15.22

375+ 127
63.05 £ 10.33

0.274 £ 0.165

0.196 £ 0.102
0.26 £0.18
0.19£0.10
028 £0.11
027 £0.16

Lepley et al. (2014)*"

NE NE

NE

0.31+£0.22
0.28 £0.16
0.26 £0.12
0.28 £0.17

0.29 £0.20
027 £0.12
0.24 £ 0.09
029 +£0.17

Kuenze et al. (2015)*

NE

NE
0.02 £ 0.02

0.02 £0.01

NE

0.02 £0.01

375+ 127
36.8 £ 8.6

Pietrosimone et al. (2015)*

Lepley et al. (2015)**

474+£6.5

46.1 £ 8.7

NE
029 £0.16
0.057 £ 0.057

NE
0.34 +0.27
0.084 £ 0.056

NE

NE

NE
46.00 £ 12.58

48.17 £ 13.05

NE

Harkey et al. (2016)*

NA

0.032 £0.019

NA
55.6£82
39.0+4.1

NE
0.322 £ 0.243

NE

0.368 £ 0.165

NA
0.27 £0.15
0.14 £0.12

Luc-Harkey et al. (2017)*
Zarzycki et al. (2018)%°
Norte et al. (2018)*?

Ward et al. (2018)*

679+ 154
443+ 84
43.90 £ 8.60
45.10 £9.40
45.04 £6.97

614+124

452 +8.6
46.40 +9.90
49.80 £+ 9.60
46.10 £ 7.46

NE NE

NE

0.18£0.17
0.20 £ 0.20
0.256 £ 0.155

021 £0.19
0.30£0.20
0.310 £0.172

NE NE

0.0134 £ 0.0077 0.0374 + 0.0513

NA

NA
0.0225 £ 0.0121

37.60 £ 5.30

NA

0.304 £ 0.204

Lepley et al. (2019)*!

0.095 £ 0.072
0.028 £ 0.010

0.13+0.12

0.013 £ 0.007

NA

NA

020 £0.17 0.17 £0.15

NA

Bodkin et al. (2019)*%*

NA

51.0+93 459+95

449 +84

NA

30.1 £8.2

NE NE

NA

Lepley et al. (2019)°**

NE NE

NE

NE

NE NE

NE

Scheurer et al. (2020)*

? The study’s authors were contacted to obtain additional data.

Abbreviations: ACL

not applicable; NE =not evaluated.

maximum stimulator output; NA

Hoffmann reflex to muscle response ratio; MSO =

anterior cruciate ligament; H:M ratio =
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Records identified through database search on 1/13/2020 (n = 337)
(MEDLINE viaPubMed, Web of Science Core, EMBASE, Cochrane)

Search terms: (“anterior cruciate ligament” OR “anterior cruciate ligament injury”
OR “anterior cruciate ligament reconstruction” OR “anterior cruciate ligament
surgery” OR "ACL" OR "ACL injury" OR "ACL reconstruction" OR "ACLR" OR
"ACL surgery") AND (“quadriceps” OR “knee” OR “muscle”) AND

( “cortical excitability” OR “neural excitability” OR “corticospinal excitability” OR
“H-reflex” OR “Hoffmann reflex” OR “spinal reflex” OR “spinal excitability” OR
“transcranial magnetic stimulation” OR “TMS” OR “motor threshold” OR

“motor evoked potential” OR “MEP” OR “H:M ratio”)

|

Records after removal of duplicates (n =213)

|

[Screening ' [ Removal

>
=
)
2
L

Included

Records screened and removed for the following reasons (n = 196)

. Did not assess any of the primary outcome variables (n = 116)
. Manuscripts were not published in English (n = 2)

. Single case study designs (n = 2)

. Not an original research article (n = 46)

. Did not undergo ACL reconstruction (n = 30)

b WN =

|

Studies reviewed for eligibility (n = 17)

Lepley et al. (2015)*
Pamukoff et al. (2016)¢
Harkey et al. (2016)%
Luc-Harkey et al. (2017)*
Zarzycki et al. (2018)%
Norte et al. (2018)*

Hoffman et al. (2009)3
Rosenthal et al. (2009)?
Kuenze et al. (2013)P
Lepley et al. (2014)%),
Kuenze et al. (2015)
Pietrosimone et al. (2015

Ward et al. (2018)"°,
Lepley et al. (2019)

Bodkin et al. (2019)*
Lepley et al. (2019)®
)25
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Scheurer et al. (2020)4

Studies excluded after review
are not cited in the reference list (n = 4)
@Did not report normalized H:M ratio values (n = 2)
PDid not assess quadriceps Hoffmann reflex (n = 1)
®No between-leg or between-group data (n = 1)

|

Studies included in final analysis (n = 13)

Ward et al. (2018)*%
Lepley et al. (2019)*'
Bodkin et al. (2019)%
Lepley et al. (2019)3
Scheurer et al. (2020)*7

Lepley et al. (2014)3!
Kuenze et al. (2015)*
Pietrosimone et al. (2015)%
Lepley et al. (2015)%*

Harkey et al. (2016)%
Luc-Harkey et al. (2017)*
Zarzycki et al. (2018)2°
Norte et al. (2018)32

Fig. 1. A schematic of PRISMA flow diagram of the identification and selection of the studies included in this meta-analysis. ACL = anterior cruciate ligament;
ACLR = ACL reconstruction; H:M ratio = Hoffmann reflex to muscle response ratio, MEP = motor evoked potential; PRISMA = Preferred Reporting Items for

Systematic Reviews and Meta-Analyses; TMS = transcranial magnetic stimulation.

3.3. Primary variables

3.3.1. Spinal-reflex excitability (H:M ratio)

A total of 10 studies with a cumulative sample size of 330
were included in the between-leg analysis (*=0.017%,
p=0.407). A total of 8 studies with a cumulative sample size
of 508 were included in the between-group analysis of the
ACL reconstructed leg and healthy control leg (/= 18.063%,
p=0.153). A total of 8 studies with a cumulative sample size
of 508 were included in the between-group analysis of the
ACL non-reconstructed leg and healthy control leg
(#=0.007%, p=0.306) (Table 2). All studies evaluated the H:
M ratio of the vastus medialis muscle using standardized pro-
cedures. Our meta-analysis indicated a significant increase in
H:M ratio for both the reconstructed leg (SMD = 0.28, 95%CI:
0.08—0.49, p=0.006) and the non-reconstructed leg
(SMD =0.22, 95%CI: 0.04—0.40, p=0.016) when compared
with the healthy control leg. However, we found no significant
differences when comparing the reconstructed leg relative to
the non-reconstructed leg (SMD=0.10, 95%CI: —0.01 to
0.21, p=0.078) (Fig. 2).

3.3.2. Corticospinal excitability (motor threshold)

A total of 11 studies with a cumulative sample size of 304
were included in the between-leg analysis (> = 24.033%,
p=0.085). A total of 8 studies with a cumulative sample
size of 403 were included in the between-group analysis
of the ACL reconstructed leg and healthy control leg
(P = 63.445%, p=0.005). A total of 7 studies with a cumula-
tive sample size of 371 were included in the between-group
analysis of the non-reconstructed leg and healthy control leg
(P =177.393%, p < 0.001) (Table 2). All studies evaluated
the motor threshold of the vastus medialis muscle using the
Magstim device. Our meta-analysis indicated a significant
increase in motor threshold of the reconstructed leg when
compared with the non-reconstructed leg (SMD=0.20,
95%CI: 0.06—0.34, p=0.005). In addition, significant
increases in motor threshold were observed for both the
reconstructed and non-reconstructed legs when compared
with the healthy control leg (SMD =0.76, 95%CI: 0.40—1.12,
p < 0.001 and SMD=0.47, 95%CI: 0.00—0.95, p=0.049,
respectively) (Fig. 3).
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Spinal excitability (H:M ratio) Spinal excitability (H:M ratio) Spinal excitability (H:M ratio)
reconstructed vs. non-reconstructed leg reconstructed vs. control leg non-reconstructed vs. control leg
Kuenze et al. (2015) — -0.09 (-0.51 t0 0.32)
Kuenze et al. (2015) —t——y 0.16 (-0.42t0 0.74) Kuenze et al. (2015)* —————p 0.25 (-0.33 0 0.83)
Harkey et al. (2016) = 0.06 (~0.17 to 0.29)
o .12 (-0.. .44 23
Lepley et al. (2014 0,08 (-04210.0.31) Harkey et al. (2016)* - 0.12(-0.20 to 0.44) Harkey et al. (2016) - 0.06 ( 0.26 to 0.38)
Pietrosimone et al. (2015)25 E -0.07 (~0.44 10 0.30) Lepley etal. (2014)%" —— 0.53 (0.00 to 1.05) Lepley etal. (2014)*' —— 0.57 ( 0.04 to 1.09)
Zarzycki et al. (2018)2 —_ 0.21 (~0.25 0 0.68) Pietrosimone et al. (2015)% [— 0.73(0.19t0 1.26) Pietrosimone et al. (2015)% S 0.68 (0.14 to 1.21)
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Fig. 2. Forest plot depicting the pooled standardized mean difference (95% confidence intervals (lower limit to upper limit)) of the quadriceps H:M ratio between
the (A) reconstructed leg and the non-reconstructed leg, (B) reconstructed leg and the healthy control leg, and (C) non-reconstructed leg and the healthy control
leg. Note that there was a significant increase in the H:M ratio of the reconstructed and non-reconstructed legs when compared with the healthy control leg and a
non-significant increase in the H:M ratio of the reconstructed leg when compared with the non-reconstructed leg. H:M ratio = Hoffmann reflex to muscle response

ratio.
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Fig. 3. Forest plot depicting the pooled standardized mean difference (95% confidence intervals (lower limit to upper limit)) of the quadriceps motor threshold
between the (A) reconstructed leg and the non-reconstructed leg, (B) reconstructed leg and the healthy control leg, and (C) non-reconstructed leg and the healthy
control leg. Note that there were significant increases in the motor threshold of both the reconstructed and non-reconstructed legs when compared with the healthy

control leg and of the reconstructed leg when compared with the non-reconstructed leg.

3.3.3. Corticospinal excitability (MEP)

A total of 6 studies with a cumulative sample size of 115
were included in the between-leg analysis (/*=80.637%,
p < 0.001). A total of 3 studies with a cumulative sample size
of 166 were included in the between-group analysis of the
ACL reconstructed leg and healthy control leg (*=81.009%,
p < 0.001). A total of 3 studies with a cumulative sample size
of 108 were included in the between-group analysis of the
non-reconstructed leg and healthy control leg (I*=0.000%,
p=0.434) (Table 2). All studies measured the MEP of the
vastus medialis at 120% of motor threshold using the Magstim
device. Our meta-analysis indicated no significant between-
leg (SMD=-0.08, 95%CI: —0.54 to 0.38, p=0.741) or
between-group differences (reconstructed vs. healthy control
leg: SMD =0.14, 95%CI: —0.82 to 1.11, p =0.772; non-recon-
structed vs. healthy control leg: SMD = 0.30, 95%CI: —0.10 to
0.70, p=0.140) in MEPs of the quadriceps muscle (Fig. 4).

3.4. Secondary variables

3.4.1. Quadriceps strength

A total of 8 studies with a cumulative sample size of 227
were included in the between-leg analysis (/*=54.024%,
p=0.019). A total of 7 studies with a cumulative sample size
of 357 were included in the between-group analysis of the
ACL reconstructed leg and healthy control leg (/= 38.225%,
p=0.091). A total of 6 studies with a cumulative sample size
of 300 were included in the between-group analysis of the
non-reconstructed leg and healthy control leg (P =37.955%,
p=0.078) (Supplementary Table 2). All studies reported maxi-
mum voluntary contraction force normalized to the subject’s
body mass (i.e., N-m/kg). Our meta-analysis indicated a signif-
icant reduction in quadriceps strength of the reconstructed leg
when compared with the non-reconstructed leg (SMD = —0.54,
95%CI: —0.76 to —0.32, p < 0.001). In addition, we found a
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Fig. 4. Forest plot depicting the pooled standardized mean difference (95% confidence intervals (lower limit to upper limit)) of the quadriceps MEP between the
(A) reconstructed leg and the non-reconstructed leg, (B) reconstructed leg and the healthy control leg, and (C) non-reconstructed leg and the healthy control leg.
Note that there were no between-leg or between-group differences in MEP. MEP = motor evoked potential.

significant reduction in quadriceps strength of both the recon-
structed and non-reconstructed legs when compared with the
healthy control leg (SMD =—0.78, 95%CI: —1.07 to —0.49,
p < 0.001 and SMD=-0.32, 95%CI: —0.63 to —0.01,
p=0.042, respectively) (Supplementary Fig. 6).

3.4.2. Quadriceps voluntary activation

A total of 9 studies with a cumulative sample size of 315
were included in the between-leg analysis (I*=0.000%,
p=0.584). A total of 7 studies with a cumulative sample size
of 482 were included in the between-group analysis of the
ACL reconstructed and healthy control leg (/*=30.895%,
p=0.041). A total of 7 studies with a cumulative sample size
of 482 were included in the between-group analysis of the
ACL non-reconstructed and healthy control leg (7= 50.634%,
p=0.025) (Supplementary Table 2). All studies evaluated vol-
untary activation of the quadriceps muscle using the central
activation ratio derived from the burst superimposition tech-
nique.”” Our meta-analysis indicated a significant reduction in
quadriceps voluntary activation of the reconstructed leg when
compared with the non-reconstructed leg (SMD=-0.12,
95%CI: —0.23 to 0.01, p=0.035). We also found significant
reductions in quadriceps voluntary activation of both the
reconstructed and the non-reconstructed legs when compared
with the healthy control leg (SMD =—0.73, 95%CI: —0.97 to
—0.50, p <0.001 and SMD = —0.55, 95%CI: —0.82 to —0.27,
p < 0.001, respectively) (Supplementary Fig. 7).

4. Discussion

The primary purpose of the current meta-analysis was to
evaluate the changes in spinal-reflex and corticospinal excitabil-
ity of the quadriceps muscle in individuals with ACL recon-
struction. The findings of this meta-analysis partially support
our initial hypotheses. As hypothesized, ACL-reconstructed
individuals exhibited a significant increase in motor threshold
of the reconstructed and non-reconstructed legs when compared
with the healthy control leg. They also exhibited a significant
increase in motor threshold of the reconstructed leg in

comparison with the non-reconstructed leg. However, contrary
to our hypothesis, no between-leg or between-group differences
in MEPs were observed after ACL reconstruction. In addition, a
significant increase in the H:M ratio was observed in both the
reconstructed and the non-reconstructed leg when compared
with the healthy control leg. The changes in spinal-reflex and
corticospinal excitability were also paralleled by bilateral reduc-
tions in quadriceps strength and voluntary activation of the
quadriceps muscle when compared with the healthy control leg.
These results suggest that individuals with ACL reconstruction
exhibit alterations in both spinal-reflex and corticospinal excit-
ability, and these alterations may contribute to poor quadriceps
function after ACL reconstruction. Specifically, there appears to
be a significant reduction in the excitability of the corticospinal
pathways, which is compensated for by an increased excitability
of the spinal-reflex pathways. Thus, the findings underscore the
importance of targeting both the spinal-reflex and corticospinal
pathways to normalize quadriceps function after ACL injury or
reconstruction.

4.1. Spinal-reflex excitability

Spinal-reflex excitability has been extensively studied in
individuals with ACL reconstruction,”’-!+>3 223173343747
However, the magnitude and the direction of the reflex excit-
ability changes have been inconsistent in the literature. The
current meta-analysis indicates a significant bilateral increase
in spinal-reflex excitability of the reconstructed and non-
reconstructed legs when compared with the healthy control
leg. There was also a small increase in spinal-reflex excitabil-
ity of the reconstructed leg when compared with the non-
reconstructed leg; however, this change was not statistically
significant. These findings suggest that there is a general
increase in spinal-reflex pathways after ACL reconstruction,
which could potentially be a compensatory mechanism for
reductions in excitability of the corticospinal pathways (see
below).”” From a clinical perspective, alterations in spinal-
reflex pathways may likely assist in maintaining (or restoring)
the level of neural drive (i.e., voluntary activation) and



Neural adaptations after ACL reconstruction

quadriceps strength after ACL reconstruction.”> However,
additional high-quality longitudinal studies are needed to
determine the exact nature of alterations in spinal-reflex path-
ways after ACL reconstruction and what impact this may have
on quadriceps weakness and muscle inhibition.

4.2. Motor threshold

There is an accumulating body of evidence that suggests
that the excitability of the corticospinal pathways are altered
after ACL reconstruction,”’-'**2>3! 73343747 Thege altera-
tions in corticospinal excitability of the quadriceps muscle
have also been linked to poor quadriceps strength and incom-
plete voluntary activation after ACL reconstruction.”® When
considering changes in the motor threshold for corticospinal
excitability, our meta-analysis indicated a significant increase
in the motor threshold for both the reconstructed and non-
reconstructed legs compared with healthy control leg. Addi-
tionally, significant increases in motor threshold were noted in
the reconstructed leg relative to the non-reconstructed leg.
These findings were consistent among studies, indicating that
bilateral alterations in corticospinal excitability may occur
after unilateral injury/surgery. The reductions in corticospinal
excitability were also paralleled by bilateral reductions in vol-
untary activation and quadriceps strength, suggesting that
altered corticospinal excitability may contribute to the persis-
tent quadriceps dysfunction after ACL reconstruction.

4.3. MEPs

The current meta-analysis found no significant changes in
MEPs of the reconstructed or non-reconstructed legs when
compared with the healthy control leg. Furthermore, no
changes in MEP were noted for the reconstructed leg when
compared with the non-reconstructed leg. The similar MEP
values in the ACL group and healthy control group suggest no
significant alterations in corticospinal excitability following
ACL reconstruction, which is contradictory to the findings on
the motor threshold. There are several potential explanations
for this observation. First, motor threshold and MEP ampli-
tudes measure different dimensions of corticospinal excitabil-
ity. Motor threshold is considered an estimate for the
excitability of the pyramidal cell membrane, whercas MEP
amplitude corresponds to the magnitude of stimulus transmis-
sion through the corticospinal tract.”® Hence, our results indi-
cate that a greater stimulus is required to excite pyramidal
cells, but the extent to which the stimulus is transmitted is
unchanged. A second explanation is that MEPs in the included
studies were measured at a set percentage of motor threshold
(typically 120% of active motor threshold). This would mean
that the intensity of the stimulator was adjusted to induce a
similar amount of MEP between legs and groups, which could
have resulted in a lack of significant differences between legs
or groups. This is indeed supported by the observation of
higher motor threshold in both the reconstructed and the non-
reconstructed legs when compared with the control group.
Another possible explanation is related to low statistical power
due to the limited number of studies that were included in the
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MEP meta-analysis and the extent of variability in the
observed study results. Unfortunately, there were only 3—6
studies that were included in the MEP meta-analysis, and there
was significant heterogeneity in the observed effect sizes
between studies. Thus, additional high-quality research exam-
ining motor evoked responses following ACL reconstruction
is critical for drawing definitive conclusions regarding changes
in MEPs after ACL reconstruction.

4.4. Quadriceps strength and voluntary activation

Quadriceps strength and voluntary activation are significant
predictors of knee joint health and function after ACL recon-
struction. Previous systematic reviews and meta-analyses have
shown that quadriceps weakness and voluntary activation failure
are common in individuals with ACL reconstruction and are
often observed bilaterally after the surgery.' >’ Although it was
not the primary intent of this meta-analysis, our results of bilat-
eral quadriceps weakness and voluntary activation deficits cor-
roborate these findings and highlight the importance of
restoring these deficits optimally soon after the surgery. A key
barrier to the development of new interventions that focus on
restoring quadriceps function is that the sources of these deficits
are currently not clear. Based on the results of our study and
prior research investigating the relationship between quadriceps
strength, voluntary activation, and the excitability of the spinal-
reflex and corticospinal pathways, there appears to be some
association between these variables. However, due to the cross-
sectional nature of most studies, the causal relationship between
corticospinal and spinal-reflex excitability and quadriceps func-
tion could not be established. Future studies that longitudinally
examine the contribution of the excitability of corticospinal and
spinal-reflex pathways to quadriceps dysfunction after ACL
reconstruction may shed more light on this issue.

4.5. Limitations

A key limitation to our study is that there were only a limited
number of studies that were included in this meta-analysis. As a
result, some of the variables could have been underpowered to
determine statistical significance. Furthermore, not all studies
examined all outcomes of corticospinal excitability, spinal-
reflex excitability, quadriceps strength, and voluntary activation.
Hence, we were unable to examine the relationship between
these variables, which may be interesting to the ACL rehabilita-
tion community. Another limitation is that the participant char-
acteristics and time since surgery varied among the studies,
which could have affected the pooled estimate of the effect (i.e.,
SMD). However, our pooled SMD is conservative, since we
accounted for this issue using a random-effects model. More-
over, we ran a sub-group analysis including only studies with
participants greater than 2 years post-reconstruction to address
this limitation and observed results that were similar to our
overall study findings (Supplementary Table 3). Finally, the
conclusions regarding reduced corticospinal excitability
changes were primarily derived from the motor threshold vari-
able. It is to be noted that the magnitude of the motor threshold
may not be the best indicator of corticospinal excitability
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because it can be influenced by various factors, such as the skull
thickness, the orientation of the corticospinal tract, and the
amount of background contraction used during the testing.”"'
While there are no reasons to believe that the skull thickness
and the orientation of the corticospinal tract would have differed
(at a group level) between the ACL reconstructed population
and the healthy control population, the amount of background
contraction could likely have differed between the groups. This
is because the magnitude of the motor threshold is commonly
established by having participants perform a slight background
contraction of the quadriceps muscle (5%—10% of maximum),
and any weakness in the quadriceps muscle will result in an
underestimation of maximum voluntary force. Thus, the motor
threshold may have been established in participants with ACL
reconstruction at a lower background contraction (i.e., absolute
force), which could have resulted in the requirement of greater
TMS intensity to elicit MEPs (i.e., motor threshold). However,
the observed consistency in results between studies that have
used active motor threshold”’' and resting motor threshold’
suggests that this may not be the case. Future studies should
evaluate the effect of different types of standardization of back-
ground contraction on motor cortical excitability to determine
the best procedure to evaluate corticospinal excitability after
ACL reconstruction.

5. Conclusion

This meta-analysis provides valuable insight regarding the
alterations in the excitability of the spinal-reflex and corticospi-
nal pathways after ACL reconstruction. The results indicate that
there are bilateral reductions in the excitability of the corticospi-
nal pathways (as evaluated by the motor threshold). On the con-
trary, the excitability of the spinal-reflex pathways was
bilaterally increased after ACL reconstruction. These results
were paralleled by significant reductions in quadriceps strength
and voluntary activation of both the reconstructed and the non-
reconstructed legs in comparison with the healthy control leg.
Taken together, these findings suggest that alterations in cortico-
spinal and spinal-reflex pathways could influence quadriceps
dysfunction after ACL reconstruction; however, the exact rela-
tionship between these variables is not clear from our study.
Further studies that longitudinally examine the corticospinal
and spinal-reflex excitability of the quadriceps muscle and its
relationship to quadriceps strength and voluntary activation are
needed to fully understand the contribution of these pathways to
quadriceps dysfunction after ACL reconstruction.
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