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Background and Purpose

The purpose of this study was to determine the effect of a 6-month neuromuscular
training (NT) program versus a traditional strength training (813 program following
anterior ¢ruciate ligament (ACL) reconstruction.

Subjects

Seventy-four subjects with ACL reconstruction participated in the study,

Methods

The study was a randomized, single-blinded, controlled trial. The NT and ST groups
were tested preoperatively and at 3 and 6 months. The main outcome measure was
the Cincinnati Knee Score. Secondary outcome measures were visual analog scales
(VASs) for pain and function, the 36-Item Short-Form Health Survey (SF-36), hop tests,
isokinetic muscle strength, proprioception, and static and dynamic balance tests

Results

The NT group demonstrated significantly improved Cincinnati Knee Scores and VAS
scores for global knee function compared with the ST group at the 6-month follow-
up. There were no significant differences between the groups for the other outcome
measures (ie. hop, balance, proprioception, and muscle strength tests).

Discussion and Conclusion
The results of this study suggest that exercises included in the NT program should be
part of the rehabilitation program following ACL reconstruction.
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Neuromuscular Versus Strength Training After ACL Reconstruction

nterior cruciate ligament (ACL)
rupture is a serious knee liga-
ient  injury, causing scvere
functional problems that seem to be
unrelated to the degree of knee joint
laxity.! The re-establishment of neuro-
muscular control of the lower extrem-
ity has recently been recognized as
one of the keys to restoring dynamic
joint stability and functional move-
ment patterns.? * Neuromuscular con-
wrol results in avoidance of subluxa-
tions,! with the subsequent reduced
risk of further injuries. Lack of neuro-
muscular control of the lower extrem-
ity and muscle strength  (force-
generiating capacity) are 2 of the main
impairments following ACL injury
and, therefore, are often a component
of rehabilitation after the injury.? 3¢
Activities of daily living and sport ac-
tivities require coordinated neuromus-
cular control and muscle strength suf-
ficient to perform the required
movements and activities. Therefore,
the aim of rehabilitation programs for
people with ACL injury is to normalize
dynamic knee joint stability and mus-
cle strength of the lower extremity.

Some authors™ have reported dif-
ferences in neuromuscular  perfor-
mance in ACLdeficient and recon-
structed knees. Other authors” have
highlighted the importance of re-
gaining quadriceps femoris muscle
strength following ACL reconstruc-
tion. Therefore, both muscle strength
training (S8T) programs and neuromus-
cular training (NT) programs have
been implemented to restore knee
function after ACL injury and recon-
struction, Several NT programs have
been evaluated for injury preven-
tion!?11 and for patients with ACL de-
ficiency,'>!'* but these programs have
not been studied thoroughly in sub-
jects with ACL reconstruction.” To
our knowledge, only 2 randomized
controlled trmals' 'S have been con-
ducted on NT versus traditional ST
programs. Therefore, more evidence
for differences among the exerciscs
used in clinical practice today for

rehabilitation after ACL reconstruction
was needed.

We hypothesized that NT programs
would be superior to traditionat ST
programs tor restoring knee func-
tion. The primary objective of this
study was to determine the effect of
an NT program versus a traditional
ST program on knee function (Cin-
cinnati Knee Score)'® following ACL
reconstruction. A secondary aim was
o evaluate the effect on muscle
strength, other patient-related out-
come measures (visual analog scale
[VAS] and 36-1tem Short-Form Health
survey [SF-36]),'" pain, functional
performance (hop tests), proprio-
ception, and balance.

Material and Methods
Subjects

seventy-four subjects (27 female and
47 male) with a mean age of 28.4
vears (range=16.7-40.3) were in-
cluded in this single-blinded. ran-
domized controlled trial. All subjects
were scheduled for ACL surgery at
our hospital, were between the ages
of 15 and 40.9 years, were candi-
dates ftor arthroscopic reconstruc-
tion of the ACL using an autogenous
bone-patellar tendon-bone (B-PI-B)
graft, and lived close enough to par-
ticipate in rehabilitation at the 2 out-
patient clinics included in this study.
The B-PT-B graft was the reconstruc-
tion method of first choice at our
hospital. Subjccts were excluded if
the ACL tear had occurred more than
A years prior to surgery, they had
tears of the menisci that required re-
pair, they had previous injury or sur-
gery to ceither knee, there was evi-
dence of degencrative arthritis on
radiographs or articular cartilage tis-
sures  extending  to subchondral
bone, or exposcd bone was seen on
arthroscopy (grade V).

Procedure

Before discharge from the hospital,
the subjects were randomly assigned
to participate in [ of the 2 rchabili-

tation programs. The participants of
the NT program were 13 temale sub-
jects with a mean age of 27.2 years
(range=20.0-37.9) and 26 male sub-
jects with a mean age of 27.7 years
(range =16.7-39.6). The participants
of the ST group were 14 female sub-
jects with a mean age of 20.5 years
{range=19.8-38.0) and 2| male sub-
jects with a mean age of 31.2 years
(range=19.4-40.3). Both groups
were given specific instructions by
the rescarch assistant for the comple-
tion of the exercise routines. Simple
randomization was uscd by our stat-
istician using a computer-generated
table of random numbers. One in-
vestigator  kept  the  assignment
scheme and provided the assign-
ment to the treating physical thera-
pists in a series of consccutively
numbered opaque envelopes. Alloca-
tion was concealed from the out-
come assessor and participants at all
times and from the physical therapist
until the point of treatment.

Sample size was calculated based
on the Cincinnati
the main outcome measure and on
a predetermined difference berween
treatment groups of 10 points change
on the Cincinnati Knee Score. This hg-
ure was based on the results of a pre-
vious study by our group!'® and a com-
parative study' and was considered 1o
be clinically relevant. A standard devi-
ation of 13 points tor the Cincinnati
Knee Score was used in our power
calculations based on previous stud-
ies. 2 To detect a difference of this
magnitude with a power of Q0% at the
P<.05 significance level, 30 subjects
were needed in each group, requirmg
a minimum of 72 subjects. We initially
aimed for 100 subjects to allow for
dropouts.

Knee Score as

Both rehabilitation programs lasted
for 6 months, which is the custom-
ary length of time for rehabilitation
programs after ACL surgery in Nor-
way. No knee braces were used fol-
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Neuromuscular Versus Strength Training After ACL Reconstruction

lowing the knee surgery or during
the rehabilitation program.

Two sets of 2 senior expert physical
therapists completed  preoperitive
and follow-up test examinations, all
masked to the randomization proce-
dure and group allocation. Each sub-
ject was tested preoperatively for
baseline measurements and returned
for follow-up evaluations at 3 and 6
months. The rehabilitation programs
were outpatient
rehabilitation centers (the ST pro-

administered at 2

gram at the Norwegian Sport Medi-
cine Clinic and the NT program at
the Department of Physical Medicine
and Rehabilitation, Ullevaal Univer-
sity Hospital). At each center, 2 phys-
ical therapists were responsible for
the rehabilitation program. All sub-
jects signed an informed  consent
form prior to participation

Knee Function—Outcome
Measurements

The Cincinnati Knee Score was the
primary outcome measurement. This
instrument has been well-vahdated
ds an outcome measure. e The
questionniire consists of the follow-
ing variables: pain, swelling, giving
way, general activity level, walking,
stair  climbing, running. jumping.
and twisting activities, The maxi-
mum score is 100 points, indicating a
normal knec. The Cincinnati Knee
Score has shown good relinbility,
with an intraclass correlation coetti-
cient (ICC) of 8K
reliability !

for test-retest

Two VASs were included: one for
pain intensity and one for global
knee function. For both scales, the
subjects made a mark on a 100-mm
line between 2 extremes. For pain
intensity, the subjects were asked to
rate their pain intensity during activ-
ities or immediately aflter activities
on the VAS. with 0 representing no
pain and 100 representing worst
pain (“as much pain as one can pos-
sibly imagine™) 2#2* For the VAS for

global knee function, 0 represented
the worst possible knee function and
100 represented the same knee func-
tion as prior 1o the knee injury, %24
To our knowledge, the reliability of
data for the VAS for global knee func-
tion, where the subjects themsclves
marked a line on a 100-mm line, have
not been examined, but some au-
thors?® have reported reliability data
for a numcric VAS, and other au-
thors?® have reported reliability data
for a knee questionnaire using VAS
responses for the items.

Muscle strength measurements  of

the quadriceps femoris and ham-
string muscles were obtained using
the Cybex 6000° isokinetic dyna-
mometer - preoperatively and at
the 6-month follow-up. The test pro-
tocol consisted of 5 repetitions at an
angular velocity of 60°/s (strength)
followed by a I-minute rest period
and 30 repetitions at 240°/s (endur-
ance). The parameter used for anal-
vsis was total work.?” Side-to-side dif-
ferences in strength between injured
and noninjured legs were calculated
using the strength index: (injured
leg/noninjured leg) X 100. Previous
work has shown good to high reli-
ability for isokinetic muscle strength
tests, with ICCs ranging from 81 to
B

Balance was recorded using static
and dynamic balance tests on an in-
strumented unstable platform
(KAT2000"). which has been evalu-
ated in previous studies 230 The
KATZO00 is a circular platform on a
base of a pneumatic bladder, inflated
with air to adjust for test difficulty
and to allow for normalization to the
subject's body weight. A tilt sensor
on the platform was connected to a
computer, which registered the de-
viation of the platform from a refer-

* Cybex International Ine, 10 Trotter Dr, Med-
wily, MA 02054,

T Breg Ine. 2611 Commerce Way, Vista, CA
Q2051

ence position 18.2 times each sec-
ond. The distance from the central
point to the reference position was
measured at every registration. From
the summation of thesce distances, a
score—the balance index—was cal-
culated, A low balance index indi-
cates good ability to perform the bal-
ance task.

Each subject completed a 1-eg static
balance test on cach leg (3 trials on
each leg) and a 2-deg dynamic test (3
trials). The average of the 3 trials was
used as the balance index. The posi-
tion of the feet was recorded, and
the same position was identified at
the follow-up tests. The subjects
were not given any practice trials
prior to the testung. but they re-
ceived thorough information on
what to do during the test. Hansen
et al*” reported that, for a group of
25 subjects tested on the KAT2000, a
diminution of 12% from test to retest
was needed for the dynamic balance
test and a dimimnution of 15% from
test o retest was needed for the
static balance test to detect changes
in balance due o intervenuons: oth-
erwise, the changes probably would
be due only to test or subject varia-
tions. However, no other reliabality
data for the KAT2000 have been
reported.

Proprioception was evaluated using
a joint kinesthesia measure called the
“threshold to detection of passive
motion™ (TTDPM) device *23% The
device moves the knee joint inta «
flexion or extension with a constant®
angular velocity of 0.57/s. All testing
was performed at a starting position
of 15 degrees of knee flexion. Sub-
jects were told that either leg could
move into  tlexion or  extension
beginning at a random time interval
between 0 and 45 seconds after the
examiner started the test. Once the
subject detected motion of the leg, a
button was pressed and the subject
stated which leg was moved and in
which direction (flexion or exten-
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Neuromuscular Versus Strength Training After ACL Reconstruction

sion). Each wrial consisted of 3 repe-
titions for cach ol the 4 motions
(flexion and extension of both legs).
resulting in a total of 12 repetitions.
In the case of incorrect identification
of the motion, the repetition was re-
turned to the randomization list so
that 3 corrcct repetitions of each mo-

tion were completed. The number of

incorrect responses was recorded. A
reliability coefticient (ICC) of .83 has
been reported for the TTDPM.

Knee performance was tested with 3
functional kncc tests (oneleg hop
test, triple-jump test, and stair hop
test) that were used in previous ACL
studies. ™ ¥ The onedleg hop and
triple-jump tests were performed 2
times on cach leg. and the best value
(distances measured i centimeters)
wis recorded. For the stair hop test,
the subjects were asked to hop up
and  down 22 (step
height=17.5 ¢m) on one leg and to
repeat the activity on the other leg
(time measured in seconds). Forall 3
functional tests, the procedure was

steps

first performed on the noninjured
leg tollowed by the injured leg. Side-
to-side differences in performance
between noninjured and injured legs
were cialculuted using the  index:
(injured leg/noninjured leg) * 100,
The one-ldeg hop test has shown
good reliability, with 1CCs ranging
from .97 to .99 Reliability coeffi-
cients (Pearson 7)) runging from 81
to .97 have been reported for the
triple-jump test and the stair hop
test, with coefficients of variation
ranging from 2.1% 1o 3.8%. %

Health-related quality of lite was as-
sessed using the SF-3G.77 % The in-
strument is divided into 8 subscales
(physical function, role limitations-
physical, role limitations—emotional,
bodily pain, general health, vitality,
social function, and mental health),
Each subscale of the SF-30 is scored
on a scale of 0t 100, with the
higher the score. the better the per-
son's health status. Reliability for the

Norwegian version of the SF-30 has
been documented using the Cron-
bach alpha.** All 8 subscales have
been reported to exceed the 70
standard for group comparison, and
the Cronbach alpha exceeded the
.90 standard for individual compari-
sons on the physical functioning sub-
scale ™ Finally, knee joint laxity was
recorded using the maximum man-
ual KT-1000° knce arthrometer
test. ™ The KT-1000 arthrometer has
shown to be a rcliable instrument,
with reported [CCs between 91 and
297 for the involved knee, and with
better interrater reliability for expert
raters  compared  with
raters. '

novice

Rehabilitation Programs

Current research on the effects of
NT and ST: knowledge about graft
healing; research on proprioception,
nceuromuscular control, and quadri-
ceps femoris muscle strength deficits
after ACL reconstruction; and our
clinical experience were considered
during the design of our rehabilita-
programs. The rtraditional ST
program was widely used when we
started the study, whereas the neu-
romuscular exercises had started to
be used in physical therapist prac-
tices. We included a 6-month reha-
bilitation program in this study be-
cause of the current practice in
Norway in which all individuals un-
dergo a 6-month supervised rehabil-
itation progrum after ACL recon-
struction, which is covered by the
social security system.

tion

The subjects were hospitalized for |
to 3 days following ACL reconstruc-
tion. After being discharged from the
hospitial and until the rehabilitation
program started at the outpatient
clinic, the subjects carried out
home program with the main focus
on restoring full range of motion
(ROM) and swelling reduction. Both

" MEDmetric Corp, Street 7542 Trade S San
Dicgo, CA Y2191

rehabilitation programs started the
second week after surgery at the out-
patient clinics, with treatment ses-
sions 2 to 3 tmes a week, and con-
tinucd for 6 months. To reduce
swclling, we recommended that the
subjects keep the injured leg cle-
vated and perform ankle plntar-
flexion and dorsiflexion ROM exer-
and  isometric  quadrciceps
femoris and luimstring muscle exer-

CisCs

cises. Crutches also were used Lo re-
duce swelling and to improve giit.
Full knee extension is the most im-
portant goal the first week of reha-
bilitation. Gravity is uscd to restore
full knee extension by the use of 2
chairs, with the leg clevated on a
hard pillow under the heel when sit
ting or with the leg clevated on the
cdge of the bed in a supine position.

NT program. The NT program
was divided into 6 phases of 3 w0 S
weeks each and consisted ot balance
exercises, dynamic joint stability ex-
creises, plyometrce exercises, agility
drills, and sportspecific exercises
(Appendix 1), Subjects who devel-
oped pain. swelling, or ROM dehcits
underwent interventions (cryother-
apy, patcllofemoral taping. and ROM
excrcises) until these impairments
were resolved. In addition to amount
of pain and swelling, criteria used to
determine readiness tor progression
were the ability to maintain balance
of the position (static bulunce) he-
fore movements were superimposcd
on the positon (dynamic balunce)
and awareness of the position of the
body in space before tolerating
movements or perturbations. D
Balance exercises included  single-
and double-leg stance on ceven, flat
surfaces, with progression 1o bal-
ance on a mat, 4 wobble board, and
a trampoline. Seme ot the dvnamic
joint stability exercises were  per-
formed using vectors on the floor to
reference the start and the direction
of the exercises described by Gray, *
Plyometric oxercises (jump training
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exercises) were used o improve or
change technical performance and
to improve shock absorption during
landing. Furthermore, agility training
exercises were included to allow the
subjects to adapt to quick changes in
direction and to acceleration and de-
celeration during cutting activities,
Further details of the rehabilitation
program and the specific exercises
are available elsewhere

ST program. The ST program con-
sisted mainly of ST exercises of the
lower-extremity muscles, with em-
phasis on the quadriceps femoris,
hamstring, gluteus medius, and gas-
trocnemius muscles, All exercises in
the ST program were based on Amer-
ican  College  of
(ACSM) recomendations'” and cur-

Sports  Medicine
rent practice in our clinic for people
with ACL reconstruction. Subjects
who developed pain, swelling, or
ROM deficits underwent treatments
until these impairments were  re-
sulved. This program has not been
desceribed or published previously,
and the exercises are described in
Appendix 2.

The ST program was divided into 4
phises. The goal of phase 1 was 1o
reduce swelling and increase ROM,
especially knee extension ROM. Ex-
creises in phase 1 were ROM exer-
cises in prone and supine positions,
in addition to the use of a stationary
bievele. Initally, subjects used the
stationary bicycle with a pendulum
movement. After the training  scs-
sions, cold therapy was applied ftor
approximately 20 minutes.

Phase 2 started when pain and swell-
ing were reduced, Weight bearing
during the exercises was empha-
sized to normalize gait and to control
knee movements. The “knee over
toe” position, core stability with pel-
vic and hip control, subjects’ aware-
ness of position of lower-extremity
joints, and changes in weight bear-
ing during the exercises were em-

phasized during the training  ses-
sions. A mirror was used to provide
feedback and to ensure  correct
movements. If the subjects did not
perform the exercises as intended,
they returned to those exercises that
they were able o perform in a con-
trolled manner. Instructions such as
“knee over toe” and “hips in plane”
were commonly used during the
CXETCISeS.

In phase 3. a full ST program was
introduced in addition to one bal
ance exercise (single-leg stance bal-
ance exercise in a pulley apparatus).
Moderate- to high-intensity ST was
included based on each subject’s
abilities to tolerate increased loading
(weights), Recommended frequency
and dose of exercises (3 scts, 2-3
dayvs a week, of 50%-800 of their
L-repetition maximum 3 were used,
starting out with 12 to 15 repetitions
and progressing to fewer (8-12) rep-
etitions. When the subjects  per-
formed the exercises in a controlled
manner,  weights  and
increased. After 13 o 16
weeks, depending on their knee
function and lower-extremity perfor-
mance, the subjects started running
on a treadmill with a few degrees of
inclination to reduce the stress on
the ligamentum patellae, Increased
running distance, speed. and inclina:
tion were used, depending on their
knee function and their preinjury ac-
tivity level.

resistance
were

In phase 4, the ST exercises involved
decreased repetitions and increased
weights (3 sets of 6-8 repetitions),
which were individually  adjusted.
For subjects who wanted to return to
sports, sport-specific exercises based
on their previous sport  activitics
were introduced.

Adherence to the Rehabilitation
Programs

Fach subject was required to fill out
daily log sheets at the outpatient clin:
ics to document their adherence to

the rehabilitation program in addi-
tion to other exercises or tritining
that they did elsewhere, This infor-
mation wits reviewed by the physical
therapist initially and by the rescarch
assistant on a weekly basis. The train-
ing diary included both number of
visits tor physical therapy interven-
tion and hours spent exercising dur-
ing the rehabilitation program, in ad-
dition o number of other exercise
sessions and hours spent doing other
exercise activities. Eighty percent ad-
herence, meaning 80% of the recom-
mended  physical therapy visits (2
times a week for 6 months), was set
as the definition for being adherent
1o the rehahilitation program.

Data Analysis
Data were analvzed using a repeated-
viriance

measures  analysis  of

CANOVA) with time as the repeated-

measures factor for the outcome
measures it the 3 and G-month
follow-ups  and as  the  between-

groups factor for rehabilitition pro-
grams (NT and ST). In addition. Stu-
dene 1 orests were used to determine
group differences (NT and STy at the
O-month follow-up as well as for time
of test differences. Manm-Whitney &7
tests were used when parametric as-
sumptions were not fultilled. Effect
size was calculated using change in
scores divided by stundard deviation
at baseline. = An effect size above 0.8
reters toa large change, and an effect
size above 0006 refers to a moderate
change. ™ A probability  level  of
P=205 was used to show statistical
signiticance.

Results

Eightv-one subjects were cligible for
the study based on the inclusion cri-
teria and preoperative eviluation. Af-
ter application of intraoperative ox-
clusion criteriian, 71 subjects were
ultimately included in the study and
randomly assigned (o the ST group
{(n-3%) or the NT group (n-39).
The 7 subjects who were tested pre-
operatively but not included in the
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Table.

Mean (SD) Outcome Measurements for the Strength Training (ST} Group and the Neuromuscular Training (NT) Group
Preoperatively and 3 and 6 Months Postoperatively”

unmnvolved leg (7)

Preoperative (n=74) 3 mo (n=67) 6 mo (n=65)

5T Group NT Group ST Group NT Group ST Group NT Group

(n=35) (n=39) (n=31) (n=36) (n=31) (n=34)
KT-1000 (mm differcnce) T9(A0) 7.2¢43) 2629 29028 202, 39(2.0)
Cincinnati Knee Score 63501500 63.2(17.0) Gla11.7) 643(11.5) TAa(v06) 805125
VAS for pain dunng activity (mm) 35.4(25.% 35.2(26.%) 259 (18.0) A8 (22.0) 24 6(20.3) 20702100

'_\;';\S tor knee function {mm) 3390253 A0 1 (25.5) 51.7 (26.0) 50.1(23.8) 59.5¢23. 1) T24022 I

Triple jump tese (%) QA6 10.2) QL8 (12.%) B3 1L(15 1) BRS (1 »
One-leg hop test () AT {L1.3) 901 (15.5) BLU(18.2) Hpd (s
stairs hop test (o) B8 18.1) THA L) TYB(16.4) TIR (25T
Balance index. static, unuvolved leg! 500 ( 200) 357 (246G) S 170 457 (218) 143 (1506) 155 (108
Balance index, static, involved leg” 002 (238) 592(511) 5320211 455 (170 4060 (159 445 (191
Balance index, dyvnamic L LK) (451 947 (20606) 911 (335) 850 (311) QU7 (394) TOL(235)
Proprioception® (TTDPM), 1.22(0.67) 1.19 (0.66) 115 (0.45) 1.04 (0.52) L.21 (1052 122 (1.8

Proprioception’ (TTDPM), involved
leg ()

L (h.74)

1.02(0.52)

139 ((L90)

115 (0435)

120 (.70

Flexion total work GO®/s (%)

BO.6(195)

R29(20.4)

BHA(14.4)

BOS (11 S

Flexion total work 2407/s (")

B7.6(18.4)

86.8 (24.2)

D47 I60)

Extension total work OO0 /5 ()

TOL18.M

7O 4 (20.0)

GTA(16.1)

TELLLTLY

Extension total work 2407/ ()

B4.7(12.8)

B3T (179

THOCLGAM

TN TG

OB 2l 1y

Y There were significantly improved Cincinnati Knee Scores and wisual analog scale (VAS) scores tor knee function at 6 months in the NT group compared
with the 5T group. TTDPM =threshald 1o detection of passive maotion,

= p= Q5.
C P02
“Total number of subjects— 51.
“ Total number of subjects - 47

study had a hamstring muscle graft
(surgeon was not aware of the fact
that the subjects were eligible for the
study), had a cartilage injury down to
subchondral bone, did not have a
complete ACL injury, did not show
up at the time ol surgery, or had a
meniscus repair. Mean time from in-
jury o surgery wits 0.1 weeks
(range=7.4-152.9), and there were
no significant differences between
groups. Thirnty-tour subjects (46%)
had meniscus injuries, and 29 sub-
jects (45%) had grade 1, 1L, or 11l car-
tilage injuries  Nincteen  subjects
(30%) had both meniscus injuries
and cartilage injuries. All of the me-
niscus injuries were debrided, and

no additional treatment was required
for those with cartilage injuries.

One subject who was included in the
study moved out of the city soon
after surgery. She could not attend
the rehabilitation program and did
not return for follow-up examina-
tion. Sixty-seven subjects (92%) re-
turned for follow-up examination at
3 months, and 65 subjects (89%) re-
turned tor follow-up examination at
6 months. Of the 7 subjects who did
not return for the 3-month follow-up
examination and the 9 subjects who
did not return for the Gmonth
follow-up examination, only 4 sub-
jects (%) did not return for re-

examination after surgery (cither 3
or -month follow-up).

After subject number 47 had been
included, the proprioception device
failed and was unabl¢ to be repaired =
within the time frame of the study”?
As a result, proprioception data were
available only for the first 47 sub-
jects., Similarly, the KAT2000 failed
after subject 51 was included, and
data were availuble only for the first
51 subjects.

Preoperatively, there were no signil-
icant differences between  the 2
groups with respect to sex, age, tme
from injury to operation, knee joint
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Figure.

Cincinnati Knee 5core at 3- and 6-month follow-ups for the strength training (5T) group
and the neuromuscular training (NT) group. Asterisk indicates significant differences

between groups at & months (P=.01).

laxity, activity level. or any of the
other vitciables that were measured
(Table). At 3 months, there were no
significant differences between the
NT group and the ST group for any
of the measurements
(Tabley.

outcome

At the 6-month follow-up, after the
intervention was terminated. there
were significantly improved Cincin-
nati Knee Scores for the NT group
compared  with  the 8T group
(F—.01) (Figure). The effect sizes for
the Cincinnati Knee Scores were
(.89 for the NT group and 0.65 for
the ST group. The NT group also had
significantly improved VAS scores
tor global knee function compared
with the 8T group (£=.02). The ef-
tect sizes were 1.3 and 1,0 for the NT
group and the ST group, respec-
tively, There were no significant dif
ferences berween the 2 groups for
pain at rest or pain during activity.
The effect sizes for pain during activ-
ity were 0.55 for the NT group and
.46 for the ST group. Furthermore,
there were no significant differences
between the 2 groups for any of the
muscle strength variables or any of
the other sceondary outcome mea-
sures. Both the functional knee tests
and the quadriceps femoris muscle

strength data showed that there was
significant decline in knee function
from the preoperative period to the
6-month  postoperative  period  in
both groups. These data are in accor-
dance with the findings of our previ-
ous study? showing that patients are
not back 1o normal strength or knee
function 6 months after surgery.

The effect sizes for the dynamic bal-
ance tests showed a small change for
the ST group from bascline to 6
months (effect size=0.46) and a
moderate change for the NI group
Irom baseline to 6 months (effect
size =0.60). The effect sizes for the
involved leg and the uninvolved leg
for the static balance test showed a
similar change for both legs from

baseline to 6 months (effect sizes of

0.52 and 0.48 for the involved leg
and uninvolved legs. respectively, in
the ST group and effect sizes of 0.49
and 0.50 for the involved and unin-
volved legs, respectively, in the NT
group).

Twenty-four subjects in the ST group
(77%) and 34 subjects in the NT
group (100%) turned in the daily log
sheets for program adherence data.
There were no significant  ditfer-
ences in the number of weeks that

the subjects participated in the reha-
bilitation program between the ST
group (204 weeks) and the NT
group (18.8 weeks) (P=.30). How-
ever, the number of physical therapy
visits was significantly higher for the
ST group (57.6 visits) than for the NT
group (42.2 visits) (P=.001), and the
mean number of hours spent at the
physical therapy  ourpatient  clinic
was 62.9 hours for the ST group and
43.8 hours the NT  group
(P=.002) There were no significant

tor

differences between the 2 groups re-
garding number of other exercise
sessions or hours spent doing other
exercises (P—.09 for the ST group
and P=_38 for the NT group). The
mean number of other exercise ses-
sions and the mean hours spent do-
ing other exercises were 22.0 exer-
sessions and 16,2 hours,
respectively, for the ST group and
12,9 exercise sessions and 110
hours, respectively,  for the NT
group. In the ST group, 91% of the
subjects were categorized as adher-

Cise

ent to the rehabilitation program. In
the NT group, 71% of the subjects
were categorized as adherent 1o the
rehabilitation program.

Discussion and Conclusions

The results of this study indicated
that, although there were small dit-
terences between the NT program
and the ST program, the NT program
was superior to the 8T program in
improving knee function after ACL
reconstruction. Our main hypothesis
in this study was supported. Subject,,
reported knee function after ACL re-
construction (as meusured with the
Cincinnati Knee Score and  VASS)
was  significantly
NT program com-
pared with 6 months of the ST pro-
gram. The magnitude of the treat-
ment effect (effect size) for the NT
group indicated i large change in
subject-reported knee function com-
parcd with @ moderate treatment cf-
feet for the ST group according to
the Cohen index. ™ Howcever, there

better  after 6

months of the
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were no differences berween the 2
groups for the other secondary out-
come measures and no significant
differences early (3 months) after
surgery. Both training programs pro-
vided similar improvements in
strength, balance, proprioception,
and hop tests.

Previous investigations of the effect
of neuromuscular training'**07
have examined subjects with ACL
deficiencies. Despite some  limita-
tions in these studies, they all dem-
onstrated  significantly  improved
knee function for rehabilitation pro-
grams including neuromuscular ex-
ercises compared with only strength
training exercises for subjects with
ACL deficiencies. To our knowledge,
only 2 randomized controlled tri-
als!'*!% have been published on the
effect of neuromuscular training af-
ter ACL reconstruction. Neither of
these studies had baseline data (pre-
operative data), and both studies had
major limitations. The study by Liu-
Ambrose et al'! gave limited informa-
tion on the clinical effect of neuro-
muscular training, included only 3
subjects in each group, and included
the intervention more than 6 months
after surgery. They used peak torque
time of the hamstring muscles as the
main outcome¢ measure, in addition
to concentric and eccentric torques
of the quadriceps femoris and ham-
string muscles, one-legged single-
hop test, and Lysholm scale score.
The NT group demonstrated a
greater percentage of change in iso-
kinetic torques compared with the
ST group, but there were no signifi-
cant differences between the groups
for functional ability or subject-
reported knee  function  (Lysholm
scale score). The study probably had
limited power to detect any differ-
ences in Lysholm scale scores or
other knee function tests. They con-
cluded that NT alone induced isoki-
netic strength gains and that restor-
ing and increasing quadriceps
femoris muscle strength is essential

to maximize functional ability of the
reconstructed knee joint,

Cooper et al'™® studied the etfect of
an NT program versus a traditional
ST program during a 6-week inter-
vention (n=15 in each group). The
subjects were included 4 to 14
weeks after surgery; the power anal-
ysis was based on hop tests, which
were included as a outcome measure
only at follow-up, and the ST group
was significant vounger than the NT
group. The authors used 2 different
graft types (hamstring and patellar
tendon), there were more female
subjects in the ST group compared
with the NT group, and they in-
cluded only subjects who could walk
without crutches, had full ROM, had
no quadriceps femoris muscle lag,
and had minimal joint effusion. The
authors reported no strength mea-
surements, and there were no differ-
ences between the 2 groups at
follow-up regarding the hop tests.
The ST group. however, had less
swelling and improved walking and
squatting comparcd with the NT
group. Cooper et al concluded that
there appearced to be no beneht of
pertorming NT early after ACL recon-
struction. Similarly, we found no dif-
ferences between the 2 rehabilita-
tion groups at 3 months after
surgery, but a prolonged rehabilita-
tion program (up to 6 months)
scemed to add some benefit for the
NT group.

To our knowledge. this is the first
randomized controlled trial cxamin-
ing differences between a prolonged
rchabilitation program including dy-
namic knee stabilization exercises,
balance exercises. and jump training
exercises and a program using pri-
marily ST exercises—2 commonly
used exercise programs after ACL re-
construction. The strength of this
study, as compared with the 2 previ-
ous studies, !5 is the length of the
rehabilitation program. the number
of subjects included in each group

based on power analysis, the base
line measurements obtained preop-
eratively, and the thorough descrip-
tion of both rehabilitation programs.
However, there were similarities be-
tween the 2 rehabilitation programs
that could have had an effect on the
lack of differences between the 2
groups. The strength exercises in-
cluded information to the subjects
on controlled knee movements, core
stability with pelvic and hip control,
and subjects’ awareness of position
of lower-extremity joints, This infor-
mation is considered necessary for
optimal performance and joint load-
ing during strength exercises. How-
ever, this information could be re-
garded as instructions to improve
dynamic stability of the lower ex-
tremity during exercises such as
squatting and step-up. Additionally,
one balance exercise was included
in the ST program ("single-leg stance
balance exercises,” see Appendix 2).
Clinical practice today usually in-
cludes both strength exercises and
neuromuscular there:
fore, our aim was to examine poten-
tial differences berween  these 2
common types of exercises included
in rehabilitation programs following
ACL reconstruction.

exercises,

Despite some similarities, there were
obvious and significant differences
between the 2 rehabilitation pro-
grams regarding both the type of ex-
ercises and the criteria for progres
sion for the ST exercises versus the
NT exercises. All the exerciscs in the

NT program were aimed at increas--

ing the individual's ability to d}-‘n;lmf
ically stahilize their knee during ac-
tivities,*?  activitics  starting  with
static balance with progression to
dynamic balance (ie. more multifac-
eted balance exercises and complex
jump exercises). Criteria for progres-
sion of the exercises in the NT pro-
gram were control of movements,
the subjects’ ability to maintain bal-
ance of the position before move-
ments were superimposced on the

744 M Physical Therapy Volume 87 Number 6

June 2007



Neuromuscular Versus Strength Training After ACL Reconstruction

position, and awareness of the posi-
tion of the body in space before tol-
crating movements or perturbations,
Exercises progressed from exercises
performed on an even surface to ex-
crcises performed on different un-
even surfaces and from jump exer-
cises on 2 legs 10 jump exercises on
1 leg, increased hop distance for
both horizontal and vertical jumps,
and jumps with change in directions.
The progression for the strength ex-
ereises was bascd on the ACSM's rec-
ommendation of dose response with
increased weights and  decreased
number of repetitions. ™!

Based on the goals for the ST pro-
gram included in this study, we prob-
ably have expected a larger strength
gain in the ST group compared with
the NT group. After 6 months, there
were no differences between the 2
rehabilitation programs for the mus-
cle strength tests performed. How-
ever, the NT exercises included plyo-
metric or jump training €xercises.
Plyometric exercises, involving pre-
stretching the muscle and activating
the stretch-shortening cycle to pro-
duce a subsequent stronger concen-
tric contraction, have been shown to
increase muscle strength. > Adams et
al®' showed that the combination of
plvomertric exercises and traditional
strength exercises such as the squat
and leg press are superior in increas-
ing muscle strength compared with
only traditional ST exercises. Both
traditional muscle strength exercises
and plyometric exercises probably
should be included in rehabilitation
programs  to  improve
strength.

muscle

The significant differences between
the 2 rehabilitation  programs
scemed o appear from 3 to 6
months after surgery, not immedi-
ately after surgery. It could also be
that the first 3 months were decisive
tor the functional response from 3 to
6 months after surgery, but this study
cinnot answer that question. The ex-

crcises included in the NT program
during the “running, jumping, and
agility™ phase, trom 3 months to 6
months, scemed to result in a signif-
icantly improved subject perception
of knee function compared with tra-
ditional 8T ¢xercises and the running
exercises on the treadmill included
in phascs 3 and 4 of the ST program.

The 2 rehabilitation programs were
carried out at 2 different outpatient
clinics. This limitation was consid-
cred at the start of the study, but due
to possible problems with communi-
cation between subjects performing
2 different rehabilitation programs at
the same clinic, 2 different clinics
were chosen. Furthermore, the phys-
ical therapists who administered the
NT program were more familiar with
those exercises and less experienced
with only strength exercises. The
physical therapists who were re-
sponsible for the ST program were
more experienced in 8T exercises,
but also had some experience in NT.
The physical therapists who were re-
sponsible for the 2 different pro-
grams were senior physical thera-
pists and were all very experienced.

There also were some differences in
facilitics between the 2 outpaticnt
clinics. The ST program was carried
out in a larger facility with more
training equipment and more ST
equipment in particular compared
with the clinic where the NT pro-
gram was performed, This might be
the reason for the significantly
higher number of visits and hours
spent at the outpatient clinic for the
subjects in the ST group compared
with the NT group. Buased on the
daily log sheets turned in, the adher-
ence data indicate high adherence 1o
both rehabilitation programs (42 vis-
its for the NT group==88%, 38 visits
for the ST group=better than 100%).
However, more subjects in the NT
group turned in the daily log sheets
(100%) compared with the ST group
(77 Most of these factors should
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have indicated a better potential for
the subjects in the 8T group to
achieve better knee function, but it
wis the NT group that perccived sig-
nihicantly improved knce function.

Some other limitations of the study
also need o be addressed. The most
common c¢rror made or conclusion
drawn from the results of a random-
ized controlled trial is the wype I
crror. Power calculations were un-
dertaken regarding the main out-
come measurement in this study,
and. despite the fact that there were
some dropouts at the 3- and 6-month
follow-ups, a significant difference
was detected for the Cincinnati Knee
Score, The study did not include
power calculations for the secondary
outcome measures, and a significant
difference was detected between the
2 groups only for the VAS for global
knee function. According to Hansen
et al, " 26 subjects should have been
included to detect a significant dif-
ference between groups for the dy-
namic test. and 119 subjects should
have been included for the static
test. At the O-month follow-up, 21
subjects in the ST group and 17 sub-
jects in the NT group were tested on
the KAT2000. The lack of differ-
cnces berween the 2 rehabilitation
programs for the other outcome
measurces could be due to lack of
power for these outcome measures,
to similarities between the programs
(these potential limitations have
been addressed above), or to the fact
that the other outcome measures
were not sensitive enough to detect
differences. Biomechanical and mo-
tion analysis studies probably should
have been included o be able to
answer this question. Previous mo-
tion analysis studies?>2 have investi-
gated changes in knee biomechanics
during gait and hop tests and have
demonstrated significant changes in
movement patterns for perturbation
training and jump training exercises,
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This is, to our knowledge, the first
randomized controlled trial evaluat-
ing the effect of prolonged NT ¢xer-
cises compared with traditional 8T
exercises starting after ACL recon-
struction and including preoperative
data on knee function, There were
no differences between the 2 pro-
grams early after surgery, but a sig-
nificant benefit of NT excrcises wis
recorded by the Cincinnati Knee
score and VAS after the intervention,
at the 6-month follow-up after sur-
gery. There were no differences for
any of the other outcome measures.
Long-term follow-up is necded to de-
termine whether this modest differ-
ence in favor of the NT excrcises has
any  long-term  consequences.  Fur-
ther research also is neceded o dis-
close possible mechanisms for these
different exercises.
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