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ABSTRACT

We studied the effect of rehabilitation strength training
and return to activities on anterior-posterior knee dis-
placements after patellar tendon autogenous anterior
cruciate ligament reconstruction. A total of 938 meas-
urements were sequentially collected for 142 patients
with the KT-2000 arthrometer. Rehabilitation included
immediate knee motion and early weightbearing, light
sports at 6 months, and competitive sports at 8 months
or later. At a minimum of 2 years after surgery, 121
patients (85%) had normal displacements (less than 3
mm of increase at 134 N), 14 (10%) had 3 to 5.5 mm of
increase (partial function), and 7 (5%) had more than
5.5 mm of increase (failed). There was no association
found between the initial onset of the abnormal dis-
placements in the 21 knees and either the amount of
time after surgery or the rehabilitation program. Six of
the seven grafts that failed did so in the 1st post-
operative year. Serial displacement measurements
allow early detection of graft stretching and subse-
quent modification of rehabilitation or delay in return to
strenuous activities. These measurements showed
that the rehabilitation program used in this study was
not itself injurious and resulted in an acceptable failure
rate of 5%.

Current trends in rehabilitation after ACL reconstruction
suggest aggressive or accelerated exercise protocols that

allow immediate full weightbearing and return to high
levels of athletic activity (running, cutting, twisting, turning)
as early as 3 to 4 months after surgery.20,42 Several authors
have reported the results after ACL patellar tendon autog-
enous reconstruction (without combined extraarticular,
ligament augmentation, or direct repair procedures) when
these aggressive programs are used.1–3,15,37,41,42 The
arthrometer data from these studies showed that 11% to
52% of patients had abnormal anterior-posterior (AP) dis-
placements (3 mm or greater difference between the involved
and noninvolved limb9) at follow-up (Table 1). Other studies
that used nonaccelerated protocols that typically delayed
return to full activity for 8 to 12 months have reported
that 8% to 39% of patients have abnormal displacements
(Table 1).4,8,12,15,17,18,24,29,30,36 Unfortunately, none of
these series provided sequential arthrometer data that
revealed when these abnormal displacements first oc-
curred or if the displacements correlated with the rehabil-
itation program with regard to exercise and return to
activity.

In 1993, we reported sequential KT-1000 arthrometer
measurements that were obtained from 84 young active
patients after ACL allograft reconstruction.5 The rehabil-
itation program used in that study was different from the
accelerated programs described in the current literature;
return to full athletic activities was delayed for at least 12
months after surgery because of delayed allograft healing
and maturation. A total of 604 arthrometer measurements
(average, 7 per patient) were obtained from postoperative
week 4 through week 128. In that study, immediate knee
motion and early weightbearing did not result in an in-
creased incidence of abnormal AP displacements early in
the postoperative period. The abnormal displacements,
which occurred in 37 of the 84 patients (44%), were de-
tected during intensive strength training or after patients
had returned to sports activities. In 20 of these 37 pa-
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tients, the increase in displacement occurred more than 1
year after surgery.

This report represents our continuing investigation on
the effect of rehabilitation strength training and return to
activities on AP displacements after ACL reconstruction
in which a bone-patellar tendon-bone autograft was used.
The rehabilitation program consisted of immediate knee
motion and early weightbearing, but return to fully com-
petitive sports activities was delayed for at least 8 months.
Our purpose was to report, for the first time, the results of
sequential arthrometer measurements obtained on 142
knees with reconstructions performed by one surgeon
(FRN), and to determine the relationship between in-
creases in AP displacement and both the time elapsed
after surgery and the phase of the rehabilitation program.

MATERIALS AND METHODS

Subjects

The inclusion criteria for this study were 1) unilateral
ACL rupture without evidence of associated ligament rup-
tures; 2) positive preoperative pivot shift test,34 either
grade 2 (gross subluxation) or grade 3 (gross subluxation
with impingement); 3) at least 22° to 135° of knee motion
achieved postoperatively and no knee motion complication

resulting in an arthroscopic release of contracted scar
tissues or a permanent loss of motion; 4) use of a bone-
patellar tendon-bone autograft reconstruction; and 5) at
least 2 years of serial arthrometer data and patient follow-
up. From 1990 to 1993, 237 patients received an autoge-
nous patellar tendon ACL reconstruction performed by
one of us (FRN). Of these, 37 were excluded because of
bilateral ACL ruptures, 25 were excluded because of as-
sociated ligament ruptures, and 2 were excluded because
of a permanent limitation of knee extension of more than
5°. This left 173 patients for study, but only 142 (82%)
resided close to our Center and had the necessary serial
arthrometer data. The most recent evaluation on these
142 patients was performed a mean of 28 months (range,
23 to 65) after the ACL reconstruction.

Of the 142 patients, 90 underwent surgery for chronic
ACL ruptures and 52, for acute ruptures (reconstruction
performed within 12 weeks of the original injury). There
were 109 male and 33 female patients with a mean age 28
years (range, 14 to 58) at the time of reconstruction. The
majority of patients were athletically active; 126 (89%)
were participating in sports activities when the original
injury occurred. In the patients with chronic ruptures, 147
prior operative procedures had been performed in 57
knees. Fifteen of these operations were failed ACL recon-
structions. The 90 patients with chronic ruptures waited

TABLE 1
Patellar Tendon Autogenous ACL Reconstruction and Joint Arthrometer (KT-1000) Results

Author (year) Mean follow-up
(months)

No. tested
(Force level)a

No. with 3–5 mm increase
(I2N)b

No. with .5 mm increase
(I2N)

Total abnormal
displacementsc

N (%)

Studies using accelerated
rehabilitation

Shelbourne and Nitz42

(1990)
all $24 73 (89 N) NG NG NG (32)

Glasgow et al.15 (1993) 46 31 (MM) 5 2 7 (23)
Aglietti et al.1 (1994) 28 30 (134 N) 10 4 14 (47)
Shelbourne et al.41 (1995) 32 209 (MM) 30 7 37 (18)
Aglietti et al.2 (1995) 14 50 (MM) 25 1 26 (52)
O’Neill37 (1996) 42 85 (MM) 6 3 9 (11)
Arciero et al.3 (1996) 25–41 82 (MM) 18 7 25 (30)
Shelbourne and Gray40

(1997)
48 806 (MM) 81 21 102 (13)

Studies not using
accelerated
rehabilitation

Engebretsen et al.12

(1990)
all 24 46 (89 N) 10 0 NA (21)

Marder et al.24 (1991) 29 37 (89 N) 3 —d 5 (14)
O’Brien et al.36 (1991) 48 31 (MM) 6 1 7 (23)
Glasgow et al.15 (1993) 46 33 (MM) 9 4 13 (39)
Buss et al.8 (1993) 32 56 (MM) 5 —e 20 (36)
Bach et al.4 (1994) 37 62 (MM) 3 3 6 (8)
Harner et al.18 (1994) 29–35 50 (134 N) 17 2 19 (38)
Grontvedt et al.17 (1996) 72 48 (89 N) 10 0 10 (21)
Noyes and Barber-

Westin29 (1997)
28 76 (134 N) 7 3 10 (13)

Noyes and Barber-
Westin30 (1997)

27 31 (134 N) 4 1 5 (16)

a MM, manual maximum.
b I-N, involved minus noninvolved; NG, not given.
c Abnormal displacement is defined as 3 mm or more increase between involved and noninvolved knee.
d Two patients had .3 mm increases.
e Four patients had .4 mm increases.
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an average of 61 months (range, 3 to 514) from the original
injury before undergoing our ACL reconstruction.

Operative Procedure

The arthroscopically assisted procedure involved placing
the bone-patellar tendon-bone graft using a two-incision
technique in 37 patients and a single-incision technique in
105 patients. Any remaining ACL fibers were removed
and a limited notchplasty was performed as required. The
central one-third of the patellar tendon was incised to
provide a 9- to 10-mm wide graft, which was placed at the
anatomically correct femoral and tibial ACL insertion
sites. After the internal femoral graft fixation in the sin-
gle-incision technique, the knee was flexed 15 times under
direct arthroscopic visualization with tension placed on
the tibial bone plug by previously placed sutures to make
sure that no more than 2 mm of proximal or distal graft
displacement occurred from 0° to 120°. The distal portion
of the graft was secured internally with the knee at 10° of
flexion; mild tension (approximately 20 N) was used to
avoid overconstraining the graft. Typically, a 7-mm inter-
ference screw was used proximally and a 9-mm interfer-
ence screw was attached distally for fixation. The patellar
tendon defect was closed in an approximated Z-plasty
fashion, which brought adjacent collagenous tissues into
the central portion of the defect to promote healing of the
gap. This technique did not result in shortening of the
patellar tendon. A bone graft of the patellar and tibial
graft sites was performed using bone that had been ob-
tained at surgery with a core reamer at the tibial site.

Evaluation

The arthrometer examinations were all performed by one
experienced examiner (BLS) who has conducted KT-2000
arthrometer testing for 10 years at our Center. The reli-
ability of this examiner has been previously reported to be
61.7 mm for the 134-N test for side-to-side difference in
uninjured subjects (90% confidence limit).43 The arthrom-
eter was connected to an X-Y plotter that provided graphic
printouts of the tests. Assessment was made of total AP
displacements at 89 and 134 N with the knee flexed ap-
proximately 25°. The difference between the AP displace-
ments in the involved and the noninvolved contralateral
knee at 134 N was used for all analyses in this investiga-
tion. There were no statistically significant differences
found in the mean arthrometer data between the two
operative techniques, so all data were combined. All meas-
urements were performed in the clinic setting beginning
at the 3rd to 4th postoperative week. Patients with
chronic ACL ruptures were also tested preoperatively. The
mean and standard deviation preoperative value at 134 N
for the patients with chronic ruptures was 11.2 6 4.1 mm
(range, 4.0 to 22.5).

All knees except three had less than 3 mm of increased
displacement at the 4th postoperative week, indicating a
functional reconstruction had been obtained and that
valid comparisons could be made for the remainder of the
investigation. The three knees that had more than 3 mm

of increased displacement underwent successful revision
of the tibial graft fixation site between the 3rd and 6th
weeks after the first surgery. Two of these patients had
chronic ACL injuries of 22 and 168 months duration, and
the other had an acute ACL rupture and had surgery 6
weeks after the injury.

Radiographs were evaluated by an examiner other than
the surgeon to determine patellar tendon height and fem-
oral and tibial tunnel width and placement. The patellar
tendon vertical height was calculated from lateral radio-
graphs with the knee flexed 30° in a manner described by
Linclau22 or Blackburne and Peel.7 Measurements of the
femoral and tibial tunnels were performed using AP and
lateral radiographs in a manner described by Fahey and
Indelicato.13

The rehabilitation program, which has been previously
described in detail,10,11,23,29 was divided into four phases
that were similar to those used in our prior investigation.5

The assisted ambulatory phase was the length of time the
patient spent using crutch or cane support, and it lasted
until approximately the 4th to 8th week after surgery.
During this phase, range of motion exercises, straight leg
raises (extension, flexion, abduction, adduction), quadri-
ceps muscle isometrics, electrical muscle stimulation, and
closed-chain exercises (minisquats, toe raises) were per-
formed. The early strength training phase, which lasted
from between approximately the 4th to 8th postoperative
week to the 12th to 16th postoperative week, incorporated
balance, proprioceptive, and gait-training exercises into
the program. The intensive strength training phase con-
centrated on strenuous training and consisted of progres-
sive resistive exercises, swimming, bicycling, ski ma-
chines, stair climbing machines, and running programs.
This phase varied for each patient and lasted from be-
tween the 12th to 16th postoperative week to between the
24th and 52nd postoperative week. After successful com-
pletion of this phase, patients were allowed to progress to
the final phase, return to sports, at which time the formal
rehabilitation program was considered completed.

Measurements were taken at 8, 12, 16, 20, 24, 52, and
128 weeks after surgery. Those patients who had more
than one arthrometer test taken during each of the four
phases received an average value to produce an overall
phase result unless a displacement was 3 mm or more, in
which case the result was used as its own value.

At the conclusion of this investigation, 938 arthrometer
measurements had been collected, an average of 7 per
patient. The number of patients in each phase with ar-
thrometer data was 138 (97%) in the assisted ambulatory
phase, 100 (70%) in the early strength training phase, 104
(73%) in the intensive strength training phase, and 142
(100%) in the return to sports phase.

To determine if the smaller number of patients with
data collected during the early strength training phase
affected the study’s results, we analyzed the meas-
urements of those patients in whom abnormal displace-
ments were first detected during the later phases. We
were concerned that abnormal displacements detected
during the intensive strength training or return to sports
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phases could have, in fact, occurred earlier. Thirteen pa-
tients had abnormal displacements first detected during
the later two phases and, of these, 12 had data for the
earlier two phases. Therefore, only one patient could have
potentially been affected by the smaller number of pa-
tients with data obtained during the early strength train-
ing phase.

All patients were rated on the Cincinnati Knee Rating
Sports Activity Scale,27 which assesses sports participa-
tion according to frequency and intensity of activity at the
most recent follow-up evaluation.

RESULTS

AP Displacements at Most Recent Follow-up

At follow-up, 121 patients (85%) had normal displacement
values. Twenty-one patients (15%) had abnormal displace-
ments: 14 patients had 3 to 5.5 mm increases and 7 pa-
tients had 6 mm or more of increase. The knees that had
3 to 5.5 mm of increase had negative pivot shift tests but
a gliding sensation was present. The knees that had 6 mm
or more of increase also had positive pivot shift tests
(grade 2 or 3).

There was no statistically significant difference in the
mean AP displacement values at the final follow-up eval-
uation between patients who were operated on for acute
ACL ruptures and those operated on for chronic ruptures
(Table 2). Eight of the 52 patients (15%) who had had
acute ACL ruptures and 13 of the 90 patients (14%) who had
had chronic ACL ruptures had abnormal displacements.

Of the 15 patients who had previously had a failed ACL
reconstruction, only 3 had abnormal AP displacements
postoperatively. The mean AP displacement value at the
most recent follow-up for these 15 patients was 1.3 6 3.9
mm. Two of the three grafts that had abnormal AP dis-
placements eventually failed, and one was partially func-
tional at the most recent follow-up evaluation.

Effect of Time From ACL Reconstruction on
AP Displacement

There was no statistically significant association between
the initial onset of abnormal displacements and the
amount of time that had elapsed since surgery (correlation
coefficient, r2 5 0.02). The abnormal displacements in the
21 patients were first detected a mean of 46 6 51 weeks
and a median of 24 weeks (range, 6 to 208) postopera-
tively. The percentages of knees in the functional, par-
tially functional, and failure categories according to time

from surgery are shown in Figure 1. In 7 of the 14 patients
who had partial ACL function restored, the abnormal
displacements were detected within the first 20 weeks
after surgery (Fig. 2). In three patients, these displace-

TABLE 2
Joint Arthrometer Results at the Most Recent Follow-up Evaluation

Displacement
(involved2noninvolved, 134 N)

Acute ACL ruptures
(N 5 52)

Chronic ACL ruptures
(N 5 90)

All ACL ruptures
(N 5 142)

,3 mm 44 (85%) 77 (86%) 121 (85%)
3–5 mm 5 (10%) 9 (10%) 14 (10%)
$6 mm 3 (5%) 4 (4%) 7 (5%)

Mean 6 SD 0.35 6 2.8 0.52 6 2.7 0.46 6 2.7

Figure 1. The distribution of knees (percentage) in the three
AP displacement categories are shown through the postop-
erative period.

Figure 2. Anterior-posterior displacements are shown dur-
ing the postoperative period for 14 patients who had partial
ACL function restored (3 to 5.5 mm of increased AP
displacement).
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ments were first detected between the 21st and 52nd
postoperative week, and in four patients the abnormal
displacements were first detected after the 52nd postop-
erative week.

In seven other patients, the reconstruction failed (Fig.
3). In one knee, the abnormal displacement was detected
at the 10th postoperative week. In four other knees, ab-
normal displacements were first detected between the
16th and 24th postoperative week. In two other patients,
abnormal displacements were detected 1 year or more
after the reconstruction. Two of these seven patients had
a revision operation (see “Revision Operations”).

The abnormal displacements in the 13 knees with
chronic ruptures were first detected a mean of 31 6 33
weeks after surgery. Abnormal displacements were first
detected in the eight knees that had had acute ruptures a
mean of 73 6 65 weeks after surgery (P 5 0.06). The onset
of abnormal displacements occurred within the first 24
weeks after surgery in 9 of the 13 (69%) affected knees
with chronic ruptures and in 3 of the 8 (38%) affected
knees with acute ruptures.

Effect of Phases of Rehabilitation on AP Displacement

There was no statistically significant association between
the initial onset of abnormal displacements and the phase

of rehabilitation in which they occurred (correlation coef-
ficient, r2 5 0.46). There was no statistically significant
difference in the mean AP displacement values for all
patient data between the four rehabilitation phases (Table
3). There was also no significant difference in the percent-
age of knees distributed in the three arthrometer catego-
ries between the rehabilitation phases (Fig. 4). In 8 of the
21 patients affected (38%), the abnormal measurements
were first detected during the early strength training
phase; in 6 patients (29%), during the intensive strength
training phase; and in 7 patients (33%), during the return
to sports activities phase (Table 4).

In the 14 patients with partial graft stretching (but not
failure), the abnormal displacements were first detected
during the early strength training phase in four patients,
during the intensive strength training phase in five pa-
tients, and after return to sports activities in five patients.
In the seven patients with graft failure, the abnormal
displacements were detected during the early strength
training phase in four patients, during the intensive
strength training phase in one patient, and after return to
sports activities in two patients.

Effect of Sports Activity on AP Displacements

There was no relationship between the type of sports
activity patients had returned to at follow-up and the
presence of abnormal AP displacements. Ten of the 21
(48%) patients who had abnormal displacements were
participating in the more difficult athletic activity catego-
ries (jumping, pivoting, cutting and running, twisting,
turning) at follow-up, 8 (38%) were participating in the
light activity category (swimming, bicycling), and 3 (14%)
were not participating in athletics. Of the 121 patients
who had normal displacements at follow-up, 62 (51%)
were participating in the more strenuous athletic catego-

TABLE 3
Mean AP Displacement Values for the Four Phases

of Rehabilitation

Phase of rehabilitation AP displacementa

(mean 6 SD) (mm)

Assisted ambulatory 21.5 6 2.8
Early strength training 20.3 6 2.7
Intensive strength training 0.5 6 2.9
Return to sports activities 0.4 6 2.7

a Involved minus noninvolved at 134 N force.

Figure 3. Anterior-posterior displacements are shown dur-
ing the postoperative period for the seven patients with failed
grafts.

Figure 4. The percentage of knees distributed in the three
arthrometer categories according to the phases of
rehabilitation.
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ries, 48 (40%) were performing light activities, and 11 (9%)
were not participating in sports activities.

In the most recent follow-up evaluation, a statistically
significant difference (P 5 0.02) was found between the
level of sports activity of patients who had had surgery for
acute ACL ruptures and the level of sports activity of
patients who had had surgery for chronic ACL ruptures
(Table 5). A higher percentage of patients with acute rup-
tures were participating in more difficult sports activities
than those with chronic ruptures, who typically returned
to light athletics.

Radiographic Analysis

The radiographic analysis of the 21 knees that had abnor-
mal displacements failed to reveal any abnormal increase
in patellar tendon vertical height from the normal range of
11% to 15%.35 None of these knees had an increase in the
width of the tibial or femoral tunnels from that created
during the reconstruction, and the tunnel placements
were confirmed to be in the appropriate anatomic
orientation.

Revision Operations

Two knees required revision operations. One patient had a
gradual increase in displacement for unknown reasons
noted at the 24th postoperative week and had an allograft
revision procedure 1 year after the original reconstruction.
The second patient sustained a traumatic rupture of the
graft while boxing 24 weeks after surgery. This patient
had already had one prior failed ACL reconstruction be-
fore referral to our center. A revision operation was per-
formed using the patellar tendon from the contralateral
knee.

DISCUSSION

This is the first study we are aware of that provides serial
arthrometer measurements taken throughout the postop-
erative period after the implantation of patellar tendon
autogenous grafts. The results allowed us to reach several
conclusions. First, at the most recent follow-up evaluation,
121 patients (85%) had functional reconstructions and
normal displacement measurements. Second, the percent-
age of grafts that stretched but did not fail was low (14 of
142, or 10%). These knees with 3 to 5.5 mm of increased
displacement had negative pivot shift tests and, even
though they represented ACL reconstructions in which an
increase over the ideal stability range (,3 mm) occurred,
they were still considered partially functional.26,31 Third,
a low failure rate (7 of 142 patients, 5%) was found after
the operation. Fourth, there appeared to be no relation-
ship between the amount of time postoperatively, or the
components of the rehabilitation program, and graft
stretching or failure. In comparing these results with
those of other authors who have provided arthrometer
measurements after ACL reconstruction, the percentage

TABLE 4
Timing and Details of Abnormal AP Displacements in 21 Patients

First abnormal
displacement (weeks)

Displacement
(mm)

Rehabilitation phase
when detected

Latest arthrometer
measurementa

Last follow-up
(months)

Type of ACL
rupture

6 3.0 Early strength training 4.5 35 Chronic
8 4.5 Early strength training 3.0 26 Chronic
8 5.5 Early strength training 5.5 23 Chronic

10 4.5 Early strength training 6.0 27 Chronic
12 4.0 Early strength training 4.0 24 Chronic
16 3.5 Early strength training 3.0 25 Acute
16 6.5 Intensive strength training 8.0 26 Chronic
20 3.0 Intensive strength training 3.5 24 Chronic
20 3.0 Intensive strength training 10.0 27 Chronic
20 4.0 Intensive strength training 3.5 30 Acute
24 10.5 Early strength trainingb 10.5 (revised) Chronic
24 5.0 Return to sports activities 9.0 (revised) Acute
28 4.0 Intensive strength training 5.0 30 Chronic
35 3.5 Return to sports activities 3.5 27 Chronic
52 3.5 Return to sports activities 7.0 24 Acute
52 4.5 Intensive strength training 4.0 24 Acute

104 4.0 Early strength trainingb 4.0 25 Chronic
104 4.0 Return to sports activities 4.0 24 Chronic
104 7.0 Return to sports activities 7.0 24 Acute
104 3.5 Return to sports activities 3.5 30 Acute
208 4.0 Return to sports activities 4.0 24 Acute

a Involved minus noninvolved side at 134 N of force.
b Patient never completed rehabilitation program, never performed strenuous strength training or returned to sports.

TABLE 5
Sports Activities at Follow-upa

Type of sport
Patients with acute

ACL ruptures
N (%)

Patients with chronic
ACL ruptures

N (%)

Jump, pivot, cut 22 (43) 18 (20)
Run, twist, turn 8 (16) 23 (26)
Swim, bike 15 (29) 41 (46)
None 6 (12) 7 (8)

a The two patients who had ACL graft failures and revision
operations were excluded from this analysis.
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of knees that experienced an increase in displacement was
favorable (Table 1). All of the patients in this investigation
are in a prospective long-term study to determine the
incidence of abnormal displacements several years after
reconstruction.

For both the current investigation and a prior study,5

we interpreted an increase in displacement of 3 to 5.5 mm
as representative of partial graft function. This increase in
displacement can result from several factors. First, a few
millimeters of graft slippage can occur from a slight shift-
ing in the tibial or femoral bone fixation sites, especially in
knees with chronic ruptures and osteopenia. Second, ei-
ther some portions of the graft or the entire graft may
elongate during the healing and maturation period. Third,
portions of the graft may have been replaced with collag-
enous tissues of low stiffness because of a delay in matu-
ration and the presence of a large number of small-diam-
eter collagen fibrils.21 A limitation of this study was our
inability to scientifically determine the causes of in-
creased displacement in the 21 affected knees. To do so
would require sophisticated studies obtained from graft
biopsy specimens, which was beyond our study because of
ethical and financial constraints.

We did ascertain that there were no technical problems
concerning graft placement, bone tunnel enlargement, pa-
tellar tendon height increase or decrease, or bony resorp-
tion to account for the increased displacements. An ap-
proximated Z-plasty technique was used in all cases to
bring adjacent collagenous tissues to the central portion of
the patellar tendon defect. With this technique, there was
no evidence of patellar tendon shortening at follow-up.
The grafts were cycled during surgery using mild tension
to avoid overconstraining the graft or producing graft
elongation before fixation. Limited notchplasties were per-
formed as required, and graft placement was confirmed
through 0° to 120° under direct arthroscopic visualization
to ensure impingement did not occur.

We further analyzed the available data concerning the
rehabilitation phase and the time after surgery at which
the abnormal displacements occurred. In the seven knees
that had graft failure, five demonstrated abnormal dis-
placements between 10 and 24 weeks after surgery. These
data indicate that failure is most likely to occur in au-

tografts in the early months after surgery, before the
completion of graft healing and maturation. Only two
patients (1%) in the entire population had graft failure 1
year or later after reconstruction. Additionally, while one
of the seven failures was explainable (reinjury), six knees
showed increases in displacement that appeared to occur
gradually over time with no inciting incident found for the
eventual graft failure.

There was no pattern found in the knees that showed
partial function at follow-up regarding the time after sur-
gery at which the abnormal measurements were first de-
tected. In 7 of these 14 knees, the abnormal meas-
urements were first noted within the first 20 weeks after
surgery. The other seven knees showed partial graft
stretching between 28 weeks and 4 years after surgery.

In comparing the results of this investigation with those
we previously reported on ACL allografts,5 we were sur-
prised at the percentage of knees in the current autograft
group in which abnormal displacements were detected in
the early strength training phase (8 of 21 knees, 38%),
where typically lower loads were placed on the joint and
ACL reconstruction (Table 6). Two of these reconstruc-
tions failed and six were partially functional at follow-up.
In the prior allograft investigation, the majority of abnor-
mal displacements were detected during the later phases
of rehabilitation, namely the intensive strength training
and return to sports activities phases (32 of 37 knees,
86%). Return to athletics was delayed for at least 12
months after surgery in the allograft population because
of an anticipated delay in graft maturation and healing
that we hypothesized could occur.21,25 In the current au-
tograft group, the early phases of rehabilitation incorpo-
rated closed-chain exercises, straight leg raises without
weight, electrical muscle stimulation, and balance and
gait retraining. No open-chain, progressive resistive, or
heavy repetitive exercises were performed until the inten-
sive strength training phase was initiated.

We found no effect of the chronicity of the ACL injury on
postoperative displacements. In the acute ACL rupture
subgroup, 8 of 52 knees (15%) had abnormal displace-
ments, of which 5 were partially functional at follow-up
and 3 had failed. In the chronic ACL rupture subgroup, 13
of 90 knees (14%) had abnormal displacements, of which 9

TABLE 6
Comparison of Findings of Abnormal Displacements Between Patients with Autografts and Those with Allograftsa

Variable Autografts (N 5 142)
N (%)

Allografts (N 5 84)
N (%)

Number of patients with abnormal displacements ($3 mm I-N) 24 (17) 37 (44)
Number of failures ($6 mm I-N) 7 (5) 7 (8)
Time abnormal displacements first detected (weeks postoperative)

Less than 20 7 (33) 8 (22)
20–52 9 (43) 9 (24)
53–104 4 (19) 7 (19)
More than 104 1 (5) 13 (35)

Rehabilitation phase abnormal displacements first detected
Assisted ambulatory 0 5 (14)
Early strength training 8 (38) 0
Intensive strength training 6 (29) 15 (41)
Return to sports activities 7 (33) 17 (45)

a Allograft patients from a previous study.5
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were partially functional at follow-up and 4 had failed.
These findings are in agreement with those we recently
reported on a population of 87 patients with ACL patellar
tendon autogenous reconstructions.29 In that study, 44 of
52 (85%) knees with chronic ACL ruptures and 22 of 24
(92%) knees with acute ruptures had normal displace-
ments at a mean of 28 months postoperatively. The failure
rates in that study, 4% for both acute and chronic rup-
tures, are also comparable with those reported in the
current investigation.

A second analysis was performed to determine if a dif-
ferent criterion for injury chronicity would affect the dis-
placement data results. In this analysis, chronic ACL rup-
tures were defined as those in which at least 1 year had
elapsed between the original injury and the reconstruc-
tion. Using this criterion, no statistically significant dif-
ference was found between acute (76 knees) and chronic
(66 knees) ACL ruptures for either the mean displacement
measurements at final follow-up (acute, 0.3 6 2.7 mm;
chronic, 0.5 6 2.7 mm), the percentage of patients with
abnormal displacements (acute, 13%; chronic, 17%), or the
percentage of patients who had graft failure (acute, 4%;
chronic, 6%).

Injury chronicity did, however, appear to affect the time
from surgery when abnormal displacements occurred in
those knees that were so affected. Of the 12 knees that
demonstrated 3 mm or more of increased displacement
within the first 24 postoperative weeks, 9 had chronic
injuries of long-standing duration (mean, 72 months from
injury to reconstruction; range, 7 to 216 months) and 4 of
these eventually failed. Caution is warranted therefore for
the knee with a chronic injury that demonstrates even
partial graft stretching early in the postoperative phase,
and modification of rehabilitation is justified as is a delay
in return to strenuous activities.

There was also no effect of sex on displacements. Six-
teen of the 109 male patients (15%) had abnormal dis-
placements, as did 5 of the 33 (15%) female patients.
Eleven of the 16 male patients had partial function at
follow-up and 5 had failed results. Three of the five female
patients had partial function at follow-up and two had
failed results. These results are similar to those we re-
cently reported on 94 ACL patellar tendon autogenous
reconstructions where no statistically significant differ-
ence in displacements were found between men and
women.6

Two other studies have documented changes in AP dis-
placements after ACL patellar tendon autogenous recon-
struction.17,38 In both investigations return to strenuous
athletic activities was delayed for 10 to 12 months after
surgery. Neither study correlated changes in displace-
ment with the rehabilitation program. Paschal et al.38

collected KT-1000 arthrometer measurements at 3, 6, and
24 months after surgery for 37 patients who had combined
patellar tendon autograft-iliotibial band extraarticular
procedures. A significant increase (P , 0.01) was found in
the mean values and in the number of patients who had
abnormal displacements between the three time periods.
At 3 months after surgery, 4 patients (11%) had abnormal
displacements (3 mm or more increase displacement on

the manual maximum test); at 6 months, 10 patients
(27%) had abnormal displacements; and at 24 months, 19
patients (51%) were in this category. Six of the reconstruc-
tions had failed by the 24-month examination. The au-
thors concluded that a progressive increase in knee AP
displacement occurred over the 2-year period and that
there did not appear to be a particular period during
which these increases were most likely to occur. Grontvedt
et al.17 collected KT-1000 arthrometer data at 1, 2, and 5
years after three types of ACL reconstructions. Forty-
eight patients had combined patellar tendon autograft-
direct repair procedures. There was no significant change
in the mean displacement values for these patients be-
tween the three periods. At 1 year after surgery, 15 of 47
patients tested (32%) had abnormal displacements; at 2
years, 9 of 44 patients tested (20%) had abnormal dis-
placements; and at 5 years after surgery, 10 patients
(21%) had abnormal displacements.

Howell and Taylor20 used an accelerated rehabilitation
program after semitendinosus-gracilis tendon ACL recon-
struction and measured displacements at 4 months and 2
years after surgery. Running was allowed at 8 to 10
weeks, and full sports activities were resumed at 16 weeks
postoperatively. There was no significant change in the
mean displacement values between the two periods. At 4
months after surgery, 6 of the 34 patients tested (18%) had
abnormal displacements; at 2 years, 4 of 38 patients tested
(11%) had abnormal displacements. The authors reported
that four knees in their series (10%) were “unstable” at
follow-up, and that these failures had occurred by the
4-month evaluation. They were unable to determine a
specific cause of the early instability in these knees.

We believe the results of our study indicate the need for
individualized, evaluation-based rehabilitation after ACL
reconstruction. The patients in this study were widely
varied with regard to the goals of the stabilization proce-
dure, age, injury and reinjury history, prior treatment of
the injury, and chronicity of injury. The progression of a
patient through rehabilitation based on the evaluation of
many factors, including symptoms, AP displacement,
muscle strength, and motivation, has been discussed pre-
viously.10,11,33 The fact that 38% of the knees that devel-
oped abnormal displacements did so in the early phases of
rehabilitation, before the institution of strenuous exer-
cises, suggests that caution should be used regarding re-
habilitation programs that introduce high loads or repet-
itive exercises within the first few weeks or months after
surgery.42 This finding supports our recommendation to
use instrumented arthrometer testing to determine AP
displacements before progression to the more strenuous
phases of rehabilitation.

Our first recommendation, in 1983,32 to implement im-
mediate knee motion and rehabilitation after ACL patel-
lar tendon autogenous reconstruction continues to be sup-
ported today. The rehabilitation program is designed to
achieve a balance between the concept of immediate knee
motion and certain exercises and a delay of strenuous
activities for at least 4 months after surgery. At that time
light jogging may begin, but return to competitive sports is
not allowed until the 6th to 9th month after surgery.
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Prospective studies have demonstrated that this program
is not deleterious to healing grafts.28–30,32

Other authors have recommended aggressive rehabili-
tation, allowing running and agility drills 5 to 6 weeks
after surgery and return to full activity as early as 16
weeks postoperatively.41,42 Although some studies have
reported low graft stretch rates with these programs,40,41

others have noted that approximately one-third to one-
half of patients have abnormal displacements at follow-up
(Table 1).1–3,42 Our concern is when these increases in
displacement first occur and whether they are associated
with early return to strenuous activity. No study to our
knowledge has reported sequential arthrometer test data
on patients undergoing aggressive rehabilitation.

Another concern with aggressive rehabilitation is the
lack of information regarding the effect on articular car-
tilage of early return to strenuous activities. Studies have
shown that 71% (36 of 51 knees) to 85% (64 of 75 knees) of
patients who sustain acute ACL ruptures also sustain
bone bruises or osseous lesions detected on MRI.16,39 The
progression of these bone bruises to grossly visible
articular cartilage lesions has not been adequately deter-
mined. In knees with chronic ACL ruptures, the potentially
deleterious effects of early running, jumping, cutting, and
twisting on articular surfaces is especially of concern if pre-
existing arthrosis is detected during the reconstruction.

We recognize that prior investigations have shown a
lack of correlation between postoperative knee displace-
ments and symptoms and functional limitations. Gian-
notti et al.14 found excellent knee function scores despite a
wide range of arthrometer measurements after ACL pa-
tellar tendon reconstruction. Harter et al.19 reported that
patients’ perceptions of their knee condition were indepen-
dent of the results of joint arthrometer and muscle
strength tests. The KT-1000 arthrometer cannot, there-
fore, be used independently as an indicator of a patient’s
overall functional status. A multitude of variables, includ-
ing associated meniscal injuries, condition of the articular
cartilage, muscle strength, coordination, and motivation,
all contribute to overall knee function. The assessment of
knee displacements is critical, however, as one must be
concerned that grafts that stretch early after surgery may
eventually fail and lead to joint instability and necessity
for repeat surgery.

ACKNOWLEDGMENT

This research was funded by the Cincinnati Sportsmedi-
cine Research and Education Foundation.

REFERENCES

1. Aglietti P, Buzzi R, Zaccherotti G, et al: Patellar tendon versus doubled
semitendinosus and gracilis tendons for anterior cruciate ligament recon-
struction. Am J Sports Med 22: 211–218, 1994

2. Aglietti P, Zaccherotti G, Menchetti PPM, et al: A comparison of clinical
and radiological parameters with two arthroscopic techniques for anterior
cruciate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc 3:
2–8, 1995

3. Arciero RA, Scoville CR, Snyder RJ, et al: Single versus two-incision
arthroscopic anterior cruciate ligament reconstruction. Arthroscopy 12:
462–469, 1996

4. Bach BR Jr, Jones GT, Sweet FA, et al: Arthroscopy-assisted anterior
cruciate ligament reconstruction using patellar tendon substitution. Two-
to four-year follow-up results. Am J Sports Med 22: 758–767, 1994

5. Barber-Westin SD, Noyes FR: The effect of rehabilitation and return to
activity on anterior-posterior knee displacements after anterior cruciate
ligament reconstruction. Am J Sports Med 21: 264–270, 1993

6. Barber-Westin SD, Noyes FR, Andrews MA: A rigorous comparison be-
tween the sexes of results and complications after anterior cruciate liga-
ment reconstruction. Am J Sports Med 25: 514–526, 1997

7. Blackburne JS, Peel TE: A new method of measuring patellar height.
J Bone Joint Surg 59B: 241–242, 1977

8. Buss DD, Warren RF, Wickiewicz TL, et al: Arthroscopically assisted
reconstruction of the anterior cruciate ligament with use of autogenous
patellar-ligament grafts. Results after twenty-four to forty-two months.
J Bone Joint Surg 75A: 1346–1355, 1993

9. Daniel DM, Stone ML: KT-1000 anterior-posterior displacement meas-
urements, in Daniel DM, Akeson WH, O’Connor JJ (eds): Knee Liga-
ments: Structure, Function, Injury, and Repair. New York, Raven Press,
1990, pp 427–447

10. DeMaio M, Mangine RE, Noyes FR, et al: Advanced muscle training after
ACL reconstruction: Weeks 6 to 52. Orthopedics 15: 757–767, 1992

11. DeMaio M, Noyes FR, Mangine RE: Principles for aggressive rehabilita-
tion after reconstruction of the anterior cruciate ligament. Orthopedics 15:
385–392, 1992

12. Engebretsen L, Benum P, Fasting O, et al: A prospective, randomized
study of three surgical techniques for treatment of acute ruptures of the
anterior cruciate ligament. Am J Sports Med 18: 585–590, 1990

13. Fahey M, Indelicato PA: Bone tunnel enlargement after anterior cruciate
ligament replacement. Am J Sports Med 22: 410–414, 1994

14. Giannotti BF, Fanelli GC, Barrett TA, et al: The predictive value of intra-
operative KT-1000 arthrometer measurements in single incision anterior
cruciate ligament reconstruction. Arthroscopy 12: 660–666, 1996

15. Glasgow SG, Gabriel JP, Sapega AA, et al: The effect of early versus late
return to vigorous activities on the outcome of anterior cruciate ligament
reconstruction. Am J Sports Med 21: 243–248, 1993

16. Graf BK, Cook DA, De Smet AA, et al: “Bone bruises” on magnetic
resonance imaging evaluation of anterior cruciate ligament injuries.
Am J Sports Med 21: 220–223, 1993

17. Grontvedt T, Engebretsen L, Benum P, et al: A prospective, randomized
study of three operations for acute rupture of the anterior cruciate liga-
ment. Five-year follow-up of one hundred and thirty-one patients. J Bone
Joint Surg 78A: 159–168, 1996

18. Harner CD, Marks PH, Fu FH, et al: Anterior cruciate ligament reconstruc-
tion: Endoscopic versus two-incision technique. Arthroscopy 10: 502–512,
1994

19. Harter RA, Osternig LR, Singer KM, et al: Long-term evaluation of knee
stability and function following surgical reconstruction for anterior cruciate
ligament insufficiency. Am J Sports Med 16: 434–443, 1988

20. Howell SM, Taylor MA: Brace-free rehabilitation, with early return to
activity, for knees reconstructed with a double-looped semitendinosus and
gracilis graft. J Bone Joint Surg 78A: 814–825, 1996

21. Jackson DW, Grood ES, Goldstein JD, et al: A comparison of patellar
tendon autograft and allograft used for anterior cruciate ligament recon-
struction in the goat model. Am J Sports Med 21: 176–185, 1993

22. Linclau L: Measuring patellar height. Acta Orthop Belg 50: 70–74, 1984
23. Mangine RE, Noyes FR, DeMaio M: Minimal protection program: Ad-

vanced weight bearing and range of motion after ACL reconstruction—
Weeks 1 to 5. Orthopedics 15: 504–515, 1992

24. Marder RA, Raskind JR, Carroll M: Prospective evaluation of arthroscopi-
cally assisted anterior cruciate ligament reconstruction. Patellar tendon
versus semitendinosus and gracilis tendons. Am J Sports Med 19: 478–
484, 1991

25. Markolf KL, Burchfield DM, Shapiro MD, et al: Biomechanical conse-
quences of replacement of the anterior cruciate ligament with a patellar
ligament allograft. Part II: Forces in the graft compared with forces in the
intact ligament. J Bone Joint Surg 78A: 1728–1734, 1996

26. Noyes FR, Barber SD: The effect of a ligament-augmentation device on
allograft reconstructions for chronic ruptures of the anterior cruciate liga-
ment. J Bone Joint Surg 74A: 960–973, 1992

27. Noyes FR, Barber SD, Mooar LA: A rationale for assessing sports activity
levels and limitations in knee disorders. Clin Orthop 246: 238–249, 1989

28. Noyes FR, Barber-Westin SD: Anterior cruciate ligament reconstruction
with autogenous patellar tendon graft in patients with articular cartilage
damage. Am J Sports Med 25: 626–634, 1997

29. Noyes FR, Barber-Westin SD: A comparison of results in acute and
chronic anterior cruciate ligament ruptures of arthroscopically assisted
autogenous patellar tendon reconstruction. Am J Sports Med 25: 460–
471, 1997

92 Barber-Westin et al. American Journal of Sports Medicine



30. Noyes FR, Barber-Westin SD: A comparison of results of arthroscopic-
assisted anterior cruciate ligament reconstruction between worker’s com-
pensation and noncompensation patients. Arthroscopy 13: 474–484,
1997

31. Noyes FR, Barber-Westin SD, Roberts CS: Use of allografts after failed
treatment of rupture of the anterior cruciate ligament. J Bone Joint Surg
76A: 1019–1031, 1994

32. Noyes FR, Butler DL, Paulos LE, et al: Intra-articular cruciate reconstruc-
tion. I: Perspectives on graft strength, vascularization, and immediate
motion after replacement. Clin Orthop 172: 71–77, 1983

33. Noyes FR, DeMaio M, Mangine RE: Evaluation-based protocols: A new
approach to rehabilitation. Orthopedics 14: 1383–1385, 1991

34. Noyes FR, Grood ES, Cummings JF, et al: An analysis of the pivot shift
phenomenon. The knee motions and subluxations induced by different
examiners. Am J Sports Med 19: 148–155, 1991

35. Noyes FR, Wojtys EM, Marshall MT: The early diagnosis and treatment of
developmental patella infera syndrome. Clin Orthop 265: 241–252, 1991

36. O’Brien SJ, Warren RF, Wickiewicz TL, et al: The iliotibial band lateral
sling procedure and its effect on the results of anterior cruciate ligament
reconstruction. Am J Sports Med 19: 21–25, 1991

37. O’Neill DB: Arthroscopically assisted reconstruction of the anterior cruci-
ate ligament. A prospective randomized analysis of three techniques.
J Bone Joint Surg 78A: 803–813, 1996

38. Paschal SO, Stone KR, Steadman JR: Changes in knee stability after
bone-patellar tendon-bone graft anterior cruciate ligament reconstruction
and iliotibial band tenodesis. Am J Knee Surg 4: 173–185, 1991

39. Rosen MA, Jackson DW, Berger PE: Occult osseous lesions documented
by magnetic resonance imaging associated with anterior cruciate ligament
ruptures. Arthroscopy 7: 45–51, 1991

40. Shelbourne KD, Gray T: Anterior cruciate ligament reconstruction with
autogenous patellar tendon graft followed by accelerated rehabilitation. A
two- to nine-year followup. Am J Sports Med 25: 786–795, 1997

41. Shelbourne KD, Klootwyk TE, Wilckens JH, et al: Ligament stability two to
six years after anterior cruciate ligament reconstruction with autogenous
patellar tendon graft and participation in accelerated rehabilitation pro-
gram. Am J Sports Med 23: 575–579, 1995

42. Shelbourne KD, Nitz P: Accelerated rehabilitation after anterior cruciate
ligament reconstruction. Am J Sports Med 18: 292–299, 1990

43. Wroble RR, VanGinkel LA, Grood ES, et al: Repeatability of the KT-1000
arthrometer in a normal population. Am J Sports Med 18: 396–399, 1990

Vol. 27, No. 1, 1999 AP Knee Displacements after ACL Reconstruction 93


