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Abstract Bone tunnel enlargement after ACL recon-
struction has been described extensively in adults. How-
ever, little is known about this phenomenon in patients
with open growth plates. Thus, the goals of the current
study were to evaluate changes in bone tunnel size in
patients with open growth plates after transphyseal ACL
reconstruction with suspensory fixation and to correlate
tunnel size with clinical outcome after medium-term
follow-up. Fourteen patients with open growth plates were
included that underwent primary transphyseal ACL
reconstruction using hamstrings autografts and suspensory
fixation. Mean follow-up time was 7 years. At the time of
follow-up, MRIs of the operated knee were performed, and
outcome was assessed using KOS-ADLS, Lysholm score,
IKDC Subjective Knee Form score, Knee Examination
Form score, and KT-1000 measurements. On MRI, the
cross-sectional area of the bone tunnels was assessed using
special axial cuts perpendicular to the axes of the tunnels.
Two orthopaedic surgeons and two radiologists analysed
the MRIs. Change in bone tunnel size from surgery to
follow-up was calculated. No significant changes in bone
tunnel size from surgery to follow-up were found.
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Regarding outcome measures, KOS-ADLS averaged 95%,
Lysholm Score averaged 96 points, IKDC Subjective Knee
Form averaged 95%, IKDC Knee Examination Form
scores were 8A, 5B, 1C, and KT-1000 measurements
averaged 1.8 £ 1.4 mm. No significant correlations were
found between tunnel size at follow-up and outcome
measures. Based on our study, bone tunnel enlargement
does not occur in patients who have open growth plates and
undergo ACL reconstruction using suspensory fixation.
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Introduction

In patients with open growth plates, a controversy still
exists on the best treatment choice for torn anterior cruciate
ligaments (ACL) [24]. Clinical studies have shown poor
outcome in conservative treatment of ACL injuries in
children and adolescents. Thus, early reconstruction may
be recommended in these patients [27, 36]. Several surgical
techniques were initiated, e.g. primary sutures, extra-
articular tenodesis, transphyseal reconstructions, partial
transphyseal reconstructions, and physeal sparing recon-
structions [19, 22]. The fixation technique of the graft is
crucial to prevent growth disturbances. Fixation hardware
or bone plugs in the bone tunnel should not bridge the
growth plate, and the bone tunnels should be filled with
tendon across the growth plate [29, 39, 44]. Based on these
findings, suspensory graft fixation may be recommended
today [26, 43]. However, radiological studies in adults
revealed a higher predisposition of bone tunnel enlarge-
ment in patients with suspensory graft fixation compared to
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aperture graft fixation [3, 32]. These studies in adults did
not find a correlation between tunnel enlargement and
clinical outcome, but bone tunnel enlargement after ACL
reconstruction has been suggested to play an important role
for revision ACL surgery, which is necessary in about 8%
of patients after ACL reconstruction [47]. The purpose of
the current study was to evaluate the change in bone tunnel
size in patients that underwent transphyseal ACL recon-
struction with open growth plates and suspensory graft
fixation, and to correlate tunnel size with clinical outcome
after medium-term follow-up. Towards this end we
hypothesized that in patients with open growth plates and
suspensory graft fixation, (1) bone tunnel enlargement
occurs after a medium-term follow-up, and (2) bone tun-
nel size does not correlate with clinical outcome after a
medium-term follow-up.

Methods
Patient selection

Fourteen patients with a mean age of 14.4 years (median
14.5 years, range 11-16 years) at the time of surgery were
included that underwent primary transphyseal ACL recon-
struction. Radiologically, all patients had open distal fem-
oral and proximal tibial growth plates corresponding to
Tanner stage 2 and 3 [12]. Patients with combined ligament
injuries, fractures, and without any growth between time of
surgery and follow-up were excluded. The mean time from
injury to surgery was 7.6 months (median 5 months, range
6 days to 39 months). The fourteen patients included six
girls and eight boys, with three right and eleven left knees
affected. The average time of follow-up was after 7 years
(median 8.3 years, range 23-133 months). The patients
grew on average 0.08 m (median 0.04 m, interquartile range
0.02-0.07 m) from surgery to follow-up. Two patients
underwent bilateral ACL reconstructions. One patient had
open growth plates at the time of both surgeries and the other
patient had open growth plates only during the first surgery.
In this second patient, only the knee with open growth
plates at the time of surgery was included. The Ethical
Committee of the Otto-von-Guericke University Magdeburg
approved this study (#78-2006). All patients signed
informed consent.

Operative technique

Primary arthroscopic single-bundle ACL reconstruction
was performed in all patients. Both tibial and femoral
tunnels were drilled across the growth plate similar to the
transtibial technique in adults. In one patient the graft was
passed over-the-top at the femoral side; thus, no femoral
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bone tunnel measurements were performed. Hamstring
autografts were used in all cases (Table 1), and suspensory
tibial and femoral fixation was applied. Endobutton™
(Smith&Nephew, St. Petersburg, USA) fixation was used at
the femoral site, and staples or sutures around a post were
used at the tibial side. In addition to the ACL reconstruc-
tion, one lateral and two medial menisci were repaired, and
one lateral meniscus was partially resected. Postopera-
tively, patients underwent full weight bearing, bracing with
full extension, and a limited knee flexion to 90° continu-
ously for 6 weeks. No complications were noted after
surgery.

Bone tunnel measurements

In order to assess the size of the bone tunnels at follow-up,
knee MRIs with special cuts were performed at the time of
follow-up (1.5 Tesla scanner, Siemens, Erlangen, Germany).
Slice thickness was 4 mm. T1-SE sequences were done with
special axial cuts strictly perpendicular to the axes of the
bone tunnels (Fig. 1). These perpendicular cuts were chosen
to standardize the measurements, to measure the tunnel size
independently from the drill angle, and to make the mea-
sured tunnel size comparable to the drill bit size that was
used during surgery. At these special cuts, the size of the
bone tunnels was measured at two different locations: (1) at
the bone tunnel aperture and (2) 1 cm deep to the aperture
(Fig. 2) [6]. Thus, the tunnel size at the aperture and at 1 cm
tunnel depth was measured strictly perpendicular to the axes
of the tunnels.

At the above-mentioned locations, the widest tunnel
diameter (1. diameter) and the diameter strictly perpen-
dicular to the widest diameter (2. diameter) were
measured (Fig. 2). Thereafter, the cross-sectional area
(CSA) was calculated by using an ellipse model
(A = 7 x diameterl x diameterZ). The change in tunnel
size from surgery to follow-up was calculated by sub-
tracting the tunnel size calculated using the MRI mea-
surements from the drill bit size that was reported in the
surgical notes.

Clinical outcome

To assess clinical outcome, Knee Outcome Survey-Activ-
ities of Daily Living Scale (KOS-ADLS) [4, 15], Lysholm

Table 1 Choice of autografts

Grafts Number of patients

Semitendinosus—two strands
Semitendinosus—four strands
Semitendinosus/Gracilis—each two strands
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Fig. 1 T1 MRI special transverse cuts strictly perpendicular to the
axes of the bone tunnels were used to measure the diameters of the
tibial and femoral tunnels. These special cuts were obtained using
coronal and sagittal sequences as orientation. a Coronal sequence

with drawn lines of positions of special transverse cuts. b Sagittal
sequence with drawn lines of positions of special transverse cuts.
¢ Special transverse cut strictly perpendicular to the tibial bone tunnel

Fig. 2 Measuring points of tibial bone tunnel diameter at the entrance and at a depth of 1 cm (a, b) achieving the widest diameter and the

diameter strictly perpendicular to it (c)

Score [45], and International Knee Documentation Com-
mittee (IKDC) Subjective Knee Form [14] were completed
by the patients at follow-up. Clinical examination included
the IKDC Knee Examination Form, and to further quantify
the anterior knee laxity, KT-1000 arthrometer measure-
ments were performed (134 N; MEDmetric Corp.,
San Diego, USA).

Statistical analysis
Wilcoxon signed ranks test was used to evaluate whether

or not there was a statistical difference in tunnel CSA
from surgery to follow-up. Spearman’s rank correlation

coefficients were calculated to investigate the correlation
between bone tunnel size and clinical outcome. The
intraclass correlation coefficient (ICC) was performed to
rate the reliability, using an absolute agreement and a
two-way random effect model, in which subjects and
raters are considered random effects. A post hoc sample
size estimation was performed (power of 90%). Alpha
level for statistical significance was set at P < 0.05. Data
are given as mean (median, interquartile range) and, if
reasonable, the range is also presented. SPSS 18 (Statis-
tical Product and Service Solutions Inc., IL, USA) and
Stata 11 (StataCorp, TX, USA) were used for statistical
analyses.
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Results

The averaged results of the four observers of the MRI
measurements at follow-up are summarized in Table 2.
The average CSA of the drill bit used during surgery was
43.2 mm? (median 38.5 mm?, interquartile range = 38.5—
50.3 mmz) [average diameter of 7.4 mm (median 7 mm,
interquartile range = 7-8 mm)]. The changes in bone
tunnel sizes from surgery to follow-up are summarized in
Table 3. No significant tunnel size changes were observed
from surgery to follow-up (Table 2). The average ICC was
0.73 £ 0.16. Of note, all ACL grafts were intact at the time
of follow-up.

Regarding clinical outcome, the KOS-ADLS averaged
95% (median 96%, interquartile range 93-100%). In the
subsection “Symptoms,” the average score was 95%
(median 99%, interquartile range 90-100%), while in the
subsection “Activity,” the average score was 95% (median
97%, interquartile range 92-100%). The Lysholm Score
averaged 96 points (median 100 points, interquartile range
93-100 points). Of the 14 subjects, 11 patients were rated
as excellent (>91 points) and three patients as good (84-90
points) according to the Lysholm score. The mean score of
the IKDC Subjective Knee Form was 95 points (median 96
points, interquartile range 92-98 points). The IKDC Knee
Examination Form was categorized eight times as A, five
times as B, and once as C. The subject categorized as C
was done so because of a +-+ (clunk) pivot shift. Despite
this result, this patient scored 97 points on the IKDC
Subjective Knee Form, 100 points in the Lysholm score,
and 91% in the KOS-ADLS.

An average side-to-side difference of 1.8 mm (median
1.5 mm, interquartile range 1-3 mm) was measured with
the KT-1000 arthrometer. All patients demonstrated a

normal range of motion with a mean knee flexion angle of
155.7° (median 160.0°, interquartile range 151.3-165.0°)
and extension angle of 0.4° (median 0.0°, interquartile
range 0.0-0.0°). Clinical evaluation showed no leg
deformity.

No significant correlations were found between the
clinical outcome data (KOS-ADLS, Lysholm score, IKDC
Subjective Knee Form and Knee Examination Form, KT-
1000 measurements) and the CSA of the tibial and femoral
tunnels (Table 4).

Discussion

The most important finding of the current study was that no
significant bone tunnel enlargement was found in patients
with open growth plates and suspensory fixation after
medium-term follow-up. This finding rejected our first
hypothesis. These results contrast findings in adults, where
bone tunnel enlargement after ACL reconstruction has
been extensively described, especially with suspensory
fixated grafts [13, 32, 38, 42].

Different reasons have been given to explain tunnel
enlargement after ACL reconstruction, including mechani-
cal causes such as bungee cord effect and windshield wiper
effect [46], biological causes such as synovial fluid [7] and
inflammatory cytokines in the bone tunnel [48], aggressive
rehabilitation, heat exhaustion because of drilling, and
immune response to the graft [18]. Almost all fixation
techniques and grafts types have been noted to be accom-
panied by the phenomenon of bone tunnel enlargement in
the tibia and femur [32, 38]. However, hamstring grafts
placed in the cancellous bone area and fixed suspensorily
were more likely to develop this phenomenon [9, 38].

Table 2 Bone tunnel size at follow-up [mean (median, interquartile range)]

CSA [mm?]

Widest diameter [mm)] Perpendicular diameter [mm]

46.9 (44.0, 33.1 to 61.5)
43.3 (44.2, 32.1 to 49.6)
40.3 (42.4, 34.0 to 46.8)
33.1 (34.2, 20.1 to 39.2)

Tibia—at aperture
Tibia—at 1 cm depth
Femur—at aperture

Femur—at 1 cm depth

8.2 (8.0, 7.0 to 9.7)
7.9 (8.0, 6.8 to 8.4)
7.8 (7.8, 7.3 to 8.6)
7.1 (7.1, 6.3 to 8.1)

7.1 (7.1, 6.1 to 7.9)
6.9 (7.1, 6.0 to 7.6)
6.4 (6.7, 5.7 to 7.0)
5.8 (5.7, 4.5 to 6.4)

Table 3 Changes in bone tunnel CSA and diameter from surgery to follow-up [mean (median, interquartile range)]

CSA [mmz] 1. diameter [mm] 2. diameter [mm] P-value
Tibia—at aperture 3.8 (2.7, —7.7 to 13.6) 0.9 (0.8, 0.0 to 2.2) —0.3 (—0.3, —1.2 t0 0.3) 0.49
Tibia—at 1 cm depth 0.2 (—19, —6.3t0 5.4) 0.5 (0.4, 0.0 to 0.9) —0.4 (—0.7, —1.1 to 0.3) 0.73
Femur—at aperture —3.9(-5.4, 14910 7.5) 0.5 (0.5, —0.6 to 1.6) —1.0 (—1.1, —2.2 t0 0.2) 0.31
Femur—at 1 cm depth —11.1 (—14.1, —24.4 to 1.8) —-0.3(-0.3, —1.3t0 1.1) —1.6 (—1.8, —2.6 to —0.6) 0.09

The P-value shows whether the tunnel size (CSA) was significantly different from surgery to follow-up (o < 0.05)
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Table 4 Correlations between tunnel size and clinical outcome data

KT-1000 IKDC subjective Lysholm KOS-ADLS IKDC knee
knee form score examination form
CSA at tibial tunnel aperture Spearman’s p 0.143 0.299 0.339 —0.029 0.183
Sig. (2-tailed) 0.658 0.298 0.236 0.922 0.532
CSA at tibial 1 cm tunnel depth Spearman’s p 0.051 0.483 0.464 0.085 0.103
Sig. (2-tailed) 0.874 0.080 0.095 0.773 0.727
CSA at femoral tunnel aperture Spearman’s p 0.328 0.103 0.045 —0.221 0.517
Sig. (2-tailed) 0.324 0.739 0.884 0.468 0.071
CSA at femoral 1 cm tunnel depth Spearman’s p 0.063 —0.379 —-0.272 —0.448 0.540
Sig. (2-tailed) 0.854 0.201 0.369 0.124 0.057

The increased bone tunnel enlargement after ACL recon-
struction using suspensory fixation might be because of
increased graft motion in the bone tunnel. This increased
graft motion would explain the findings of a cadaveric study
that showed more anterior-posterior translation and internal
rotation with suspensory fixation compared to aperture
fixation [16].

However, bone tunnel enlargement increases in vivo
through the first 6 months post surgery, and afterwards it
decreases slightly without reaching initial tunnel size
[6, 35]. In contrast to these findings in adults, in the
current study bone tunnel enlargement was not found and
one reason might be the high potential of bone growth in
patients with open growth plates compared to adults
[30, 41].

To evaluate the possible correlation between the tunnel
size at follow-up and the clinical outcome, well-known
outcome measures were used such as the Lysholm score,
KOS-ADLS, IKDC Subjective Knee Form and Knee
Examination Form, and KT-1000. The results of the
questionnaires and the IKDC Knee Examination Form
were similar to other studies evaluating the outcome of
ACL reconstruction in patients with open growth plates
[1, 10, 20, 22, 28, 31, 40] and slightly superior compared to
most of the results in adults [2, 5]. The KT-1000
arthrometer measurements showed an increased antero-
posterior knee laxity of 2 mm in the operated knee, which
is similar to studies in immature patients regardless of
physeal sparing or partial transphyseal techniques [1, 11].
As in previously published adult studies, no significant
correlations were found between the above-mentioned
outcome measures and the tunnel size at follow-up in our
patients with open growth plates. These results confirmed
our second hypothesis. This may have occurred because
tunnel size does not affect outcome, or the study may not
have contained a sufficient number of subjects to detect a
correlation. Additionally, the assessment forms have not
been validated for children and adolescent yet; thus, it

remains questionable whether the results of subjective
assessments of children, adolescents, and adults are com-
parable [37].

In addition to the above-mentioned standard outcome
measures, growth disturbances and leg malalignment are
important aspects for the outcome of patients with open
growth plates after ACL reconstruction. In the current
study, none of these complications were observed despite
drilling across the growth plates. This might be due to
suspensory fixation without bridging the growth plate with
hard fixation devices, appropriate drill bit sizes, and
appropriate graft tensioning. Previous studies have descri-
bed growth disturbances caused by hard fixation devices
(e.g. bone plugs or screws) that crossed the growth plate
[21, 23, 25]. Additionally, animal studies found unfilled
bone tunnels [39], graft tensioning with high loads [8, 34],
and bone tunnels through the growth plate that exceeded a
certain size as causes for growth disturbances [33]. The
critical size of the bone tunnel relative to the growth plate
to avoid growth disturbances was reported as 13% of the
transverse diameter (medial-to-lateral width) and 3% of the
CSA. Studies in animals and humans that respected
the above-mentioned findings did not find growth distur-
bances after transphyseal ACL reconstruction [17, 39, 40].
Thus, based on our experience and the experiences of
others [22], it seems to be sufficient to use a transphyseal
technique and a suspensory fixation for ACL reconstruction
in patients with open growth plates and Tanner stage 2-3.

This study has some limitations. Regarding the mea-
surement of the bone tunnel size, CT scans would be
superior, but high exposure to roentgen radiation causes
ethical difficulties. However, MRI was found useful in
other studies evaluating bone tunnel diameter [7].
Furthermore, bone tunnel size at surgery was recorded
from the surgical notes, which has been also the standard
method in several previously published studies. Addition-
ally, a recent CT study showed that the drill bit size used
during surgery is almost similar to the size of the bone
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tunnel measured immediately after surgery [13]. Moreover,
no control group with another treatment option was
established. However, a control group may not be neces-
sary because tunnel size at follow-up was compared to
tunnel size at the time of surgery. Our sample size is
limited; however, patients with open growth plates at the
time of ACL reconstruction are rare and our post hoc
sample size analysis revealed that up to 10,370 patients
would be necessary to find a significant difference in bone
size from surgery to follow-up. Nevertheless, to our
knowledge this was the first study evaluating bone tunnel
size change in combination with a clinical assessment
using transphyseal tunnel drilling after a mean follow-up
time of 7 years.

Conclusions

Bone tunnel enlargement was not observed in patients with
open growth plates that underwent ACL reconstruction
using suspensory fixation and thus, there might be a
decreased concern in revision surgeries about tunnel
enlargement in these patients. Additionally, there did not
seem to be a correlation between clinical outcome and
tunnel size in these patients.
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