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ABSTRACT

Magnetic resonance imaging has been used to deter-
mine graft integrity and study the remodeling process
of anterior cruciate ligament grafts morphologically in
humans. The goal of the present study was to compare
graft signal intensity and morphologic characteristics
on magnetic resonance imaging with biomechanical
and histologic parameters in a long-term animal model.
Thirty sheep underwent anterior cruciate ligament re-
construction with an autologous Achilles tendon split
graft and were sacrificed after 6, 12, 24, 52, or 104
weeks. Before sacrifice, all animals underwent plain
and contrast-enhanced (gadolinium-diethylenetriamine
pentacetic acid) magnetic resonance imaging (1.5 T,
proton density weighted, 2-mm sections) of their oper-
ated knees. The signal/noise quotient was calculated
and data were correlated to the maximum load to
failure, tensile strength, and stiffness of the grafts. The
vascularity of the grafts was determined immunohisto-
chemically by staining for endothelial cells (factor VIII).
We found that high signal intensity on magnetic reso-
nance imaging reflects a decrease of mechanical prop-
erties of the graft during early remodeling. Correlation
analyses revealed significant negative linear correla-

tions between the signal/noise quotient and the load to
failure, stiffness, and tensile strength. In general, cor-
relations for contrast-enhanced measurements of sig-
nal intensity were stronger than those for plain mag-
netic resonance imaging. Immunohistochemistry
confirmed that contrast medium enhancement reflects
the vascular status of the graft tissue during remodel-
ing. We conclude that quantitatively determined mag-
netic resonance imaging signal intensity may be a
useful tool for following the graft remodeling process in
a noninvasive manner.

Magnetic resonance imaging is widely accepted as the imag-
ing procedure of choice for depicting internal derangements
of the knee joint, especially for allowing accurate evaluation
of tears of the native ACL.31,33,37,44,46,51,52 Although the
use of MRI to diagnose ACL ruptures is well established,
several clinical studies have reported vastly different data on
graft visibility and the prediction of graft integrity using
MRI scans with plain and gadolinium-diethylenetriamine
pentacetic acid (Gd-DTPA) enhanced imaging after ACL re-
construction or repair.1,3,11,15,16,20,22–24,34,38–40,45,49,50,53,58

However, this may be due to different imaging techniques,
different reconstructive procedures, and the possible effect
of graft impingement by the intercondylar roof.19,21,22 In
the past, only a few studies have investigated ACL graft
maturation by the use of MRI in humans.4,20,23,48,54 The
objective of these studies was to use MRI to follow the
graft remodeling process in humans in a noninvasive way.
But no data exist that correlate MRI findings, such as
signal intensity or signal homogeneity of the graft, with
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biomechanical or histologic parameters during early and
late graft remodeling.

We performed a 2-year animal study to evaluate the fate
of an ACL graft with MRI, biomechanical testing, and
histologic evaluation to answer the following research
questions: 1) Do changes in MRI signal intensity reflect
the process of graft remodeling as determined by biome-
chanical and histologic parameters? 2) Do quantitative
MRI parameters, such as signal intensity, predict biome-
chanical graft properties? 3) Does the infusion of Gd-
DTPA improve visibility of the graft on MRI? and 4) Does
the degree of contrast medium enhancement reflect graft
vascularity on MRI?

MATERIALS AND METHODS

Study Design and Operative Procedure

Thirty skeletally mature female merino sheep were used
in this study. The animals underwent replacement of the
ACL in the left hindlimb using an Achilles tendon split
graft with biodegradable interference screw fixation. All
animals were screened to ensure good physical condition.
All procedures were performed with permission of the
local governmental animal rights protection authorities in
accordance with the National Institutes of Health guide-
lines for the use of laboratory animals.

Five groups were assigned and animals were sacrificed
at 6, 12, 24, 52, or 104 weeks. Each group consisted of six
specimens. For biomechanical testing, 12 contralateral
knees with intact ACLs served as control specimens. Ten
contralateral reconstructed knees and 12 Achilles tendon
split grafts were tested as time zero controls. Testing of
contralateral knees was performed after sacrifice. Before
the animals were sacrificed, MRI scans of the operated left
knees were taken in all animals. For control, MRI scans of
the nonoperated contralateral right knees were obtained
in six animals of the 6-week group.

Anesthesia was induced intravenously with thiopental
sodium. After the animal was intubated, anesthesia was
maintained with isoflurane and nitrous oxide. The left
hindlimb was shaved and prepared in the standard sterile
fashion. The calcaneus communis tendon was exposed
through a posterolateral skin incision, and the Achilles
tendon was carefully separated from the flexor digitorum
longus tendon. Half of the Achilles tendon, 7.5 cm in
length, was sharply dissected. The incision was closed in
layers using polyglactin and polyamidic sutures. Number
2 Ethibond sutures (Ethicon, Inc., Somerville, New Jer-
sey) were passed through both ends of the Achilles tendon
graft in a modified Bunnel stitch, and the graft was then
kept moist in saline-soaked gauze.

The knee joint was exposed through an anteromedial
incision. The patella was displaced laterally, the infrapa-
tellar fat pad was sharply separated, and the plica syno-
vialis and the ACL were exposed and removed. To avoid
the use of a drill guide, we drilled a 6-mm tunnel at the
original tibial insertion site of the ACL from inside to
outside with the knee in 90° of flexion. The tunnel was
then enlarged by dilatation with a 7-mm dilator, and the

cortical bone at the tunnel entrance was carefully cham-
fered to a diameter of approximately 8 mm. With the knee
in maximum flexion, the femoral tunnel was created in
the 1-o’clock position in the same fashion, leaving approx-
imately 2 mm of the dorsal femoral cortex. The graft was
then inserted via the holding sutures using a Beath pin.

The biodegradable interference screw consisted of poly-
(D,L-lactide) (Sysorb, Sulzer Orthopedics Ltd., Baar, Swit-
zerland). A biodegradable interference screw was chosen
because the use of these implants has recently gained
favor for direct soft tissue graft fixation and because they
allow for undistorted MRI.5,10,36,47,55,57

With the graft tensioned from both sides, the first in-
terference screw was inserted in the femoral tunnel. The
knee was then taken through 10 full ranges of motion
under 90 N of graft pretensioning using a tensiometer
(Sulzer Orthopedics Ltd.). The tibial screw was inserted in
an inside-out direction at 90° of flexion under pretension
with 90 N. Finally, graft impingement at the intercondy-
lar roof was carefully checked with a probe with the knee
in full extension. The incision was closed using polyglactin
and polyamidic sutures. The animals were then returned
to their cages and were allowed to bear full weight
immediately.

MRI Protocols

Before sacrifice, all animals were anesthesized and intu-
bated using thiopental sodium intravenously so that MRI
scans could be made in vivo. The MRI scans were per-
formed using a 1.5-T super-conducting magnet (Siemens
Magnetom 63 SP, Siemens AG, Erlangen, Germany) with
a dedicated surface coil (Siemens AG). Imaging was con-
fined to 2-mm thick oblique (10° to 15°), sagittal sections
centered about the intercondylar region of the knee in 90°
of flexion. Proton density-weighted images were acquired
with the standard spin-echo technique (1000 msec repeti-
tion time and 20 msec echo delay time). After intravenous
infusion of 0.1 mmol/kg bodyweight Gd-DTPA (Prohance,
Byk Gulden, Konstanz, Germany), image acquisition was
repeated. Encoding and reconstruction was performed
with the standard two-dimensional Fourier transforma-
tion technique, using a 256 � 256 matrix.

To quantitatively determine normalized signal intensity of
the graft the signal/noise quotient (SNQ) was calculated48:

SNQ �
signal�ACL-graft� � signal�PCL�

signal�background�

Circular 5-mm diameter regions of interest were evalu-
ated at the midsubstance of the graft and close to the
femoral and tibial insertion sites (Fig. 1). The PCL signal
was measured with the region of interest placed in the
midsubstance part of the ligament. For background meas-
urements, the region of interest was placed approximately
2 cm anterior to the patellar tendon. Each measurement
was performed three times and the average was recorded.
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Mechanical Testing

At 6, 12, 24, and 104 weeks, six specimens were included
in each group, and in the 52-week group, five specimens
were included in the final evaluation. In the 52-week
group one specimen had to be excluded. All animals par-
tially loaded their left hindlimb immediately after surgery
and attained a normal gait within the first 2 weeks. Ar-
throtomy and tendon harvest sites healed without any
complications in all animals.

Animals were sacrificed with an overdose of potassium
chloride and thiopental sodium. The knees were harvested
and wrapped in saline-soaked gauze and stored at �20°C
until testing. Twelve hours before testing, the knees were
thawed at 4°C. The tibial and femoral bone ends were
cleaned of all remaining soft tissue and were embedded in
aluminum cylinders using polymethyl methacrylate. All
capsuloligamentous structures and the menisci were re-
moved, leaving only the ACL graft. During all prepara-
tions and testing, specimens were kept moist with saline
spray.

The tendon cross-sectional area was determined using
an area micrometer (Mitutoyo Inc., Sakato, Japan) and a
force transducer (�0.1 N). To access the graft with differ-
ent sized slots, the medial femoral condyle was resected.
Each measurement was performed three times at the mid-
substance portion of the graft at a force of 4.5 N and the
average was recorded.

For biomechanical testing, specimens were mounted to
a custom-made adjusting device that allows free rotation
of the construct in different flexion angles.12,56 The ACL
graft was carefully aligned parallel to the axis of the
applied load in 60° of flexion. A preload of 1 N was applied
and a load-to-failure test was performed at a displacement
rate of 1 mm/sec. Stiffness and maximum load to failure
were calculated from the load-displacement curve, and
failure modes were recorded.

In addition to testing the reconstructed knees as time
zero control specimens, 12 Achilles tendon split grafts
were harvested from the contralateral limb to determine
the structural properties of the graft tissue at time zero.
After the cross-sectional area was determined,17 the
Achilles tendons were attached to a cryo-clamping device
leaving a free tendon length of 3 cm between the clamps.
The tendon ends were secured with blunt clamps and were
deep frozen with dry ice. A preload of 5 N was applied, and
specimens were then loaded until failure with a displace-
ment rate of 1 mm/sec.

Immunohistochemistry

To determine the vascular status of the ACL graft, sam-
ples of approximately 5 mm were taken from the midsub-
stance of the graft and fixed in 5% formalin for 48 hours at
room temperature. Because most grafts failed close to the
femoral or tibial insertion sites during mechanical testing,
an undisturbed midsubstance histologic evaluation was
possible in all except two specimens. Samples were sliced
into longitudinal sections and cross sections. Thereafter,
specimens were dehydrated and embedded in paraffin.
Four-micrometer thick sections were cut and mounted on
slides coated with 3% silane (Sigma Chemical, St. Louis,
Missouri). The paraffin was extracted and sections were
rehydrated. Epitopes were unmasked by pretreating sec-
tions with 0.1% protease (Protease, Type XIV: Bacterial,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) for
10 minutes at 37°C. Nonspecific binding of primary anti-
body was avoided by blocking sections with 10% normal
horse serum (Vector Laboratories Inc., Burlingame, Cali-
fornia). To detect endothelial cells of blood vessels, speci-
mens were incubated overnight at 4°C with antihuman
factor VIII (rabbit antihuman von Willebrandt factor,
1:200, Dako A/S, Glostrup, Denmark). After being rinsed
in tris-buffered saline, tissues were incubated with biotin-
ylated horse antirabbit IgG secondary antibody (Vector
Laboratories Inc.) for 30 minutes at room temperature.
Slides were again immersed in tris-buffered saline, after
incubation for another 50 minutes with an avidin-biotin
complex (ABC kit; Vector Laboratories Inc.) with alkaline
phosphatase as a reporter enzyme. Staining was visual-
ized using Neufuchsin as a chromogen. Cell nuclei were
counterstained with methylen-green.

For conventional light microscopy, specimens were em-
bedded in paraffin and stained with Masson-Goldner
trichrome stain and hematoxylin and eosin.

Figure 1. Oblique, sagittal MRI scan of an operated left
knee showing the positions of the femoral, midsubstance,
and the tibial regions of interest for signal intensity
measurements.

Vol. 29, No. 6, 2001 MRI Predicts Tensile Strength and Vascularity of ACL Graft 753



Data Analysis

Biomechanical parameters and signal/noise quotient data
were analyzed for equal distribution with the Kolmogoroff-
Smirnov test. Because a nonparametric distribution was
found, unpaired comparisons between the control groups
and changes between the groups over time were performed
using the Mann-Whitney U Wilcoxon rank sum test. Com-
parisons between scans before and after infusion with Gd-
DTPA were made with the Wilcoxon test. The functional
relationship between maximum load to failure, stiffness, and
tensile strength and the signal/noise quotient data of the
graft was determined using Spearman-Rho correlation anal-
ysis (� � 0.05). The probability level was set at P � 0.05.

RESULTS

Gross inspection of the knee joints at harvest showed that
all grafts were covered by an intact synovial membrane
with mild inflammatory changes, hypervascularization,
and thickened synovial tissue. These changes were maxi-
mally pronounced at 6 weeks, but could not be detected at
all after 12 weeks.

Biomechanics

Cross-sectional area measurements showed no significant
difference between the graft at the time of reconstruction,
the intact ACL, and the contralateral harvested graft for
time-zero tensile testing (Table 1). Cross-sectional area
decreased from time zero (24.4 � 3.6 mm2) to 6 weeks
(18.9 � 8.6 mm2) (P � 0.041), indicating graft atrophy,
whereas at 12 weeks the graft showed signs of hypertro-
phy (37.5 � 7.5 mm2) (P � 0.003) (Table 1).

All specimens at time zero failed by graft pullout from
the tibial or femoral tunnel, whereas all specimens at 6
weeks failed at midsubstance. In the 6-week group, two
specimens failed at the midsubstance portion of the graft
and four near the femoral or tibial insertion sites. Failure
mode after 12, 24, 52, and 104 weeks was osteocartilagi-
nous avulsion at the tibial or femoral insertion site. At 104
weeks, two specimens failed in midsubstance and the re-
maining four by avulsion at the tibial insertion. Intact

contralateral ACLs failed either at midsubstance near the
insertion sites or by femoral bony avulsion.

The mean tensile strength of the Achilles tendon split
graft (39.8 � 7.8 MPa) was 74.1% of that of the intact ACL
(53.6 � 13.6 MPa). The maximum load to failure of the
time-zero reconstruction (267 � 82 N) was 17.6% of the
intact ACL (1513.3 � 180.3 N). After 52 weeks, the mean
tensile strength (25.4 � 10.8 MPa) reached 63.8% and
47.3% that of the Achilles tendon split graft and the intact
ACL, respectively, and a maximum load to failure
(684.9 � 252.8 N) of 61.2% and 44.7%, respectively (Table
1). In contrast, the mean maximum load to failure was
256.5% as opposed to the time-zero reconstruction. At 6
weeks tensile strength reached only 6.8% of the Achilles
tendon split graft (2.7 � 0.9 MPa) (Table 1). All tensile
strength and maximum load-to-failure values between
time zero and 104 weeks were significantly different from
the Achilles tendon split graft and the intact ACL. All
stiffness values between time zero and 52 weeks were
significantly lower compared with the intact ACL (Table
1). At 6 weeks, stiffness of the graft was significantly
lower than that of the time-zero femur-graft-tibia complex
(14.4 � 5.5 N/mm versus 41.2 � 13 N/mm), and at 104
weeks stiffness values were significantly higher (99.5 � 50
N/mm) (Table 1). All biomechanical data at 104 weeks
were not significantly different from those at 52 weeks.

MRI and Histologic Findings

Six-Week Group. At 6 weeks, signal intensity of the graft
was inhomogeneously distributed with hypo- and hyper-
intense areas (Fig. 2). Conventional light microscopy at
that time showed zones of hypocellular nonremodeled
graft tissue directly adjacent to hypercellular and hyper-
vascularized reparative tissue invading the former graft
tissue in columns (Fig. 3). Graft visibility on plain MRI
scans was poor, but the infusion of Gd-DTPA led to a
distinct contrast enhancement at the ventral synovial
sheet surrounding the graft (Fig. 2). Factor VIII immuno-
histochemistry showed a distinct hypervascularity of the
thickened synovial membrane and the subsynovial graft
tissue, with only an inhomogeneously distributed and spo-
radic vascularized central part of the graft (Fig. 3).

TABLE 1
Results of Biomechanical Testing a

Time after surgery
(weeks)

Maximum load to
failure (N)

Stiffness
(N/mm)

Cross-sectional
area (mm2)

Tensile strength
(MPa)

0 (N � 10) 267 � 82b,c 41.2 � 13b 24.4 � 3.6 —
6 (N � 6) 44.8 � 4b,c,d 14.4 � 5.5b,d 18.9 � 8.6b,c 2.7 � 0.9b,c

12 (N � 6) 237.8 � 59.8b,c 51.2 � 11.2b 37.5 � 7.5 6.3 � 1.1b,c

24 (N � 6) 313.8 � 164.4b,c 58.6 � 25.9b 29.5 � 9.8c 10.1 � 2.8b,c

52 (N � 5) 684.9 � 252.8b,c,d 90.5 � 30.3b,d 27.8 � 7 25.4 � 10.8b,c

104 (N � 6) 669.7 � 283.3b,c,d 99.5 � 50d 25.3 � 8.7 23.2 � 8.7b,c

ACL (N � 12) 1531.3 � 180.3d 143.9 � 16.1d 35 � 1.8 53.6 � 13.6c

Achilles tendon split
graft (N � 12)

1120.1 � 223.4b,d — 27.9 � 4.9 39.8 � 7.8b

a Data are given as means � standard deviation.
b Significantly different from the intact ACL (P � 0.05); Mann-Whitney U Wilcoxon rank sum test.
c Significantly different from the Achilles tendon split graft (P � 0.05).
d Significantly different from the reconstruction at time zero (P � 0.05).
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Twelve-Week Group. At 12 weeks, signal intensity of the
graft was hyper- to isointense and was homogeneously
distributed compared with the 6-week group. Histologi-
cally, the graft still showed an increased amount of cells,

and the matrix was longitudinally orientated without a
clear distribution into fascicles. Zones of nonremodeled
former graft tissue could not be found at all. Graft visibil-
ity on plain MRI scans was still poor, but Gd-DTPA ap-

Figure 2. A, typical contrast-enhanced oblique sagittal MRI scan of the native ACL. B, at 6 weeks, signal intensity is
inhomogeneously distributed with hypo- and hyperintense signal areas. Note the Gd-DTPA enhancement in the ventral synovial
sheet (arrowheads). C, at 12 weeks there is a homogeneously distributed hyper- to isointense signal. D, at 24 weeks the graft
appears iso- to hypointense. Note the low signal intensity at the tibial insertion site (arrows). E and F, at 52 (E) and 104 (F)
weeks, the graft appears hypointense without any obvious Gd-DTPA enhancement.
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plication led to a homogeneous signal enhancement of the
entire graft (Fig. 2). Factor VIII immunohistochemistry of
the graft tissue showed a uniformly distributed hyper-
vascularization with a markedly decreased vascularity
of the synovial membrane and the subsynovial graft
tissue (Fig. 4).

Twenty-four-Week Group. At 24 weeks, MRI signal in-
tensity was iso- to hypointense. Signal intensity was es-
pecially low at the tibial graft insertion (Fig. 2). Histolog-
ically, the graft tissue was well structured and distributed
into fascicles with a regular crimp (Fig. 5). The cell
amount was markedly reduced compared with the 12-
week group, and cells appeared fusiform (Fig. 5). The graft
was easily visible on native MRI scans without an obvious
improvement in visibility after Gd-DTPA infusion. Immu-
nohistochemistry showed a distinct reduction in vascular-
ity compared with the 12-week group. Vessels were dis-
tributed between graft fascicles. The number of vessels
and their distribution was comparable with that of the
native ACL (Fig. 5).

Fifty-two- and 104-Week Groups. Morphologically, there
was no difference in signal intensity and graft visibility
between 52 and 104 weeks on MRI. At 52 and 104 weeks
the graft appeared well aligned, with a hypointense signal
(Fig. 2). The infusion of Gd-DTPA did not lead to a notable
contrast enhancement of the graft at either time point.
Histologically, the graft tissue appeared comparable with
the native ACL, and immunohistochemistry showed no
further changes in vascularity compared with the 24-week
group.

Changes of Signal/Noise Quotient and Correlation Analysis

The signal/noise quotient of the native ACL and the graft
at 52 and 104 weeks was not significantly different before
and after Gd-DTPA infusion. There was a significant dif-
ference after enhancement at 6, 12, and 24 weeks (P �
0.028) (Fig. 6).

Figure 3. A, graft tissue at 6 weeks shows hypocellular tis-
sue (left) invaded by hypercellular and vascularized repair
tissue (right) (longitudinal section, Masson-Goldner
trichrome stain). B, factor VIII immunohistochemistry shows
a dense vascularized and thickened synovial membrane
(transverse section, factor VIII immunostain). C, a lower
magnification microphotograph shows subsynovial hyper-
vascularity with only some vessels being visible at the central
part of the graft (transverse section, factor VIII immunostain).

Figure 4. Vascularization of the graft tissue at 12 weeks.
The graft is still hypervascular, but vessels are uniformly
distributed over the entire graft cross section (transverse
section, factor VIII immunostain).
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Changes in the signal/noise quotient after Gd-DTPA
infusion over time showed a significantly increased signal
intensity of the graft tissue at 6, 12, 24, and 52 weeks
compared with the native ACL (Fig. 7A). At 104 weeks the
signal/noise quotient was not significantly different from
that of the native ACL. Between 6 and 12 weeks there was

no significant difference, whereas between 12 and 24
weeks the signal/noise quotient decreased significantly
(Fig. 7A). The signal/noise quotient continuously de-
creased up to 104 weeks. Although there was no statisti-
cally significant decrease of signal/noise quotient between
24 and 52 weeks, data between 52 and 104 weeks were
significantly different (Fig. 7A). Changes in the signal/
noise quotient over time without Gd-DTPA enhancement
showed a significantly increased signal intensity of the
graft tissue only at 6 and 12 weeks compared with the
native ACL (Fig. 7B). There was no significant difference
between 6 and 12 weeks, whereas there was a significant
decrease between 12 and 24 weeks (Fig. 7B). The decrease
between 24 and 52 weeks and between 52 and 104 weeks
was not statistically significant.

Correlation analyses revealed significant negative lin-
ear correlation between pre- and postinfusion signal/noise
quotients and all biomechanically determined parameters
(Table 2). The strongest correlations were found between
tensile strength and failure load and signal/noise quotient
and the weakest between stiffness and signal/noise quo-
tient (Table 2). Without contrast enhancement, the stron-
gest correlations were found between load to failure and
tensile strength and the signal/noise quotient measured
close to the tibial insertion site. With Gd-DTPA enhance-
ment, the strongest correlations were found between ten-
sile strength and failure load and the signal/noise quotient

Figure 5. A, graft tissue at 24 weeks shows a normal amount of cells with fusiform fibrocysts (H&E stain, longitudinal section).
B, polarized light microscopy shows a regular crimp pattern (polarized light, longitudinal section). C, factor VIII immunostain at
24 weeks shows reduced vascularity with vessels distributed between fascicles (transverse section, factor VIII immunostain). D,
factor VIII immunostain of the native ACL shows a similar vascularity (transverse section, factor VIII immunostain).

Figure 6. Changes over time in the signal/noise quotient at
midsubstance with and without administration of Gd-DPTA.
Data are given as means � standard deviations. *, significant
difference between pre- and postinfusion with Gd-DTPA (P �
0.05, Wilcoxon test).
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measured at all three measured locations (Table 2). In
general, correlation coefficients between post Gd-DTPA
infusion signal/noise quotient were stronger than those
determined with plain imaging.

DISCUSSION

Our first research question addressed whether changes in
MRI signal intensity reflect the process of graft remodel-
ing as measured by biomechanical and histologic param-
eters. We found that signal intensity on preinfusion MRI
scans was significantly elevated at 6 to 12 weeks. At these
time periods we found the lowest tensile stress of the
graft, equaling only 6.8% and 15.9%, respectively, of that
of the Achilles tendon graft for time-zero tensile testing.
Statistically, at 24, 52, and 104 weeks the signal/noise
quotient was not significantly different from that of the
native ACL. At the same times tensile stress exhibited
25.4%, 63.8%, and 58.5% of that of the Achilles tendon
graft, respectively. These findings indicate that the in-
tense signal increase in MRI reflects the severe decrease
of mechanical properties during the early remodeling. On
the basis of preinfusion MRI scans, it could be concluded
that the return of signal intensity at 24 to 104 weeks may
indicate a certain amount of structural graft restitution.
In contrast to these findings, postinfusion MRI scans
showed that the signal/noise quotient of the native ACL
had returned only at 104 weeks. This observation may
lead to the conclusion that the enhancement of Gd-DTPA
refines MRI by means of more accurately detecting
changes in signal intensity, thus detecting changes of
structural graft properties even during the late
remodeling.

The conventional histologic evaluation of the graft tis-
sue at 6 weeks showed areas of distinctly different orga-
nization. We found areas with well-aligned hypocellular
and hypovascular former graft tissue and areas with hy-
percellular and hypervascular reparative tissue charac-
terized by a disorganized and loose extracellular matrix.
At that time, MRI showed an inhomogeneous signal with
areas of hyperintense and hypointense signal intensity.
An increased signal intensity on proton-weighted MRI
scans is known to represent tissue with an increased wa-
ter content and a high vascularity, especially in contrast-
enhanced imaging.14,30 Thus, it may be reasonable to
assume that the hypointense signal areas in MRI may
represent the former nonremodeled graft tissue and that
the hyperintense signal areas represent the new repara-
tive tissue. Furthermore, changes of MRI signal intensity
over time may represent the maturation process of the
graft, which has been shown to be accompanied by a
reduction in vascularity and water content.23,35,41

Our second research question addressed whether quan-
titative MRI parameters, such as signal intensity, predict
biomechanical graft properties. We found significant neg-
ative linear correlations between all three determined bio-
mechanical parameters and the pre- and postinfusion sig-
nal/noise quotient. In principal, this finding indicates that
quantitatively determined and normalized MRI signal in-
tensity may be useful to predict the graft’s mechanical
properties after ACL reconstruction and may thus be a
tool to quantitatively follow the graft remodeling process
in humans. However, to have a reliable tool to noninva-
sively study graft remodeling in humans, further vari-
ables possibly influencing MRI signal intensity have to be

Figure 7. Changes over time in the signal/noise quotient at
the three different measured locations with (A) and without
(B) Gd-DTPA enhancement. Data are given as means �
standard deviations. Probability levels are given for the mid-
substance location of the signal/noise quotient meas-
urements (*, Mann-Whitney U Wilcoxon rank sum test be-
tween the native ACL and the corresponding study group).

TABLE 2
Results for Spearman-Rho Correlation Analysis (� � 0.05)a

Variable Load to failure Tensile strength Stiffness

Signal/noise quotient
T1 Images

Femoral �0.606 �0.607 �0.466b

Midsubstance �0.658 �0.686 �0.543c

Tibial �0.733 �0.749 �0.592d

Gd-DTPA-enhanced
Images

Femoral �0.736 �0.741 �0.65
Midsubstance �0.711 �0.773 �0.642
Tibial �0.701 �0.741 �0.617

a P � 0.0001 for all except as indicated.
b P � 0.011.
c P � 0.002.
d P � 0.001.
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identified. In the present study, the strongest correlations
were found for contrast-enhanced MRI; therefore, we rec-
ommend use of a contrast medium to further study
changes of signal intensity during graft remodeling over
time. Although signal intensity of the graft tissue at 104
weeks had returned to normal values as compared with
the native ACL, the structural properties of the graft were
still inferior compared with the ACL or the graft tissue at
time zero. Thus, the return to normal signal intensity may
not reflect the graft tissue’s absolute strength values but
may indicate a certain structural restitution by means of
a finished remodeling process.

To our knowledge, only a few studies have serially fol-
lowed the ACL graft remodeling process by quantitatively
determining MRI signal intensity.4,48,54 Stöckle et al.48

followed up 20 ACL reconstructions in humans over a
period of 2 years. The highest signal intensity was found
at 1 year, with only moderately elevated signal intensity
at 3 months and poor graft visibility at up to 2 years. Thus,
Stöckle et al. concluded that MRI after ACL reconstruc-
tion is a poor predictor of graft integrity after ACL recon-
struction. These findings are in contrast to the data of the
present experiment and a clinical study that followed ACL
reconstructions with MRI.23 However, in the study by
Stöckle et al., graft impingement by the intercondylar roof
was not excluded as a factor, although it has been shown
to ultimately influence signal intensity of an ACL graft on
MRI.19,22 In another clinical study, conducted by Bach-
mann et al.,4 74 ACL reconstructions were followed by
quantitative signal intensity measurements for up to 2
years. In this study, the highest signal intensity was
found between 4 and 11 months (approximately twofold
the intensity seen at 1 to 3 months). However, as in the
Stöckle et al. study, graft impingement was not excluded
before MRI. Wacker et al.54 compared patellar tendon and
semitendinosus tendon ACL reconstruction by MRI at 6
weeks and 6 months. They found that the signal increase
in the patellar tendon group at 6 months was significantly
higher compared with the hamstring tendon group, indi-
cating that the graft choice may also influence postopera-
tive changes in MRI signal intensity. However, the au-
thors also found a higher rate of graft impingement in the
patellar tendon group.

Our third research question addressed whether Gd-
DTPA infusion improves graft visibility on MRI. We found
that there were significant differences in quantitatively
determined signal intensity between pre- and postinfusion
MRI scans at 6 to 24 weeks. Morphologically, graft visi-
bility was improved only at 6 and 12 weeks. At 6 weeks
there was a contrast enhancement of the synovial sheet
surrounding the graft, thereby increasing the contrast
between the periligamentous tissue and the graft. Thus, it
could be concluded that contrast-enhanced MRI is superior
to plain imaging to visualize the graft after ACL reconstruc-
tion, especially in the early healing stage. From the clinical
point of view, MRI offers a noninvasive tool for detecting
pathologic changes in the reconstructed ACL, especially the
consequence of a retrauma with respect to graft integrity.
Thus, numerous clinical studies have investigated ACL graft
visualization by MRI.1,3,4,11,15,16,34,38–40,45,46,48–51,53,58

Among these studies, however, there is still controversy
about the applicability of MRI for detecting graft integri-
ty1,11,34,38,45,48,49,51,58 or predicting knee stability.3,4,15,40,53

Our fourth research question addressed whether the
degree of contrast medium enhancement reflects graft
vascularity on MRI. Magnetic resonance imaging com-
bined with Gd-DTPA infusion has been shown to be com-
parable to histologic findings in grading vascularity in the
rheumatoid knee.30 Therefore, Gd-DTPA-enhanced imag-
ing may also allow one to detect the vascular status of
ligament tissue around the knee.23 In fact, we found that
the periligamentous contrast enhancement in MRI at 6
weeks could be explained by the increased vascularity of
the synovial membrane and the subsynovial graft tissue
at 6 weeks compared with the sparse intraligamentous
vascularization found with immunohistochemical vessel
staining. In addition, at 12 weeks there was an intense
and homogeneous postinfusion contrast enhancement of
the graft tissue itself, which may be due to the homoge-
neous vessel distribution in the center of the graft and the
decrease in synovial vascularity. At 24 weeks we found no
increased vascularity of the graft compared with the na-
tive ACL, although there was still a significant signal/
noise quotient difference in pre- and postinfusion MRI
scans. However, a limitation of the present study is that
we did not determine vessel density quantitatively by
means of histomorphometry. Although we found no differ-
ences between pre- and postinfusion signal/noise quotient
at 52 and 104 weeks, there was still an elevated contrast
enhancement at 52 weeks in the grafts compared with the
native ACL. This may be attributable to the fact that
minor structural changes of the graft could still be de-
tected at that time.

Researchers using animal studies have investigated
cruciate ligament autograft and allograft maturation in
the past, and they reported a decrease in strength and
variation in elongation of the graft over the first 9 weeks
with some slight improvement in mechanical properties at
12 weeks.2,6,8,9,13,18,26,28,35,42,59 The knowledge about
the graft remodeling process resulting from these studies
led to clinical recommendations with respect to the reha-
bilitation protocol after ACL reconstruction in humans.
Besides the required protection of an ACL graft until its
osseous incorporation has taken place, rehabilitation pro-
tocols mainly have focused on techniques to avoid over-
straining graft tissue, thus preventing a persistent graft
elongation. However, some authors have stated that the
severe loss of mechanical properties after ACL replace-
ment in laboratory animals may not be found in humans
because ACL replacement in animals may not be as accu-
rate as in humans in terms of proper orientation or ten-
sioning. Jackson et al.25 investigated changes of mechan-
ical properties in an ACL in situ freezing model and found
no difference in tensile strength at 6 and 26 weeks com-
pared with the untreated control. They concluded that loss
of strength may not be the natural sequela of the revas-
cularization and healing process, and other studies have
proven the detrimental effect of improper graft orientation and
tensioning on the tissue’s mechanical properties.7,29,32,43
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To our knowledge, no previous studies have used an
animal model to evaluate MRI signal changes during ACL
graft remodeling over time; thus, no data are available
comparing MRI data with histologic and, especially, bio-
mechanical parameters. However, the data presented
here may be useful in understanding the remodeling pro-
cess after ACL reconstruction in humans. Radice et al.
(unpublished data, 1997) compared MRI signal changes
over time with histologic data from biopsy specimens
taken during second arthroscopic procedures. On the basis
of their histologic and MRI findings, they concluded that
the graft remodeling process in humans ends at 9 months.
Again, in this study, graft impingement was not excluded,
and high signal intensity was found only at the midsub-
stance portion of the graft. On reviewing the literature, we
found only one study that accurately followed the remod-
eling of an unimpinged ACL graft in terms of revascular-
ization with MRI. In this study by Howell et al.23 no
difference between ACL graft and PCL signal intensity
was found at any time between 1 month and 1 year. Thus,
it may be reasonable to hypothesize that the extreme
decrease of mechanical properties observed during the
early remodeling period in previous animal studies, as
well as in the present one, may not occur with the same
intensity in humans, possibly because of improper graft
tensioning and positioning in laboratory animals. This
hypothesis could further be supported by the histologic
evaluation of biopsy specimens taken during second
arthroscopic procedures at different time points after
hamstring tendon ACL reconstruction.27 Johnson27

found no gross histologic changes and concluded that
the graft underwent no obvious remodeling in his pa-
tient series.

Many questions still remain concerning the influence of
covariates on changes in MRI signal intensity during ACL
graft remodeling and the implications such covariates
may have on following the graft remodeling process in a
noninvasive and accurate way. No data are available com-
paring MRI data with histologic and biomechanical pa-
rameters. Data on these parameters may also be useful for
understanding the variables of graft remodeling after
ACL reconstruction in humans. The present data may
present a scientific base for comparing animal and human
data with respect to possible differences in the graft re-
modeling process.
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