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Abstract
Objective—To assess the effects of interference screws, which are commonly used to surgically
fix an anterior cruciate ligament (ACL) graft in the ACL-deficient knee, and magnetic field strength
on cartilage volume and thickness measurements with quantitative MRI (qMRI).

Methods—Five cadaver knees were imaged using a cartilage-sensitive sequence (T1-weighted
WE-3D FLASH) on 1.5T and 3T scanners with and without interference screws implanted. The
tibiofemoral articular cartilage was segmented and reconstructed from the MR images, and volume
and thickness measurements were made on the resulting three-dimensional models.

Results—Although several load-bearing regions showed significant differences in volume and
thickness between magnet strengths, most showed no significant difference between screw
conditions. The medial tibial cartilage showed a mean decrease in volume of 5.9% and 8.0% in the
presence of interference screws at 3T and 1.5T, respectively. At 3T and 1.5T, the medial tibial
cartilage showed a mean decrease in thickness of 7.0% and 12.0%, respectively, in the presence of
interference screws.

Conclusions—Caution should be used when interpreting thickness and volume of cartilage at 3T
in the presence of interference screws, particularly in the medial tibial compartment. Additionally,
3T and 1.5T qMRI should not be used interchangeably to assess structural changes in tibiofemoral
articular cartilage during longitudinal studies.
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Introduction
Patients who undergo anterior cruciate ligament (ACL) reconstruction may be at greater risk
for early osteoarthritis (OA). Although many studies have evaluated the success of these
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procedures, few have attempted to examine the condition of the articular cartilage following
surgery 1-5. There is some evidence to suggest that ACL-reconstructed knees will exhibit signs
of cartilage degeneration within five years of surgery using subjective radiographic grading
techniques 1, 3, 6, 7. Objective methods that could quantify temporal changes in articular
cartilage morphometry would be useful to document the natural history of OA in the ACL-
injured knee, and to evaluate long-term outcomes in response to different treatment options.

Quantitative magnetic resonance imaging (qMRI) provides a way to directly assess the integrity
and composition of the articular cartilage in vivo 8-11. qMRI could provide insight into the
mechanisms of OA in the ACL-injured and reconstructed knee by documenting temporal
changes in articular cartilage volume and thickness associated with OA progression. With
qMRI, three-dimensional virtual cartilage models are constructed from segmented MR images
of articular cartilage using cartilage-sensitive pulse sequences. These models are then used to
document changes in cartilage geometry over time 8, 9, 12. The precision of MRI-based
cartilage volume measurements has been reported to range between 1-4% 11, 13-15. High
degrees of reliability (interclass correlation coefficients greater than 0.92) have also been
published 8. Using qMRI, the cartilage volume of the tibiofemoral joint has been shown to
decrease 0.3-0.5% per year with natural aging 11, as compared to 4-6.5% per year in patients
with radiographic evidence of OA 11, 16-18.

In one method commonly used to reconstruct the torn ACL, the proximal and distal bone blocks
of the bone-patellar tendon-bone graft are typically fixed using titanium interference screws;
one is placed in the femoral bone tunnel, and the other in the tibial bone tunnel. The screws,
however, produce artifacts on MR images from magnetic susceptibility, or local distortions in
the uniformity of the magnetic field lines, which could potentially affect the reliability of
cartilage volume and thickness measurements. These artifacts are seen on MR images at the
interface between materials of different magnetic susceptibility, such as metallic implants and
surrounding tissues. Ferromagnetic metals, such as nickel, iron, and cobalt, exhibit large
magnetic susceptibility and produce significant artifacts, while non-ferrous metals, such as
titanium, show lower magnetic susceptibility, and therefore less artifact 19. Artifacts, which
generally appear in the image as a signal void in the region around the implant (Figure 1), are
directly proportional to the magnetic field strength, and are inversely proportional to the readout
gradient strength and voxel size 19-22. The pulse sequence selected for MR imaging also
influences image degradation. Susceptibility artifacts are greater for gradient-echo pulse
sequences and are less conspicuous using turbo or fast spin-echo pulse sequences when
compared to conventional spin-echo sequences 20, 23.

MR imaging at 3T rather than 1.5T has recently been recommended for qMRI because the
higher magnetic field strength provides greater resolution and a higher signal-to-noise ratio for
detecting early changes in cartilage morphometry 13, 24. However, magnetic susceptibility
artifacts could be amplified at 3T because of the higher field strength, or they may be less
conspicuous because of the smaller voxel size.

The effect of magnetic susceptibility artifacts on images obtained from knees containing
titanium interference screws is not known. Thus, it is necessary to evaluate any errors the screws
may introduce before qMRI can be used to document the progression of OA in the ACL-
reconstructed patient. The objectives of this study were to assess the effect of tibial and femoral
interference screws on articular cartilage volume and thickness measurements from segmented
images obtained on both 1.5T and 3T scanners. We hypothesized that: 1) there would be no
significant difference in the tibial and femoral cartilage volume and thickness measurements
with and without interference screws placed in the knee; and 2) the cartilage volume and
thickness measurements reconstructed from 1.5T and 3T images would be equivalent.
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Materials and Methods
SPECIMENS

Five fresh frozen, intact, right human cadaver knees (3 female, 2 male) were acquired for this
study. The mean age of the subjects from whom the specimens were obtained was 56 (range,
51-59) years. The specimens had no evidence of ligament or meniscal tears. Three of the
specimens had signs of articular cartilage surface wear (2 mild, 1 moderate) by visual
inspection.

MR IMAGING
All knees were imaged on 1.5T and 3T magnets (Siemens Symphony and Trio, respectively;
Erlangen Germany), using commercially available polarized knee coils. The manufacturers of
the quadrature knee coils were Siemens Medical Systems (Erlangen, Germany) and USA
Instruments, Inc. (Aurora, OH) for the 1.5T and 3T magnets, respectively. In a preliminary
evaluation of several pulse sequences frequently used for quantitative cartilage segmentation,
we found that the T1-weighted, water-excitation, three-dimensional fast low-angle shot
(WE-3D FLASH) sequence on the 3T scanner minimized image distortion from magnetic
susceptibility artifacts and maximized cartilage-bone contrast compared to fat-saturated,
intermediate-weighted spin echo pulse sequences (Table 1). A similar WE-3D FLASH
sequence was adopted for use on the 1.5T magnet (Table 1).

ACL INTERFERENCE SCREWS
Two 9×20mm titanium interference screws (Arthrex, Inc; Naples FL) were placed in the tibia
and femur with the aid of an arthroscope and a commercial drill guide system for ACL
reconstruction (Arthrex, Inc; Naples FL). The screw locations were selected to duplicate those
typically used to affix an ACL allograft during surgery. Complete ACL reconstruction was not
performed.

TEST PROTOCOL
After thawing, the specimens were wrapped in plastic bags to protect the scanning equipment
from biohazard contamination. Each knee was placed in full extension and positioned within
a transmit-receive knee surface coil and the magnet following the manufacturer-recommended
protocol for positioning a patient for a knee evaluation. All scans were performed by certified
MR technologists.

Each knee was scanned on the 1.5T and 3T scanners, both with and without the interference
screws implanted. To minimize bias, test order was determined using a block randomization
procedure. Specimens were first randomized by screw condition (screws implanted versus no
screws implanted), and then within each screw condition, they were randomized by magnetic
field strength (1.5T versus 3T). A total of 20 volumetric scans were performed (2 screw
conditions × 2 magnetic field strengths × 5 specimens) using the T1-weighted WE-3D FLASH
sequence.

SEGMENTATION TECHNIQUE
The femoral and tibial articular cartilage structures of each specimen were manually segmented
in the sagittal plane and reconstructed using commercial software (Mimics 9.11; Materialise,
Ann Arbor, MI). Three-dimensional voxel models were generated and wrapped with a
triangular mesh to create a virtual solid model of each cartilage structure. The solid models
captured both articular cartilage volume and morphology.
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TIBIOFEMORAL ARTICULAR CARTILAGE VOLUME
The three-dimensional femoral articular cartilage model was cropped in order to isolate the
tibiofemoral joint. Cropping was performed along the anterior-posterior axis such that the
posterior half of the distal femur was selected. The volume was then further separated into
those of the medial and lateral femoral condyles for each screw and magnet condition. The
volume of each three-dimensional model of the articular cartilage structures was determined
by surface integration. Preliminary data showed coefficients of variation (CVs) of 1.8% and
2.8% for the femoral and tibial cartilage volumes, respectively (n = 7), indicating that these
measurements are repeatable.

CARTILAGE THICKNESS
We focused our thickness measurements on specific load-bearing regions of interest (ROIs).
A cylinder was fit to the bone-cartilage interface of the femoral cartilage model of the
tibiofemoral joint (Figure 2). The notch marking the junction between the tibiofemoral and
patellofemoral joints on the lateral condyle was identified on one sagittal MR image. A line
was drawn from the notch (0°) to the center of the cylinder. Each condyle of the tibiofemoral
joint was then divided at 40°, 70°, 100°, and 130° from the notch point (anterior) toward the
posterior aspect of the condyle to create 6 patches of cartilage (3 medial, 3 lateral); the medial-
lateral width of each patch was 20% of the overall medial-lateral width of the femoral cartilage
and centered about the midline of each condyle.

Two regions on the tibial cartilage (1 medial, 1 lateral) were defined by calculating the centroids
of each segmented cartilage region (compartment) using MATLAB (The Mathworks, Inc.,
Natick, MA). The inertial axes of the medial compartment were also determined using
MATLAB, and axes of the same orientation were centered about the centroids of both the
medial and lateral tibial compartments. The ROI for each compartment was then defined as
the area ±20% of the overall anterior-posterior depth and ±15% of the overall medial-lateral
width from the centroid (Figure 3). The average thickness of each patch was calculated by a
closest point algorithm using MATLAB.

Preliminary data showed mean coefficients of variation (CVs) of 4.7% and 2.7% for the
thicknesses of the femoral and tibial ROIs, respectively (n = 7), indicating that both the
coordinate system and the ROI thickness determination are repeatable.

STATISTICAL ANALYSIS
Based on preliminary data, the sample size for this study was derived to have sufficient power
(80%) to detect a 10% difference in tibial articular cartilage volume between experimental
conditions. A two-way repeated measures analysis of variance was performed to compare (1)
the cartilage volumes of the proximal tibia and distal femur in response to screw condition
(screws versus no screws) and magnetic field strength (1.5T versus 3T), and (2) the cartilage
thickness of each ROI in response to screw condition and magnetic field strength. Fisher’s least
significant difference test was used to make pair-wise comparisons between conditions.
Statistical significance was set at p<0.05.

Results
TIBIOFEMORAL ARTICULAR CARTILAGE VOLUME

There were no significant differences in the medial femoral cartilage volumes between magnet
(12% reduction at 1.5T, p=0.07) or screw (1.0% reduction in the presence of screws, p=0.85)
conditions (Table 2). For the lateral femoral cartilage volumes, there was a significant
difference between magnet strengths (12.5% reduction at 1.5T, p=0.006), but not screw
conditions (4.2% reduction in the presence of screws, p=0.16) (Table 2). No significant
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interaction was found between the screws and magnetic field strength conditions for either
compartment (p>0.46).

For the medial tibial cartilage volume, there was no significant difference between magnet
strengths (5.9% reduction at 1.5T, p=0.46) (Table 2). There was, however, a trend for a screw
effect (p=0.08). The mean decrease in cartilage volume due in the presence of the interference
screws was less than 9% for this compartment. No significant interaction was found between
screw condition and magnetic field strength (p=0.75). For the lateral tibial cartilage volumes,
there was no significant difference between screw conditions (4.1% reduction in the presence
of screws, p=0.30), but there was a significant difference between magnet strengths (p=0.03)
(Table 2). The mean increase in the lateral tibial cartilage volume at 3T compared to 1.5T was
9.1%. No significant interaction was found between screw condition and magnetic field
strength (p=0.19).

CARTILAGE THICKNESS
For the most anterior ROI on the medial femoral condyle (40-70°; Region 1 in Figure 2c), there
was no significant difference in the mean thickness values between magnet strengths (8.8%
reduction at 1.5T, p=0.09) or screw conditions (3.5% reduction in the presence of screws,
p=0.39). For the central ROI on the medial femoral condyle (70-100°; Region 2 in Figure 2c),
there was no significant difference in thickness between magnet strengths (3.4% reduction at
1.5T, p=0.46) or screw conditions (0.0% change in the presence of screws, p=0.99). For the
posterior ROI on the medial femoral condyle (100-130°; Region 3 in Figure 2c), there was no
significant difference in thickness between magnet strengths (1.8% increase at 1.5T, p=0.60)
or screw conditions (1.3% increase in the presence of screws, p=0.81). No significant
interactions were found between the screws and magnetic field strength conditions for any ROI
(p>0.51) (Figure 4).

For the most anterior ROI on the lateral femoral condyle (40-70°) there was no significant
difference in thickness between magnet strengths (0.1% increase at 3T, p=0.72) or screw
conditions (0.9% decrease in the presence of screws, p=0.79). For the central ROI on the lateral
femoral condyle (70-100°), there was no significant difference in thickness between screw
conditions (0.0% decrease in the presence of screws, p=0.998), but there was a strong trend
for an interaction between magnet strength and the presence of the screw, suggesting that the
screw effect was magnet-dependent (p=0.053). For this ROI, there was a 1.5% mean difference
in thickness between screw conditions at 3T, but only a 0.5% mean difference in thickness at
1.5T. In both cases, the thickness was greater in the presence of interference screws than
without the screws. For the posterior ROI on the lateral femoral condyle (100-130°), there was
no significant difference in thickness between magnet strengths (2.3% decrease at 1.5T,
p=0.83) or screw conditions (4.9% decrease in the presence of screws, p=0.09) (Figure 5).

For the medial tibial ROI, there was no significant difference in thickness between magnet
strengths (8.2% decrease at 1.5T, p=0.35), but there was a significant decrease in thickness in
the presence of interference screws (p=0.03). The mean difference in thickness between screw
conditions for this ROI was 11.5%. For the lateral tibial ROI, however, there was a significant
increase in thickness at 3T compared to 1.5T (6.7% increase, p=0.004), but there was no
significant difference in thickness between screw conditions (1.2% reduction in the presence
of screws, p=0.57). No significant interaction was found between screw condition and magnetic
field strength for any tibial ROI (p>0.11) (Figure 5).

Discussion
There is clinical evidence to suggest that patients who undergo ACL reconstruction continue
to exhibit progressive articular cartilage damage in the reconstructed knee 1-3, 5, 25-28.
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However, there are many factors that may effect cartilage degeneration in the ACL-injured and
reconstructed knee (i.e. initial subchondral trauma, concomitant injuries of the meniscus,
general inflammation, altered joint motion and abnormal joint contact stresses) 29, 30. A
quantitative method that is sensitive to early changes in articular cartilage structure, and that
could be applied to patients who have undergone ACL reconstruction with titanium
interference screws, would enable researchers to evaluate potential mechanisms of OA
progression in this patient population. qMRI with cartilage-sensitive pulse sequences meets
these requirements within certain constraints.

The T1-weighted WE-3D FLASH sequence is effective in tracking structural changes in
articular cartilage for patients with OA 9. Bauer et al concluded that based on signal-to-noise
and contrast-to-noise ratios, the water-excitation gradient-echo sequence at 3T is superior to
both the fat-saturated gradient-echo sequence at 3T or 1.5T and to the turbo spin-echo sequence
for volumetric cartilage calculations 31. The article did not investigate the water-excitation
gradient-echo sequence at 1.5T. Our investigation used the water-excitation gradient-echo
sequence on both the 3T and 1.5T magnets. Our study showed a slight increase in both SNR
and the effective SNR (SNRe) in the presence of interference screws (Table 1). As expected,
there was also a notable increase in both SNR and SNRe at 3T compared to 1.5T. To minimize
the expected magnetic susceptibility artifacts on the gradient echo sequence, we selected MR
imaging parameters to minimize voxel size. Our data demonstrate that measurements of
tibiofemoral cartilage volume and thickness were largely unaffected by the presence of titanium
interference screws, and that the lack of the screw effect was independent of magnetic field
strength. Although most ROIs showed no differences in volume and thickness between screws
or magnet strength, some differences were noted. The medial tibial cartilage volume showed
a trend for a 9% reduction in cartilage volume when the screws were present. Similarly, the
medial tibial ROI showed a significant decrease of 11.5% in the mean thickness value when
the screw was present (p=0.03). The sensitivity of the medial tibial compartment to the presence
of the screw is not surprising, because the screw is located just proximal to this compartment.
Therefore, caution must be used when interpreting qMRI volume and thickness measurements
in the medial compartment of the tibia in the presence of metallic interference screws. Although
this does not exclude the use of qMRI for tracking changes in the other regions of the
tibiofemoral joint, any changes in thickness less than approximately 0.30mm (11.5%) in the
medial tibial compartment may be due to artifact and not cartilage degeneration. In contrast,
the lateral femoral interference screw is farther away from the lateral femoral articular cartilage.

Kornaat et al imaged knees of ten healthy volunteers on both 1.5T and 3T scanners using a
sagittal fat-suppressed 3D-steady-state-free-precession (SSFP) sequence, a sagittal Dixon 3D-
SSFP sequence, and a 3D spoiled gradient recall echo sequence to measure cartilage thickness
of the distal femur from each sequence 24. Although improvements were seen with respect to
the signal-to-noise and contrast-to-noise ratios with the 3T scanner, no significant differences
in cartilage thickness were reported between scanners or sequences 24. The thickness of the
tibial cartilage was not evaluated 24. Eckstein et al also evaluated the precision of qMRI when
performed on 1.5T and 3T magnets 13. They determined that cartilage volume and thickness
measurements decreased with reductions in slice thickness, and that these measurements from
the 1.5T and 3T MR images were highly correlated 13. When the qMRI data of these
investigations are considered in conjunction with those of the present study, the potential
benefits for using 3T are highlighted. These results suggest, at the very least, that it is prudent
to use the same magnetic field strength when tracking longitudinal changes in cartilage volume
within a patient.

There are several limitations of this study. First, the findings apply directly to articular cartilage
segmentation based on the T1-weighted WE-3D FLASH sequence. The results of other
cartilage-sensitive pulse sequences may be different. Prior to this study, we evaluated another
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cartilage-sensitive pulse sequence, the frequency selective fat-saturation turbo spin-echo
intermediate-weighted sequence. Counterintuitively, we found that the T1-weighted WE-3D
FLASH sequence minimized image distortion in the vicinity of the interference screws (Figure
1) while the fat-saturation turbo spin-echo intermediate-weighted sequence tended to increase
magnetic susceptibility artifact. The T1-weighted 3D gradient echo sequence was superior to
the turbo spin echo sequence with respect to both signal-to-noise and contrast-to-noise ratios
for articular cartilage imaging 31. Thus, the T1-weighted WE-3D FLASH sequence was
selected for this study.

The images used in this study were acquired from cadaver specimens, and were not
compromised by either knee motion or blood flow artifacts. It is possible that the errors would
be greater if the images were acquired in vivo 13. Nonetheless, the cadaver model was beneficial
because it allowed us to systematically measure the effects of interference screws and magnetic
field strength, using each specimen as its own control.

The articular cartilage segmentations in this study were performed manually using commercial
software (Mimics 9.11). Semi-automated techniques have been developed to increase the
accuracy and efficiency of segmentation 8, 24, 32, 33. To reduce potential sources of error and
to minimize this concern, the cartilage segmentations in the present study were performed by
a single trained examiner under the direction of a musculoskeletal radiologist.

Additionally, segmentations were not compared to a true gold standard in the present study.
Preliminary data did, however, show mean CVs of 4.7% and 2.7% for the thicknesses of the
femoral and tibial ROIs, respectively, and 1.8% and 2.8% for the femoral and tibial cartilage
volumes, respectively, indicating that these measurements are repeatable.

Standard size (9 × 20mm) titanium interference screws were used in this study. We cannot
determine from the present study whether larger or smaller interference screws would influence
the results of qMRI differently. In general, one would expect that a larger interference screw
would cause some increase in the size of the magnetic susceptibility artifact, though the
relationship is not linear. The extent of the artifact also depends on the position and composition
of the interference screw, as well as the selected pulse sequence parameters. However, because
standard size screws were used in this study, the results apply to the majority of screws used
for ACL reconstruction.

Complete ACL reconstructions were not performed on the cadavers imaged in this study. While
it cannot be determined from our results whether the outcome would change if a complete ACL
reconstruction were performed, we would not expect to see a chance in outcome with complete
reconstruction because the interference screws would still be placed in the same locations, and
other changes would involve only soft tissues. Since the ACL autograft courses through the
intercondylar notch, and is not proximal to the femoral or tibial articular cartilage, one would
not expect a major impact of the graft on imaging of the femoral or tibial articular cartilage,
and therefore on volume and thickness measurements of this cartilage.

Freeze-thaw cycles and surgical intervention have the potential to introduce air artifacts into
cadaver specimens. Although air and articular cartilage have vastly different intensities on MR
images, these artifacts cannot be entirely eliminated. In the present study, segmentation in post-
operative limbs was conducted by interpolating over air artifacts when present. This
interpolation was performed to minimize the effects of any air artifacts. In future studies, saline
could be injected into the joints post-operatively to attempt to eliminate air artifacts.

Although the data suggest that the medial tibial cartilage volume is affected by magnetic field
strength, we did not determine which field strength provides the most accurate measurement.
We assume that the 3T images are more accurate because more slices are used to reconstruct
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the 3-D models. The slice thickness was 1.5mm for the 3T magnet and 2.0mm for the 1.5T
magnet. The slice thickness for each magnet was selected to keep the sequence acquisition
time under 10 minutes, which is practical when imaging subjects. Therefore, less interpolation
was required when the 3-D voxel models were created from the segmented 3T MR images. A
comparison to a known standard would be required in order to evaluate the accuracy of
segmented volumes based on MR imaging at different field strengths.

Finally, the effect of magnetic field strength on medial tibial cartilage volume was marked by
a strong trend, but it was not statistically significant (p=0.08). This study was 80% powered
to detect a 10% difference in cartilage volume based on our sample size. The mean difference
in medial tibial cartilage volume was less than 6% between magnetic field strengths.

The results of the present study suggest that caution should be used when interpreting thickness
and volume of the medial tibial cartilage at 3T in the presence of interference screws.
Additionally, 3T and 1.5T qMRI should not be used interchangeably to assess structural
changes in articular cartilage during longitudinal studies.
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Figure 1.
Representative sagittal-plane images of a single cadaver specimen imaged using the T1-
weighted WE-3D FLASH sequence (a) at 3T without interference screws, (b) at 3T with
interference screws, (c) at 1.5T without interference screws, and (d) at 1.5T with interference
screws. These slices capture the lateral femoral condyle, so only the femoral interference screw
is visible. It can be seen that the distortion is relatively localized around the femoral screw, and
did not affect the overall cartilage segmentations of the tibiofemoral joint. Image (b) shows an
air artifact near the anterior portion of the meniscus. Segmentation was interpolated over air
artifacts.
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Figure 2.
(A) The “notch” is marked by crosshairs on the lateral side of the TF joint, seen in the sagittal
plane. (B) A cylinder was fit to the femoral condyles. (C) A line was drawn from the notch to
the cylinder axis. The location of each ROI in the sagittal plane of the femur is shown.
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Figure 3.
The ROIs for the tibial compartments are shown. Axes with the same orientation as those from
the medial compartment were centered about the centroid of the lateral compartment to
establish the coordinate system in that ROI. The orthogonal was oriented out of the page.
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Figure 4.
The mean femoral cartilage thicknesses for both screw condition and magnetic field strengths
(error bars represent 1 standard deviation). (A) On the medial femoral condyle, there were no
significant differences in thickness between magnet strengths or screw conditions for any ROI.
(B) On the lateral femoral condyle, the 70-100° ROI showed a strong trend for interaction
between magnet strengths (p=0.053). No other ROI on the lateral femoral condyle showed any
significant differences in thickness between magnet strengths or screw conditions.
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Figure 5.
Average medial and lateral tibial cartilage thicknesses for both screw conditions and magnetic
field strengths (error bars represent 1 standard deviation). For the medial tibial ROI, there was
no significant difference in thickness between magnet strengths (p=0.35), but there was a
significant difference in thickness between screw conditions (p=0.03). For the lateral tibial
ROI, however, there was a significant difference in thickness between magnet strengths
(p=0.004), but not screw conditions (p=0.57). No significant interaction was found between
screw condition and magnetic field strength for any tibial ROI (p>0.11).
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Table 1
Pulse sequences employed on the 3T and 1.5T scanners.

3 Tesla 1.5 Tesla
qMRI T1-weighted water-excitation three-dimensional fast low-angle shot (WE-3D

FLASH): 20/7.6 [TR(ms)/ TE(ms)]; 12° [flip angle]; 160mm [field of view];
0.3125mm/1.5mm/0mm [in-plane resolution/slice thickness/interslice gap];
80 slices per slab; 130 hz/pixel [bandwidth]; 512×512 [matrix]; right/left
[phase encoding direction]; one average of two excitations. (With screws:
SNR = 72.9, SNRe = 3.6sec-1/2; without screws: SNR = 41.3, SNRe =
2.1sec-1/2).

T1-weighted WE-3D FLASH: 17.2/7.3; 30°; 160mm;
0.3125mm/2mm/0mm [in-plane resolution/slice
thickness/interslice gap]; 52 slices per slab; 160 hz/
pixel; 512×512; anterior-posterior; one average.
(With screws: SNR = 25.6, SNRe = 1.2sec-1/2; without
screws: SNR = 19.2, SNRe = 0.9sec-1/2).
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