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Abstract

Objective As biologic augmentation methods emerge, objective measures of soft tissues are necessary for developmental
study. The purpose of this study was to develop a quantitative MRI mapping protocol for the ACL. The objectives were
(1) to provide age-based T2 relaxation, T2* relaxation, and volume values in healthy individuals, (2) to establish the
intra-rater and inter-rater reliability of ACL mapping, and (3) to determine whether 3-T or 7-T MRI is more appropriate
for future clinical trials.

Materials and methods Thirty healthy participants, aged 18—62, asymptomatic for knee pathology and without history
of knee injury underwent both a 3-T and 7-T MRI. Manual image mapping of the anterior cruciate ligament was
performed by two observers and processed to obtain T2, T2*, and volume values. Analysis of variance and two-way
random effects model were used to calculate statistical significance and intraclass correlation coefficients.

Results Across all participants, 3-T and 7-T mean T2, T2* and volume values were 37.1£7.9 and 39.7+6.2 ms (p=
0.124), 10.9+1.3 and 10.9+£0.9 ms (p=0.981), and 2380 =602 and 2484 + 736 mm’> (»p=0.551), respectively. The T2,
T2*, and volume did not vary between age cohorts (p >0.05). Excellent inter-rater and intra-rater reliability regarding T2
and T2* values was found. While ACL volume exhibited good inter-rater reliability and excellent intra-rater reliability.
Conclusions T2 relaxation values and ACL volume do not vary with age and therefore can be used as a quantifiable, non-
invasive method to assess ACL graft maturation. 7-T MRI analysis was not superior to 3-T MRI analysis, suggesting that 3-T
MRI is practical and capable for future comparative studies.
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Introduction

Anterior cruciate ligament (ACL) injuries are common in ath-
letes, and MRI is the gold-standard imaging modality for the
diagnosis of tears. ACL reconstruction is currently the pre-
ferred treatment of these injuries in athletes. After reconstruc-
tion, MRI is sometimes used as a non-invasive tool to assess
the maturation of the ACL graft after reconstruction surgery,
when managing postoperative recovery, and/or when studying
surgical techniques [1-4]. However, interpretation in these
settings is underdeveloped. Further development would pro-
vide more established methods for clinicians and researchers.
Quantitative values in a healthy population would provide
clinicians with expected normative values. These values
would be useful when studying graft maturation, developing
rehabilitation protocols, or evaluating surgical techniques of
ACL reconstruction.

Biochemical changes of tissue can be measured through T2
and T2* relaxation times, which are influenced by the orien-
tation of collagen, collagen content, and tissue hydration [5,
6]. Quantitative approaches using relaxation times instead of
signal intensity allows resulting data to be independent of
equipment or acquisition parameters, and solely dependent
on magnet strength for cross-study comparison validity
[6-9]. Quantitative MRI mapping, often calculating T2, T2*,
and volume, has been developed in pre-clinical animal and
human clinical studies to evaluate cartilage and tendon tissue
[10-18]. The majority of investigations have examined the
structure of cartilage in settings of osteoarthritis and cartilage
repair [19, 20]. Soft tissue study is emerging, including study
on the structural variation of tendons in a rabbit model, as well
as normative values of the rotator cuff and cervical
intravertebral discs in humans [15, 17, 21, 22]. Methods often
require the creation of a T2 map, a 3-D model of the structure
being evaluated. The output of quantitative mapping and pro-
cessing is an image matrix (T2 mapping) where each pixel has
a value in milliseconds. Application to the ACL is limited with
early studies validating the ability of mapping techniques to
predict the strength and structural properties of an ACL graft
after reconstruction [6, 23-25]. However, as human normative
values have not been established, it is unclear whether values
change with age, and comparison of mapping on 3-T to 7-T
magnet strength is lacking.

The purpose of this study was to further develop a quanti-
tative MRI mapping protocol for the ACL. The objectives
were three-fold: (1) to provide age-based T2 relaxation, T2*
relaxation, and volume values in healthy individuals, (2) to
establish the intra-observer and inter-observer reliability of
ACL mapping, and (3) to determine whether 3-T or 7-T
MRI would be more appropriate for future clinical trials. We
hypothesized that: (1) compositional changes due to aging
would be observed between three age cohorts and reflected
by varying values with age, (2) T2 mapping would be reliable,
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and (3) data obtained on a 7-T MRI machine would be more
reliable than data from a 3-T MRI machine.

Materials and methods
Participant recruitment and selection

The university’s Institutional Review Board approved the
study protocol, and activities have been performed in accor-
dance with the 1964 Declaration of Helsinki. A sample size of
30 was chosen based upon sample sizes for similar MRI re-
search studies [8, 10, 13, 26]. Recruitment for volunteers was
performed by word of mouth with a financial incentive. Thirty
participants between the ages of 18 and 62 with an asymptom-
atic, non-injured knee were recruited into three age cohorts:
18-32, 33-46, and 47-62 years. Recruitment proceeded until
ten subjects were recruited into each age cohort. Prior to data
collection, all testing procedures were explained and informed
consent was obtained from all individual participants included
in the study. Exclusion criteria included patients with a self-
reported history of being treated for osteoarthritis, rheumatoid
arthritis, crystalline joint disease (e.g., gout, pseudogout), cal-
cific tendonitis, or history of any injury to the study knee.
Participants were also excluded from the study if MRI safety
could not be ascertained based upon the institution’s health
history questionnaire. The participants had to have one knee
that met the inclusion criteria in order to participate. If both
knees met the inclusion criteria, then the participant’s right
knee was chosen to be scanned. Data were collected from
April 9, 2016 to August 31, 2017. Participants were selected
sequentially as they presented as a consecutive series. No
medical evaluations or recommendations were promised;
however, any incidental pathology that was discovered was
reported to the participant by a reviewing physician.

Subject questionnaires and physical examination

On one visit to the Auburn University MRI Research Center,
subjects completed an International Knee Documentation
Committee (IKDC) questionnaire and a short activity ques-
tionnaire, had a physical examination, and underwent a 3-T
MRI scan and a 7-T MRI scan. The IKDC questionnaire re-
sults in a scaled number that ranges from 0 to 100; interpreted
as a measure of function with higher scores representing
higher levels of function [27]. Physical examinations were
performed by an experienced orthopedist, with at least 6 years
of post-training clinical practice (AWA,JE). The physical ex-
am consisted of palpation (medial and lateral joint line,
Gerdy’s tubercle, pes anserine, patellar tendon, patella, fibular
head, tibial tubercle, anterior knee, posterior knee), patella
mobility, presence of crepitus, ligament examination (varus/
valgus stress test, anterior drawer, posterior drawer, anterior/
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medial rotary instability, posterior/lateral rotary instabil-
ity, pivot shift, and dial test), McMurrays test, posterior
sag test, patella apprehension test, and observation for a
J-sign.

Image acquisition

3-T MR imaging was performed on a 3-T MAGNETOM
Verio (Siemens Healthineers, Erlangen, Germany) with a 15-
channel QED knee coil (Quality Electrodynamics, LLC,
Mayfield Village, OH, USA). 7-T MR imaging was per-
formed on a Siemens 7-T MAGNETOM scanner (Siemens
Healthineers, Erlangen, Germany) with a 28-channel QED
knee coil (Quality Electrodynamics, LLC, Mayfield Village,
OH, USA) (Fig. 1). On the 3-T scanner, T2 mapping data were
acquired in oblique planes, parallel to the ACL with a 2D spin-
echo sequence with seven echo times (TEs) (13.8, 27.6, 41.4,

Fig. 1 Subjects underwent an
MRI scan on one knee with a 3-T
scanner and a 7-T scanner.
Sequences included a sagittal PD
TSE FS, a 7-T representative im-
age and b 3-T representative im-
age, and a sagittal T2 TRUFI se-
quence, ¢ 7-T representative im-
age and d 3-T representative
image.

55.2, 69.0, 82.8, and 96.6 ms) [15], repetition time (TR) =
2570 ms, field of view =140 x 140 mm, pixel spacing:
0.55 % 0.55 mm. Eleven slices were acquired with a slice
thickness of 2 mm and 2 mm between slices in 6:53 min:s.
T2* mapping data were acquired in oblique planes parallel to
the ACL with a 3D spoiled gradient echo sequence with 5 TEs
(4.36, 11.90, 19.44, 26.98, and 34.52 ms), TR =41.0 ms,
FOV =160 x 160 mm, pixel spacing: 0.42 x 0.42 x 2 mm.
Two slices were acquired in 4:13 min:s. High-resolution ana-
tomical data were acquired in a sagittal view with a 3D
TRUFISP sequence with TE=3.3 ms, TR =7.5 ms, flip an-
gle=30°, field of view =192 x 192 x 90, pixel spacing:
0.43 x0.43 x0.43 mm [28]. A total of 208 slices were ac-
quired in 9:25 min:s. On the 7-T scanner, T2 mapping data
were acquired in oblique planes, parallel to the ACL with a 2D
spin-echo sequence with 7 TEs (11.9, 23.8, 35.7, 47.6, 59.5,
71.4, and 83.3 ms), TR =4060 ms, ficld of view = 140 x
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140 mm, pixel spacing: 0.44 x 0.44 mm. Eleven slices were
acquired with a slice thickness of 3 mm and 3 mm between
slices in 11:36 min:s. T2* mapping data were acquired in
oblique planes parallel to the ACL with a 3D spoiled
gradient-echo sequence with six TEs (3.65, 9.74, 15.83,
21.92, 28.01, and 34.10 ms), TR =38 ms, FOV =160 x
160 mm, pixel spacing: 0.42 x 0.42 x 0.42 mm. Eight slices
were acquired in 6:12 min:s. High-resolution anatomical data
were acquired in a sagittal view with a 3D TRUFISP sequence
with TE = 2.8 ms, TR = 6.5 ms, flip angle = 19°, field of view
=129 x 129 x 102, pixel spacing: 0.40 x 0.40 x 0.40 mm [28].
A total of 256 slices were acquired in 5:34 min:s. The se-
quence in Fig. 2 constrained the maximum in-plane matrix
size to 320 x 320, so an in-plane FOV of 129 x 129 was spec-
ified to keep the in-plane pixel spacing at 0.4 x 0.4 mm. This
resulted in some wrap-around artifact, but this was considered
acceptable because the artifact was far away from the ACL.

Observations and image processing

Image processing was performed by one orthopedic surgeon
and one musculoskeletal radiologist in order to ascertain inter-
rater reliability for the protocol. The orthopedic surgeon was
previously trained by a musculoskeletal radiologist as part of
two previous studies, and the orthopedic surgeon trained the
musculoskeletal radiologist for this study [5, 29]. Each ob-
server performed manual image processing for each scan.
Processing was performed individually and independently,
i.e., the observers did not perform the processing together.
To determine intra-rater reliability, one observer,
(Investigator Initials - Redacted), segmented all 30 scans from
the 3-T twice and all 30 scans from the 7-T twice. The second
observations were performed 30 days after the first
observations.

Image processing was performed by manually drawing a
region of interest (ROI) around the ACL on each image where
the ACL was visible on the 3D TRUFISP series. The
TRUFISP series was selected as previous authors have
asserted that this sequences best highlights the difference be-
tween the ACL and surrounding structures, including synovial
fluid [30]. Segmenting was performed in OsiriX (Pixmeo,
Geneva, SUI) (Fig. 3a). The observers performing the image
processing were blinded to what age group each participant
was assigned. A three-parameter single exponential decay
model was fit to the T2 or T2* data in each voxel of the
ACL segmentation (Fig. 3b).

y= e(_ﬁ) +C

Volume was calculated by summing the total number of
ACL graft voxels. The segmentations defined on the 3D
True FISP could not be directly used on the T2/T2*
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Fig. 2 Sagittal PD TSE FS images of a patient in the 18-32 year cohort
(a), 33-46 year cohort (b), and 4762 year cohort (c)
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Fig. 3 a Segmenting was
performed by circumscribing the
ACL on each slice of the sagittal
TRUFI 3D sequence for each
scan, creating a region of interest.
This was repeated for each image
in the sagittal TRUFI 3D
sequence creating a 3D region of
interest. b The 3D region of
interest was transferred to the T2
mapping images. The color bar
scale on the right shows the
distribution of T2 values

mapping images because they had differences in slice pre-
scriptions and voxel sizes. Consequently, custom software
written in Matlab (MathWorks, Inc. Natick, MA, USA) was
used to account for the these differences while transferring the
segmentations to the T2/T2* mapping images. Customized
software using Matlab (MathWorks, Natick, MA, USA) was
used to calculate the mean T2 values and standard deviation
for each clinically relevant sub-region.

Statistical analysis

The mean and 95% confidence interval was calculated
for the ACL volume and T2 relaxation values for the
entire sample population and three individual age co-
horts. One-way analysis of variance was used to evaluate
if there were differences in ACL volume, T2 relaxation
values, and T2* relaxation values between the age co-
horts for both the 3-T and 7-T scanners. A two-way
random effects model was used to calculate the single
measures intra-class correlation coefficient (ICC) for
each variables mean value. The ICC values were graded
as follows: excellent reliability (0.75>ICC<1), fair to
good reliability (0.4>ICC<0.75), and poor reliability
(0>ICC<0.4) [31, 32].

Results

The 30 subjects included 22 males and eight females.
The final age range of the youngest cohort group was
20-27, the middle cohort was 34-45, and the oldest co-
hort was 47-56. Twenty-seven of the knees scanned were

right knees, and three knees were left knees. No participants
were excluded secondary to incidental findings on MRI.
Demographics and IKDC data are presented in Table 1.

Self-reported activity and IKDC summary

Self-reported activity level was documented as follows: ten
participants selected “Extreme”, 14 “Moderate”, and six
“Mild”. Days per month which the subjects participate in ex-
ercise was reported: seven subjects exercising greater than
22 days per month, eight exercise 15-21 days per month, six
exercise 8—14 days per month, and nine exercise less than
8 days per month. Reporting on “Highest Level of Activity
on a Regular Basis” produced: nine participants selected
“Very Strenuous”, 0 selected “Strenuous”, 16 selected
“Moderate”, and five selected “Light” activity. The IKDC
Knee Scores included a mean of 99.43 £0.01 (mean=+95%
CI) in the 18 to 32 year old grouping, 94.71 + 0.05 in the 33 to
46 year old grouping, and 97.47 + 0.02 in the 47 to 62 year old
grouping. There was no significant difference between the age
cohorts (p =0.351, 0.999, 0.365) Table 1.

T2, T2*, and volume results

Values for ACL volumes, T2 and T2* ACL relaxation times
for each age cohort and the entire sample are presented in
Tables 2 and 3 for 3-T and 7-T MRI observations, respective-
ly. Across all participants, the mean + standard deviation T2
relaxation values in the 3-T and 7-T scans were 37.1 +7.9 and
39.7+6.2 ms, with no significant difference calculated (p =
0.124). The T2* relaxation values in the 3-T and 7-T scans
were 10.9+1.3 and 10.9£0.9 ms, with no significant
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Table 1 Participant demographics

Cohort (1) 18-32 years old (ii) 3346 years old (iii) 47-62 years old All sample
(n=10) (n=10) (n=10) (n=30)

Average age 24.0+1.6 403+23 51.3+2.1 38.5+42

Age range (years) 20-27 34-45 47-56 20-56

Sex (males/female) 6/4 8/2 8/2 23/7

Mass (kg) 66.2+5.6 92.0+12.4 87.6+6.4 82.0+6.3
vs. (ii) p = 0.005 vs. (iii) p=0.978 vs. (i) p =0.009

IKDC score 99.43+0.01 94.71£0.05 97.47+0.02 97.20+0.02

vs. (ii) p=0.351

vs. (iii) p = 0.999

vs. (i) p=0.365

difference calculated (p =0.981). The volumes in the 3-T and
7-T scans were 2380+ 6023 and 2484+ 736 mm® with no
significant difference calculated (p =0.551). The T2 relaxa-
tion time, T2* relaxation time, and volumes did not vary with
age (p>0.05).

Inter-rater reliability results

Excellent inter-rater reliability was observed for T2 relaxation
time with 3-T (p=0.97, 95% CI: 0.95-0.99) and 7-T (p=
0.98, 95% CI: 0.96-0.99) MRI. Similar results were observed
for T2* relaxation times for 3-T (p = 0.90, 95% CI: 0.79—0.95)
and 7-T (p=0.99, 95% CI: 0.98-1.00) MRI. Excellent inter-
rater agreement for ACL volume was observed with 3-T (p =
0.79, 95% CI: 0.56-0.90) and with good inter-rater agreement
observed for 7-T (p =0.72, 95% CI: 0.43-0.87) MRI. Values
are presented in Table 4.

Intra-rater reliability results

Excellent intra-rater reliability was observed for T2 relaxation
time with 3-T (p=0.98, 95% CI: 0.97-0.99) and 7-T (p=
0.98, 95% CI: 0.96-0.99) MRI. Similar results were observed
for T2* relaxation time for 3-T (p =0.98, 95% CI: 0.96-0.99)
and 7-T (p=1.00, 95% CI: 0.99-1.00) MRI. ACL volume
had excellent reliability for both 3-T (p=0.95, 95% CI:
0.89-0.97) and 7-T (p = 0.95, 95% CI: 0.89-0.98) MRI scans.
Values are presented in Table 4.

Discussion

The most important finding of this study was that ACL map-
ping produced excellent intra-rater reliability for volume, T2
and T2* values, and excellent inter-rater reliability for T2 and
T2* relaxation values on both 3-T and 7-T MRI. These results
indicate that ACL mapping is reliable on a 3-T MRI, a more
common modality than 7-T MRI, and relevant when consid-
ering future clinical trials. The normative values and lack of
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variation with age provide clinicians and researchers informa-
tion when designing future clinical trials with MRI as an ob-
jective outcome measure. ACL mapping exhibited good inter-
rater reliability for volume, suggesting some variation among
observers for what was considered ACL tissue. Considering
recent scanning electron microscopy data confirming an over-
lap of the anterior lateral meniscus root with the tibial origin of
the ACL, variation between observers when mapping the
ACL is understandable [33]. Caution should be used in using
multiple observers in future studies using ACL volume as an
outcome measure.

Preclinical animal models have investigated the ability of
MRI to predict ACL tissue quality. Weiler et al. investigated
correlation between 1.5 T, contrast-enhanced MRI scans with
histology, and biomechanical properties after ACL reconstruc-
tion in a sheep model [34]. High signal intensity values were
associated with low load to failure, stiffness, and tensile
strength values [34]. A similar study in a porcine ACL
repair/reconstruction model evaluated modern MRI mapping
techniques, with parameters of volume and signal intensity
obtained in vivo [3]. Both the volume and signal intensity
predicted the biomechanical properties of ex vivo tissue, and
the combination of these two parameters in a multiple regres-
sion model was stronger than either metric alone [3].

The clinical application of ACL mapping as an outcome
measure after ACL reconstruction in humans is still develop-
ing. Biercevicz et al. evaluated ACL mapping, with parame-
ters of volume and signal intensity, in a cohort of 90 patients
initially enrolled in a study investigating the effects of graft
tension on 3-year and 5-year outcomes [2]. Twenty-three sub-
jects had complete 3-year data and 17 subjects had complete
S-year data. In regression analysis at 3 years and 5 years,
combining graft volume with signal intensity correlated with
single leg hop test, and the regression analysis correlated with
four out of the five Knee Injury and Osteoarthritis Outcome
Score domains at 5 years but not at 3 years. At 5-year follow-
up, larger grafts with lower median SI values were associated
with better knee performance. This study questioned the abil-
ity of traditional outcome measures, such as 1-leg hop,
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Table 4 Inter and intra-rater intra-

class correlation coefficient and MRI strength Variable Intra-rater ICC 95% C1 Inter-rater ICC 95% C1
confidence intervals
3T Volume 0.95 0.89-0.97 0.79 0.56-0.90
T2 0.98 0.97-0.99 0.97 0.95-0.99
T2% 0.98 0.96-0.99 0.90 0.79-0.95
7T Volume 0.95 0.89-0.98 0.72 0.43-0.87
T2 0.98 0.96-0.99 0.98 0.96-0.99
T2% 1.00 0.99-1.00 0.99 0.98-1.00

ICC average and 95% confidence

anterior/posterior laxity, and Lachman test and patient-
reported outcomes, to sensitively track ligamentization of the
reconstructed ACL.

While MRI mapping is still being developed, there are
studies which have utilized MRI parameters for cohort analy-
sis. Radice et al. compared ACL reconstruction with and with-
out a platelet-rich plasma gel loaded onto a gelfoam carrier in
50 patients [1]. Graft maturation was observed through a sub-
jective scoring performed by a musculoskeletal radiologist.
Scores were assigned 0—3 with 0 being a perfectly homoge-
nized graft. Similarly, Orrego et al. randomized 108 patients to
ACL reconstruction with and without platelet concentrate
clotted onto grafts. Grafts were subjectively dichotomized into
two groups by a musculoskeletal radiologist evaluated as
high-intensity signal or low-intensity signal [35]. Li et al.
compared four MRI-measured parameters on 3-T scans to
patient-reported outcomes and physical examination findings
at 2 years [36]. MRI parameters included graft orientation,
edematous condition of the graft, intra-articular graft width,
and signal intensity measured, and the patient-reported out-
comes included International Knee Documentation
Committee and Tegner Lysholm Knee Scoring Scale, while
physical examinations included anterior drawer test and
Lachman testing. No differences were seen on patient-
reported outcomes, physical examinations, or MRI measures
with the exception of signal intensity, which was higher for the
allograft group. This leads authors to conclude that MRI is
sensitive to capturing biomechanical ligamentization of graft
tissue while patient-reported outcomes and physical examina-
tion are not. Prior study has shown that physical exam lacks
sensitivity in detecting critical graft mechanical properties of
the post-operative ACL reconstruction as it progresses
through ligamentization [2, 37]. Therefore, noninvasive MRI
evaluation of the postoperative ACL reconstruction can pro-
vide valuable insight into the state of the reconstruction; with a
prior study demonstrating correlation with signal intensity to
graft maturity [2—4, 23-25, 34, 36, 38].

We hypothesized a change in quantitative ACL values with
age; however, this was not observed. Our finding is similar to
an investigation into MRI signal-to-noise quotient, which found
it to be independent of patient age, sex, BMI, and smoking
status [38]. By contrast, a study in 2012 correlated the severity
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of mucoid degeneration and chondroid metaplasia in the ACL
with the number of lesions in the cartilage surrounding the
structure [39]. Our results suggest that changes seen in other
studies and clinical practice are secondary to degeneration of
the joint seen with cartilage injury. Since these data were col-
lected in verified asymptomatic participants by a reliable and
repeatable method, the averages for T2 relaxation times and
ACL volume determined by this study are values that can be
used to determine the structure and health of the ACL.
Furthermore, since there is no statistical difference between
the averages of the individual cohorts, the overall average can
be used as a single value. Lastly, since 7-T scanning failed to
show significant difference from 3-T scanning in regard to cal-
culating these values, these values can continue to be used as
MRI technology continues to improve.

Limitations

There are study limitations that should be considered. This
study lacked histologic data, and therefore the assumption that
the study population represents normal, non-pathologic ACL
tissue is determined by trusted patient reports and physical ex-
am. The study did not have an a prior power analysis and
thus may have been underpowered to adequately determine
age-related variability between the age subgroups. Prior study
has set acceptable group numbers at ten, which was the basis for
study design as no data were available to perform an a priori
power analysis [40]. To address this concern, the same MR
imaging parameters and hardware were used throughout the
study. Another limitation is that segmentation may include fat
or other tissue around the ligament. The authors have access to
and utilize a Cadaver lab routinely to perform anatomy and
biomechanic study and consider the body of the ACL a distinct
structure. This experience aided in the segmentation process.
This study lacks a comparison of quantitative MRI data
with biomechanical measurements of ACL tissue; this limita-
tion would require an ex vivo approach, which was not the
intent of process development. The authors also recognize that
quantitative measures due have limitations of approximation
and by definition population-based qualitative studies are an
approximation. Our comparison of 3-T to 7-T MRI involved
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measures of volume, T2 values, and T2* values. The ultimate
advantage of stronger MRI machines is functional and molec-
ular imaging, i.e., biochemical imaging such as multinuclear
imaging (sodium imaging) and gagCEST. The design follow-
ed precedent within the orthopedic literature and further study
may develop biochemical and multinuclear imaging in this
setting, which may find 7-T superior to 3-T MRIL

Conclusions

T2 relaxation values and ACL volume do not vary with age and
therefore can be used as a quantifiable, non-invasive method to
assess ACL graft maturation. 7-T MRI analysis was not supe-
rior to 3-T MRI analysis, suggesting that 3-T MRI is practical
and capable for future comparative studies.
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