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Background: High anterior knee laxity (AKL) has been prospectively identified as a risk factor for anterior cruciate ligament (ACL)
injuries. Given that ACL morphometry and structural composition have the potential to influence ligamentous strength, under-
standing how these factors are associated with greater AKL is warranted.

Hypothesis: Smaller ACL volumes combined with longer T2* relaxation times would collectively predict greater AKL.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: College-aged active male (n ¼ 20) and female (n ¼ 30) participants underwent magnetic resonance imaging (MRI) and
AKL testing. T2-weighted MRI scans were used to assess ACL volumes, and T2* relaxation times were used to assess ACL
structural composition. AKL was measured via a commercial knee arthrometer. Forward stepwise linear regression with sex and
weight (first step; suppressor variables) as well as ACL volume and T2* relaxation time (second step; independent variables) was
used to predict AKL (dependent variable).

Results: After initially adjusting for sex and weight (R2¼ 0.19; P¼ .006), smaller ACL volumes combined with longer T2* relaxation
times collectively predicted greater AKL (R2 ¼ 0.52; P < .001; R2

D ¼ 0.32; PD < .001). A smaller ACL volume was the primary
predictor of greater AKL (R2

D ¼ 0.28; P < .001), with a longer T2* relaxation time trending toward a significant contribution to
greater AKL (R2

D ¼ 0.04; P ¼ .062). After adjusting for ACL volume and T2* relaxation time, sex (partial r ¼ 0.05; P ¼ .735) and
weight (partial r ¼ 0.05; P ¼ .725) were no longer significant predictors.

Conclusion: AKL was largely predicted by ACL volume and to a lesser extent by T2* relaxation time (and not a person’s sex and
weight). These findings enhance our understanding of how AKL may be associated with a structurally weaker ACL. The current
study presents initial evidence that AKL is a cost-effective and clinically accessible measure that shows us something about the
structural composition of the ACL. As AKL has been consistently shown to be a risk factor for ACL injuries, work should be done to
continue to investigate what AKL may tell a clinician about the structure and composition of the ACL.
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An anterior cruciate ligament (ACL) injury frequently
occurs in active populations, with approximately 70% of
ACL injuries resulting from noncontact mechanisms.8,18,24

Female patients younger than 20 years have been reported
as having a higher incidence of ACL injuries as well as
greater anterior knee laxity (AKL) than that of male
patients.9,23,30 Knee stability during functional activity is
provided both passively by the ligaments and actively by
the muscles around the knee.38 It is possible that when
there is a delay or an error in the neuromuscular control
system, active restraint is insufficient, and greater relative
demand is placed on passive restraint.20,22 During this

situation, the capability of the ligament to resist external
loads is critical in maintaining ACL integrity.

ACL function is most commonly assessed clinically using
AKL testing.11 AKL is defined as anterior displacement of
the tibia relative to the femur under a fixed load. This
measure is clinically relevant, as high AKL has been pro-
spectively identified as a risk factor for ACL injuries.34,48,54

The mechanisms underpinning this increased risk of inju-
ries with greater AKL are not well understood. Greater
anterior-posterior knee laxity has been associated with
lower failure loads at 1 year after ACL reconstruction in
canines at high risk for ACL ruptures.4 Additionally, 3-
dimensional finite element modeling has demonstrated
that greater posterior cruciate ligament graft laxity was
associated with lower graft strength.26 While these studies
were limited to ligamentous grafts and not healthy ACL
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tissue, they suggest that greater knee laxity may be indic-
ative of structural insufficiency in native tissue. Con-
versely, factors associated with lesser laxity have the
potential to be related to ligamentous strength and thus
resiliency against injuries. A better understanding of the
factors that contribute to a structurally stronger and less
lax ligament may benefit our prevention efforts in ulti-
mately reducing the incidence of ACL injuries.

It is well established that a greater structural size is
positively related to the ability to resist external loads, thus
resulting in less displacement of tissue when loaded.37 With
regard to the ACL, this would indicate that greater ACL
morphometry (ie, larger size) would be associated with less
deformation of the ligament under fixed anterior loads and
thus less AKL. This theory is supported by total anterior-
posterior translation of animal knees being associated with
the cross-sectional area of the reconstructed ACL (R2 ¼
0.86).19 We are aware of only 1 study in humans in which
a significant but weaker relationship was observed between
ACL width and AKL (R2 ¼ 0.22).51 Thus, the size of the
ligament may not be the only determinant of ligamentous
behavior under loading.

Intrinsic factors, such as collagen fiber orientation,53 col-
lagen density,1 and collagen fiber diameter,15,29 have the
potential to affect ligamentous function beyond ligament
size. These intrinsic factors could help to stabilize the extra-
cellular matrix, thus increasing resistance to deformation
under loading.

To that end, the microstructural composition of liga-
ments, such as collagen content and collagen fiber orienta-
tion, may be examined in vivo via magnetic resonance
imaging (MRI) through the derivation of T2* relaxation
times.3 T2* relaxation times have been utilized to evaluate
the subregional differences of the ACL in vivo.41 Lower T2*
relaxation times have been shown to be related to greater
yield loads on healing ACL grafts7 as well as characteristic
of more mature ACL grafts from 1 to 2 years after ACL
reconstruction.14 Thus, while T2* relaxation time could be
associated with AKL, a better understanding of this quan-
titative MRI measure and how it predicts AKL in the
healthy human knee would further advance our under-
standing of ACL injuries.

While greater AKL is an established ACL injury risk
factor,34,48,54 there is much to be understood about the fac-
tors that contribute to greater AKL. Therefore, the purpose
of this study was to determine the extent of ACL volume
and T2* relaxation time in predicting AKL. We hypothe-
sized that smaller ACL volumes combined with longer T2*
relaxation times would collectively predict greater AKL.

METHODS

Participants

College-aged, recreationally active male (n ¼ 20) and
female (n ¼ 30) participants were recruited from local uni-
versities to participate in the study between September
2015 and May 2016. Participants were part of a large
study examining knee structure and function. As such,
volume-related imaging data included in the current
investigation have in part been previously reported.41,49,50

Potential participants were prescreened to obtain a wide
distribution of AKL values in both sexes. This was done to
ensure similar representations of average, above average,
and below average laxity within each sex. Previously
reported data43 were used to define average (male: 5.6 ±
1.0 mm; female: 8.1 ± 2.5 mm), above average (>1 SD;
male: 6.6 mm; female: 10.6 mm), and below average (<1
SD; male: 4.6 mm; female: 5.6 mm) AKL. Overall, 10
female participants who had undergone ACL reconstruc-
tion were recruited to test their healthy limbs. This was
done to sample a wide range of laxities. Inclusion criteria
were (1) current participation in sport activities for at
least 2 hours per week, (2) no history of ACL injuries to
the tested limb, and (3) no lower extremity injury of any
type in the last 6 months. Participants were excluded if
they (1) had any vestibular or balance disorder, (2) had
any metal or implanted medical device in the body, or (3)
could not relax during AKL testing. An informed consent
form approved by an institutional review board was signed
by all participants. Each participant attended an AKL
testing session as well as an MRI session consisting of
structural T2 imaging along with T2* relaxation time
mapping. Participants were instructed to avoid high-
intensity activity for the 24 hours before testing. To
control for potential hormonal effects on AKL, female
participants were tested during a limited window of the
menstrual cycle (3-8 days after menses onset).42 To quan-
tify participant activity levels, the Marx activity rating
scale, which included self-ranking in running, cutting,
decelerating, and pivoting activities with a score between
0 and 16, was used31 (Figure 1).

AKL Assessment

AKL was assessed using a KT-2000 knee arthrometer
(MedMetric) as previously described51 and defined as ante-
rior displacement of the tibia relative to the femur at a
130-N load. The participant was placed in a supine position
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with the knee flexed to a mean of 25� ± 5� over a thigh
bolster. The foot/ankle rested in the foot cradle, while a
hook-and-loop strap was placed around both thighs. This
method was used to prevent rotation of the lower extremities
during testing. The examiner first applied a 90-N posterior-
directed force and then a 130-N anterior-directed force to the
tibia, while displacement (mm) of the tibia with respect to the
femur was recorded using computer software (MedMetric). In
total, 3 continuous measurement trials were performed, and
the last 2 trials were averaged for analyses. AKL was defined
as the average anterior displacement of the tibia relative to
the femur over the last 2 trials. A single research team mem-
ber (H.-M.W.) who had established between-day measure-
ment consistency and precision performed all
measurements (intraclass correlation coefficient [SEM] ¼
0.87 [0.5] mm).45

MRI Examination

The examination of MRI data has been described in previ-
ous studies.41,49,50 For ACL morphometry, T2-weighted,
multiplanar MRI was used with a repetition time of 1300
milliseconds, echo time (TE) of 39 milliseconds, flip angle of
160�, field of view of 150 � 150 mm, and voxel size of 0.5 �
0.5 � 0.5 mm.

T2* relaxation time mapping was described in a previous
study.41 Gradient echo data sets were used for T2* relaxa-
tion time mapping with the following parameters: repeti-
tion time of 1000 milliseconds; TE of 8.26, 10.28, 12.3,
14.32, 16.34, 18.36, 20.38, 22.4, 24.42, 26.44, 28.46, and
30.48 milliseconds; flip angle of 90�; field of view of 280 �
280 mm; and voxel size of 0.5 � 0.5 � 3.0 mm.5,6

MRI Morphologic Data Reduction

ACL volume was measured as previously reported by
Chaudhari et al.13 ACL contouring from a sagittal slice was
performed manually using a digitizing tablet (DTK1300;
Wacom) and ITK-SNAP software (http://www.itksnap.org/
pmwiki/pmwiki.php). All contoured sagittal slices were uti-
lized in the calculation of ACL volume (Figure 2). For the
establishment of intratester reliability and precision, ACL
volume was measured in 10 pilot participants twice at least
a week apart (intraclass correlation coefficient (3,1) [SEM]
¼ 0.97 [36.1] mm3).50

MRI Structural Composition Data Reduction

Following the methods of previous work reporting regional
T2* values of the ACL,41 voxel-wise T2* relaxation time
maps were obtained using the signal intensity (SI) from all
12 TEs of the T2* relaxation time mapping sequence via
customized MATLAB codes (MathWorks). The calculation
equation is the following:

SI TEð Þ ¼ S0exp �TE=T2�ð Þ;

where SI(TE) represents the voxel-specific SIs for the var-
ious TEs and S0 is the SI at the initial TE.5,6,17 To isolate
specific ACL T2* values, the measured T2* relaxation time
map (Figure 3) was registered to the ACL structural imag-
ing sequence using 3D Slicer software (https://www.slicer
.org), and the mean T2* relaxation time value of the voxels
included in 3-dimensional ACL volume modeling (Figure 2)
described above was calculated using ITK-SNAP software
and included in analyses.

KT-2000 knee laxity screening test:

Below average: M: ≤4.6 mm (n = 6)
F: ≤5.6 mm (n=6)

Average: M: 4.6-6.6 mm (n = 6)
F: 5.6-10.6 mm (n = 8)

Above average: M: ≥6.6 mm (n = 8)
F: ≥10.6 mm (n = 6)

Recruited: 20 male and 20 female par�cipants:

18-30 years old
Engaged in sport ac�vi�es at least 2 h/wk
No history of ACL injury to the tested limb
No lower extremity injury in the past 6 mo

Included: 20 male and 20 female par�cipants
10 female ACLR par�cipants

Exclusion criteria:
Any ves�bular or balance disorder
Any metal or implanted medical device in the body
Could not relax during the AKL measures

Also recruited: 10 ACLR par�cipants (all female)

Figure 1. Flow chart of screened and included participants. ACL, anterior cruciate ligament; ACLR, ACL reconstruction; AKL,
anterior knee laxity; F, female; M, male.
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Statistical Analysis

Power analysis revealed that a sample size of 36 would
achieve 80% power to detect a large effect size of 0.30 attri-
buted to the 4 independent variables of interest (sex,
weight, ACL volume, and T2* relaxation time) using the
F test. Independent-samples t tests were used to examine
the difference in demographics between male and female
participants. Stepwise linear regression analyses were
used to test the hypothesis that T2* relaxation time and
ACL volume would each have unique contributions in
explaining the variance in AKL in a multivariate model.
Because female patients are often reported to have greater

AKL as well as smaller ACL morphometry and body
sizes,2,25 sex was entered to adjust for these differences and
any other confounding factors associated with sex. In the
next step, weight was entered to adjust for the effect of
varying weights of the different participants. Finally, the
stepwise method was used to assess the unique contribu-
tions of ACL volume and T2* relaxation time. Sex and
weight were removed in the final step to ascertain the influ-
ence of only T2* relaxation time and ACL volume. The
alpha level for all analyses was set a priori at �.05. All
calculations were performed using SPSS statistical soft-
ware (version 21.0; IBM Corp).

RESULTS

Descriptive statistics for AKL, ACL volume, and T2* relax-
ation time are shown in Table 1. Independent-samples
t tests indicated that the female participants were younger,
shorter, and lighter than were the male participants and
had greater AKL and a smaller ACL volume. After adjust-
ing for sex and weight (R2 ¼ 0.19; P ¼ .006), smaller ACL

TABLE 1
Descriptive Statistics of Participantsa

Male
(n ¼ 20)

Female
(n ¼ 20)

Female With
ACL

Reconstruction
(n ¼ 10)

Age, y 23.2 ± 2.9 21.3 ± 2.3b 21.9 ± 2.7
Height, cm 180.4 ± 6.7 166.9 ± 7.7b 170.3 ± 5.5b

Weight, kg 84.0 ± 10.9 61.9 ± 7.2b 67.5 ± 7.0b

AKL, mm 6.3 ± 1.9 8.1 ± 2.7b 8.8 ± 1.8b

ACL volume,
mm3

1712.2 ± 356.3 1200.1 ± 337.8b 1012.8 ± 175.5b

T2* relaxation
time, ms

19.1 ± 2.5 18.5 ± 2.2 19.1 ± 2.4

Marx activity
rating score

9.2 ± 4.1 10.7 ± 3.9 13.9 ± 2.2b

aData are reported as mean ± SD. ACL, anterior cruciate liga-
ment; AKL, anterior knee laxity.

bStatistically significant difference (P < .05) between male and
female participants.

TABLE 2
Regression Model of Sex, Weight, ACL Volume, and T2*

Relaxation Time Predicting AKLa

Model
R2

Value
R2

D

Value
Sig.
FD

P
Value

1 (sex) 0.16 0.16 .004 .004
2 (sex and weight) 0.19 0.03 .178 .006
2 (sex, weight, and ACL volume) 0.48 0.28 <.001 <.001
3 (sex, weight, ACL volume, and

T2* relaxation time)
0.52 0.04 .062 <.001

4 (ACL volume and T2* relaxation
time)

0.51 –0.01 .513 <.001

aACL, anterior cruciate ligament; AKL, anterior knee laxity.

Figure 2. Anterior cruciate ligament volume manual segmen-
tation on sagittal image. Red area represents the anterior
cruciate ligament segmentation.

Figure 3. T2* relaxation time map.
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volumes (R2
D ¼ 0.28; P < .001) combined with longer T2*

relaxation times (R2
D ¼ 0.04; P ¼ .062) predicted greater

AKL (R2¼ 0.52; P < .001; R2
D¼ 0.32; PD< .001). Once ACL

volume and T2* relaxation time were entered into the
model, sex (partial r ¼ 0.05; P ¼ .735) and weight (partial
r ¼ 0.05; P ¼ .725) no longer contributed predictivity to the
model. The regression model and regression coefficients
can be found in Tables 2 and 3, respectively.

DISCUSSION

Greater AKL has been identified as a prospective risk fac-
tor for noncontact ACL injuries.34,48,54 However, little is
understood of the factors that contribute to greater inher-
ent knee laxity. The current investigation assessed both
ACL size and structural composition as contributing fac-
tors. The primary findings were that after adjusting for sex
and weight, the combination of smaller ACL volume and
longer T2* relaxation time predicted greater AKL. While
these associations were consistent with the directional
hypothesis, ACL volume was a strong predictor of AKL,
while T2* relaxation time contributed to a lesser extent
(*5% of the variance; P ¼ .062). It is of note in the final
model that the partial correlation of sex decreased from
–0.404 (P ¼ .004) to 0.051 (P ¼ .735) and that the partial
correlation of weight decreased from –0.421 (P ¼ .178) to
0.053 (P ¼ .725) after the inclusion of ACL volume and T2*
relaxation time in the regression model. The results indi-
cated that after adjusting for sex and weight, smaller ACL
volumes with longer T2* relaxation times predicted greater
AKL. To the best of our knowledge, the current study is the
first in vivo report of the relationship of AKL to ACL
volumes and quantitative tissue relaxation times in
healthy ACL tissue. Such findings may indicate that ACL
volume combined with T2* relaxation time contributes to
AKL when considering sex-related differences.

The current finding that a smaller ACL volume was asso-
ciated with greater AKL is consistent with previous animal
and human studies reporting that a smaller ACL size was
associated with greater AKL.19,51 A previous computational
study indicated that smaller ACL graft sizes led to greater
strain on the ligament during loading,52 with an animal
study also reporting that smaller ACL graft volumes had
lower failure loads.17 These findings collectively suggest
that a smaller in vivo ACL volume is less capable of

resisting external forces, thus likely leading to greater AKL
and potentially lower failure loads.

Given that ligaments are composed of diverse materials,
the various intrinsic properties of these materials could
potentially affect function of the ligament.15,29,36,37,39 As
determined in articular cartilage, shorter relaxation times
in ligaments could reflect greater collagen density, a more
organized collagen structure, and less water content, while
longer relaxation times could reflect less collagen density, a
less organized collagen structure, and more free water con-
tent.32 Given that lower ligamentous fibril density has been
related to weaker cadaveric ACLs,21 these findings indicate
that a poorly structured and disorganized matrix of the
ligament is less capable of restraining external loading,
thus resulting in a greater amount of laxity. T2* relaxation
times could be indicative of intrinsic ACL properties, and
T2* relaxation time has been used as a measure of ligamen-
tous composition.7,41 Hence, it was our initial expectation
that longer T2* relaxation times may be related to greater
AKL. However, current data did not fully support this
expectation.

The findings were consistent with this directional rela-
tionship, with longer T2* relaxation time being weakly
associated with greater AKL. Although the explained var-
iance in AKL was small and only trended toward signifi-
cance (R2¼ 0.04; P¼ .062), this is the first study, to the best
of our knowledge, to report the relationship of intrinsic lig-
amentous characteristics assessed using T2* relaxation
times with AKL in healthy in vivo ACLs. A study of T2*
relaxation times in 15 cadaveric limbs reported a similar
level of nonsignificant predictivity of median T2* relaxation
times to yield loads (R2 ¼ 0.05; P ¼ .44).6 However, the
authors suggested that the lack of significant findings was
because of natural age-restricted distributions of T2* and
ligament volume in their sample of limbs with a median age
of 54 years.6 Given the relatively low associations, further
work is needed to understand the clinical relevance of this
measure in understanding the resiliency of the ACL to an
applied load.

While MRI offers noninvasive measurements of ligament
size and structural quality, it is costly and inaccessible to
many clinicians. The findings support the use of AKL as a
cost-effective clinically accessible measure of ligament
structure and function that can be examined in the physi-
cian’s office as well as sports medicine clinics to inform the

TABLE 3
Regression Coefficients and Correlations of Models for Predicting AKLa

Beta Coefficient t Coefficient P Value

Correlation

Zero Order Partial Part

Constant 8.483 3.295 .002
Sex 0.277 0.340 .735 –0.404 0.051 0.035
Weight 0.011 0.354 .725 –0.421 0.053 0.037
ACL volume –0.004 –5.348 <.001 –0.688 –0.623 –0.554
T2* relaxation time 0.210 1.914 .062 0.100 0.274 0.198

aACL, anterior cruciate ligament; AKL, anterior knee laxity.
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standard of care for ACL tears as well as injury risk screen-
ing. Understanding the intrinsic ACL properties that con-
tribute to AKL may also serve to advance prevention efforts
that focus on increasing ligament strength. To date, ACL
injury prevention programs have primarily focused on neu-
romuscular training to protect the ACL from external load-
ing.35,40,44 However, animal studies have suggested that
ligaments are dynamic tissues that respond to exercise
training and can increase in size, strength, and stiffness
if the training protocol is sufficient to load the bone-
ligament-bone complex and stimulate changes in collagen
structure.10,12,27,46,47,55 While bone and tendon adaptations
to resistance training are well established in humans,16,28

ligament adaptations have rarely been studied. Interven-
tions designed to increase ACL intrinsic properties to better
withstand external loads and resist deformation during
sport may be a promising direction for future research.

Limitations

Because this study was based on obtaining a wide range of
AKL measurements in male and female participants, a lim-
itation was the wide included range of physical activity
levels as evidenced by the large SD in Marx activity rating
scores (Table 1), which may have confounded the current
findings and hurt external validity in populations at a high
risk of noncontact ACL injuries. Previous evidence that
physical activity may affect AKL in the noninjured knee
has been reported.33 However, collecting a wider range of
activity levels could help us to better understand the gross
relationship of ACL morphometry and structural composi-
tion to AKL. The recruited male and female participants
were both from active populations. While the study was
limited to healthy limbs, it included 10 female participants
who reported an ACL injury in the contralateral limb to the
testing limb. This was done to potentially include a greater
distribution of ligament sizes, quality, and functionality in
the sample population. It is possible that the inclusion of
only female participants may have biased the outcome.
Furthermore, the ACL was the only structure that was
analyzed as being responsible for AKL. There was no anal-
ysis of peripheral instabilities, major meniscal lesions, bone
sizes, slope deformities, or posterior cruciate ligament
insufficiencies. Additionally, it is important to note that the
implications of the current study are limited by the
unknown relationship between knee laxity and failure
loads of healthy, native ACL tissue. However, the study
provided a possible direction on noninvasive measures of
ligament quality.

CONCLUSION

The current main findings were that after adjusting for sex
and weight, a smaller ACL volume was the primary predic-
tor of greater AKL, with a longer T2* relaxation time trend-
ing toward a significant contribution to greater AKL. The
results help to provide an initial step toward our under-
standing of contributions to in vivo ligament function.
Future studies should be done to continue to address

factors associated with increased AKL to help focus future
intervention efforts in enhancing ligament strength and
reducing the prospective risk factor of high laxity.
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