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ARTICLE INFO ABSTRACT

Keywords: The tibia is a common site for bone stress injuries, which are believed to develop from microdamage accumu-

Bone lation to repetitive sub-yield strains. There is a need to understand how the tibia is loaded in vivo to understand

E;‘fr‘?ls‘i o how bone stress injuries develop and design exercises to build a more robust bone. Here, we use subject-specific,
; ysical activity muscle-driven, finite element simulations of 11 basketball players to calculate strain and strain rate distributions
unning

at the midshaft and distal tibia during six activities: walking, sprinting, lateral cut, jumping after landing,
changing direction from forward-to-backward sprinting, and changing direction while side shuffling. Maximum
compressive strains were at least double maximum tensile strains during the stance phase of all activities.
Sprinting and lateral cut had the highest compressive (—2,862 + 662 pe and —2,697 + 495 pe, respectively) and
tensile (973 + 208 pe and 942 + 223 e, respectively) strains. These activities also had the highest strains rates
(peak compressive strain rate = 64,602 £+ 19,068 pe/s and 37,961 + 14,210 pe/s, respectively). Compressive
strains principally occurred in the posterior tibia for all activities; however, tensile strain location varied. Ac-
tivities involving a change in direction increased tensile loads in the anterior tibia. These observations may guide
preventative and management strategies for tibial bone stress injuries. In terms of prevention, the strain dis-
tributions suggest individuals should perform activities involving changes in direction during growth to adapt
different parts of the tibia and develop a more fatigue resistant bone. In terms of management, the greater strain
and strain rates during sprinting than jumping suggests jumping activities may be commenced earlier than full
pace running. The greater anterior tensile strains during changes in direction suggest introduction of these types
of activities should be delayed during recovery from an anterior tibial bone stress injury, which have a high-risk
of healing complications.

Stress fracture

1. Introduction can promote microdamage accumulation, its coalescence and/or

extension, and progression to a BSI [2].

Bone stress injuries (BSIs), including stress reactions and stress
fractures, are a source of frustration in both amateur and professional
athletes. They invariably interrupt training due to pain and a real risk of
progression to a complete fracture. BSIs are believed to result from
mechanical fatigue wherein repetitive loading below yield levels results
in the formation of microdamage [1]. Microdamage is a normal phe-
nomenon that triggers targeted remodeling and skeletal renewal.
However, an error in workload (e.g., too rapid progression of training)

The tibia is one of the most common sites for a BSI, accounting for up
to 40% of cases [3-5]. To understand development of BSIs within the
tibia, there is a need to understand how the bone is loaded in vivo during
activity. Early studies used strain gauges attached to the surface of the
tibia to measure bone strain during locomotion [6,7]. In particular, Burr
et al. [6] demonstrated that principal strains during vigorous activities
(sprinting, zigzag running) were significantly higher than walking.
Moreover, sprinting generated the greatest compressive and tensile
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strain rates. Subsequent studies used strain gauges to explore strains
during different activities, and the impact of shoes, neuromuscular fa-
tigue, and running surface, to name a few [8,9]. Most recently, Yang
et al. [10] developed an optical segment tracking method involving
implantation of bone screws to measure the bending and torsion angle of
the tibia during walking and running.

Strain gauge and bone pin implantation methods have advanced our
knowledge of tibial loading in vivo but are limited by their invasive
nature along with their inability to provide information on the distri-
bution of strains within the volume of bone tissue. Further, previous
invasive studies were performed in non-athletes who may have different
movement patterns and forces than a trained athletic population.

Computational approaches offer a novel non-invasive method for
estimating in vivo tibial bone strains. They involve estimates of
musculoskeletal loads applied to the skeleton based on experimental
measures of human movement and external forces such as the ground
reaction force. Previous studies have used computational approaches to
estimate tibial loading during walking and running [11-21]. Ankle and
knee joint reaction forces, muscle forces, and ground reaction forces
during walking and running at different speeds and slopes were evalu-
ated by inverse dynamics using a rigid body model [11-13]. The joint
reaction forces quantified were due to the combined effects of muscle
and ground reaction forces, but these loads do not necessarily reflect the
strain experienced by the tibia. Analytical models of bone with boundary
conditions based on motion analysis have been used to quantify stresses
in the tibia during running [14,15]. However, the contribution of tibial
geometry and heterogeneous material properties has infrequently been
considered. Finite element (FE) models provide the opportunity to
analyze bone mechanics under conditions that are difficult to measure in
vivo.

The inclusion of muscle forces derived from rigid body musculo-
skeletal models has now become more widely used as a means for
assessing the loading of bone during locomotive tasks, with much
attention on the femur [22-24]. Using a similar approach, tibial loading
and deformation during walking have been analyzed [16-18,20], with
model predictions of tibial deformation and strain being consistent with
previous in vivo experiments [6,7]. However, less is known about the
distribution of strains within the tibia during vigorous, multidirectional
tasks. Characterizing the physiological strain environment of bone can
provide insight into areas potentially at risk of injury as well as areas
that may undergo site-specific adaptation.

The aim of the current study was to estimate tibial bone strain
magnitudes and rates during vigorous activities using subject-specific
musculoskeletal modeling and a CT-based FE model of the tibia. Activ-
ities involving sudden changes in direction were included to explore the
distribution of strains in bone volumes at both the midshaft tibia (mid-
tibia) and junction of the proximal 2/3 and distal 1/3 of the tibia (distal
tibia). The study was performed in collegiate-level basketball players as
they are trained to perform activities with sudden changes in direction
and are at risk of tibial bone stress injuries [25].

2. Methods
2.1. Participants

Male basketball players competing at the Division I, II or III level
within the National Collegiate Athletic Association were recruited via
convenience sampling from local universities and colleges. Participants
were ineligible if they reported a history of a: 1) tibia or fibula stress
fracture or fracture; 2) lower extremity injury in the past 6 months that
precluded participation in any basketball activities, or; 3) lower ex-
tremity surgery or immobilization for longer than 2 weeks in the past 2
years. The study was approved by the Institutional Review Board of
Indiana University and all participants provided written informed
consent.
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2.2. Testing protocol

Testing was performed in a biomechanics laboratory equipped with a
10-camera motion capture system (VICON Vero v2.2, Oxford, UK) syn-
chronized with an in-ground force platform (AMTI OR6-7, Watertown,
MA). Participants were provided a standardized basketball shoe (Nike
Air Behold Low Basketball Shoe, Nike Inc., Beaverton, OR), chosen for
its low cut and smooth synthetic upper to promote foot marker adher-
ence. Retro-reflective markers were positioned on 28 upper and lower
body landmarks, based on an established marker set [26]. Locations
were initially demarcated with a semi-permanent pen before the retro-
reflective markers were affixed using double sided tape and secured
using Coban wrap (3M Company, St. Paul, MN), Cover-Roll stretch tape
(BSN Medical Inc., Charlotte, NC), and/or Transpore surgical tape (3M
Company, St. Paul, MN).

Following a 5-minute warm-up of treadmill running at a self-selected
speed, a static standing calibration trial was performed before subjects
completed six different activities (see Table 1 for activity descriptions).
During each activity, kinematic and kinetic data were collected at 240
Hz and 2400 Hz, respectively. Each maneuver was repeated until three
trials were successfully completed. A successful trial was defined as
when the foot of the dominant leg landed completely within the
boundaries of the force platform. The dominant leg was the leg opposite
the preferred shooting arm, consistent with the concept of crossed
symmetry [27].

2.3. Computed tomography

The tibia in the dominant leg was imaged on a multislice CT scanner
(Biograph128 mCT; Siemens Healthcare, Knoxville, TN) operating at
120 kVp, 90 mAs, 128 x 0.6 collimation, and pitch 0.8. The scan region
prescribed from a scout scan included the entire tibia from the tibiofe-
moral to talocrural joint. The scan volume included a calibration
phantom containing calcium hydroxyapatite standards embedded in
water-equivalent resin (QCT-Bone Mineral Phantom; Image Analysis,
Inc., Columbia, KY). Images were axially reconstructed at 1.0 mm slice
thickness using a B60s convolution kernel, 512 x 512 matrix and
reconstruction diameter of 35.2 cm (reconstructed voxel size = 0.688 x
0.688 x 1.0 mm®).

2.4. Computational modeling

Loading of the tibia during the stance phase of each task was
calculated using muscle-driven FE models based on an established

Table 1
Activities assessed.
Activity Abbreviation ~ Description
Walking Walk Walking at subjects normal speed (reference
activity to which other activities were
compared)
Sprinting Sprint Running forward in a straight line at
maximum speed
Land-jump Jump Stepping off an 18-inch-high platform,
movement landing on both feet simultaneously, before a
maximum vertical jump
Forward-to- SprintFB Sprinting forward before planting the
backward dominant leg” on the force plate and
sprinting changing direction to sprint backward
Lateral shuffle Shuffle Side stepping at maximum speed to the side

of the dominant leg” before planting on the
force plate and changing direction to sidestep
in the opposite direction

Sprinting forward in a straight line before
planting the dominant leg” at the force plate
and cutting at an angle of 45° toward the non-
dominant leg side

Lateral cut Lateral cut

# The dominant leg was defined as the leg opposite the preferred shooting arm.
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computational pipeline [22,28]. For all tasks, kinematic and force plate
data were first processed through Matlab (MathWorks, Natick, MA,
USA) using the Biomechanical ToolKit package for MATLAB. The kine-
matic and ground reaction force data were filtered using a lowpass filter
with a cutoff frequency of 6 Hz. The stance phase was identified as the
time when the force exceeded 1% of the maximum vertical ground re-
action force for the trial being analyzed. The end of the stance phase was
defined as when the ground reaction force returned to zero. Using
OpenSim v3.3 [29,30], anthropometric data of a generic rigid body
musculoskeletal model (Gait2354) [31] was linearly scaled to each
subject using marker positions acquired during the static trial. Next,
joint angles and torques at the knee and ankle joints were calculated
using inverse kinematics and inverse dynamics. The resulting forces
included the compressive and shear forces acting on both ends of the
tibia from those joints. Estimates of muscle forces of the lower limb were
calculated using static optimization based on a minimization of muscle
activation criteria. The joint reaction force at the knee and ankle were
calculated by solving for equilibrium of the tibia. The ankle joint reac-
tion force acting on the tibia was calculated using the joint reaction
analysis and exported in the tibial reference system. Muscle and joint
forces during the stance phase of each task were time-normalized and
discretized into 20 time points.

Subject-specific FE models were created based on the CT images.
Within each CT scan, the tibia was manually segmented and converted
into triangulated surface meshes using Amira (Thermo Fisher Scientific,
Waltham, MA, USA). The surface meshes were then smoothed and
exported as solid models (Geomagic, 3D Systems, NC, USA). Each tibia
was meshed using quadratic tetrahedral elements (average element
number = 541,883 + 159,882; nominal element side length = 1.5 mm,
Abaqus, Dassault Systemes, France). The Hounsfield units associated
with each element were converted to apparent density using the cali-
bration phantom included in each scan after which a Young's modulus
value was assigned to the element based on empirically derived data
from the tibia [32]. Assignment of isotropic material properties was

A College basketball players (n=11)

Motion capture + CT
ground reaction force  imaging

l

C Max/min principal strains over time

time of max strain
in cross-section -—f

Semimembranosus
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performed using Bonemat with an average of 191 material properties
used [33]. The Young's modulus of the cortical bone regions were be-
tween 17 and 21 GPa, consistent with previous analyses [34]. The
Poisson's ratio was set to 0.3 [34].

Fourteen muscles with insertions at the tibia were modeled using the
line of action described within the rigid body musculoskeletal model
(Fig. S1). Using common anatomical landmarks, the musculoskeletal
model coordinate system was transformed to the FE model coordinate
system after which muscle attachment points on the FE model were
identified (Fig. 1B, center). The insertion areas for each muscle were
approximated using an anatomical atlas [35]. Local anatomical land-
marks as well as the relative size of the insertions in the proximal-distal
and medial-lateral directions described by Schuenke et al. were used as
guides for the manual selection of nodes that represented each insertion
area. The total muscle force was evenly distributed along the surface
nodes of each insertion area to minimize stress concentrations. All
models were visually inspected to ensure consistency in the size and
shape of the insertion areas relative to each subjects' individual anatomy
[35]. The proximal end of the tibia was fully constrained and five axial
springs (k = 300 N/mm) centered at the distal tibia were used to model
passive constraints of the ankle joint [36]. The ankle joint reaction
forces were applied to the distal articulating surface of the tibia, and the
loads were evenly distributed over the surface nodes. A linear implicit
analysis was used to calculate the principal strains in the tibia during the
stance phase of each task.

2.5. Data reduction and statistical analyses

All FE models were aligned to a common coordinate system and 10
mm-thick volumes of interest were identified at the mid-tibia and distal
tibia (Fig. 1B, right). Analyses of strains and strain rates were based on
bone elements only, excluding elements within the bone marrow region
(Fig. 1C, left).

For each subject and task, the 95th percentile for tensile and

B Muscle driven finite-element models
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Fig. 1. Diagrammatic representation of the experimental procedures. A) Biomechanics data of college-level basketball players (n = 11) performing different activities
were collected along with CT images of the lower limbs. B) Data were used to create muscle-driven FE models to investigate loading at the mid-tibia and distal tibia.
Nodal surfaces (shown in red) were defined for each muscle insertion area over which muscle forces were distributed. C) For each task, the maximum and minimum
principal strains during the stance phase were calculated per subject and D) used to analyze the spatial distribution of the principal strains between activities. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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compressive principal strains within the bone were calculated at each
time point during the stance phase (Fig. 1C). The time of peak strain
during the stance phase was identified and subsequently used to eval-
uate the spatial distribution of principal strains. All models were
spatially normalized to a common template by calculating the centroid
of the cross-section and separating each volume into 12 circumferential
zones which were further subdivided into ten radial sections (Fig. 1D,
left). The tensile and compressive principal strains, at the time of peak
strains, were then compared within the 120 discretized regions (Fig. 1D,
right). Strain rate was calculated by numerically differentiating the
strain data with respect to time. The same analysis described for
maximum and minimum principal strains were repeated for strain rate
at both tibial locations.

All post-processing of data was performed in Matlab and Rstudio
(RStudio Team (2016); RStudio: Integrated Development for R. RStudio,
Inc., Boston, MA) was used for statistical analyses. Peak strain data from
each subject and activity were normally distributed, as assessed through
Shapiro-Wilks tests. One-way ANOVA tests were used to compare strains
and strain rates between activities. Paired t-tests were used to compare
the strains at identical spatial positions including Bonferroni p-value
adjustment for multiple comparisons. Post-hoc comparisons of mean
strains between different activities were carried out using Tukey HSD
tests. Significance was defined as o = 0.05.

3. Results

Thirteen participants were recruited. Data from two participants
were not included in analyses because of: 1) camera failure negating the
ability to complete testing and 2) unrecoverable errors in post-
processing of kinematic data. The 11 included participants were 22.7
+ 1.3 years old, 1.93 &+ 0.10 m tall, and weighed 91.9 + 13 kg. During
Sprint, subjects ran with an average speed of 6.97 + 0.27 m/s.
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3.1. Mid-tibia compressive strains

During all maneuvers, maximum compressive strains were at least
double those of maximum tensile strains at the mid-tibia (Fig. 2A,
Table 2). Sprint resulted in the highest compressive strains (—2,862 +
662 pe), which were 2.5 times greater than Walk (p = 0.006) and
occurred at 40% of the stance phase (Table 2). Maximum strains during
Sprint were spatially located in the posterior region of the tibia (Fig. 2A);
however, 88% of the mid-tibia had compressive strains significantly
greater than those during Walk (Fig. 2B).

Lateral cut generated the second highest compressive strains
(—2,697 + 495 pe), which were 2 times higher than Walk (p < 0.001)
and occurred at mid-stance (51% of stance) (Table 2). Like Sprint, the
maximum compressive strains during a Lateral cut occurred in the
posterior region (Fig. 2A), with 49% of the tibia having strains greater
than Walk (Fig. 2B). Sprint and Lateral cut had the shortest stance phases
(0.18 + 0.02 s and 0.27 + 0.05 s, respectively) (Table 2).

Compressive strains at the mid-tibia were elevated during Jump and
Shuffle compared to Walk (all p < 0.01) (Table 2). Eighty-four percent
and 37% of the mid-tibia had increased strain during Jump and Shuffle
compared to Walk, respectively (Fig. 2B). The increased compressive
strains during Jump and Shuffle were in the posterior-lateral region
(Fig. 2A). There was no difference in mean peak compressive strain
between SprintFB and Walk (p = 0.06) (Table 2).

3.2. Mid-tibia tensile strains

While lower in magnitude than compressive strains, peak tensile
strains during Sprint and Lateral cut were greater than those during
Walk (all p < 0.01) (Table 2). Peak tensile strain during Sprint (973 +
208 pe) was 2.6 times higher than during Walk (Table 2) and occurred in
the posterior region (Fig. 2A); although tensile strains were elevated in
the entire mid-tibia (Fig. 2B). Lateral cut resulted in 2.4-fold greater
tensile strains than Walk (Table 2), but unlike Sprint or Walk the region
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Fig. 2. (A) Maximum tensile (upper images and graphs) and compressive (lower images and graphs) strains at the mid-tibia during the stance phase of each activity.
Bounds represent distribution across all subjects and vertical line indicates time of maximum strain. Inset figures of the tibial cross-sections show the distributions of
strain at the time of maximum strain during stance. (B) Regions of significantly increased strain relative to Walk.
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Table 2
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Maximum (tensile) and minimum (compressive) principal strains and strain rates at the mid-tibia during the stance phase of each task and in comparison to Walk."

Walk Sprint Jump SprintFB Shuffle Lateral cut
Stance duration (s) 0.72 + 0.05 0.18 + 0.02 0.50 + 0.11 0.64 + 0.19 0.59 + 0.14 0.27 + 0.05
Peak strain (ue)

Compressive —1,131 + 490 —2,862 + 662° —1,730 + 617¢ —1,347 + 317 —1,718 + 655¢ —2,697 + 495°
Compared to Walk (p = 0.004) (p < 0.001) (@ =0.6) (p = 0.003) (p < 0.001)
Fold diff. to Walk 2.5 1.5 1.2 1.5 2.4
Time (% of stance)” 78 +£2.3 40 £5.1 30 +13.8 46 + 30.7 30 + 28 51 +£8.3

Tensile 381 + 144 973 + 208° 573 =+ 505° 663 + 217 807 + 290° 942 + 223°
Compared to Walk (p = 0.006) (p = 0.004) (p = 0.06) (p = 0.002) (p < 0.001)
Fold diff. to Walk 2.6 1.4 1.7 2.1 2.4
Time (% of stance)” 79 +3 39+4 24+9 25 + 20 28 + 28 42 +12

Peak strain rate (pe/s)
Compressive

15,512 + 9,115

64,602 + 19,068°

26,518 + 12,998

19,493 + 8,594

25,925 + 13,421

37,961 + 14,210°

Compared to Walk (p < 0.001) (=0.15) (p = 0.55) (»=0.37) (p < 0.001)

Fold diff. to Walk 4.1 1.7 1.2 1.7 2.5

Time (% of stance)” 83.5 + 27.7 15 +10.3 18.5 + 25.5 85+ 7.8 23.9 +33.4 20 +£17.7
Tensile 6,180 + 3,398 20,640 + 15,207 10,556 + 6,632¢ 8,107 + 2,777 9,146 + 8,856° 18,693 + 7,402¢

Compared to Walk (p < 0.001) (p =0.03) (p=0.6) (p = 0.015) (p < 0.001)

Fold diff. to Walk 3.3 1.7 1.3 1.5 3.0

Time (% of stance)” 92 +3 17 +£10 10+5 9+8 30 + 40 19 +18

@ Data represent mean + SD.

b Time of peak strain and strain rate are expressed relatively as a percentage of stance duration for the task.

¢ Indicates significant difference compared to Walk.

of increased tensile strains during Lateral cut were in the anterior-medial
region of the mid-tibia (Fig. 2A, B). Maximum tensile strains during
Jump and Shuffle were also significantly higher than Walk (all p < 0.01)
with tensile strains elevated in the anterior region of the tibia (Fig. 2A,
B). For SprintFB, 47% of the mid-tibia experienced increased tensile
strains compared to Walk with the strains being located in the ante-
romedial region (Fig. 2A, B). For all activities, the timing of peak tensile
strains were similar to those for peak compressive strains (Table 2).

3.3. Mid-tibia compressive strain rates

Similar to strain magnitudes, compressive strain rates at the mid-
tibia were greater than tensile strain rates for all activities (Table 2,
Fig. 3). However, the timing of maximum strain rate occurred earlier
during each task compared to the time of maximum strain. The
compressive strain rate at the mid-tibia during Sprint (64,602 + 19,068
pe/s) was 4.1 times higher than that of Walk (p < 0.001) and occurred
near initial contact (15% of stance phase) (Table 2). Compressive strain
rates during Lateral cut were 2.45 times higher than that of Walk (p <

0.001) and occurred at 20% of the stance phase (Table 2). During both
Sprint and Lateral cut, compressive strain rates were greatest in the
posterolateral regions of the mid-tibia (Fig. 3). Compressive strain rates
at the mid-tibia during Jump, SprintFB and Shuffle did not differ from
Walk (Table 2).

3.4. Mid-tibia tensile strain rates

Tensile strain rates at the mid-tibia during Sprint, Lateral cut, Jump
and Shuffle were 3.3, 3.0, 1.7 and 1.5-fold higher than strain rates
during Walk, respectively (all p < 0.02) (Table 2). The maximum tensile
strain rate occurred in the anteromedial and posterolateral aspects of the
mid-tibia during Sprint and in the anteromedial region during Lateral
cut and Shuffle (Fig. 3). The timing of maximum tensile strain rates was
similar to the timing of maximum compressive strain rate (Table 2).

3.5. Distal tibia strains and strain rates

Overall, similar results were found for the distal tibia with Sprint and
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Fig. 3. Maximum tensile (upper images and graphs) and compressive (lower images and graphs) strain rates at the mid-tibia during the stance phase of each activity.
Bounds represent distribution across all subjects and vertical line indicates time of maximum strain rate. Inset figures of the tibial cross-sections show the distri-
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Lateral cut having higher tensile and compressive strains compared to
Walk (Table S1, Fig. S2, p < 0.03). The distributions of strain within the
distal tibia generally mirrored those of the mid-tibia; however, the
magnitude of strains was lower at the distal tibia. The timing of
maximum strains in the distal tibia was within 3% of the timing of
maximum strains at the mid-tibia. As we found for the mid-tibia, tensile
and compressive strain rates during Sprint and Lateral cut were higher
than Walk (Fig. S3, p < 0.001-0.03).

4. Discussion

We evaluated the magnitude and distribution of strains and strain
rates at the mid-tibia and distal tibia using computational methods. Our
results indicate the tibia experienced higher compressive strains than
tensile during all activities. Sprint and Lateral cut resulted in the highest
strains and strain rates. During these activities, peak strains occurred
near midstance, while peak strain rates occurred between initial contact
and midstance. Peak compressive strains for all activities tended to be
located in the posterior region, while the locations of peak tensile strains
were activity-dependent.

Our calculated peak tensile strains during walking (381 + 144 pe)
are striking similar to those reported by Xu et al. [16] (372 + 93 pe in
tension) who also used FE based simulations. Our maximum compres-
sive strains during walking (—1,131 + 490 pe) were nearly 1.5 times
higher than those reported previously (—716 + 204 pe), but were
consistent with respect to their posterior location and timing during the
stance phase of the gait cycle [16-18]. When comparing loading during
different activities, studies using strain gauges found compressive
strains during running were 2.96 times higher than during walking, and
tensile strains were 1.95 times higher [6]. These fold differences are
comparable to our data where compressive strains during Sprint were
2.5 times higher than during Walk and tensile strains were 2.6 times
higher, despite the higher average running speed of participants in our
study (6.97 m/s vs. 2.8-4.7 m/s [6,37]).

Previous studies of strains during a basketball rebounding activity
reported average tensile strains of 1592 pe and compressive strains of
3163 pe [38], which are higher than our calculations during Jump.
Differences in methodology (strain gauges vs. computational analyses),
subject age (27-52 years old vs 22.7 + 1.3 years old), and experience
level (non-athletes vs. college-level basketball players) may contribute
to the observed differences. In terms of experience level, participation in
basketball has been shown to enhance tibial bone properties which may
in turn decrease the strains generated during basketball maneuvers
relative to the same maneuvers performed by non-athletes [39,40]. We
have previously shown adaptation-induced reductions in stress and
strain during loading in both animal and human studies [27,35]. Also,
Wang and colleagues [19] recently reported lower tibial strains in
basketball players during walking and load carriage when compared to
runners, as determined using computational approaches. Interestingly,
the strain rates generated by our subjects during Jump were higher than
those measured by Milgrom and colleagues [38]. However, the latter
study tested non-athletes whom may perform the task differently than
our trained collegiate-level athletes who had a baseline assessed vertical
leap of 67.7 + 6.1 cm.

We found the highest strains and strain rates were concentrated in
the posterior region of both the mid- and distal tibia. The posterior
location of strains is consistent with previous studies reporting on tibial
stress during running [14,15,42]. In particular, Meardon et al. [15] re-
ported higher stresses in the posterior region of the distal tibia during
running which were further elevated in runners with a history of tibial
bone stress injuries. The higher strains and strain rates in the posterior
region of the tibia also fits with clinical data which report 75-90% of
tibial bone stress injuries occur in this region [43,44].

Tensile strains and strain rates in the current study were lower in
magnitude than compressive strains and strain rates, and their location
were dependent on the activity being assessed. Activities involving a
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change in direction (i.e. SprintFB, Shuffle, and Lateral cut) resulted in
increased tensile strains in the anterior aspect of the tibia. The clinical
implications of these observations are two-fold. First, activities
involving changes in direction have the potential to increase bone stress
injury risk at the anterior tibia, a site at high-risk for healing compli-
cations. Although the tensile strains were lower than compressive
strains, energy dissipation (which is related to increased microcrack
formation) occurs more rapidly under tension than compression during
the early stages of fatigue [45]. Introduction of activities involving
changes in direction should be delayed during recovery from anterior
tibial bone stress injuries, which are at high risk of healing complica-
tions. Second, the increased anterior tensile strains indicate that in-
dividuals should perform activities involving changes in direction
during the permissive period of skeletal growth in order to load more of
the tibial cross-section and build a more robust skeletal structure [2,39].
Runners and infantry who played ball sports were at decreased risk of
future bone stress injuries [38,46] and loading-induced adaptation in an
animal model was shown to exponentially improve bone fatigue resis-
tance [41].

The current study has several strengths, including being the first to
utilize a complete subject-specific finite-element model to estimate tibial
strains during a range of multi-directional tasks. However, the study also
possesses limitations. Our study is limited by a relatively small sample
size (n = 11); however, the sample size is greater than strain gauge
studies which typically involve <5 participants and consistent with
computational studies of this type which are labor-intensive. We only
assessed principal strains and in two discrete volumes of the tibia, yet
the sites assessed are clinically relevant in terms of bone stress injury
risk. All activities were performed under strict laboratory conditions
where the movements and loads may not fully replicate those occur
during actual game play. We studied collegiate-level basketball players
because they were highly trained in the activities being assessed. The
results might not be fully applicable to other populations. In addition,
linear elastic material properties were assumed for bone properties and
the tibia-fibula joint reaction force was not included because our ana-
lyses were focused at the middle and distal tibia. Future studies inves-
tigating more proximal tibial bone loads may benefit from inclusion of
the fibula joint reaction force. While we did not perform a convergence
analysis, a nominal element length of 1.5 mm has been shown to pro-
duce repeatable results when analyzing tibial stiffness [47].

This study used an experimental and modeling approach to analyze
the magnitude and distribution of strains and strain rates in the tibia
during different activities. We have shown that the tibia is under greater
compressive than tensile strains during all tested activities. Maximum
compressive strains and strain rates were concentrated in the posterior
region where tibial bone stress injuries commonly occur [43,44]. Sprint
induced the highest strain and strain rates in the posterior region, which
correlates with the location of bone stress injuries in runners.
Conversely, the elevated tensile strains in the anterior tibia during
movements involving changes in direction may be beneficial for
adapting this region of bone when young to prevent anterior tibial bone
stress injuries, which have a high risk of healing failure. More longitu-
dinal studies are needed to determine the outcomes of dynamic loading
on tibial adaptation and bone stress injury risk to more fully inform the
development of training programs.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bone.2022.116392.
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