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Introduction

To load, but not overload; to use, but not overuse - these 
are the recommendations offered to those who seek to 
improve their skeletal strength for a reduced risk of fracture 
later in life. Osteoporosis is a skeletal disorder defined by 
a reduction in bone mineral density (BMD) due to old age. 
This systemic BMD loss results in weak skeletal tissue, and 
an overall increased risk of bone fracture1–4. Osteoporosis 
affects women at a higher rate than men, with approximately 
20% of women and 12% of men across the world4,5. A recent 
large-scale review of Medicare spending data in the United 

States found a total increase of over $30,000 in spending for 
patients with bone fractures due to osteoporosis in the first 
year after fracture6. The prevalence of osteoporosis places 
a significant burden on healthcare spending, but the real 
impact of the disease is a continuously decreasing capability 
to maintain independence and quality of life in the aging 
population. 

Osteoporosis is most effectively prevented by optimizing 
peak bone mass, which occurs during young adulthood7,8. 
Bone tissue is known to adapt to mechanical loading through 
a mechanism driven by osteocytes that coordinate bone 
apposition, targeting areas of high strain8–11. First proposed 
by Harold Frost in 1987, the “mechanostat” theory states that 
bone works to stiffen these areas of high strain to result in a 
structure optimized for the forces regularly imposed on the 
skeleton12. In a 2003 update, Frost wrote about bone’s ability 
to sense these forces as a signal and prioritize them based 
on frequency13. Since then, researchers have been eager 
to study and test the theory by measuring the osteogenic 
effects of new skeletal loads on bone structure and density, 
such as introducing new loading by adding jumping to 
exercise routines14,15. Although numerous theoretical models 
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for the relationship between exercise parameters and bone 
remodeling have been tested and published, the magnitude 
of their effects in humans are unknown16–20. 

In 2010, Ahola et al. proposed the Daily Impact Score 
(DIS) as an accelerometer-based remodeling stimulus17. 
Since then, more computationally intense methods have 
been developed and tested, particularly using Finite Element 
(FE) models21–25. While models have grown in complexity, it is 
unclear whether the additional cost of data and computation 
are justified by a different result. The key input value can 
be thought of as a theoretical bone remodeling stimulus, 
with the understanding that the stimulus decays with each 
repetition yet is cumulative over the time it takes the bone 
to adapt20. 

In this study, we focused on how to quantify the magnitude 
of the stimulus, and how a person could voluntarily manipulate 
this stimulus by modifying their activity or biomechanics. We 
also investigated how a theoretical bone remodeling stimulus 
would change, based on the amount and sophistication of 
the data available. We considered three levels of detail for 
the applied forces to the skeleton. The simplest measure 
is based on tibia acceleration, which can be easily captured 
with low-cost Inertial Measurement Units (IMUs). The next is 
vertical ground reaction force, whose measurement requires 
calibrated force platforms or pressure-sensing insoles. The 
most detailed force metric is an estimate of total joint contact 
force. This requires three-dimensional motion capture and 
musculoskeletal modeling to determine and sum the ground 
reaction force and estimated muscle force vectors. This 
force could then be applied to an FE model representing the 
tibia to calculate the bone’s strain reaction. The high cost of 
computation, expert labor, and high-precision measurements 
across multiple, expensive systems brought us to our 
final question: are all these systems and data required to 
understand the magnitude of a theoretical bone remodeling 
stimulus? 

To answer the proposed question, we designed an 
example bone loading exercise that would optimize bone 
impact with respect to energy required to complete a task 
set. Dropping from elevated surfaces was selected as the 
task, taking advantage of gravity and simplicity. Thus, 
this study had two goals: (1) to determine the degree 
to which different landing methods could manipulate 
theoretical bone remodeling stimulus magnitudes, and (2) 
to understand the value of added complexity in estimating 
these stimuli. Our hypotheses for the first goal were that 
unilateral jump landings would produce higher stimulus 
magnitudes than bilateral landings and that jump height 
would be directly related to stimuli. For the second goal we 
hypothesized that a combination of less detailed inputs can 
be modeled to predict more detailed stimulus magnitudes. 

Methods

Data Collection

Twenty healthy adults (Table 1) were included in the 
study. Upon consent and meeting inclusion criteria for 

the study, we recorded their age, height, weight, sex, 
and musculoskeletal injury history. High resolution 
peripheral quantitative CT (HRpQCT, XtremeCT I, Scanco, 
Switzerland) was used to image a standardized 9.01 mm 
3D region of each participant’s right distal tibia located 

Figure 1. The modified plug-in gait marker set was supported by 
lower extremity clusters for orientation tracking without medial 
markers.

Table 1. Participant demographics reported as mean (standard 
deviation).

Male (n = 10) Female (n = 10)

Height (m) 1.784 (0.043) 1.628 (0.051)

Mass (kg) 73.5 (7.5) 55.4 (5.7)

Age (years) 22.1 (2.2) 21.3 (1.3)

Table 2. Participant task set.

Task Sets x Trials Instruction

Bilateral 
Drop

4 x 3
Jump down from 0.2, 0.4, 0.5, and 
0.6 m platforms onto force plates 

with both feet.

Unilateral 
Drop

4 x 2
Jump down from 0.2, 0.4, 0.5, and 
0.6 m platforms, landing on only the 

right foot.
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22.5 mm proximal to the distal subchondral plate (82 µm 
voxel size, 59.4 kV and 900 mA, effective radiation dose: 
0.3 mSv).

For the experiment, each participant removed their 
shoes and had at least five minutes to stretch and warm 
up before beginning motion tasks. Participants were also 
allowed to practice the drop landings at each height before 
data collection. Forty-one passive reflective markers 
were applied to the body using a modified plug-in gait 
marker set with extra clusters on the thighs and shanks 
(Figure 1)26. Marker trajectories were measured using 
a ten-camera motion capture system (100 Hz, Vicon 
Motion Systems Ltd, UK), reaction forces with two six-axis 
force plates (1000 Hz, AMTI, Watertown, MA), and tibial 
acceleration with a dual IMU/EMG system adhered to the 
tibialis anterior (1000 Hz, Delsys Trigno Avanti, Delsys 
Inc., Natick, MA). The tasks were completed in the order 
shown in Table 2.

Data Processing

The measured trajectory of each marker was filtered 
through a fourth order low-pass Butterworth filter with a 
cutoff frequency of 6 Hz, while the force plate timeseries was 
filtered using the same with a 300 Hz cutoff. The outcomes 
were designed to represent an osteogenic stimulus measure 
from each participant during the measured task. They 
were divided into four sections, with increasing degrees 
of complexity of data and/or invasiveness to the person to 
collect. To model the contributions of both loading magnitude 
and rate20,27, each force related outcome included a product 
of magnitude and rate24, or the first half of the integral of the 
timeseries’ Fast Fourier Transform (FFT)20,24. The total pool 
of outcomes is detailed in Table 3. 

Tibia Acceleration

A Delsys Trigno Avanti sensor affixed to the right anterior 
shank was used to measure tibial acceleration (sampling 
rate: 1000 Hz), and the data were passed through a 20 
Hz, fourth order low-pass Butterworth filter. The maximum 
acceleration magnitude was binned according to the Daily 
Impact Score (DIS)17. The integral of the Fourier transform 
was also recorded (IMU FFT).

Ground Reaction Force

Ground reaction force was measured using a 1000 Hz, 
6-axis force plate embedded into the landing surface. The 
resulting data included maximum reaction force (RXF), 
maximum force rate (RXF_R), and the integral of the Fourier 
transform (RXF_FFT). 

Joint Contact Force

The motion capture data were exported to Visual 3D 
(C-Motion, Gaithersburg, MD) to model body segments and 
calculate inverse kinematics and dynamics. We filtered the 
data again through a fourth-order, 6 Hz low-pass Butterworth 
filter and exported the result to OpenSim 4.428,29, using 
model Gait 2392 as the basis for our calculations30. After 
model scaling, static optimization was used to estimate lower 
extremity muscle forces for each trial. Finally, total joint 
contact force at the ankle was calculated by summing the 
forces of all muscles crossing the ankle joint along with the net 
joint force calculated from inverse dynamics. The maximum 
ankle joint contact force (JCF), maximum force application 
rate (JCF_R), and integral of the Fourier transform (JCF_FFT) 
were recorded. 

Table 3. Outcome variables tested here, ranked by complexity.

Outcome Abbreviation Units Complexity

Daily Impact Score DIS -- 1

Tibia Acceleration FFT Integral IMU_FFT m/s3 1

Maximum Ground Reaction Force RXF BW 2

Maximum Ground Reaction Force Rate RXF_R BW/s 2

Ground Reaction Force FFT Integral RXF_FFT BW/s 2

Maximum Joint Contact Force JCF BW 3

Maximum Joint Contact Force Rate JCF_R BW/s 3

Joint Contact Force FFT Integral JCF_FFT BW/s 3

FE Tibia Compressive Strain, due to Ground Reaction Force RXF_FE mm 4

FE Tibia Compressive Strain, due to Ground Reaction Force, FFT Integral RXF_FE_FFT mm/s 4

FE Tibia Compressive Strain Magnitude * Rate, due to Ground Reaction Force RXF_SMR mm2/s 4

FE Tibia Compressive Strain, due to Joint Contact Force JCF_FE mm 5

FE Tibia Compressive Strain, due to Joint Contact Force, FFT Integral JCF_FE_FFT mm/s 5

FE Tibia Compressive Strain Magnitude * Rate, due to Joint Contact Force JCF_SMR mm2/s 5
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Tibia Compressive Strain

Subject-specific FE models of a 9.01 mm section of the 
distal tibia were created from HRpQCT images. A Scanco 
built-in FE solver was used with a single tissue model (E = 
10 GPa, Poisson’s ratio = 0.3) with linear-elastic, isotropic 
material properties31,32 to estimate axial tibia stiffness (in 
N/mm) under platen compression. Reaction strain (RXF_
FE) and contact strain (JCF_FE) were calculated by dividing 
RXF and JCF, respectively, by axial tibia stiffness. The 
time series were also analyzed to extract maximum tibial 
strain rates24. This produced the last outcomes: reaction 
and contact strain magnitude * rates (SMR) and integral 
Fourier transforms (RXF_SMR, JCF_SMR, RXF_FE_FFT, 
JCF_FE_FFT). Among these, JCF_SMR is considered to be 
the most accurate metric, since it incorporates subject-
specific anatomy, and the most relevant aspects of the 
mechanical signal applied to the tibia.

Statistical Analysis

Pearson correlations between outcome variables were 
calculated to assess relationships. We expected the outcomes 
to be highly correlated within each complexity group; 
however, the correlations outside of these groups shed light 
on how the different types of measurement produce different 
estimates of a bone adaptation stimulus. We also analyzed 
correlations between key kinematic predictor variables: joint 
angle at contact and joint range of motion for the hip, knee, 
and ankle of the analyzed leg.

The first hypothesis of the study was that unilateral jump 
landings would produce higher stimulus magnitudes than 
bilateral landings. A paired t-test was used to assess the 
differences between each stimulus metric between landing 
conditions. The alpha significance threshold was set to 
0.05 and we corrected false discovery rate due to multiple 
comparisons by using the Holm-Bonferroni method33,34.

Jump height was hypothesized to be directly related to 
stimulus magnitudes. To test this, jump height, landing limbs, 
and the interaction of two were regressed with each outcome 
in a k-fold cross validation scheme (k = 5). Significance was 
assessed via the mean testing p-value of each model. As 
before, we corrected multiple comparisons using the Holm-
Bonferroni method. 

The third hypothesis was that a combination of less 
detailed inputs could be modeled to predict more detailed 
stimulus magnitudes. To test this, the Least Absolute 
Shrinkage and Selection Operator (LASSO) was employed 
to choose predictor variables in the regression for each 
outcome. The pool of possible predictors was restricted 
to variables with lower complexity, including the kinematic 
predictors as a baseline. If height and number of landing 
legs were deemed significant, these were added as 
predictors. Kinematic predictors were included due 
to known relationships between range of motion and 
contact angle and loading rates35. The training data were 
normalized to a z-score as a preprocessing step and each 

feature’s scalar was saved to be applied on the predictors 
of the testing set. Our hypothesis was tested across each 
outcome variable using the average model’s prediction 
on a held-out test set after a k-fold cross-validation 
procedure (k = 5) on a training set. The p-values were 
obtained from the test results. As before, we corrected 
false discovery rate due to multiple comparisons using 
the Holm-Bonferroni method. Overall model significance 
was measured using an F-statistic, and fit was assessed 
via the average coefficient of determination (R2) and Mean 
Absolute Error (MAE) on the testing sets. If a model was 
deemed significant, each coefficient’s significance was 
assessed using a t-statistic. 

Results

Pearson correlations of outcomes within the same 
complexity group were generally high and significant. The 
IMU-related outcomes showed prominent disagreement, 
albeit with insignificant correlations, with measured reaction 
and joint contact forces (Figure 2). Correlations between 
reaction (RXF) and contact forces (JCF) were slight and 
sparsely significant. RXF_FE_FFT was most closely related 
to the JCF variables. 

Hypothesis 1: Unilateral vs. bilateral

As expected, unilateral jump landings produced 
significantly higher stimulus magnitudes than bilateral 

Figure 2. Correlations between key outcomes reveal expected 
within-group correlations but an unexpected inverse relationship 
between force and IMU-based measures. 
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landings. While the daily impact score and IMU FFT outcomes 
were significantly different between the landing groups, the 
relationship was reversed, as suggested by the correlation 
analysis. These data were removed from the remaining 
computational analyses.

Hypothesis 2: Drop Height

Across the board, 0.2 m height produced significantly 
lower stimulus magnitudes than 0.5 and 0.6 m groups. 
Fewer outcomes were significantly different in comparison 

Figure 3. Each graph shows a histogram that represents the frequency (x axes) of each output magnitude (y axes), mirrored across 
unilateral (left) and bilateral landings (right). Unilateral trials consistently achieved higher outcome values. Each comparison shown was 
significant with an alpha threshold of 0.05 and Holm-Bonferroni correction for multiple comparisons. 

Table 4. Comparison of the relative influence of drop height and landing limbs on select outcomes. Bolded models were significant with p 
< 0.05 and Holm-Bonferroni correction.

Outcome
Complexity 

Group
Coefficients (β) p-value Model R2 Model p-value

RXF 2

Drop Height 2.59 0.001

0.472 <0.001Landing Limbs -1.03 <0.001

Interaction -0.45 0.427

JCF 3

Drop Height 12.43 <0.001

0.440 <0.001Landing Limbs -1.60 0.015

Interaction -4.24 0.015

JCF_SMR 5

Drop Height 10.72 <0.001

0.372 <0.001Landing Limbs -1.20 0.035

Interaction -3.83 0.021
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with heights at 0.4 m and higher (Figure 4). Each outcome 
was then regressed with jump height, landing limbs, and the 
interaction between them to determine the height’s relative 
influence. Height remained a significant predictor in many 

cases (Table 4). 
In further post-hoc analyses, sex was included as a 

numeric variable with 0 and 1 representing female and 
male, respectively. Sex was found to be significant when 

Figure 4. Generally, jump height was found to significantly increase each outcome between 0.2 m and each of the greater heights. In 
some cases, 0.5 m and/or 0.6 m significantly increased outcomes over 0.4 m. Each histogram represents the frequency of outputs, 
mirrored with respect to unilateral and bilateral landings. Significant comparisons are denoted above. 

Table 5. Average testing results of linear regression on FE_FFT variables using jump height (H), landing limbs (L), and sex (S). The MAE is 
reported in standardized units (SD).

Outcome Predictor(s) β p-value(s) MAE (SD) R2 Model 
p-value

RXF_FE_FFT H <0.001 0.77 0.02 0.492

JCF_FE_FFT H <0.001 0.73 0.02 0.434

RXF_FE_FFT L <0.001 0.64 0.31 <0.001

JCF_FE_FFT L <0.001 0.67 0.18 0.012

RXF_FE_FFT S <0.001 0.75 0.14 0.205

JCF_FE_FFT S <0.001 0.67 0.18 0.009

RXF_FE_FFT H L H*L 0.004 <0.001 0.572 0.62 0.35 0.003

JCF_FE_FFT H L H*L 0.034 0.003 0.480 0.62 0.24 0.006

RXF_FE_FFT H S H*S <0.001 0.345 0.560 0.74 0.16 0.051

JCF_FE_FFT H S H*S 0.009 0.100 0.728 0.66 0.16 0.012

RXF_FE_FFT L S L*S <0.001 0.001 0.190 0.54 0.51 <0.001

JCF_FE_FFT L S L*S <0.001 0.028 0.202 0.57 0.40 <0.001
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predicting RXF_FE_FFT and JCF_FE_FFT, the only outcomes 
that combine a summation of force magnitude over its entire 
frequency spectrum. In each case, females generated higher 
outcome values than males. In a univariate analysis, sex 
explained an average of 14% of the variance in RXF_FE_FFT 
and 18% of the variance in JCF_FE_FFT across the k-fold 
validation scheme. 

When height and landing limbs were included separately 
in multivariate regressions along with sex and an interaction 
term (X

1
*X

2
), the coefficient for sex was only significant 

when predicting RXF_FE_FFT and JCF_FE_FFT while the 
interaction term never reached significance. Alone, number 
of landing limbs explained 31% and 18% of the variance of 
RXF_FE_FFT and JCF_FE_FFT, respectively. When sex was 
included, these increased to 51% and 40%, respectively. 
Jump height was always a significant predictor yet failed to 
reach significance alone (Table 5).

Hypothesis 3: Linear Modeling

Because height, number of landing legs, and sex affected 
outcomes, these were included as predictors in the LASSO 
regression models. In contrast, interaction terms and 
IMU-based data were omitted due to their overall lack of 
significance. The first set included only kinematic variables 
as predictors for baseline models (Table 6). For complexity 
groups 2 and higher, the result of the outcomes in all lower 
complexity groups were included in the predictor pool 
(Table 7). Many models were found to be significant after 
a Holm-Bonferroni correction, some exceptions being 
rate-dependent outcomes calculated with reaction forces 
predicted by kinematics only. 

The LASSO models that predicted outcomes without FE 
showed marginal improvement over its counterpart that only 
includes kinematics. These models tended to assign large 
coefficients to joint reaction and contact forces compared to 
the other possible predictor variables. To compare how these 
FE outcomes could be predicted without musculoskeletal 

modeling (required to determine joint contact forces), JCF 
data were removed for new models. When JCF is included, 
slight improvements are seen in reaction force FE outcomes, 
while rate-dependent JCF FE (JCF_FE_FFT and JCF_SMR) 
outcomes greatly improved (Table 8).

Discussion 

The positive effect that jumping exercises have on bone 
mineral density are clear in multiple intervention studies36–39. 
From the results of this computational analysis, we would 
expect to see higher increases in BMD in participants who drop 
unilaterally, and from heights of at least 0.4 m. Our findings 
are consistent with a 2018 review article that concluded 
ground reaction forces should exceed 3.5 * BW to be effective 

Table 6. Testing results for LASSO regression on each outcome 
using kinematics, height, landing legs, and sex. Significant models 
are bolded, all else are in italics.

Outcome Complexity MAE (σ) R2

RXF

2

0.53 0.53

RXF_R 0.68 0.08

RXF_FFT 0.39 0.74

JCF

3

0.49 0.64

JCF_R 0.47 0.70

JCF_FFT 0.41 0.72

RXF_FE

4

0.59 0.39

RXF_FE_FFT 0.64 0.34

RXF_SMR 0.61 0.10

JCF_FE

5

0.39 0.74

JCF_FE_FFT 0.51 0.47

JCF_SMR 0.41 0.72

Table 7. Testing results for LASSO regression on each outcome using lower complexity outcomes, kinematics, height, landing legs, and sex. 
The difference in comparison to kinematic models (Table 6) is shown to the right of each metric. All models were found to be significant after 
Holm-Bonferroni correction.

Outcome MAE (σ) Difference R2 Difference

JCF 0.45 -8.9% 0.72 +11.1%

JCF_R 0.38 -18.9% 0.78 +12.0%

JCF_FFT 0.40 -4.3% 0.75 +4.1%

RXF_FE 0.30 -43.6% 0.88 +66.8%

RXF_FE_FFT 0.45 -29.9% 0.67 +95.7%

RXF_SMR 0.18 -70.6% 0.93 +832%

JCF_FE 0.36 -26.7% 0.82 +27.6%

JCF_FE_FFT 0.37 -4.2% 0.79 +6.4%

JCF_SMR 0.19 -58.5% 0.94 +34.7%
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in increasing BMD through exercise intervention38 (Figure 
5). Our study adds to this understanding by demonstrating 
how one can modify a drop jump to achieve a stimulus of this 
magnitude. The increased stimulus values that we observed 
during unilateral tasks agrees with an understanding that 
humans meet them with higher joint stiffness than bilateral 
tasks40.

There are many more factors that influence these metrics. 
For example, one recent study found that a cue to land 
quietly can immediately reduce ground reaction force rates 
in runners41. In addition, females have been found to use 
less hip and knee range of motion during unilateral landings, 
contributing to higher energy absorption at the ankle42. Our 
observation that females had significantly higher values 
of RXF_FE_FFT and JCF_FE_FFT supports the notion that 
females may land more stiffly (and with more high-frequency 
components) than males. It may also indicate differences in 
bone size and morphology between men and women, though 

other FE related outcomes did not show a sex effect. We 
recommend further studies to investigate how landing cues 
can manipulate these outcomes differently between females 
and males43.

The IMU data showed a clear opposition to the remainder 
of the outcomes. We speculate that this highlights a need for 
clear and robust fixation methods of IMU placement. Here, 
the IMU data were recorded on the same device as EMG data, 
which requires placement on a point of a muscle (the tibialis 
anterior) that maximizes cross-sectional area and minimizes 
skin occlusion distance. These devices were then subject 
to soft tissue artifacts not normally seen when applying 
standalone IMU devices over fixed to bony landmarks (e.g. 
at the distal tibia44). The magnitude of these artifacts is 
almost certainly affected by the stiffness of the underlying 
tissues. Passive reflective markers for motion capture also 
suffer from noise attributed to soft tissue artifacts. Although 
lowpass filters are employed to counteract these effects, the 
noise still inhibits our ability to capture their true movement. 

When the linear models were restricted to kinematic 
variables, 64-72% of variance in JCF outcomes could be 
predicted. However, when the same predictor pool was tasked 
to model the JCF_FE_FFT outcome it failed to reach an R2 
greater than 50%. Similarly, RXF outcomes were not well 
modeled by the kinematics. Therefore, ground reaction force 
data should be measured to reliably predict the magnitude of 
an assumed osteogenic stimulus, highlighted by the success 
of unrestricted LASSO models tasked to model FE outcomes 
(Tables 6 and 7). 

This analysis included several metrics that are not 
typically available outside research settings but that we 
assumed were good measures of osteogenic stimulus based 
on the literature. We hypothesized that a combination of less 
detailed inputs could be modeled to predict more detailed 
stimulus metrics. The LASSO models explained 67% of the 
variance in joint contact force data if only kinematics and 
ground reaction forces were known. Once lower complexity 
outcomes were included as possible predictors, the model 
increased in accuracy with 79-94% of the variance explained 
in JCF_FE- outcomes. This could be explained by the inclusion 

Table 8. Testing results for LASSO regression on JCF_FE outcomes show improved performance while RXF_FE predictions only slightly 
improve when adding estimated contact force predictors.

Outcome
Without JCF data With JCF data Difference when JCF is added

MAE (SD) R2 MAE (SD) R2 MAE (SD) R2

RXF_FE 0.34 0.83 0.30 0.88 -11.8% +6.0%

RXF_FE_FFT 0.45 0.67 0.43 0.72 -4.4% +7.5%

RXF_SMR 0.19 0.92 0.18 0.93 -5.3% +1.1%

JCF_FE 0.38 0.75 0.36 0.82 -5.3% +9.3%

JCF_FE_FFT 0.51 0.48 0.37 0.79 -27.5% +64.6%

JCF_SMR 0.38 0.78 0.19 0.94 -50.0% +20.5%

Figure 5. Reaction forces (RXF) above 3.5 BW are seen in 
unilateral landings (blue) across the board, but only for heights 
above 0.4 m in bilateral (magenta) landings.
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of the forces that were used to estimate the tibia strain via FE 
estimated stiffness. Analysis of the coefficients chosen within 
these linear models revealed a high degree of importance 
in using reaction forces and musculoskeletal modeling to 
predict the FE outcomes.

We expected that outcomes within the same complexity 
group would be highly correlated, and we attribute this 
correlation to measurements being derived from common 
means (by device and/or software). Correlations diminished 
outside of these groups, but the relationships that endured 
provided enough information to create linear models that 
predict FE outcomes without the need for CT imaging or any 
explicit FE modeling. So, peak bone strains may be effectively 
estimated in musculoskeletal modeling software without 
FE solvers or bone density measurements. We speculate 
that this was mainly because the present group of young 
adult participants had relatively healthy and somewhat 
homogeneous tibiae. It is still important to account for 
individual bone strength when estimating osteogenic stimulus 
in other populations, given the differences in bone stiffness 
and architecture associated with aging and disease2,45.

The first limitation of this study begins with the participant 
pool, which includes only healthy, mostly athletic, college 
students. Most of the participants were familiar with box 
jumps and landing strategies. A few participants were less 
likely to fully drop from the heights during unilateral tasks, 
using a partial “stepping” method instead of falling from the 
entire height of the box. However, this highlights the real 
variation of task understanding when a person is asked to 
drop from a height onto one leg at a time. In the future, the 
“step down” version of this exercise could be completed using 
a handrail for balance, making it potentially suitable for many 
age and ability groups.

Another limitation of this study included the assumptions 
made to calculate the muscle force time series required to 
estimate joint contact forces. In OpenSim, static optimization 
was used for this, which may be less sophisticated than 
computed muscle control that takes time dynamics into 
account46. While these may have resulted in slightly different 
results, the high accelerations of the drop landing caused too 
much noise in computed muscle control results to be reliable.

Finally, the FE outcomes were based on a standard, platen 
compressive finite element solver within Scanco’s XtremeCT 
software. The solver assumes that the material properties 
are linear-elastic and homogeneous and does not take 
bending stress into account47,48. These limitations may act 
together to decrease the validity of the strain metrics with 
respect to reality. However, the comparisons between the 
data remain valid through the standardization of protocol and 
use of subject-specific information. 

Conclusions

Unilateral drop landings significantly increase a theoretical 
bone remodeling stimulus compared to bilateral landings. 
Additionally, there may be little benefit to jumping from 

heights above 0.4 m when examining bone remodeling 
stimulus. Finally, a post-hoc analysis revealed that females 
may incur more bone tissue damage during drop landing 
tasks than males. 

The only measurement tool studied here that is practical 
for use outside of controlled laboratory settings is the IMU. 
However, outcomes reliant on IMU data showed the opposite 
effect and should be interpreted with caution. A reader 
should inquire about the placement of the IMU and whether 
soft tissue artifacts pose a risk to the integrity of the data. 
Furthermore, we only consider the DIS developed by Ahola 
et al. in 201017. Since then, more sophisticated methods 
have been studied and developed to process IMU data for 
biomechanics research. 

Finally, within a homogenous group, a bone remodeling 
stimulus can be accurately predicted through a combination 
of 3D motion capture, accurate ground reaction forces, and 
musculoskeletal modeling. While this is still a complex process, 
it may negate the need to use quantitative CT imaging and FE 
modeling to estimate a bone’s strain reaction due to a jump 
landing. The degree to which these theoretical remodeling 
stimulus calculations predict actual bone remodeling is yet to 
be prospectively tested in humans. These data and methods 
presented here make such future predictions possible.
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Appendix A: Bivariate Regressions

Table A1. Bivariate regressions of height and landing limbs with each outcome.

Outcomes
β coefficients

MAE (SD) R2 Model 
p-valueIntercept Height Landing Limbs Interaction

DIS 6.67 -0.719 2.44 7.33 0.735 0.155 0.135

IMU_FFT 986 205 190 291 0.732 0.149 0.215

RXF 3.64 2.59 -1.03 -0.447 0.568 0.472 <0.001

RXF_R 124 128 -36.9 2.76 0.718 0.084 0.247

RXF_FFT 155 79.1 -45.5 -11.9 0.421 0.704 <0.001

JCF 10.8 12.4 -1.6 -4.24 0.617 0.433 <0.001

JCF_R 194 163 -48.9 -33.5 0.629 0.381 <0.001

JCF_FFT 611 441 -155 -121 0.536 0.537 <0.001

RXF_FE 8.34*10-3 5.17*10-3 -2.18*10-3 -8.48*10-4 0.66 0.289 0.002

RXF_FE_FFT 5.37*10-4 3.14*10-4 -1.51*10-4 -5.16*10-5 0.64 0.33 0.003

RXF_SMR 1.04 1.77 -0.413 -0.286 0.637 0.110 0.178

JCF_FE 2.38*10-2 2.69*10-2 -3.34*10-3 -9.10*10-3 0.628 0.347 <0.001

JCF_FE_FFT 2.17*10-3 1.58*10-3 -5.66*10-4 -3.69*10-4 0.650 0.219 0.006

JCF_SMR 4.07 10.8 -1.19 -3.84 0.615 0.380 <0.001

Table A2. Bivariate regressions of sex and height with each outcome.

Outcomes
β coefficients

MAE (SD) R2 Model 
p-valueIntercept Sex Height Interaction

DIS 8.59 5.08 13.8 -7.36 0.813 0.029 0.531

IMU_FFT 1190 261 800 -355 0.815 0.010 0.677

RXF 1.56 0.817 2.67 -1.30 0.808 0.085 0.256

RXF_R 39.9 49.9 198 -125 0.746 0.059 0.362

RXF_FFT 73.5 15.5 74.1 -17.2 0.854 0.071 0.373

JCF 8.15 -6.77*10-2 5.99 0.197 0.797 0.058 0.358

JCF_R 111 5.30 108 16.6 0.763 0.067 0.367

JCF_FFT 389 -63.6 215 113 0.786 0.036 0.493

RXF_FE 4.29*10-3 8.76*10-4 5.57*10-3 -2.62*10-3 0.803 0.025 0.658

RXF_FE_FFT 3.37*10--4 -7.75*10-5 3.05*10-4 -1.07*10--4 0.736 0.166 0.051

RXF_SMR 0.189 0.305 2.04 -1.19 0.728 0.006 0.596

JCF_FE 1.93*10-2 -1.71*10-3 1.34*10-2 -6.01*10--4 0.780 0.058 0.427

JCF_FE_FFT 1.66*10-3 -7.09*10-4 9.39*10-4 1.43*10--4 0.685 0.165 0.123

JCF_SMR 2.33 -0.381 4.51 0.710 0.772 0.016 0.657
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Table A3. Bivariate regressions of sex and landing limbs with each outcome.

Outcomes
β coefficients

MAE (SD) R2 Model 
p-valueIntercept Sex Landing Limbs Interaction

DIS 4.55 3.82 6.09 -0.977 0.763 0.103 0.279

IMU_FFT 963 229 347 -61.9 0.745 0.126 0.256

RXF 4.89 -0.156 -1.33 0.206 0.591 0.414 <0.001

RXF_R 210 -51.4 -50.808 27.452 0.746 0.027 0.566

RXF_FFT 188 4.91 -51.128 0.018 0.462 0.647 <0.001

JCF 17.12 -1.31 -3.921 0.723 0.661 0.337 <0.001

JCF_R 273 -11.96 -70.853 13.368 0.653 0.316 <0.001

JCF_FFT 843 -58.67 -223.128 21.570 0.563 0.480 <0.001

RXF_FE 1.14*10-2 -1.10*10-3 -2.84*10-3 3.91*10-4 0.688 0.256 0.041

RXF_FE_FFT 8.16*10-4 -2.21*10-4 -2.12*10-4 5.27*10-5 0.546 0.520 <0.001

RXF_SMR 2.33 -0.821 -0.758 0.347 0.660 0.073 0.459

JCF_FE 3.94*10-2 -5.53*10-3 -8.76*10-3 1.93*10-3 0.669 0.289 0.001

JCF_FE_FFT 3.63*10-3 -1.21*10-3 -9.57*10-4 3.25*10-4 0.553 0.426 <0.001

JCF_SMR 9.89 -1.58 -3.438 0.837 0.631 0.308 <0.001
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Appendix B. Linear Regression with LASSO

Table B1. Average testing results after five-fold cross validation using height, landing limbs, sex, and kinematics to model each outcome. 

Outcomes mean
Standard 
deviation

Average testing MAE 
(SD)

Total Model r2 Model p-value

DIS 15.35 7.25 0.59 0.41 1.86*10-2

IMU_FFT 1580.18 408.39 0.58 0.43 1.18*10-2

RXF 2.87 0.96 0.53 0.52 <0.001

RXF_R 125.52 71.20 0.68 0.10 0.70

RXF_FFT 110.42 31.32 0.40 0.73 <0.001

JCF 10.84 2.89 0.49 0.65 <0.001

JCF_R 165.85 54.68 0.45 0.72 <0.001

JCF_FFT 479.07 149.25 0.42 0.72 <0.001

RXF_FE 6.65*10-3 2.49*10-3 0.57 0.43 1.90*10-4

RXF_FE_FFT 4.08*10-4 1.53*10-4 0.46 0.60 <0.001

RXF_SMR 0.99 0.91 0.60 0.15 0.45

JCF_FE 2.43*10-2 6.81*10-3 0.38 0.76 <0.001

JCF_FE_FFT 1.74*10-3 7.54*10-4 0.48 0.62 <0.001

JCF_SMR 4.33 2.55 0.42 0.72 <0.001

Table B2. Average coefficients after five-fold cross validation using height, landing limbs, sex, and kinematics to model each outcome. 

Outcomes

β Coefficients

Height
Landing 
Limbs

Sex
Hip Flexion 

ROM

Knee 
Flexion 

ROM

Ankle 
Flexion 

ROM

Hip Flexion 
at Contact

Knee 
Flexion at 
Contact

Ankle 
Flexion at 
Contact

DIS 1.25 2.60 1.18 -0.36 1.94 -2.11 0.61 3.00 2.15

IMU_FFT 68.84 133.12 66.16 -26.32 130.33 -119.18 21.59 139.71 102.26

RXF 0.35 -0.50 4.10*10-2 -0.11 -0.14 0.12 -0.15 7.84*10-2 0.15

RXF_R 21.19 -12.92 -2.55 -7.96 -0.56 5.31 -7.59 5.65 3.83

RXF_FFT 9.05 -23.81 1.80 -2.60 -0.27 1.72 -3.13 0.27 2.17

JCF 0.58 -1.74 2.60*10-2 -5.99*10-2 -1.95*10-2 1.13 -0.15 -0.19 8.38*10-2

JCF_R 16.12 -27.67 4.44 2.77 -13.37 20.06 -10.10 -7.79 1.81

JCF_FFT 19.86 -105.53 -1.55 -3.22 3.04 52.87 -0.45 -14.06 0.23

RXF_FE 9.79*10-4 -7.08*10-4 -4.37*10-4 -3.10*10-4 -9.60*10-4 5.15*10-4 -3.12*10-4 1.56*10-4 3.47*10-4

RXF_FE_FFT 4.59*10-5 -6.97*10-5 -7.42*10-5 -8.51*10-6 -3.25*10-5 3.07*10-5 -2.17*10-5 1.37*10-5 1.28*10-5

RXF_SMR 0.26 -0.15 -0.17 -0.17 -8.18*10-2 7.26*10-2 -7.74*10-2 9.21*10-2 5.49*10-2

JCF_FE 1.74*10-3 -2.84*10-3 -9.51*10-4 7.25*10-5 -2.37*10-3 3.93*10-3 -1.77*10-4 -9.20*10-4 2.34*10-4

JCF_FE_FFT 9.84*10-5 -3.32*10-4 -3.03*10-4 2.08*10-5 -1.28*10-4 3.60*10-5 -3.43*10-5 -5.42*10-5 -2.50*10-5

JCF_SMR 0.56 -1.28 -5.61*10-2 0.14 -0.57 1.21 -0.33 -0.46 -2.00*10-2

*ROM = Range Of Motion.
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Table B3. Average coefficient p-values after five-fold cross validation using height, landing limbs, sex, and kinematics to model each outcome. 

Outcomes

β Coefficient p-values

Height
Landing 
Limbs

Sex
Hip Flexion 

ROM

Knee 
Flexion 

ROM

Ankle 
Flexion 

ROM

Hip Flexion 
at Contact

Knee 
Flexion at 
Contact

Ankle 
Flexion at 
Contact

DIS 0.52 0.13 0.54 0.70 0.42 0.11 0.62 0.21 0.34

IMU_FFT 0.54 0.16 0.53 0.67 0.35 0.11 0.85 0.30 0.41

RXF 0.11 0.01 0.75 0.45 0.42 0.26 0.18 0.59 0.37

RXF_R 0.19 0.39 0.81 0.55 0.98 0.54 0.43 0.67 0.89

RXF_FFT 0.10 <0.01 0.53 0.45 0.97 0.45 0.21 0.96 0.53

JCF 0.18 <0.01 0.92 0.77 0.98 <0.01 0.54 0.62 0.72

JCF_R 0.11 <0.01 0.45 0.65 0.22 0.01 0.11 0.41 0.70

JCF_FFT 0.28 <0.01 0.93 0.75 0.77 <0.01 0.87 0.49 0.99

RXF_FE 0.12 0.11 0.20 0.50 0.11 0.12 0.32 0.65 0.42

RXF_FE_FFT 0.12 0.01 <0.01 0.65 0.26 0.07 0.19 0.53 0.53

RXF_SMR 0.22 0.43 0.26 0.43 0.63 0.56 0.51 0.60 0.68

JCF_FE 0.13 <0.01 0.19 0.92 0.07 <0.01 0.70 0.37 0.75

JCF_FE_FFT 0.33 0.01 <0.01 0.69 0.34 <0.01 0.58 0.59 0.70

JCF_SMR 0.18 0.00 0.86 0.81 0.25 <0.01 0.24 0.30 0.85

*ROM = Range Of Motion

Table B4. Average testing results after five-fold cross validation using height, landing limbs, sex, kinematics, and reaction forces to model 
each outcome. 

Outcomes mean Standard deviation
Average testing 

MAE (SD)
Total Model r2 Model p-value

RXF_FE 6.65*10-3 2.49*10-3 0.30 0.86 <0.001

RXF_FE_FFT 4.08*10-4 1.53*10-4 0.30 0.86 <0.001

RXF_SMR 0.99 0.91 0.18 0.93 <0.001

JCF_FE 2.43*10-2 6.81*10-3 0.36 0.79 <0.001

JCF_FE_FFT 1.74*10-3 7.54*10-4 0.48 0.64 <0.001

JCF_SMR 4.33 2.55 0.38 0.78 <0.001
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Table B5. Average coefficients after five-fold cross validation using height, landing limbs, sex, kinematics, and reaction forces to model each 
outcome.

β Coefficients
Outcomes

RXF_FE RXF_FE_FFT RXF_SMR JCF_FE JCF_FE_FFT JCF_SMR

Height 1.68*10-4 1.03*10-5 1.50*10-3 1.25*10-3 5.91*10-5 0.223

Landing Limbs 2.67*10-4 1.43*10-5 2.72*10-3 -7.19*10-5 -6.28*10-5 0.276

Sex -3.24*10-4 -7.17*10-5 -6.64*10-2 -1.39*10-3 -3.36*10-4 -0.268

Hip Flexion ROM -1.83*10-5 5.68*10-6 -3.09*10-2 8.05*10-5 2.58*10-5 0.184

Knee Flexion ROM -6.04*10-4 -3.36*10-5 -2.34*10-2 -2.34*10-3 -1.54*10-4 -0.505

Ankle Flexion ROM 2.81*10-4 2.53*10-5 1.21*10-2 3.80*10-3 3.57*10-4 1.13

Hip Flexion at Contact 3.16*10-5 -8.91*10-6 1.43*10-2 -2.50*10-5 -3.40*10-5 -0.184

Knee Flexion at Contact -7.36*10-5 6.77*10-6 -4.87*10-3 -5.71*10-4 -4.65*10-5 -0.303

Ankle Flexion at Contact 2.61*10-5 1.07*10-6 -6.56*10-3 2.22*10-4 -3.70*10-5 -8.02*10-2

RXF 1.40*10-3 -2.88*10-5 0.138 3.56*10-4 -1.65*10-4 0.596

RXF_R 4.98*10-4 3.29*10-5 0.722 -2.27*10-3 -1.05*10-4 -1.34

RXF_FFT 3.31*10-4 1.22*10-4 0 3.79*10-3 4.82*10-4 1.90

*ROM = Range Of Motion

Table B6. Average coefficient p-values after five-fold cross validation using height, landing limbs, sex, kinematics, and reaction forces to 
model each outcome.

β Coefficient p-values
Outcomes

RXF_FE RXF_FE_FFT RXF_SMR JCF_FE JCF_FE_FFT JCF_SMR

Height 0.52 0.50 0.99 0.25 0.62 0.57

Landing Limbs 0.65 0.62 0.99 0.94 0.82 0.66

Sex 0.12 <0.01 0.24 0.07 <0.01 0.35

Hip Flexion ROM 0.90 0.63 0.61 0.95 0.71 0.58

Knee Flexion ROM 0.08 0.09 0.73 0.07 0.28 0.28

Ankle Flexion ROM 0.11 0.02 0.86 <0.01 <0.01 <0.01

Hip Flexion at Contact 0.89 0.36 0.82 0.93 0.60 0.46

Knee Flexion at Contact 0.68 0.59 0.97 0.52 0.62 0.44

Ankle Flexion at Contact 0.93 0.74 0.95 0.78 0.64 0.66

RXF 0.01 0.38 0.36 0.85 0.49 0.45

RXF_R 0.13 0.09 <0.01 0.08 0.43 0.01

RXF_FFT 0.73 0.01 1 0.16 0.18 0.11

*ROM = Range Of Motion

Table B7. Average testing results after five-fold cross validation using height, landing limbs, sex, kinematics, and reaction forces to model 
each outcome. 

Outcomes mean Standard deviation
Average testing 

MAE (SD)
Total Model r2 Model p-value

JCF_FE 2.43*10-2 6.81*10-3 0.29 0.86 <0.001

JCF_FE_FFT 1.74*10-3 7.54*10-4 0.24 0.90 <0.001

JCF_SMR 4.33 2.55 0.18 0.95 <0.001
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Table B8. Average coefficients after five-fold cross validation using height, landing limbs, sex, kinematics, reaction and contact forces model 
each outcome.

β Coefficients
Outcomes

JCF_FE JCF_FE_FFT JCF_SMR

Height 8.85*10-4 6.71*10-5 3.79*10-3

Landing Limbs 5.59*10-4 6.17*10-5 0.983

Sex -1.17*10-3 -3.01*10-4 -0.174

Hip Flexion ROM 1.03*10-4 8.77*10-5 0.169

Knee Flexion ROM -2.40*10-3 -2.42*10-4 -0.356

Ankle Flexion ROM 2.12*10-3 1.66*10-4 0.292

Hip Flexion at Contact 7.48*10-5 -5.73*10-5 -1.88*10-2

Knee Flexion at Contact -6.49*10-5 3.25*10-5 7.72*10-3

Ankle Flexion at Contact 4.57*10-4 1.26*10-5 3.62*10-2

RXF -2.36*10-4 -2.51*10-5 -7.27*10-2

RXF_R -3.28*10-5 9.69*10-5 5.45*10-2

RXF_FFT 7.58*10-4 -8.62*10-5 0.158

JCF 2.77*10-3 -2.45*10-4 0.413

JCF_R -4.42*10-6 -1.84*10-5 1.36

JCF_FFT 1.69*10-3 8.23*10-4 0.604

*ROM = Range Of Motion

Table B9. Average coefficient p-values after five-fold cross validation using height, landing limbs, sex, kinematics, reaction and contact 
forces to model each outcome.

β Coefficient p-values
Outcomes

JCF_FE JCF_FE_FFT JCF_SMR

Height 0.30 0.36 0.98

Landing Limbs 0.74 0.64 0.55

Sex 0.07 <0.01 0.21

Hip Flexion ROM 0.76 0.25 0.36

Knee Flexion ROM 0.03 0.02 0.19

Ankle Flexion ROM <0.01 <0.01 <0.01

Hip Flexion at Contact 0.76 0.26 0.84

Knee Flexion at Contact 0.79 0.58 0.96

Ankle Flexion at Contact 0.48 0.76 0.79

RXF 0.92 0.88 0.89

RXF_R 0.76 0.30 0.70

RXF_FFT 0.82 0.59 0.83

JCF 0.65 0.56 0.20

JCF_R 0.98 0.60 <0.01

JCF_FFT 0.15 <0.01 0.04

*ROM = Range Of Motion


