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Abstract
Contemporary injury tolerance of the lumbar spine for under-body blast references axial compression and bending moments 
in a limited range. Since injuries often occur in a wider range of flexion and extension with increased moment contribution, 
this study expands a previously proposed combined loading injury criterion for the lumbar spine. Fifteen cadaveric lumbar 
spine failure tests with greater magnitudes of eccentric loading were incorporated into an existing injury criterion to augment 
its applicability and a combined loading injury risk model was proposed by means of survival analysis. A loglogistic distribu-
tion was the most representative of injury risk, resulting in optimized critical values of Fr,crit = 6011 N, and My,crit = 904 Nm 
for the proposed combined loading metric. The 50% probability of injury resulted in a combined loading metric value of 1, 
with 0.59 and 1.7 corresponding to 5 and 95% injury risk, respectively. The inclusion of eccentric loaded specimens resulted 
in an increased contribution of the bending moment relative to the previously investigated flexion/extension range (previous 
My,crit = 1155 Nm), with the contribution of the resultant sagittal force reduced by nearly 200 N (previous Fr,crit = 5824 N). 
The new critical values reflect an expanded flexion/extension range of applicability of the previously proposed combined 
loading injury criterion for the human lumbar spine during dynamic compression.
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Introduction

Acute injuries to the lumbar spine often stem from falls, 
vehicular accidents, and sports-related incidents, with 
research worldwide consistently identifying the lumbar 
spine as a prevalent area for spinal fractures [4, 10, 13, 26]. 
In examining military populations, lumbar spine injuries 
are the fourth most prominent injury in vehicle occupants 
wounded in action, and second most prominent in vehi-
cle occupants killed in action during an under-body blast 
(UBB) event [12, 16]. Further, lumbar spine injuries during 
dynamic compression have been highly prevalent in recent 
American military conflicts in part due to the increased 
use of improvised explosive devices [2, 3, 7]. Determining 
the human injury tolerance of the lumbar spine has been a 

vital step for the development of effective injury mitiga-
tion efforts, such as the US Army-sponsored Warrior Injury 
Assessment Manikin (WIAMan) [11], with lumbar spine 
injuries in dynamic scenarios being investigated through 
Hybrid III dummies [32] and cadaveric lumbar spines [5, 
23]. Particularly, through studies that investigate the axial 
force injury tolerance for the lumbar spine during UBB [31] 
and the first generation of a combined loading metric toler-
ance for a limited range of occupant’s seated postures [14]. 
However, to expand the range of applicability of a combined 
loading injury criterion, a wider range of postures that fur-
ther flex or extend the lumbar spine needs to be investigated. 
Elucidating the relationships between spinal compression 
and flexion with injury tolerance may be applicable in civil-
ian contexts such as automotive accidents, specifically fron-
tal crashes, building upon recent studies also incorporating 
evaluation of flexion and compression in the literature [25].

During an UBB event, the rapid compressive loading of 
the lumbar spine can be coupled with bending moments, 
depending on the occupant’s seated position and weight 

Associate Editor Steven Rowson oversaw the review of this 
article.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10439-024-03570-5&domain=pdf
http://orcid.org/0000-0003-3506-3549


	 M. Ortiz‑Paparoni et al.

distribution [22], which can lead to differences in loading 
patterns that then exacerbate the injury outcome [33]. While 
previous studies have determined an injury tolerance of lum-
bar vertebral body fracture due to axial compression alone 
[23, 30, 31], injury risk is highly dependent on the complex 
geometry of the spine and the loading path of the forcing 
event, which is likely not purely axial in most scenarios. The 
dynamic nature of events with emphasized underbody forces 
and complex loading patterns, such as UBB, motor vehicle 
accidents, pilot ejections, and rotary wing incidents, pose 
significant challenges for modeling and predicting injuries. 
Therefore, a combined loading metric is essential for accu-
rately describing injury risk. The versatility of a combined 
metric allows the integration of the mechanical effects of 
various forces and moments acting on the lumbar spine, 
providing a comprehensive assessment of the injury risk. 
Recent studies have examined the effect of combined flex-
ion and compression in the lumbar spine on 75 male human 
cadaveric lumbar spines under UBB [14] and additionally on 
40 cadaveric lumbar spine segments modeling injury in the 
context of automotive crashes, seeing clinically relevant ver-
tebral fractures in 21 specimens [25]. The combined loading 
injury criterion proposed by Ortiz-Paparoni et al.[14] was 
developed for nominal driver or passenger seated postures 
that were obtained from body segment or seat angles and 
anthropometric data from the University of Michigan Trans-
portation Research Institute (UMTRI) Seated Soldier Study, 
assessing 310 individuals encumbered with varying clothing 
or equipment [17]. However, to further elucidate and cap-
ture the contributions of the bending moment to the lumbar 
spine injury risk it is imperative to consider a wider range 
of postures that expands beyond the nominal and standard 
deviation range of postures of the Seated Soldier Study. 
Therefore, this study aims to expand the previously estab-
lished combined loading lumbar injury criterion (LIC) by 
including a broader range of seated postures and accounting 
for a greater contribution of the bending moment, leading to 
the development of an “expanded combined loading injury 
criterion” (ECLIC).

Materials and Methods

To expand the range of assessed seated postures from the 
original 75 specimens, fifteen unembalmed cadaveric lumbar 
spines in four additional postures were subjected to high-rate 
dynamic compressive loading. The postures were defined 
as Army Combat Uniform (ACU) reclined, intermediate, 
flexed reclined, and flexed nominal posture (Fig. 1) derived 
from the Seated Soldier with ACU Study [17]. All cadaveric 
testing was performed in compliance with Duke University’s 
Institutional Review Board experimental cadaver protocols.

To effectively incorporate the 15 specimens to the 
existing data set, preparation and test procedures were 
followed to replicate those established in Ortiz-Paparoni 
et al. [14]. Prior to testing, specimens were preserved 
frozen at − 20 °C and left to thaw at room temperature 
for 24 h prior to preparation. Selection of specimens was 
performed to exclude any samples with joint degradation 
or osteophytes through assessment via microCT imaging 
performed at 100 × 100 × 100 µm resolution (Model XTH 
225 ST, Nikon Metrology Inc., Brighton, MI, USA) to 
preserve a representative mechanical response. Further, 
specimen acceptance criteria included males between the 
ages of 18 and 80 with a height of 165–186 cm, weight 
of 64–106 kg and a body mass index (BMI) of 18–35, 
with no positive serology for transmissible disease (HIV, 
and Hepatitis A, B and C). In addition, each specimen 
was also screened for bone mineral density using standard 
lumbar spine dual-energy x-ray absorptiometry (DEXA) 

Fig. 1   Expanded range of postures based on the Seated Soldier Study. 
a ACU reclined. b Intermediate. c Flexed reclined. d Flexed nominal
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with an acceptance criterion of T-score within − 1 to 2.5 
indicating a normal bone mineral density [9]. During 
preparation, the ribs, musculature, fat, and periosteum 
were carefully removed from the thoracolumbar spines to 
preserve the osteoligamentous structure, and the specimen 
was continuously hydrated through wrapping of saline-
soaked gauze and direct application of physiological 
saline. This allowed for placement of acoustic sensors, 
accelerometer, and strain gauges as described in Ortiz-
Paparoni et al. [14]. This preparation procedure has been 
shown to not damage or otherwise affect the mechanical 
properties of bones, ligaments, and the annulus fibrosus 
of the intervertebral discs (IVDs) [6, 20, 24]. The lumbar 
spines were fixed to aluminum cups using poly methyl 
methacrylate (PMMA) and a high-density urethane casting 
resin (Golden West Mfg., Inc., Grass Valley, CA 95945) at 
the superior (T12) and inferior ends (S1) to facilitate rigid 
attachment to a Materials Testing Machine (MTS®, Eden 
Prairie, MN, USA). Following the procedures outlined in 
Ortiz-Paparoni et al. [14], specimens were subjected to 
physiological preconditioning (300 cycles of 1% engineer-
ing strain at 1 Hz) and loaded twice under non-injurious 
compression profiles, allowing 10 minutes of viscoelastic 
recovery between loading profiles. The specimens were 
loaded from the inferior end (S1) via the servohydraulic 
ram in displacement control, while the superior end (T12) 
was fixed to the stationary end of the MTS crosshead. 
To appropriately integrate the data sets and expand the 
combined loading injury criterion, displacement targets 
for non-injurious and injurious loading were informed by 
Ortiz-Paparoni et al. [14]. Furthermore, the stiffness of the 
specimen, determined by the displacement at the inferior 
end and the force at the superior end, was used to assess 
behavior repeatability and mechanical integrity after test-
ing. Once the non-injurious test battery was completed 
and the mechanical integrity of the specimens was con-
firmed, specimens were loaded to failure at an average 
velocity and time to peak displacement of 6.5 ± 2.5 m/s 
and 36.7 ± 5.6 ms, respectively.

The general test setup (Fig. 2) included a superior six-
axis load cell (MC5-6-5000; AMTI, Watertown, MA) 
with a 22.2 KN max load to measure axial compression 
forces and bending moments during loading at the fixed 
crosshead of the MTS. Two strain gauges were used, (one 
of Model EA-06-062AQ-350/P, CEA-13-250UW-350 or 
C2A-06-062LW-350, VPG Micro Measurements, Wendell, 
NC) with one strain gauge glued to each of the L2 and L4 
vertebral bodies. As with force and moment collection, 
strain gauges were sampled at 100 kHz and filtered with a 
3000 Hz, phaseless 4th-pole low pass Butterworth filter to 
allow frequencies higher than those outlined in SAE J211 
[19]. Twelve acoustic sensors (Mistras S9225, Physical 
Acoustic Corporation, 300–1800 KHz) were instrumented 

on the vertebral bodies of interest to assist with the assess-
ment and timing of fracture. Four acoustic sensors were 
glued to the L1 vertebral body, and two were glued to each 
of the remaining vertebral bodies (L2–L5).

An internal linear variable differential transformer 
(LVDT; Serial Number 227, MTS, Eden Prairie, MN) 
measured displacements on the servohydraulic actuator 
applying the compression profile to the specimen. Dis-
placement was collected at 100 kHz and filtered with a 
3000 Hz, phaseless 4th-pole low pass Butterworth filter. 
Finally, necropsy and microCT imaging was performed 
after the failure test on the specimen to determine injury 
outcome. To provide interval-censored data for the injury 
analysis [8], the timing of injury during the loading phase 
of the failure test was assessed by means of strain gauges 
and acoustic emissions. It is important to note that only 
acoustic emissions of a certain frequency range [21] were 
recognized to be indicative of fracture, requiring a band 
pass filter comprising a phaseless Butterworth 4th order 
high pass at 100 KHz and a Butterworth 4th order low pass 
filter at 1 MHz. To further isolate acoustic signals, Mor-
let wavelet frequency identification was used to identify 
signals at 1.5× of the noise maximum. To further comple-
ment and confirm the initiation of fracture indicated by the 
acoustic data, sudden decreases in strain response of the 
strain gauges were also assessed.

Fig. 2   Right side-view of test setup for LSPN36. The lumbar spine 
specimen is in the ACU reclined position and instrumentation has 
been identified



	 M. Ortiz‑Paparoni et al.

Injury was defined as one or more vertebral body frac-
tures. For injured specimens, the censoring interval was 
bounded between the metric value, at the onset of an 
acoustic emission and its peak value. Specimens that had 
injuries other than vertebral body fracture were right cen-
sored using the peak value of the metric during the injury 
test. Minitab 19 (Minitab Inc., State College, PA, USA) 
was used to assess the results of these tests and conduct 
the survival analysis for establishing the injury criterion. 
To maintain consistency across the experimental groups 
and allow a straightforward integration of the data sets, 
the expanded combined loading injury criterion was deter-
mined using the resultant force (Fr) of the sagittal plane 
(antero-posterior force, Fx, and superior-inferior force, Fz) 
at the T12/L1 joint. Similar to the combined loading injury 
metric (κ) proposed in the LIC study [14], the expanded 
combined loading injury metric (λ) was defined as:

Further, the data set was also subjected to the moment 
decorrelation procedure used in Ortiz-Paparoni et al. [14]. 
Three parametric distributions were evaluated to deter-
mine the injury risk. The cumulative density functions 
that describe the three parametric distributions evaluated 
correspond to:

With the location (µ) and scale (σ) parameters estimated 
through maximum likelihood. The distribution with the 
lowest Anderson-Darling (AD) coefficient (which assesses 
whether a given sample is drawn from a given distribution; 
a lower score is a better distribution fit) was selected as the 
best representation of the injury risk [1]. In contrast with 
the LIC, the Anderson-Darling coefficient fit was selected 
as the optimization target over the minimization of the 
normalized confidence interval size (NCIS) to ensure that 
the fit of the data was the primary feature of the injury risk 
model. Similar to the LIC, for a given test, a peak value of 
the combined loading metric (λ) exists and it is given by 
Fr,crit and My,crit. The critical values are ideally identified 
through tests with pure axial loading and pure bending 
loading which are currently unknown for the proposed test 
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conditions. However, the optimization of the AD coeffi-
cient allows the determination of the critical values by 
first starting with an initial approximation, followed by 
a calculation of λ for the failure tests. Then a λ metric is 
calculated for known non-failure points based on acous-
tic and strain gauge data and a risk function is derived 
from the parametric distribution based on interval censor-
ing using the previously identified injury and non-injury 
points. The AD coefficient is evaluated for the result-
ing distribution and then Fr,crit and My,crit are optimized 
through a line search algorithm until the AD coefficient 
is minimized [28]. Finally, to evaluate the suitability of 
the 15 specimens in comparison to the 75-specimen data 
set, the results of the new dataset were weighted up to 5 
times (5X) the value of the old tests. This adjustment was 
made to ensure the new tests were numerically equivalent 
to the old tests.

Results

A total of fifteen tests were performed in the expanded 
moment posture range, 4 in each of the ACU reclined, 
flexed reclined, and flexed nominal postures, and 3 in the 
intermediate posture. These tests resulted in 13 single or 
multi-level vertebral body fractures (1-2 fractures per speci-
men), with 2 specimens presenting an intervertebral disc 
injury, and a neural arch fracture. The fifteen specimens had 
a mean ± standard deviation (SD) age, weight, height, and 
BMI of 64 ± 9 years, 80 ± 17 kg, 175 ± 7 cm, and 26 ± 4 kg/
m2, respectively. Representative forces and moments (Fz, Fx, 
Fr, My) for the initiation of fracture and at maximum axial 
force were determined and are given in Table 1. Fracture 
initiation was determined by acoustic emissions and strain 
gauge data where available. However, fracture initiation was 
not clearly identified in two scenarios. In these cases, the 
non-injury tests values were used to define the lower bound 
of the censoring interval.

Compared to the nominal range of posture previously 
evaluated [14], the data set presented lower correlation val-
ues between the axial force and bending moment (Fig. 3). 
Decorrelation of My by translating the center of rotation in 
the antero-posterior direction towards the effective center 
of motion allowed the evaluation of independent effects on 
stress from My and Fz. Displacements for the moment decor-
relation are shown in Fig. 4.

The optimized AD fit coefficients for the parametric dis-
tributions evaluated were 0.918, 0.422, and 0.517 for the 
Weibull, Loglogistic, and Lognormal distributions, respec-
tively. With the lowest AD coefficient, the loglogistic dis-
tribution was selected as the best representation of injury 
risk, resulting in optimized critical values of Fr,crit = 6011 
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N, and My,crit = 904 Nm, with location (µ) and scale (σ) 
parameters equal to 0 and 0.1797, respectively. The 

Loglogistic injury risk (Fig.  5) is given by Eq.  5 and 
selected values of the injury risk are given in Table 2.

Fig. 3   Correlation of Fz and My for 15 expanded range lumbar tests. 
Correlations between axial force and moment are generally smaller 
for the more off-axial tests (ACU Reclined and Intermediate). Cor-

relations are generally lower than those in the previous 75 nominal 
posture range (LIC mean correlation = 0.8 ± 0.26; ECLIC mean cor-
relation = 0.24 ± 0.26)

Fig. 4   Posterior translations to the effective center of rotation that 
minimize correlation between Fz and My for the expanded data set. 
Compared to previous data set (LIC median and standard error dis-
placement of 9.2 ± 2  mm, respectively), the extended postures 

required a smaller translation to achieve Fz and My decorrelation 
(ECLIC median and standard error displacement of 0.84 ± 0.25 mm, 
respectively).
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Since the new expanded posture tests (n = 15) comprise 
a fraction of the total number of tests (n = 90), weight-
ings were explored to determine if the effect of the new 
tests was qualitatively different than the existing tests. 
Anderson-Darling coefficients for 5× augmented data set 
fit indicate that the statistical fit tests improve with the 
new weightings for all the distributions evaluated. The 
NCIS also qualitatively improves with the 5× weighting 
(Fig. 7B). In contrast, the effect of the 5× analysis on the 
mean risk is minimal (Fig. 7A).

(5)ECLIC =
1

(

1 + exp
[

−
ln(�)−0

0.1797

])

(6)� =
Fr

6011
+

My

904

Discussion

The objective of this study was to expand the applicabil-
ity of the previously established lumbar spine injury crite-
rion (LIC) [14] to a larger range of postures and generate a 
model of injury risk for a combined loading scenario based 
on cadaveric data. The analysis methods followed best prac-
tices in the injury biomechanics community and maintained 
continuity with the previously developed criterion. A new 
range of postures with increased flexion/extension of the 
lumbar spine (Fig. 1) was included to the expanded crite-
rion (ECLIC) and augmented its applicability within the 
seated Soldier environment. The combined metric using the 
sagittal T12/L1 resultant force and moment was the recom-
mended metric to evaluate vertebral body fracture risk and is 
extended to and beyond one standard deviation of the seated 
Soldier study nominal posture [17].

In contrast with the previous axial-compression domi-
nated data, the current dataset correlations between Fz and 
My are often small (Fig. 3), reflecting relatively independ-
ent contributions to the stress state in the spine (ECLIC 
mean correlation = 0.24 ± 0.26 vs LIC mean correla-
tion = 0.8 ± 0.26). In the previous study, the majority of the 
nominal posture range tests show highly correlated data 
owing to differences between the effective center of rotation 
and the assumed center in the middle of the T12/L1 interver-
tebral disc [14]. The lower distance to the effective center of 
rotation for the expanded data set (Fig. 4), when compared to 
the nominal posture range, agrees with the smaller correla-
tion observed between Fz and My for the expanded postures 
(LIC median and SE = 9.2 ± 2 mm vs. ECLIC median and 
SE = 0.84 ± 0.25 mm). Even though Fz − My correlations 
and displacements to achieve de-correlation were smaller 
in the current dataset, the practice of moment decorrelation 
remains relevant. This is essential for integrating with the 

Fig. 5   Lumbar spine vertebral 
body fracture injury risk for the 
expanded combined loading 
injury criterion (ECLIC). The 
combined metric λ consists of 
a combination of the T12/L1 
resultant force and moment fit-
ted to a Loglogistic distribution 
(center black line) with 95% 
confidence intervals (shaded 
area). The proposed injury 
criterion (ECLIC) includes 15 
new specimens with augmented 
eccentric loading to the previ-
ously established combined 
loading injury criterion (LIC), 
totaling 90 specimens evaluated 
in the development of ECLIC

Table 2   Selected injury risk values for the T12/L1 resultant force and 
moment combined loading metric (λ)

Risk Level λ Lower 95% CI Upper 95% CI NCIS

0.05 0.59 0.51 0.68 0.30
0.1 0.67 0.60 0.76 0.24
0.2 0.78 0.71 0.86 0.19
0.3 0.86 0.79 0.93 0.17
0.4 0.93 0.86 1.00 0.15
0.5 1.00 0.93 1.08 0.15
0.6 1.08 1.00 1.16 0.15
0.7 1.16 1.08 1.26 0.16
0.8 1.28 1.17 1.40 0.18
0.9 1.48 1.33 1.66 0.22
0.95 1.70 1.48 1.95 0.27
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existing injury criterion and for accounting for the independ-
ent effects of axial force and bending moment on the stress 
state of the specimens.

The bending moment in the additional 15 specimens 
presents a higher contribution than that previously evalu-
ated in the nominal posture range (Eq. 6). When combining 

Fig 6.   Critical values for the combined loading metric. (Left) The 
increased contribution of the bending moment to the expanded injury 
criterion is observed through the reduced bending moment critical 
value (ECLIC My,crit = 904 Nm) compared to that reported by Ortiz-

Paparoni et  al. [14] (LIC My,crit = 1155 Nm). (Right) The expanded 
injury criterion presents the smaller resultant force contribution 
among other lumbar spine injury criteria for dynamic compression

Fig. 7   A Loglogistic injury risk for 1× and 5× weighting. The mean 
curves for Fr − 5× and Fr − 1× weighted are indistinguishable at 
this scale though the 5× confidence intervals are improved in the 5× 

analysis due to the artificial increase of the number of specimens. B 
NCIS values for Loglogistic distribution for Fz and Fr-based injury 
risk models. The 5× analysis is generally better than the 1× analysis
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the extended range of evaluated postures with the original 
dataset [14], the optimization of the Anderson-Darling 
coefficient for the ECLIC development resulted in a smaller 
critical My value (ELIC My,crit = 904 ± 70 Nm vs. LIC 
My,crit = 1155 ± 100 Nm). Dividing by a lower critical value 
in the injury metric calculations results in a larger contribu-
tion of moment to the injury risk. This reduction highlights 
the expanded contribution of the bending moment to the one 
captured by the previously developed injury criterion (Fig. 6, 
left), which is also observed with the decreased contribution 
of the resulting compressive force (LIC Fr,crit = 5.8 ± 0.5 kN 
vs. ECLIC Fr,crit = 6 ± 0.5 kN). Though no significant differ-
ences were observed, Fr,crit for the expanded dataset is higher 
compared to other 50% injury risk resultant force metrics 
at the superior end of the lumbar spine (T12/L1) in similar 
studies (ECLIC Fr,crit = 6 ± 0.5 kN, Nominal LIC = 5.6 ± 0.5 
kN [14], Yoganandan 2020 Fr = 5.4 ± 1 kN [31]) (Fig. 6, 
right). This further reinforces the expansion of the moment 
contribution to the proposed injury criterion (ECLIC). While 
the combined metric was developed for UBB compressive 
profiles, it could be applied to scenarios with loading vectors 
that emphasize underbody forces, which can be found both 
in the civilian population in complex motor vehicle acci-
dents, as well as in military scenarios such as pilot ejections, 
or rotary wing accidents. By accounting for contributions 
of bending moment and resultant forces to the injury risk, 
the combined metric can represent a framework that may 
become the generic metric for injury predictions in general 
dynamic loading. The associated distribution function which 
best represented the data, with an optimized Anderson-Dar-
ling coefficient, was a Loglogistic distribution. While the 
expansion of the injury criterion provides valuable insights 
into lumbar spine injury risk, it is important to note that the 
developed criterion specifically assesses the risk of a sin-
gle or multi-level vertebral body fracture occurring during 
a dynamic compressive event. Therefore, additional studies 
are needed to develop an injury probability risk for differ-
ent injury types across multiple vertebral bodies, injuries 
to intervertebral disc, or injuries to the spinous processes.

Due to the discrepancy in the number of specimens avail-
able between the nominal and expanded posture ranges 
(n = 75 vs. n = 15), alternative weighting for the expanded 
posture data set was explored. Overall, though there is an 
improvement in NCIS in the 5× analysis (Fig. 7B), the lack 
of qualitative effect on the mean curve suggests that the 1× 
analysis is an adequate representation of the range of pos-
tures included in this study and should be the analysis on 
which the injury criterion is based (Fig. 7A). The expanded 
combined metric (λ) of 1.0 represents a 50% chance of a sin-
gle or multi-level vertebral body fracture (Fig. 5). Approxi-
mately 1.7 and 0.59 represent a 95 and a 5% chance of the 
same injury, respectively.

While this work presents the first broadly applicable 
combined loading injury criterion for lumbar vertebral body 
fracture in a spine positioned in a range of seated postures 
subjected to UBB loading conditions, it is not without its 
limitations, and other recent studies address similar fun-
damental questions on spine combined loading through a 
different perspective. Tushak et al. examined a different 
method of modeling lumbar spine behavior under bending-
dominated combined loading, simulating the lumbar spine 
as a beam [25]. While a significantly smaller force was 
required to reach 50% injury risk in the beam model rela-
tive to Ortiz-Paparoni et al, Tushak et al. included both male 
and female functional spinal units in the study, whereas both 
Ortiz-Paparoni et al. and this study tested thoraco-lumbar 
male cadaver spines (T12-S1) [14, 25]. Discrepancies in 
failure tolerance between the studies could be attributed 
to differences in behavior between FSUs and whole lum-
bar spines [15], the loading regime prescribed in each test 
series (moment-dominated for Tushak vs. axial-dominated 
for Ortiz-Paparoni), and sex of the sampled population. Men 
and women present different material characteristics includ-
ing bone mineral density, particularly as age increases, as 
women were found to have decreased cortical bone area and 
a substantially faster decline of cortical bone density (3×) 
per year compared to men, despite an overall increase in 
total bone area [18]. Further, bone mineral density in the 
lumbar spine has been examined in osteoporosis studies [27, 
29] and similarly greater declines were seen in older women 
relative to men. These differences may affect the predictive 
risk of injury for the models used in Tushak et al. and Ortiz-
Paparoni et al., and further studies are needed to examine the 
effect of age and sex on the injury criterion.

This study also possesses physical limitations: the maxi-
mum moment in the dataset was 487 Nm after minimizing 
the Fz − My correlation and the maximum My (Nm)/Fz (kN) 
ratio in the current dataset was extended from the nominal 
posture 0.06 to 0.1. Therefore, the strict applicability of this 
injury criterion is for scenarios with less than 487 Nm of 
My and can be expanded beyond a 0.06 My/Fz ratio but kept 
in scenarios where the ratio is less than 0.1. The recom-
mended applicability of this HIPC is to scenarios where the 
|Fx|/Fr ratio is less than 50%. Shear force contributions are 
also increased with this expanded dataset. This model also 
assumes that pure flexion and pure extension moments to 
failure are the same or of similar magnitude, but these fac-
tors are observed to not be the same. Tension contributions 
are also not examined under this injury criterion being that 
testing examined only the flexion/compression quadrant. 
Additionally, this study does not examine lateral or torsional 
bending or moments (e.g., Mx and Mz, respectively) or trans-
verse forces (e.g., Fy) despite the likelihood of these factors 
being present in a military vehicle scenario. These factors 
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are thus likely important in considering vehicular loading 
contexts and should be considered for future work.

The expanded criterion (ECLIC) enhances its relevance 
by increasing the range of applicability across lumbar spine 
flexion/extension postures. Key findings emphasize the sig-
nificant contribution of the bending moment that resulted 
from the incorporation of the expanded dataset, as evidenced 
by a lower critical My value and a higher critical Fr. These 
results underscore the expanded scope of ECLIC in assess-
ing vertebral body fracture risk in the lumbar spine during 
dynamic compression events.
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