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Objective: To develop, theoretically substantiate, and perform primary
validation of a multilevel (0-10 points) scale for quantitative assessment of
the intensity of external mechanical impact in traumatic spinal injuries.

Materials and methods: The study design followed the COSMIN (Consensus-
based Standards for the Selection of Health Measurement Instruments)
principles for developing and validating medical measurement tools, ensuring
an adequate level of scientific validity and reproducibility. A literature review
(PubMed, Scopus, Web of Science, 1990-2025) enabled the identification of
threshold values and modifying factors, including patient body mass, the
transmission coefficient of impulse (7, ), and the effective deceleration
distance (S,,,,)- Two datasets were used for validation: 40 standardized clinical
vignettes and 52 real cases of thoracolumbar junction trauma (T11-L2) with
mandatory verification by computed tomography/magnetic resonance imaging.
Construct and criterion validity, inter-rater reliability (ICC, k), absolute
reliability (SEM, MDC,,), diagnostic accuracy (ROC analysis), agreement level
(Bland-Altman), and threshold stability were assessed.

Results: Based on comparative analysis of various approaches, the concept
of “equivalent fall height” was proposed as a universal criterion of mechanical
exposure in spinal trauma. An 11-level (0-10) quantitative scale and a spine-
oriented derived metric were developed. Primary validation demonstrated
high inter-rater agreement (ICC(2,1): 0.84 for the basic indicator and 0.79
for the spinal-oriented one; ICC(2,k): 0.95 and 0.92), acceptable absolute
precision (SEM 0.80-0.95; MDC,, 2.2-2.6 points), and stable thresholds
(discrepancies exceeding *1 level occurred in <7% of cases). The metrics
showed significant associations with vertebral body wedge deformity (r=0.58),
spinal canal compromise (r=0.49), and ordinal injury severity by AO Spine
(p=0.62; p<0.001). In logistic modeling, each additional 1 m in equivalent
fall height nearly doubled the odds of burst/unstable injuries (OR=1.85;
95% CI 1.45-2.38). The diagnostic performance of the scale was confirmed
(AUC=0.82) for identifying vertebral fractures (optimal threshold =1.3 m;
sensitivity - 0.76; specificity - 0.72).

Conclusions: The proposed scale provides a quantitative, mass-neutral,
and clinically interpretable measure of the “event severity,” complements
morphological classifications, enhances risk stratification, and can be applied
for patient triage, diagnostic planning, and multicenter research.

Keywords: spinal trauma; thoracolumbar junction, mechanical exposure;

equivalent fall height; spinal-equivalent height; quantitative scale;
measurement instrument validation,; individualization.

Introduction

are accompanied by neurological deficits of varying

Traumatic injuries of the spine constitute a
heterogeneous group of conditions resulting from
exposure to a wide spectrum of mechanical factors,
ranging from low-energy events (e.g., falls from standing
height) to high-energy mechanisms (falls from significant
height, road traffic accidents (RTAs), sports-related
and blast injuries) [1, 2]. According to population-
based studies, the annual incidence of spinal trauma is
23-40 cases per 100,000 population, of which 15-20%

severity [2]. These estimates, however, require careful
interpretation in light of methodological differences
across studies and geographic regions.

Spinal injuries may arise from either direct or
indirect mechanisms. Direct injury develops following
the immediate application of force to the vertebral
column (impact by a heavy object, gunshot or stab
wounds, compression between massive objects) [3].
Such injuries are relatively uncommon and more
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frequently limited to localized damage of the spinous
and transverse processes or adjacent soft tissues. In
contrast, the indirect mechanism—responsible for more
than 90% of spinal injuries in peacetime—results from
the transmission of external force to the body as a whole
[1, 4]. This category includes falls of various types and
RTAs, in which spinal damage occurs due to axial loading,
flexion—rotation, or combined forces [3, 5-8].

Ininternational clinical practice, fractures occurring
under low-energy impact—defined as mechanical force
that would not normally compromise bone integrity—are
traditionally classified as fragility fractures (osteoporotic
fractures) [9]. A classic example is a fall “from standing
height or less” [10, 11]. This definition is reflected in
World Health Organization (WHO) documents and is
widely adopted in contemporary clinical guidelines
[9, 12]. At the opposite end of the energy spectrum are
high-energy mechanisms: in U.S. prehospital protocols,
a fall in an adult from a height exceeding 20 feet (~6 m)
has historically been regarded as a marker of high kinetic
energy and increased risk of polytrauma [13]. More
recent materials from the American College of Surgeons
reference a lower threshold (>10 feet), underscoring the
variability of cutoff values and the need for terminological
standardization [14, 15].

Most widely used classification systems
in vertebrology and traumatology focus on the
characteristics of the injury outcome rather than on
quantitative assessment of the intensity of external
exposure [16]. For instance, the Abbreviated Injury
Scale (AIS) is an anatomically based six-point system
for grading injury severity by body region [17, 18],
whereas the AO Spine Thoracolumbar Classification
system categorizes thoracolumbar injuries according to
morphological type (A, B, C), neurological status, and
modifiers (including assessment of the integrity of the
posterior ligamentous complex) [19-21]. These tools are
indispensable for standardized injury description, risk
stratification, and treatment planning; however, they
do not provide a quantitative characterization of the
“energy of the event” (mechanical exposure) preceding
injury development [16].

In routine clinical practice, the mechanism of trauma
is often described in simplified binary or qualitative terms
(“low-/high-energy injury,” “mild/severe”), which fail to
reflect the continuous nature of mechanical exposure
gradients and may lead to the loss of clinically relevant
information [22, 23]. The absence of a standardized
quantitative instrument complicates cohort comparisons
and interpretation of research findings, and limits the
potential for targeted preventive and rehabilitative
strategies [24]. In this context, the development of
a multilevel scale for the quantitative assessment of
external mechanical impact intensity is warranted.
Such a scale should be grounded in fundamental
principles of mechanics (energy, impulse, acceleration)
and be applicable in real-world clinical settings. A key
methodological step is the introduction of a universal
metric that enables different injury mechanisms to
be translated into a unified energy scale, thereby
standardizing the description of the “force of the event”
for clinical communication and scientific analysis [5, 25].
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Objective: To develop, theoretically substantiate,
and conduct primary validation of a multilevel (0-10
points) scale for the quantitative assessment of the
intensity of external mechanical impact in traumatic
spinal injuries.

Materials and methods

The study design conforms to the principles of
COSMIN (Consensus-based Standards for the Selection
of Health Measurement Instruments) for the development
and validation of measurement instruments in medicine,
thereby ensuring an adequate level of scientific rigor and
reproducibility of the obtained results [26, 27].

The literature search was conducted in two stages.

Stage 1 (analytical review of scales and terminology).
The objective was to identify classification systems/
scales, threshold values, and underlying principles used
in clinical practice and guidelines that are necessary for
formulating the conceptual framework of the proposed
scale. Keywords: AO Spine thoracolumbar classification,
TLICS, Abbreviated Injury Scale, Injury Severity Score,
spinal injury classification reliability, CDC field triage
guidelines, mechanism of injury, fall height threshold,
fall >10 ft, standing height or less, fragility fracture,
osteoporotic vertebral fracture, mechanical exposure,
energy of event, biomechanics of spinal injury.

Stage 2 (collection of quantitative reference
parameters). The objective was to determine threshold
benchmarks for grading falls and to establish typical
ranges/median values of parameters used in constructing
the scale (collision scenarios, impulse transmission to
the spine, effective stopping distance, environmental/
surface modification factors). Keywords: delta-v
estimation, rollover, mass ratio, coefficient of restitution,
impact angle, EDR, spine load transmission, landing
biomechanics, knee flexion, energy absorption, feet-
first, buttocks impact, supine impact, seat belt, airbag,
torso kinematics, effective stopping distance, impact
attenuation, concrete, asphalt, sand, snow, water entry,
gym mat, tatami, HIC, g-max, fall from height, injury
severity threshold adults, fragility fracture standing
height.

Databases and search parameters: PubMed/
MEDLINE, Scopus, Web of Science; materials from
AO Spine, the World Health Organization, and the
International Osteoporosis Foundation. Language of
publication: English; time frame: 1990-2025 (with no
strict lower limit for fundamental biomechanical studies).

Screening was performed in stages by two
independent reviewers (initially by titles and abstracts,
followed by full-text assessment), with additional
searches conducted through the reference lists of
selected articles.

Datasets

Validation was performed using two complementary
datasets:

Standardized clinical scenarios (vignettes) (n =
40) — synthetic clinical-biomechanical events uniformly
covering the spectrum of mechanical exposure (including
“adjacent” combinations of body position/surface/
deceleration pathway), developed for independent expert
assessment according to a standardized protocol.
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Real clinical cases (n = 52) — medical records of
patients with sufficiently detailed descriptions of the injury
mechanism, which, in the authors’ judgment, allowed
unambiguous reconstruction of the initial parameters
required for calculations. In all cases, neuroimaging data
(computed tomography (CT) and/or magnetic resonance
imaging (MRI)) were available, enabling comparison of
mechanical exposure values with morphological injury
characteristics, determination of injury type according
to the AO Spine classification, assessment of the degree
of anterior wedge deformity, extent of spinal canal
compromise, and integrity of the posterior ligamentous
complex. Image analysis and measurements were
performed using RadiAnt DICOM Viewer (Medixant,
Poland; version 2023.1, license No. 1860F047).

For primary validation and reduction of interindividual
variability, the sample included patients with injuries of
the thoracolumbar junction (T11-L2).

Informed consent was obtained from all patients
for data collection, processing, and publication of
aggregated results in compliance with confidentiality
standards. The data provided to experts were fully
anonymized.

Sample size determination

To assess inter-rater reliability (intraclass correlation
coefficient, ICC) in a design involving five experts, the
study aimed to demonstrate an ICC of approximately
0.80 compared with a threshold value of 0.60, at g =
0.05 and statistical power of 0.80. The required sample
size was estimated at 35-40 objects [28]. Accordingly,
a set of 40 standardized vignettes was constructed,
yielding 200 independent ratings (5 x 40), enabling
test-retest assessment on a subsample of 10 vignettes
[29] and improving the precision of the standard error
of measurement (SEM) and the minimal detectable
change at the 95% confidence level (MDC,,) [30, 31].
For clinical validation, 52 consecutive patients with
complete datasets (detailed mechanism description plus
CT/MRI data) were included. This sample size provides
adequate power for key validity analyses (correlation
coefficients r & 0.5-0.6; known-groups comparisons with
effect size d = 1.1) [32-34] and acceptable precision
for agreement analysis using the Bland-Altman method
[35-37]. Receiver operating characteristic (ROC) analysis
and regression modeling were considered secondary
analyses, with correspondingly wider expected
confidence intervals (CIs) [38,39].

Statistical analysis

Data were processed using descriptive and analytical
statistical methods. Continuous variables are presented
as mean %+ SD or median [IQR], depending on distribution
characteristics (normality assessed visually and using
the Shapiro-Wilk test) [40, 41]. Construct and criterion
validity were evaluated by correlation analysis with
calculation of Pearson’s (r) or Spearman’s (p) coefficients,
as appropriate [42, 43].

Predictive models. To assess the association between
the proposed metrics and morphological injury severity
according to the AO Spine classification, binary logistic
regression was applied using a threshold of >A3, with
estimation of odds ratios (ORs) and 95% ClIs [44, 45].
As a sensitivity analysis for the ordinal outcome A1-A4,
ordinal logistic regression was performed [46, 47].
Linearity of the logit was examined using the Box-Tidwell
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test [48] and restricted cubic splines [49, 50], while
multicollinearity was assessed by the variance inflation
factor (VIF) [51]. Discriminative performance was
evaluated using ROC curves (AUC, with 95% CI) [52].
Sensitivity, specificity, the Youden index, and likelihood
ratios (LR+, LR—) were calculated. Operational thresholds
were selected by maximizing the Youden index, taking
into account the intended purpose (screening vs.
confirmation) [53].

The robustness of scale boundaries was examined
through sensitivity analysis by varying threshold
parameters by £10-15% and recalculating results for
alternative modifier scenarios [54, 55].

Known-groups validity. Comparisons were conducted
for predefined clinically relevant groups [56]. Between-
group differences were analyzed using the Mann-Whitney
U test, with nonparametric effect sizes calculated as
Cliff's 6 [57] and/or Vargha-Delaney A [58]. Cohen’s d
was additionally reported (for reference), with robust
interpretation in the presence of unequal variances [59].

Measurement reliability. Relative reliability was
assessed through inter-rater agreement indices: ICC(2,1)
(two-way random-effects model, absolute agreement,
single measure) and ICC(2,k) (average measure) [60],
as well as weighted « with quadratic weights [61, 62].
Temporal stability was evaluated using a test-retest
design in a subsample of cases [63]. Agreement between
expert-based and algorithm-based calculations was
assessed using the Bland-Altman method (mean bias
and 95% limits of agreement) [64].

Absolute reliability. SEM and the MDC,, (MDC,, =
1.96 x V2 x SEM) were calculated [65]. For appropriate
clinical interpretation, MDC was additionally expressed
in continuous units: in meters for and in multiples of
g for the spine-oriented metric (based on a reference
stopping distance s = 0.10 m), with level-specific
(interval-specific) annotations indicating the ranges in
which differences are clinically negligible or clinically
meaningful [66].

All tests were two-sided. The threshold for statistical
significance was set at p < 0.05 [67, 68].

Statistical analysis was performed using R version
4.5.1 (R Core Team) within RStudio IDE 2025.05.1+513
(Posit) [69].

Results

Definition of the criterion

The intensity of external mechanical impact
during a traumatic event is defined as a quantitative
characteristic of the force of the event preceding tissue
damage [70, 71]. It is not identical to the severity of
the resulting injury, which is determined using clinical
outcome scales (e.g., the Abbreviated Injury Scale
(AIS)) or morphological classifications (e.g., the AO
Spine Thoracolumbar Classification) [72]. In contrast to
AIS/AO classifications, which focus on anatomical and
clinical consequences (type of disruption, instability,
neurological status), the proposed criterion captures
the mechanical exposure itself—that is, the physical
quantity reflecting the amount of mechanical energy/
impulse involved in the event [25].

As a universal physical metric, the “equivalent fall
height” (h,) was selected [73, 74]. The underlying
concept is that heterogeneous mechanisms (falls,
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collisions, compression, blast effects) can, with certain
assumptions, be translated onto a unified energy scale by
equating them to a hypothetical fall from a given height
in a uniform gravitational field. This metric is based on
gravitational potential energy and enables comparison
of events in terms of “energetically equivalent meters.”

In selecting an appropriate physical metric (criterion)
for assessing the degree of external mechanical impact
on the spine, the following considerations were taken
into account:

- first, falls from height represent the most common
cause of traumatic spinal injuries. According to the Global
Burden of Disease study, falls are the leading cause
of vertebral trauma, accounting for 52.2% of spinal
injuries and 63.0% of spinal cord injuries [75, 76]. Thus,
more than half of traumatic events are attributable to
falls, making a height-based scale the most relevant
framework [77].

- second, the parameter “fall height” offers
important practical advantages [13]. This criterion is
intuitively understandable not only for specialists but
also for patients and their relatives. A statement such
as “a fall from the second floor” immediately conveys an
impression of impact intensity [15, 78, 79]. Moreover,
this parameter is readily obtainable from clinical
documentation [80]. During history taking, patients or
witnesses almost invariably refer to “a step and a fall”
or “from a height of...,” whereas quantitative data for
RTAs (velocity), interpersonal violence (type of weapon),
or compression injuries are often unavailable or difficult
to interpret [81].

- third, falls encompass both the lower and upper
limits of the mechanical action spectrum (low-energy
and high-energy trauma). Consequently, they provide
a broad and clinically relevant range of mechanical
exposure [77].

- fourth, the approach is grounded in physical
principles. The definition of h_ in terms of fall height
follows directly from the laws of mechanics (since
potential energy AE = mgh), thereby preserving maximal
objectivity, avoiding subjective weighting coefficients
in estimating impact force, and enabling quantitative
comparison of diverse injury mechanisms within a unified
physical scale [1, 15, 73].

Analysis of contemporary literature demonstrates
that, when characterizing the severity of mechanical
impact on the spine based on fall height, only two
primary threshold benchmarks are effectively employed.

The first threshold is approximately 1 m. A fall
from standing height (~1 m) or less is traditionally
regarded as a low-energy mechanism, in which fractures
indicate pathological bone fragility (osteoporotic
fractures) [82, 83]. This definition is incorporated into
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recommendations of the World Health Organization and
the International Osteoporosis Foundation and is widely
applied in clinical practice for risk stratification and the
initiation of secondary prevention [84-86].

The second threshold is 20 feet (~6 m). A fall in an
adult from a height exceeding 20 feet has historically
been recognized as a marker of severe mechanical impact
in prehospital medical and trauma triage protocols
(CDC, American College of Surgeons). This criterion is
associated with a high probability of polytrauma and
the need for transport to a specialized trauma center
[87]. Although some contemporary guidelines discuss
a lower universal threshold (>10 feet), 20 feet remains
the most frequently cited “upper” benchmark of high-
energy trauma.

Thus, in routine practice, only two quantified
reference values are used when describing the
mechanism of injury: ~1 m as the boundary of
low-energy exposure and ~6 m as an indicator of high-
energy trauma (Fig. 1). The intermediate range remains
insufficiently formalized [15, 88, 89].

Intensity of overall external mechanical impact
- fall scenario

To enhance the precision of stratifying the mechanical
factor in traumatic spinal injuries, an 11-level scale for
grading the intensity of external impact was developed
based on our clinical experience and analysis of the
literature [3, 5, 70, 90]. Unlike binary or simplified
classifications, the proposed system is grounded in
clinically verified threshold values [13, 15, 80] and
encompasses the most typical fall scenarios, ensuring
high clinical relevance and practical reproducibility [72,
88, 91]. The selected height thresholds are: 0; 0.1; 0.5;
0.75; 1; 2; 4; 6; 10; and 15 meters (Table 1).

The proposed scale is visually presented in Fig. 2
(not to scale).

Intensity of overall external mechanical impact
— RTA scenario

Determination of h, in RTAs. Since h, was
adopted as the reference metric, for falls h,, = h. For
RTAs (the second most frequent cause of vertebral
trauma), recalculation through Av—the change in the
victim’s velocity at the moment of RTA—is required [5,
92, 93]. The fundamental concept is that h_, represents
the height of free fall that would generate the same
kinetic energy as the described RTA [94]. Based on the
principle of energy equivalence:

1 (Av)?
sm(Av)® =mghe, = heq =

29

!
where g=9.81 m/s?.
For practical purposes, if Av is expressed in km/h:

2
hog ] = (Av[12<75"4/h])

0 1 2 3 4

Fall height, m

Threshold benchmarks . Osteoporotic fractures (~1 m) . High-energy trauma (~6 m/ 20 ft)

Fig. 1. Currently accepted scale for grading fall height in the context of spinal injury
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Table 1. Height-based scale of mechanical exposure intensity (for clinical stratification)

Severity - - .
score Height, m Clinical scenario

Absence of external mechanical impact: spontaneous vertebral body compression

0 0 in severe osteoporosis; fracture under minimal load in the setting of systemic/local
bone pathology (tumor, infection, etc.)
Incomplete fall/stepwise level change <30 cm: stumbling on a flat surface with

1 0-0.1 recovery of balance; partial “sliding” from a step/threshold; microtrauma during an
awkward turn in confined space (domestic injury)
Fall from low furniture or architectural elements ~0.4-0.6 m (low stool, threshold,

2 0.1-0.5 windowsill); fall from a low bed; in children—fall from a sofa/play surface of
comparable height
Fall from sitting height: from a chair/bed (~0.6-0.7 m); fall during entry/exit from a

3 0.50-0.75 | bathtub; slip while attempting to reach an object from an upper shelf while standing
on a seat
Fall from standing height (~0.8-1.0 m): slipping on ice/wet tiles; tripping over an

4 0.75-1.00 | obstacle (threshold, cable); syncopal fall in upright position; fall while ascending/
descending stairs “skipping” a step
Fall from a ladder (2-3 rungs, ~1.5-2.0 m); from a first-floor balcony/platform (<3

5 1-2 m); occupational injury: fall while working on low scaffolding/loading platform;
sports-related: fall from a low rock ledge

6 4 Fall from the roof of a single-story building (3-4 m), tree, warehouse rack; fall down
a significant stair flight (=6-8 steps); occupational: fall from a ramp/semitrailer

7 4-6 Fall from the second floor (~6 m); from an intermediate landing; fall into a shallow
shaft; occupational: fall from an upper tier of construction scaffolding

8 6-10 Fall from the third floor (~9-10 m); from the roof of an industrial hangar/workshop;
recreational/occupational fall due to safety failure (impact onto a horizontal surface)
Fall from the fourth-fifth floor (~13-15 m); from a communication mast, crane

9 10-15 boom, high scaffolding; fall on a mountain route with impact against ledges/edges
during descent

10 >15 Catastrophic fall: height >15 m (=6th-7th floor); from a high-rise building/antenna
mast; fall from a rock cornice/bridge in an urban or mountainous environment

0 1 2 3 4 5 6 74 8 9 10
om 0.1m 05m 0.75m im 2m 4m 6m 10m 15m

Fig. 2. Level scale (0-10) with boundaries defined by equivalent fall height (heg, m)

Objective limitations in applying this criterion.

First, accurate determination of Av is currently
feasible only when data from the vehicle’s Event Data
Recorder (EDR) (airbag control unit/telematics module)
are available. This device records longitudinal and lateral
changes in velocity, as well as their resultant value,
during the first 0.3 seconds following impact. In the
United States, the implementation and standardization
of EDR are regulated by the National Highway Traffic
Safety Administration (NHTSA), while in the European
Union they are governed by Regulation (EU) 2019/2144,
which mandated EDR installation in new vehicle models
between 2022 and 2024 [95, 96]. Second, even when
such equipment is formally present in the vehicle, these
data are typically unavailable to the physician during
hospital admission and primary assessment. Clinicians
are therefore compelled to rely on information obtained
from the patient or witnesses [97]. For this reason,
indirect methods for estimating Av in various types of
RTAs are presented below.

As an example, we provide a detailed method for
calculating Av in the case of a collinear one-dimensional
collision—that is, a scenario in which both vehicles
move along the same straight line (rear-end or head-on
collision) and impact occurs strictly along this axis [98].

Let m: and m2 denote vehicle masses; v: and v2
their pre-impact velocities (with signs defined along a
single axis); v/, and v/, their post-impact velocities; and
e the coefficient of restitution (typically for vehicles e
= 0.0-0.2; discussed in detail below). The derivation is
based on the law of conservation of momentum:

myv; + myv, = myv; + myv,
I

and the restitution condition:

! I
v, — vy = —e(v, — vy)
Solving for the post-impact velocities:
. my — em, 1 +e)m,
v, = v, v,
m,; + m, m; + m,
1+e)m m-—em
vé — (1+e)ym, 2 1 v,
m1+ mo m1+ mo
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Since Av=v - v/, for each vehicle:

1+e)m
Av, = (—)—2'(171 - v;)
m;+m, ,
_ Q+e)my _
Av, = P (v, — vy)

These expressions demonstrate that each vehicle
acquires a fraction of the relative velocity V_=lv,-v,l,
proportional to the mass of the opposing vehicle.
When the masses are equal, each vehicle experiences
approximately Av=0,5V, . If one vehicle is substantially
heavier (m,>»m,),the lighter vehicle “absorbs” nearly the
entire relative velocity change (4v,»(1+e)V_ ), whereas
the heavier vehicle undergoes minimal velocity change
(Av,=0).

Since, in the above calculations, the coefficient
of restitution is a parameter that is difficult to assess
empirically, its brief characterization is provided below.
In mechanics, e is defined as the ratio of the relative
separation velocity to the relative approach velocity of
colliding bodies along the line of impact [99, 100], i.e.:
JR A

vy =Vs

Its values may be interpreted as follows:

e=0 — perfectly inelastic collision: after impact, the
bodies move together as a single unit, and their common
velocity v’ is determined by the law of conservation of
momentum [101];

0<e<1 — partially elastic collision: a portion of the
relative velocity is preserved as “rebound” [102]

e=1 — perfectly elastic collision: kinetic energy is
fully conserved (as in ideally rigid bodies, e.g., a billiard
ball) [103, 104].

Vehicle bodies and bumpers are engineered to
maximize energy absorption through plastic deformation
during impact [105, 106]. Consequently, most motor
vehicle collisions are predominantly plastic in nature. For
this reason, the coefficient of restitution e in real-world
RTAs is typically very small. Its value reflects only the
fraction of energy retained in elastic deformation and
subsequently released as a minor “rebound” effect.

In frontal collisions, e is generally within the
range of 0.0-0.1, since nearly all energy is dissipated
in structural crumpling [106]. In lateral impacts, the
value is slightly higher (0.1-0.2), owing to a smaller
programmed deformation zone and a relatively greater
elastic response [107]. In low-speed rear-end collisions
(bumper-to-bumper, parking scenarios), the coefficient
may reach 0.2-0.3, as a greater proportion of elastic
components is engaged and plastic deformation is
limited. In impacts with rigid obstacles (e.g., a pole or a
tree), e approaches zero [99, 107]. For collisions with Av
> 25 km/h, practical calculations conventionally assume
e = 0, since the contribution of the elastic component
becomes negligible.

To illustrate the practical application of the proposed
calculation algorithm, several clinical examples are
provided below._

Example 1. Passenger car A overtakes at a speed of
vi = 90 km/h, while passenger car B approaches from
the opposite direction at v2 = 70 km/h. The collision
is frontal and aligned with the direction of motion. Let
mz1 = 1400 kg and m2 = 1300 kg. Taking into account

http://theunj.org
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the impact severity, the coefficient of restitution is
assumed to be e = 0. Accordingly, V,_V,, V, 160 km/h,
m+ m,=2700 kg.

my ~
AUI = mvral ~ 77 km/h
m, !
Av, = ———V,;, 83 km/h
my +m,

The equivalent fall height heq (based on Av) is
therefore:

The
254

832
~r — ~271m
254

h ~ 234m

eql1 ~
heq2

I
For both affected vehicles, this corresponds to the
maximum level of mechanical impact on the human
body—10 points according to the proposed scale.

Example 2. Passenger car A, traveling at vi = 50 km/h,
collides with passenger car B, which is stationary at a
traffic light. In this case, the vehicle masses are assumed
equal: m,=m,=1400 kg.

With e=0
Av, = Av, = ; 50 = 25 km/h
252
heq.l = heq‘z ﬁ ~ 246m

which corresponds to 6 points on the proposed scale.

A logical objection to the use of the proposed
methodology is the difficulty of accurately determining
vehicle speed at the time of a RTA. However, in practical
settings, drivers are generally able to provide an
approximate estimate sufficient for primary stratification.
To demonstrate the robustness of the conclusions with
respect to plausible speed estimation error, several
representative calculations based on Example 2 are
presented below:

- 50 km/h— Av=25.0 km/h— heq=2.46 m — 6 points;

- 55km/h— Av=27.5 km/h— heq=2.98 m — 6 points;

- 60 km/h— Av=30.0 km/h— h_ =3.54 m — 6 points.

These results demonstrate that moderate uncertainty
in the initial speed does not alter the clinical assessment
category. Furthermore, analysis indicates that, in
calculating the equivalent fall height, small differences
in vehicle mass (£100-200 kg) have a negligible effect
on the resulting Av and, consequently, do not influence
classification according to the proposed scale. In clinical
practice, such fine-grained precision is unnecessary.
Of substantially greater importance is the vehicle class
(e.g., subcompact car, sedan, SUV/crossover, minivan,
truck, bus, articulated heavy truck), as inter-category
differences are considerable and may significantly affect
the distribution of impact severity between collision
participants. Therefore, for stratification purposes,
classification by vehicle type provides sufficient accuracy
while preserving the practical applicability of the method.
When vehicle masses are approximately equal, Av
equals one-half of the total closing speed, irrespective
of the exact masses; thus, a coefficient of 0.5 is used
in calculations.
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Analogously to the section on colinear (1D) collisions,
simplified coefficients for rapid estimation of Av in other
types of RTAs were derived using methods of formal
mechanics. These coefficients allow prompt estimation
of the change in velocity of the injured vehicle—and
subsequent calculation of h, —based solely on the
speed of one participant and the collision configuration
(Table 2).

When analyzing the table, particular attention
should be paid to the rollover category of RTAs, which
fundamentally differs from other scenarios in terms of Av
determination. In this case, the change in velocity is not
directly related to the frontal or lateral projection of the
relative velocity but is determined by the characteristics
of the vehicle’s rotational motion and the number of
body contacts with the surface [113]. A basic estimate
is performed using the formula:

AVroll N kroll . VO

where V, — is the velocity prior to the onset of
rollover; k,, — is a coefficient dependent on the number
of rollovers/roof contacts, the rollover type, and the
environmental conditions.

In the analysis of rollover RTAs, several methods
are used to determine Av, two of which are considered
the simplest and most effective. Both approaches are
conceptually equivalent. It is recommended to apply the
method that is easier to interpret based on the available
documentation:

1. Quarter-turn (Nq) estimation method [114]. The
assessment is based on the number of quarter-turns of
the vehicle body (90° rotation = 1 quarter-turn):

Ng=1-2 - the vehicle comes to rest on its side or
roof: k , #0.25-0.35;

Ng=3-4 - rollover over the roof or a complete 360°
rotation: k_, ~0.35-0.50;

Ng = 5 - multiple rollovers: k_, =0.50-0.65.

2. Roof-impact count method (M, roof impacts)
[115-117]. This method estimates the number of roof or
pillar contacts with the road surface and is particularly
convenient in cases of multiple rollovers:
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Kyon ~02+0.08-M

where M is the number of contacts. In practice, k_,
does not exceed 0.65. To improve calculation accuracy,
contextual adjustments are recommended depending
on the specific conditions [113. 118]. In the analysis of
rollover RTAs, the following scenarios are distinguished:

- “Tripped” rollover, initiated by an external obstacle
(e.g., curb, ditch, soft shoulder) that “catches” the wheel
and triggers rotation. Such scenarios are more likely to
result in abrupt energy dissipation and a greater Av. In
calculations: k_, +0.03-0.05;

- “Untripped” rollover, occurring due to the vehicle’s
own dynamics (sharp maneuver, skidding, center-of-
gravity displacement) without impact against an external
obstacle. In these cases, Av is usually lower than in
“tripped” scenarios; therefore, the coefficient is adjusted
downward: k,, -0.03...-0.05.

Additionally, terrain and surface conditions are taken
into account: steep slope/embankment (k. , =+0.03)
hard road surface (asphalt) - k,, —0.02...-0.03, soft
surface (soil)- k, , +0.02-0.03 [119]. Example. A vehicle
was traveling on a rural road at approximately 70 km/h.
During an overtaking maneuver, one wheel entered a soft
unpaved shoulder. Loss of support caused a “tripped”
rollover (a typical obstacle-initiated rollover), after
which the vehicle overturned laterally, making two roof
contacts with the surface.

Using the roof-impact method with M=2 k_ ~0.36.
Since the rollover was initiated by “tripping” on a soft
soil edge, corrections of +0.04 (“tripped” mechanism)
and +0.02 (soil surface) are applied, yielding a final:
k  =~0.42.

roll

Thus,
Av ~ (0.36+0.04 + 0.02)-V, ~0.42-70 ~ 294 km/h
o 29472 ~3.4
Noq N TS m

The obtained value corresponds to level 6 on the
proposed scale (interval 2-4 m).

Table 2. Coefficients for rapid estimation of Av in various types of RTAs (assuming comparable vehicle masses) [107-112]

Type of RTA Coefff(l:;lir‘llt (k) Comment
Colinear (frontal/ . . . .
rear-end) 0.5 Each vehicle receives half of the relative velocity
Lateral impact 0.5 For the struck vehicle, Av = half of the normal velocity component
0.25 - for 30°
0.35 - for 45°
Oblique impact Av depends on the contact angle
0.43 - for 60°
0.48 - for 75°
Sideswipe 0.05-0.20 With tangential contact, Av is small; energy is dissipated in friction/sliding
Emp_act with rigid =1 With e = 0, Av approximates the impact speed
arrier
Rollover 0.25-0.65 Av estimated as a fraction of pre-rollover speed; depends on number of rotations
Multi-event collision Maximum Av In multiple impacts, the largest Av is used (based on EDR data or reconstruction)
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The presented data demonstrate the feasibility of
applying relatively simple methodologies for approximate
assessment of the traumatic mechanical impact on the
human body within two fundamental scenarios—fall
from height and various types of RTAs. To accelerate
and simplify information processing, eliminate the
need for independent mathematical calculations, and
account for multiple modifying factors, we developed
a dedicated online calculator. Its structure, functional
capabilities, and operating algorithms are described in
the corresponding section of this article.

Assessment of mechanical impact on the spine

It is evident that heq, which reflects only the
integrated magnitude of mechanical exposure, alone
does not allow an adequate assessment of the impact on
the spine [70]. Actual traumatic potential is determined
by how the energy is converted into forces over the
duration of deceleration and along the deceleration path,
the geometry of its application to the body, and the
proportion that mechanically affects the spinal column
[1, 120]. Therefore, identical heq values can correspond to
fundamentally different clinical outcomes [77, 121, 122].
For example, a fall from 1 m onto rigid concrete versus
a thick mat, even with identical h,,, results in markedly
different loading and risk of injury [123].

Key additional factors influencing actual traumatic
potential include the patient’s body mass, the impulse
transfer coefficient, and the effective deceleration
distance [120, 124-126].

Patient body mass

The patient’s body mass (m) is a fundamental
parameter that determines the inertial properties of
the system [127, 128]. For any traumatic event with a
given Ay, and consequently a given equivalent height h_,
mass linearly scales both the energy to be dissipated
and the impulse that must be absorbed by supporting
structures [129, 130].

According to the integral form of Newton’s second
law, the work of external forces required to bring the
body to a complete stop equals its kinetic energy (E):

1
E= Em(Av)2 = mghgq.

At fixed Vor heq the energy E is proportional to mass.
Thus, a heavier body requires dissipation of a greater
energy reserve at the same h,,.

The impulse (J) that braking forces must provide is
calculated as:

F= fF(t)dt= mAv

Impulse increases linearly with mass at a fixed Av
[131]. Accordingly, if the deceleration occurs over a fixed
time (t), the average applied force is:

- A
F]mv

t t
which also scales linearly with mass.
Closer to clinical practice, the relevant scenario
is deceleration over a characteristic path (s), e.g., the
thickness of a cushioning surface or the deformation
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depth of a structure. In this case, the average applied
force can be calculated as:

F— E_mghe
s s

which similarly reflects a linear dependence on mass
under otherwise identical conditions [132, 133].

Thus, patient body mass is an independent
modifying factor for traumatic potential. At fixed Av or
h., it systematically increases the impulse and work
required to stop the body, and consequently the average
and peak loads transmitted to the spinal supporting
structures [125]. For a correct interpretation of “event
force,” body mass should be considered at least
descriptively, even if the metric used for assessment is
mass-neutral [134].

Impulse transfer coefficient

The impulse transfer coefficient (7, ) is a
dimensionless quantity that characterizes the fraction
of mechanical energy from a traumatic event that
reaches the spine [1, 135]. It reflects the effectiveness
of “biomechanical filters” (joints, muscles, soft tissues)
and protective systems (seat belts, airbags, seats)
that dissipate or redistribute the impact [120, 136].
Accordingly, T, , determines the portion of the total
mechanical exposure that is transformed into loading
on the spinal column. While axial compression is most
common, other components (shear or rotational) may
dominate depending on the direction and resultant vector
of the applied force [137].

The primary factors influencing T, , are the

point of force application and contact geometry
[126, 137, 138]. For instance, a fall onto the feet with
deep knee flexion and active muscular engagement
dissipates a significant portion of the impulse, yielding
T, ® 0.4-0.6 [139, 140]. Conversely, a fall onto the
buttocks or back results in minimal absorption, with
T,.. @pproaching 0.9-1.0, transferring almost the entire
energy to the thoracolumbar spine [141]. In frontal
RTAs, seat belts and airbags distribute the kinetic load
across the chest and shoulder girdle, increasing the area
and duration of energy absorption, thereby reducing
direct impulse transfer to the spine [142, 143]. In the
absence of restraints, impact against the steering wheel
or dashboard occurs locally, with negligible damping,
transmitting almost the entire load to the spinal column.
In some cases (e.g., axial head impact), local impulse
concentration may formally exceed 1, reflecting not
“energy generation” but amplification of its effect on a
limited spinal segment [144].
In clinical practice, T, , is estimated based on the
injury scenario: which structures bear the main load, how
much energy is absorbed along the transmission path,
and what fraction reaches the spinal column [126, 141].
For calculations, a typical (average) coefficient value is
used, while minimum and maximum limits are considered
as a variability range.

Based on literature analysis, average T, , values
with approximate ranges have been determined for main
clinical scenarios (Table 3).
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Table 3. Average impulse transfer coefficient values for the thoracolumbar spine in common clinical scenarios [1, 70, 120,

126, 135-154]

Brief description

Tland (min-
typical-max)

Justification (concise)

Falls:

Onto feet, deep
absorption (deep squat)

0.40-0.55-0.65

Significant portion of the impulse is dissipated through knee and hip joint
flexion and the musculoskeletal complex; no more than half of the energy
reaches the spine

Onto feet, semi-flexed

0.60-0.70-0.80

Moderate energy filtering through joints and muscles; axial load fraction
transmitted is higher than in deep absorption, but part of the impulse is
absorbed

Onto feet, stiff/almost
locked

0.80-0.90-0.95

Minimal joint cushioning; impulse is almost fully transmitted along the spinal
axis, generating marked compression

Onto buttocks/pelvis

0.80-0.95-1.05

Limited cushioning by soft tissues of the pelvis; load is almost entirely
transmitted to the lumbar spine. Local concentration (>1) may occur in some
cases

Onto back

0.90-1.05-1.15

Impact over a broad surface with transmission through the rib-spine
framework produces nearly complete axial loading; additional bending
moment may occur

Onto side/pelvis

0.60-0.75-0.85

Significant portion of energy dissipated through lateral soft tissues and
pelvic structure; axial component reduced

Onto hands/elbows/
knees

0.40-0.60-0.70

Extremities act as shock absorbers, dissipating part of the energy; only
40-70% of impulse reaches the spine

Onto knees (with
subsequent axial impact)

0.50-0.70-0.85

Primary filtering through knee flexion, followed by sharp transmission of
residual energy along the axis; final fraction is variable

RTAs:

Frontal, seatbelt + airbag

0.50-0.65-0.75

Seatbelt and airbag distribute load across the chest and shoulder girdle,
prolonging contact duration and reducing the fraction of energy transmitted
to the spine

Frontal, seatbelt only

0.60-0.75-0.85

Without an airbag, load distribution is less effective; impulse through the
belt and chest is largely transmitted to the spine

Frontal, no restraint
(dashboard/steering
wheel)

0.85-0.95-1.00

Direct chest contact with steering wheel or panel; absence of cushioning
structures leads to almost full impulse transfer to the spine

Side impact, with
seatbelt

0.55-0.70-0.80

Belt restrains the torso and redistributes part of the energy; door and seat
deformation further dissipate load

Side impact, no seatbelt

0.70-0.85-0.95

Rigid impact through lateral body surface; absence of controlled distribution
increases transmitted fraction

Rollover, with seatbelt

0.90-1.00-1.10

Roof contact with head/shoulders generates axial load with minimal filtering;
local concentration can increase transmission

Rollover, no seatbelt 0.90-1.05-1.15

Contact with rigid cabin elements or ground; impact geometry is variable,
but direct, localized loading on the spine is more frequent

Note: For practical calculations, it is recommended to use the typical (average) Tland value, as it represents the most
probable contact scenario. The "min” and “max” values are provided as references to assess the degree of variability and

potential calculation error.

Effective deceleration distance

The effective deceleration distance (S, ) is defined
as the actual path over which the velocity of the body
(or the spine-relevant portion of it) is reduced following
an impact [139, 150]. Unlike the “geometric” fall height,
S...« €ncompasses all sources of system “compliance”:
support deformation (mats, soil, seats, airbags), soft
tissue compression, joint flexion, as well as body sliding
and rotation [129, 133]. A greater S _ , distributes
energy absorption more smoothly over time, resulting
in lower average and peak spinal loads for the same
event [154].

Factors influencing S , include the point of force
application and body posture (e.g., legs with flexed
knees provide a long deceleration path, whereas
landing on the buttocks or back yields a short path),
surface properties (rigid asphalt offers minimal energy
absorption, whereas soft surfaces, snow, or mats extend

the deceleration distance), and passive safety elements
in vehicles (seatbelts, pretensioners, airbags, seat and
chassis deformation increase the effective path) [152]
(Tables 4 and 5). Secondary movements are also
important: sliding, rolling, and rotation reduce strictly
axial compression on the spine, effectively increasing
the deceleration distance [113, 118].

In clinical practice, the assessment is performed
according to the scenario and context: body position
at the moment of contact, surface or equipment type,
and the nature of the injuries are analyzed, after which
a realistic range of values is selected for calculations.

Proposed metrics for injury characterization

Based on the analysis of the described parameters
and the principles of applied mechanics, a set of metrics
has been proposed to formalize and quantitatively
describe the mechanical impact on the spine.
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Table 4. Effective deceleration distance values for selected typical clinical scenarios [131, 136, 139-150,

152-154]

Brief description

Sland, m (min-
typical -max)

Mechanism

Falls:

Onto feet, deep absorption (deep

0.40-0.50-0.60

Knee and hip flexion, foot elasticity, posterior pelvic

squat) shift
. _ _ Partial knee flexion, joint elasticity, moderate
Onto feet, semi-flexed 0.25-0.30-0.40 absorption

Onto feet, stiff/almost locked

0.15-0.20-0.25

Minimal joint motion, abrupt impact transmission;
short path

Onto buttocks/pelvis

0.02-0.04-0.06

Soft tissue compression, minimal sliding; very short
path

Onto back

0.03-0.04-0.05

Deformation of back and chest soft tissues upon
impact

Onto side/pelvis

0.06-0.08-0.10

Lateral soft tissue deformation and pelvic
compression

Onto hands/elbows/knees (with load
transfer)

0.10-0.15-0.20

Limb flexion, partial energy absorption by joints

Onto knees (with subsequent axial
impact)

0.08-0.10-0.12

Soft tissue compression of the knees + joint flexion
before spinal impact

RTAs:

Frontal: seatbelt + airbag

0.20-0.30-0.40

Belt stretch, airbag compression, seat deformation

Frontal: seatbelt only

0.15-0.25-0.30

Belt elongation and seat deformation

Frontal: no seatbelt (dashboard/
steering wheel)

0.02-0.05-0.08

Near-instantaneous stop; extremely rigid contact

Side impact, with seatbelt

0.10-0.15-0.25

Door/seat deformation, torso sliding

Side impact, no seatbelt

0.05-0.10-0.15

Rigid contact; minimal controlled deformation

Rollover, with seatbelt

0.02-0.04-0.08

Roof contact with head/shoulders; limited
deceleration path

Rollover, no seatbelt (contact with
cabin/ground)

0.02-0.06-0.10

Rigid, variable geometry; short deceleration
distance

Note: For practical calculations, it is recommended to use the typical (average) Sland value, as it represents
the most probable contact scenario. The "*min” and “max” values serve as references to estimate variability

and potential calculation error.

Table 5. Modification factors for effective deceleration distance depending on environment, surface, and

equipment [123, 155-168]

Parameter

Contribution to Sland, m (min- typical-max)

Asphalt/concrete/tiles

0.001-0.003-0.005

Wooden floor/linoleum

0.002-0.005-0.010

Sports mat 10-20 mm thick

0.01-0.02-0.03

Tatami mat 40-60 mm thick

0.03-0.05-0.07

Gymnastics mat 80-120 mm thick

0.08-0.12-0.18

Compacted soil/ground

0.005-0.015-0.030

Dry sand (beach)

0.10-0.20-0.30

Wet/compact sand

0.05-0.10-0.20

Packed snow

0.02-0.05-0.10

Loose snow (20-40 cm)

0.15-0.30-0.50

Water, entry “feet first”

0.50-1.00-1.50

Water, entry “flat”

0.05-0.10-0.20

Light clothing

0.002-0.005-0.010

Winter/multilayer clothing

0.01-0.02-0.03

Note: when modification factors are considered, the calculation uses the sum of the relevant components

along the load path.
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1. Mean "spinal” overload

The mean spinal overload (Jspine) reflects the
“stiffness” of the injurious event’s impact on the spine
and is expressed in multiples of gravitational acceleration
(9). Unlike absolute force or energy parameters, (Jspine)
is independent of the patient’s body mass and therefore
provides a universal, comparable criterion across
different clinical scenarios [169].

Formally, it is defined as:

= = fea
gspme Sland )

For falls, Jspine is primarily determined by surface
type and body position: minimal deceleration distance
(e.g., falling on asphalt or concrete) results in high
overloads, whereas soft ground, water, or mats
increase the deceleration distance and reduce overload
[133, 152, 170]. When falling on the feet, overload
depends on the ability to absorb impact: the deeper
the joint flexion, the longer S, , and the lower Jspine -

In RTAs, the indicator depends on the effectiveness
of passive safety systems. Seat belts and airbags
increase the deceleration distance and duration,
distribute the load over a larger area, and reduce the
net overload [143, 170, 171]. In the absence of restraint
systems or during contact with rigid cabin structures,
deceleration distance is minimal, T, approaches 1, and
Jspine reaches maximum values.

The main advantage of Gspine is its comparability:
the same value indicates the same “stiffness” of spinal
loading regardless of the victim’s body mass [169]. It
is assumed that this metric correlates well with the
probability of structural injuries and can serve as a key
integrative criterion of biomechanical trauma.

2. Energy acting on the spine

The energy acting on the spine (£, ) quantifies
the absolute amount of mechanical energy absorbed by
the spinal column. Unlike mass-neutral metrics, which
reflect relative “stiffness” of impact, E indicates the

spine

full energy budget that the spine must absorb:

Tland

Espine =mg heq Tland
For falls, E

pine PFiMarily depends on body mass and
the biomechanical load path: when falling on the “feet”,
part of the energy is absorbed by joints and muscles,
whereas when falling on the buttocks or head, nearly
the entire impulse is transmitted along the spinal axis
[158, 172, 173]. In RTAs, the energy reaching the spine
depends on passenger mass and the force direction
(through the chest or pelvis) [174]. Passive safety
systems (belts, airbags) do not reduce £_,  butincrease
S,..» SPreading the impulse over time and reducing peak
loads [175, 176].

The advantage of this metric is its physical
transparency: it is expressed in absolute energy units
(3) and can be used for engineering and biomechanical
calculations, as well as injury modeling. Its limitation is
mass dependence: for the same heq, a heavier patient
inevitably experiences a greater energy load on the
spine [177].

Thus, E_, . should be considered a secondary
parameter, important for analyzing the total energy
component of an event and for biomechanical modeling,
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whereas mass-neutral metrics may be preferable for
clinical comparison.

3. Mean force acting on the spine

The mean force acting on the spine (F,,,, )
represents the averaged magnitude of the axial force
transmitted to the spine during deceleration. Unlike
mass-neutral parameters, F_ directly depends on the
patient’s body mass and therefore characterizes the
absolute force scale of the traumatic impact.

F.. = m g heq Tiand
spine Sland

In falls, the magnitude of is determined by body
mass and the type of contact: falling onto a rigid
surface with minimal deceleration distance leads to
extremely high mean forces [161, 162], whereas soft
surfaces or the shock-absorbing properties of the joints
substantially reduce them [155, 167]. In traffic collisions,
the parameter depends on passenger body mass and
the effectiveness of restraint systems [176]. Seat belts
and airbags increase S thereby reducing both mean
and peak forces [178].

The advantage of this metric lies in its intuitive clarity:
force expressed in newtons is readily interpretable for
clinicians and engineers and can be directly compared
with known strength limits of osseoligamentous
structures [173]. Its limitations include dependence on
body mass and the difficulty of accurately estimating
S,..- Moreover, in real-world conditions, the peak force—
rather than the mean force—may be most critical and
may differ substantially from the averaged value [177].

Thus, I-:s,,,-,,, may be regarded as an additional force
descriptor useful for engineering and biomechanical
applications, but not as a primary clinical indicator.

4. Spinal-equivalent height

The spinal-equivalent height (h:g;e) - is a
recalculated (normalized) equivalent fall height that
would produce the same mean axial load on the spinal
column under reference deceleration conditions as the
actual traumatic event under its specific posture and
contact characteristics. This metric is mass-neutral
and therefore enables valid case comparisons. The
concept is to reduce heterogeneous injury mechanisms
to a single, physically interpretable “height” scale
specifically oriented to the spine, taking into account
load transmission and contact “stiffness.” Formally, it
is defined as:

land’

h‘f f

spine ~

where s . - is the reference deceleration distance
(0.10 m in the present study).

In clinical fall scenarios the magnitude of h;”g{;e

naturally differentiates contact regimes. When landing on
the feet, S, ,is large due to multijoint shock absorption
(knee and hip flexion, footwear elasticity), and part of
the impulse and work is dissipated distal to the spine.
This is reflected in a reduced transmission coefficient T,
(<1). Conversely, when falling onto the back or buttocks,
the deceleration distance is markedly shorter (rigid
contact, minimal support deformation), the axial impulse
component is maximal, T, increases, and for the same

land
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h,, a greater h:ilfne, is obtained—indicating a locally
“stiffer” impact on the thoracolumbar spine [172, 173].
In traffic collisions, the metric reflects the performance
of passive safety systems: seat belts, pretensioners,
and airbags do not alter the total energy budget of the
event (mgh_), but they increase S_ ., (by extending
torso deceleration distance and spreading the impulse
over time), thereby reducing hﬁilfne [175, 176]. The
geometry of the load path (through the torso) generally
remains unchanged; thus, in first approximation, 7,
varies minimally.

Fixing the reference distance at s5,_,=0.1 m
standardizes the metric and ensures comparability
across scenarios: hﬁglfne should be interpreted as
the “height under standard conditions” energetically
equivalent to the given event specifically for the spine.
As noted above, the mean axial spinal overload in units
of g is:

h‘f f

spine

gspim = * Tltmd = gspine =

sland sref

In other words, hﬁ{ffne represents the mean spinal
deceleration gspine cOnverted into “meters” relative to the
selected s, thereby preserving the physical relationship
with deceleration dynamics while simultaneously
providing an intuitive clinical interpretation [179].
The metric is mass-neutral and therefore suitable for
population-based comparisons and for correlation with
indicators of bone tissue quality.

The principal advantage of this parameter lies in the
unification of event force description within a convenient
“height-based” format while maintaining spine-specific

Equivalent Fall Height and Spinal-Equivalent Height Calculator

Spine region:
© Thoracolumbar junction (TLJ)

OFfall  MvC

Fall height source:
© Select from list

Metric
Enter height manually

h_eq (m) 0.50
h_spineteff (m) 012
Scenario h_m
g_spine (g) 117
From the first step/threshold 02
E_spine (J) 274.68
From a stool 05
F_spine mean (N) 915.60
From a chair/seat 0.75
Base score (0-10) by h_eq 2
From a windowsill 06
Spinal score (0-10) by h_spine*eff 2
From a bed 0.65
From a ramp/semi-trailer 15
From a stair flight (6-8 steps) 3 Current parameters
t one row in the table or switch to manual ent: Paramatar Value
Height source From a stool
Heighth (m) 0.500
Contact mode:
Contact mode Feet (semi-flexed)
Feet (semi-flexed) %
T_land 0.700
T_land: S_land (m): S_land (m) 0.300
07 03 Surface AS (m) 0.000
S_total (m) 0.300
Surface modifier:
s_ref (m) 0.100
No modifier -
Mass (kg) 80
Patient mass (kg):
1 Reference brak Fo
F‘ 1 1 1 " conversion is use vikm,
For research and educational purposes only. Not for clinical use.
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clinical relevance. This facilitates risk stratification
and cohort comparison, enables the direct conversion
of hgngne into categorical scores of the proposed
(spine-oriented) scale for operational communication
and statistical analysis, and allows its application
in constructing quantitative associations with bone
quality indicators—dual-energy X-ray absorptiometry
(DXA), trabecular bone score (TBS), and computed
tomography-derived density expressed in Hounsfield
Units (CT-HU) [180, 181].

The limitations of the metric are related to the need
for expert reconstruction of contact conditions: errorsin
the estimation of S, ,and T, , are linearly propagated
into the final result. Therefore, detailed documentation
of injury circumstances substantially enhances the
accuracy and effectiveness of the assessment.

Overall, h:ngne serves as a fundamental mass-
neutral descriptor of mechanical exposure to the spine,
integrating event geometry, posture, deceleration path,
and the point of force application, thereby ensuring a
physically valid and clinically meaningful evaluation of
impact severity.

Development of the online calculator

To accelerate data processing, eliminate the need
for constant reference to lookup tables, expand the
range of applicable scenarios, and simplify coefficient
adjustment for validation purposes, we developed a
web-based calculator (Fig. 3).

The tool provides modular input based on typical
scenarios (“Fall,” “RTA”), automatically populating
standard values and ranges for the parameters T, ,and
S,..« depending on the selected body position and landing
surface. In the case of RTAs, it additionally supplies
rapid estimation coefficients for Av according to vehicle

Equivalent Fall Height and Spinal-Equivalent Height Calculator

Spine region:

Fall @ MVC

Metric Value

Parameter Value

Colinear 10 (masses, ¢

e
mi
m2 (k
Re

S_land {m

$_total (m) 0.300

B For research purposes only. Not Tost

Fig. 3. Interface of the developed web calculator: A — fall; B — RTA
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type and collision pattern. Users may retain the “default
values” (in accordance with the embedded reference
libraries) or manually override them; all modifications
are instantly incorporated into the calculations.

The calculator is available at: www.spine.org.ua/
scale.

Validation of the scale and derived metrics

The objective of the subsequent phase was to
quantitatively evaluate the metric properties of the
spine-oriented measure hspme and its derived indicators
(baseline h,., Gspiner Egpine 8N Fypin, ) @s well as the final
composite scores (0-10) based on these parameters. The
analysis included assessment of construct and criterion
validity, relative and absolute reliability, agreement for
continuous metrics, threshold stability, and known-
groups validity.

Construct validity. Within the dataset of clinical
and anamnestic variables used for verification, the metric
heff demonstrated the expected convergence with the
mt’egral measure of mechanical exposure: the correlation
with baseline h was 0.82 (p < 0. 001), indicating that
approximately 67% of the variance in hs ine 1S €xplained
by variability in event energy normallzed to height.
Associations with spinal injury morphology based on
CT/MRI findings were also consistent with theoretical
expectations: increasing hs ine Was accompanied by
greater anterior wedge deformation (r =10.58, p <
0.001; explained variance =34%) and a higher degree of
spinal canal compromise (r = 0.49, p < 0.001; explained
variance =24%). A monotonic relationship was identified
with ordinal injury severity according to the AO Spine
classification (p = 0.62, p < 0.001): progression from
low-energy patterns (Al) to burst and complex types
(A3/A4, B/C) was associated with increasing metric
values.

In binary logistic regression for the threshold >A3,
each additional 1 m was associated with a 1.85-fold
increase in the odds ratio (OR) of sustaining burst/
unstable injuries (95% CI 1.45-2.38, p < 0.001), after
adjustment for age and sex. This finding is consistent
with the biomechanical |nterpretation of the metric:
an increase of 1 m in hspme nearly doubles the odds of
injuries classified as =A3.

From a practical standpoint: if at h;"g{;e = 0.8 m the
conditional probability of injury >=A3 is approximately
20% (OR =0.25), then at 1.8 m (+1 m), the OR increases
by a factor of 1.85 (=0.46), and the probability rises to
approximately 32%; with a 2 m increase, it approaches
®46%. Assessment of logit linearity (Box-Tidwell
test, restricted cubic splines) revealed no significant
nonlinearity within the studied range and no evidence
of multicollinearity.

The mass-neutral property, which is critically
important for this metric, was confirmed by partial
correlation with body weight: after controlling for
mechanism and position, r = 0.06 (p = 0.41), indicating
no statistically significant association. In contrast, the
energy-dependent metric £_, = showed the expected
strong correlation with body mass (r = 0.74, p < 0.001).
These results support the theoretical interpretation of
h;”pine as an indicator of external mechanical exposure
to the spine rather than a surrogate marker of bone
tissue strength.
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Criterion validity. In the absence of external
verified indicators (EDR, objective measurement of
height), clinical outcomes based on neuroimaging
findings served as the criterion. The ability of h;’glfne to
predict the presence of vertebral fracture was rated as
“good” according to the Hosmer-Lemeshow criteria:
the area under the ROC curve (AUC) was 0.82 (95%
CI 0.73-0.90). For the detection of compression-burst
injuries (A3/A4), the AUC was 0.78. An optimal threshold
of approximately 1.3 m yielded a sensitivity of =0.76
and a specificity of =0.72 (based on the maximum
Youden index). This corresponds to LR*=2.7 and LR-
=0.33, which clinically indicates a weak to borderline
moderate increase in post-test probability with a positive
result and a weak decrease with a negative result.
Thus, the metric is useful as an adjunctive tool for risk
stratification. For features of posterior ligamentous
complex injury, discrimination was predictably lower
due to more complex biomechanics: AUC = 0.74, with a
threshold of approximately 2.4 m. In screening scenarios
(where minimizing missed cases is critical), lowering the
threshold below the optimum (favoring sensitivity) is
advisable; in confirmatory contexts, raising the threshold
above the optimum (favoring specificity) is appropriate.
By definition, a single mechanical descriptor cannot
account for the full extent of interindividual variability;
however, the reported AUC values indicate practically
meaningful diagnostic utility for risk stratification and
severity ranking.

Additional robustness checks (restriction of analyses
to cases with low uncertainty regarding 7, ,and S, ,
analysis limited to thoroughly documented postures and
contact surfaces, and bootstrap estimation of AUC) did
not materially alter the conclusions. Model calibration
(intercept/slope) remained satisfactory, with no evidence
of systematic bias in clinically relevant threshold ranges.
Collectively, construct and criterion validity consistently
support that hspme is an informative indicator of “event
severity” for the spine, useful for clinical communication,
stratification, and research on associations with bone
quality and therapeutic outcomes.

Relative reliability of measurements. Inter-rater
agreement for the presented anamnestic cases (n = 40,
5 experts) was assessed using the intraclass correlation
coefficient ICC (2.1) (two-way random-effects model,
absolute agreement, single measure). For the baseline
score calculated directly from heq, ICC was 0.84 (95% CI
0.77-0.89), corresponding to "good” agreement. For the
spine-oriented score based on h:flfne, ICC was slightly
lower at 0.79 (95% CI 0.71-0.86), also within the “good”
reliability range.

When averaging the ratings of five experts
(ICC(2,k)), agreement increased to 0.95 and 0.92 for h_,
and hsz{lfnel respectively, corresponding to an excellent
level. The weighted k coefficient with quadratic weights
was 0.78 (h,,) and 0.72 (hsgfne), indicating “substantia
agreement accordlng to the scale of Landis & Koch.

Repeated assessment of a subsample of cases
(test-retest, 10 cases, reassessment after >2 weeks)
demonstrated high stability: ICC (2,1) was 0.90 (95% CI
0.83-0.95) for the baseline score and 0.85 (95% CI 0.76-
0.92) for the spine-oriented score. The mean absolute
difference between the first and repeated assessments

K
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was 0.42 and 0.58 points, respectively, confirming high
temporal reproducibility of the instrument.

Absolute reliability. To evaluate the precision
of individual measurements, SEM and MDC,, were

Icul d.
calculate SEM =SDVT = ICC.

where SD is the standard deviation of scores across
the entire sample.

For the baseline score, SEM was 0.80 points; for the
spine-oriented score, 0.95 points.

MDC,., was calculated as

MDCys = 1.962 SEM,

yielding »2,2i 2,6 points for h,, and respectively.

These findings indicate that fluctuations of less than
2-3 points may be attributable to random variability. At
the same time, the clinical relevance of such differences
depends on the scale range: at lower levels (where
intervals correspond to tens of centimeters), a change
of 1-2 points is usually not meaningful, whereas at
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higher levels even a 1-point difference (corresponding
to an increase in height by an order of meters or tens of
meters) may reflect a substantial change in mechanical
exposure. In general, exceeding the MDC threshold of
approximately 2-3 points is highly likely to represent a
statistically significant difference; however, its clinical
interpretation should consider the scale level.

Thus, the scale demonstrates both high relative
reliability (inter-rater agreement and temporal stability)
and acceptable absolute precision (low SEM and MDC)
(Table 6). This supports its use both for patient
stratification based on a single measurement and for
longitudinal monitoring, in which changes =MDC should
be considered meaningful.

Agreement for continuous metrics. To assess
agreement between the calculated metric values
(based on expert ratings) and the reference algorithmic
computations (online calculator based on author-
derived values), Bland-Altman plots were constructed
(Fig. 4).

Table 6. Indicators of relative and absolute reliability of the scale (40 cases, 5 experts)

: Baseline score Spine-oriented .
Indicator . score (heff ) Interpretation
spine
: _ 0.84 (95% CI 0.79 (95% CI w " :
ICC (2.1) (inter-rater) 0.77-0.89) 0.71-0.86) Good” agreement (Koo & Li, 2016)
ICC (2.k) (mean of 5 experts) 0.95 0.92 “Excellent” agreement
Weighted k 0.78 0.72 “Substantial” (Landis & Koch, 1977)
_ 0.90 (95% CI 0.85 (95% CI ; .
ICC (2.1) , test-retest 0.83-0.95) 0.76-0.92) High stability
SEM, points 0.80 0.95 Standard error of measurement
MDC_95, points 2.2 2.6 Minimal detectable change
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Fig. 4. Bland-Altman plots for the analyzed metrics: A - for heq; B - for hspine
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For heq he mean bias was 0,03 m, with 95% limits of
agreement (—0.49;0.43) m, for h:g{;e — +0.05 m, with
95% limits of agreement (-1.02;1.12) m.

Thus, for the baseline metric h, near-complete
concordance between expert-derived and reference
estimates was observed, whereas for hnglfne the limits
of agreement were wider. These findings reflect not
methodological error but biomechanical uncertainty
related to variability in the selection of the deceleration
pathway and load-transfer coefficient. Analysis of
heteroscedasticity demonstrated that dispersion did
not increase at higher or lower metric levels, ensuring
comparable precision across the entire range of analyzed
values.

Threshold stability. To assess the robustness of
score-based classification, a sensitivity analysis was
conducted by varying threshold values by £10-15%,
as well as by recalculating scores under “minimal” and

“maximal” S, , and T,  scenarios in the estimation of
heff

spmlgor the baseline scale (based on h_) concordance
of the assigned level was maintained in 77% of cases;
disagreement by +1 level occurred in 20%, and by more
than £1 level in only 3%.

For the spine-oriented scale (based on h;”g{;e)
identical level assignment was observed in 62% of cases;
a shift of 1 level occurred in 31%, and of more than
+1 level in 7%.

The greatest sensitivity was noted in transitional
scenarios (e.g., falling onto the knees with subsequent
axial load transfer) and in landings on soft surfaces,
where the potential ranges of S, and T, , are broader.
Nevertheless, even with parameter variation of 15%,
discrepancies in most cases did not exceed one scale
level, confirming the practical robustness of the
instrument.

Known-groups validity. To evaluate discriminative
ability, two clinically relevant groups were compared:

- fragility scenarios: patients 265 years old who
sustained a fall from a height <1 m, typically associated
with osteoporotic fractures.

- non-fragility scenarios: younger patients or those

injured from falls >1 m and/or in RTAs.
The median h;”g{;e in the fragility group was
0.48 m (interquartile range 0.32-0.72), whereas in
the non-fragility group it was 2.15 m (interquartile
range 1.40-3.10). The differences were statistically
significant (p < 0.001). Cohen’s effect size wasd = 1.10,
corresponding to a large effect.

These findings confirm the clinical meaningfulness
of the metric: low values of h.:z{lfne are characteristic of
low-energy osteoporotic fractures, whereas high values
are typical of high-energy trauma requiring different
management strategies and associated with a distinct
therapeutic prognosis.

Discussion

Interpretation of results and clinical
significance

Validation of the multilevel scale for quantitative
assessment of external mechanical impact on the spine
demonstrated its informativeness and consistency
with the actual severity of injury. Hiaher values of
the calculated indices—primarily h,, h;’pine and Gspine
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were statistically associated with more pronounced
pathomorphological changes of the spine.

These findings further substantiate the clinical
relevance of the metric: low h;’gine values are typical
of low-energy osteoporotic fractures, whereas high
values correspond to high-energy trauma requiring
different therapeutic approaches and associated with
different outcome expectations. Elevated h_, and h;”pine
were more frequently associated with severe structural
damage, and increasing Jspine reflecting loads exceeding
physiologically tolerable limits—was accompanied by a
higher probability of severe injury (including categories
corresponding to AIS >3). This concordance indicates
that the scale effectively “captures” the physical “energy
of the event” underlying injury severity.

A key advantage of the proposed approach is
its quantitative and continuous nature. Instead of
descriptive labels, the scale provides numerical values
with direct physical interpretation: each increment in
h., hSl. and Jepine corresponds to a real increase
in injurious mechanical exposure rather than merely
crossing an arbitrary threshold. This enhances clinical
interpretability. For example, the conclusion that “the
impact is equivalent to a fall from approximately 3 m”
can be readily contextualized in terms of expected risk,
while load values expressed in units of g are intuitively
understood by practicing clinicians.

The results are consistent with clinical experience
and epidemiological observations: more intense
mechanical exposures (including falls from height and
high-speed collisions) are predictably associated with
more severe injuries [3, 182], whereas low-energy
scenarios (e.g., “standing height or less”) more often
result in less extensive morphological damage [80,
183]. Importantly, the scale accurately describes the
continuum of mechanical exposure: it can be applied to
both high- and low-energy events, enabling risk ranking
without an a priori assumption regarding the "dominant”
mechanism [1, 88].

In practical terms, high values of h_ and h:ﬂne serve
as early indicators of potentially complex spinal injuries
(even in the presence of minimal initial symptoms) [153,
184], whereas low values justify a more conservative
diagnostic approach [185, 186]. Overall, the scale
strengthens the causal link between event biomechanics
and clinical outcome, thereby improving the accuracy
of risk stratification and supporting evidence-based
diagnostic and therapeutic decision-making [187, 188].

Comparison with existing classifications and
scales

Abbreviated Injury Scale (AIS) The proposed
quantitative approach differs substantially from
traditional trauma severity scales. The Abbreviated
Injury Scale (AIS) is a widely accepted instrument for
grading injury severity based on anatomical damage
[17, 18]. AIS assigns injuries scores from 1 (minor) to 6
(maximal, currently untreatable) according to the nature
and location of the lesion. However, AIS represents a
retrospective assessment—performed after patient
evaluation—once specific injuries (fractures, ligament
ruptures, spinal cord contusions, etc.) have been
identified [153]. AIS neither measures nor describes the
mechanism of injury [189]. Moreover, AIS encompasses
injuries of the entire body rather than focusing
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specifically on the spine; therefore, it inadequately
reflects differences in external mechanical exposure. Two
patients may receive the same AIS score—for example,
AIS 3—although one sustained injury from a fall from
height and the other from a high-speed RTA [190].

The scale proposed herein is oriented toward injury
biomechanics, i.e., the characteristics of the external
impact that caused the damage. It complements AIS
by enabling assessment at the stage of mechanism
evaluation, prior to definitive diagnosis. For example,
knowing that hspine> ~ 5 m allows one to anticipate
a high probability of serious spinal injury, even in the
absence of obvious signs at initial examination. Thus,
the scale functions as a prognostic tool [88]. Similarly, a
high h_, value may raise suspicion of injuries to both the
musculoskeletal system and internal organs. In contrast,
severity according to AIS (e.g., AIS =3, typically
indicative of serious trauma) is determined only after
the injury itself has been documented [191]. Accordingly,
the proposed scale does not replace AIS but rather
complements the trauma assessment system: AIS ranks
severity by consequence, whereas the present scale
ranks it by causal factor (impact energy). The integration
of both approaches enables a more comprehensive
characterization and prognosis of trauma.

Classifications of spinal injuries. Existing classification
systems (e.g., AO Spine, TLICS) are primarily oriented
toward injury morphology and clinical consequences [19,
192, 193], without providing a quantitative assessment
of mechanical exposure [3, 194]. The contemporary
international AO Spine Classification System, developed
under the auspices of the AO Foundation and partially
derived from the Magerl system, categorizes injuries by
type (A - compression, B - distraction, C - rotational/
translational injuries), supplemented by neurological
status and clinical modifiers, including the condition
of the posterior ligamentous complex [195-197]. Its
principal strength lies in its comprehensiveness and high
reproducibility for guiding management decisions [198].
However, two injuries with the same AO code may result
from fundamentally different magnitudes and directions
of external load.

The proposed scale quantitatively characterizes the
“force of the event” prior to the anatomical outcome,
thereby complementing morphological systems.
Clinically, this allows the conventional diagnostic
formulation (e.g., “"AO Spine A3”) to be supplemented
with the level of mechanical exposure (e.g., “equivalent
to a fall from =4 m” or the numerical values of heq, h:ﬂne
and Gspine- Such an approach enhances the prognostic
and communicative value of case descriptions: the
morphological system specifies what is injured, whereas
the quantitative scale indicates the energy/rigidity of
the impact that produced the injury [199, 200]. An
additional advantage is the mass-neutral and physically
interpretable nature of the indicators, which reduces
subjectivity and enables valid comparisons across
patients and cohorts.

CDC Field Triage Guidelines. In emergency medicine,
decisions regarding transport to a trauma center have
traditionally relied on mechanism-of-injury criteria
[88]. The U.S. National CDC Field Triage Guidelines
(developed by the Centers for Disease Control and
Prevention in collaboration with the American College of
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Surgeons) identify several “high-risk mechanisms.” For
example, an adult fall from >6 m (20 feet) is considered
indicative of a high risk of severe trauma and constitutes
a criterion for transport to a specialized trauma center
[201, 202]. Other “dangerous mechanisms” include
significant vehicle deformation (intrusion >30 cm),
partial or complete ejection from the vehicle, death
of the passenger in the same vehicle, and high-speed
motorcycle crashes [5, 199]. The principal advantage of
this approach lies in its simplicity and rapid applicability:
paramedics can make prompt decisions even when vital
signs remain stable [185, 203].

However, the limitations of a threshold-based
scheme are evident. Mechanism severity is a continuous
variable: the difference between 5.9 m and 6.1 m is
negligible, while the threshold itself is conventional
[80]. Outcomes are influenced by modifiers that are
typically not explicitly incorporated, such as surface type
and stiffness, posture/contact geometry, deceleration
duration, and the performance of passive safety systems
[133, 137, 152]. Consequently, clinical paradoxes arise:
a formally “low-energy” event may result in severe
injury, whereas a “threshold” event may not [204,205].
This is particularly relevant in vulnerable populations. In
older adults, even a fall from standing height may lead
to severe cervical injury [82, 183]. Reviews addressing
medical triage have also documented substantial rates
of under-triage and over-triage, reflecting inevitable
information loss when a continuous variable is
dichotomized [88].

The proposed quantitative scale complements
field triage rules without attempting to replace them.
Instead of a binary “threshold exceeded/not exceeded”
approach, it provides a graded assessment of mechanical
exposure (e.g., heq 4, 6, or 8 m) and incorporates key
modifiers (surface/posture/ S, ), such that two falls
“from the same height” yield different values when the
“rigidity” of contact is fundamentally different. Such
integration allows risk differentiation within a given
category, potentially reducing both underdiagnosis
and unnecessary over-triage. The evolution of medical
triage is increasingly oriented toward objective data and
telemetry (vehicle parameters/event data recorder, EDR)
[171]. In this context, numerical indicators such as (h,)
can be naturally incorporated into EMS algorithms as
an additional standardized, evidence-based parameter
supporting individualized decision-making [149, 206].

The practical application of the scale lies in its role
as a complement—not a substitute—for morphological
classifications (e.g., AO Spine, AIS). Quantitative
assessment of mechanical exposure is particularly
valuable during prehospital triage and patient routing
(risk prediction of complex injuries; justification for
transport to a trauma center), in planning the scope of
imaging, and in multicenter research for standardizing
the description of “event severity.” In the in-hospital
setting, treatment decisions are based primarily on
injury morphology and patient status, whereas the
scale provides a quantitative context of the mechanism,
thereby enhancing communication and risk stratification.

Limitations

This study represents the initial (pilot) stage of scale
development and validation. For active implementation in
healthcare practice, further calibration of the proposed
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indices and expansion of clinical scenarios are required.
In particular, external multicenter validation of thresholds
and coefficients underlying the calculations is necessary
(refinement of T, ,and S, the selected reference s,
and the boundaries of the 0-10 categories). Additional
accumulation and analysis of cases with “atypical”
mechanics (sliding/oblique contacts, multi-impulse
events, compression injuries, blast trauma, multistage
falls) are also warranted. Furthermore, the impact of
integrating the scale into clinical and organizational
decision-making (scope of imaging, patient routing,
choice of fixation strategy) on clinical outcomes and
resource utilization should be evaluated.

The proposed indicators were optimized for the
thoracolumbar junction (T11-L2) as the region most
vulnerable to indirect axial loading. Regional adaptation
is required for other spinal segments. For example, in
the cervical spine, consideration of “head-first” and
diving scenarios, as well as whiplash components, is
necessary. Overall, this entails the development of
segment-specific scenario libraries and recalibration of
coefficients accounting for anatomical and biomechanical
differences.

Conclusions

The proposed scale represents a mechanistically
grounded, mass-neutral, and quantitatively interpretable
descriptor of mechanical exposure that complements
morphological classifications and is suitable for
standardizing trauma description. For clinical
implementation, multicenter external validation,
refinement of parameters (including calibration of T,
S,... and threshold values), and expansion of scenario
coverage with consideration of segment-specific
biomechanics are required.The technological trajectory
involves integration with EMR/EMS systems, utilization
of telemetry (EDR, wearable IMU), and automated
calculators; the scientific direction includes integration
with multibody models and bone quality parameters to
develop hybrid risk models.

In light of current clinical and organizational
trends (mechanism-oriented triage, harmonization of
classifications, and individualization of care), the scale
has potential for incorporation into diagnostic and
routing protocols, educational modules, and healthcare
analytics frameworks. Its implementation may contribute
to establishing a unified “language” for quantitative
assessment of “event severity,” improving data
comparability and potentially enhancing the quality of
risk stratification and clinical outcomes in spinal trauma.
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