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Objectives: To assess whether fall height and impact surface are associated with clinically important traumatic
brain injury (ciTBI) in children under two years.
Methods:Weperformed a single-center retrospective cohort study (Tokyo, Japan, 2017–2021) including children
under two yearswith head trauma.We excluded thosewith conditions affecting ciTBI risk, unreliable clinical his-
tories, or injurymechanisms that did not involve ground impact. The primary outcomewas ciTBI; abnormal head
computed tomography (CT) findings were secondary. Multivariable logistic regression modeled fall height per
10-cm increment and impact surface (flooring, soft, hard), adjusted for age and exposures. Generalized additive
models (GAMs) explored potential nonlinear associations.
Results: Among 3067 eligible children, 1893 were included in the analysis; 44 (2.3%) had ciTBI. After adjustment
for age andmutual adjustment of exposures, impact surface typewas not significantly associatedwith ciTBI (soft
surface vs flooring: adjusted odds ratio [aOR] 0.30, 95% CI 0.07–1.34; hard surface vs flooring: aOR 1.10, 95% CI
0.52–2.31). Fall height was significantly associated with ciTBI risk (aOR 1.31 per 10 cm increase, 95% CI
1.19–1.45). Similar associations were observed for abnormal head CT findings. GAMs demonstrated an approxi-
mately linear increase in risk with increasing fall height, without an inflection point.
Conclusions: In children under two years with head trauma, fall height was associated with ciTBI risk, whereas
impact surface type was not. The association between fall height and ciTBI appeared approximately linear across
the observed range, suggesting that fixed height thresholds may not fully reflect clinical risk.
© 2026 Elsevier Inc. All rights are reserved, including those for text and data mining, AI training, and similar tech-

nologies.
1. Introduction

Head trauma is one of themost common reasons for pediatric emer-
gency department (ED) visits. In the United States, approximately
800,000 children present to EDs annually due to head injuries [1]. Al-
though most pediatric head injuries are minor, a subset result in clini-
cally important traumatic brain injury (ciTBI), which may require
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invasive interventions such as endotracheal intubation or neurosurgical
procedures [2]. In rare cases, these injuries can be fatal [3]. Therefore,
identifying children at risk for ciTBI is essential to pediatric emergency
care.

Primary brain injury following blunt trauma results from the imme-
diate mechanical forces applied to the brain upon impact. Since higher
energy transfer increases ciTBI risk, assessing the mechanism of injury
is essential in risk estimation. Indeed, all established clinical decision
rules for pediatric head trauma, such as the prediction rule developed
by the Pediatric Emergency Care Applied Research Network (PECARN),
the Canadian Assessment of Tomography for Childhood Head Injury
(CATCH) rule, and Children's Head Injury Algorithm for the Prediction
of Important Clinical Events (CHALICE), incorporate falls from heights
exceeding defined thresholds as severe mechanisms of injury and
include them as predictors of ciTBI [2,4,5].

Nevertheless, the relationship between specific injury mechanisms
and the risk of ciTBI remains insufficiently characterized. Although es-
tablished clinical decision rules define falls from ≥3 ft (91 cm) in chil-
dren under 2 years of age as a severe mechanism, this cutoff is not
g, AI training, and similar technologies.
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derived from conclusive clinical evidence [2,4]. Similarly, regarding im-
pact surfaces, a 3D simulation replicating infant biomechanics sug-
gested that concrete surfaces may pose a higher risk of skull fracture
than carpet, although clinical evidence supporting this remains limited
[6]. Clarifying the associations between these mechanism-related fac-
tors and ciTBI may improve risk stratification in young children with
head trauma. In particular, because children under 2 years of age are
often preverbal, symptom-based assessment is limited and objective
mechanism-related information becomes especially important [7]. Ac-
cordingly, we limited the cohort to children under 2 years of age to re-
duce age-related heterogeneity and to focus on fall height and impact
surface type.

This retrospective cohort study aimed to evaluate the association of
fall height and impact surface with ciTBI in pediatric patients under
2 years of age, and to determinewhether fall height shows an inflection
point for ciTBI risk or whether the relationship is linear.

2. Materials and methods

2.1. Study design and setting

This retrospective cohort study was conducted at the National
Center for Child Health and Development, a tertiary pediatric hospital
in Tokyo, Japan. The hospital's ED serves both as a primary receiving fa-
cility for walk-in patients and emergency medical service transports,
ranging fromminor to critically ill cases, and as a tertiary referral center
that accepts patients requiring intensive care or surgical intervention
from other institutions. The study period (January 1, 2017, to December
31, 2021) was the most recent five-year period with complete elec-
tronic medical records available at the start of data collection in 2022.

Ethics approval for this studywas obtained from the National Center
for Child Health and Development ethics committee (2020–259). This
manuscript was prepared following the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) guidelines [8].

2.2. Selection of participants

We included children younger than two years who presented to the
ED with head trauma during the study period. Eligible cases were iden-
tified through the ED administrative database, which systematically re-
cords the presence and anatomical location of trauma. From trauma
cases involving the head, face, neck, or entire body, those with con-
firmed head trauma were identified through EMR review by the first
author.

Patients were excluded according to the following criteria. Initial ex-
clusions were applied for conditions that could alter ciTBI risk (history
of neurosurgical intervention, genetic skeletal disorders associated
with bone fragility, bleeding disorders, or current use of antithrombotic
agents) or compromise data reliability (presentation more than 24 h
after injury, or unknown mechanism of injury). Subsequently, patients
were excluded if the injury mechanism did not involve ground impact,
including falling down stairs or collisions with stationary or moving ob-
jects. Finally, cases referred to child protective services were excluded
due to potentially unreliable clinical histories.

2.3. Measurements and definitions

Variables were collected from EMRs, including demographics (sex,
age inmonths), injury characteristics (location of injury [indoors or out-
doors], fall origin, fall height, impact surface), presentation findings
(Glasgow Coma Scale score), neuroimaging (head computed tomogra-
phy [CT] or magnetic resonance imaging [MRI] performed), imaging
findings (skull fractures or intracranial abnormalities consistent with
TBI, as defined in the Outcomes section), clinical interventions (intuba-
tion, neurosurgical procedures, intracranial pressure monitoring), and
clinical course (hospitalization status and discharge disposition).
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We documented two key fall-related variables: fall origin and fall
height. The fall origin specified the object or position from which the
child fell. Ground-level falls were defined as falls from sitting or stand-
ing positions where the child's head struck the ground directly, and
these were uniformly assigned a fall height of 0 cm. For falls from ele-
vated surfaces, we recorded the specific object involved, such as beds,
chairs, sofas, or a caregiver's arms. Fall height was recorded as a contin-
uous variable in centimeters, documented at ED presentation by triage
nurses or attending physicians based on information obtained from
caregivers.

Impact surface type was categorized into three groups: flooring
(wood, laminate, vinyl), soft surfaces (carpet, cushion mat, tatami,
futon, dirt ground), and hard surfaces (asphalt, concrete, tile, stone,
brick, marble, gravel). The classification of some surfaces as soft or
hard was informed by prior studies [6,9-12]. For surfaces not addressed
in prior studies, categorization was based on whether the surface was
judged to be softer or harder than flooring, as determined by consensus
among the authors.

At our institution, the decision to obtain a head CT is generally
guided by the PECARN decision rule [4]. However, the final decision is
made by the treating clinician with caregiver agreement. Head MRI is
performed only in admitted patients and is selectively obtained during
hospitalization as follow-up imaging to minimize radiation exposure
or to evaluate persistent altered mental status despite no clear abnor-
malities on CT. Board-certified pediatric radiologists routinely
interpreted all head CT and MRI studies. For this study, the first author
also reviewed all imaging reports and original scans to ensure consistent
and accurate outcomes classification.

2.4. Outcomes

The primary outcomewas ciTBI, defined as TBI resulting in any of the
following: death, neurosurgical intervention, intubation for more than
24 h due to TBI, or hospitalization for at least two nights due to TBI.
The definition of TBI was determined in line with previous pediatric
head injury research, including clinical decision rules developed by
PECARN and CATCH, as well as the CHALICE algorithm [2,4,5]. Specifi-
cally, TBI was defined as intracranial hemorrhage or contusion, cerebral
edema, traumatic infarction, sigmoid sinus thrombosis, midline shift of
intracranial contents or signs of brain herniation, diastasis of the skull,
pneumocephalus, or depressed skull fracture. The secondary outcome
was defined as any abnormal findings on head CT, including TBI and/
or skull fractures [13,14].

To mitigate potential outcome misclassification among children
who did not undergo neuroimaging at the index ED visit, we performed
a standardized, hospital-wide EMR review for all enrolled children for at
least 12 months after the index visit. Because the EMR is shared across
all departments within our institution, subsequent encounters, includ-
ing those outside the ED, could be identified. In routine practice, our
ED is available 24 h a day, 7 days a week, and caregivers receive stan-
dardized written return precautions at discharge, which may facilitate
re-presentation if symptoms develop or evolve.

2.5. Statistical analysis

The primary analysis was performed using a multivariable logistic
regressionwith ciTBI as the outcome. Impact surface type and fall height
were treated as the main exposures. Impact surface type was repre-
sented by two indicator variables for soft and hard surfaces, with floor-
ing as the reference category. Fall height was modeled as a continuous
predictor scaled per 10 cm increase. The selection of covariates was
based on a directed acyclic graph (DAG) informed by prior research
and clinical knowledge [11,12,15-17]. The DAG indicated that fall height
and impact surface type could each confound the other's association
with ciTBI (Supplementary Fig. 1). Accordingly, in the final model, fall
height and impact surface type were included simultaneously and
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mutually adjusted for each other, with additional adjustment for age in
months. Adjusted odds ratios (ORs) with 95% confidence intervals (CIs)
were reported.

To explore potential nonlinear associations for fall height, we fitted a
generalized additive model (GAM) with a thin-plate regression spline
for fall height (basis dimension k = 5) and the same covariates as the
primary model. The adjusted smooth term and its pointwise 95% CIs
were used to graphically assess the relationship between fall height
and the log-odds of ciTBI. A similar GAM was fitted for abnormal head
CT findings to visualize its association with fall height.

Missing data were handled using multiple imputation by chained
equations (m= 20; 50 iterations) implemented with themice package
in R [18]. The imputation model included all collected variables, includ-
ing themain exposures (fall height and type of impact surface), the out-
come, and other covariates used in the primary analysis. This
comprehensive inclusion was based on the principle that imputation
models should contain all variables used in the analysismodel, and pref-
erably additional ones, as supported by prior studies [19,20]. Each im-
puted dataset was analyzed separately, and the results were combined
using Rubin's rules [21].

All statistical analyses were performed using R software (version
4.4.0; R Foundation for Statistical Computing, Vienna, Austria). Statisti-
cal significance was defined as a two-sided p-value <0.05.

2.6. Sensitivity analysis

We performed three sensitivity analyses to examine the robustness
of the main findings: exclusion of ground-level falls, complete-case
analysis, and dichotomization of impact surface type (soft vs. non-
soft). The rationale and methods for each analysis are provided in the
Supplementary Methods.

3. Results

3.1. Study population

During the study period, 3067 children under two years of age with
head trauma presented to the ED (Fig. 1). Overall, 173 childrenwere ex-
cluded based on initial medical and history-related criteria. Additional
exclusions were made for injuries not involving ground impact, includ-
ing falls down stairs or collisions with stationary or moving objects
Fig. 1. Flow diagram of case selection for the study cohort.
Children younger than two years presentingwith head traumawere screened, and caseswere e
child protective services.
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(n = 993), as well as for cases referred to child protective services
(n = 8). Ultimately, 1893 children were included in the final analysis.

3.2. Patient characteristics

Table 1 summarizes the baseline characteristics of the study cohort.
Fall height was missing in 253 of 1893 patients (13.4%), and the impact
surface type was missing in 395 (20.9%). Age in months and outcomes
had no missing values. Of the 1893 children included, 212 (11.2%) un-
derwent head CT imaging. Among them, 85 (40.1%) had abnormal
head CT findings, and 44 (20.8%) were diagnosed with ciTBI. Compared
to those without ciTBI, patients with ciTBI were younger (median age
3.0 months [interquartile range (IQR), 1.0–4.2] vs. 10.0 months [IQR,
5.0–17.0]), less likely to have fallen onto soft surfaces (2/44 [4.5%] vs.
242/1849 [13.1%]), and experienced falls from greater heights (median
100 cm [IQR, 70–100] vs. 60 cm [IQR, 40–80]). Table 2 presents the dis-
tribution of radiological findings among the 85 patients with abnormal
head CT findings. Among the 44 patients with ciTBI, 1 patient (2.3%) un-
derwent neurosurgical intervention, 2 patients (4.5%) required endotra-
cheal intubation for more than 24 h, and all patients were hospitalized
for at least two nights. No deaths occurred during hospitalization. No
case was reclassified as TBI based on MRI findings when CT findings
did not meet the TBI definition.

3.3. Primary and sensitivity analyses

The results of multivariable logistic regression for ciTBI and abnor-
mal head CT findings are presented in Table 3. After adjusting for age
and fall height, impact surface type was not significantly associated
with ciTBI. Compared to flooring, the adjusted OR was 0.30 (95% CI:
0.07–1.34) for soft surfaces and 1.10 (95% CI: 0.52–2.31) for hard sur-
faces. In contrast, fall height was significantly associated with the risk
of ciTBI. For every 10 cm increase in fall height, the adjusted OR was
1.31 (95% CI: 1.19–1.45). Similar associations were observed for abnor-
mal head CT findings, with fall height again showing a significant asso-
ciation (adjustedOR 1.34 [95% CI: 1.25–1.45] per 10 cm). Impact surface
type was also not significantly associated with the outcome (soft: ad-
justed OR 0.46 [95% CI: 0.18–1.18]; hard: adjusted OR 1.22 [95% CI:
0.69–2.17], both vs flooring).

Fig. 2 illustrates the smoothed relationships between fall height
and the log odds of each outcome, modeled using GAMs with the
xcluded formedical history–related factors, non-ground-impactmechanisms, or referral to

move_f0005
move_t0005
move_t0010
move_t0015
move_f0010
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Table 1
Characteristics of the study population.

Variables Overall
n = 1893

No ciTBI
n = 1849

ciTBI
n = 44

Sex (Female, n, %) 894 (47.2) 873 (47.2) 21 (47.7)
Age (months, median [IQR]) 9.0 [5.0–17.0] 10.0 [5.0–17.0] 3.0 [1.0–4.2]
Location (n, %)
Indoor 1344 (71.0) 1311 (70.9) 33 (75.0)
Outdoor 546 (28.8) 535 (28.9) 11 (25.0)
Unknown 3 (0.2) 3 (0.2) 0 (0.0)

Fall origin (n, %)
Sitting 19 (1.0) 18 (1.0) 1 (2.3)
Standing 219 (11.6) 219 (11.8) 0 (0.0)
Sofa 205 (10.8) 204 (11.0) 1 (2.3)
Bed 419 (22.1) 411 (22.2) 8 (18.2)
Chair 233 (12.3) 230 (12.4) 3 (6.8)
Bouncer 23 (1.2) 23 (1.2) 0 (0.0)
Table 54 (2.9) 52 (2.8) 2 (4.5)
Changing table 17 (0.9) 17 (0.9) 0 (0.0)
Being held 258 (13.6) 238 (12.9) 20 (45.5)
Being carried on the back 6 (0.3) 6 (0.3) 0 (0.0)
Being carried on the shoulders 2 (0.1) 2 (0.1) 0 (0.0)
Stroller 10 (5.8) 109 (5.9) 1 (2.3)
Bicycle seat 88 (4.6) 88 (4.8) 0 (0.0)
Unclassifiable 240 (12.7) 232 (12.5) 8 (18.2)

Fall height (cm, median [IQR]) 60 [40–80] 60 [40–80] 100 [70–100]
Impact surface type (n, %)
Flooring 859 (45.4) 835 (45.2) 24 (54.5)
Soft 244 (12.9) 242 (13.1) 2 (4.5)
Hard 395 (20.9) 382 (20.7) 13 (29.5)
Unknown 395 (20.9) 390 (21.1) 5 (11.4)

GCS total (n, %)
15 1851 (97.8) 1816 (98.2) 35 (79.5)
14 39 (2.1) 32 (1.7) 7 (15.9)
9–13 3 (0.2) 1 (0.1) 2 (4.5)

Head CT (n, %) 212 (11.2) 168 (9.1) 44 (100.0)
MRI (n, %) 48 (2.5) 8 (0.4) 40 (90.9)
Hospitalization status (n, %)
Discharged from ED 1800 (95.1) 1800 (97.3) 0 (0.0)
Admitted for 1 night 9 (0.5) 9 (0.5) 0 (0.0)
Admitted for ≥2 nights 84 (4.4) 40 (2.2) 44 (100.0)

Hospital transfer (n, %) 2 (0.1) 0 (0.0) 2 (4.5)

ciTBI: clinically important traumatic brain injury; CT: computed tomography; ED: emer-
gency department; GCS: Glasgow Coma Scale; IQR: interquartile range; MRI: magnetic
resonance imaging.

Table 3
Logistic regression analyses of risk factors for ciTBI and abnormal CT findings.

Outcome Variables OR (95% CI) p-value

ciTBI Impact surface type
Flooring Reference –
Soft 0.30 (0.07–1.34) 0.12
Hard 1.10 (0.52–2.31) 0.80
Fall height, per 10 cm 1.31 (1.19–1.45) <0.001

Abnormal head CT findings Impact surface type
Flooring Reference –
Soft 0.46 (0.18–1.18) 0.11
Hard 1.22 (0.69–2.17) 0.50
Fall height, per 10 cm 1.34 (1.25–1.45) <0.001

CI: confidence interval; ciTBI: clinically important traumatic brain injury; CT: computed
tomography; OR: odds ratio.
same covariates as in the primary logistic regression. For both ciTBI
(Fig. 2a) and abnormal head CT findings (Fig. 2b), the adjusted log
odds increased approximately linearly with increasing fall height.
No apparent non-linearity or inflection point was observed in either
model, and the risk continued to rise steadily across the full range
of fall heights.
Table 2
Types and frequencies of abnormal head CT findings.

CT findings, n (%) n = 85

Isolated linear skull fracture 41 (48.2)
TBI with linear skull fracture 31 (36.5)

EDH 13 (15.3)
SAH 7 (8.2)
SDH 6 (7.1)
SAH + EDH 3 (3.5)
SAH + SDH 2 (2.4)

TBI without linear skull fracture 13 (15.5)
SAH 5 (5.9)
Depressed skull fracture 2 (2.4)
SDH 2 (2.4)
Depressed skull fracture + Cerebral contusion 1 (1.2)
Depressed skull fracture + EDH 1 (1.2)
IVH + Cerebral contusion 1 (1.2)
SAH + SDH 1 (1.2)

CT: computed tomography; EDH: Epidural hematoma; IVH: Intraventricular
hemorrhage; SAH: Subarachnoid hemorrhage; SDH: Subdural hematoma;
TBI: traumatic brain injury.
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The results of all three sensitivity analyses were consistent with the
primary analysis (Supplementary Results, Supplementary Table 1, and
Supplementary Fig. 2).

4. Discussion

In this retrospective cohort study of nearly 1900 children younger
than two years with head trauma, fall height was significantly associ-
ated with the risk of ciTBI and abnormal head CT findings, whereas im-
pact surface type was not. The risk of ciTBI increased in an
approximately linear fashionwith fall height, without evidence of an in-
flection point. Impact surface was categorized into flooring, surfaces
harder than flooring, and surfaces softer than flooring; none of these
categories showed statistically significant associations with ciTBI or ab-
normal headCTfindings. Thesefindingswere consistent across sensitiv-
ity analyses.

To our knowledge, no previous pediatric studies have evaluated fall
height as a continuous variable in relation to ciTBI. Prior studies have in-
stead relied on categorical cutoff values, such as 2 ft, 3 ft, or 100 cm,
when examining associations with TBI or skull fractures [22-25]. Al-
though these studies generally suggest that higher falls are associated
with increased injury risk, the proposed cutoff values have varied sub-
stantially, and none have assessed fall height on a continuous scale. Con-
sequently, the validity of specific thresholds remains uncertain, and
whether dichotomizing fall height is appropriate warrants further con-
sideration. In addition, many prior studies relied on univariate analyses
or limited adjustment for confounders, further complicating interpreta-
tion [22,23,25].

We addressed these limitations in two ways. First, we analyzed fall
height as a continuous variable. One reason prior studies may have re-
lied on categorical classifications is that documenting fall height in cen-
timeters can be difficult in clinical practice. Indeed, most prior studies
reported fall height as a categorical variable, yet even in these simplified
classifications, missing data rates were as high as 20–30% [24,26,27]. Al-
though our investigation was conducted at a single institution, the sys-
tematic practice of documenting fall height both at triage and by the
attending physician enabled a relatively low missing rate of 13.4%. Sec-
ond, we employed a DAG to systematically identify and adjust for rele-
vant confounders. This DAG-based approach facilitates theory-driven
covariate selection and helps minimize both confounding bias and
over-adjustment bias [28,29]. Using this approach, we observed an ap-
proximately linear association between fall height and ciTBI risk, sug-
gesting that the clinical relevance of fixed cutoffs may warrant
cautious interpretation.

Regarding impact surface, we found no statistically significant asso-
ciation between impact surface type and ciTBI. One possible explanation
for this is limited statistical power. In particular, only two ciTBI events
occurred among children who fell onto soft surfaces, and the resulting
wide CIs indicate that the study might not have had sufficient power
to detect a meaningful difference [30]. Prior experimental and finite el-
ement modelling studies in infants and young children have suggested
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Fig. 2. Generalized additive models for the association between fall height and study outcomes in the primary analysis.
(a) Clinically important traumatic brain injury (ciTBI).
(b) Abnormal head computed tomography (CT) findings.
The solid lines represent the fitted log odds, and the shaded areas represent pointwise 95% confidence intervals.
that softer surfaces may mitigate head impact forces, thereby reducing
the likelihood of skull fracture compared with harder surfaces [6,10].
Considering these prior findings, it is possible that softer surfaces reduce
the risk of ciTBI or skull fracture. However, due to the small number of
cases and the lack of statistical significance, our study cannot provide
conclusive evidence for this hypothesis.

Our findings have several clinical and research implications. Clini-
cally, the approximately linear relationship between fall height and
ciTBI risk suggests that risk stratification based solely on fixed categori-
cal thresholds may not fully capture the continuous nature of this asso-
ciation. Our results further suggest that cliniciansmay be able to achieve
amore nuanced risk assessment by considering fall height as a continu-
ous variable when estimating ciTBI risk. From a research perspective, al-
though no significant associationwas observed between impact surface
and ciTBI risk, this possibility cannot be excluded. Future studies should
incorporate larger sample sizes, standardized surface classification, re-
duced missing data, improved generalizability (including evaluation in
older age groups), and systematic follow-up of non-imaged patients.
Multicenter prospective studies would be particularly valuable in
addressing these limitations.

5. Limitations

This study has several limitations. First, as a single-center retrospec-
tive observational study, the generalizability of our findings is limited,
and causal inferences cannot be made. Second, fall height was based
on caregiver reports and impact surface classification involved subjec-
tive judgment, which may have introduced measurement error or mis-
classification. In addition, although multiple imputation was used to
address missing data and yielded results consistent with complete-
case analyses, residual bias cannot be entirely excluded. Third, the rela-
tively small number of ciTBI cases may have limited statistical power,
particularly for detecting associations with impact surface type. Finally,
outcome misclassification is possible in patients who did not undergo
head CT, which may have resulted in under-ascertainment of ciTBI.
We performed a standardized EMR review for at least 12 months after
the index visit; however, patients who did not seek further medical
care or who presented to outside institutions could not be captured.
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6. Conclusions

In this single-center retrospective study of children under two years
of age with head trauma, fall height was significantly associated with
the risk of ciTBI, with an approximately linear relationship, whereas im-
pact surface type was not. These findings suggest that fixed fall-height
cutoffs may not fully reflect clinical risk. Although no significant associ-
ation was observed for impact surface type, this may be attributable to
limited statistical power. Larger multicenter prospective studies with
standardized assessments are needed to validate these findings.

Notation of prior abstract publication/presentation

None.

CRediT authorship contribution statement

Takatoshi Oishi: Writing – original draft, Formal analysis, Data
curation, Conceptualization. Shunsuke Amagasa: Writing – review &
editing, Supervision, Methodology, Conceptualization. Satoko
Uematsu: Writing – review & editing, Supervision. Takashi Moriya:
Writing – review & editing, Supervision.

Funding

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ajem.2026.03.002.

https://doi.org/10.1016/j.ajem.2026.03.002
https://doi.org/10.1016/j.ajem.2026.03.002


T. Oishi, S. Amagasa, S. Uematsu et al. American Journal of Emergency Medicine 104 (2026) 79–84
References

[1] Centers for Disease Control and Prevention.Centers for Disease Control and
Prevention. Surveillance report of traumatic brain injury–related emergency depart-
ment visits, hospitalizations, and deaths—United States, 2014. Atlanta, GA: National
Center for Injury Prevention and Control (NCIPC), Centers for Disease Control and
Prevention; 2019.

[2] OsmondMH, Klassen TP,Wells GA, et al. CATCH: a clinical decision rule for the use of
computed tomography in children with minor head injury. CMAJ. 2010;182:341–8.
doi:10.1503/cmaj.091421.

[3] Carroll LJ, Cassidy JD, Peloso PM, et al. Prognosis for mild traumatic brain injury: re-
sults of the WHO collaborating Centre task force on mild traumatic brain injury. J
Rehabil Med. 2004;36:84–105. doi:10.1080/16501960410023859.

[4] Kuppermann N, Holmes JF, Dayan PS, et al. Identification of children at very low risk
of clinically-important brain injuries after head trauma: a prospective cohort study.
Lancet. 2009;374:1160–70. doi:10.1016/S0140-6736(09)61558-0.

[5] Dunning J, Daly JP, Lomas J-P, et al. Derivation of the children’s head injury algorithm
for the prediction of important clinical events decision rule for head injury in chil-
dren. Arch Dis Child. 2006;91:885–91. doi:10.1136/adc.2005.083980.

[6] Hajiaghamemar M, Lan IS, Christian CW, et al. Infant skull fracture risk for low
height falls. Int J Legal Med. 2019;133:847–62. doi:10.1007/s00414-018-1918-1.

[7] Schutzman SA, Barnes P, Duhaime AC, et al. Evaluation and management of children
younger than two years old with apparently minor head trauma: proposed guide-
lines. Pediatrics. 2001;107:983–93. doi:10.1542/peds.107.5.983.

[8] Vandenbroucke JP, von Elm E, Altman DG, et al. Strengthening the reporting of ob-
servational studies in epidemiology (STROBE): explanation and elaboration. Epide-
miology. 2007;18:805–35. doi:10.1097/EDE.0b013e3181577511.

[9] Nevitt MC, Cummings SR. Type of fall and risk of hip and wrist fractures: the
study of osteoporotic fractures. The study of osteoporotic fractures research
group. J Am Geriatr Soc. 1993;41:1226–34. doi:10.1111/j.1532-5415.1993.
tb07307.x.

[10] Thompson AK, Bertocci G, Pierce MC. Assessment of head injury risk associated with
feet-first free falls in 12-month-old children using an anthropomorphic test device. J
Trauma. 2009;66:1019–29. doi:10.1097/TA.0b013e31817dac8b.

[11] Ruiz-Maldonado TM, Alsanea Y, Coats B. Age-related skull fracture patterns in in-
fants after low-height falls. Pediatr Res. 2023;93:1990–8. doi:10.1038/s41390-022-
02345-9.

[12] Bertocci GE, Pierce MC, Deemer E, et al. Influence of fall height and impact surface on
biomechanics of feet-first free falls in children. Injury. 2004;35:417–24. doi:10.1016/
S0020-1383(03)00062-7.

[13] Wang J, Hu Y,Wu P. Risk factors for positive brain CT scan in childrenwith traumatic
brain injury and GCS = 15: a retrospective study: a retrospective study. Medicine
(Baltimore). 2021;100:e24543. doi:10.1097/MD.0000000000024543.

[14] Mizu D, Matsuoka Y, Huh J-Y, et al. Head CT findings and deterioration risk in chil-
dren with head injuries and Glasgow Coma Scales of 15. Am J Emerg Med. 2021;
50:399–403. doi:10.1016/j.ajem.2021.08.060.
84
[15] Abid Z, Kuppermann N, Tancredi DJ, et al. Risk of traumatic brain injuries in infants
younger than 3 months with minor blunt head trauma. Ann Emerg Med. 2021;78:
321–330.e1. doi:10.1016/j.annemergmed.2021.04.015.

[16] Alonso-Cadenas JA, Calderón Checa RM, Rivas García A, et al. Evaluation of the
PECARN rule for traumatic brain injury applied to infants younger than 3 months
and creation of a modified, age-specific rule. Eur J Pediatr. 2023;182:191–200. doi:
10.1007/s00431-022-04661-y.

[17] Baalmann M, Lu K, Ablah E, et al. Incidence and circumstances of pediatric fall-
related injuries: which fall variables matter? Am J Surg. 2020;220:1098–102. doi:
10.1016/j.amjsurg.2020.02.030.

[18] van Buuren S, Groothuis-Oudshoorn K. Mice: multivariate imputation by chained
equations in R. J Stat Softw. 2011;45:1–67. doi:10.18637/jss.v045.i03.

[19] Harel O, Mitchell EM, Perkins NJ, et al. Multiple imputation for incomplete data in
epidemiologic studies. Am J Epidemiol. 2018;187:576–84. doi:10.1093/aje/kwx349.

[20] Collins LM, Schafer JL, Kam CM. A comparison of inclusive and restrictive strategies
in modern missing data procedures. Psychol Methods. 2001;6:330–51. doi:10.
1037//1082-989x.6.4.330.

[21] Rubin DB. Multiple imputation for nonresponse in surveys. 99th ed. Nashville, TN:
John Wiley & Sons; 1987.

[22] Hughes J, Maguire S, Jones M, et al. Biomechanical characteristics of head injuries
from falls in children younger than 48 months. Arch Dis Child. 2016;101:310–5.
doi:10.1136/archdischild-2014-306803.

[23] Gruskin KD, Schutzman SA. Head trauma in children younger than 2 years: are there
predictors for complications? Arch Pediatr Adolesc Med. 1999;153:15–20. doi:10.
1001/archpedi.153.1.15.

[24] Chaudhary S, Figueroa J, Shaikh S, et al. Pediatric falls ages 0-4: understanding dem-
ographics, mechanisms, and injury severities. Inj Epidemiol. 2018;5:7. doi:10.1186/
s40621-018-0147-x.

[25] Markovic K, Djuricic G, Milojkovic D, et al. Computed tomography findings of chil-
dren under 3 years of age withmild traumatic brain injury (TBI) and no neurological
focal signs. J Clin Med. 2025;14:2728. doi:10.3390/jcm14082728.

[26] Trefan L, Houston R, Pearson G, et al. Epidemiology of children with head injury: a
national overview. Arch Dis Child. 2016;101:527–32. doi:10.1136/archdischild-
2015-308424.

[27] Kemp A, Nickerson E, Trefan L, et al. Selecting children for head CT following head
injury. Arch Dis Child. 2016;101:929–34. doi:10.1136/archdischild-2015-309078.

[28] Greenland S, Pearl J, Robins JM. Causal diagrams for epidemiologic research. Epide-
miology. 1999;10:37–48. doi:10.1097/00001648-199901000-00008.

[29] Tennant PWG, Murray EJ, Arnold KF, et al. Use of directed acyclic graphs (DAGs) to
identify confounders in applied health research: review and recommendations. Int J
Epidemiol. 2021;50:620–32. doi:10.1093/ije/dyaa213.

[30] Serdar CC, Cihan M, Yücel D, et al. Sample size, power and effect size revisited: sim-
plified and practical approaches in pre-clinical, clinical and laboratory studies.
Biochem Med (Zagreb). 2021;31:010502. doi:10.11613/BM.2021.010502.

http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0005
http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0005
http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0005
http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0005
http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0005
https://doi.org/10.1503/cmaj.091421
https://doi.org/10.1080/16501960410023859
https://doi.org/10.1016/S0140-6736(09)61558-0
https://doi.org/10.1136/adc.2005.083980
https://doi.org/10.1007/s00414-018-1918-1
https://doi.org/10.1542/peds.107.5.983
https://doi.org/10.1097/EDE.0b013e3181577511
https://doi.org/10.1111/j.1532-5415.1993.tb07307.x
https://doi.org/10.1111/j.1532-5415.1993.tb07307.x
https://doi.org/10.1097/TA.0b013e31817dac8b
https://doi.org/10.1038/s41390-022-02345-9
https://doi.org/10.1038/s41390-022-02345-9
https://doi.org/10.1016/S0020-1383(03)00062-7
https://doi.org/10.1016/S0020-1383(03)00062-7
https://doi.org/10.1097/MD.0000000000024543
https://doi.org/10.1016/j.ajem.2021.08.060
https://doi.org/10.1016/j.annemergmed.2021.04.015
https://doi.org/10.1007/s00431-022-04661-y
https://doi.org/10.1016/j.amjsurg.2020.02.030
https://doi.org/10.18637/jss.v045.i03
https://doi.org/10.1093/aje/kwx349
https://doi.org/10.1037//1082-989x.6.4.330
https://doi.org/10.1037//1082-989x.6.4.330
http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0105
http://refhub.elsevier.com/S0735-6757(26)00125-7/rf0105
https://doi.org/10.1136/archdischild-2014-306803
https://doi.org/10.1001/archpedi.153.1.15
https://doi.org/10.1001/archpedi.153.1.15
https://doi.org/10.1186/s40621-018-0147-x
https://doi.org/10.1186/s40621-018-0147-x
https://doi.org/10.3390/jcm14082728
https://doi.org/10.1136/archdischild-2015-308424
https://doi.org/10.1136/archdischild-2015-308424
https://doi.org/10.1136/archdischild-2015-309078
https://doi.org/10.1097/00001648-199901000-00008
https://doi.org/10.1093/ije/dyaa213
https://doi.org/10.11613/BM.2021.010502

	Fall height and impact surface in relation to clinically important traumatic brain injury among children under two years
	Declaration of competing interest
	References




