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Abstract
Background

Helmets reduce head injury in road traffic accidents, but the differential protective effect of helmet type remains poorly characterized, particularly in low- and
middle-income countries. We evaluated how increasing cranial protection by helmet type affects outcomes following traffic-related traumatic brain injury
(TBI) in regional Colombia.

Methods

Prospective observational cohort study of 211 patients with TBI from road traffic accidents admitted to Hospital Universitario San Jorge de Pereira
(Risaralda, Colombia). Helmet exposure was characterized as binary (use vs. no use), categorical (no helmet, open-face, half, full-face), and ordinal (0–3).
Outcomes were modeled using logistic regression adjusting for age, sex, substance use, polytrauma, and vehicle type.

Results

Median age was 30 years (IQR 22–42), 84.4% were male, and 138 (65.4%) wore helmets: 23 open-face, 35 half, and 80 full-face. A clear dose-response
gradient was observed for in-hospital mortality (16.4%, 4.4%, 5.7%, 1.3%; adjusted odds ratio [aOR] per level 0.43, p = 0.002), facial fracture (35.6%, 39.1%,
31.4%, 13.8%; aOR per level 0.67, p = 0.003), composite cranial-or-facial fracture (aOR per level 0.74, p = 0.013), and unfavorable functional outcome at 6
months (aOR per level 0.61, p = 0.010). Full-face helmet conferred the greatest specific protection against facial fracture (aOR 0.28, p = 0.001). In contrast, no
dose-response was observed for any intracranial lesion on CT (aOR per level 0.92, p = 0.52).

Conclusions

Helmets provide graded, dose-response protection against mortality, skeletal craniofacial injury, and 6-month functional outcome, with the strongest
protection conferred by full-face helmets. These findings support public health policies favoring full-face helmets and underscore the inadequacy of partial-
coverage designs.

Introduction
Traumatic brain injury (TBI) is a critical global challenge, affecting over 20 million people in 2021 [1], with road traffic incidents serving as the primary cause
of TBI-related mortality [2]. Road traffic injuries are the leading cause of death among children and young adults worldwide, and remain a major global health
challenge, with an estimated 1.19 million deaths in 2021. Notably, nine in ten deaths occur in low and middle-income countries (LMICs), which account for
only 50% of the world's registered vehicles, reflecting a disproportionate burden in LMIC settings [3].

Helmets have been associated with reductions in both the occurrence and severity of TBI across a range of activities, including motorcycling, bicycling, and
recreational sports [4–7], and have similarly been associated with lower TBI-related mortality[8] and functional outcomes at discharge [9, 10]. The
mechanical function of a helmet is direct skeletal protection through impact attenuation: the outer shell distributes force, and the inner liner absorbs and
dissipates kinetic energy [10].

However, there are many different helmet types that have not been explored in the setting of TBI prevention. A protection gradient derived from anatomical
coverage, ranging from cranial vault coverage in open face helmets to complete maxillofacial coverage in full-face designs has been theorized [5] and
consequently, this dose-response relationship would be most evident in outcomes dependent on cumulative mechanical trauma, such as overall mortality.
However, prior work has been limited to often binary comparisons (helmet vs no helmet or full-face vs. half-face) [8, 9], missing the mechanistic gradient
between no helmet, open-face, half, and full-face designs that differ in anatomical coverage[5].

Furthermore, evidence of TBI protection from helmets in LMIC settings such as our primary institution in regional Colombia, where helmet quality,
enforcement, and clinical pathways differ from high-income countries, remains scarce [9, 11]. In this study, we prospectively tested these predictions using a
cohort of 211 patients with road traffic-related TBI admitted to a regional teaching hospital in Risaralda, Colombia. We characterized helmet exposure as
binary, categorical (four protection levels), and ordinal (continuous gradation), and examined dose-response associations with skeletal, clinical, and
radiological outcomes.

Methods

Study design and cohort
This was a prospective cohort study of patients with TBI from road traffic accidents admitted to Hospital Universitario San Jorge (HUSJ) in Pereira, Risaralda,
Colombia, between July 2024 and January 2025. HUSJ is a regional referral center serving the central western Colombian coffee region (estimated
population 972.000)[12]. Eligible patients were individuals ≥ 16 years of age with clinically defined TBI, confirmed by head computed-tomography (CT) when
indicated. Patients were excluded if helmet status or accident mechanism could not be reliably established from interviews or medical records.

Data collection
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Data were collected prospectively at admission through a structured interview with the patient or a family member, complemented by review of the electronic
medical record throughout the hospital stay. Variables included demographics (age, sex), injury details (mechanism, vehicle type, helmet use and type),
clinical status at admission (Glasgow Coma Scale, pupillary reactivity, polytrauma status, alcohol or substance use), radiological findings from admission
head CT (cranial and facial fractures, cervical spine fractures, extra-axial and intra-axial hemorrhages, contusions, diffuse axonal injury, intraventricular
hemorrhage), and hospital course (neurosurgical intervention, intensive care admission, discharge status). Functional outcomes were assessed at six
months post-injury via structured telephone follow-up, during which the Glasgow Outcome Scale-Extended (GOSE) was administered to the patient or a
primary caregiver.

Helmet type and covariates.

We categorized helmet use and type based on the World Health Organization (WHO) 2023 road safety manual: binary, helmet (yes/no); categorical: no helmet
(reference), open-face, half-coverage, and full-face. Open-face helmets cover the cranium with no chin or face protection; half-coverage helmets cover
cranium and partial frontal/lateral face; full-face helmets cover cranium, face, and chin via integrated chin guard and visor (1) [Figure 1]. Covariates identified
a priori were age (16–19, 20–39 [reference], 40–59, ≥ 60 years), sex, substance use at injury (alcohol or illicit drugs), polytrauma status, and vehicle type
(motorcycle vs. bicycle). Glasgow Coma Scale at admission was excluded from primary models as a potential mediator of helmet protection.

Figure 1. Helmet Classification by cranial and facial coverage. Helmets were classified by cranial and facial coverage based on the classification used by the
WHO in the 2023 road safety helmet manual: No helmet; Half-coverage helmet; Open-face helmet; Full-face helmet. Cranial and facial coverage levels were
used to generate an ordinal scale (0 to 3, respectively) of increasing protection. This ordinal level is used as the exposure variable in subsequent dose-
response analyses.

Statistical analysis
The primary outcome was composite cranial-or-facial fracture, defined as any cranial vault and/or facial bone fracture confirmed on admission CT.
Secondary outcomes included cranial fracture alone and facial fracture alone, analyzed separately to test differential helmet-type protection by anatomical
site; moderate-to-severe TBI (admission GCS ≤ 12); in-hospital mortality; and unfavorable functional outcome at 6 months, defined as GOS-E 1–4 versus 5–8,
with in-hospital deaths assigned a GOS-E of 1. Any intracranial lesion on CT was an exploratory outcome.

Continuous variables were summarized as median (IQR) and compared using the Mann-Whitney U test; categorical variables using Pearson chi-square or
Fisher exact test. The Cochran-Armitage trend test assessed crude trends across protection categories. Multivariable analyses used Firth-penalized logistic
regression to address separation and small-sample bias. For each outcome we estimated three models: helmet use as binary; helmet type as four-level
categorical (reference: no helmet); and protection level as an ordinal continuous variable yielding a single odds ratio per one-step increase, our principal
dose-response test. All adjusted models included age category, sex, substance use, polytrauma, and vehicle type.

Three patients (1.4%) did not undergo admission head CT and were excluded from imaging-based analyses but retained for analyses not requiring imaging;
their distribution across helmet use (p = 0.96), helmet type (p = 0.68), GCS severity (p = 1.00), and mortality (p = 1.00) did not differ from imaged patients.
Events-per-variable was assessed to ensure model stability (target ≥ 10 events per predictor); for mortality, given 16 events, a reduced model adjusted for
age, substance use, and polytrauma was used. For the 6-month GOS-E outcome, complete-case analysis was used (follow-up available for 165 of 211
patients, 78.2%). All analyses were performed in Stata 18 (StataCorp, College Station, TX). Two-sided p < 0.05 was considered significant. Following dose-
response convention, no multiple-comparison correction was applied; consistency of effect direction and gradient across related outcomes was used to
evaluate robustness.

Results

Cohort characteristics
A total of 211 patients met all selection criteria. The cohort was predominantly male (84.4%, n = 178) with median age 30 years (IQR 22–42); 91.9% (n = 194)
were involved in motorcycle accidents and 8.1% (n = 17) in bicycle accidents. Helmet use at the time of injury was documented in 138 patients (65.4%): 23
wore open-face (10.9%), 35 wore half (16.6%), and 80 wore full-face helmets (37.9%). Polytrauma was present in 74.9% of patients.

Compared with helmeted patients, unhelmeted patients were younger (median 26 vs. 31.5 years), more likely to be 16–19 years old (24.7% vs. 8.7%, p = 
0.014), more likely to have used illicit substances at injury (20.6% vs. 6.5%), and presented with worse neurological status (GCS 3–8: 23.3% vs. 14.5%;
abnormal pupillary reactivity: 16.4% vs. 5.1 [Table 1] [Figure 2].
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Table 1. Demographic and clinical characteristics of TBI patients stratified by helmet use and type of helmet.

Characteristic Cohort (N
= 211)

No Helmet (N =
73)

Open Face Helmet (N
= 23)

Half Coverage Helmet
(N = 35)

Full Face Helmet
(N = 80)

Demographics

Age (years), median (IQR) 30 (22-42) 26 (20–38) 26 (23-43) 36 (25-54) 31 (24-38.5)

Female n(%) 33 (15.6%) 9 (12.3%) 3 (13.0%) 6 (17.1%) 15 (18.8%)

Male sex, n (%) 178 (84.4%) 64 (87.7%) 20 (87.0%) 29 (82.9%) 65 (81.3%)

Age Category, n (%)

  16–19 years 30 (14.2%) 18 (24.7%) 4 (17.4%) 3 (8.6%) 5 (6.3%)

  20–39 years 124 (58.8%) 38 (52.1%) 10 (43.5%) 17 (48.6%) 59 (73.8%)

  40–59 years 38 (18.0%) 10 (13.7%) 8 (34.8%) 9 (25.7%) 11 (13.8%)

  ≥60 years 19 (9.0%) 7 (9.6%) 1 (4.4%) 6 (17.1%) 5 (6.3%)

Accident Profile

Vehicle type: Motorcycle, n (%) 194 (91.9%) 60 (82.2%) 21 (91.3%) 34 (97.1%) 79 (98.8%)

Vehicle type: Bicycle, n (%) 17 (8.1%) 13 (17.8%) 2 (8.7%) 1 (2.9%) 1 (1.2%)

Alcohol use at admission, n (%) 57 (27.0%) 21 (28.8%) 7 (30.4%) 9 (25.7%) 20 (25.0%)

Illicit drug use, n (%) 24 (11.4%) 15 (20.6%) 2 (8.7%) 0 7 (8.8%)

Associated polytrauma, n (%) 158 (74.9%) 57 (78.1%) 15 (65.2%) 25 (71.4%) 61 (76.3%)

Initial Severity and Injuries

Initial GCS Severity, n (%)

  Mild (13–15) 156 (73.9%) 46 (63.0%) 19 (82.6%) 28 (80.0%) 63 (78.8%)

  Moderate (9–12) 18 (8.5%) 10 (13.7%) 1 (4.4%) 4 (11.4%) 3 (3.8%)

  Severe (3–8) 37 (17.5%) 17 (23.3%) 3 (13.0%) 3 (8.6%) 14 (17.5%)

Abnormal pupillary reactivity*, n
(%)

19 (9.0%) 12 (16.4%) 1 (4.4%) 1 (2.9%) 5 (6.3%)

Intra cranial Lesions on CT

Patients with CT 208 (98.6%) 72 (98.6%) 23 (100%) 35 (100%) 78 (97.5%)

Patients with at least one lesion on
CT, n (%)

62 (29.4%) 25 (34.2%) 8 (34.8%) 9 (25.7%) 20 (25.0%)

Epidural Hematoma, n (%) 16 (7.6%) 8 (11.0%) 1 (4.4%) 2 (5.7%) 5 (6.3%)

Subdural Hematoma, n (%) 18 (8.5%) 9 (12.3%) 1 (4.4%) 1 (2.9%) 7 (8.8%)

Subarachnoid Hemorrhage, n(%) 34 (16.1%) 12 (16.4%) 4 (17.4%) 5 (14.3%) 13 (16.3%)

Contusions, n(%) 40 (19%) 19 (26.0%) 5 (21.7%) 6 (17.1%) 10 (12.5%)

Intracerebral Hemorrhage, n (%) 6 (2.8%) 1 (1.4%) 2 (8.7%) 1 (2.9%) 2 (2.5%)

Intraventricular Hemorrhage, n (%) 5 (2.4%) 1 (1.4%) 0 (0%) 2 (5.7%) 2 (2.5%)

Collapsed Basal Cisterns, n (%) 9 (4.3%) 3 ( 4.1% ) 0 (0%) 1 (2.9%) 5 (6.3%)

Midline Shift >5 mm, n (%) 8 (3.8%) 3 (4.1%) 0 (0%) 1 (2.9%) 4 (5.0%)

Bone fractures

Skull Fracture, n (%) 32 (15.2%) 16 (21.9%) 5 (21.7%) 1 (2.9%) 10 (12.5%)

Facial Fracture, n(%) 57 (27.0%) 26 (35.6%) 9 (39.1%) 11 (31.4%) 11 (13.8%)

Cervical Fracture, n(%) 10 (4.7%) 3 ( 4.1% ) 2 (8.7%) 0 5 (6.3%)

Outcomes

ICU admission 67 (31.8%) 26 (35.6%) 6 (26.1%) 10 (28.6%) 25 (31.3%)

Need of Neurosurgical Intervention 6 (2.8%) 2 (2.7%) 0 (0%) 1 (2.9%) 3 (3.8%)

In-Hospital Mortality 16 (7.6%) 12 (16.4%) 1 (4.4%) 2 (5.7%) 1 (1.2%)
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Unfavorable GOS-E at six months 25 (11.8%) 13 (17.8%) 2 (8.7%) 3 (8.6%) 7 (8.8%)

Figure 2. Characterization of helmet types in a cohort of 211 TBI patients. Data collected at the Hospital Universitario San Jorge (Pereira, Colombia) shows
that while full-face helmets were the most frequent (37.9%), a significant portion of the population (34.6%) was unhelmeted at the time of the trauma. The
"Cranial protection level" axis reflects an ordinal scale of increasing protective surface area. TBI: Traumatic Brain Injury.

Helmet use and primary outcome: composite cranial-or-facial fracture
The crude prevalence of cranial-or-facial fracture decreased from 47.2% in unhelmeted patients to 30.9% in helmeted patients (crude OR 0.50, 95% CI 0.27–
0.94, p = 0.020). After adjustment for age category, sex, substance use, polytrauma, and vehicle type, helmet use was associated with a non-significant
reduction (adjusted OR 0.58, 95% CI 0.30–1.10, p = 0.10) [Tables 2, 3].

Table 2. Adjusted multivariable model for the primary outcome (composite cranial-or-facial fracture): Firth-penalized logistic regression with helmet use a

Variable Odds Ratio Std. Error z p-value 95% CI (Lower –

Helmet use (yes vs no) 0.58 0.192 −1.64 0.101 0.31 – 1.11

Age category (Ref: 20–39)

    16–19 years 1.75 0.765 1.27 0.203 0.74 – 4.12

    40–59 years 0.98 0.402 −0.04 0.966 0.44 – 2.19

    ≥60 years 1.48 0.826 0.70 0.484 0.49 – 4.42

Sex (Female) 0.43 0.209 −1.73 0.083 0.17 – 1.12

Substance use at injury 1.57 0.510 1.38 0.169 0.83 – 2.96

Polytrauma 2.06 0.751 1.99 0.047* 1.01 – 4.21

Vehicle (Bicycle) 0.63 0.372 −0.78 0.434 0.20 – 2.00

Constant 0.42 0.196 −1.86 0.063 0.17 – 1.05

Abbreviations: CI, confidence interval; Ref, reference category.

Notes: *p<0.05. Reference categories: no helmet for helmet use; 20–39 years for age; male for sex; motorcycle for vehicle type. Three patients without admi
(n=208 of 211). Wald χ²(8) = 15.97, p=0.043.

 

When helmet was modeled by type, only full-face helmet showed significant protection compared with no helmet (adjusted OR 0.41, 95% CI 0.19–0.86, p = 
0.019). The dose-response model treating protection level as ordinal demonstrated a graded reduction of 26% in odds per one-step increase in protection
(adjusted OR 0.74, 95% CI 0.58–0.94, p = 0.013). [Table 4]
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Table 4
Adjusted dose-response model for the primary outcome (composite cranial-or-facial fracture): Firth-penalized logistic regression with protection level as an

ordinal exposure (n = 208).
Variable Odds Ratio Std. Error z p-value 95% CI (Lower – Upper)

Protection level (ordinal, 0–3) 0.74 0.091 −2.48 0.013* 0.58–0.94

Age category (Ref: 20–39)          

16–19 years 1.55 0.686 0.98 0.326 0.65–3.69

40–59 years 0.91 0.376 −0.22 0.826 0.41–2.05

≥60 years 1.42 0.804 0.62 0.533 0.47–4.31

Sex (Female) 0.42 0.208 −1.75 0.080 0.16–1.11

Substance use at injury 1.52 0.500 1.29 0.199 0.80–2.90

Polytrauma 2.11 0.773 2.04 0.042* 1.03–4.33

Vehicle (Bicycle) 0.56 0.331 −0.98 0.329 0.18–1.78

Constant 0.49 0.222 −1.57 0.116 0.20–1.19

Abbreviations: CI, confidence interval; Ref, reference category. Notes: *p < 0.05. Reference categories: no helmet for protection level (entered as ordinal
continuous, 0 = no helmet, 1 = open-face, 2 = half, 3 = full-face); 20–39 years for age; male for sex; motorcycle for vehicle type. Each one-step increase in
protection level corresponds to a 26% reduction in the adjusted odds of composite cranial-or-facial fracture. N = 208; 3 patients excluded due to absence
of admission head CT.

Differential helmet-type protection by anatomical site
The mechanical prediction of differential helmet-type protection by anatomical site was supported by the data. For cranial vault fracture, all helmet types
showed numerically protective effects without a clear graded pattern (open-face: 21.7%; half: 2.9%; full-face: 12.8%; adjusted OR per level 0.79, 95% CI 0.57–
1.08, p = 0.13). In contrast, facial fracture showed a clear dose-response: 35.6% (no helmet), 39.1% (open-face), 31.4% (half), and 13.8% (full-face) (Fisher p = 
0.005; adjusted OR per level 0.67, 95% CI 0.51–0.87, p = 0.003). The full-face helmet specifically conferred a 72% reduction in odds of facial fracture
compared with all other categories combined (adjusted OR 0.28, 95% CI 0.13–0.59, p = 0.001). [Figure 3]

Figure 3. Helmet-type protection differs by anatomical site. (A) Facial fracture prevalence shows a graded dose-response across protection levels (adjusted
OR per level 0.67, 95% CI 0.51–0.87, p = 0.003). (B) Cranial fracture shows no gradient (adjusted OR per level 0.79, 95% CI 0.57–1.08, p = 0.13). Denominators
shown beneath each bar. Models adjusted for age, sex, substance use, polytrauma, and vehicle type using Firth-penalized logistic regression. Cranial fracture
analysis n = 208 (3 patients without head CT excluded).

Clinical correlate: moderate-to-severe TBI
Helmet use was associated with lower odds of moderate-to-severe TBI on admission in the binary helmet/no helmet model (adjusted OR 0.47, 95% CI 0.23–
0.94, p = 0.032) [Table 3]. The ordinal dose-response model showed a directionally consistent but weaker effect (adjusted OR per level 0.80, 95% CI 0.62–
1.04, p = 0.093), suggesting that the effect on neurological severity operates principally through helmet use itself rather than through type-specific protection.
Polytrauma was the strongest concurrent predictor of moderate-to-severe TBI (adjusted OR 3.56, 95% CI 1.45–8.73, p = 0.005).

In-hospital mortality
In-hospital mortality declined steeply across protection levels: 16.4% (12/73) in unhelmeted patients, 4.4% (1/23) in open-face, 5.7% (2/35) in half, and 1.3%
(1/80) in full-face helmet wearers (Cochran-Armitage trend test z=-3.45, p = 0.0006; test of departure from linear trend p = 0.50). In the adjusted dose-
response model (reduced for low event rate), each one-step increase in protection level was associated with a 57% reduction in odds of in-hospital mortality
(adjusted OR per level 0.43, 95% CI 0.26–0.73, p = 0.002). The full-face helmet, compared with no helmet, conferred a 91% reduction in odds of mortality in
unadjusted analysis (OR 0.09, 95% CI 0.02–0.52, p = 0.007). [Figure 4]

Figure 4. Dose-response relationship between cranial protection level and in-hospital mortality. Bar heights represent the mortality rate (%) within each
category of helmet protection, with absolute mortality ratios (deaths/n) displayed on the x-axis. A significant downward trend in mortality is observed as the
level of structural coverage increases (p = 0.0006, Cochran-Armitage trend test; test of departure from linear trend, p = 0.50). In the adjusted dose-response
model, each one-step increase in protection level (from no helmet through to full-face) was associated with a 57% reduction in the odds of in-hospital
mortality (aOR per level 0.43; 95% CI 0.26–0.73; p = 0.002). Notably, the use of a full-face helmet conferred a 91% reduction in the odds of mortality
compared to being unhelmeted (OR 0.09; 95% CI 0.02–0.52; p = 0.007). aOR: adjusted Odds Ratio; CI: Confidence Interval; n: number of patients; OR: Odds
Ratio; TBI: Traumatic Brain Injury.

Functional outcome at 6 months
Six-month GOS-E follow-up was completed in 165 of 211 patients (78.2%). Baseline characteristics did not differ between followed and lost-to-follow-up
patients, except for higher substance use among those lost to follow-up (47.8% vs 29.1%, p = 0.021). All 16 in-hospital deaths were captured as GOS-E = 1;
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attrition was confined to discharged survivors.

Unfavorable functional outcome (GOS-E 1–4) occurred in 25 of 165 followed patients (15.2%): 16 in-hospital deaths and 9 survivors with severe disability.
After adjustment for age, sex, substance use, polytrauma, and vehicle type, helmet use was associated with reduced odds of unfavorable functional outcome
(adjusted OR 0.24, 95% CI 0.09–0.65, p = 0.005) [Table 3]. The dose-response model showed a 39% reduction in odds per one-step increase in protection
level (adjusted OR 0.61, 95% CI 0.42–0.89, p = 0.010). Full-face helmet conferred the strongest protective association compared with no helmet (adjusted OR
0.23, 95% CI 0.08–0.70, p = 0.010), with non-significant estimates for open-face (aOR 0.38, 95% CI 0.08–1.81) and half helmet (aOR 0.24, 95% CI 0.05–1.18).
Figure 5 illustrates the dose-response relationship across clinical outcomes.

Figure 5. Dose-response relationship between cranial protection levels and clinical outcomes. The forest plot displays adjusted Odds Ratios (aOR) and 95%
confidence intervals (CI) for each one-step increase in the protection scale (No helmet; Open-face; Half-face; Full-face). Analyses were performed using Firth-
penalized logistic regression to ensure robust estimates. Models were adjusted for age, sex, toxicology, polytrauma, and vehicle type. Black markers
represent statistically significant findings (p < 0.05), while gray markers indicate non-significant trends. An aOR < 1.0 indicates a reduction in the odds of the
outcome as helmet protection increases. TBI: Traumatic Brain Injury; GCS: Glasgow Coma Scale; CT: Computed Tomography.

Discussion
In this single-center prospective cohort of 211 patients with road traffic-related TBI in regional Colombia, increasing cranial protection produced a clear dose-
response gradient across skeletal craniofacial injury, neurological severity, in-hospital mortality, and unfavorable 6-month functional outcome. This gradient
was absent for intracranial parenchymal lesions, supporting a mechanistic interpretation in which helmet protection operates through bony envelope
attenuation, while parenchymal injury depends on acceleration-deceleration forces inadequately neutralized by current designs [13, 14]. These findings
extend prior literature by quantifying the type-specific gradient in an LMIC setting [2, 15].

The differential protection observed for cranial versus facial fractures supports the anatomical specificity hypothesis. Cranial vault fractures were reduced
without a graded pattern across types, consistent with all designs providing some cranial coverage [13, 15].

Facial fractures, by contrast, showed a clear dose-response with strongest protection from full-face helmets (adjusted OR 0.28, 95% CI 0.13–0.59, p = 0.001
against all other categories combined), attributable to the chin guard and visor unique to this design[16]. This aligns with Urrechaga et al. (> 37,000 subjects),
who reported similar facial fracture reduction (OR 0.26) with full-face designs[17] and reinforces this position in a Latin American setting where partial-
coverage designs remain prevalent for climate-related comfort [11, 13].

The steep mortality gradient was the most clinically dramatic finding, declining from 16.4% in unhelmeted patients to 1.3% in full-face wearers (aOR per level
0.43, 95% CI 0.26–0.73, p = 0.002), exceeding prior meta-analyses that estimated 42% mortality reduction with binary helmet exposure[18] and and 57%
reduction in head and neck injuries with full-face designs [16].

The parallel reduction in 6-month unfavorable outcome (aOR per level 0.61, 95% CI 0.42–0.89, p = 0.010) is consistent, given that in-hospital deaths
constitute the worst GOS-E category. The larger-than-expected effect may reflect severe primary injuries among unhelmeted riders in LMIC settings with
limited prehospital capacity [2, 9], and type-specific protection components (chin coverage, full visor) that binary models cannot resolve [5, 8, 9]. Both
strengthen the rationale for promoting full-face helmets specifically in Latin American countries, where motorcycle taxis and commercial fleets don’t comply
certification standards [3, 11].

The absence of dose-response for parenchymal outcomes was expected. Acute parenchymal injury depends on rotational acceleration, brain stem strain,
and vascular tearing, mechanisms operating independently of the linear impact attenuation helmets provide. Empirical testing shows linear and rotational
risks are not strongly correlated; rotational-management technologies reduce rotational kinematics (PRA, PRV, BrIC) without corresponding reductions in
peak linear acceleration. Because standard helmets are optimized for linear thresholds preventing skull fracture, they may fail to neutralize the rotational
forces driving intracranial injury [14, 15, 19]. Our findings converge with Ryalino et al., who in the BRAIN-PROTECT cohort (n = 499) demonstrated helmet-
associated reductions in epidural mass lesion (OR 0.25) and skull fracture (OR 0.37), but no association with intraventricular hemorrhage, basal cistern
compression, or midline shift after correction [8]. Both studies converge on the same principle: helmets attenuate linear contact forces producing skeletal
injury but do not reduce diffuse parenchymal injury following rotational kinematics [19–21].

Our study advances prior work in three directions. First, compared with the largest helmet-type-stratified cohort to date (Seo et al., n = 1,910), we used
radiologically confirmed outcomes rather than AIS-based composites, enabling differentiation between skeletal and parenchymal pathways [5]. Second, the
LMIC focus complements the predominantly high-income evidence base [4, 5, 7], addressing the disproportionate global TBI burden found in these settings
[3, 13, 15]; compared with Gupta et al. (n = 491, binary exposure only), our four-level model shows that binary contrasts miss clinically relevant differences
between partial- and full-coverage designs [9]. Third, our 6-month functional follow-up addresses a known gap in helmet effectiveness research [8].

Strengths include detailed radiological characterization allowing anatomical differentiation, complete helmet-type ascertainment, dose-response framework,
Firth-penalized regression to mitigate small-sample bias, and 78.2% follow-up completeness. Limitations include a single hospital-based cohort that does not
capture prehospital deaths, potentially biasing the mortality association if prehospital survival differs by helmet status; a sample size (n = 211) that limits
precision, particularly for mortality (16 events); helmet type obtained from clinical and witness records, introducing possible non-differential
misclassification; inclusion of 17 cyclists, whose exposure differs from motorcyclists[6] without sensitivity analyses; and unavailable confounders (speed,
quantified blood alcohol, helmet age, certification standard) limiting attribution of the gradient to design-specific properties [8, 11]. Although the single-center
design limits generalizability, HUSJ's regional referral pattern extends coverage beyond the metropolitan area.
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These findings support three implications. First, public health messaging in LMICs should emphasize full-face helmets specifically; the WHO helmet manual
notes their greater effectiveness against cranial and cervical injuries, and our data support this for Latin American contexts [13, 17]. Second, certification and
import standards should prioritize chin and full-face coverage, particularly for commercial fleets with high exposure intensity. Third, helmet use does not
eliminate parenchymal injury risk; surveillance, neurorehabilitation, and follow-up should not be reduced based on helmet use alone, converging with Ryalino
et al.'s conclusion that helmeted riders with severe TBI warrant equal vigilance at initial assessment [8].

Conclusions
In this prospective cohort of 211 patients with road traffic-related TBI in regional Colombia, increasing cranial protection produced a clear dose-response
gradient in mortality (57% reduction per level), facial fracture (33% per level), and composite craniofacial fracture (26% per level), with a 39% reduction per
level in unfavorable 6-month functional outcome. Full-face helmets conferred specific protection against facial fracture not seen with partial-coverage
designs. No dose-response was observed for parenchymal intracranial lesions, consistent with helmets operating through skeletal protection rather than
direct prevention of brain injury. These findings, aligned with biomechanical evidence and recent prospective European data, support efforts to prioritize full-
face helmet adoption.
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Figures

Figure 1

Helmet Classification by cranial and facial coverage. Helmets were classified by cranial and facial coverage based on the classification used by the WHO in
the 2023 road safety helmet manual:  No helmet; Half-coverage helmet; Open-face helmet; Full-face helmet. Cranial and facial coverage levels were used to
generate an ordinal scale (0 to 3, respectively) of increasing protection. This ordinal level is used as the exposure variable in subsequent dose-response
analyses.
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Figure 2

Characterization of helmet types in a cohort of 211 TBI patients. Data collected at the Hospital Universitario San Jorge (Pereira, Colombia) shows that while
full-face helmets were the most frequent (37.9%), a significant portion of the population (34.6%) was unhelmeted at the time of the trauma. The "Cranial
protection level" axis reflects an ordinal scale of increasing protective surface area. TBI: Traumatic Brain Injury.

Figure 3

Helmet-type protection differs by anatomical site. (A) Facial fracture prevalence shows a graded dose-response across protection levels (adjusted OR per
level 0.67, 95% CI 0.51–0.87, p=0.003). (B) Cranial fracture shows no gradient (adjusted OR per level 0.79, 95% CI 0.57–1.08, p=0.13). Denominators shown
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beneath each bar. Models adjusted for age, sex, substance use, polytrauma, and vehicle type using Firth-penalized logistic regression. Cranial fracture
analysis n=208 (3 patients without head CT excluded).

Figure 4

Dose-response relationship between cranial protection level and in-hospital mortality. Bar heights represent the mortality rate (%) within each category of
helmet protection, with absolute mortality ratios (deaths/n) displayed on the x-axis. A significant downward trend in mortality is observed as the level of
structural coverage increases (p = 0.0006, Cochran-Armitage trend test; test of departure from linear trend, p = 0.50). In the adjusted dose-response model,
each one-step increase in protection level (from no helmet through to full-face) was associated with a 57% reduction in the odds of in-hospital mortality (aOR
per level 0.43; 95% CI 0.26–0.73; p = 0.002). Notably, the use of a full-face helmet conferred a 91% reduction in the odds of mortality compared to being
unhelmeted (OR 0.09; 95% CI 0.02–0.52; p = 0.007). aOR: adjusted Odds Ratio; CI: Confidence Interval; n: number of patients; OR: Odds Ratio; TBI: Traumatic
Brain Injury.
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Figure 5

Dose-response relationship between cranial protection levels and clinical outcomes. The forest plot displays adjusted Odds Ratios (aOR) and 95%
confidence intervals (CI) for each one-step increase in the protection scale (No helmet; Open-face; Half-face; Full-face). Analyses were performed using Firth-
penalized logistic regression to ensure robust estimates. Models were adjusted for age, sex, toxicology, polytrauma, and vehicle type. Black markers
represent statistically significant findings (p < 0.05), while gray markers indicate non-significant trends. An aOR < 1.0  indicates a reduction in the odds of the
outcome as helmet protection increases. TBI: Traumatic Brain Injury; GCS: Glasgow Coma Scale; CT: Computed Tomography.
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