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Abstract

Background: Out-of-hospital cardiac arrest (OHCA) outcomes often differ between urban and rural settings, but comprehensive nationwide data
from Central-Eastern Europe using uniform data collection and modern confounding control remain limited. We investigated urban—rural disparities in
OHCA outcomes in Hungary.

Methods: We analysed 130,258 OHCA cases (2018-2023) from the Hungarian National Ambulance Service registry, classified as urban (70.1 %)
or rural (29.9 %) using national administrative categories. The primary outcome was on-scene return of spontaneous circulation (ROSC). We per-
formed univariable and multivariable logistic regression, propensity score matching (PSM) and continuous response-time modeling using natural
cubic splines.

Results: The overall ROSC rate was 9.1 % (urban: 9.4 %, rural: 8.3 %, p < 0.001). After PSM, urban location remained significantly associated with
higher survival (OR = 1.26, 95 % CI 1.20-1.32, p < 0.001). EMS response times were significantly longer in rural areas (median 14.9 vs 9.8 min,
p < 0.001). Urban survival advantage was most pronounced in cases with shockable rhythms (OR = 1.57, 95 % CI 1.43-1.72), medical-witnessed
arrests (OR = 1.31, 95 % CI 1.20-1.42), and response times <8 min (OR = 1.59, 95 % CI 1.44-1.76).

Conclusions: Significant urban—rural disparities in OHCA on-scene ROSC persist even after accounting for patient and arrest characteristics.
These findings highlight the need for targeted interventions to strengthen the Chain of Survival in rural communities.

Keywords: Cardiac arrest (CA), Cardiopulmonary resuscitation (CPR), Urban-rural disparity, Emergency medical services (EMS), Out-of-
hospital cardiac arrest (OHCA)

is shockable, underscoring the critical importance of an efficient and

Introduction fast EMS response.”® Non-shockable rhythm cases have a much
lower survival rate.
Out-of-hospital cardiac arrest (OHCA) remains a significant public Despite international efforts to document urban—rural differences
health challenge, with high mortality rates and variable outcomes in OHCA outcomes,® nationwide analyses from Central-Eastern
influenced by regional healthcare disparities. Across Europe, OHCA Europe using uniform data collection and modern confounding
incidence ranges from 67 to 170 cases per 100,000 people, reflect- control remain limited.>'®'" To address this gap, we analyzed the
ing differences in emergency medical service (EMS) capabilities, Hungarian National Ambulance Service registry, which captures all
healthcare organisations, and community health profiles.' In partic- EMS-attended OHCAs nationwide from 2018 to 2023. Our study
ular, survival decreases by approximately 10 % with each minute combines (i) propensity score matching to reduce confounding, (ii)
delay in cardiopulmonary resuscitation (CPR) when the initial thythm  mytivariable logistic regression to quantify adjusted associations,
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and (iii) continuous modeling of EMS response time using natural
cubic splines to avoid information loss from coarse categorization.
These methodological advances allow us to more accurately isolate
the effect of location on OHCA outcomes and provide actionable evi-
dence for targeted EMS interventions.

Hungary’s geographic and healthcare context provides an infor-
mative setting for examining urban—-rural OHCA disparities. The
country has a total area of 93,030 km? with heterogenous settlement
patterns and population density, yet OHCA care is delivered by a sin-
gle, unified national EMS provider with standardized protocols,
equipment, and training across regions.'>'® This geographic diver-
sity, combined with population density variations ranging from 3350
inhabitants/km? in Budapest to <50 inhabitants/km? in rural counties,
creates natural variations in EMS accessibility while maintaining
system-level standardization—providing an ideal natural experiment
for isolating geographic effects on OHCA outcomes.™*

Materials and methods

Aims of the study

This study aimed to investigate the urban—rural disparities in OHCA
outcomes through the first comprehensive nationwide analysis of all
OHCA cases in Hungary. We proposed to identify the key factors
contributing to on-scene survival rates in urban and rural settings
while quantifying the independent effect of location after adjusting
for patient demographics, arrest characteristics, and emergency
medical service response variables.

Study design and setting
This population-based, retrospective observational study analysed
all OHCA cases in Hungary from January 2018 to December 2023
(Supplementary Table 1). Raw data were obtained from the manda-
tory reports of the Hungarian National Ambulance Service (HNAS),
the only EMS provider in Hungary, handling approximately 1.3 million
emergency calls annually. The study was conducted and reported
according to the STROBE'® guidelines for observational studies.
This study was approved by the Hungarian Medical Research
Council (1V/3043/2021/EKU and 1V/3043-3/2021/EKU), adhered to
GDPR compliance regulations, and was conducted in accordance
with the Declaration of Helsinki.

Consent

Due to the retrospective nature of using anonymised registry data,
individual informed consent was waived by the ethics committee, in
accordance with national regulations for registry-based research.

Patient population and selection
All adult OHCA cases (>18 years) attended by EMS during the study
period were eligible for inclusion. We excluded cases related to self-
harm or trauma, and cases where survival outcome was not
recorded. Cases with EMS response times exceeding 120 min were
also excluded as statistical outliers, representing <0.01 % of the total
dataset. After applying these criteria, the final analytical cohort con-
sisted of 130,258 OHCA cases, representing 99.4 % of the original
dataset available for analysis.

OHCA locations were classified as urban or rural based on the
country’s official administrative settliement categories,'® which inte-
grate legal status, historical development, and functional roles.

Urban areas encompassed the capital city (Budapest), cities with
county rights, and other towns granted city status, while rural areas
included villages and large villages. This classification corresponds
to substantial population density differences: Budapest (3350 inhab-
itants/km?), other urban areas (average 450 inhabitants/km?), and
rural villages (average 45 inhabitants/km?), creating natural varia-
tions in healthcare accessibility and emergency response infrastruc-
ture.' Based on Hungary’s Central Statistical Office (KSH) data for
January 1, 2023, Budapest had a population of 1,671,004; other
cites had 5,067,717 inhabitants; and villages accounted for
2,861,023 residents out of a total national population of 9,599,744."2

Data collection

Data were extracted from randomly anonymized HNAS electronic
health records. Variables included demographics (age, sex), clinical
factors (initial rhythm, etiology), circumstantial information (location,
bystander witness status), interventions (bystander CPR, AED use,
advanced airway management, mechanical chest compression
device usage), call daytime interval, and EMS total response time.
The primary outcome was the return of spontaneous circulation
(ROSC) on-scene.

Emergency medical service characteristics

The HNAS operates as a unified, nationwide system with standard-
ized protocols across all regions. All ambulance crews have
advanced life support accreditation and are trained according to
national guidelines, in conformity with international standards (ERC
and ILCOR), with scope including advanced airway management,
intravenous/intraosseous medication administration, and manual/au-
tomated defibrillation. Equipment specifications and training require-
ments are set centrally and applied in both urban and rural areas,
minimizing crew-level variation that might confound urban-rural
comparisons.

Statistical analysis

Analyses were conducted by using Visual Studio Code (version
1.99.0-insider [Universal]) and Python (version 3.8).'®'” Descriptive
statistics were calculated separately for the entire cohort and for the
urban and rural subgroups. Mann-Whitney U test for continuous vari-
ables and Chi-square test for categorical variables were used for
between-group comparisons. Missing data patterns were assessed
for all variables, and cases with missing values for key outcome or
exposure variables were excluded from the analysis using complete
case analysis. The proportion of missing data was minimal, with
fewer than 2 % of cases having missing values for any single vari-
able. Continuous variables were assessed for normality using visual
inspection of histograms and Q-Q plots. Data that were normally dis-
tributed (e.g., age) were presented as mean + standard deviation,
while skewed data (e.g., EMS response times) were presented as
median and interquartile range (IQR).

EMS response times were analyzed both categorically and con-
tinuously to address different analytical objectives. Categorical anal-
ysis (<8, 8-15, >15 min) used clinically relevant thresholds based on
established evidence that response within 8 min optimizes survival
while delays beyond 15 min markedly reduce survival rates.'®2°
However, to address potential information loss from categorization
and detect non-linear patterns, we conducted continuous modeling
using natural cubic splines (3 degrees of freedom) with
rural x spline interaction terms. This approach preserves all tempo-
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ral information while allowing detection of time-dependent urban—ru-
ral effects across the entire response spectrum.

Emergency calls were categorised by the time of day into three 8-
hour periods: morning (0-8), daytime (8—16), and evening (16—24).

Univariable and multivariable logistic regression were developed
using variables with established clinical relevance from prior litera-
ture.>?! These variables included age, sex, location, arrest etiology,
initial cardiac rhythm, bystander witness status, EMS response time,
arrest location, bystander interventions (CPR, AED use), and EMS
interventions (advanced airway, mechanical chest compression).
From these clinically relevant variables, high-priority variables for
exact matching were selected based on strongest confounding
potential and clinical importance: bystander-witnessed status, arrest
etiology, while age matching was performed by exact matching on
individual years of age. Initial cardiac rhythm, while clinically crucial
for outcomes, was not exact-matched to preserve sufficient sample
size for rhythm-specific subgroup analyses. Variance inflation factors
were calculated to assess multicollinearity.

To minimise confounding factors, propensity score matching was
performed using a 1:1 nearest-neighbour approach with a caliper
width of 0.2 standard deviations. Standardised mean differences
were calculated to assess covariate balance before and after
matching.

Cardiac etiology was determined based on clinical presentation,
circumstances of arrest, and available medical history as recorded
by attending EMS personnel following standardized protocols. Cases
witnessed by medically trained persons were defined as on-duty
EMS personnel, physicians, nurses, or other certified healthcare pro-
fessionals. "Unknown etiology’ specifically refers to cases where
insufficient information prevented etiology determination despite sys-
tematic clinical assessment. While recent Utstein guidelines®® rec-
ommend coding unknown cases as ’‘presumed cardiac,’ our
registry maintains this distinction for three reasons: (1) to preserve
clinical granularity for quality improvement initiatives, (2) to avoid
potential misclassification bias in epidemiological analyses where eti-
ology serves as an important confounder, and (3) to enable compar-
ison with earlier registry periods using consistent definitions.

Sensitivity analysis modeled EMS response time continuously
using natural cubic splines (degrees of freedom = 3) with
rural x spline interaction terms to explore effect modification across
the response time spectrum, avoiding information loss inherent in
categorical approaches.

Model performance was evaluated by using the area under the
curve in the receiver operating characteristic (AUC) with 95 % confi-
dence intervals. Internal validation was conducted by using a 10-fold
cross-validation with 5 repetitions and bootstrap validation (1000 iter-
ations) to correct for prediction overfiting. Model calibration was
assessed by using calibration plots and Hosmer-Lemeshow
goodness-of-fit tests.?

Subgroup analyses were performed based on initial cardiac
rhythm, bystander-witnessed status, and age groups. Sensitivity
analyses explored the effects of varying EMS response time thresh-
olds and different propensity score matching parameters. Focused
response time threshold analysis was conducted to identify critical
time points where urban-rural survival disparities were most pro-
nounced. For multiple predefined thresholds (5, 8, 10, 15, 20, and
30 min), cases were categorised as “fast response” (<threshold) or
“slow response” (>threshold), with survival rates and urban—rural
odds ratios calculated for each category.?>2®

Results

Cohort and baseline characteristics

After exclusion criteria were applied, 130,258 OHCA cases were
included in the final analysis, 91,341 cases (70.1 %) that occurred
in urban areas and 38,917 (29.9 %) in rural settings.

The overall mean age was 69.6 + 14.2 years (mean + standard
deviation). Rural settings had a higher proportion of patients aged
<65 years (39.9 % vs 33.9 % in urban areas, p < 0.001) and a
greater percentage of males (60.6 % vs 57.8 %, p < 0.001). Cardiac
causes were more prevalent in rural cases (26.0 % vs 21.4 % in
urban ones, p < 0.001), whereas cases with unknown etiology were
more common in urban settings (45.5 % vs 38.5 %, p < 0.001).

Rural areas had higher rates of cases witnessed by medically
trained persons (defined as on-duty EMS personnel, physicians,
nurses, or other certified healthcare professionals) (18.9 % vs
14.6 % in urban areas, p < 0.001) and non-medical bystander-
witnessed events (40.4 % vs 35.4 %, p < 0.001). Initial cardiac
rhythm distributions showed higher asystole prevalence in rural set-
tings (71.3 % vs 69.4 % in urban areas, p < 0.001).

EMS response times and arrest characteristics
EMS response time was significantly longer in rural areas (median
14.9 min [IQR: 11.2-20.1] vs 9.8 min [IQR: 6.5-15.6] in urban set-
tings, p < 0.001), representing a 52.0 % longer median response
time. The proportion of cases with response times <8 min was sub-
stantially higher in urban (37.6 %) versus rural (8.8 %) settings.
Most arrests occurred at home (80.5 %), with a higher proportion
in rural areas (81.7 %) compared to urban areas (80.0 %, p < 0.001),
whereas public location arrests were more frequent in urban settings
(p < 0.001) (Supplementary Table 1).

Primary outcome: ROSC rates and urban-rural disparities
The overall ROSC rate on-scene was 9.1 % (95 % CI 8.9-9.2 %),
with significant urban—rural disparities (9.4 % [95 % Cl 9.2-9.6 %]
in urban vs 8.3 % [95 % Cl 8.1-8.6 %] in rural areas, p < 0.001) (Sup-
plementary Table 2). This disparity persisted across most sub-
groups. The urban—rural survival gap was most pronounced in
younger patients (12.6 % vs 10.6 %, p < 0.001), medical staff-
witnessed arrests (19.7 % vs 14.7 %, p < 0.001), and cases with
VF/VT as initial rhythm (25.4 % vs 21.6 %, p < 0.001), respectively.

Analysis of EMS response time categories showed that 12.0 % of
patients with response times of <8 min achieved ROSC, compared
to 8.9 % in the 8—15-min category and 6.7 % in the >15-min category.
The urban survival advantage was significant for response times of
<8 min (12.1 % vs 10.8 %, p = 0.029), whereas intermediate
response times of 8-15 min showed higher survival rates in rural
areas (8.5 % vs 9.8 %, p < 0.001). No significant difference was
observed for prolonged response times (>15 min: 6.8 % vs 6.7 %,
p = 0.678).

The time of day analysis showed variations in survival rates
across EMS call times, with calls during daytime hours (8—16) show-
ing higher survival rates (9.7 %, 95 % Cl 9.4-9.9 %) compared to
morning (0-8) hours (7.2 %, 95 % CI 7.0-7.5 %). The urban—rural
survival gap was consistent across all time periods, with the largest
disparity observed during evening hours (16-24) (Supplementary
Table 2).
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Analysis of factors associated with survival

In the univariable analysis, rural location was associated with signif-
icantly lower odds of survival (OR = 0.88, 95 % CIl 0.84-0.92,
p < 0.001) (Table 1). Other significant factors associated with sur-
vival included initial cardiac rhythm apart from asystole, which
showed the strongest association: VF/VT (OR = 6.22, 95 % Cl
5.93-6.52), bradycardia (OR = 4.52, 95 % CI 3.92-5.22), and pulse-
less electrical activity (PEA) (OR = 3.38, 95 % CI 3.22-3.54) all
demonstrating significantly higher odds of survival compared to
asystole (all p < 0.001). Bystander defibrillation by AED conferred
substantial benefit (OR = 10.51, 95 % Cl 9.17-12.05, p < 0.001),
and medical-witnessed arrests had significantly better outcomes
than unwitnessed or bystander-witnessed events. Mechanical chest
compression device usage showed a significant positive association

with survival in the univariable analysis (OR = 1.64, 95 % CI 1.57—
1.70, p < 0.001). Detailed univariable and multivariable regression
results for urban and rural populations are provided in Supplemen-
tary Tables 3 and 4.

In the multivariable analysis, rural location remained indepen-
dently associated with lower survival odds (OR = 0.83, 95 % ClI
0.79-0.87, p < 0.001) after comprehensive adjustment for all other
variables in the multivariable model (Table 1). VF/VT had the highest
adjusted odds ratio for survival among all types of rhythms
(OR = 4.50, 95 % CI 4.27-4.75), and longer EMS response times
showed a time-dependent relationship with worse outcomes (8—
15 min: OR = 0.75, 95 % Cl 0.72-0.79; >15 min: OR = 0.69, 95 %
Cl 0.66-0.73; p < 0.001 for all). After adjustment, age > 65 years
was associated with lower survival (OR = 0.64, 95 % CIl 0.61-0.67,

Table 1 - Overall Cohort - Univariable and Multivariable Logistic Regression Results for Factors Associated with

Survival.
Category Variable Level (Reference) Univariable OR p-value Multivariable OR p-value
(95 % ClI) (Uni) (95 % ClI) (Multi)
Patient Age <65 Ref. - - -
Variables >65 0.59 (0.57-0.62) p <0.001 0.64 (0.61-0.66) <0.001
Etiology Cardiac Ref. = = =
Internal Medical 0.65 (0.62-0.68) <0.001 0.78 (0.74-0.82) <0.001
Disease
Non Cardiac 0.81 (0.76-0.87) <0.001 1.02 (0.94-1.10) 0.64
Unknown 0.13 (0.12-0.14) <0.001 0.42 (0.39-0.45) <0.001
Sex Male Ref. - - -
Female 0.94 (0.90-0.97) <0.001 1.22 (1.17-1.27) <0.001
Location & Time Arrest Location Public Ref. - - -
Residence (Home) 0.43 (0.41-0.45) <0.001 0.55 (0.52-0.57) <0.001
Other 0.67 (0.63-0.72) <0.001 0.68 (0.63-0.74) <0.001
Daytime hours of 0-8 Ref. - - -
Arrest 8-16 1.37 (1.31-1.44) <0.001 1.07 (1.01-1.12) 0.016
1624 1.37 (1.30-1.45) <0.001 1.08 (1.03-1.15) 0.004
Urbanisation Level Urban Ref. - - -
Rural 0.88 (0.84-0.92) <0.001 0.83 (0.79-0.87) <0.001
Bystander Bystander Witness Medical Ref. - - -
Variables Non-Medical 0.59 (0.57-0.62) <0.001 0.56 (0.53-0.59) <0.001
None 0.20 (0.19-0.22) <0.001 0.46 (0.43-0.49) <0.001
Bystander AED Use No Ref. - - -
Yes, Non-Shockable 2.32 (2.07-2.60) <0.001 1.18 (1.04-1.35) 0.01
Rhythm
Yes, Shock 10.51 (9.17-12.05) <0.001 3.01 (2.57-3.53) <0.001
Delivered
Initial Cardiac Initial Rhythm Asystole Ref. - - -
Rhythm Bradycardia 4.52 (3.92-5.22) <0.001 3.54 (3.014.17) <0.001
PEA 3.38 (3.22-3.54) <0.001 2.28 (2.17-2.41) <0.001
VFNT 6.22 (5.93-6.52) <0.001 4.50 (4.27-4.75) <0.001
EMS Variables EMS Total Response <8 min Ref. - - -
Time 8-15 min 0.72 (0.69-0.75) <0.001 0.75 (0.72-0.79) <0.001
>15 min 0.53 (0.50-0.56) <0.001 0.69 (0.66—0.73) <0.001
Advanced Airway Use Advanced Airway Ref. - - -
No Advanced Airway 0.09 (0.09-0.10) <0.001 0.17 (0.16-0.18) <0.001
Mechanical Chest No Ref. - — -
Compression Yes 1.64 (1.57-1.70) <0.001 0.89 (0.85-0.93) <0.001

Unadjusted (univariable) and adjusted (multivarible) odds ratios (OR) with 95% confidence intervals (Cl) for independent associations with survival in the total
cohort. Variables include patient demographics (age, sex), urbanisation level (urban vs. rural), arrest location (home vs. public), bystander intervention, initial
cardiac rhythm assessed by EMS, and EMS response time and time of the day of OHCA.
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p < 0.001). Female sex was positively associated with survival in the
adjusted model (OR =1.22, 95 % Cl 1.17-1.27, p < 0.001), contrast-
ing with the negative effect shown by the univariable analysis. After
adjustment for other variables, mechanical chest compression
showed a reversed association in the multivariable model
(OR =0.89, 95 % CI 0.85-0.93, p < 0.001). Survival was lower for
home arrests (OR 0.55, 95 % CI 0.52-0.57) and other locations
(OR 0.68, 95 % CI 0.63-0.74) compared to public locations. Relative
to cases occuring between 0 and 8 h, calls at 8—16 h (OR 1.07, 95 %
Cl11.01-1.12) and 16-24 h (OR 1.08, 95 % CI 1.03—1.15) had slightly
higher odds of ROSC.

Examining intervention effects across settings, mechanical chest
compression devices were employed in a similar proportion of cases
across urban (32.7 %) and rural (31.5 %) cases, its usage showed
significant positive associations with survival in univariable analysis
overall (OR = 1.64, 95 % Cl 1.57-1.70, p < 0.001), with consistent
effects in both urban (OR = 1.69, 95 % CIl 1.62-1.77, p < 0.001)
and rural settings (OR = 1.49, 95 % CI 1.38-1.60, p < 0.001) (Sup-
plementary Tables 3 and 4).

Our analysis of Model-Based Variable Influence ranked the initial
cardiac rhythm as the factor with the highest relative importance for
survival (100 %), followed by bystander-witnessed status (78.3 %),
lower EMS response time (56.1 %), and younger age (42.7 %).

Assessment of multicollinearity confirmed VIF values <10 for all fac-
tors (Supplementary Table 5).

Propensity score matching analysis

The matching process successfully paired 38,734 urban cases with
38,734 rural cases (99.5 % matching rate), with standardised mean
differences for key covariates reduced from a pre-matching range of
0.01-0.73 to a post-matching range where all values were below 0.1,
confirming adequate balance (Fig. 1) (Supplementary Table 6).
Propensity score distributions before and after matching demon-
strated excellent overlap and balance between urban and rural
groups (Supplementary Fig. 1).

In the matched cohort, urban location remained significantly
associated with higher survival (10.28 % vs rural 8.36 %,
p < 0.001; OR = 1.26, 95 % CIl 1.20-1.32). The absolute difference
in survival rates between urban and rural cases was 1.92 %.

Continuous response time analysis

Sensitivity analysis using natural cubic splines revealed a steep
decline in survival probability with increasing response time and
demonstrated significant rural x time interaction (likelihood-ratio test
%% = 54.08, df = 6, p < 0.001). The interaction confirms that urban—
rural survival differences vary systematically across the response

Standardized Mean Differences Before and After Matching
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Fig. 1 - Standardised Mean Differences for Baseline Characteristics Before and After Matching in Urban and Rural
OHCA Cases. The love plot presents the standardised mean differences (SMD) for key baseline characteristics before and after propensity
score matching in urban and rural OHCA cohorts. Before matching, substantial imbalances were observed in multiple variables, including age,
bystander-witnessed status, and EMS response times, reflecting marked demographic and structural differences between urban and rural
cases. The dashed lines at +0.1 represent the common threshold for acceptable balance after matching. Following matching, the balance of
covariates improved substantially, with most SMDs reduced below the 0.1 threshold, indicating successful adjustment for baseline disparities.
EMS response time showed residual imbalance after matching. This confirms that the matched cohorts were sufficiently comparable to isolate

the independent effect of location on outcomes.
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time spectrum rather than being uniform (Fig. 3). The urban advan- Response time threshold analysis
tage was most pronounced at shortest response times (<5 min: OR Analysis of different EMS response time thresholds revealed that the
= 2.37, 95 % CI 1.87-3.00) and decreased as response times urban survival advantage was most pronounced in cases with
increased, with rural disadvantage primarily affecting time-critical response times < 8 min (13.2 % vs rural: 8.7 %, p < 0.001,
interventions (Supplementary Fig. 5). OR = 1.59, 95 % CI 1.44-1.76) (Fig. 3). This difference decreased
but remained significant at 8-15 min (10.3 % vs rural: 9.1 %,
Model performance and validation p = 0.002, OR = 1.14, 95 % Cl 1.05-1.25), and was non-
The multivariable model demonstrated excellent discrimination in significantly attenuated further with response times >15 min (8.2 %
assessing survival odds with a cross-validation AUC of 0.856 vs rural: 7.8 %, p = 0.067, OR = 1.06, 95 % CIl 0.99-1.13).
(95 % CI 0.853-0.860) for the unmatched dataset and 0.845 (95 % The nature of the urban—rural disparity varied with response tim-
Cl 0.842-0.850) for the matched cohort (Fig. 2). A more conservative ing: for fast responses (<threshold), the urban advantage for survival
bootstrap validation yielded an optimism-corrected AUC of 0.764 was strongest at early thresholds (OR at 5 min = 2.37, 95 % CI 1.87—
(95 % CI 0.760-0.769), suggesting robust generalizability with mini- 3.00) and decreased as thresholds increased; in contrast, for slow
mal overfitting (optimism of only 0.00009) (Supplementary Table 7). response times (>threshold), the urban advantage increased sub-
Model performance remained consistent across urban and rural sub- stantially at higher thresholds (OR at 30 min = 2.13, 95 % CI 1.78—

groups, supporting the robustness of the findings (Supplementary 2.54).
Figs. 2 and 3). A non-significant result of the Hosmer-Lemeshow test

confirmed the model’s exact calibration (p = 0.218). Detailed valida- Subgroup and sensitivity analyses

tion analyses, including ROC curves, calibration plots, variance infla- Urban-rural survival disparities varied significantly across clinical
tion factors, and SHAP feature importance analyses for urban, rural, subgroups. The urban survival advantage was most pronounced
and total populations, are presented in Supplementary Figs. 2 and 4, for shockable rhythms (VF/VT: OR = 1.57, 95 % CI 1.43-1.72,
and Supplementary Table 8, respectively. p < 0.001) (Fig. 4) and cardiac etiology (OR = 1.35, 95 % Cl 1.26—

Sensitivity analyses using varying caliper widths (0.1 to 0.25) and 1.46, p < 0.001), while being smaller but still significant in asystole
alternative model specifications yielded comparable results. The (OR =1.22, 95 % CI 1.13-1.32, p < 0.001) (Table 2). The urban sur-

AUC varied slightly across different caliper settings, ranging from vival advantage was significantly stronger for witnessed cardiac
0.842 to 0.850, indicating stability in the model performance. arrests (OR = 1.31, 95 % CIl 1.20-1.42, p < 0.001), whereas no sig-
A: ROC Curve with Cross-validation B: Calibration Plot
10 . 7
L) 08 /,,’
06 06 //

True Positive Rate
Observed Proportion
\,

w=em= Overall calibration

. 4

P — ROC (AUC = 0.764 + 0.007) " ’_" == Urban calibration

¥l 95% CI " -’ == Rural 0
3% — = Random 27 " —= Ideal calibration

o o o False Positive Rate o o * ° o lMPredicmed Probabihty“ o °

Fig. 2 - Model Performance and Calibration in the Matched Cohort. (A) Receiver operating characteristic (ROC) curve
demonstrating the discriminatory ability of the model in the matched cohort (AUC = 0.764). The blue line represents the ROC curve, with the
grey shaded area showing the 95 % confidence interval. (B) The calibration plot compares the predicted versus observed survival probabilities,
showing the relationship between model estimates and actual outcomes across urban (green), rural (red), and overall cohort (blue) predictions.
The deviation from the ideal diagonal line (dashed) indicates some model miscalibration, particularly in the higher probability ranges (>0.7)
where predictions slightly overestimate actual outcomes. Despite this visual difference, the overall calibration remains statistically acceptable
as confirmed by the non-significant result of the Hosmer-Lemeshow test (p = 0.218). This pattern of calibration is common in rare-event
prediction models and indicates that predicted probabilities may require minor adjustment for probabilities exceeding 0.7. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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A: Survival Rates by Response Time and Location
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B: Urban-Rural Odds Ratios by Response Time
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Fig. 3 - Impact of EMS Response Time Thresholds on Urban-Rural Survival Disparities. (A) Survival Rates. This panel
demonstrates how survival rates differ between urban and rural settings across various EMS response time thresholds. Each threshold on the
x-axis (5, 8, 10, 15, 20, and 30 min) creates two patient groups: those with ‘fast’ responses (< threshold, solid lines) and those with ’slow’
responses (>threshold, dashed lines). The y-axis shows survival percentages. For urban settings (blue lines), patients receiving fast responses
(solid blue) consistently show higher survival rates (10-23 %) compared to those with delayed responses (dashed blue, 7-10 %). Similarly, for
rural settings (red lines), fast responses (solid red) yield better outcomes (8—12 %) than delayed responses (dashed red, 4-8 %). Notably, the
survival advantage of fast response is more pronounced in urban areas, particularly at the earliest time points (<5 min), where urban survival
reaches approximately 23 % compared to 12 % in rural areas. (B) Urban-Rural Odds Ratios. This panel quantifies the urban survival
advantage relative to rural areas, expressed as odds ratios (OR). The blue line represents the urban—rural OR for patients with 'fast’ responses,
whereas the orange line shows this relationship for ’slow’ responses. For fast responses (blue line), we observe that at the 5-min threshold,
urban patients have 2.37 times higher odds of survival than rural patients (OR = 2.37, 95 % CI 1.87-3.00). This advantage gradually diminishes
as the threshold increases, reaching OR = 1.22 (95 % CI 1.15-1.31) at the 30-min threshold. For slow responses (orange line), a different
pattern emerges, at early thresholds, the urban-rural difference is minimal (OR = 1.20 at 5 min), the urban advantage grows substantially at
longer thresholds, reaching OR = 2.13 (95 % Cl 1.78-2.54) at 30 min. These contrasting patterns suggest that urban settings maintain an
advantage throughout all response times, but the nature of this advantage changes. For rapid responses, urban advantage likely stems from
factors such as more experienced providers and better system coordination. For delayed responses, the advantage may reflect greater
availability of advanced life support resources in urban areas that can sustain resuscitation efforts over longer periods. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Subgroup Analysis: Odds of Survival Urban vs Rural Odds Ratios

. 1 | Reference = Rural
Bradycardia - I @ 1 OR > | favors Urban
OR: 1.09
PEA - p—o— (0.99-1.20)
p=0.125
OR: 1.22
Asystole (1.13-1.32)
p<0.001
OR: |.57
VFIVT |—.—| (1.43-1.72)
p<0.001
0.50 0.75 1.00 1.25 1.50 1.75 2.00 225 2.50

Odds Ratio (95% Cl)

Fig. 4 - Subgroup Analysis: Urban vs Rural Odds Ratios. Forest plot showing the odds ratios with 95 % confidence intervals for
urban versus rural survival across different initial cardiac rhythms. The vertical dashed line at OR = 1.0 represents equal odds between settings,
whereas OR > 1.0 represents better survival of urban-located OHCA. The highest urban advantage was observed in VF/VT (OR = 1.57) and
bradycardia (OR = 1.03), whereas less pronounced in asystole (OR = 1.22) and PEA (OR = 1.09). Odds ratios with corresponding 95 %
confidence intervals and p-values are shown on the right side.

Table 2 - Sensitivity Analysis Results by Subgroup.

Subgroup Subgroup N_total N_urban N_rural Urban Rural Survival Odds p-value
(Variable) Level Survival Survival Diff (%) Ratio
(%) (%) (95 % ClI)
Initial Cardiac VFNT 9166 4662 4504 30.2 21.63 8.58 1.57 (1.43-1.72) <0.001
Rhythm PEA 12,354 6095 6259 15.93 14.83 1.1 1.09 (0.99-1.20) 0.12
Asystole 55,193 27,602 27,591 5.53 4.58 0.95 1.22 (1.13-1.32) <0.001
Bradycardia 755 375 380 20.27 19.74 0.53 1.03 (0.72-1.48) 0.93
Cardiac Arrest Cardiac 21,356 11,386 9970 17.81 13.79 4.02 1.35 (1.26-1.46) <0.001
Reason (Etiology) Non-Cardiac 4698 2342 2356 13.19 12.95 0.25 1.02 (0.86-1.21) 0.85
Internal Disease 23,262 11,838 11,424 10.74 10.65 0.08 1.01 (0.93-1.10) 0.85
Unknown 28,152 13,168 14,984 2.84 2.29 0.55 1.25 (1.08-1.45) 0.01
Bystander Medical-witnessed 15,941 8623 7318 18.43 14.73 3.7 1.31 (1.20-1.42) <0.001
Witness Non-Medical 32,263 16,706 15,557 11.23 9.97 1.26 1.14 (1.06-1.23) <0.001
None 29,264 13,405 15,859 3.86 3.85 0 1.00 (0.89-1.13) 1.00
Age < 65 32,518 17,100 15,418 13.42 10.68 2.74 1.30 (1.21-1.39) <0.001
> 65 44,950 21,634 23,316 7.8 6.83 0.97 1.15 (1.07-1.24) <0.001

Survival odds ratios across different subgroups, including age, initial cardiac rhythm, and EMS response time, were assessed to indicate the robustness of the
primary findings. Adjusted odds ratios and confidence intervals are reported.
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nificant urban—rural difference was observed for unwitnessed arrests
(OR = 1.00, 95 % CI 0.89-1.13, p = 1.00) (Table 2).

Discussion

Our analysis of 130,258 OHCA cases demonstrates persistent
urban—rural survival disparities in Hungary, with rural location inde-
pendently associated with lower survival odds (OR = 0.83, 95 % Cl
0.79-0.87) even after comprehensive propensity score matching.

Our analysis employed several methodological refinements to
address potential confounding. Continuous response time modeling
using natural cubic splines revealed significant interaction effects,
suggesting that urban-rural disparities are not uniform across all
emergency response scenarios but vary systematically with
response time.

Our findings align with international literature documenting
urban—rural OHCA disparities, though effect magnitudes vary across
healthcare systems. Consistent with findings from Irish, Danish, and
Swedish national registries, we observed significant rural disadvan-
tage, though our urban-rural odds ratio of 1.26 is smaller than the
two-fold survival difference observed in the Irish registry. This smal-
ler effect likely reflects Hungary’s unified national EMS system,
which standardizes protocols, equipment, and training across all
regions, potentially reducing system-level disparities that contribute
to larger differences in countries with fragmented EMS ser-
vices.>2%7%3

As noted in other studies, the rural disadvantage is particularly
pronounced for patients with an initial shockable rhythm. This is
because longer EMS response times in rural areas increase the like-
lihood that these time-sensitive rhythms will deteriorate into non-
shockable, less treatable states before defibrillation can be adminis-
tered.?*3*3¢ Qur analysis identified VF/VT as the initial cardiac
rhythm to be the strongest factor associated with survival (OR:
4.95 vs asystole as reference), followed by bystander-witnessed sta-
tus (OR: 2.08 vs no witness) and faster EMS response time (OR:
1.45 for < 8 min vs > 15 min). These findings are consistent with
international predictive models that identify shockable rhythm as a
dominant positive factor, associated with 4—6 times higher survival
odds than asystole.>” % After adjusting for the factors of initial car-
diac rhythm and EMS response time, rural location remained inde-
pendently associated with worse survival (OR = 0.83), suggesting
that unmeasured or undetected variables may contribute to the
disparity.

Bystander defibrillation with successful shock delivery was
strongly associated with survival, emphasizing the operational
importance of effective shock delivery when indicated. In rural set-
tings with longer EMS response times, strategies to increase both
AED deployment and effective CPR and appropriate shock delivery
could significantly reduce the urban—rural survival gap. Public access
defibrillation programs should therefore emphasise both strategic
AED placement and effective training in their use.

The similar deployment rates of mechanical chest compression
devices in urban and rural settings demonstrate equitable resource
allocation, potentially mitigating other aspects of the urban—rural dis-
parity. Our analysis revealed an important pattern regarding
mechanical chest compression devices. Hungary has implemented
one of Europe’s most comprehensive nationwide mechanical chest
compression programs, with LUCAS™ devices deployed strategically
according to unified protocols across EMS units in both urban and

rural settings. Whereas the univariable analysis showed a positive
association with survival, multivariable adjustment revealed an
inverse relationship, likely reflecting confounding by indication, as
these devices are typically used in more complex resuscitation cases
with a potential poorer prognosis. Despite this statistical finding,
mechanical devices serve a critical function by maintaining consis-
tent, high-quality compressions during transport, particularly valuable
in rural settings with longer transport distances. Additionally, during
onsite advanced life support, the use of mechanical chest compres-
sion devices can free up one or two rescuers who would otherwise
be dedicated to manual compressions, allowing them to perform
other essential resuscitation tasks more rapidly, such as establishing
airway access, administering medications, or operating the defibrilla-
tor. Future research should investigate the optimal timing of device
deployment and identify patient subgroups who benefit most from
this intervention.

It is important to note that the Hungarian National Ambulance
Service represents a unique, unified nationwide emergency medical
system,’® unlike the fragmented local or regional services described
in many comparative studies.'®2%3*4° This organisational structure
allows for standardized protocols, centralized dispatcher teams
who allocate the units to cases, training, and equipment deployment
across both urban and rural settings. Additionally, response time
measurements in our system follow consistent national protocols,
which may differ from metrics used in other studies. This context
should be considered when interpreting our findings in relation to
international literature on urban—rural disparities.

After propensity score matching, we analysed urban-rural sur-
vival differences within matched response time categories. Modeling
response time as a continuous variable with natural cubic splines
showed a clear, dose-dependent decline in survival as delays
increased, consistent with prior work estimating that each minute
beyond 5 min reduces the odds of favorable outcomes by approxi-
mately 8 % in the absence of bystander CPR.*'~*° Based on our
results, the urban advantage was concentrated at short response
times, with the strongest difference at <8 min (OR = 1.59) and atten-
uation across 8—-15 min, becoming minimal at longer delays. A signif-
icant rural x time interaction confirms that the urban—rural gap varies
across the time spectrum and is most pronounced when early links of
the Chain of Survival are achieved rapidly. The unexpected finding of
higher rural survival in the 8-15 min response category (9.8 % vs
8.5 % urban, p < 0.001) requires careful interpretation. Several fac-
tors may contribute to this paradox: (1) Geographic selection bias—
rural cases with intermediate response times may represent more
accessible locations with better baseline characteristics compared
to urban cases requiring similar transport times, which may include
more complex logistical challenges; (2) Different case mix—rural
intermediate-response cases may have higher proportions of wit-
nessed arrests or medical etiology; (3) EMS deployment strategies
may differ between settings during this time window. However, this
finding should be interpreted cautiously as it contrasts with the over-
all rural disadvantage observed at both shorter (<8 min) and longer
(>15 min) response times, and requires validation in datasets with
more detailed geographic and clinical variables. Our threshold anal-
ysis revealed that even when adjusting for patient characteristics and
response times, urban survival advantage remained significant
across different time thresholds. For cases with rapid response
(<5 min), the urban survival advantage was substantial (OR =
2.37). This advantage decreased but remained statistically signifi-
cant with longer response times (OR = 1.22, for >5 min).
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Additionally, our post-matching analysis shows that despite the
successful balancing of most covariates, response time distribution
differed slightly between urban and rural groups. Urban areas had
a higher proportion of cases with extended response times
(>15 min: 55.1 % vs 49.0 %), yet still maintained superior survival
outcomes (10.3 % vs 8.4 %, p < 0.001), suggesting that the urban
areas have more response calls, but a consecutively higher success
rate when reacting. This suggests that factors beyond response time
alone, such as differences in bystander CPR quality, EMS provider
experience, contribute to the adjusted urban survival advantage.

Public Access Defibrillation programs serve as critical interven-
tions that can significantly influence survival outcomes independent
of EMS arrival times, particularly for shockable rhythms. Strategic
AED placement in rural communities, bystander first responder edu-
cation, bystander CPR schemes, optimized dispatch algorithms,
telecommunicator-guided CPR, and innovative solutions like drone-
delivered AEDs are the essential components of such pro-
grammes.“®~*° Our findings support the development of integrated
community response systems that strengthen the Chain of Survival
in rural areas, where well-implemented PAD initiatives can signifi-
cantly mitigate the survival disadvantage caused by inevitably longer
EMS response times.

Future research should explore the implementation and cost-
effectiveness of these interventions across different rural contexts.
Additionally, investigation of hospital-level factors contributing to
the urban—rural disparities after initial resuscitation is warranted, as
our study was limited to ROSC on-scene without the availability of
long-term outcome data.

Limitations

Several limitations should be acknowledged. First, our binary urban—
rural classification, while based on official administrative categories,
does not capture the full spectrum of geographic variation within
these broad categories. More granulated analysis distinguishing
between metropolitan areas, small cities, large villages, and remote
rural areas might reveal additional nuances in outcome patterns and
identify specific geographic thresholds where disparities emerge.
Second, our analysis was limited to on-scene ROSC without access
to other critical survival outcomes including survival to hospital
admission, survival to hospital discharge, and long-term neurological
outcomes, which may not fully represent the clinical impact of urban—
rural disparities.

Third, etiology classification maintains “unknown” as a separate
category; while this preserves clinical granularity, it differs from cur-
rent Utstein recommendations that suggest grouping unknown cases
as presumed cardiac. Fourth, unmeasured confounding factors such
as community-level socioeconomic characteristics, regional varia-
tions in bystander response training, or hospital-level factors follow-
ing initial resuscitation may influence observed disparities. Finally,
while all EMS crews have standardized advanced life support train-
ing, individual crew experience and performance metrics were not
available in our dataset, potentially representing unmeasured con-
founding factors that could vary between urban and rural settings.

Conclusion

Our large-scale analysis of 130,258 OHCA cases represents a com-
prehensive nationwide assessment of urban-rural disparities in
OHCA outcomes in Hungary using propensity score methodology.

Rural location was independently associated with lower survival
(OR = 0.83). The largest potential gains were observed for VF/VT
arrests and medical-witnessed cases, highlighting targets for organi-
zational improvement in rural communities. We demonstrated that
significant differences in survival persist even after thorough adjust-
ment for patient, cardiac arrest, and treatment characteristics. Urban
location was independently associated with higher survival, with the
advantage most pronounced in patients with shockable rhythms, wit-
nessed arrests, and proven cardiac aetiology. While EMS response
times were substantially longer in rural areas, these differences only
partially explained the observed disparities. Continuous response
time modeling revealed significant interaction effects, indicating that
disparities vary across the emergency response spectrum. These
findings highlight the need for targeted interventions addressing both
response time optimization and system-level factors in rural commu-
nities. The presence of a nationally uniform, protocol-driven ambu-
lance service with homogeneous equipment and highly trained
staff represents a unique strength, offering a solid foundation for fur-
ther system-level improvements and quality initiatives.
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