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Abstract
Background

Out of hospital cardiac arrest (OHCA) remains a leading cause of death worldwide with survival strongly
dependent on the presence of a shockable rhythm at the time of first rhythm analysis. Thus,
determinants of a shockable rhythm in cardiac arrest is important.

Methods

We analysed adult non-traumatic witnessed OHCA in New South Wales from 2017-2022 with bystander
CPR. We used generalised additive modelling (GAM) to estimate the probability that an OHCA in this
cohort was initially shockable and to characterise how this probability varied according to age and sex.

Results

NSW Ambulance attended 45,607 during the period January 2017 through March 2022 of which 5,277
met eligibility criteria. The GAM identified significant sex-specific relationships between age, elapsed
time and the probability of a shockable rhythm. The relationship between age and shockable rhythm was
non-linear in males (edf 4.14, x2 = 167.2, p < 0.001), whereas the relationship was approximately linear in
females (edf 1.00, x> = 51.8, p< 0.001). Elapsed time was significantly associated with shockable rhythm
in both males (edf 1.00, x2 = 89.3, p<0.001) and females (edf 1.88, x? = 23.9, p < 0.001), with greater
evidence of non-linearity among females. At the estimated time of collapse (t = 0), the GAM estimated a
probability of a shockable rhythm of 41% (95% Cl 27-55%) among females, representing a 17% increase
compared with the observed presenting shockable rhythm rate of 24%. Among males, the corresponding
estimated probability was 61% (95% Cl 56—67%), representing an 18% increase compared with the
observed presenting rate of 43%.

Conclusions

Our modelling suggests the proportion of arrests initially presenting as shockable may be substantially
higher than that observed at first EMS rhythm analysis. We conclude that presenting rhythm in OHCA is a
dynamic, time-dependent phenomenon and demonstrates the potential value of GAM-based modelling
for estimating the probability of a shockable rhythm at or near the time of collapse. These findings
provide a more nuanced framework for understanding age and sex differences in OHCA and highlight the
importance of considering the timing of rhythm assessment when interpreting epidemiological
differences in shockable rhythm.

Introduction
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Out-of-hospital cardiac arrest (OHCA) remains a leading cause of death worldwide (1-3), with survival
strongly dependent on the presence of a shockable rhythm at the time of first rhythm analysis (4-7).
Patients presenting with ventricular fibrillation (VF) or pulseless ventricular tachycardia (pVT) have
substantially higher survival rates than those presenting with pulseless electrical activity or asystole (8).
Consequently, considerable attention has been directed towards understanding the determinants of
shockable rhythm in OHCA, including age, sex, witnessed status, arrest location (9), bystander
cardiopulmonary resuscitation, and emergency medical service (EMS) response times (10).

The proportion of OHCAs with a shockable rhythm at first EMS assessment has declined over recent
decades in several populations (11-13). This decline is generally interpreted as reflecting changes in the
underlying epidemiology and aetiology of cardiac arrest. However, the rhythm recorded by EMS may not
represent the rhythm present at the onset of cardiac arrest. In most cases, the first documented rhythm
is obtained only after an interval between collapse and professional assessment, during which an initially
shockable rhythm may deteriorate to pulseless electrical activity or asystole (14). Consequently,
temporal trends in the rhythm recorded at EMS assessment may reflect both changes in the rhythm at
the onset of cardiac arrest and changes in the evolution of rhythm before it is first documented due, for
example, to longer EMS response times. Distinguishing between these processes is important when
interpreting the epidemiology of shockable rhythm.

Evidence from studies examining rhythm at or immediately following the onset of sudden cardiac death
suggests that the proportion of arrests initially characterised by ventricular tachyarrhythmia may be
substantially higher than the proportion of shockable rhythms recorded by EMS. Early Holter monitoring
studies identified ventricular tachyarrhythmias in approximately 80% of sudden cardiac deaths (15,16),
while an analysis of rhythm strips from 258 witnessed OHCAs with rhythm documentation identified a
shockable rhythm in 68% (17). These findings suggest that the rhythm observed at EMS arrival may
substantially underestimate the proportion of arrests initiated by VF/pVT.

This distinction may also be important when interpreting sex differences in OHCA. Among the most
consistent findings in the OHCA literature is that females are less likely than males to present with a
shockable rhythm (18,19). Women are more likely to experience arrests in circumstances associated
with delayed rhythm acquisition, including arrests occurring at home, unwitnessed collapse, and longer
delays to resuscitation (18—-21). Such factors may increase the interval during which an initially
shockable rhythm can deteriorate before rhythm assessment. Conversely, persistent differences in
shockable rhythm after adjustment for response intervals suggest that biological differences in
arrhythmic susceptibility may also contribute (22). Thus, the extent to which observed sex differences
reflect differences in the rhythm initiating cardiac arrest, rather than differences in rhythm evolution
before EMS assessment, remains uncertain.

Age may similarly influence the relationship between the rhythm at cardiac arrest and the rhythm
subsequently documented by EMS. Recent work has identified non-linear associations between age and
shockable rhythm (22). However, these analyses, like most OHCA studies, rely on the rhythm
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documented during the emergency response as the measure of the initial rhythm. Estimating the
probability of shockable rhythm at the time of collapse could therefore provide a different perspective on
the epidemiology of OHCA and clarify whether observed age- and sex-specific differences persist when
the potential effect of elapsed time before rhythm assessment is considered.

We therefore used generalised additive modelling to estimate the probability of a shockable rhythm at
the estimated time of cardiac arrest from rhythms documented following EMS arrival. By modelling the
relationship between elapsed time and observed rhythm while allowing age-specific relationships to
differ by sex, we aimed to estimate the probability that an OHCA in this cohort was initially shockable
and to characterise how this probability varied according to age and sex.

Methods
Study population

OHCA cases were identified from the NSW Ambulance OHCA Clinical Quality Registry for the period
January 2017 through March 2022. Clinical trial number: not applicable.

EMS System

The state of NSW covers an area of approximately 800,000 km? with a population of 8.2 million, served
by a single government funded EMS (NSW Ambulance). NSW Ambulance has approximately 6,000
paramedics and provides tiered response to cardiac arrest. Paramedics are graduate entry and can
provide ALS (supraglottic airway, defibrillation. Vascular access (IV/10) and ALS drugs adrenaline,
amiodarone, lidocaine). The highest tier; intensive care paramedics bring additional skillsets and senior
clinical leadership. Usually both tires respond to cardiac arrests.

Data definitions

Time of arrest: Triple zero (000) call time; Elapsed time: Time from triple zero (000) call to first
paramedic arrival on scene.

Inclusion criteria

Adult patients suffering a non-traumatic cardiac arrest where the collapse was witnessed, and
resuscitation was attempted by NSW EMS. Initial rhythm was determined from the monitor defibrillator
when first applied to the chest.

Exclusion criteria
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Cases were excluded if bystander AED was used, rhythm on arrival of EMS was missing or the person
arrested after a paramedic arrived (paramedic witnessed).

Statistical Analysis

Data were analysed using generalised additive models (GAMs). The outcome variable was presenting
rhythm, dichotomised as shockable (VF/pVT)) versus non-shockable. Sex was included as a binary
categorical variable (female/male). A GAM with binomial distribution and logit link was fitted to model
the probability of a shockable rhythm. Factor-by-smooth interactions were used to allow sex-specific
non-linear effects of age and elapsed response time, with sex additionally included as a parametric term.
Smoothing parameters were estimated automatically within the GAM framework. Predicted probabilities
and 95% confidence intervals were derived from the fitted model. Model adequacy was assessed using
standard GAM diagnostic procedures, including residual analyses, evaluation of concurvity and
assessment of spline complexity. Continuous variables were summarised using medians and
interquartile ranges, and categorical variables using frequencies and percentages.

Ethics Approval
Ethics approval

to conduct this study was provided by the NSW Population and Health Services Research Ethics
Committee (2019/ETH00229) in accordance with the National Statement on Ethical Conduct in Human
Research (Australia).

Results

NSW Ambulance attended 45,607 during the period January 2017 through March 2022 of which 5,277
met eligibility criteria. Among the 5,277 patients included in the cohort, 1,653 (31%) were female (Table
1). The overall median age was 70 years (IQR 58-80), with females being older than males (72 years
[IQR 59-82] vs 68 years [IQR 57-79]). Arresting shockable rhythm by and sex is depicted in Table 2. Non-
shockable rhythms were more common overall (63%) and occurred more frequently among females than
males (77% vs 57%), whereas shockable rhythms were more common among males (43% vs 24%).
Patients presenting with non-shockable rhythms were older than those with shockable rhythms (72 years
[IQR 61-82] vs 65 years [IQR 54-75]). Most cardiac arrests occurred at home (76%), particularly among
females (80% vs 74%) and among patients presenting with non-shockable rhythms (80% vs 69%) (Table
1). Median emergency response times were similar between groups, although slightly longer among
patients presenting with non-shockable rhythms (9 minutes [IQR 6-12] vs 8 minutes [IQR 6—-10]).

Table 1. Participant characteristics
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Male Female QOverall
(N=3624) (N=1653) (N=5277)
Age (years)
Median [Q1, Q3] 68.0 [57.0, 79.0] 72.0[59.0,82.0] 70.0[58.0, 80.0]

Presenting rhythm

Mon-shockable
Shockable

Location of arrest

At home
Not at home

Response time (min)

Median [Q1, Q3]

Bystander CPR

No

Yes

2055 (56.7%)
1569 (43.3%)

2684 (74.1%)
940 (25.9%)

8.00 [6.00, 11.0]

718 (19.8%)
2906 (80.2%)

1264 (76 .5%)
389 (23.5%)

1325 (80.2%)
328 (19.8%)

9.00 [6.00, 11.0]

372 (22.5%)
1281 (77.5%)

3319 (62.9%)
1958 (37.1%)

4009 (76.0%)
1268 (24.0%)

8.00 [6.00, 11.0]

1090 (20.7%)
4187 (79.3%)
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Table 2
Arresting shockable rhythm by age and sex

Age Estimated arresting shockable rhythm at time of collapse (%)
(vears)  pale (95%Cl) Female (95%Cl)

20 56.80 (42.3-70.2) 70.00 (56.0-81.0)
25 62.00 (51.6-71.4) 67.20 (53.3-78.7)
30 66.40 (58.5-73.5) 64.40 (50.6-76.2)
35 69.70 (63.2-75.4) 61.50 (47.8-73.6)
40 72.00 (66.4-76.9) 58.50 (45.0-70.8)
45 73.50 (68.6-77.9) 55.40 (42.2-67.9)
50 74.10 (69.6-78.1) 52.20 (39.3-64.9)
55 73.40 (69.1-77.3) 49.10 (36.5-61.8)
60 71.20 (66.9-75.1) 46.00 (33.8-58.7)
65 67.60 (63.2-71.7) 42.90 (31.1-55.5)
70 62.90 (58.3-67.3) 39.80 (28.5-52.4)
75 57.40 (52.7-62.0) 36.80 (25.9-49.3)
80 51.20 (46.3-56.0) 34.00 (23.5-46.2)
85 45.00 (39.9-50.2) 31.20 (21.2-43.3)
90 39.80 (33.7-46.1) 28.60 (19.0-40.4)
Bold indicates estimated peak probability of shockable arresting rhythm

The GAM identified significant sex-specific relationships between age, elapsed time and the probability
of a shockable rhythm (Fig. 1). The relationship between age and shockable rhythm was non-linear in
males (edf 4.14, x2 = 167.2, p < 0.001), whereas the relationship was approximately linear in females (edf
1.00, x2 = 51.8, p<0.001) (Fig. 2). Elapsed time was significantly associated with shockable rhythm in
both males (edf 1.00, x2 = 89.3, p<0.001) and females (edf 1.88, x? = 23.9, p < 0.001), with greater
evidence of non-linearity among females (Fig. 2).

At the estimated time of collapse (t = 0), the GAM estimated a probability of a shockable rhythm of 41%
(95% Cl 27-55%) among females, representing a 17-percentage-point increase compared with the
observed presenting shockable rhythm rate of 24% (Fig. 1). Among males, the corresponding estimated
probability was 61% (95% Cl 56-67%), representing an 18-percentage-point increase compared with the
observed presenting rate of 43% (Fig. 1).
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Discussion

To the best of our knowledge, this study is the first to use generalised additive modelling to estimate the
probability of a shockable rhythm at the time of cardiac arrest from rhythms documented after EMS
arrival. In OHCA, the rhythm recorded by EMS may differ substantially from the rhythm present at
collapse because of the interval between arrest and professional assessment, during which an initially
shockable rhythm may deteriorate to a non-shockable rhythm. By modelling the relationship between
elapsed time and documented rhythm, our analysis provides an estimate of the probability of an initial
shockable rhythm within the study cohort, rather than relying on the presenting rhythm as a proxy for the
rhythm at collapse.

Although VF/pVT accounts for fewer than 50% of presenting rhythms in most OHCA cohorts, studies
examining cardiac rhythm at or immediately following the onset of sudden cardiac death have generally
reported higher rates. Consistent with these observations, our model-estimated probability of VF/VT at
the estimated time of collapse was substantially higher than the observed probability at EMS
assessment. Among males, the estimated probability of VF/VT at collapse was 61%, compared with 43%
at EMS assessment, while among females it was 41%, compared with 24%, respectively. These findings
suggest that reliance on the rhythm documented at EMS assessment may substantially underestimate
the proportion of OHCASs that initially present with VF/pVT. Importantly, however, these estimates
represent population-level model-based probabilities rather than direct observations of individual
patients' initial rhythms.

We observed a non-linear relationship between age and estimated initial VF/pVT probability among
males, consistent with findings from a recent Danish study by Casarini et al. (22). In males, the
estimated probability of VF/pVT increased through early and middle adulthood, reaching a peak at
approximately 50 years of age, before declining with advancing age. In contrast, females demonstrated a
more progressive decline in the estimated probability of VF/pVT across the age range, differing from the
pattern reported by Casarini et al. (22). The sex-specific patterns observed in our study are nevertheless
similar to those reported by Safdar et al. (23), who identified a non-linear relationship between age and
survival following OHCA in males but a more consistent decline in survival among females with
advancing age. Although survival and initial rhythm are distinct outcomes, the similarity in age- and sex-
specific patterns is notable, as the presence of a shockable rhythm is strongly associated with survival
following OHCA. This relationship may partly explain the comparable patterns observed between initial
rhythm in our study and survival in previous research.

An important finding of our study was that the sex difference in estimated initial VF/pVT probability
varied across the lifespan. Women are generally less likely than men to present to EMS with a shockable
rhythm; however, our findings suggest that this difference may not be consistent across all ages. At the
estimated time of collapse, males aged 18-26 years had a lower estimated probability of VF/VT than
females of the same age. From approximately 26 years onwards, this relationship reversed, with males
having a higher estimated probability of an initially shockable rhythm than females. Although the
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magnitude of the difference diminished with advancing age, females continued to have a lower
estimated probability of VF/pVT than males across the remainder of the age range. This age-dependent
pattern is again broadly consistent with the survival patterns reported by Safdar et al. (23), although the
mechanisms underlying these similarities remain uncertain.

Several mechanisms may contribute to the observed sex differences in VF/pVT. Women with OHCA have
been reported to have higher rates of antipsychotic medication use and lower rates of ischaemic heart
disease (IHD) than men (10,24,25). Both factors may influence the likelihood of a shockable rhythm: IHD
is strongly associated with VF/pVT, whereas antipsychotic medications have been associated with non-
shockable rhythms (10). COPD, which has also been reported to be more prevalent among women in
some OHCA cohorts (25), is associated with a greater likelihood of non-shockable arrest presentations
(10,26). Hormonal and electrophysiological differences may provide additional explanations, including
potential effects of oestrogen on ventricular repolarisation and arrhythmia susceptibility, although the
mechanisms underlying sex differences in arrest rhythm remain incompletely understood (22).

The non-linear relationship between age and VF/pVT observed in men may similarly reflect changes in
the underlying causes and electrophysiological substrate of cardiac arrest across the lifespan (22). The
relatively low probability of VF/pVT among younger men may reflect a different distribution of arrest
aetiologies compared with middle-aged adults. Younger men have lower rates of IHD and may have a
greater contribution from non-ischaemic and non-cardiac causes of arrest, including toxicological
exposures, respiratory failure and inherited cardiac conditions. Some of these causes may be less likely
to result in a sustained shockable rhythm. Conversely, the increasing probability of VF/pVT through
middle age coincides with the increasing prevalence of IHD (27), potentially contributing to the
emergence of a more prominent VF/pVT phenotype during this period of life.

The subsequent decline in VF/pVT with advancing age may reflect the increasing contribution of
competing mechanisms of cardiac arrest. Advanced heart failure, respiratory disease and multimorbidity
become more prevalent with age and are more commonly associated with pulseless electrical activity or
asystole than VF/pVT. Age-related myocardial fibrosis and conduction system disease may further alter
the electrophysiological substrate, potentially reducing the likelihood of sustained ventricular
tachyarrhythmia. Together, these mechanisms could contribute to the observed peak in VF/pVT
probability during middle age and its subsequent decline. However, these explanations remain
hypotheses, as the present study was not designed to determine the underlying causes of the observed
age- and sex-specific patterns.

There is renewed global interest in strategies to improve outcome in OHCA - which largely hasn't
improved in the last 20 years. Many of those strategies are aimed specifically at early recognition of
cardiac arrest, early defibrillation and bystander CPR. There is also increasing interest in ECMO CPR
(ECPR) strategies for refractory cardiac arrest. Usually, restrictive criteria are used to maximise
beneficial outcome and include criteria such as witnessed shockable arrest, early bystander CPR, in
patients under 65. This is being examined in both the prehospital and in-hospital arena for OHCA. Our
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study may help inform those strategies in that the true VF/pVT arrest incidence is likely under
appreciated and ECPR strategies should model around true incidence as improvements are made in
case identification and recognition of cardiac arrest and bystander CPR rates.

Technology is increasingly playing a role in cardiac arrest recognition and management. It is likely the
wearable technology development (e.g. smart watches) will more accurately determine VF/pVT arrest
and potentially auto-activate bystanders via smartphone applications (e.g. GoodSAM), EMS itself and
indeed even defibrillator delivery (drone). Al and machine learning will also likely supersede human
recognition of cardiac arrest, whilst maintaining acceptable sensitivity. As these processes develop, we
would then envisage VF/pVT as presenting rhythm will increase in line with our analysis.

Several considerations are important when interpreting these findings. First, the initial cardiac rhythm
was not directly observed in this cohort; rather, it was estimated from the relationship between elapsed
time and rhythms documented after EMS arrival. The accuracy of these estimates therefore depends on
the validity of this relationship and on the closeness of the triple zero (000) call to the time of collapse
and the time of EMS arrival to the time EMS rhythm assessments were recorded. Second, observations
close to response time zero were sparse. However, a sensitivity analysis excluding observations within
the first 4 minutes produced similar estimates at time zero (see Supplementary Data), suggesting that
the results were not substantially driven by the limited number of observations available during the first
minutes following collapse. Third, the transition from VF/pVT to a non-shockable rhythm may be
influenced by factors other than elapsed time, including bystander CPR effectiveness, resuscitation
interventions and underlying patient characteristics. Although the flexible modelling approach allows for
non-linear relationships, residual differences between patients may remain unaccounted for. This is
consistent with the aim of the analysis, which was to characterise population-level variation in the
probability of shockable rhythm rather than to develop an individual-level clinical prediction tool. Fourth,
the estimated probabilities describe patterns within the study population and should not necessarily be
interpreted as the true probability of an initially shockable rhythm for an individual patient. Further
validation in independent OHCA cohorts would be valuable to determine whether the observed age- and
sex-specific patterns are reproducible.

Overall, our findings suggest that the proportion of OHCAs that initially present with VF/pVT may be
considerably higher than indicated by rhythms documented after EMS arrival. More importantly, the
probability of an initially shockable rhythm appears to vary non-linearly with age and differently by sex,
including a reversal of the sex difference during early adulthood. These findings highlight the potential
limitations of using EMS-presenting rhythm as a direct proxy for initial rhythm and suggest that age and
sex may be important considerations when interpreting the epidemiology of shockable rhythms in
OHCA.

The overall lower predicted rates of shockable rhythms in women versus men in our study and over time
should be evaluated in other jurisdictions. Future prospective research should focus on that gender
difference.
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Conclusion

Model-based estimates suggest that the proportion of arrests initially presenting with VF/pVT may be
substantially higher than the proportion observed at first EMS rhythm analysis. Overall, this study
provides evidence that presenting rhythm in OHCA is a dynamic, time-dependent phenomenon and
demonstrates the potential value of GAM-based modelling for estimating the probability of a shockable
rhythm at or near the time of collapse. These findings provide a more nuanced framework for
understanding age and sex differences in OHCA and highlight the importance of considering the timing
of rhythm assessment when interpreting epidemiological differences in shockable rhythm.
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Observed shockable rhythm by time
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Arresting shockable rhythm by age and sex
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