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Abstract

Purpose
New onset atrial fibrillation (NOAF) in critically ill patients has been associated with increased short-

term mortality. Analyses that do not take into account the time-varying nature of NOAF can

underestimate its association with hospital outcomes.

We investigated the prognostic association of NOAF with hospital outcomes using competing risks

methods.

Materials and Methods

We undertook a retrospective cohort study in three general adult intensive care units (ICUs) in the
UK from June 2008 to December 2015. We excluded patients with known prior atrial fibrillation

or an arrhythmia within four hours of ICU admission.

To account for the effect of NOAF on the rate of death per unit time and the rate of discharge alive

per unit time we calculated subdistribution hazard ratios (SDHRs).

Results
Of 7541 patients that fulfilled our inclusion criteria, 831 (11.0%) developed NOAF during their ICU

admission. NOAF was associated with an increased duration of hospital stay (CSHR 0.68 (95% ClI
0.63-0.73)) and an increased rate of in-hospital death per unit time (CSHR 1.57 (95% Cl 1.37-1.1.81)).
This resulted in a strong prognostic association with dying in hospital (adjusted SDHR 2.04 (1.79 —

2.32)). NOAF lasting over 30 minutes was associated with increased hospital mortality.

Conclusions
Using robust methods we demonstrate a stronger prognostic association between NOAF and

hospital outcomes than previously reported.
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Introduction

New-onset atrial fibrillation (NOAF) is a common arrhythmia in patients treated on an intensive care

unit (ICU) [1]. It occurs in 4.5-11% of all patients [2-6], increasing to 23% in patients with septic shock

[7].

NOAF in patients treated on an ICU is associated with increased mortality [1, 4]. Patients with a
greater severity of illness and a poorer prognosis are more likely to develop NOAF [2, 8]. NOAF may
therefore be a marker of disease severity without an independent influence on mortality [9]. The
debate over the attributable mortality of NOAF is ongoing and some studies have not demonstrated
an independent association after correcting for disease severity [10, 11]. There is however a growing
body of evidence demonstrating an association with in-ICU [12, 13], hospital [14-18] and long-term
[12, 14, 19] mortality after correcting for confounding variables. It is not clear how the duration of

NOAF whilst in ICU is associated with hospital outcomes.

The aim of this study was to investigate the association of NOAF during an ICU admission with
hospital outcomes. We hypothesised that NOAF during ICU admission is independently associated

with worse hospital outcomes when taking into account the time-varying nature of NOAF.

Materials and Methods
Study design

We performed a retrospective analysis of patient data collected for the Post Intensive Care Risk-
adjusted Alerting and Monitoring (PICRAM) database [20]. This study was granted ethical approval
by the NRES Committee Oxford (ref: 11/SC/0440) and the National Information Governance Board
(ref: ECC 7-05(f)/2011). The PICRAM database was created with retrospectively collected data from
the ICU clinical information system relating to patients treated on three general ICUs in the UK from
2008 to 2015. These included one 8-bed and two 16-bed mixed medical / surgical ICUs. The PICRAM

database contains comprehensive data relating to patient demographics, vital signs, interventions



and investigation results. We adhered to the Strengthening the Reporting of Observational Studies in

Epidemiology (STROBE) guidelines [21].

Study population

We included data relating to all adult (=16 years) patients during their first ICU admission. Sites
included three mixed medical-surgical intensive care units in Oxford and Reading. These units did
not admit patients after cardiac surgery. We excluded patients with missing hospital outcome data.
We also excluded patients with an ICU length of stay (LOS) of less than 24 hours. These patients
were excluded in line with similar studies [22] as they were typically admitted after elective surgery

and were not representative of a critically ill population.

To exclude patients with pre-existing arrhythmias we identified any entry of arrhythmias in the
medical history or any record of medications prescribed for the purpose of heart rhythm
management in the medication history. Drug indications were routinely recorded allowing
classification in the cases of medications with multiple potential indications. We also excluded
patients with any recording of significant arrhythmia in the first four hours of arrival to ICU. This
served as another mechanism to exclude patients with pre-admission AF, as the start time of

arrhythmias can be unclear in the initial stages of ICU admission [23].

Covariates and outcomes
Three-lead electrocardiogram was displayed continuously and heart rhythm was recorded by the

bedside nurse at regular intervals. There is no consensus definition of NOAF during critical illness
[24]. Due to our interest in brief episodes of AF, we defined new-onset AF as the documentation of
atrial fibrillation or atrial flutter lasting for 30 seconds or more [25]. We included atrial flutter in line
with previous studies [5, 13, 18] as differentiation from atrial fibrillation can be difficult and
management strategies are similar. A documented heart rhythm was assumed to persist until the
next rhythm was recorded. The primary endpoints of this study were hospital mortality and hospital

discharge alive. Missing admission covariates were imputed using multiple imputation [26].



Statistical analysis
We aimed to study whether NOAF during ICU admission is independently associated with worse

hospital outcomes and to study the impact of NOAF of different durations.

Continuous variables were summarised as median [interquartile range] and categorical variables
summarised as number (percentages). We visually assessed data normalcy using quantile-quantile

plots. All statistical analysis was performed using R Core v3.6.1 [27].

Adjustment for confounding
To analyse the association of NOAF with hospital outcomes, we adjusted for admission covariates.

We adjusted for 15 severe comorbidities (liver cirrhosis, portal hypertension, hepatic
encephalopathy, severe cardiovascular disease (New York Heart Association Class IV), severe
respiratory disease (permanent shortness of breath with light activity due to pulmonary disease),
home ventilation, chronic renal replacement therapy, HIV/AIDS, steroid therapy, radiotherapy,
chemotherapy, metastatic disease, acute or chronic leukaemia and lymphoma). Although relatively
rare, the presence of one or more of these has been shown to be independently associated with
mortality in ICU patients [28] . Additionally we adjusted for patient sex and the OASIS score [29]. The
OASIS score is an admission illness severity score developed to predict ICU and hospital mortality. It
consists of age, elective surgery, pre-ICU LOS and seven physiological measurements. Age and
physiological measurements were therefore not included as individual covariates in our analysis.
Covariates were included when adjusting, regardless of association with outcome to avoid bias
introduced by variable selection methods [30].

Sensitivity analysis

Further to our primary sex, comorbidity and OASIS score-adjusted model, we constructed three
further models to test the robustness of our results. Model 2 included the OASIS score only. Model 3
included all features of our primary model plus admission laboratory values (potassium, magnesium,
urea, creatinine, white cell count and lactate) selected for their association with patient outcomes

during critical illness [13, 14, 31-35]. Model 4 included all features of model 3 plus the use of



vasoactive medications. We also repeated our primary analysis using an alternative NOAF definition
potentially relevant to critically ill patients, namely atrial fibrillation or atrial flutter lasting for 21h or

requiring pharmacological therapy or requiring cardioversion [13, 36].

Hospital outcome
We used multivariable competing risks analysis to assess the independent association between

NOAF and the dichotomous outcomes of hospital mortality and hospital discharge alive.

NOAF AS A TIME-VARYING COVARIATE

A patient who dies early has less time to develop NOAF, so will be more likely to be classified into
the non-AF cohort. Similarly patients who survive longer have more opportunity to develop NOAF
[37, 38]. We therefore analysed NOAF as a time-varying covariate to avoid early deaths inflating the

risk of mortality in the non-AF cohort [39].

HOSPITAL DISCHARGE AS A COMPETING RISK TO MORTALITY

Traditional survival analysis assumes non-informative censoring i.e. the hazard of death remaining
unchanged when a censoring event occurs [40]. However, discharged patients have a different risk
of death than those that remain on the ICU [41, 42]. Hospital discharge should therefore not be
treated as a censoring event, but rather a competing risk to mortality. Competing risks are events
during follow-up that either prevent the primary outcome from occurring, or alter its probability
[43]. In the presence of competing risks, appropriate methodology should be used [42, 44]. We
therefore firstly generated cause-specific hazard ratios to estimate the aetiological association of
NOAF with ICU mortality and on ICU discharge alive. The cause-specific hazard ratio can be
considered a measure of aetiological association i.e. the degree with which the occurrence of NOAF

is directly associated with hospital mortality rate or rate of hospital discharge [45].

We calculated the subdistribution hazard ratio (SDHR) to estimate the prognostic association
between NOAF and hospital outcomes. Cause-specific hazards are appropriate for addressing

questions of aetiology. Questions of prognosis and individual risk (e.g. regardless of the direct



association, whether a patient who experience NOAF during an ICU admission is more likely to die in
hospital) are better addressed using subdistribution hazard-based methods [46-48]. The SDHR
estimates the effects of a variable on the cumulative incidence of an outcome in the presence of
competing risks. It constitutes a composite measure of risk that jointly evaluates the aetiological
association of a risk factor with the outcome of interest and of the risk factor with all competing

outcomes [49].

NOAF DURATION AND ASSOCIATED MORTALITY

To analyse the independent impact of NOAF of different durations on hospital outcome, we
performed multivariable logistic regression with NOAF duration as a categorical variable. This
method was selected to avoid survivorship bias that would be introduced by longer episodes of

NOAF. We adjusted for the same variables used in the survival analysis.

Results
Study population

The PICRAM dataset includes data relating to 12288 index admissions. Hospital outcome data were
not available for 531 (4.3%) of admissions. Missing hospital outcome data was due to incomplete
linkage of two databases and was not related to patient characteristics. A comparison of available
data from patients with and without missing outcome data did not reveal any systematic differences
(see Supplementary table 1, Additional file 1). Of the remaining 11757 admissions, 2870 had an ICU
LOS of less than 24 hours. We identified 1346 of the remaining patients with pre-existing AF or AF
occurring in the first 4 hours. Of the 7541 patients that fulfilled our inclusion criteria, 831 (11.0%)

developed NOAF during their admission.

No data were missing in our cohort for baseline demographic or comorbidity variables. After
exclusion of patients with brief ICU stays, no data were missing for physiological variables or heart

rhythm. Laboratory data within the first 24 hours was not complete, with 2.43% values missing



overall (range 0.25-3.65% for individual variables). Details of missing laboratory data and multiple

imputation can be found in Supplementary table 2, Additional file 1.

Summary patient characteristics are displayed in table 1. Patients with NOAF appeared older, more

unwell and more likely to be non-elective admissions.

Table 1 - Demographic and clinical characteristics of included patients.

Variable Never AF New-onset AF

n 6710 831

Age (years) 61 [46, 71] 71 [63, 78]

Male sex 3896 (58.1) 508 (61.1)

Severe comorbidity present 995 (14.8) 145 (17.4)
Surgical admission 3043 (45.4) 290 (34.9)

Elective surgery 1615 (24.1) 106 (12.8)

Admission diagnosis

Medical - cardiovascular / shock 1094 (16.3) 215 (25.9)

Surgical — gastrointestinal 1677 (25.0) 189 (22.7)

Medical — respiratory 1156 (17.2) 173 (20.8)

Surgical — vascular 431 (6.4) 53 (6.4)

Medical - neurological 402 (6.0) 25(3.0)

Medical - Endocrine, meltabo.lic, 305 (4.5) 16 (1.9)
poisoning

Surgical — genitourinary 292 (4.4) 10(1.2)

Surgical — respiratory 287 (4.3) 21(2.5)

Medical — gastrointestinal 229 (3.4) 41 (4.9)

Surgical — neurological 198 (3.0) 8(1.0)

Nonsurgical — trauma 198 (3.0) 13 (1.6)



Medical — genitourinary

Surgical — trauma

Other

OASIS score

Vasopressor use

Ventilated in first 24h

Maximum HR in first 24h (bpm)
Minimum MAP in first 24h (mmHg)
Maximum temperature in first 24h (°C)

Urine output in first 24h (ml)

Plasma potassium concentration at
admission (mmol/L)

Plasma magnesium concentration at
admission (mmol/L)

Plasma urea concentration at admission
(mmol/L)

Plasma creatinine concentration at
admission (umol/L)

WBC at admission (X10°/L)

Plasma lactate concentration at
admission (mmol/L)

Continuous variables are summarised as median [interquartile range], categorical variables are

summarised as number (percentages).

176 (2.6)

116 (1.7)

149 (2)

33 [24, 41]
3086 (46.0)
3689 (55.0)

104 [90, 119]
60 [53, 67]
37.1[36.7, 37.7]
1505 [990, 2300]
4.1[3.7,4.5]
0.78[0.67, 0.91]
6.5 [4.6, 10.5]
82 [60, 130]
11.7 [8.3, 16.1]

1.5[1.0, 2.5]

Characteristics of new-onset atrial fibrillation

42 (5.1)

7(0.8)

18 (2)

42 (33, 49]

647 (77.9)

566 (68.1)

114 [97, 133]
56 [49, 62]
37.2[36.8, 37.8]
1057 [594, 1630]
4.2[3.7,4.8]
0.82[0.70, 0.94]
10.6 [7.0, 17.6]
113 [76, 196]
11.6 [7.1, 16.6]

1.8[1.1,3.2]

The median time from ICU admission to the first episode of NOAF was 39 hours (IQR 18-77). The
median total duration of atrial fibrillation per patient was 9 hours (IQR 2-28 hours). There were no
clear trends in annual incidence of atrial fibrillation over the study period (see Supplementary figure

1, Additional file 1).

Hospital outcome
Overall hospital mortality in our cohort was 17.7%. This was increased in the NOAF cohort (37.1 vs

15.3%, p<0.001). The NOAF cohort had an increased hospital rate of death per unit time (adjusted
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CSHR 1.57 (95% ClI 1.37-1.1.81), p<0.001). Patients with NOAF also had a reduced rate of hospital

discharge alive per unit time (adjusted CSHR 0.68 (95% Cl 0.63-0.73), p<0.001) despite adjusting for

confounding variables.

The increased duration of hospital stay in patients with NOAF combined with their increased rate of

hospital death per unit time resulted in a strong prognostic association with dying in hospital despite

adjusting for confounding variables (adjusted subdistribution hazard ratio (SDHR) 2.04 (1.79 — 2.32),

p<0.001). These findings were robust across sensitivity analyses using differing covariates, cohort

and NOAF definitions (tables 2, 3 and supplementary table 3, respectively). Figure 2 is a stacked

cumulative incidence curve demonstrating the association between NOAF and hospital outcomes.

Table 2 - Sensitivity analysis: Adjustment for confounding variables

Model

SDHR (95% Cl)

M1 (primary analysis): Sex, OASIS score and comorbidity-adjusted
M2: OASIS score-adjusted
M3: Sex, OASIS score, comorbidity and laboratory data-adjusted

M4: Sex, OASIS score, comorbidity, laboratory data and vasopressor use-
adjusted

2.04 (1.79 - 2.32)
2.07 (1.82 - 2.35)
1.94 (1.70 - 2.21)

1.85 (1.63 - 2.11)

Table 3 - Sensitivity analysis: Cohort definitions by ICU LOS

icu Los SDHR (95% Cl)
>24h (primary analysis) 2.04 (1.79 - 2.32)
>48h 2.22 (1.93-2.56)
>72h 2.29 (1.97-2.67)

We analysed the effect of the long study period on ICU mortality. Crude hospital mortality was

increased in the NOAF cohort during the early (2008-2010) and late (2013-2015) phases of the study

(38.8% vs 15.8% and 35.6% vs 11.4% respectively.
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Duration of AF and hospital outcomes
We analysed the independent impact of NOAF of different durations on hospital outcome. NOAF of

any duration was significantly associated with an increased risk of hospital mortality (fig. 3a). After
adjustment for confounding factors, NOAF of over 30 minutes duration was significantly associated
with an increased risk of hospital mortality (fig. 3b). Odds ratios and patient numbers per group are

displayed in Supplementary table 4, Additional file 1.

Discussion

Our study shows that patients who develop AF on the ICU are significantly more likely to die in
hospital than those who do not. This association persisted despite adjustment for known
confounders. Aetiologically, new-onset AF was independently associated with both an increased
mortality rate and reduced rate of discharge per unit time. Patients who develop NOAF on the ICU
are therefore exposed to an increased death rate for a longer period, resulting in a significant overall
risk of dying in hospital. This study also demonstrates the association of short episodes of NOAF with

hospital mortality despite adjustment for confounding variables.

To the best of our knowledge, our study is the largest to date using multivariable survival analysis to
assess independent prognostic associations between NOAF and hospital outcomes. Several previous
studies have suggested an independent association between NOAF during critical illness and hospital
mortality using logistic regression analysis [14, 16-18]. However, logistic regression may
underestimate the association between NOAF and ICU mortality due to immortal time bias [37, 39,
50]. We treated NOAF as a time-varying covariate in our primary analysis to mitigate this issue and
reveal a stronger association than has been demonstrated in studies using logistic regression. Where
the overall probability of an event is low (i.e. <0.2), the SDHR can be interpreted as an odds ratio for
the cumulative incidence of an event [51]. Thus acquiring NOAF is associated with an approximate
doubling of the odds of dying in hospital. Our results are consistent with the one smaller study

investigating ICU outcomes that used survival analysis [13].

12



We analysed the effect of NOAF on hospital length of stay using competing risk methodology [52].
Previous studies report an independent association between NOAF and prolonged hospital LOS [12,
16].As developing NOAF is associated with an increase in the rate of in-hospital death per unit time,
the average hospital length of stay will be shortened in the NOAF cohort. Studies that do not treat
hospital discharge as a competing risk to mortality will therefore underestimate the effect of NOAF
on prolonging hospital length of stay in those patients that remain alive. We demonstrated that
NOAF significantly reduces the chance of hospital discharge alive at any given time. NOAF will impact
on discharge decisions and an independent association with increased hospital LOS is probable and

supported by our results.

There are convincing mechanistic explanations to provide biological plausibility to an independent
association of NOAF with adverse hospital outcomes. Organised atrial activity contributes to
ventricular filling, cardiac output and the closure of the atrioventricular valves [53, 54]. NOAF
precludes these mechanisms and is temporally associated with a reduction in cardiac index [55].
These effects may explain observations that NOAF precedes haemodynamic instability and organ
failure in critically ill patients [6]. NOAF is also associated with early thromboembolic complications
during critical illness that may contribute to morbidity and mortality [56]. Any detrimental effect on
haemodynamics may have considerable impact in any critically ill patient with minimal physiological

reserve.

We identified an independent increased mortality risk associated with episodes of NOAF of any
duration over 30 minutes. Atrial contractile dysfunction has been demonstrated after AF episodes of
one hour [57] and can last for several weeks after cardioversion [58]. This phenomenon may occur
partly due to impaired cellular calcium handling [59, 60] and occurs after spontaneous, chemical and
electrical cardioversion [61, 62]. Our findings may be in part explained by these deleterious effects of

AF persisting beyond restoration of sinus rhythm in those patients with brief episodes of AF.
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Our study has some limitations. The study was retrospective in nature and the development of NOAF
was not independently verified. Our dataset contained comprehensive data relating to severe
comorbidities including severe cardiovascular disease. We were unable to correct for more common,
less severe comorbidities. However, the effect of these comorbidities on ICU outcome appears to be
of less importance than physiological measurements [63]. Furthermore, the development of NOAF
on the ICU is more strongly linked with acute factors rather than pre-existing diagnoses [7, 13]. We
therefore do not feel our results would have been altered significantly had more extensive
comorbidity data been available. Our dataset contained patients with missing hospital outcome
data. It is unlikely that this would introduce any bias into the results as the data were missing at
random and represented a relatively small proportion of the data compared to recent similar
publications [14]. We did not analyse the impact of different NOAF treatments on outcomes as our
interest lay in the prognostic value of acquiring NOAF, regardless of management. The long study
period may have introduced bias from changes in practice. However our analysis revealed that the
rates of NOAF and its associated mortality has persisted over time, in the context of gradual

improvements in hospital survival in NOAF and never AF cohorts.

Comprehensive medication history data obtained by pharmacists were available allowing us to
identify patients on antiarrhythmic or anticoagulant medications with an AF indication prior to
admission. We cannot however rule out misclassification regarding patients’ AF status in those rare
patients without prescriptions for these medications who were not in AF in the first hours of

admission.

Conclusions

We present the largest study using multivariable survival analysis to demonstrate the association
between NOAF acquired in ICU and hospital outcomes. This study demonstrates that patients who
develop NOAF in an ICU are significantly more likely to die in hospital than those who do not,

independent of other predictors. Our study also clarifies the association between AF burden and

14



Hospital outcomes. Further work is needed to investigate modifiable risk factors and optimal

management strategies.
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Figure captions

Figure1l-  Study flowchart

Figure 2 -  Stacked cumulative incidence curves for each cohort. These curves demonstrate the
rates of discharge alive and hospital death for patients who never had AF and patients with
NOAF. The cumulative incidence curves for each event are stacked vertically for each cohort.
Each stacked graph will reach 1 when every patient has either been discharged or has died.

Figure 3 - Odds ratios for hospital mortality associated with NOAF of different durations.
Panel A shows unadjusted estimates, panel B shows estimates after adjustment for
confounding variables.
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