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ABSTRACT

Objectives Fast diagnostic algorithms using high-
sensitivity troponin (hsTn) in suspected acute coronary
syndrome (ACS) are regarded as beneficial to expedite
diagnosis and safe discharge of patients in crowded
emergency departments (ED). This study investigates

the effects of crowding on process times related to

the diagnostic protocol itself or other time delays, and
outcomes.

Design Prospective single-centre observational study.
Setting ED (Germany).

Participants Final study population of 2525 consecutive
patients with suspected ACS within 12 months, after
exclusion of patients with ST-elevation myocardial
infarction, missing blood samples, referral from other
hospitals or repeated visits.

Interventions Use of fast algorithms as per 2015
European Society of Cardiology guidelines.

Main outcome measures Crowding was defined as
mismatch between patient numbers and monitoring
capacities, or mean physician time per case, categorised
as normal, high and very high crowding. Outcome
measures were length of ED stay, direct discharge from
ED, laboratory turn around times (TAT), utilisation of fast
algorithms, absolute and relative non-laboratory time, as
well as mortality.

Results Crowding was associated with increased length
of ED stay (3.75—-4.89 hours, p<0.001). While median
TAT of the first hsTnT increased (53—-57 min, p<0.001),
total TAT of serial hsTnT did not increase significantly
with higher crowding (p=0.170). Lower utilisation of fast
algorithms (p=0.009) and increase of additional hsTnT
measurements after diagnosis (p=0.001) were observed
in higher crowding. Most importantly, crowding was
significantly associated with prolonged absolute (p<0.001),
and particularly relative non-laboratory time (63.3%—
71.3%, p<0.001). However, there was no significant
effect of crowding on mortality, even after adjustment for
relevant clinical variables.

Conclusions Process times, and particularly non-
laboratory times, are prolonged in a crowded ED
diminishing some positive effects of fast diagnostic
algorithms in suspected ACS. Higher crowding levels were
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Strengths and limitations of this study

» This is the first large observational study on crowd-
ing in the emergency department using rapid di-
agnostic algorithms in suspected acute coronary
syndrome, showing the association of crowding
with process times related to the diagnostic proto-
col itself and other time delays, as well as patient
outcomes.

» All consecutive patients with suspected acute cor-
onary syndrome were included, covering a broad
spectrum of symptoms, including dyspnoea and
other atypical symptoms.

» The study was carried out in a single experienced
centre, thus in settings with different clinical exper-
tise results may differ.

» The definition of crowding is hospital-specific and
has not been externally validated, while process
times depend also on factors beyond the biomarker-
based protocol.

not significantly associated with higher all-cause mortality
rates.
Trial registration number NCT03111862.

INTRODUCTION

There isa growing body of evidence that emer-
gency department (ED) crowding is linked to
adverse patient outcomes, patient satisfaction
and decrease in quality of care.'™ Bernstein et
al* studied the effects of ED crowding on clin-
ically oriented outcomes using the English-
language literature for the years 1989-2007.
Based on 369 studies, of which 41 were
included, the authors reported increased
risk of in-hospital mortality, longer times to
treatment for patients with acute chest pain
or pneumonia, and a higher probability of
leaving the ED against medical advice, or
without being seen at all. Notably, crowding
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was not associated with delays in reperfusion for patients
with ST-elevation myocardial infarction (STEMI).! In
another population-based study on 13934542 patients
in Canada,” longer waiting times in the ED increased the
short-term risk of mortality and admission to hospital,
both in patients with high and low acuity except those
who left ED without being seen.

EDs evaluating patients with suspected acute coro-
nary syndrome (ACS) are particularly impacted by
crowding, since chest pain represents the second most
frequent reason for ED visits wordwide. In the USA, a
total of 7.6 million patients visit an ED for chest pain and
another 3.4million for shortness of breath according to
the National Hospital Ambulatory Medical Care Survey
in 2016.° Based on an overview on 58 studies, only 14%
(IQR 10%-20%) of these patients receive a final diag-
nosis of myocardial infarction (MI).” The problem is
further fuelled by a temporal trend of increasing visits for
chest pain reported in a National survey in England from
1998 to 2010, while rates of typical angina and confirmed
MI remained stable or slightly decreased during the same
period.® Newer analyses from England for the period
from years 2008/2009 to 2017/2018 demonstrate that
ED admissions for ACS remained stable.” This finding is
largely consistent with data from the USA demonstrating
that ED admissions for ACS decreased by 15% from 2006
to 2018." In the same period, emergency visit rates for
chest pain increased by 31%."

For patients presenting with suspected ACS, 2015 Euro-
pean Society of Cardiology (ESC) guidelines'' advocate
new accelerated diagnostic protocols that enable an
earlier diagnosis of MI using very low or very high high-
sensitivity troponin (hsTn) levels at presentation, or early
retesting of hsTn after 1 or 2hours. Faster protocols were
associated with shorter times to diagnosis and patient
disposition in several observational trials."** To date,
this is only partly supported by randomised controlled
trials.'”™® In addition, fast protocols were shown to be
associated with reduced length of ED stay and costs.'"™!
Moreover, discharge of low-risk patients has been demon-
strated to be safe after accurate rule-out, and is not causing
an overutilisation of hospital resources.'* '**' Therefore,
it is tempting to speculate that fast protocols are likely to
be adopted in crowded EDs due to their positive effects
on decongestion. On the other hand, crowding might
have a negative impact on time-dependent processes that
are critical with the use of fast protocols, an issue that has
not been addressed appropriately, so far. In most observa-
tional trials, physicians were blinded to the results of the
investigational product and management decisions were
made at the discretion of the treating physician, presum-
ably without the pressure to decongest a busy ED.

A major obstacle to the systematic evaluation of possible
effects of crowding in the ED is that there is no agree-
ment on the measures that should be used to quantify
crowding.” **** Common criteria address the mismatch
between the number of patients seeking medical atten-
tion and the limited number of beds and medical staff.

Accordingly, variables to describe crowding include
number of occupied beds, numbers of patients and
numbers of physicians, severity of presentation, as well as
numbers of patients leaving without being seen.

The aim of the present study was to evaluate the poten-
tial effects of increasing crowding in the ED on processes
and times including blood sampling intervals, utilisation
rates of fast vs standard diagnostic protocols, length of
ED stay, as well as mortality in patients presenting with
suspected ACS.

METHODS

Patient population

In aprospective single-centre studyin the ED of the Depart-
ment of Cardiology, Department of Cardiology, Angi-
ology and Pulmonology, Heidelberg University Hospital,
consecutive patients with suspected ACS between 1 July
2016 and 30 June 2017 were evaluated. Patient disposi-
tion, times related to management processes, and treat-
ments were collected in a 6-month preimplementation
period followed by a 6-month implementation period.

During the implementation period, the ESC 0/1-hour
algorithm was officially declared as the primary diagnostic
strategy over the standard 0/3-hour algorithm in order to
further accelerate diagnosis and disposition to admission
or discharge. Details on the study population and inter-
vention have been published earlier.”” Briefly, patients
qualified for enrolment with a clinically suspected ACS,
based on broad spectrum of symptoms including atypical
symptoms and dyspnoea. Patients with following clinical
presentation were not included: documented AV nodal
re-entry tachycardia; presentation with acute heart failure
due to already known structural heart disease (eg, dilated
cardiomyopathy); confirmed primary pulmonary disease
(eg, asthma, chronic obstructive pulmonary disease, lobar
pneumonia) without suspected ACS; traumatic chest pain
with preceded thorax injury; confirmed dysfunction or
alarm of an implantable cardiac device; chronic haemo-
dialysis. Patients were not excluded for severe chronic
kidney disease, older age, chronic heart failure or atrial
fibrillation. Patients were not included in the case of
inappropriate command of English/German language or
permanent residence in a foreign country.

We performed a retrospective analysis on the effects of
crowding on the troponin-based diagnostic algorithms
and the non-laboratory-related process times. Other
outcomes considered include hospital admission, length
of ED stay, all-cause mortality and process times. There-
fore, exclusion criteria comprised following: (1) repeated
presentations beyond the index admission (‘frequent
flyer’), as they would artificially expand the study cohort;
(2) patients referred from other hospitals for early or
primary percutaneous coronary intervention without
receiving standard diagnostic work-up and (3) diagnostic
set of hsTnT samples not available (eg, missing initial or
consecutive blood sample), as they are required to calcu-
late troponin-based protocol time. Patients with STEMI
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| 3,435 visits with suspected acute coronary syndrome (July 1, 2016-June 30, 2017)

1,692 visits before implementation 1,743 visits after implementation
of 0/1-hour algorithm(study period 1) of 0/1-hour algorithm(study period 2)

| | 432 visits with inadequate sampling
removed

3,003 visits

—{ 297 repeat visits removed |

2,706 patients

—{ 76 referred patients removed |

2,630 patients

—{ 105 patients with STEMI removed |

| 2,525 patients |
I
| |

1,243 patients before implementation 1,282 patients after implementation
of 0/1-hour algorithm(study period 1) of 0/1-hour algorithm(study period 2)

Figure 1 Patientinclusion flow diagram (reproduced with
permission from SAGE publications?®). STEMI, ST-elevation
myocardial infarction.

were registered but were excluded for this analysis, since
in these cases no biomarkers are required for the diag-
nosis. A consort diagram illustrates the screening process
(figure 1).

On 1 January 2017, the ESC 0/1-hour algorithm was
officially implemented. Prior to this date, every staff
member in the ED had received training (formal educa-
tion, posters and bedside cards) for the use and interpre-
tation of the ESC 0/1-hour algorithm using hsTnT from
1 January 2017.

MI was diagnosed by the treating physicians based on
all clinical information, using the diagnostic criteria of
the third Universal MI definition. Patients were catego-
rised using the validated biomarker criteria for classifica-
tion into rule-out, observe or rule-in as proposed by the
2015 ESC guidelines on non-ST-elevation ACS."" Levels of
cardiac troponin were measured at presentation, after 1
or 3hours, and thereafter as long as clinically indicated.
All patients underwent a clinical assessment that included
medical history, physical examination, 12-lead ECG,
continuous ECG monitoring, pulse oximetry and stan-
dard blood tests. Results were reported on the electronic
patient record and were communicated to the clinicians
responsible for patients’ care.

Patients received treatment at the discretion of the
attending physician, and all decisions to admit or
discharge, or on the need and timing of invasive coro-
nary angiography were made based on available infor-
mation during ED stay. The standard 12-lead ECG

included routinely precordial leads V. -V,. The decision
to discharge was at the discretion of the treating physi-
cian and comprised clinical judgement from individual
risk variables, or the Global Registry of Acute Coronary
Events (GRACE) score that was generated automatically
by an electronic calculator embedded into the elec-
tronic file, and thus was accessible for all physicians. The
GRACE score was included in the Cox regression model
to identify independent predictive variables for all-cause
mortality.

Follow-up for 12 months was accomplished using tele-
phone, questionnaire, patient’s hospital notes, the family
physician’s records and the municipal registry on vital
status using hospital records, phone calls and question-
naires. For this observational study, informed consent
of the individual patient was not required by the Ethics
Committee of the Medical Faculty of Heidelberg.

Description of the ED

The ED of the Department of Cardiology, Department
of Cardiology, Angiology and Pulmonology, Heidelberg
University Hospital is the only specialised and regularly
audited ED for cardiovascular emergencies covering a
region of more than 500000 inhabitants. A total of 8500
patients per year are self-referred or admitted for evaluation
and management of a broad spectrum of acute cardiovas-
cular and respiratory emergencies including ACS, hyper-
tensive emergencies, acute dyspnoea, syncope, alarm/
dysfunction/shock of an implantable cardiac device.
Patients are ineligible for the ED after out-of-hospital
cardiopulmonary resuscitation, or if haemodynamic ally/
respiratory unstable requiring circulatory support or
mechanical ventilation. Patients with STEMI are trans-
ferred directly to the catheterisation laboratory and usually
bypass the ED. The ED has access to coronary angiography,
chest radiography, and CT with a 24/7 availability, and has
full access to stress testing during working hours. The ED
of the Department of Cardiology, Department of Cardi-
ology, Angiology and Pulmonology, Heidelberg University
Hospital in Heidelberg has a total of six monitoring beds
plus three shared monitored beds that are used jointly with
the general internal medicine ED. There is an option for
six additional monitoring beds that are managed by the
general internal medicine ED but can be occupied on
demand only if available. The ED operates in a three shift
system during workdays and a two shift system during week-
ends. The first shift is operated by two physicians, and the
second and third shift by one physician. The ED is directed
by a cardiologist who consults and supervises all decisions
including indication and timing of coronary angiography,
and qualification for admission or discharge. Attending
physicians have experience on cardiovascular emergen-
cies, are skilled in transthoracic and transoesophageal
echocardiography, and are usually in training for internal
medicine and cardiology specialisation.

Definition of crowding
Crowding was defined using a combination of two surro-
gate variables that reflect the shortage of monitoring
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capacities or effective physician time per patient. The first
variable demonstrates the ratio between available moni-
toring beds and numbers of patients seeking simultane-
ously medical attendance. The second variable represents
the total time spent per patient. Simultaneous moni-
toring was defined by the numbers of patients who were
monitored concomitantly within the first 60min after

admission which represents the most labour-intensive
time interval during diagnostic workup. Second, total
time spent by a treating physician for an individual
patient was defined as the time needed to collect infor-
mation on symptoms and history, physical examination,
blood draw(s), ECG reading, interpretation of diagnostic
findings and drafting of discharge or referral report.

Table 1 Baseline characteristics
All patients Crowding level 1, Crowding level 2, high Crowding level 3,
(n=2525) normal (n=662) (n=1409) very high (n=454) P value
Age (years) 64 (18-101) 64 (18-100) 65 (18-100) 62 (18-101) 0.386
Male, sex 1465 (58.0%) 361 (54.5%) 852 (60.5%) 252 (565.5%) 0.019
Presenting symptom
Chest pain 1164 (46.1%) 322 (48.6%) 645 (45.8%) 197 (43.4%) 0.21
Dyspnoea 335 (13.3%) 91 (18.7%) 187 (13.3%) 57 (12.6%) 0.847
Atypical 1021 (40.4%) 247 (37.3%) 575 (40.8%) 199 (43.8%) 0.085
Else or missing 5(0.2%) 2 (0.3%) 2 (0.1%) 1(0.2%) 0.742
Final diagnoses
UA 280 (11.1%) 48 (7.3%) 182 (12.9%) 50 (11.0%) <0.001
NSTEMI 330 (13.1%) 108 (16.3%) 169 (12.0%) 53 (11.7%) 0.015
STEMI* 133* 42 66* 25* 0.361
Non-ACS 1915 (75.8%) 506 (76.4%) 1058 (75.1%) 351 (77.3%) 0.577
Risk factors
Arterial hypertension 1652 (65.4%) 433 (65.4%) 943 (66.9%) 276 (60.8%) 0.058
Hypercholesterolaemia 1135 (45.0%) 303 (45.8%) 633 (44.9%) 199 (43.8%) 0.815
Diabetes mellitus 535 (21.2%) 151 (22.8%) 305 (21.6%) 79 (17.4%) 0.077
Active smoker 551 (21.8%) 155 (23.4%) 287 (20.4%) 109 (24.0%) 0.135
Family history 665 (26.3%) 180 (27.2%) 373 (26.5%) 112 (24.7%) 0.633
History
Coronary artery disease 827 (32.8%) 222 (33.5%) 476 (33.8%) 129 (28.4%) 0.093
Myocardial infarction 430 (17.0%) 131 (19.8%) 236 (16.7%) 63 (13.9%) 0.033
Coronary angiography 1039 (41.1%) 272 (41.1%) 605 (42.9%) 162 (35.7%) 0.024
Percutaneous coronary 655 (25.9%) 179 (27.0%) 378 (26.8%) 98 (21.6%) 0.065
intervention
Coronary bypass surgery 166 (6.6%) 40 (6.0%) 97 (6.9%) 29 (6.4%) 0.759
High-sensitivity troponin T 10 (<3-4085) 9 (<8-3379) 10 (<3-4085) 10 (<8-2776) 0.065
at baseline(ng/L)
Renal function
Serum creatinine (mg/dL)  0.89 (0.28-5.71)  0.87 (0.44-5.71) 0.90 (0.38-4.62) 0.86 (0.28-4.32)  <0.001
eGFR (mL/min/1.73m2) 83.3 (7.5-151.1) 84.1 (7.5-141.9) 81.7 (12.4-151.1) 86.6 (12.6-148) 0.006
GRACE score (n=2497): 98 (17-241) 98 (23-212) 98 (17-241) 95 (17-204) 0.207
Low 1562/2525 415/662 (62.7%) 839/1409 (59.5%) 308/454 (67.8%) 0.006
(61.9%)
Intermediate 670/2525 (26.5%) 158/662 (23.9%) 406/1409 (28.8%) 106/454 (23.3%) 0.014
High 265/2525 (10.5%) 82/662 (12.4%) 147/1409 (10.4%) 36/454 (7.9%) 0.058
Not determinable 28/2525 (1.1%)  7/662 (1.1%) 17/1409 (1.2%) 4/454 (0.9%) 0.838

Data are median (minimum-maximum) or number of patients (%).
*Patients with STEMI were registered but excluded for the analysis.

ACS, acute coronary syndrome; eGFR, estimated glomerular filtration rate; NSTEMI, non-ST-segment elevation myocardial infarction;
STEMI, ST-segment elevation myocardial infarction; UA, unstable angina.
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The total time spent per patient was calculated as: total
numbers of patients admitted per shift, divided by the
number of physicians per shift. A period of 2hours was
subtracted per shift and per physician for general admin-
istrative work and for a rest break of 45 min per shift.
Accordingly, three categories of crowding were defined.
Normal crowding level as concomitant monitoring of 5
or less patients, and a total physician time of 60 min or
longer. High crowding level as concomitant monitoring

of 6-9 patients, or a total physician time of 30-60 min per
patient. Very high crowding level as concomitant moni-
toring of 10 or more patients, or total physician time of
less than 30 min per patient.

Management decisions, time stamps and critical time
intervals

Length of stay (LOS) in ED was registered as the exact
time from administrative admission to administrative

Table 2 Key performance parameters across crowding levels

Crowding level 1,

Crowding level 2, Crowding level 3, very

All patients (n=2525) normal (n=662) high (n=1409) high (n=454) P value

Diagnostic protocols
0 hour 1139/2525 (45.1%) 267/662 (40.3%) 660/1409 (46.8%) 212/454 (46.7 %) 0.016
0/1 hour 573/2525 (22.7%) 169/662 (25.5%) 305/1409 (21.6%) 99/454 (21.8%) 0.128
0/2 hours 392/2525 (15.5%) 104/662 (15.7%) 223/1409 (15.8%) 65/454 (14.3%) 0.733
0/3hours 303/2525 (12.0%) 86/662 (13.0%) 171/1409 (12.1%) 46/454 (10.1%) 0.343
>0/4 hours 118/2525 (4.7%) 36/662 (5.4%) 50/1409 (3.5%) 32/454 (7.0%) 0.005

Discharged directly from 1476/2525 (58.5%) 390/662 (58.9%) 801/1409 (56.8%) 285/454 (62.8%) 0.08

the ED
Ohour 727/1139 (63.8%) 168/267 (62.9%) 423/660 (64.1%) 136/212 (64.2%) 0.078
0/1 hour 357/573 (62.3%) 116/169 (68.6%) 175/305 (57.4%) 66/99 (66.7%) 0.008
0/2hours 231/392 (58.9%) 63/104 (60.6%) 120/223 (53.8%) 48/65 (73.8%) 0.388
0/3 hours 123/303 (40.6%) 34/86 (39.5%) 66/171 (38.6%) 23/46 (50.0%) 0.885
>0/4 hours 38/118 (32.2%) 9/36 (25.0%) 17/50 (34.0%) 12/32 (37.5%) 0.086

LOS of ED (hours) 4.19 (0.02-30.19) 3.75 (0.17-29.78 4.16 (0.02-30.19) 4.89 (0.79-27.35) <0.001
Ohour 3.77 (0.13-27.35) 3.08 (0.35-21.94 3.75 (0.13-26.80) 4.64 (1.42-27.35) <0.001
0/1 hour 3.77 (0.02-30.19) 3.25 (0.43-15.60 3.88 (0.02-30.19) 3.96 (0.79-25.65) 0.001
0/2hours 3.99 (0.17-28.07) 3.74 (0.17-28.07 3.97 (0.27-24.74) 4.54 (1.90-20.26) 0.001
0/3hours 5.42 (0.35-29.78) 5.41 (1.41-29.78 5.29 (0.35-21.89) 6.25 (0.91-16.84) 0.073
>0/4 hour 6.50 (1.23-21.58) 6.46 (4.77-16.77 6.31 (4.03-18.59) 6.94 (1.23-21.58) 0.723
Time between first and 100 (30-408) 98 (38-383) 100 (31-370) 107 (30-480) 0.07
second hsTnT (min)

Delayed sampling interval
Interval 91-149min 621/2123 (29.3%) 151/546 (27.7%) 358/1185 (30.2%) 112/392 (28.6%) 0.526
Interval >210min 158/2123 (7.4%) 41/546 (7.5%) 71/1185 (6.0%) 46/392 (11.7%) <0.001
Overall delayed 779/2123 (36.7%) 192/546 (35.2%) 429/1185 (36.2%) 158/392 (40.3%) 0.238
sampling interval

TAT of first hsTnT (min) 55 (18-294) 53 (18-164) 55 (24-294) 57 (31-294) <0.001

TAT of hsTnT in the ED 1.50 (0.30-5.75) 1.50 (0.30-4.28) 1.48 (0.40-5.75) 1.50 (0.52-5.68) 0.17

(hours)

Absolute non-laboratory  2.77 (0.00-27.9) 2.18 (0.00-27.9) 2.77 (0.1-25.9) 3.42 (0.2-26.2) <0.001

time (LOS-TAT) (hours)

Relative non-laboratory ~ 67.2 (0.2-100.0) 63.3 (0.2-100.0) 67.6 (3.3-100.0) 71.3 (0.9-100.0) <0.001

time (LOS — TAT)/LOS(%)

HsTnT measurements 895 (35.4%) 196 (29.6%) 528 (37.5%) 171 (37.7%) 0.001

beyond diagnostic set

All-cause mortality within 46 (1.8%) 12 (1.8%) 25 (1.8%) 9 (2.0%) 0.96

30days

Data are median (minimum-maximum) or number of patients (%).

ED, emergency department; hsTnT, high-sensitivity troponin T; LOS, length of stay; TAT, turn around time.
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the emergency department by crowding level: normal (blue),
high (yellow) and very high crowding (red).

discharge or transfer. The ED is connected to the central
laboratory via a rapid pneumatic tube system, which allows
transportation of blood samples to the central laboratory

3

within 2min. On arrival in the central laboratory, blood
samples are identified and registered automatically. Time
stamps from the electronic laboratory reporting system
were collected for the time to reporting of the results of
each laboratory parameter. Turn around times (TAT)
were defined as the time elapsed from registration of the
blood sample in the central laboratory to final reporting
of the value in the laboratory information system. Abso-
lute non-laboratory time was defined as process time
unrelated to algorithm and was calculated (LOS-total
TAT). Relative non-laboratory time was defined as the
percentage of process time unrelated to algorithm in rela-
tion to LOS.

Follow-Up

Follow-up was accomplished using telephone, question-
naire, patient’s hospital notes, the family physician’s
records and the municipal registry.

Statistical analysis

Continuous variables were tested for normal distribution
and were presented either as means with 95% ClIs, or as
medians with minimum and maximum. The normality of
data distribution was assessed by the Kolmogorov-Smirnov
test. Groups were compared using the y” test for categor-
ical variables and Kruskal-Wallis test for continuous vari-
ables. Kaplan-Meier curves and the log-rank test were used

Table 3 Results of multiple regression for predictors of loge-transformed length of stay (minutes) in the emergency

department
Coefficient (95% CI P value

High crowding (level 2) * 0.05 (0.00 to 0.10) 0.069
Very high crowding (level 3) * 0.22 (0.15 10 0.29) <0.001
Study period t 0.07 (0.03 to 0.12) 0.002
Age (for 10years higher) 0.04 (0.03 to 0.06) <0.001
Female sex 0.01 (-0.04 to 0.06) 0.619
Heart rate (for 10 beats per minute higher) 0.01 (0.00 to 0.02) 0.064
Systolic blood pressure (for 10mm Hg higher) 0.00 (-0.01 to 0.01) 0.731
Coronary artery disease 0.12 (0.02 to 0.22) 0.015
Prior myocardial infarction 0.01 (-0.07 to 0.09) 0.882
Prior percutaneous coronary intervention -0.09 (-0.19 t0 0.02) 0.096
Prior coronary artery bypass surgery —-0.02 (-0.12 to 0.08) 0.648
Diabetes mellitus 0.06 (0.00 t0 0.12) 0.049
Reduced left ventricular ejection fraction (moderately or severely) 0.00 (-0.09 to 0.09) 0.984
Chest pain on admission -0.01 (-0.07 to 0.06) 0.830
Dyspnoea or peripheral oedema on admission 0.09 (-0.03 to 0.21) 0.146
T-wave inversion 0.07 (0.02 to0 0.13) 0.012
Left or right bundle branch block —0.02 (-0.09 to 0.06) 0.682
Estimated glomerular filtration rate <50 mL/min/1.73m?t 0.02 (-0.11 t0 0.15) 0.753
C-reactive protein (log,-transformed) 0.01 (0.00 to 0.01) 0.044
High-sensitivity troponin T on admission (log,-transformed) 0.06 (0.05 to 0.08) <0.001

*For the comparison with normal crowding (level 1).
TFor the comparison of study period two with study period 1.
By modification of diet in renal disease equation.
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Table 4 Results of logistic regression for predictors of hospital admission

OR (95% CI) P value
High crowding (level 2) * 0.98 (0.76 to 1.26) 0.873
Very high crowding (level 3) * 0.75 (0.54 to 1.05) 0.097
Study period T 0.76 (0.61 to 0.94) 0.013
Age (for 10year higher) 1.26 (1.16 to 1.37) <0.001
Female sex 0.78 (0.62 to 0.98) 0.035
Heart rate (for 10 beats per minute higher) 1.14 (1.07 to 1.21) <0.001
Systolic blood pressure (for 10mm Hg higher) 0.95 (0.91 to 1.00) 0.050
Coronary artery disease 1.68 (1.10 to 2.59) 0.017
Prior myocardial infarction 0.87 (0.62 to 1.22) 0.429
Prior percutaneous coronary intervention 0.91 (0.58 to 1.44) 0.697
Prior coronary artery bypass surgery 0.99 (0.64 to 1.54) 0.958
Diabetes mellitus 1.44 (1.11 to 1.86) 0.005
Reduced left ventricular ejection fraction (moderately or severely) 1.13 (0.76 to 1.69) 0.539
Chest pain on admission 1.44 (1.05 to 1.99) 0.023
Dyspnoea or peripheral oedema on admission 3.38 (1.75 t0 6.92) <0.001
T-wave inversion 1.16 (0.89 to 1.51) 0.275
Left or right bundle branch block 0.99 (0.70 to 1.40) 0.952
Estimated glomerular filtration rate <50 mL/min/1.73 m? 1.21 (0.60 to 2.66) 0.611
C reactive protein (for doubling in value) 1.06 (1.03 to 1.09) <0.001
High-sensitivity troponin T on admission (for doubling in value) 2.26 (2.06 to 2.51) <0.001

*For the comparison with normal crowding (level 1).
TFor the comparison of study period two with study period 1.
By modification of diet in renal disease equation.

to assess differences in outcomes across crowding levels.
Multiple regression analysis was used to identify indepen-
dent predictors for the continuous variable length of ED
stay and for prediction of admission/discharge. Because
distribution of the length of ED stay was skewed, we used
the natural logarithm of length of ED stay. Multivariate Cox
proportional hazards regression was performed to assess
the impact of crowding level on all-cause mortality. As the
present study is a secondary analysis of a study that had
focused on the temporal effects of implementation of fast
diagnostic protocols in suspected ACS, we calculated rela-
tive as well as absolute non-protocol-related process times
and controlled for the study period (preimplementation vs
postimplementation phase) and many other confounders.
All regression analyses were adjusted for the study period.
All hypothesis testing was two tailed and p values<0.05 were
considered statistically significant. All statistical analyses
were performed using MedCalc V.11.1 and R V.3.6.1 (The
R Foundation for Statistical Computing).

Patient and public involvement
Patients or public were not involved in the development
of the study protocol.

RESULTS

Atotal of 2525 patients during a period of 12 months were
enrolled. Baseline demographics of the entire cohort
have been published earlier.”” Baseline parameters split
by crowding levels are presented in table 1. Prevalence of
normal, high and very high crowding was 26.2%, 55.8%
and 18.0%. Key performance measures in relation to
crowding levels are listed in table 2.

Process times and crowding

There was a significant effect of crowding on median
length of ED stay with an increase from 3.75 to 4.89 hours
(p<0.001) (cumulative distribution on figure 2). LOS
was disproportionately prolonged with all fast diagnostic
protocols. There was a non-significant trend (p=0.080) for
higher discharge rates from ED with increasing crowding
levels, presumably reflecting shortage of in-hospital bed
capacities. Multiple regression analyses showed an inde-
pendent association of LOS in the ED and hospital admis-
sion with very high crowding level (tables 3 and 4).

The median laboratory TAT of the first hsTnT increased
significantly with increasing crowding levels, from 53
to 57min (p<0.001). In addition, there was a slight but
insignificant prolongation of the blood sampling interval
between the first and the second blood sample from 98
to 107min (p=0.070). However, the total TAT of serial
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Figure 3 Cumulative distribution of the absolute non-
laboratory time (hours) by crowding level: normal (blue), high
(yellow) and very high crowding (red).

hsTnT in the ED did not increase significantly with higher
crowding levels (p=0.170). The cumulative distributions
of the TAT of the first hsTnT and the total TAT of hsTnT
are shown on online supplemental figures S1 and S2.
Considering the small delays related directly to blood
sampling and processing, the absolute non-laboratory
time (LOS -TAT) increased significantly in higher
crowding levels from 2.18 to 3.42hours (p<0.001), and
the relative non-laboratory time ((LOS - TAT)/LOS)
from 63.3% to 71.3% (p<0.001), suggesting a relevant
impact of crowding on other process times including

100
]

80

Relative non-laboratory
time (%)

Crowding Level 1
63.3 (44.8-75.7)

Cumulative Frequency (%)
40

Crowding Level 3
71.3(57.6-81.2)

20
1

0 20 40 60 80 100

Relative Non-Laboratory Time (%)
Figure 4 Cumulative distribution of the relative non-
laboratory time (%) by crowding level: normal (blue), high
(yellow) and very high crowding (red).

time for additional diagnostic work-up and drafting of
the discharge or referral report. The cumulative distribu-
tions of the absolute and relative non-laboratory time are
shown on figures 3 and 4, and multiple regression anal-
yses in online supplemental tables S1 and S2.

Crowding had an effect on utilisation rates of ESC
recommended diagnostic protocols (p=0.009 for trend).
Rates of delayed blood draws exceeding the upper 30 min
tolerance bound increased significantly from 7.5% to
11.7% with the highest crowding level, when the 0/3
hours algorithm was used (p<0.001). Crowding was also
associated with increasing rates of additional troponin
testing after completed diagnostic testing. The propor-
tion of patients with additional hsTnT beyond diagnostic
set increased significantly in higher crowding from 29.6%
to 37.7% (p=0.001).

All-cause mortality and crowding

In total, there were 143 deaths (Kaplan-Meier estimates
for 30-day mortality 1.8% and for 1-year mortality 5.3%).
Of them, 36 deaths were in the subgroup of patients
treated in low crowding setting, 80 in high crowding, and
27 in very high crowding (Kaplan-Meier estimates for
30-day mortality 1.8%, 1.8% and 2.0%, respectively; and
for l-year mortality 5.4%, 5.1% and 5.8%, respectively).
Higher crowding levels were not significantly associated
with higher all-cause mortality rates (figure 5, log-rank
p=0.9).

In a Cox proportional hazards model, higher admis-
sion hsTnT and C reactive protein, higher age, lower
systolic blood pressure, higher heart rate and prior MI
were independently associated with mortality, but neither
crowding level nor study period, nor chronic kidney
disease (table 5).

DISCUSSION

In this study, we provide important information on the
effects of increasing level of crowding from a single-centre
observational study that aimed to evaluate the effects of
implementation of fast protocols on safety of discharge in
low-risk patients with suspected ACS, and the effects on
length of ED stay, blood sampling intervals and laboratory
TAT and discharge rates. In agreement with previously
suggested criteria for crowding,” ***** our definition used
criteria that reflect (1) the mismatch between numbers
of patients visiting the ED and monitoring capacities and
(2) effective physician time per case. The criteria were
adapted to the staff and monitoring capacities in our ED.
Accordingly, we defined three level of crowding (normal,
high and very high) and plotted 30-day and Il-year
outcomes and key performance parameters with available
electronic time-stamps across crowding levels.

We report seven important findings. First, crowding
had no negative effect on 30-day or l-year mortality.
Second, crowding had a significant effect on the length
of ED stay, regardless whether patients were admitted
or discharged home. Third, while the result was not
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statistically significant, we observed higher discharge rates
from ED during episodes of very high crowding (62.8%),
as compared with normal crowding (58.9%) (p=0.080).
Our data do not allow us to provide an exact underlying
reason. However, it is tempting to speculate that higher
discharge rates may indirectly reflect shortage of hospital
bed capacities. Fourth, crowding was associated with
significantly lower utilisation of fast diagnostic protocols
recommended by 2015 ESC guidelines.'! Fifth, increasing
crowding prolonged the sampling interval between the
first and second blood draw by a median of 9min, and
the median laboratory TAT by 4min. Sixth, length of ED
stay was disproportionately long despite the use of fast
protocols. However, the small but significant prolonga-
tion of blood sampling intervals and blood processing
times does not explain this excessive prolongation of
length of ED stay, suggesting additional delays due to
other processes, such as delays for additional diagnostic
workup, or related to the process of discharge. Accord-
ingly, we observed a disproportionate increase of time
delays that were not related to the diagnostic biomarker
algorithm itself, but rather with time delays associated

with diagnostic workup, drafting of referral/discharge
report and/or other unspecified processes. In line with
our hypothesis, Ambavane et al’' reported in an economic
evaluation of the High Sensitivity Cardiac Troponin T
Assay for Rapid Rule-out of Acute Myocardial Infarction
(TRAPID AMI) trial'® that workup for differential diag-
noses and report drafting consumed additional 2.5hours
after rule-out process, thus contributing considerably to
the short overall length of ED stay of 4hours using the
ESC 0/1 hour algorithm.* Seventh, crowding was asso-
ciated with increased numbers of avoidable additional
hsTnT measurements and thus increased costs for assays.

Our findings come timely as the Centers for Medi-
care & Medicaid Services have mandated the collec-
tion and public reporting of ED crowding measures for
both admitted and discharged patients as quality-of-care
markers since January 2014 For discharged patients, this
includes waiting time and LOS (Medicare). The three
measures most frequently linked to the quality of care
include the number of patients in the waiting room, ED
occupancy (percentage of overall ED beds filled), and the
number of admitted patients in the ED awaiting inpatient
beds. 2 2224

Previous findings on ED crowding and outcomes

A review article' identified several studies, in which
crowding in the ED was associated with prolonged
process times, such as time to administration of analge-
sics or antibiotics.**” Another three studies were focused
on the association between crowding in the ED and
mortality.” ** * While most findings show an association
between ED crowding and mortality in patients admitted
to the hospital, there is less evidence for the population
of patients discharged from the ED.' In a population-
based cohort study from Canada, the average length of
ED stay for the shift was associated with higher short-term
mortality and hospitalisation rates in patients discharged
directly from the ED.” In a retrospective analysis of patients
admitted with chest pain, Pines ¢t al”’ found an association
between several measures of ED crowding and adverse
cardiovascular outcomes (defined as MI, heart failure,
hypotension, dysrhythmias and cardiac arrest)—both in
ACS-related and non-ACS-related chest pain. However,
single measures of ED crowding were used and the find-
ings were not supported by similar studies. Gabayan et a”'
found that only evaluation time and total LOS were asso-
ciated with a short-term admission after discharge. No
association was found between the measures of crowding
in the ED and mortality, both for patients hospitalised
and after discharge. Ko et al* reported that increasing
volumes of chest pain visits were associated with a relative
decrease in the odds of mortality or hospitalisations for
ACS, a finding that was even more pronounced among
patients at higher risk. These differences in results
regarding crowding could be explained by the different
healthcare systems and study cohorts. Another possible
explanation is the difference in adjustment for comor-
bidities and disease severity. In preliminary analyses using
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Table 5 Results of Cox proportional hazards regression for predictors of mortality

Adjusted HR (95% CI) P value
High crowding (level 2)* 0.96 (0.63 to 1.49) 0.871
Very high crowding (level 3)* 1.25(0.72 10 2.17) 0.420
Study period T 1.21 (0.84 to 1.74) 0.318
Age (for 10year higher) 1.89 (1.57 to 2.26) <0.001
Female sex 1.40 (0.94 to 2.08) 0.094
Heart rate (for 10 beats per minute higher) 1.07 (1.02 to 1.12) 0.007
Systolic blood pressure (for 10mm Hg higher) 0.84 (0.78 to 0.90) <0.001
Coronary artery disease 1.10 (0.59 to 2.04) 0.774
Prior myocardial infarction 1.97 (1.18 to 3.28) 0.009
Prior percutaneous coronary intervention 0.88 (0.48 to 1.63) 0.686
Prior coronary artery bypass surgery 0.97 (0.55 10 1.72) 0.923
Diabetes mellitus 0.98 (0.67 to 1.43) 0.906
Reduced left ventricular ejection fraction (moderately or severely) 1.42 (0.89 to 2.24) 0.138
Chest pain on admission 0.77 (0.51 to 1.15) 0.202
Dyspnoea or peripheral oedema on admission 1.14 (0.66 to 1.98) 0.634
T-wave inversion 0.88 (0.56 to 1.37) 0.566
Left or right bundle branch block 1.34 (0.87 to 2.08) 0.188
Estimated glomerular filtration rate <50mL/min/1.73 m?t 1.51 (0.91 to 2.50) 0.109
C reactive protein (for doubling in value) 1.12 (1.05 to 1.20) 0.001
High-sensitivity troponin T on admission (for doubling in value) 1.42 (1.30 to 1.56) <0.001

*For the comparison with normal crowding (level 1).
TFor the comparison of study period two with study period 1.
By modification of diet in renal disease equation.

models fitted on a small subset of variables (ie, only age
and sex), and no covariates representing disease severity
and comorbidities, the rates of admission and mortality
was higher. However, after adjustment for more clinical
variables representing severity of disease, associations
were shown to be weaker. It may be speculated that length
of ED stay may be confounded by unmeasured variables,
including disease severity, and not independently associ-
ated with adverse outcomes.’

Limitations

There are several limitations that have to be discussed.
First, the present evaluation was executed in a single well-
organised ED led by a cardiologist in a tertiary referral
centre with long-term implementation of hsTnT and
fast diagnostic algorithms. Access to central laboratory
services may vary largely affecting protocol-related time
delays to a considerably higher degree in other hospital
settings. Second, our findings were obtained in patients
with suspected ACS and excluded patients who were
ineligible for the main study that focused on the imple-
mentation of fast diagnostic protocols. Therefore, our
findings cannot be extrapolated to other settings such
as general EDs. Third, the absolute and relative delays
of non-laboratory-related processes is hospital-specific
and also depends on the intensity of workup provided

beyond the biomarker based protocol, such as additional
imaging and/or stress testing. Fourth, not all variables
that might account for the overall non-laboratory time
excess such as ambulance offload times or times to nurse
triage were recorded. Therefore, and because laboratory
related delays were minimal at our institution, an under-
estimation of the effect of crowding on the overall length
of ED stay is anticipated. Fifth, additional factors other
than crowding may also affect length of ED stay, especially
additional diagnostic workup including predischarge
stress tests or cardiac imaging.

Another limitation is related to the definition of
crowding. Our definition is not established and does not
claim to include all previously proposed measures, but
is based on two basic assumptions that are believed to
describe overcrowding and have the advantage that they
can be quantified. These two elements consist of (1) the
mismatch between bed capacities and number of patients
admitted, and (2) the adjusted times that a physician
spends on a case to reflect work load. While the latter
is independent of the hospital setting, crowding level by
mismatch of monitoring capacities has to be calculated
for a hospital individually using the same assumptions as
in our definition.
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CONCLUSION

In conclusion, crowding in the ED might affect both
protocol-related times but also laboratory-independent
time delays to various degrees, thus diminishing some
positive effects of fast diagnostic protocols in suspected
ACS. Our findings demonstrate that even with optimis-
ation of laboratory-dependent processes, the workflow
in the ED has to be optimised, so as to achieve the most
advantages of earlier diagnosis.
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