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Early Index for Detection of Pediatric Emergency
Department Crowding

Guillaume Bouleux∗, Eric Marcon∗, Olivier Mory†

Abstract

When epidemics occur, such as is the case for Bronchiolitis in pediatric ED, the patient flow in the ED
incontestably increases and can lead to crowding. We bypassed this difficulty of forecasting patient flow with
aggregated weekly or monthly data, by tackling the problem from a different point of view. We used daily data to
build a multi-period Serfling-based model. This model is hereinafter assimilated to normal ED flow. We then used
the fourth-order moment of distribution of the Time Series, obtained from the difference between the estimated
model and the real data, to provide an early index announcing abnormal ED patient flow. This index is parameter-
dependent and we provide a criterion to assist in selecting the optimal parameters. A simple program based on this
methodology has been developed and has been given to the pediatric physicians for testing. Thanks to this index,
the Pediatric ED was able to anticipate crowding almost three weeks before the height of the Bronchiolitis epidemic.

Index Terms

Crowding Detection, Modeling methodologies, Statistical computing, Time series analysis

I. INTRODUCTION

Although the literature is abundant regarding the effects of Emergency Department (ED) breakdown in North
America, the same effects are observed in Europe, and particularly in France. It also seems that the literature is
very vague when defining these effects. So, for clarity, we propose to adopt the definition given in [1], which
characterizes ED breakdown as “crowding”. The definition of crowding, originally proposed by the American
College of Emergency Physicians, is: “Crowding occurs when the identified need for emergency services exceeds
available resources for patient care in the emergency department, hospital, or both”. From this definition, we
interpreted crowding as a phenomenon that involves the interaction between supply and demand. Each hospital
department has a specific capacity, so the problem of crowding instantly has a knock-on effect in terms of
organization. Over the past few decades, much research has looked into ways of solving these organizational
problems. One way is to assimilate Hospitals to classical companies in which the patients are considered as products.
This dematerializes patients and does not take into account all patient constraints, but it helps to model and solve
the problem. For example, discrete event-based modeling [2], [3], [4], like ARENA, provides good solutions for
reducing patient waiting times, improving scheduling or minimizing the number of rooms. Using this kind of
approach to deal with the problem enables solutions to complex situations, in which many parameters interact
potentially non-linearly, to be found. However, patient flow is an essential parameter, and when modeled using
exponential or equivalent laws it does not reflect reality. This implicitly suggests that knowing the patient flow
could really help in developing solutions. Furthermore, patient flow is the cause and the origin of the effects of
crowding. This underlying idea was very recently introduced by [5] or [6]; the latter refers to the previous work
by [7], in which ED patient flow was studied to predict Inpatient Unit (IU) beds.

The organizational problem in Hospitals can be reduced to the study of ED patient flow; this point has been
illustrated by [8] and reinforced by recent French studies. It appeared that in French Teaching hospitals (i.e. French
CHU), and particularly Pediatric ED, Bronchiolitis and Diarrhea were the two main diseases (epidemics) which
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caused the most disruption as a consequence of crowding (see Fig.1 for confirmation). The ratio between the number
of inpatient beds and the number of patients arriving at the ED with Bronchiolitis (i.e. Bronchiolitis ED flow) was
around 34%. The data collected from Saint Etienne Hospital concerning inpatient stays showed that the average
Length of Stay (LoS) was around 4 days. Consequently, even if a third of Bronchiolitis patients became inpatients,
the cumulative effect yielded an insufficient number of beds resulting in crowding. We do stress once again that
crowding results from patient flow. It is more difficult to focus on bed occupancy as it is a complex mix of patient
flow and organizational strategies.

12/04/01 12/11/30 13/05/07 13/08/01

5

10

15

20

25

30

Pediatric ED Patient flow for Bronchiolitis (RSV) and number of occupied Beds for the resulting patients

 

 

Patient flow for Bronchiolitis
Inpatients beds generated

Fig. 1. One-year comparison between the flow of patients diagnosed with Bronchiolitis in the Pediatric ED and the number of inpatient
beds generated. Source: Saint Etienne Teaching Hospital (CHU Saint Etienne), France

The strategy adopted by Saint Etienne (France) Pediatric ED to combat crowding was to request an action plan
at a fixed period, usually mid-January. The request involves increasing the number of nurses on-call, freeing up
weekday beds for the weekend, and adding 7 extra beds in the 0-6 year-old Inpatient Unit (IU) to increase the bed
capacity. Finally, in the case of insurmountable epidemics, inpatients can be transferred to other public or teaching
hospitals. This was the case for Saint Etienne Hospital in 2012. All these decisions were made without the relevant,
quantitative information relating to when the crowding would occur. The action plan was only activated mid-January,
at the time of the official request, due to employee vacations or days off due to outstanding leave. Incidentally, this
organizational problem has been circumvented by forcing all the practitioners to take any remaining leave before
December.
Now let us put things into context. Between December and February, physicians and ED practitioners clearly
knew they would have to cope with an abnormal workload as a consequence of what [9] and [10] characterize
as cyclic (almost periodic) epidemics. We consider that forcing all the practitioners to be ready for that period is
an empirical decision to help cope with what we define as normal activity, since it is typical to have more cases
of Bronchiolitis and Diarrhea during this period. The mid-January emergency plan thus deals with any abnormal
activity, which can be assimilated to crowding. However, the study by [11] shows that the dates when epidemics
occur vary in time and amplitude, yielding non-stationary properties, as illustrated in Fig.2. The number of Pediatric
ED patients diagnosed with Bronchiolitis between 1st January 2011 and the end of December 2013 are reported.
The Bronchiolitis epidemics appeared in early February 2011, mid-November 2012, and early December 2013 and
2014, and were of varying amplitude and duration, indicating that abnormal activity can occur at the start of winter
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as well as at the very end. So, we viewed the problem in the following way: instead of trying to predict Pediatric
ED flow using SARIMA or ARIMA-based methods (see for instance the work by [12], [13], [14]), or the main
subset related to Bronchiolitis and Diarrhea, we proposed an early index to predict abnormal ED flow. A sufficiently
early index should leave the ED or Hospital enough time to find organizational solutions and thus minimize the
effects of crowding. The underlying idea has already been proposed by [15], [16], [17], and a few decades ago by
[18], for influenza. The model and the early index given by Serfling were developed with respect to aggregated
weekly or monthly data, yet to improve decision-making and Hospital re-organization, data collected daily should be
processed. The Serfling index for detecting the onset of an epidemic is inadequate for this kind of data. We propose
to overcome this by using a Serfling Pediatric ED flow based-model in conjunction with the fourth-order moment
of distribution of a Time Series obtained from the difference between the model and the real data. In this way, we
can provide a model for normal Bronchiolitis ED flow and early detect when abnormal conditions will appear early.

The Serfling Bronchiolitis ED flow model is presented in section II. In section III we discuss the idea based
on the Fourth-order moment of ED flow distribution and section IV looks at the problem of optimal parameter
choice. The methodology and its importance for Saint Etienne Pediatric ED is illustrated in section V and finally
a conclusion is drawn in section VI.
The capital and boldface letters are assimilated to matrices, boldface letters stand for vectors, and scalars are
represented either by classical letters or by the row-column subscript. Finally, all hat quantities are assimilated to
estimates.
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Fig. 2. Saint Etienne Teaching Hospital (CHU Saint Etienne), France, ED flow of patients diagnosed with Bronchiolitis for the period of
1st January 2011 to 12th December 2013

II. MODELING OF NORMAL ACTIVITY

Research dealing with the problem of crowding effects in ED has been ongoing for many years. Attempts to
minimize crowding have focused mainly on trying to predict the future, i.e. forecasting. At this time, the topic
is so vast that it would be easy to feel extremely lost. [19] and [20] reviewed some forecasting methods. Yet,
although they are recent, Bayesian estimation based on classical triage was not mentioned. We invite the reader
to look at the dissertation by [21] and the related references for a better understanding of how Bayesian methods
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can be useful in short-term forecasting of crowding. Neural networks are only cited in [19], but their kernel-based
extension does not appear to be essential as it is totally absent. The work by [22] fills this gap with a comparison
between SARIMA predictive models and SVM (Support Vector Machines). Finally, most of the forecasting methods
addressed previously use the notion of Time Series representation of ED flow, so most of them only use data collected
over time for forecasting. Other methods exist which introduce temperature and calendar variables, such as in [23],
or diffusion and contact time variables as in [4]. However, the discussion proposed by [15] shows that forecasting
using such variables is a hard task and the results are not always as anticipated.
We now need to specify what we mean by the term ‘future’. For [24], who compared ARIMA and sinusoidal
representation with regression, future means hourly estimation. This research is supplemented by the multivariate
regression method introduced by [25] or [26]. However, this topic has little pertinence in Pediatric ED crowding.
Even if the mean square error of prediction was good enough, the bed occupancy was only predicted 4 to 12 hours
downstream and concerned 1 or maybe 2 beds at most. The predictions are short-term, providing no insight into
the phenomena involved, and worst of all the ED has to find solutions immediately. From a practical point of view,
this does not seem feasible. If we go a step further, the predictive solutions given by [27], [28], [23] narrow it down
to daily predictions. This approach seems more implementable in ED. Only a few predictive days confirm the staff
perception of abnormal activity. However, the ED staff still have no insight into the trends relating to crowding
as the daily patient flow varies considerably. To overcome this difficulty we looked at the problem from another
angle.

Earlier in the paper we introduced the concept of normal and abnormal ED activity. We therefore consider
epidemics and crowding as abnormal activity, which intuitively represents abnormal patient flow. The crowding
effect is thus viewed as an outlier in the patient flow time series, namely x(t), and so removing this outlier gives
an idea of normal activity.
Justified by the quasi-periodicity of epidemics, we adopted a sinusoidal model expressed as

x̂(t) = β̂0 + β̂1t+ β̂2 cos

(
2π

T̂1

t

)
+ . . .+ β̂np+2 cos

(
2π

T̂np

t

)
. (1)

A two-stage procedure is required. First, the set of periods {T̂k}np

k=1 has to be estimated. This procedure concerns
the theory of spectral analysis and is beyond the scope of this paper. To solve the problem we used a classical
Fourier analysis, but many other High Resolution (HR) methods could be employed to estimate the number and the
value of the different periods {T̂k}np

k=1. The reader can review the work by [29], [30] and the references therein.
Finally, the set {β̂k}np+2

k=0 has to be estimated as well. This may be the key point of the model. We know that the
outliers must be removed from the data collected. To do so, the methodology proposed by [18] suggests filtering
the data according to the data distribution quantiles (thresholds). Some Bronchiolitis Pediatric ED flow quantiles
are given in Tab.I.

Quantile 75% 80% 85% 90% 95% 100%
No. of patients 3.00 3.00 4.00 6.00 7.55 16.00

TABLE I
DISTRIBUTION QUANTILE OF PEDIATRIC ED FLOW FOR PATIENTS DIAGNOSED WITH BRONCHIOLITIS, CHU SAINT ETIENNE, FRANCE.

Clearly, the higher the quantile, the less outliers are removed and vice versa. The quantile selected determines the
maximum normal patient flow and consequently the threshold for the early detection of crowding. From our point
of view, and backed by the data distribution, we consider that outliers, and thus crowding, are events concentrated
in time. Thanks to the results in section IV, which demonstrate this point more mathematically, we established the
90% quantile as the threshold for the data collected, which meant that each time the patient flow exceeded 6, the
data were clipped. We thus obtained a new Time Series defined as

∀ t = 1, . . . , N x̃(t) =

{
x(t) ∀ x(t) ≤ 6
6 ∀ x(t) > 6

. (2)
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The solution can be found for the set {β̂k}np+2
k=0 using ordinary least squares

β̂ = A†x̃ (3)

where

A =




1 1 cos
(
2π
T̂1

)
. . . cos

(
2π
T̂np

)
... 2 cos

(
2π
T̂1

2
)

. . . cos

(
2π
T̂np

2

)
...

...
...

...

1 n cos
(
2π
T̂1

N
)

. . . cos

(
2π
T̂np

N

)




with .† the classical Moore-Penrose pseudo-inverse and β̂ =
[
β̂0 . . . β̂np+2

]
. Matrix A can also be seen with

respect to its rows, besides A =
[
aT
1 aT

2 . . . aT
N

]T . Finally, the temporal reconstruction of the model is obtained
by x̂(t) = β̂AT where .T is the transpose operator. The error estimate

σ̂2 =
1

N − 1

N∑
i=1

[x(i)− x̂(i)]2 (4)

is then used to obtain a 95% Confidence Interval written as:

CI(i) = β̂aT
i + 1.96σ

N∑
j=1

[(
ATA

)−1/2
]
jj
aji

for i = 1, . . . , N. (5)

The final step of the procedure involves determining a second threshold with respect to the Confidence Interval
obtained in (5). A multiple regression on the resulting Time Series is then run. This concludes the procedure to
reach the estimated normal activity (normal flow) x̂(t) with its 95% Confidence Interval. The data collected daily
from Saint Etienne Hospital for patients diagnosed with bronchiolitis and the corresponding estimated normal flow
given by the Serfling approach are presented in Fig.3-(a). Four main periods have been estimated for this Time
Series [

T̂1 = 390.01, T̂2 = 171.58, T̂3 = 115.94, T̂4 = 87.56
]

and the vector of estimated coefficients β̂ is given by[
1.4922, −0.0001, 1.1676, 0.2688, −0.1056, 0.0154

]
.

It can be noted that the original Time Series x(t) does not exhibit a linear trend. Indeed, the coefficient β̂1 is
equal to zero. There is only a constant trend in mean, of which the integer value is approximately 2. The threshold
Confidence Interval, up to the nearest and superior integer, is given in Fig.3-(b). Based on the indicator proposed
by [18], when the data collected exceeds the threshold given by the Confidence Interval, an epidemic is detected.
It is therefore likely that crowding appears. This would be true if the data collected daily had a continuous trend
up to the height of the epidemic. In reality, and according to the figures used hitherto, it is clear that this is not
the case. So, we propose to detect a future crowding effect by improving the moment of the decision.

III. EARLY INDEX FOR ABNORMAL ACTIVITY: USING THE KURTOSIS

To actually solve the problem of early detection based on normal flow, the outliers need to be studied in more
detail. The key lies in the analysis of the outliers or the related time series. We propose to create a new Time
Series, for example y(t), obtained by taking all the data values greater than the mean x̂(t) and of course superior
to the normal activity model x(t). Therefore

y(t) =

{
x(t)− x̂(t) ∀ x̂(t) > ¯̂x, x(t) > x̂(t)
0

(6)
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Fig. 3. (a) Daily Bronchiolitis flow and the estimated normal flow with its 95% confidence Interval, (b) Daily Bronchiolitis flow and the
95% threshold Confidence Interval (for integer values) for the estimated normal patient flow
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where the bar operator ( .̄ ) defines the classical time average operator. An image of this Time Series is provided in
Fig.4-(a). The series is identically null almost all the time except when epidemics occur. This confirms the previous
observation that epidemics are temporally confined. By examining the shape of the estimated distribution, given
by the histogram in Fig.4-(b), we can clearly see that there are very few days on which high numbers of patients
arrive at the ED; this marks the exceptional nature of these days and thus an epidemic. But, by definition we have
the fourth-order moment of the distribution, also known as the kurtosis, which accurately characterizes the shape
of the distribution. Following the discussion proposed by [31], the kurtosis has a high value when the distribution
exhibits a peak and has a heavy tail, whereas it has a low value when the distribution is more rounded and has a
thinner tail tending rapidly to zero. The sample kurtosis estimator is classically given by averaging over time

k1 =
1
N

∑N
i=1(x(i) − x̄)4(

1
N

∑N
i=1(x(i)− x̄)2

)2 . (7)

The Normal distribution is generally used as a reference; its kurtosis value is 3 and it is then taken to calculate the
kurtosis according to the relation:

k =
n− 1

(n− 2)(n − 3)
((n+ 1)k1 − 3(n − 1)) . (8)

When the kurtosis value is null, the distribution of the outliers is assimilated to the Normal distribution. When it
is positive, the distribution is extremely concentrated over a few values; the outliers are more uniformly distributed
when it is negative. So, if we look at Fig.4-(a) once again, when attendance at the Pediatric ED is low, the values
of the series are identically zeros. If the kurtosis is calculated during this period, i.e. within a specific observation
window of a couple of weeks, it will have a maximum value. This is for two reasons: firstly, the constant values
inevitably produce a null variance so that (7) takes an infinite value, and secondly, the empirical distribution will
tend to a Dirac mass at zero. If the window now moves along time, the apparition of small values modifies the
shape of the distribution, which becomes less concentrated, and so the kurtosis value quickly decreases (see Fig.5).
The observation windows marked with horizontal dashed lines have voluntarily been drawn longer than they should
be. The idea resides in the fact that when abnormal flow occurs, the distribution is more uniform since the number
of patients grows quickly and then decreases as quickly as it increased. The kurtosis value might then be negative.
So, we have a kurtosis value which is high under normal operations and decreases to zero when abnormal flow
appears. This clearly defines an index which predicts crowding.

IV. OPTIMAL CHOICE OF QUANTILE AND WINDOW SIZE

Obtaining the early kurtosis index is largely parameter dependent. To detect abnormal flow early, normal flow
needs to be characterized first. This is the subject of section II in which we discussed the particular choice of
quantile percentage for the present section. In conjunction with this parameter, the observation time should also
have a significant effect on detection. To solve this 2D issue, we propose to maximize the following criterion in
both the quantile percentage, materialized by the unknown q, and the window size associated with the unknown
w. This criterion is written as

(q̂, ŵ) = argmax
q,w

s.t. |Ik − IE | ≤ D

F(q, w) (9)

with
F(q, w) = ‖Ik(q, w) − IE‖22 − λ|nk(q, w) − nE|2. (10)

The vectors Ik(q, w) and IE are the vectors of the dates when the kurtosis index is negative (early date for
detection of abnormal flow) and the dates related to the maximum number of patients for each epidemic (date of
maximum flow), respectively. So, we sought to maximize early detection with respect to the epidemic peak. We
nevertheless imposed a maximum number of days D for detection. This means that we do not accept detection
dates that are more than D days before the epidemic peak. According to our data, an epidemic lasts about 60 days
and is roughly symmetric each year. So, we fixed D = 30 days. Now, if the early kurtosis index never crosses zero,
some dates will be lacking. Each missing date is replaced by its corresponding date of maximum flow. This leads
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Fig. 5. Evolution of the kurtosis according to the example, the arrows correspond to the variations in the kurtosis calculated, for illustrative
purposes and understanding over a large window of about 4 months.

to the penalization term in equation (10), which penalizes the function F(q, w) by a factor λ when the number of
detections nk(q, w) is not equal to the number nE of epidemics found. Parameter λ takes two values

λ =

{
10 ∀ nk(q, w) ≥ nE

200 ∀ nk(q, w) < nE
(11)

so that non-detection is heavily penalized with regards to over detection.
We have computed the objective function F(q, w) for the flow of patients diagnosed with Bronchiolitis. A repre-
sentation of this function is given in Fig.6. By analyzing this figure, it can be observed that the function seems less
sensitive to the choice of quantile than to the choice of observation window. However, it seems that high quantiles
are recommended and more relevant. Finally, the optimum was 6 patients for a 90% quantile with an observation
window of 14 days. These results explain the choice of parameters in sections II and V.

V. ILLUSTRATION OF THE PEDIATRIC ED DATA FROM SAINT ETIENNE TEACHING HOSPITAL

This section is dedicated to illustrating the relevance of the method for announcing abnormal activity using real
data collected from Saint Etienne Teaching Hospital.
An Excel application using VBA was developed for the method proposed and was given to the Pediatric ED in mid-
July 2013 for testing. Fig.7 is a snapshot of the application given to the physicians. The Pediatric ED Bronchiolitis
flow is marked by a dashed line; the Serfling model and the kurtosis value were calculated over a sliding window
of 14 days. We reiterate that each time the kurtosis goes below zero, implying that the kurtosis moves from a
positive to a negative value, abnormal activity, most likely an epidemic, is detected.
Firstly, the Serfling representation models the ED activity well. Indeed, on the extreme right-hand side of the plot,
we can see that the Pediatric ED activity increases for patients diagnosed with Bronchiolitis at almost the same rate
as the Serfling model. The second important point resides in the analysis of the kurtosis plot. Over the three years
examined, there were five exceedences; the kurtosis moved below zero at least three times when the epidemics
started and for two virus-dependent phenomena. A sixth exceedence was actually observed on around 6th December
2013, which indicated the start of a Bronchiolitis epidemic. This part of the plot is totally experimental; when the
article was being written, Saint Etienne Teaching Hospital was aware that crowding would occur in the next couple
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of weeks if the emergency plan was not requested. This was the observation in real time of the onset of an epidemic.
We will now illustrate how the application improved decision-making in the pediatric ED in Saint Etienne Hospital
and how crowding could be minimized. As an example, we will look at the case of the last epidemic (at the time
when the paper was being written), which took place between November 2012 and February 2013. The following
discussion is supported by Fig.8 where the progress of operations to reduce crowding are reported in chronological
order. At the time, the Pediatric ED had the application presented above at its disposal. As we can see in Fig.8, the
ED requested an emergency plan to reduce crowding on 12th December 2012, but the plan was only accepted and
activated on 18th December 2012. By establishing a parallel between this date and the corresponding Pediatric ED
flow, we can see that the epidemic was at its height. This observation is reinforced by the bed occupancy figures
given in Fig.1, where straightforwardly the derivative is negative and the Hospital needed less and less beds. The
decision came too late. If we now examine the early index proposed, the start of abnormal activity (epidemic in
perspective) was detected on 28th November 2012, almost three weeks before the activation of the emergency plan.
By doing the same parallel with beds occupancy of Fig.1, we understand that the worst could have been avoided.
Since mid-July 2013, the Pediatric ED in Saint Etienne Teaching Hospital has the application which provides the
early index for crowding detection proposed in this paper. Thanks to this early index, abnormal activity was detected
around 6th December 2013. On this date the head of the Pediatric ED requested and obtained the authorization for
the activation of the emergency plan.

VI. CONCLUSION

When the number of patients who need special care exceeds the capacity of the ED, crowding inevitably occurs.
The effects of crowding have been widely documented throughout the world and are the same wherever the ED.
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It is most certainly for these reasons that over the past few decades the literature has focused on methodologies
to prevent crowding. One possible way of solving the issue is to propose a patient flow forecasting model. In
this regard, there is much research in the literature concerning weekly predictions and the proposed methods are
not really applicable to daily predictions. Consequently, we have chosen to tackle the problem by considering that
crowding is closely related to abnormal patient flow. So, the prevention of crowding resides firstly in providing a
model for normal daily patient flow and secondly, in proposing an early index which detects abnormal visits. In this
paper, we proposed a multi-period Serfling-based model for daily patient flow. Then we built a Time Series obtained
from the difference between the real data and the model. Finally, the kurtosis calculated over a time window within
this Time Series was computed as it detects abnormally high patient numbers at the ED. The methodology presented
previously is parameter dependent. Consequently, we provided a criterion which gives the optimal parameters to be
chosen with respect to the observations. This early index has been applied to real data collected from the Pediatric
ED in Saint Etienne Teaching Hospital (CHU Saint Etienne), France, and has shown very good performances. This
index may have enabled a gain of almost three weeks for the Bronchiolitis epidemic in 2012 and in 2013 enabled
an emergency plan to be activated early in December, almost three weeks before the height of the epidemic. The
software, which integrates the methodology proposed in this paper, is also being deployed in different Pediatric ED
in Rhone-Alpes, France. Our future work will concern the outlier Time Series as it is essential for the procedure
and for the Hospitals to plan their activity.
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