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a  b  s  t  r  a  c  t

Emergency  departments  play  a critical  role  in  the  public  health  system,  particularly  in  times  of pandemic.
Infectious  patients  presenting  to emergency  departments  bring  a risk  of cross-infection  to other  patients
and staff  through  close  proximity  interactions  or contacts.  To  understand  factors  associated  with  cross-
infection  risk,  we  measured  close  proximity  interactions  of  emergency  department  staff  and  patients
by  radiofrequency  identification  in  a working  emergency  department.  The  number  of contacts  (degree)
is  not  related  to  patient  demographic  characteristics.  However,  the  amount  of  time  in  close  proximity
(weighted  degree)  of  patients  with  ED  personnel  did  differ,  with  black  patients  having  approximately
15 min  more  contact  with  staff  than  non-white  patients.  Patients  arriving  by EMS had  fewer  contacts
with  other  patients  than  patients  arriving  by other  means.  There  are  differences  in the  number  of  con-
tacts  based  on  staff  role  and  arrival  mode.  When  crowding  is low,  providers  have  the  most  contact  time
with patients,  while  administrative  staff  have  the least.  However,  when  crowding  is high,  this  differ-
ential  is reversed.  The  effect  of  arrival  mode  is  modified  by  the  extent  of crowding.  When  crowding  is
low,  patients  arriving  by EMS  had  longer  contact  with  administrative  staff,  compared  to patients  arriv-

ing by  other  means.  However,  when  crowding  is  high,  patients  arriving  by  EMS had  less  contact  with
administrative  staff  compared  to patients  arriving  by  other  means.  Our  findings  should  help designers
of  emergency  care  focus  on  higher  risk situations  for  transmission  of  dangerous  pathogens  in  an  emer-
gency  department.  For  instance,  the  effects  of  arrival  and  crowding  should  be  considered  as  targets  for
engineering  or architectural  interventions  that  could  artificially  increase  social  distances.

©  2016  Published  by  Elsevier  B.V.
. Introduction

.1. Background

Within the last decade the world was swept by the H1N1 pan-
emic, beginning with cases in Mexico detected in March 2009

WH Organization, 2009). The first US cases appeared in Califor-
ia in mid-April 2009 (Ginsberg et al., 2009). Vaccine was rushed

nto production, and was available in October. In January 2010

Abbreviations: ED, emergency department; EHR, electronic health record; EMS,
mergency medical services; GI, gastrointestinal; PP, patient with patient; PS,
atient with staff; RFID, radiofrequency identification; RTLS, real time location sens-

ng; SARS, severe acute respiratory syndrome; SP, staff with patient; SS, staff with
taff.
∗ Corresponding author at: Nell Hodgson Woodruff School of Nursing, Emory Uni-
ersity, 1520 Clifton Rd. NE, Atlanta, GA 30322, United States. Fax: +1 404 727 1370.

E-mail address: vhertzb@emory.edu (V.S. Hertzberg).

ttp://dx.doi.org/10.1016/j.socnet.2016.08.005
378-8733/© 2016 Published by Elsevier B.V.
the CDC declared vaccine had been successfully made available to
targeted populations (Centers for Disease Control and Prevention,
2010). The H1N1 epidemic is of particular interest in academic
emergency medicine. It is a time when the public health system, in
which emergency departments (EDs) play a key role, should have
been operating optimally due to heightened awareness of infection
control efforts.

Close proximity interactions (contacts) provide a means for
cross infection when a susceptible individual inhales airborne
microbes shed as large droplets by an infectious individual for dis-
eases such as influenza and severe acute respiratory syndrome
(SARS) (Bridges et al., 2003; Tellier, 2006; Wenzel and Edmond,
2003). One setting where contacts between susceptible and infec-
tious individuals occur frequently is the ED, as was dramatically

demonstrated in the 2003 SARS epidemic (Varia et al., 2003).
Understanding the temporal, environmental, and individual factors
associated with contacts may  lead to improved infection control

dx.doi.org/10.1016/j.socnet.2016.08.005
http://www.sciencedirect.com/science/journal/03788733
http://www.elsevier.com/locate/socnet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.socnet.2016.08.005&domain=pdf
mailto:vhertzb@emory.edu
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fforts in the ED, which may  prove to be particularly important in
imes of pandemic concern.

.2. Importance

Recent developments in technology have enabled precise mea-
urement of movements of humans and resulting interactions.
esearchers are increasingly using real time location sensing (RTLS)
ystems such as radiofrequency identification (RFID) systems to
easure occurrence, duration, and location of contacts typically

efined as distance between two individuals of some small fixed
istance such as 1 meter (m)  by line of sight (Gundlapalli et al.,
009; Hornbeck et al., 2012; Isella et al., 2011a,b; Lucet et al., 2012;
tehle et al., 2011; Vanhems et al., 2013; Salathe et al., 2010).

Sensors have been used to study the interactions of patients
nd staff in a hospital ICU (Hornbeck et al., 2012), a hospital pedi-
tric ward (Isella et al., 2011a), a hospital geriatric ward (Vanhems
t al., 2013), and a hospital ward in which patients were under
irborne precautions (Lucet et al., 2012). Sensor data have been
xamined in comparison to electronic medical system log-in infor-
ation in an ED setting to determine if the latter has utility in

etermining contacts (Gundlapalli et al., 2009). Other settings in
hich such technology has been used include schools (Stehle et al.,

011; Salathe et al., 2010) and scientific conferences (Isella et al.,
011b). Due to the costs associated with such technology, these

nvestigations of contacts have been, with few exceptions, one-time
nvestigations of short duration, e.g., 1 week or less. Such snap-
hots may  not be representative of relationships throughout time,
n particular failing to account for seasonal or even week-to-week
ariation. One study in high school students (Fournet and Barrat,
014) for 11 days in two years showed that there was little varia-
ion in contact matrices by time of day, between days, and between
ears. However it is not clear how these results generalize to other
opulations. In general, the few studies involving longer periods of
ime report summary network measures for the period that do not
ermit inference to the general population of such networks. There

s little information on contacts of patients as they interact with
taff and with other patients. It is unknown if there are differences
ssociated with patient age, sex, race, or clinical syndrome. There
s also limited information about contacts of staff as they interact

ith other staff and with patients, particularly with respect to staff
ole (i.e., provider, nurse, administrative).

.3. Goals of this investigation

A better understanding of the nature of contacts may  lead to
mprovements in infection control in the ED. We  measured con-
acts among patients and staff of the ED of a large urban hospital in
tlanta, GA (Lowery-North et al., 2013). In this paper we describe a
econdary analysis of those data. In particular we examine here the
haracteristics of the resulting contact networks, relating nodal-
nd network-level metrics with shift characteristics such as time
i.e., season of year, weekday vs. weekend, day vs. night) and envi-
onment (e.g., volume of patients, percent high acuity patients). We
lso describe relationships between patient contacts and patient
haracteristics as well as between staff contacts and staff role.

. Methods

.1. Design
This is a prospective study. We  measured contacts among
atients and staff of the ED of a large urban hospital in Atlanta,
A during 81 randomly selected 12-h shifts between 1 July 2009
nd 30 June 2010 (Lowery-North et al., 2013).
orks 48 (2017) 181–191

2.2. Setting

As detailed in Lowery-North et al. (2013), we installed an RFID
system to determine contacts ≤1 meter (m)  between and within
patients and staff in a busy hospital ED of modern design, part
of an urban academic center. This is a modern ED with central-
ized workspaces and walled patient treatment rooms. The ED was
designed for 50,000 patient encounters annually; over the year of
the study there were over 57,000 patient encounters.

2.3. Participants

We  placed permanent RFID tags on all staff, and placed
temporary RFID tags on all patients during predetermined, ran-
domly chosen shifts. The protocol was reviewed and approved
by the Emory University Institutional Review Board. All ED staff
were invited to participate. Staff participation was  voluntary and
anonymous. All non-incarcerated patients who  were not mentally
incapacitated were eligible. Patient participation was voluntary as
well.

2.4. Observation periods

In this paper we  restrict our analysis to data from the first 6
months of the study (35 shifts of the 81 observed). Data limita-
tions that led to restricted analysis on a subset of shifts are as
follows: examination of participation by patients and staff across
the year showed a significant decline. We  attribute staff partici-
pation decline to a system failure that did not alert us to battery
depletion in permanent tags worn by staff. There is no similar phys-
ical reason for decline in patient participation, thus we attribute it
to waning abilities of the research team to keep up with a task that
was too large for them alone. Biases in estimates of measures of
interest can result from missing individuals and their concomitant
contacts.

We restricted analyses to shifts in the first 6 months of our obser-
vation period for two  reasons: (1) the decline in staff participation
starts at the beginning of the second half of the year and thus these
observations should not be biased by the presence missing data;
(2) the H1N1 epidemic swept through the state of Georgia during
these first six months.

2.5. Variables

2.5.1. Outcome variables
The RFID data were used to create a contact network for each

shift depicting interactions (the edges) between patient and staff
participants (the nodes), resulting in weighted and unweighted
adjacency matrices (Lowery-North et al., 2013; Newman, 2010).
From these matrices, the following node-level measures were
calculated for each participant: degree (number of contacts),
time-weighted degree (time-weighted contacts), relative degree
(number of contacts normalized to the interval (0, 1)), closeness
centrality (inverse of the average shortest path to all other indi-
viduals; range is 0–1), and eigenvector centrality (how well they
were associated with other central individuals) (Newman, 2010).
In addition, for each shift, the following network-level measures
were calculated from these matrices: density, average path length,
diameter, time-weighted diameter, radius, maximum spectral gap,
number of weak components, and average clustering coefficient
(transitivity) (Newman, 2010).
2.5.2. Participant-level independent variables
The only information associated with staff RFID tag number was

role (provider, nurse, other). Providers comprised attending and
resident physicians, nurse practitioners, and physician assistants.
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urses included all non-clerical and non-provider ED staff. Staff
oles classified as other were primarily clerical, and these were
rimarily patient registration.

Individual patient data elements were obtained from the elec-
ronic health record (EHR) and included age, race, sex, acuity, and

ode of arrival (ambulance vs. other), patient arrival and depar-
ure times, and ICD 9 codes. ICD 9 codes associated with the
resenting complaint were categorized using the ESSENCE criteria
Lewis et al., 2002) into the following categories: gastrointestinal
GI), respiratory, neurological, chest pain, musculoskeletal, other.
ecause contact patterns vary over the course of a patient’s stay,
e categorized the RFID observation period in terms of its overlap
ith patient arrival and departure times. Specifically we  separated
atients into four groups as follows: those whose entire ED visit
as observed during the shift under observation; those whose ED

isit began before the shift under observation and completed dur-
ng the observation period; those whose ED visit began during the
hift under observation and completed after the end of the observa-
ion period, and those whose ED visit began before the shift under
bservation and completed after the end of the observation period.

Based on ED EHRs, for both staff members and patients we
alculated the maximum patient census during each individual’s
bservation period, using this information as a measure of ED
rowding.

.5.3. Shift-level independent variables
Data regarding environment, that is, overall patient mix, were

ummarized for each shift with respect to median age, percent
emale, percent arriving via EMS, percent with high acuity ill-
ess, percent presenting with respiratory chief complaint, and
ercent presenting with musculoskeletal chief complaint. Tem-
oral variables for each shift included day (7 am – 7 pm)  vs.
ight (7 pm – 7 am)  shift, weekday vs. weekend, and season of
ear (July/August/September vs. October/November/December). In
ddition we used the maximum patient census during the obser-
ation period as another measure of ED crowding.

.5.4. Control variables
Variables that were inextricably related to network quantities of

nterest served as control variables. For node-level outcomes, con-
rol variables included length of shift, counts of staff and patients
bserved by RFID in that shift, and length of observation period
or each individual. For network-level outcomes, control variables
ncluded total number of participants and length of shift.

.6. Statistical methods

Data were first summarized as descriptive statistics, such as
edians and percentages. To understand variability of the net-
orks (the 35 randomly selected shifts), network characteristics
ere summarized and the distribution of these summary statistics

eported. We  typically report median values as they are robust to
xtreme values. In doing so we use the language of “on average”
n the sense of a typical value (Stevenson, 2010) rather than the
rithmetic mean.

To evaluate whether temporal and environmental characteris-
ics were associated with node- and network-level metrics, a series
f multivariable models were analyzed. Models of node level out-
omes used a mixed models approach to account for the clustering
f observations within each shift using SAS’s PROC MIXED (SI Inc.,
008a) or PROC GLIMMIX (SI Inc., 2008b) with a random statement
or shifts. Most staff members had observations in multiple shifts,

nother source of clustering, but addition of this random effect was
ound to be unnecessary to the models. Normal linear regression
as used except for the following dependent variables: for number

f weak components, Poisson regression was used; for indicators
orks 48 (2017) 181–191 183

of radius >2 or not and diameter >5 or not, logistic regression was
used. Regression diagnostic techniques confirmed linearity and
lack of multicollinearity. Problematic residual distributions led to
the use of bootstrapping (Carroll and Ruppert, 1988) to quantify
sampling error, with 95% confidence intervals calculated utilizing
1000 bootstrapped estimates (based on bootstrapped samples of
shifts). Before bootstrapping we  screened for inclusion of 2-way
interaction terms as appropriate: patient arrival mode with patient
acuity, ED crowding during individual observation period, and chief
complaint; patient acuity with percent population with high acuity,
ED crowding during individual observation period, chief complaint,
and day/night; day/night with percent population with high acuity
and ED crowding during individual observation period; and patient
age with chief complaint. Criterion for including interaction terms
in a final model was  alpha = 0.001.

Node-level outcomes degree, weighted degree, and relative
degree were modeled for four subsets determined by type of con-
tact edge and participant type (patient or staff): (1) patient with
other patient (PP), (2) among patients only, patient with staff per-
son (PS), (3) among staff only, a staff person with a patient (SP),
and (4) staff person with another staff person (SS). This permit-
ted some clarity about the quite different contact experiences of
these subsets. It allowed patient characteristics to be examined
as predictors in patient-centered models, and staff member’s role
(provider, nurse, other) to be included in staff-centered models,
in addition to the temporal and environmental characteristics and
control variables included in all models.

For the PP outcomes the models took the following form:

E(mij) = ˇ0 +
28∑

k=1

ˇkXkij

for i = 1,.  . .nj, j = 1, . . .,  35, where mij is one of the three measures
considered (degree, weighted degree, relative degree) for patient i
in shift j; nj is the number of patients observed in shift j; X1ij = age
of patient i in shift j; X2ij = 1 if subject i in shift j is female, 0 other-
wise; X3ij = 1 if patient i in shift j is non-black, 0 otherwise; X4ij = 1
if patient i in shift j arrived by emergency medical services (EMS)
ambulance; X5ij = patient census if patient i in shift j arrived by EMS,
0 otherwise; X6ij = 1 if patient i in shift j had acuity of stable or
non-urgent, 0 otherwise; X7ij = 1 if patient i in shift j had acuity of
urgent, 0 otherwise; X8ij = 1 if patient i in shift j had gastrointesti-
nal (GI) chief complaint, 0 otherwise; X9ij = 1 if patient i in shift
j had respiratory chief complaint, 0 otherwise; X10ij = 1 if patient
i in shift j had neurological chief complaint, 0 otherwise; X11ij = 1
if patient i in shift j had chest pain chief complaint, 0 otherwise;
X12ij = 1 if patient i in shift j had other chief complaint, 0 otherwise;
X13ij = 1 if the visit for patient i started before and ended during shift
j, 0 otherwise; X14ij = 1 if the visit for patient i started during and
ended after shift j; X15ij = 1 if the visit for patient i started before and
ended shift j; X16ij = 1 if shift j was a day shift (7 am–7 pm), 0 oth-
erwise; X17ij = 1 if shift j was  a weekend shift, 0 otherwise; X18ij = 1
if shift j occurred in July, August, or September of 2009, and 0 if it
occurred in October–December of 2009; X19ij = maximum census of
the ED during shift j; X20ij = median age (years) of patients seen dur-
ing shift j; X21ij = percent of patients seen during shift j that were
female; X22ij = percent of patients seen during shift j that arrived
by EMS; X23ij = percent of patients seen during shift j with urgent
acuity class; X24ij = percent of patients seen during shift j that had

respiratory chief complaint; X25ij = percent of patients seen during
shift j that had musculoskeletal chief complaint; X26ij = length of
shift j (hours); X27ij = duration of observation; and X28ij= number
of patients in the ED during shift j.
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For the PS outcomes the models took the following form:

(mij) = ˇ0 +
29∑

k=1

ˇkXkij

or i = 1,.  . .nj, j = 1, . . .,  35, where mij is one of the three measures
onsidered (degree, weighted degree, relative degree) for patient i
n shift j; nj is the number of patients observed in shift j; X1ij, . . .,
28ij are as defined above, and X29ij = number of staff working in the
D during shift j.

For the SP outcomes the model took the following form:

(mij) = ˇ0 +
18∑

k=1

ˇkZkij

or i = 1,.  . .nj, j = 1, . . .,  35, where mij is one of the three measures
onsidered (degree, weighted degree, relative degree) for staff i in
hift j; nj is the number of staff observed in shift j; Z1ij = 1 if staff

 in shift j is a provider, 0 otherwise; Z2ij = 1 if staff i in shift j is a
urse, 0 otherwise; Z3ij = the census for shift j if staff i is a provider;
4ij = the census for shift j if staff i is a nurse; Z5ij = 1 if shift j is a day
hift, 0 otherwise; Z6ij = 1 if shift j is a weekend shift, 0 otherwise;
7ij = 1 if shift j occurred in July–September of 2009, 0 if it occurred
uring October–December of 2009; Z8ij = maximum census of the
D during shift j; Z9ij = median age (years) of patients seen dur-
ng shift j; Z10ij = percent of patients seen during shift j that were
emale; Z11ij = percent of patients seen during shift j that arrived by
MS; Z12ij = percent of patients seen during shift j with urgent acuity
lass; Z13ij = percent of patients seen during shift j that had respi-
atory chief complaint; Z14ij = percent of patients seen during shift

 that had musculoskeletal chief complaint; Z15ij = length of shift j
hours); Z16ij = duration observed; Z17ij = number of staff working
n the ED during shift j; Z18ij = number of patients in the ED during
hift j.

For the SS outcomes the model took the following form:

(mij) = ˇ0 +
18∑

k=1

ˇkZkij

or i = 1,.  . .nj, j = 1, . . .,  35, where mij is one of the three measures
onsidered (degree, weighted degree, relative degree) for staff i in
hift j; nj is the number of staff observed in shift j; Z1ij. . .,  Z18ij are
s defined above; the two  interaction terms were not significant
nd the number of patients was not relevant.

For eigenvector and closeness centrality measures, the models
ook the form

(mij) = ˇ0 +
20∑

k=1

ˇkUkij

or i = 1,. . .nj, j = 1, . . .,  35, where mij is one of the two measures
onsidered for participant i in shift j; nj is the number of par-
icipants observed in shift j; U1ij = 1 if participant i in shift j is a
rovider, 0 otherwise; U2ij = 1 if participant i in shift j is a nurse, 0
therwise; U3ij = 1 if participant i in shift j is administrative staff,

 otherwise; U4ij = census maximum in shift j; U5ij = census maxi-
um  if participant i in shift j is a provider, 0 otherwise; U6ij = census
aximum if participant i in shift j is a nurse; U7ij = census maxi-
um  if participant i in shift j is administrative staff, 0 otherwise;

8ij = 1 if shift j was a day shift (7 am to 7 pm), 0 otherwise; U9ij = 1
f shift j was a weekend shift, 0 otherwise; U10ij = 1 if shift j was

ccurred in July, August, or September of 2009, and 0 if it occurred
n October–December of 2009; U11ij = median age (years) of all
atients seen during shift j; U12ij = percent of patients seen dur-

ng shift j that were female; U13ij = percent of patients seen during
orks 48 (2017) 181–191

shift j that arrived by EMS; U14ij = percent of patients seen dur-
ing shift j with urgent acuity class; U15ij = percent of patients seen
during shift j that had respiratory chief complaint; U16ij = percent
of patients seen during shift j that had musculoskeletal chief
complaint; U17ij = length of shift j (hours); U18ij = duration of obser-
vation (hours); U19ij = number of staff working in the ED during
shift j; U20ij = number of patients in the ED during shift j.

For the network-level outcomes, separate models for each tem-
poral and environmental predictor were run, with shift length and
network size included as control variables. Since there were only
35 network-level observations, we did not perform extensive mul-
tivariable analysis beyond these models. Regression diagnostics
confirmed linearity, residual assumptions, and lack of multi-
collinearity.

For these measures the models took the form

E(mj) = ˇ0 +
10∑

k=1

ˇkVkj

for j = 1, . . .,  35, where mj is one of the measures for shift j; V1j = 1
if shift j was a day shift, 0 otherwise; V2j = 1 if shift j was  a week-
end shift, 0 otherwise; V3j = 1 if shift j occurred in July–September
of 2009, 0 if it occurred during October, November, December of
2009, V4j = maximum ED census during shift j; V5j = median age
of all patients in the ED during shift j (years); V6j = percentage
of all patients present in ED who were female during shift j;
V7j = percentage of all patients present in ED during shift j who
arrived by ambulance; V8j = percentage of all patients present in
ED during shift j who  were high acuity; V9j = percentage of all
patients present in ED during shift j who  had respiratory syndrome;
V10j = percentage of all patients present in ED during shift j who had
musculoskeletal chief complaint.

Gephi (Bastian et al., 2009) was used to calculate nodal- and
network-level measures. SAS v9.3 (SI Inc., 2012) was  used for all
statistical analyses.

3. Results

3.1. Shift characteristics

Table 1 provides descriptive statistics for participant, temporal,
and environmental characteristics. There were, on average, 36 staff
and 68 patient participants observed per shift. Staff were observed
for 575 min  per shift while patients were observed for 192 min.
Although the goal was  to measure 12-h shifts, at least 25% of shifts
were observed for 11 or fewer hours. The majority (74%) of shifts
were on weekdays, and 57% were day shifts. Shifts split fairly evenly
between summer months (July–September) and autumn months
(October–December), with 46% of shifts being measured in summer
months. The median of shift-level environmental characteristics
are as follows: median age of 44 years, 57% female, 29% arrived
by EMS, 28% were of high acuity, 12% presented with respiratory
syndrome, and 12% presented with musculoskeletal syndrome.

3.2. Participant-level characteristics

3.2.1. Degree
Degree, relative degree, and weighted degree are given

in Table 2. The regression analysis parameter estimates for
patient–patient (PP), patient–staff (PS), staff–patient (SP), and
staff–staff (SS) degree on environmental, temporal, and subject
characteristics are shown in Tables 3–6 respectively. For each table,

the models take the form of the equations given in section 2 above.

With respect to PP degree, patients arriving by EMS  had fewer
contacts with other patients than patients arriving by other modes.
Similarly patients in the least urgent acuity classes had more
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Table  1
Participant, temporal, and environmental characteristics of the 35 ED contact networks.

N % Median (1st quartile, 3rd quartile) Min–max

Participants
Staffa 36 (33, 39) 25–47

Provider 7 (5, 8) 2–10
RN  15 (13, 16) 10–22
Other staff 15 (14, 16) 10–19

Patients participatinga 68 (61, 80) 35–90
Total  participantsa 104 (92, 113) 66–133

Minutes observed by RFIDa

Staff 575 (463, 638) 250–694
Patients 192 (156, 207) 114–235

Census maximum during observationa,b

Staff 51 (44, 57) 35–71
Patients 50 (47, 57) 35–69

Temporal characteristics
Daytime shift 20 57%
Weekday shift 26 74%
Summer 16 46%
Shift length (h) 12 (11, 12) 5–12

Environmental characteristicsc

Median age, years 44 (41, 46) 37–51
%  Female 57 (54, 59) 48–67
%  Arriving by EMSd 29 (27, 33) 20–41
%  High acuity 28 (25, 30) 19–41
%  Respiratory syndrome 12 (10, 16) 3–22
%  Musculoskeletal complaint 12 (9, 15) 7–20

a Shift median was first calculated, and the distributions of these values are reported.
b During an individual’s observation, the maximum number of patients registered in the ED during any 15 min period.
c Shift summary statistic was first calculated and the distributions of these values are reported.
d Emergency medical services.

Table 2
Degree measures (by edge type), closeness centrality, and eigenvector centrality of the 35 ED contact networks.

Node-level characteristic Summary of shift median valuesa

Median (1st quartile, 3rd quartile) Shift median min–max Individual min–max

Degree
Patient with other patient 6 (5, 10) 3–12 0–40
Patient  with a staff member 3 (2, 4) 1–8 0–28
Staff  with a patient 4 (1, 10) 0–25 0–64
Staff  with other staff 19 (16, 22) 11–28 0–39

Weighted degree (min)
Patient with other patient 49 (31, 75) 16–94 0–1273
Patient  with a staff member 8 (4, 22) <1–71 0–2859
Staff  with a patient 26 (4, 63) 0–198 0–1648
Staff  with other staff 1106 (806, 1584) 529–2149 0–8294

Relative  degreeb

Patient with other patient 0.11 (0.08, 0.13) 0.04–0.18 0–0.48
Patient  with a staff member 0.09 (0.05, 0.12) 0.03–0.20 0–0.89
Staff  with a patient 0.06 (0.03, 0.14) 0–0.28 0–0.82
Staff  with other staff 0.58 (0.50, 0.64) 0.29–0.87 0–1.00

Closeness centrality 0.49 (0.46, 0.51) 0.37–0.54 0–1

Eigenvector centrality 0.20 (0.15, 0.26) 0.08–0.42 0–1

 are r

c
P
m
w

w
a
n
c

a The median for each shift was first calculated, and the statistics for these values
b Relative degree = # contacts with other patients/(# patients-1).

ontacts with other patients than patients in more acute classes.
atients with GI complaints had fewer contacts than patients with
usculoskeletal complaints. PP degree was positively associated
ith crowding.

With respect to PP weighted degree, patients arriving by EMS

ere greater than patients arriving by other modes. There was

lso a positive association with crowding. There was also a sig-
ificant interaction between arrival mode and crowding. When
rowding was  low (say census = 20), patients arriving by EMS  had
eported.

more person-minutes of contact with other patients, compared
to patients arriving by other modes. However, when crowding
was high (say census = 70), patients arriving by EMS  had fewer
person-minutes of contact with other patients, compared to
patients arriving by other modes. Moreover, patients in the stable

or non-urgent acuity class had approximately 30 person-minutes
of contact more than patients in the most acute category.

With respect to PS degree, patients in the least urgent acuity
classes had more contacts with other patients than patients in more
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Table 3
Among patient–patient contacts: relationship of patient, temporal, and environmental characteristics in the ED with degree, weighted degree, and relative degree.

Patient contact with other patients

Degree Weighted degreea Relative degree

Estimate (95% CL) Estimate (95% CL) Estimate (95% CL)

Intercept 1.46 (−1.74, 4.48) −225 (−452, −19) 0.15 (−0.09, 0.36)

Patient  characteristics
Age (per 10 years) −0.02 (−0.03, −0.01) −1 (−3, 1) 0 (0, 0)
Female  (vs. Male) 0.02 (−0.01, 0.06) 2 (−5, 10) 0 (0, 0.01)
Non-black (vs. Black) −0.02 (−0.08, 0.05) −6 (−17, 3) 0 (−0.01, 0.01)
EMSb arrival (vs. other) −0.13 (−0.19, −0.07) 100 (43, 143) 0.04 (0.01, 0.07)

EMS  arrival X censusc – – −25 (−34, −12) −0.01 (−0.02, −0.01)
Acuity  category (vs. emergent)

Stable/non-urgent 0.20 (0.09, 0.31) 30 (9, 52) 0.02 (0.01, 0.04)
Urgent 0.06 (0, 0.12) 8 (−1, 18) 0.01 (0, 0.01)

Chief  complaint (vs. musculoskeletal)
GId −0.11 (−0.21, −0.04) −3 (−13, 7) −0.01 (−0.03, 0)
Respiratory −0.07 (−0.14, 0.01) −6 (−22, 8) −0.01 (−0.02, 0)
Neurological −0.08 (−0.21, 0.05) −9 (−29, 8) −0.01 (−0.02, 0.01)
Chest  pain −0.09 (−0.18, 0.01) −1 (−17, 16) −0.01 (−0.02, 0)
Other  −0.07 (−0.13, 0) −4 (−14, 6) −0.01 (−0.02, 0)

Patient  staye (vs. all observed)
Ends during −0.19 (−0.31, −0.06) −18 (−39, 1) −0.02 (−0.03, −0.01)
Starts  during 0.02 (−0.14, 0.16) 13 (−12, 37) 0 (−0.01, 0.02)
Starts  before/ends after −0.65 (−0.88, −0.43) −63 (−115, −15) −0.08 (−0.11, −0.05)

Temporal characteristics
Daytime shift (vs. evening) −0.05 (−0.32, 0.18) −16 (−34, 6) −0.01 (−0.03, 0.01)
Weekend shift (vs. weekday) 0 (−0.32, 0.32) −18 (−46, 0) 0 (−0.03, 0.02)
Fall  (vs. summer) 0.21 (−0.15, 0.52) 14 (−9, 44) 0.02 (−0.01, 0.05)

Environmental characteristics
Census maximum during observationc 0.31 (0.22, 0.39) 27 (18, 35) 0.03 (0.02, 0.03)
Median age, yearsf −0.04 (−0.40, 0.35) 13 (−24, 50) 0 (−0.03, 0.03)
%  Femaleg −0.10 (−0.41, 0.23) 15 (−7, 36) 0 (−0.03, 0.02)
%  Arriving by EMSg −0.14 (−0.39, 0.24) 6 (−14, 36) −0.01 (−0.03, 0.02)
%  High acuityg −0.24 (−0.34, 0.19) −12 (−33, 8) −0.01 (−0.02, 0.02)
%  Respiratory syndromeg −0.33 (−0.64, 0.05) −8 (−29, 17) −0.03 (−0.06, −0.01)
%  Musculoskeletal complaintg −0.18 (−0.61, 0.18) −12 (−46, 14) −0.02 (−0.05, 0)

Control  variables
Shift length (per hour) 0.01 (−0.08, 0.09) −2 (−10, 5) 0 (−0.01, 0.01)
Duration observed (per hour) 0.13 (0.11, 0.15) 18 (14, 22) 0.02 (0.01, 0.02)
#  Patients (per 10) 0.07 (−0.12, 0.15) 8 (−3, 16) −0.01 (−0.02, 0)

Bold font indicates estimate is significantly different from 0 at the 0.05 level.
a Minutes.
b Emergency medical services.
c Estimates reported per 10 patient increase of ‘maximum number of patients registered in the ED during any 15 min period for individual participants’.
d Gastrointestinal.
e Relation of patients ED stay to the RFID observation period.
f
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Estimates reported per 10 year increase in median age.
g Estimates reported per 10% point increase.

cute classes. There was also an interaction between arrival mode
nd crowding. When crowding was low, patients arriving by EMS
ere similar to patients arriving by other modes, but as crowd-

ng increased, patient contacts with staff increased among patients
rriving by other modes while patient contacts with staff did not
ncrease significantly if arriving by EMS.

With respect to PS weighted degree, non-black patients have
pproximately 15 person-minutes less contact than black patients.
eekends are greater than weekdays by 32 person-minutes.

atients in the stable or non-urgent acuity class had approximately
4 person-minutes of contact more than patients in the most
cute category. There was a significant interaction between arrival
ode and crowding. When crowding was low, patients arriving

y EMS had more person-minutes of contact with staff, compared
o patients arriving by other modes. However, when crowding was

igh, patients arriving by EMS  had fewer person-minutes of contact
ith staff, compared to patients arriving by other modes.

With respect to SP degree, both providers and nurses had more
ontacts with patients than other staff, with providers having the
most contacts. Contacts of staff with patients increased with crowd-
ing. However there was  no interaction between staff role and
crowding.

With respect to SP weighted degree, there is a significant
interaction between staff role and crowding. When crowding
is low, providers have the most contact time with patients
and staff the least. However, when crowding is high, staff
have the most contact time with patients. Staff had 80 fewer
person-minutes of contact with patients on weekends than on
weekdays.

With respect to SS degree, both providers and nurses have fewer
contacts with all types of staff than staff in the other category,
with providers having significantly fewer than nurses. There was a
positive association with crowding.

With respect to SS weighted degree, providers and RNs are less

than other staff. The average person-minutes in contact increased
by 478 person-minutes for each 10% increase in population percent
with high acuity.
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Table  4
Among patient–staff contacts: relationship of patient, temporal, and environmental characteristics in the ED with degree, weighted degree, and relative degree.

Patient contact with staff members

Degree Weighted degreea Relative degree

Estimate (95% CL) Estimate (95% CL) Estimate (95% CL)

Intercept −0.96 (−5.86, 5.24) −101 (−494, 317) −0.05 (−0.50, 0.51)

Patient  characteristics
Age (per 10 years) 0 (−0.03, 0.03) −2 (−5, 1) 0 (0, 0)
Female  (vs. male) −0.01 (−0.07, 0.07) 0 (−12, 11) 0 (−0.01, 0.01)
Non-black (vs. black) −0.04 (−0.14, 0.05) −15 (−29, −2) 0 (−0.01, 0.01)
EMSb arrival (vs. other) 0.47 (−0.04, 1.00) 102 (37, 164) 0.08 (0, 0.15)

EMS  arrival X censusc −0.15 (−0.26, −0.03) −24 (−36, −10) −0.02 (−0.04, −0.01)
Acuity  category (vs. emergent)

Stable/non-urgent 0.18 (0.06, 0.30) 34 (10, 59) 0.03 (0.01, 0.05)
Urgent  0.04 (−0.04, 0.12) 5 (−11, 19) 0.01 (−0.01, 0.01)

Chief  complaint (vs. musculoskeletal)
GId 0.03 (−0.08, 0.15) 3 (−12, 20) 0 (−0.01, 0.02)
Respiratory −0.01 (−0.13, 0.12) 8 (−9, 27) 0 (−0.02, 0.02)
Neurological −0.01 (−0.2, 0.17) 2 (−19, 23) 0 (−0.03, 0.02)
Chest  pain −0.03 (−0.19, 0.11) 16 (−3, 37) 0 (−0.03, 0.02)
Other  −0.05 (−0.15, 0.06) 4 (−8, 16) −0.01 (−0.03, 0.01)

Patient  staye (vs. all observed)
Ends during −0.46 (−0.64, −0.31) −26 (−43, −11) −0.06 (−0.08, −0.04)
Starts  during 0.14 (−0.01, 0.27) 24 (5, 45) 0.03 (0.01, 0.06)
Starts  before/ends after −1.07 (−1.42, −0.76) −65 (−115, −22) −0.13 (−0.19, −0.09)

Temporal characteristics
Daytime shift (vs. evening) 0.08 (−0.25, 0.44) −5 (−41, 32) 0.01 (−0.03, 0.05)
Weekend shift (vs. weekday) −0.26 (−0.68, 0.11) −32 (−75, −1) −0.04 (−0.09, 0.01)
Fall  (vs. summer) 0.27 (−0.22, 0.70) 2 (−42, 44) 0.03 (−0.02, 0.08)

Environmental characteristics
Census maximum during observationb 0.10 (−0.01, 0.22) 10 (−4, 23) 0.02 (0, 0.03)
Median Age, yearsf −0.15 (−0.60, 0.26) −16 (−65, 25) −0.02 (−0.07, 0.03)
%  Femaleg 0.30 (−0.41, 0.87) 28 (−20, 78) 0.04 (−0.02, 0.11)
%  Arriving by EMSg 0.07 (−0.30, 0.58) 9 (−24, 54) 0.02 (−0.02, 0.08)
%  High acuityg −0.20 (−0.54, 0.12) −9 (−42, 23) −0.02 (−0.07, 0.01)
%  Respiratory syndromeg 0.07 (−0.38, 0.50) 5 (−26, 47) 0 (−0.04, 0.05)
%  Musculoskeletal complaintg 0 (−0.68, 0.55) −3 (−55, 43) −0.01 (−0.08, 0.04)

Control variables
Shift length (per hour) 0.09 (−0.05, 0.21) 4 (−7, 13) 0.01 (0, 0.03)
Duration observed (per hour) 0.10 (0.08, 0.13) 15 (12, 19) 0.01 (0.01, 0.02)
#  Staff (per 10) −0.02 (−0.54, 0.52) −11 (−55, 37) −0.04 (−0.10, 0.03)
#  Patients (per 10) −0.02 (−0.18, 0.14) −2 (−17, 14) −0.01 (−0.03, 0.01)

Bold font indicates that the estimate is significantly different from 0 at the 0.05 level.
a Minutes.
b Emergency medical services.
c Estimates reported per 10 patient increase of ‘maximum number of patients registered in the ED during any 15 min  period for individual participants’.
d Gastrointestinal.
e Relation of patients ED stay to the RFID observation period.
f Estimates reported per 10 year increase in median age.
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g Estimates reported per 10% point increase.

.2.2. Other centrality measures
Regression parameter estimates for eigenvector centrality are

hown in Table 7. There is a significant interaction between role
nd crowding. Eigenvector centrality increased slightly more with
ncreasing crowding for other staff compared to patients, although
here were not differences in slopes for providers vs. patients and
urses vs. patients.

The regression parameter estimates for closeness centrality are
lso shown in Table 7. There is an interaction between role and
rowding. Providers are lower than patients at low crowding, but
ave higher values than patients with increased crowding.

.3. Network-level characteristics
Simple descriptive statistics of the network-level characteristics
re shown in Table 8. The median density of networks was 0.16,
ndicating that the individuals had interactions with each other at
the frequency of 16% of the number of possible 2-way interactions.
The median radius was  3, with 34% of the networks having a radius
less than 3, while the maximum radius was  4. The median diameter
was 5, with 43% of networks with a diameter less than 5, while the
maximum diameter was  6. The maximum spectral gap varied from
1 to 14, with a median value of 6. The median clustering coefficient
was 0.56.

The results of regression analyses of the network-level charac-
teristics on individual temporal and environmental characteristics
while controlling for shift length and network size are given
in Table 9. Among temporal characteristics time of day and
season were associated with some network values, while week-
day/weekend was not. Specifically, shifts occurring in daytime were
more likely to have radius >2 (estimated beta (se) = 2.46 (1.00)) and

had smaller spectral gap (−4.67 (1.07)) than night shifts. Shifts
falling in autumn months (October–December) were less dense
than shifts falling in summer months (July–September) (est. b
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Table 5
Among staff–patient contacts: relationship of staff, temporal, and environmental characteristics in the ED with degree, weighted degree, and relative degree.

Staff contact with patients

Degree Weighted degreea Relative degree

Estimate (95% CL) Estimate (95% CL) Estimate (95% CL)

Intercept −1.57 (−8.14, 7.06) −348 (−1223, 571) −0.05 (−0.67, 0.63)

Staff  position
Staff provider (vs. other) 0.76 (0.44, 0.99) 371 (157, 583) 0.24 (0.13, 0.34)
Nurse  (vs. other) 0.31 (0.06, 0.52) 282 (125, 431) 0.09 (0.02, 0.17)
Staff  (provider vs. other) X censusb – – −62 (−110, −15) −0.03 (−0.05, −0.01)
Staff  (nurse vs. other) X census – – −62 (−96, −25) −0.01 (−0.03, 0)

Temporal characteristics
Daytime shift (vs. evening) 0.22 (−0.17, 0.71) −23 (−87, 48) 0 (−0.04, 0.04)
Weekend shift (vs. weekday) −0.34 (−0.93, 0.22) −80 (−173, −17) −0.04 (−0.11, 0.01)
Fall  (vs. summer) 0.51 (−0.31, 1.31) 24 (−64, 124) .03 (−0.03, 0.09)

Environmental characteristics
Census maximum during observationb 0.44 (0.23, 0.72) 59 (25, 98) 0.02 (0, 0.04)
Median  age, yearsc 0.15 (−0.46, 0.74) −15 (−113, 76) 0.01 (−0.05, 0.06)
%  Femaled 0.07 (−0.86, 0.79) 49 (−52, 147) 0.03 (−0.05, 0.10)
%  Arriving by EMSd,e 0.09 (−0.52, 1.1) 11 (−52, 120) 0.01 (−0.04, 0.08)
%  High acuityd −0.17 (−0.77, 0.30) −12 (−90, 53) −0.02 (−0.06, 0.03)
%  Respiratory syndromed −0.01 (−0.77, 0.72) 10 (−53, 98) 0 (−0.06, 0.06)
%  Musculoskeletal complaintd −0.13 (−1.21, 0.56) −11 (−123, 98) −0.02 (−0.11, 0.04)

Control variables
Shift length (per hour) 0.08 (−0.07, 0.28) 5 (−17, 31) 0 (−0.01, 0.02)
Duration observed (per hour) 0.14 (0.1, 0.17) 12 (8, 15) .01 (0.01, 0.02)
#  Staff (per 10) −0.71 (−1.57, −0.13) −65 (−165, 49) −0.06 (−0.13, 0.02)
#  Patients (per 10) 0.10 (−0.32, 0.26) 13 (−32, 45) 0 (−0.03, 0.02)

Bold font indicates that the estimate is significantly different from 0 at the 0.05 levels.
a Minutes.
b Estimates reported per 10 patient increase of ‘maximum number of patients registered in the ED during any 15 min period for individual participants’.
c Estimates reported per 10 year increase in median age.
d Estimates reported per 10% point increase.
e Emergency medical services.

Table 6
Among staff–staff contacts: relationship of staff, temporal, and environmental characteristics in the ED with degree, weighted degree, and relative degree.

Staff contact with other staff

Degree Weighted degreea Relative degree

Estimate (95% CL) Estimate (95% CL) Estimate (95% CL)

Intercept 1.13 (−1.37, 4.57) −3653 (−8939, 2207) .06 (−1.03, 1.25)

Staff  position
Staff provider (vs. other) −0.58 (−0.70, −0.47) −1461 (−1712, −1276) −0.19 (−0.23, −0.16)
Nurse  (vs. other) −0.13 (−0.19, −0.07) −970 (−1219, −752) −0.10 (−0.14, −0.06)

Temporal characteristics
Daytime shift (vs. evening) 0.20 (−0.01, 0.41) −60 (−404, 330) 0.07 (−0.02, 0.15)
Weekend shift (vs. weekday) 0.05 (−0.18, 0.31) 109 (−394, 495) −0.01 (−0.12, 0.08)
Fall  (vs. summer) 0.15 (−0.06, 0.35) 147 (−169, 538) 0.08 (0.01, 0.16)

Environmental characteristics
Census maximum during observationb 0.12 (0.03, 0.21) −1 (−114, 146) 0.01 (−0.01, 0.03)
Median  age, yearsc −0.01 (−0.34, 0.26) 283 (−267, 736) 0.01 (−0.12, 0.13)
%  Femaled −0.01 (−0.38, 0.38) −21 (−657, 432) 0.04 (−0.09, 0.20)
%  Arriving by EMSd,e 0.06 (−0.16, 0.39) 189 (−209, 607) 0.02 (−0.06, 0.13)
%  High acuityd 0.04 (−0.16, 0.26) 470 (223, 873) 0.01 (−0.06, 0.09)
%  Respiratory syndromed −0.03 (−0.33, 0.20) −81 (−541, 348) 0.01 (−0.09, 0.09)
%  Musculoskeletal complaintd −0.10 (−0.52, 0.12) 220 (−389, 731) −0.03 (−0.19, 0.05)

Control variables
Shift length (per hour) −0.02 (−0.09, 0.05) −49 (−145, 67) −0.01 (−0.04, 0.02)
Duration observed (per hour) 0.07 (0.05, 0.08) 185 (154, 216) 0.02 (0.02, 0.03)
#  Staff (per 10) 0.19 (−0.15, 0.43) 478 (−10, 958) −0.01 (−0.13, 0.09)

Bold font indicates estimates that are significantly different from 0 at the 0.05 level.
a Minutes.
b Estimates reported per 10 patient increase of ‘maximum number of patients registered in the ED during any 15 min period for individual participants’.
c Estimates reported per 10 year increase in median age.
d Estimates reported per 10% point increase.
e Emergency medical services.
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Table  7
Relationship of participant, temporal, and environmental characteristics in the ED with eigenvector and closeness centrality.

Eigenvector centrality Closeness centrality

EST 95% CL EST 95% CL

Intercept 0.01 (−0.75, 0.72) 0.39 (−0.22, 1.17)

Participant characteristics
Participant type (vs. patient)

Provider 0.16 (−0.01, 0.30) −0.10 (−0.20, −0.02)
Nurse  0.19 (−0.04, 0.39) −0.04 (−0.10, 0.02)
Other  staff 0.17 (−0.07, 0.36) −0.04 (−0.09, 0.01)

Census  max during observation (per 10) 0.05 (0.02, 0.07) 0.02 (0.01, 0.03)
Census  max  X (MD  vs. patient) −0.02 (−0.04, 0.02) 0.02 (0.003, 0.04)
Census  max  X (RN vs. patient) 0.01 (−0.03, 0.06) 0.01 (0, 0.02)
Census  max  X (other staff vs. patient) 0.04 (0.002, 0.08) 0.01 (0, 0.02)

Temporal characteristics
AM shift (vs. PM)  0.02 (−0.03, 0.07) 0.04 (−0.01, 0.08)
Weekend (vs. weekday) −0.01 (−0.07, 0.05) −0.02 (−0.07, 0.03)
Summer (vs. Fall) 0.04 (−0.03, 0.12) 0.05 (−0.02, 0.10)

Environmental characteristics
Median age (per 10 year) 0.02 (−0.07, 0.10) −0.02 (−0.07, 0.03)
%  Female (per 10%) 0 (−0.08, 0.08) 0 (−0.08, 0.07)
%  Arriving by EMS  (per 10%) 0 (−0.07, 0.09) 0.01 (−0.05, 0.08)
%  High acuity (per 10%) −0.02 (−0.10, 0.03) −0.02 (−0.06, 0.02)
%  With respiratory syndrome (per 10%) −0.02 (−0.09, 0.06) −0.01 (−0.07, 0.05)
%  With musculoskeletal syndrome (per 10%) −0.03 (−0.12, 0.05) −0.01 (−0.10, 0.05)

Control variables
Shift length 0.01 (−0.01, 0.03) 0.01 (−0.01, 0.03)
Duration observed (per hour) 0.02 (0.01, 0.02) 0.01 (0.01, 0.01)
Staff  count (per 10) −0.04 (−0.11, 0.04) −0.03 (−0.10, 0.03)
Patient  count (per 10) −0.01 (−0.05, 0.01) −0.01 (−0.03, 0.01)

Bold font indicates estimates that are significantly different from 0 at the 0.05 level.

Table 8
Network level characteristics of the 35 ED contact networks.

Network characteristic Median (1st quartile, 3rd quartile) Min–Max

Density 0.16 (0.14, 0.18) 0.10–0.25
Average path length 2.12 (1.99, 2.27) 1.86–2.77
Diameter 5 (4, 5) 3–6 (% <5) = 43%
Weighted diameter 0.30 (0.15, 0.69) 0.04–2.50
Radius  3 (2, 3) 1–4 (% <3) = 34%
Maximum spectral gap 6 (3, 10) 1–14
#  Weak components 3 (2, 4) 1–7
Clustering coefficient 0.56 (0.54, 0.61) 0.48–0.63

Table 9
Relationship of temporal and environmental characteristics with network-level measures, controlling for shift length and network sizea; 35 ED contact networks.

Characteristic Parameter estimates (se)b

Density Average path
length

Log (wt.
diameter)

Maximum
spectral gap

Clustering
coefficient

# Weak
components

Diameter
(>5 vs. ≤5)

Radius
(>2 vs. ≤2)

Temporal characteristics
Daytime shift (vs. evening) 0 (.01) 0.05 (0.08) 0.34 (0.40) −4.67 (1.07) −0.03 (0.01) −0.22 (0.56) 0.77 (0.81) 2.46 (1.00)
Weekendshift (vs. weekday) 0.01 (.01) 0.02 (0.08) 0.16 (0.41) 0.49 (1.40) 0.01 (0.02) −0.49 (0.57) 0.98 (0.85) 0.20 (0.90)
Fall  (vs. summer) −0.03 (0.01) 0.18 (0.07) 0.36 (0.40) 3.05 (1.25) −0.01 (0.01) 1.23 (0.52) 1.15 (0.83) 0.08 (0.88)

Environmental characteristics
Census maximum during shiftc 0.01 (0.01) −0.02 (0.04) 0.07 (0.24) 0.53 (0.79) 0.01 (0.01) −0.27 (0.33) 0.82 (0.53) 1.79 (0.79)
Median Age, yearsd −0.02 (0.02) 0.11 (0.11) 1.06 (0.53) 0.96 (1.91) −0.04 (0.02) 1.04 (0.77) 0.72 (1.15) 0.62 (1.26)
%  Femalee 0.03 (0.02) −0.15 (0.09) −1.09 (0.45) −1.61 (1.63) 0.03 (0.02) −1.07 (0.65) −0.19 (0.96) 0.41 (1.08)
%  Arriving by EMSe 0 (0.01) 0.04 (0.08) 0.19 (0.42) 0.94 (1.43) 0 (0.02) 0.37 (0.59) −1.09 (0.88) 0.52 (0.92)
%  High acuitye −0.01 (0.01) 0.08 (0.07) 0.85 (0.33) 1.45 (1.21) 0.01 (0.01) 0.12 (.51) 1.60 (0.87) 1.61 (0.97)
%  Respiratory syndromee 0 (0.01) −0.08 (0.07) −0.66 (0.38) 1.88 (1.30) 0.01 (0.01) 0.28 (0.55) 0.13 (0.78) −1.33

(0.91)
%  Musculoskeletal complainte −0.03 (0.02) 0.08 (0.10) 0.26 (0.52) 0.51 (1.77) −0.05 (0.02) 1.58 (0.70) −0.80 (1.05) 0.50 (1.14)

Bold font indicates estimates that are significantly different from 0 at the 0.05 level.
a Density, average path length, log(weighted diameter), maximum spectral gap, and clustering coefficient using multiple linear regression; # weak components using

poisson  regression, radius and diameter (median splits) using logistic regression; all models contain 3 variables (the variable of interest and control variables regarding shift
length and total number of participants (staff plus patients) in each shift).

b Estimates significant at p < 0.05 are in bold.
c Estimates reported per 10 patient increase of shift mean of the ‘maximum number of patients registered in the ED during any 15 min period for individual participants’.
d Estimates reported per 10 year increase in median age.
e Estimates reported per 10% point increase.
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se): −0.03 (0.01)) while having longer average path lengths (0.18
0.07)), larger spectral gap (3.05 (1.25)), and larger number of com-
onents (1.23 (0.52)).

Among environmental characteristics, census maximum, per-
ent female patients, percent high acuity patients, and percent
usculoskeletal complaint patients were associated with some

etwork measures, while median age, percent arriving by EMS,
nd percent respiratory complaint patients were not. Specifically,
he odds (standard error) of having radius >2 increased with shift
ensus maximum (1.79 (0.79)). The log of the weighted diame-
er decreased as percentage of female patients present increased
−1.09 (0.45)); however this same outcome measure increased as
ercentage of high acuity patients present increased (0.85 (0.33)).
umber of components increased as percentage of patients with
usculoskeletal complaints increased (1.58 (0.07)), but the cluster-

ng coefficient decreased with this same covariate (−0.05 (0.02)).

. Discussion

.1. Key results

Major findings for patient contacts are as follows: (1) the
umber of patient contacts (degree) are not related to patient
emographic characteristics, but the time-weighted number of
ontacts (weighted degree) for black patients were higher than for
on-black patients; (2) there are differences in number of contacts
ased on arrival mode and staff role; and (3) the effect of arrival
ode is modified by the extent of crowding. With respect to arrival
ode, EMS  patients have a more consistent geographic pathway

f care while patients arriving by other modes are more ambula-
ory and therefore more easily moved between various waiting,
valuation and treatment areas (for example waiting room, triage,
egistration, imaging, treatment rooms). Patients arriving by EMS
nter through the ambulance bay entry and are moved directly
nto a treatment room where traditional arrival activities occur
e.g., registration, triage, specimen collection, EKG, etc.). In con-
rast, for “ambulatory” patients, traditional arrival activities occur
n a variety of locations to which the patient moves as opposed
o a single treatment room. Thus the increasing number of con-
acts that is associated with increased crowding does not affect
MS patients – as it does patients arriving by other modes – since
hey are effectively sequestered in a single room, leading to the
bserved statistical interaction.

As for SP contacts, degree, weighted degree, and relative degree
re all increased with crowding; thus in crowded conditions, staff
ave more contacts of longer duration with more patients. Because
he provider to patient ratio is smaller than the non-provider
taff to patient ratio, providers may  become task saturated at an
arlier point as conditions become more crowded and therefore
ecome the rate limiting step in care delivery. For SS relative
egree, providers < nurses < other, which suggests that the non-
linical staff work within smaller spaces filled with other staff
olleagues. We will be exploring this possibility further in a planned
uture analysis of the geography of contacts.

.2. Limitations

With only 35 networks, the network level models could not con-
rol for more covariates. In addition, we could not investigate the
hole range of seasonality with observations for only 6 months.

his ED does not treat pediatric patients, and thus contact pat-

erns may  differ in those settings. We  did not measure interactions
mong and between visitors, i.e., family accompanying patients.
he entire span of a patient’s visit is not captured by the RFID obser-
ation period although we tried to control for this in our models.
orks 48 (2017) 181–191

Contact patterns change over the course of a patient visit. Longer
continuous observation periods would mean that a higher percent-
age of patients would have a completely captured ED stay.

4.3. Generalizability

Gundlapalli et al. (2009) used electronic health records coupled
with data from a staff RTLS using infrared detection to reconstruct
the social network of staff-patient interactions in a hospital ED over
the course of one day. During this day there were 21 staff and 40
patients. The average PS degree was  3, while the average SP degree
was 6. The average path length was 2.577 and the clustering coef-
ficient was 0.541. The average (SD) eigenvector centrality was 14.7
(22.6) for staff and 6.9 (9.3) for patients. We  cannot compare our
findings to theirs, however, in that staff–staff and patient–patient
interactions are not included. Polgreen et al. (2010) used student
observers to record interactions of 148 hospital staff with other
staff, patients, and others over the course of 606 h. They recorded
4413 interactions with other staff, and thus the staff–staff network
has average degree = 59.6 and density = 0.41. They also indicate that
these staff had 1762 interactions with patients. However, without
the number of patients and the number of patient–patient inter-
actions we cannot describe the entire network and thus cannot
compare our network to theirs. Isella et al. (2011a) used an RFID
system to record interactions of patients, staff, and visitors in a ward
of a pediatric children’s hospital. There were 119 participants hav-
ing average degree of 20 and network density of 0.17. Since we did
not record interactions of visitors our network is not comparable.

4.4. Implications

Traditional models assume random mixing of members of
healthcare networks. Prior work (Gundlapalli et al., 2009; Lowery-
North et al., 2013) has demonstrated that in the emergency
department network members are circulating in a non-random
fashion. The data presented here further emphasize the non-
random mixing characteristics of the ED population. These results
should help focus designers of emergency care on higher risk situa-
tions for the transmission of dangerous pathogens in an emergency
department. In particular given the differential in contacts with
EMS  vs. non-EMS patients, it would appear that infection control
efforts should consider non-EMS patients, particularly during times
of ED crowding, as high priority targets for engineering or architec-
tural interventions to artificially increase social distance with each
other and with staff. Similar measures should also be directed at
staff to increase their social distance from one another.

In summary, we investigated the association of contacts with
individual patient characteristics, staff role, and shift level char-
acteristics such as patient mix. We  have observed repeated shifts
while other studies have studied short fixed intervals at one fixed
time. Our findings suggest that optimization of the geographic
pathway of care is necessary, particularly for patients not arriv-
ing by EMS, in order to reduce the number of contacts with other
patients, thus reducing cross infection risk. Such optimization
might limit intradepartmental motion of patients and thus reduce
the number of patient contact events. Therefore we need to exam-
ine movement patterns of EMS  arrivals vs. other arrivals to verify
our conjecture. We also need to better understand not only the
geographic pathways of care but also the locations where PP inter-
actions are occurring under crowded conditions (e.g., waiting room,
transit areas like hallways) in order to find ways to reduce the

number and duration of contacts taking place there. Social network
analysis enabled characterization of the ED in a novel manner. Our
findings would not have been possible without the ability to look
at ED patient and staff interactions through this lens.
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