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Network Analysis Examining Intrahospital Traffic of
Patients With Traumatic Hip Fracture
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ABSTRACT

directed graph.

Introduction: Increased intrahospital traffic (IHT) is associated with adverse events and infections in hospitalized patients. Network
science has been used to study patient flow in hospitals but not specifically for patients with traumatic injuries.

Methods: This retrospective analysis included 103 patients with traumatic hip fractures admitted to a level | trauma center between
April 2021 and September 2021. Associations with IHTs (moves within the hospital) were analyzed using R (4.1.2) as a weighted

Results: The median (interquartile range) number of moves was 8 (7-9). The network consisted of 16 distinct units and showed
mild disassortativity (—0.35), similar to other IHT networks. The floor and intensive care unit (ICU) were central units in the flow of
patients, with the highest degree and betweenness. Patients spent a median of 20—-28 hours in the ICU, intermediate care unit, or
floor. The number of moves per patient was mildly correlated with hospital length of stay (p = 0.26, p = .008). Intrahospital traffic
volume was higher on weekdays and during daytime hours. Intrahospital traffic volume was highest in patients aged <65 years (p =
.04), but there was no difference in IHT volume by dependent status, complications, or readmissions.

Conclusions: Network science is a useful tool for trauma patients to plan IHT, flow, and staffing.
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Introduction

Intrahospital traffic (IHT), the transfer or movement
of patients between units, has been linked to adverse
events and infections in hospitalized patients. Studies
have found a number of adverse events arising with
patient movement: Clostridium difficile infection
(CDI), wound infections, ventilator-associated pneu-
monia, falls, pressure injuries, medication errors,
delirium, endotracheal tube displacement, intrave-
nous catheter displacement, cardiac arrest, meta-
bolic events, cardiac dysrhythmias, hypotension, and
hypertension.'™ These studies reported that greater
IHT increased hospital length of stay (LOS) and
intensive care unit (ICU) LOS, and mortality in
critically ill patients."”
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Hip fractures present a particularly interesting
subset of injuries because they occur in older
populations with concurrent comorbidities who
need to be transferred into surgery as quickly as
possible.”® Timing and flow of IHT in patients with
hip fractures is important, because faster perfor-
mance of perioperative procedures (radiology, blood
tests, etc.) and surgical procedures lead to lower
mortality, improved autonomy, and fewer pressure
ulcers.”*! There is scant literature on IHT in the hip
fracture population, although Bristol and colleagues
identified specific complications and outcomes of
more IHTs in the geriatric population including
delirium, hospital LOS, and mortality/ morbidity.l’11
This study investigates IHTs in patients with hip
fractures to gain more insight into patient flow
during their hospital stay using network science.

Network science is an ever-expanding tool used in
healthcare. Network analysis has been used to model
disease 0utbreal<s,12‘13 describe physician referral
networks,'* follow pathogen spread between hospi-
tals,'”” and illustrate patient flow from admission to
discharge.'*"® Networks consist of nodes and edges,
where a node represents a unique location or person,
and an edge represents the connection between two
nodes, such as a movement of a patient from one
hospital location to another. Network analysis has
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also been used to study IHTs to identify hubs
(locations very important to patient flow) and
bottlenecks (locations with higher patient flow in
than out) and temporal differences in patient flow to
improve future patient care.'®'® The aim of this
study is to describe patient flow at a Level I trauma
center specifically for patients with hip fractures and
determine any temporal differences or contrasts in
outcomes.

Methods

This retrospective analysis included patients with a
traumatic hip fracture who were admitted to a
Level I trauma center in Colorado from April
through September 2021. Hip fractures were
identified by the International Classification of
Diseases 10th Revision diagnosis codes S72.00-
S72.14. Patients were excluded if they left against
medical advice (n = 0), were transferred from
another hospital (n = 17), or were aged less than 18
years (n = 0). This study was institutional review
board-approved (ID: 1829515).

The hospital’s trauma registry was queried for
patient information including age, sex, admission
vital signs (heart rate, respiratory rate, and systolic
blood pressure), cause of injury, Glasgow Coma Scale
(scores of 3-8 signify severe neurologic injury), injury
severity score (ISS; scores =16 signify severe trau-
matic injury), discharge disposition, LOS, comorbid-
ities, and complications. These variables were
abstracted from the electronic health record (EHR)
into the trauma registry by dedicated trauma
registrars using the State department of public health
data dictionary.

Intrahospital traffic (location, date, and time) was
abstracted from the EHRs by a dedicated clinical
research coordinator. The EHR provides all patient
activity in a linear continuum from arrival to
discharge. Activity includes not only intrahospital
transfers, but also orders, medications, etc. Intra-
hospital transfers were identified by manually review-
ing patient activity. Room changes within the same
location were also documented in the EHR. Intra-
hospital traffic locations included the emergency
department (ED), radiology department (for com-
puted tomography [CT], X-ray, and ultrasound),
preoperative (Pre-Op) holding, operating room
(OR), postanesthesia care unit (PACU), floor
(medical/surgical bed), ICU, immediate care unit
(IMCU), and discharge locations (home, home
health, hospice, morgue, inpatient rehab, and skilled
nursing facility [SNF] or nursing home).
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Antibiotic use before injury and during hospital-
ization, and result of CDI culture (if performed) were
also abstracted from the EHR.

Network metrics calculated include volume (num-
ber of moves between units) order (number of
nodes), size (number of edges), degree (number of
edges connected to node), in-degree and out-degree
(patient flow in and out of a location), strength
(degree weighted by the number of moves),
betweenness (location dependencies), density (num-
ber of edges divided by possible number of edges),
assortativity (similarity of neighboring nodes), and
reciprocity (measure of the proportion of mutual
connections). A unit was considered a hub when the
degree was larger than the average degree.'”

Intrahospital traffic volume was also examined in
four subcohorts defined a priori: (1) age categories,
(2) dependent comorbidity (considered a marker of
frailty besides age), (3) development of a complica-
tion, and (4) 30-day readmission. In addition,
subnetworks of night-time transfers (6:00 p.m.—6:00
a.m.) and weekend transfers (Saturday and Sunday)
were compared with daytime transfers and weekday
transfers.

Statistical Analysis

All data analyses were performed in R (r-project.org,
version 4.1.2). Patient demographics, injury charac-
teristics, and transfer patterns were summarized by
frequency and percent or median and interquartile
range (IQR). Intrahospital traffic volume were
analyzed with Wilcoxon rank-sum tests (2 group
comparison) or Kruskal-Wallis tests (multigroup
comparison). The correlation between IHT volume
and LOS was analyzed with Spearman rank
correlation.

The network was analyzed in R as a weighted
directed graph using the “igraph” package (igraph.
org/r).? For this study, the nodes are the hospital
units, and an edge is a move between units (IHTs).
Transfers from one bed to another within the same
unit were also analyzed.

Results

There were 103 patients included. Table 1 presents
the demographics and outcomes of these patients.
The majority of patients were aged older than 75
years and female. Falls were the most common cause
of hip fractures (94%). The average hospital LOS was
5 days, and the average ISSwas 9. None of the patients
had a CDI culture performed. Most (59%) patients
were discharged to a SNF.
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Demographics and Clinical Characteristics of Hip Fracture Patients

Characteristics No. of observations Frequency Characteristics n obs Frequency

Age, years 103 GCS 13-15 101 101 (100%)
<65 10 (9.7%) Heart rate <60 or >120 bpm 96 7 (7.3%)
65-74 23 (22.3%) | SBP < 90 mm Hg 96 2 (2.1%)
75-84 26 (25.2%) | Respiratory rate <12 or >20 b/m 92 7 (7.6%)
85+ 44 (42.7%) | Medications prehospital 103

Female 103 64 (62.1%) Anticoagulant use 13 (12.6%)

Cause of injury 103 Smoker 17 (16.5%)
Fall 97 (94.2%) Steroid use 1 (1%)
Transport or GSW 6 (5.8%) Chemotherapy 1 (1%)

Median 1SS 103 9(9-9 Antibiotics 1(1%)

Comorbidities 103 Median hospital LOS (days) 102 5 (4-6)
Advanced directive 27 (26.2%) | Median ICU LOS (days) 10 3 (2-3.75)
Dependent health 55 (53.4%) | Discharge disposition 103
Chronic heart failure 12 (11.7%) Expired/morgue 3(2.9%)
COPD 22 (21.4%) Home 13 (12.6%)
Dementia 20 (19.4%) Home health 7 (6.8%)
Diabetes mellitus 18 (17.5%) Hospice 3 (2.9%)
Hypertension 59 (57.3%) Inpatient rehab 15 (14.6%)

CDI culture performed 103 0 (0%) SNF 62 (60.2%)

Data are presented as median (IQR) or n (%).

One patient was discharged to a nursing home and was combined with SNF discharge disposition.

CDI = clostridium difficile infection; COPD = chronic obstructive pulmonary disease; b/m = breaths per minute; bpm = beats per minute; GCS = Glasgow Coma
Scale; GSW = gunshot wound; ICU = intensive care unit; IQR = interquartile range; ISS = injury severity score; LOS = length of stay; SBP = systolic blood
pressure; SNF = skilled nursing facility.

The IHT network consisted of 16 units (order) and
56 unique moves (size; Figure 1). The network showed
a low density of 0.23 and an assortativity of —0.35,
making it disassortative. The degree of each unit
ranged from 1 to 23, indicating some units were highly
connected and others were not. The median degree
was 7, making the hubs of this network the floor, ICU,
radiology department, and the OR. The ED and floor
had a negative difference in in-degree and out-degree,
meaning that there was more traffic in than out of
these two units. The floor was, not surprisingly, the
strongest unit, where strength is a measure of the
traffic going in and out of that unit, essentially a
weighted degree. Unit degree and betweenness were
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well correlated (p = 0.80, p <.001). The floor and the
ICU were central units to the flow of patients having
the highest degree and betweenness.

Intrahospital traffic volume is shown in Figure 2.
The majority of IHT occurred in and out of the floor
and the ED. The median IHT volume per patient was 8
(IQR: 7-9). Patients spent a median of 20-28 hours in
the ICU, IMCU, or the floor (Figure 3A). Most patients
spent less than 2 hours in radiology, Pre-Op holding,
OR, and PACU (Figure 3B). IHT volume was mildly
correlated with hospital LOS (p = 0.26, p = .008).

Intrahospital traffic volume by subcohorts of
interest are shown in Table 2. Intrahospital traffic
volume differed by age groups, with patients aged
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Figure 1. The network of intrahospital transfers for hip fracture patients. The thickness of the lines denotes
the weighted degree of a transfer. There is clear directional flow from Pre-Op holding to the OR to PACU.
Radiology has a strong connection to the ED. The floor is central to many of the units, including the ED and
the Pre-Op holding unit, OR, and PACU units. Many of the patients were transferred to a SNF or nursing
home at discharge. CT = computed tomography; ED = emergency department; OR = operating room;

PACU = postanesthesia care unit; Pre-Op = preoperative; SNF = skilled nursing facility.

=6byears (n = 10) having higher IHT volume of one
or more moves between units than the other age
groups (p = .04). Seven patients had a complication
including cardiac arrest, delirium, pressure ulcer, or
unplanned return to the ICU or OR. Patients with
complications did not show a significant increase in
IHT volume. Similarly, there was no difference in
IHTs by dependent status or readmission status.
There were not enough patients with complications,
with 30-day readmission, or within age categories to
examine additional network metrics, besides IHT
volume, among these subcohorts. Patients claimed as
dependents compared with patients not claimed as
dependents had a similar network in terms of order
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(16 vs. 15) and size (43 vs. 45), but dependent
patients had slightly lower density network (0.18 vs.
0.21) and slightly lower reciprocity (0.47 vs. 0.50).
Comparing temporal subsets, patient flow was
higher on weekdays versus the weekends based on
network size (52 vs. 35) and density (0.22 vs. 0.17).
Daytime transfers were more common than night-
time transfers based on network size (49 vs. 35),

density (0.20 vs. 0.19), and reciprocity (0.50 vs. 0.47).

Limitations

The primary limitation is that this was a pilot study
designed in part to determine the feasibility of
evaluating IHT for patients with traumatic injuries.
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Figure 2. Number of transfers from and to each unit. CT = computed tomography; ED = emergency
department; ICU = intensive care unit, IMCU = immediate care unit; PACU = postanesthesia care unit;
SNF = skilled nursing facility.

A B

Radiology X-ray - ssee o )
Med-Surg Bed/Floor - e o e .

Radiology Ultrasound -
IMCU -
Radiology CT -

ICU-

PACU -

ED- .
Operating Room - 1— - . .
. .
2

0 100 200 300 400
Time spent in unit (hours)

o
I_-

ooty —J——— -+ - e
+

Time spent in unit (hours)

Figure 3. Time spent in each unit. A, The floor, ICU, IMCU, and ED. B, Time spent in radiology and OR. CT
= computed tomography; ED = emergency department; ICU = intensive care unit, IMCU = immediate
care unit; OR = operating room.
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Association Between IHT Volume and Demographic and Clinical Characteristics

Covariate N IHT volume p value

Overall 103 8 (7-9) —

Age <65 years 10 9 (8-10) .04

Age 65-74 years 23 7 (7-8)

Age 75-84 years 26 8 (6-9)

Age = 85 years 44 8 (79

Dependent 55 8 (7-9) .28

Independent 48 8 (6.5-9)

Complication 7 9 (7-11) .34

No complication 96 8 (79

Readmission within 30 days 7 8 (8-9.5) .26

Not readmitted 96 8 (7-9)

Associations with volume (number of moves between units) were analyzed with Wilcoxon rank-sum tests for dependent status (yes/no), complication (yes/
no), and readmission (yes/no), and Kruskal-Wallis test for age categories. Bold number denotes statistical significance p<<0.05.

IHT = intrahospital traffic.

We demonstrated that this type of study is feasible in a
U.S. hospital setting. Second, the pilot study utilized a
convenience sample of patients admitted over a six-
months period; we limited this date range because of
the labor-intensive nature of chart abstraction, which
included IHT with dates and times for each patient.
Third, because the study was limited to a 6-month
period, there may be seasonal differences in patient
movement that were not captured. Fourth, transfers
during a SARS-CoV-2 outbreak may not be compara-
ble with transfers made during regular times. Finally,
complications specifically due to an IHT are usually
not recorded in a patient’s chart. The progress notes
and discharge notes were reviewed for complications
attributable to an IHT, but we were limited to what was
documented and some complications may be missing.

Discussion

Network science is a useful tool for visualizing patient
flow through the hospital, identifying central units,
and comparing differences in flow between subco-
horts. It has not been previously used to study trauma
patients exclusively, and most of the literature
reporting on IHTs using network science are in the
United Kingdom or Europe.

The IHT network for patients with hip fractures
showed mild disassortativity, similar to an IHT
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network in a UK. hospital.17 Assortativity is often
operationalized as correlation between nodes. In the
hospital setting such as trauma admissions, large-
degree units like the floor are connected to many
other units, but most of them are smaller-degree
units. Likewise, smaller-degree units such as radiol-
ogy (xray, CT, and ultrasound) are not frequently
connected to each other or to other small-degree
units, making the network disassortative. The finding
that the hip fracture IHT network showed mild
disassortativity was not unexpected because biologi-
cal networks tend to be less assortative compared with
social networks that are more assortative. Potential
areas for further study include examining structural
similarities between this network of patients with hip
fracture to networks of patients with other injuries or
indications, or comparing hip fracture populations
across facilities with different underlying demo-
graphics or levels of care.

This study found differences in the IHT network
on weekends versus weekdays, similar to a study at
two U.K. hospitals that found a weekend-weekday
effect on hospital flow.'® Two studies used network
science to track and model the connection between
IHTs and CDI and hospital-acquired infections.'*'®
This study did not have any patients who were tested
for CDI, but this is not surprising, given the sample
size.
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The network for patients claimed as dependents
was less dense than patients not claimed as
dependents, meaning that units were not as
connected for these patients, so their movement
through the hospital was not as varied. One
potential explanation for this reduced density is
the higher percentage of advanced directives
among patients claimed as dependents (42%)
compared with patients who were independent
(8%). An advanced directive may limit types of
IHT, leading to fewer connections between depart-
ments, making the network less dense.

Conclusions

Network science may be a useful tool for patients with
traumatic injuries to examine patient volume and
flow, for staffing, and to examine complications and
discharge location.

Implications

IHT networks can be used in the clinical setting by
departments to plan staffing, by infectious disease
specialists to examine infection prevention strate-
gies, or to monitor commonalities in transfer-
related complications. Network science is especially
relevant in hospital settings where departments are
highly interconnected. IHT networks could provide
a more comprehensive, systemwide review of any
changes made within a specific department. In
addition, the research applications of network
science for examining IHTs are numerous, in-
cluding the aforementioned comparison of IHTs
across diagnoses or across facilities to examine
heterogeneity or outliers. This study is a teaser to
what network science could do for monitoring
patient flow, especially for patients admitted with
traumatic injuries in a U.S. hospital.
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