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Abstract

Objective

To use hospital-level data from the US to determine whether private patient rooms (PPRs)
are associated with fewer in hospital-acquired methicillin-resistant Staphylococcus aureus
(HA-MRSA) infections.

Methods

We retrospectively analyzed Texas Inpatient Public Use Data with discharges between Sep-
tember 2015 and August 2016 merged with American Hospital Association annual survey
data. We used negative binomial regression to estimate the association between the propor-
tion of PPRs within a hospital and the count of discharges with HA-MRSA infections, adjust-
ing for potentially confounding variables.

Results

We analyzed data for 340 hospitals and 2,670,855 discharges. HA-MRSA incidence within
these hospitals was 386 per 100,000 discharges (95% CI: 379, 393) and, on average,
62.73% (95% Cl: 58.99, 66.46) of rooms in these hospitals were PPRs. PPRs were signifi-
cantly associated with fewer HA-MRSA infections (unadjusted IRR = 0.973, 95% CI: 0.968,
0.979; adjusted IRR = 0.992, 95% CI: 0.991, 0.994; p<0.001 for both); at the hospital level,
as the percentage of PPRs increased, HA-MRSA infection rates decreased. This associa-
tion was non-linear; in hospitals with few PPRs there was a stronger association between
PPRs and HA-MRSA infection rate relative to hospitals with many PPRs.
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Conclusion

We identified 0.8% fewer HA-MRSA infections for each 1% increase in PPRs as a propor-
tion of all rooms, suggesting that private rooms provide substantial protection from HA-
MRSA. Small changes may not induce significant improvements in HA-MRSA incidence,
and hospitals seeking tangible benefits in HAI reduction likely need to markedly increase the
proportion of PPRs through large-scale renovations. The effect of private rooms is dispro-
portionate across hospitals. Hospitals with proportionately fewer PPRs stand to gain the
most from adding additional PPRs, while those with an already high proportion of PPRs are
unlikely to see large benefits. Our findings enable hospital administrators to consider poten-
tial patient safety benefits as they make decisions about facility design and renovation.

Introduction

In the United States (US), one of every 25 hospitalized patients contracts a hospital-acquired
infection (HAI) annually [1]. HAIs cause medical complications and increase morbidity, mor-
tality, and healthcare costs [2, 3]. Staphylococcus aureus is one of the costliest and most dan-
gerous HAIs. “Staph infections”-including both methicillin-sensitive Staphylococcus aureus
(MSSA) and methicillin-resistant S. aureus (MRSA) infections—can lead to fatal complications
such as pneumonia and sepsis. MSSA and MRSA infections can spread locally and globally,
colonize in numerous human body parts, and persist in various environments outside of hosts
[4]. MRSA is of particular concern; its resistance to many low-cost antibiotics limit treatment
options and increase costs. Further, treatment outcomes for MRSA infections are poorer rela-
tive to MSSA outcomes [5]. More than 80,000 new hospital-acquired MRSA (HA-MRSA)
cases and more than 11,000 HA-MRSA associated deaths are reported annually [6, 7].

The US Centers for Disease Control and Prevention (CDC) encourage HA-MRSA and
other multidrug-resistant pathogen control [8, 9]. Recommended methods to do so include
hand hygiene, disinfection, environmental cleaning, contact precautions, antimicrobial stew-
ardship, reducing hospital stays, ensuring appropriate staff-to-patient ratios, and staff cohort-
ing [10, 11]. The CDC also explicitly describes the infection-control benefits of private patient
rooms (PPRs) in their guidelines [9].

Studies examining the association between PPRs and HA-MRSA have notable limitations,
however, and provide little strong evidence to support recommendations for HA-MRSA con-
trol through PPRs. For example, most studies examining PPRs and HA-MRSA were con-
ducted outside the US [12-23]; few studies focused on US hospitals [24-26]. This is a concern
given international differences in healthcare delivery structures and hospital organizational
characteristics [27, 28] and variations in regulations, control policies, and surveillance mea-
sures related to MRSA [29-31]. In addition, most studies examined only a few facilities, which
not only limits generalizability but may result in bias given the inability to control for organi-
zational or environmental factors (e.g., staffing, physical spaces) [12-20, 23-26]. Further,
many studies were focused exclusively on intensive care unit (ICU) patients [12-15, 18, 22-24,
26] even though the broader inpatient population is at risk of HA-MRSA [19, 25, 32]. In addi-
tion to these limitations, study results have been inconsistent. Of 15 reviewed, eight found
PPRs significantly reduced HA-MRSA, [12, 13, 17, 18, 21-23, 26] six found no significant
effects [14-16, 19, 24, 25], and one had mixed results [20].

We aimed to build on previous research on the association between PPRs and HA-MRSA
by examining data from a large number of hospitals in the US. This study differs from most
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previous research on the PPR-MRSA relationship in that the unit of analysis is the hospital. It
is likely that the relationship between PPR and HA-MRSA has at least two distinct dimensions:
(1) the decreased MRSA risk afforded to individual patients who stay in PPRs (i.e., an internal
effect) and (2) hospital-wide reduced cross-transmissions because of PPRs (i.e., an external
effect). Given probable collinearity between the external and internal effects there may be inac-
curacy in estimating the infection-reduction attributable to PPRs when conducting patient-
level analyses. However, hospital-level analysis mitigates these concerns by evaluating the com-
bined internal and external effects. We hypothesized that an increasing proportion of PPRs in
a hospital will be significantly associated with fewer HA-MRSA infections.

Materials and methods

This study was reviewed and approved as exempt category research by the North Texas
Regional Institutional Review Board at the University of North Texas Health Science Center.

Data sources

The Texas Inpatient Public Use Data File (IP-PUDF), which includes deidentified information
about inpatient discharges from hospitals in Texas, was our primary data source [33]. These
data are collected by the Texas Department of State Health Services (DSHS) and all state-
licensed hospitals are required to provide discharge data for inclusion in this file [34, 35]. The
IP-PUDFs contain information regarding patient demographics and information about their
inpatient care. The latter includes length of stay, discharge status, diagnosis codes (primary,
admitting, and up to 24 non-primary diagnoses), surgery procedure codes, total patient char-
ges, and charges for specific services (such as patient room and ICU).

We analyzed IP-PUDF inpatient stay data from hospitals with 25 or more licensed beds and
examined discharges occurring between September 1, 2015, and August 31, 2016. To protect
patient confidentiality the IP-PUDF does not provide hospital identifiers on discharge data
from hospitals with fewer than 50 annual discharges in total or fewer than 5 annual discharges
of one gender; we excluded discharge data with no hospital identifiers. We also excluded data
from hospitals with no acute inpatient care facilities (e.g., psychiatric, rehabilitation, and long-
term care facilities). IP-PUDF data were restructured to create an analytic data set with one
record per hospital.

We obtained additional information about hospitals from the American Hospital Associa-
tion (AHA) annual survey data [36]. These data contain organizational and structural infor-
mation about more than 6,000 hospitals and more than 450 healthcare systems. We pulled
hospital ownership and other hospital characteristics from the AHA data file. These data were
then merged with the restructured IP-PUDF. We validated the number of observed
HA-MRSA bacteremia events occurring between September 1, 2015, and August 31, 2016, for
each hospital using the Centers for Medicare and Medicaid Services’ (CMS) Hospital Compare
Data Archive [37].

Variables

Outcome variable. The count of inpatient stays with HA-MRSA infection diagnoses
within each hospital was the outcome of interest. Operational definitions of HA-MRSA
included MRSA septicemia (ICD-10-CM = A41.02), MRSA pneumonia (ICD-
10-CM =]J15.212), and other types of MRSA (ICD-10-CM = A49.09 or B95.62) infections that
were not present on admission (i.e., present on admission code = 0). MRSA colonization diag-
noses were not included, as this study focused only on infections acquired within the hospital
setting and it is difficult to accurately determine whether MRSA was colonized within or
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outside of a hospital [32, 38, 39]. Our operational definition of HA-MRSA was consistent with
past research [30].

Primary explanatory variable. The percentage of PPRs within each hospital was the pri-
mary explanatory variable. PPRs were defined as single-bed patient rooms, in contrast to
patient rooms with two or more patient beds. Such non-PPR “bay rooms” include both semi-
private and ward rooms. As with prior work [40], the percentage of PPRs in a hospital was cal-
culated by dividing the count of regular private room discharges by the count of regular room
(i.e., non-ICU) discharges. Room assignments were identified based on hospital room charges.

Explanatory covariates. We included numerous variables in our multivariable model to
adjust for potential confounders in the relationship between HA-MRSA and PPRs. Many of
these variables were summary statistics describing the hospitals’ patients and/or the services
they received. Because of associations between comorbidity burden and HA-MRSA risk the
mean Elixhauser comorbidity index score [41] for each hospital’s patients was included in the
model [32, 42, 43]. Variables representing the percentage of patients who were black and His-
panic were included because these populations have high MRSA incidence [44-46], and we
included a dichotomous variable that indicated whether or not the inpatient stay included a
major therapeutic operating room procedure [47, 48] due to the potential for increased infec-
tion risk.

We also controlled for hospital characteristics known to be associated with MRSA [49-51],
including teaching facility status (teaching or non-teaching facility), ownership (public, non-
profit, or for-profit), hospital location (rural or metropolitan) [52], and number of licensed
beds. The percentage of uninsured or Medicaid-insured patients were included as a proxy for
safety net hospitals [53, 54]. Nurse staffing levels, as defined by patient-to-nurse ratio based on
productive nursing hours versus patient days [55], were included [56-58], as were occupancy
rates and physical area per bed [40].

All unbounded continuous variables were log-transformed to reduce data variability [59]
and increase interpretability of results. By logging an independent variable (e.g., variable X) to
base 10, one can interpret the regression coefficient and confidence interval as the change in
the dependent variable (Y) per 10-fold increase in X [60]. Additionally, percentage variables
(i.e. those ranging from zero to 1) were multiplied by 100 so that unit marginal changes were
equal to 1 and ranged from zero to 100.

Statistical analysis

First, we examined the unadjusted associations between HA-MRSA counts and each explana-
tory variable using simple negative binomial regression models (NBM) with no covariates. We
normalized the HA-MRSA count, our outcome variable, for these unadjusted analyses; specifi-
cally, the count for each hospital was divided by the total number of discharges for that hospi-
tal, multiplied by 100,000, then rounded to the nearest integer. We then used a multivariable
NBM to examine the adjusted association between HA-MRSA counts and PPRs. In order to
facilitate interpretation of the results, the simple (non-normalized) count was used as the out-
come variable for all multivariable analyses. Using the simple count as an outcome variable
was appropriate for the multivariable analyses but not the unadjusted analyses; the multivari-
able analyses adjusted for hospital size by including bed count as a covariate, while unadjusted
analyses (by definition) did not.

NBM was chosen rather than Poisson regression because the dependent variable
(HA-MRSA count) was overly dispersed; the variance was 13.6 times larger than the mean,
potentially due to the unobserved heterogeneity and clustering of HAI [61, 62]. NBM was con-
firmed as suitable for our data using a likelihood-ratio test of the inversed overdispersion
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parameter. We examined variance-inflation factors (VIFs) to test collinearity among our
model variables. We then used the results of the multivariable NBM to estimate the average
marginal effects of PPR on HA-MRSA.

Next, we explored unadjusted differences in HA-MRSA incidence and other hospital char-
acteristics for 3 different groups containing roughly the same number of hospitals: (1) Group 1
hospitals (1 = 113) which contained fewer than 62% PPRs among all patient rooms; (2) Group
2 hospitals (n = 114) which contained 62%-82% PPRs; and (3) Group 3 hospitals (n = 114)
wherein more than 82% of patient rooms were PPRs. We evaluated the significance of pairwise
differences in hospital characteristics using chi-squared tests for categorical variables and t-
tests for continuous variables, and evaluated differences across the three groups using chi-
squared tests for categorical variables and one-way ANOV As for continuous variables. Addi-
tionally, we ran three additional multivariable NBMs to examine adjusted associations between
HA-MRSA infection counts and PPRs for each of the three hospital groups. We conducted
post-hoc analyses stratifying the data by hospital ownership and risk to determine if results are
sensitive to differences in these hospital characteristics.

Finally, to validate our HA-MRSA definition, we conducted a Pearson correlation analysis
which examined the extent to which our operational definition of hospital-level HA-MRSA
aligned with hospitals’ reported MRSA bacteremia events in CMS’s Hospital Compare Data
Archive [37]. All statistical tests were two-sided with significance tested at p < 0.05, and we
conducted analyses using Stata MP 13.0 [63].

Results

The IP-PUDF included data for 3,080,382 inpatient hospital discharges occurring between
September 2015 and August 2016; 108,182 (3.5%) of these were from deidentified hospitals
and excluded from analysis. The remaining 2,972,400 discharges were associated with 618 hos-
pitals. Hospitals without acute inpatient care facilities (n = 216; 35.0%) or fewer than 25
licensed beds (n = 62; 10.0%) were excluded as well, resulting in an analytic data set represent-
ing 340 hospitals and 2,670,855 discharges. HA-MRSA incidence across these hospitals aver-
aged 386 per 100,000 discharges (95% Confidence Interval [CI]: 379, 393) and, on average,
62.73% (95% CI: 58.99, 66.46) of rooms in these hospitals were PPRs. See Table 1 for additional
descriptive statistics describing these hospitals and the characteristics of their discharged
patients.

Associations between PPRs and HA-MRSA

Unadjusted associations between explanatory variables and HA-MRSA rates are shown in
Table 1 and adjusted associations are in Table 2. These tables contain the incidence rate ratios
and p-values for all explanatory variables. In both unadjusted and adjusted analyses, PPRs
were associated with fewer HA-MRSA infections (p<0.001 for each); specifically, as the per-
centage of PPRs within a hospital increased, HA-MRSA infection rates decreased.

Conversely, the proportion of publicly insured or uninsured patients within a hospital was
positively associated with increased HA-MRSA rates in both unadjusted and adjusted analyses
(p = 0.028 and p = 0.049, respectively), as was the proportion of black patients (p = 0.013 and
p = 0.009, respectively). In contrast, the proportion of Hispanic patients in a hospital was not
significantly associated with HA-MRSA in either unadjusted or adjusted analyses (p = 0.627
and p = 0.949). In both unadjusted and adjusted analyses, public (p = 0.028 and p = 0.004,
respectively) and non-profit hospitals (p = 0.012 and p = 0.019, respectively) had higher
HA-MRSA rates relative to private hospitals.
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Table 1. Characteristics of 340 US hospitals and unadjusted associations between hospital characteristics and rates of methicillin-resistant Staphylococcus aureus
(HA-MRSA) infection for discharges occurring between September 2015 and August 2016.

Upper Bound Mean or Percentage (95% CI) | Unadjusted Incidence Rate Ratio® (IRR) | 95% Confidence Interval of | p-value*
IRR
Lower Bound | Upper Bound

PPRs (Mean %) 62.73 (58.99, 66.46) 0.973 0.968 0.979 <0.001
Teaching facility (%) 21.87 (16.61, 28.24) 1.353 0.837 2.187 0.208
Rural location (%) 20.94 (15.68, 26.19) 2919 1.865 4.571 <0.001
Ownership type (%)

For-Profit 47.44 (40.99, 53.88) 1.000 (ref)

Public 14.10 (9.61, 18.59) 2.011 1.077 3.755 0.028

Non-Profit 38.46 (32.18, 44.74) 1.687 1.121 2.539 0.012
# Licensed beds (Mean) 236.97 (200.77, 273.16) 0.999 0.998 0.999 0.025
Publicly insured or uninsured (Mean %) 60.67 (58.61, 62.73) 1.013 1.001 1.025 0.028
Hispanic patients (Mean %) 25.52 (22.56, 28.48) 1.001 0.994 1.008 0.627
Black patients (Mean %) 10.36 (9.23, 11.49) 1.019 1.003 1.034 0.013
Physical space per bed in square feet (Mean) 2565 (1933, 3197) 0.634 0.433 0.929 0.019
Mean Elixhauser score (Mean) 2.90 (2.68, 3.13) 1.064 0.969 1.168 0.190
Nurse-to-patient ratio (Mean) 0.964 (0.776, 1.152) 0.976 0.819 1.162 0.789
Major therapeutic procedures (Mean %) 36.05 (33.95, 38.15) 1.001 0.991 1.012 0.728
Occupancy rate (Mean %) 39.33 (37.00, 41.67) 0.978 0.965 0.992 0.002

PPRs, private patient rooms.

* Unadjusted incidence rate ratios and p-values were generated using bivariate negative binomial logistic regression models.

https://doi.org/10.1371/journal.pone.0235754.t001

Table 2. Adjusted associations between the characteristics of 340 US hospitals and rates of methicillin-resistant Staphylococcus aureus (HA-MRSA) infections for
discharges between September 2015 and August 2016.

Variable Adjusted Incidence Rate Ratio (aIRR)* 95% Confidence Interval of aIRR p-value*
Lower Bound Upper Bound

PPR (%) 0.992 0.991 0.994 <0.001
Teaching facility 1.257 1.102 1.434 0.001
Rural location (%) 1.072 0.918 1.252 0.380
Ownership type (%)

For-Profit 1.000 (ref)

Public 1.235 1.070 1.425 0.004

Non-Profit 1.129 1.021 1.250 0.019
# Licensed beds (log-transformed) 1.616 1.524 1.713 <0.001
Publicly insured or uninsured patients (%) 1.003 1.000 1.006 0.049
Hispanic patients (%) 1.000 0.998 1.002 0.949
Black patients (%) 1.006 1.001 1.010 0.009
Physical space per bed in square feet (log-transformed) 0.941 0.885 1.002 0.056
Mean Elixhauser score 1.034 1.002 1.068 0.038
Nurse-to-patient ratio (log-transformed) 0.536 0.892 0.356 <0.001
Major therapeutic procedures (%) 1.007 1.004 1.011 <0.001
Occupancy rate (%) 1.012 1.009 1.016 <0.001
PPR, private patient room.
* Adjusted incidence rate ratios and p-values were generated using a multivariable negative binomial logistic regression model.
https://doi.org/10.1371/journal. pone.0235754.t002
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Fig 1. Association between the proportion of PPRs and predicted rates of HA-MRSA. HA-MRSA, hospital-acquired methicillin-resistant Staphylococcus aureus
infection. PPRs, private patient rooms. Illustration of the average marginal effects of PPRs on HA-MRSA infection rates, which were estimated using a multivariable
negative binomial regression model. Data included discharges between September 2015 and August 2016 from 340 US hospitals.

https://doi.org/10.1371/journal.pone.0235754.g001

Tables 1 and 2 give unadjusted and adjusted associations between hospital characteristics
and HA-MRSA infection rates. Being a teaching facility, having patients with higher mean
Elixhauser comorbidity scores, and having a higher proportion of inpatient stays during which
major therapeutic procedures occurred were each significantly associated with increased
HA-MRSA infection rates in adjusted analyses.

The average marginal effects of PPRs on HA-MRSA infection rates were estimated from
multivariable NBM and illustrated in Fig 1. This graph shows that the relationship between
PPRs and HA-MRSA is non-linear, and the confidence intervals illustrate that large differences
in the proportion of PPRs in a hospital are significantly associated with HA-MRSA reductions
(e.g., PPR = 30% versus PPR = 50%) although small changes are not (e.g., PPR = 10% versus
PPR = 20%). Our post hoc analyses indicate that these associations robustly persist when data
are stratified by hospital characteristics (S1 Appendix). The adjusted analysis illustrated in Fig
1 also suggests that zero-PPR hospitals, regardless of hospital volume, may achieve 80% of
maximum prevention effects by renovating 65% of legacy bay rooms to PPRs.

A likelihood-ratio test of the inversed overdispersion parameter to examine goodness of fit
confirmed that NBM was an appropriate statistical test for our data (p<0.001); collinearity
tests well below 5 for all variables in the model implied that there was no critical collinearity.

HA-MRSA and hospitals categorized by PPRs

When we grouped hospitals based on their proportions of private rooms, we found significant
unadjusted differences in HA-MRSA incidence. Hospitals with fewer than 62% PPRs had the
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Table 3. Characteristics of 340 US hospitals grouped by the proportion of private patient rooms (PPRs), based on discharges between September 2015 and August

2016.
Variable

HA-MRSA incidence (per 100,000

discharges)
Teaching facility (%)
Rural location (%)
Ownership type (%)

For-Profit

Public

Non-Profit

# Licensed beds (Mean)

Not privately insured (Mean %)
Hispanic patients (Mean %)
Black patients (Mean %)
Physical space per bed (Mean; in

square feet)
LOS in days (Mean)

Elixhauser score (Mean)
Nurse-to-patient (Mean)

Major therapeutic procedures (Mean

%)

Occupancy rate (Mean %)

Group 1 (N =113;
PPR<62%)

Mean (95% CI)
466 (349, 583)

25.4 (14.3,36.4)
31.6 (20.9, 42.3)

46.1 (34.6, 57.5)
26.3 (16.2, 36.4)
27.6 (17.3, 38.0)
262 (181, 343)
63.9 (60.1, 67.6)
34.1(28.2,40.1)
9.2(7.3,11.1)
2,045 (1,549, 2,541)

4.9 (4.4,5.4)

2.6 (2.2,3.0)

0.9 (0.8,1.1)
33.2(29.5, 36.8)

34.1(30.3, 37.9)

Group 2 (N = 114; PPR = 62-

82%)
Mean (95% CI)
105 (69, 141)

21.4(11.6, 31.3)
17.2 (9.1, 25.3)

37.9 (27.5,48.3)
11.5 (4.7, 18.3)
50.6 (39.9, 61.3)
259 (213, 306)
63.1 (60.3, 65.8)
27.4(22.1, 32.6)
11.4 (9.5, 13.3)
2147 (1,970, 2,325)

4.9 (4.5,5.4)

3.4(3.1,3.6)

0.7 (0.6, 0.8)
28.8 (27.5,30.1)

45.4 (41.9, 48.9)

HA-MRSA, hospital-acquired methicillin-resistant Staphylococcus aureus infection

PPRs, private patient rooms.

Group 3 (N =114;
PPR>82%)

Mean (95% CI)
52 (28, 75)

18.6 (8.4, 28.9)
12.9 (4.8, 20.9)

61.4 (49.7,73.1)
2.85 (0, 6.9)
35.7 (24.2, 47.2)
185 (124, 247)
55.3 (51.2, 59.3)
15.6 (12.1, 19.1)
10.6 (8.5, 12.7)
3663 (1,606, 5,720)

4.7 (4.4, 5.0)

2.7(2.2,3.2)

1.6 (1.2,2.0)
46.2 (41.7, 50.8)

37.6 (32.9, 42.4)

Overall and pair-wise group

comparisons p-values

Overall** 2 vs 3*

<0.001

0.662
0.012

<0.001

0.175
0.001
<0.001
0.298
0.084

0.814
0.018
<0.001
<0.001

<0.001

1vs2*
<0.001

0.589
0.032

0.013
0.015
0.009
0.479
0.366
0.046
0.055
0.343

0.976
0.001

<0.001

0.013

<0.001

0.020

0.695
0.448

0.294
0.043
0.003
0.027
0.001

<0.001

0.281
0.052

0.520
0.002

<0.001

1vs 3*
<0.001

0.369
0.007

0.003
<0.001
0.062
0.071
0.001
<0.001
0.175
0.057

0.582
0.355
0.001

<0.001 | <0.001

0.004

0.122

* Unadjusted pairwise differences in the characteristics of the three groups were evaluated using chi-squared tests for categorical variables and t-tests for continuous

variables.

** The significance of overall differences across the three groups was evaluated using chi-squared tests for categorical variables and one-way ANOV As for continuous

variables.

https://doi.org/10.1371/journal.pone.0235754.t1003

highest incidence (446 cases/100,000 discharges; 95% CI: 349, 583), hospitals with more than
82% PPRs had the lowest (52 cases/100,000 discharges; 95% CI: 28, 75), and hospitals with
62% to 82% of PPRs fell in between (105 cases/100,000 discharges; 95% CI: 69, 141) (Table 3).
The non-linear relationship between the proportion of PPRs and HA-MRSA infection rate
is evident in adjusted analyses of hospital groupings (Table 4). In hospitals with fewer than
62% PPRs (Group 1), there is a significant association between PPRs and HA-MRSA infection
rate (p = 0.001) with increasing proportions of PPRs associated with a reduction in HA-MRSA
infection rates. However, this association is non-significant for hospitals with more than 82%
PPRs (Group 3; p = 0.485). The association approaches significance but is not significant for

hospitals with between 62%-82% PPRs (Group 2; p = 0.051).

Validation of HA-MRSA definition

Our operational definition of HA-MRSA based on Texas inpatient discharge data was signifi-
cantly correlated with hospitals’ reported MRSA bacteremia events in CMS’s Hospital Com-
pare Data Archive (r = 0.78; p<0.001). We would not expect perfect concordance given that
our definition covers more HA-MRSA conditions than CMS data, which counts only

HA-MRSA bloodstream infections [7, 37].
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Table 4. Adjusted associations between the characteristics of 340 US hospitals and rates of methicillin-resistant Staphylococcus aureus (HA-MRSA) infection, by
hospital group, based on discharges between September 2015 and August 2016.

Variable

PPR (%)
Teaching facility
Rural location
Ownership type
For-Profit

Public

Non-Profit
# Licensed beds (log-transformed)
Publicly insured or uninsured patients (%)
Hispanic patients (%)
Black patients (%)

Physical space per bed in square feet (log-
transformed)

Mean Elixhauser score
Nurse-to-patient ratio (log-transformed)
Major therapeutic procedures (%)

Occupancy rate (%)

Group 1%, n = 113 (Fewer than 62% Group 2%, n = 114 (PPR between Group 3%, n = 114 (More than 82%
PPRs) 62%-82%) PPRs)

alRR** | p-value** | 95% CI of alRR** | p-value** | 95% CI of alRR** | p-value** |  95% CI of
alRR aIRR alRR

Lower | Upper Lower | Upper Lower | Upper
0.993 0.001 0.989 | 0.997 0.986 0.051 0.972 | 1.000 1.007 0.485 0.988 | 1.027
1.001 0.993 0.794 | 1.262 1.541 0.001 1.203 | 1.974 0.862 0.365 0.626 | 1.188

1.021 0.871 0.796 | 1.309 1.085 0.555 0.827 | 1.424 1.140 0.514 0.769 | 1.690

1.000 1.000 1.000

(ref) (ref) (ref)

1.117 0.333 0.893 | 1.397 1.302 0.082 0.967 | 1.751 2.707 0.000 1.764 | 4.155
1.113 0.213 0.940 | 1.317 1.220 0.024 1.027 | 1.449 1.291 0.054 0.996 | 1.674
1.715 <0.001 1.560 | 1.885 1.558 <0.001 1.393 | 1.744 1.743 <0.001 1.514 | 2.007
1.002 0.338 0.998 | 1.007 1.005 0.052 1.000 | 1.011 1.004 0.251 0.997 | 1.010
1.001 0.599 0.998 | 1.003 1.000 0.908 0.997 | 1.003 0.998 0.537 0.993 | 1.004
1.006 0.112 0.999 | 1.013 1.005 0.246 0.997 | 1.013 1.010 0.070 0.999 | 1.021
0.984 0.766 0.888 | 1.091 0.950 0.627 0.773 | 1.168 0.867 0.012 0.775 | 0.969

1.076 0.003 1.024 | 1.129 1.053 0.091 0.992 | 1.117 0.867 0.001 0.799 | 0.941
0.406 0.001 0.239 | 0.691 0.692 0.221 0.383 | 1.249 0.628 0.045 0.399 | 0.990
1.007 0.003 1.002 | 1.012 1.009 0.118 0.998 | 1.021 1.002 0.676 0.994 | 1.010
1.007 0.041 1.000 | 1.014 1.013 <0.001 | 1.008 | 1.018 1.016 <0.001 | 1.008 | 1.024

HA-MRSA, hospital-acquired methicillin-resistant Staphylococcus aureus infection

PPR, private patient room.

* Hospitals were grouped based on the proportion of private patient rooms in the facility.

** Incidence rate ratios and p-values were generated using three multivariable negative binomial logistic regression models.

https://doi.org/10.1371/journal.pone.0235754.t1004

Discussion

Our results suggest that patient private rooms likely provide substantial protection from
HA-MRSA. Each 1% increase of PPRs as a proportion of all rooms is associated with an esti-
mated average 0.8% decrease in HA-MRSA infections (given IRR = 0.992; Table 2). Impor-
tantly, these effects are not linear, so a 10% increase of private rooms (i.e., 10 times 1%) may
not yield an 8% reduction in HA-MRSA (i.e., 10 times 0.8%). Further, small changes in the
proportion of PPRs in a given hospital may not induce significant improvements in HA-
MRSA incidence (e.g., PPR = 10% versus PPR = 20%). At the same time, large changes in PPR
proportions are significantly associated with fewer HA-MRSA infections (e.g., PPR = 30% ver-
sus PPR = 50%; Fig 1), suggesting that hospitals will likely need to markedly increase their pro-
portion of PPRs if they wish to obtain tangible benefits in HAI reduction.

Similarly, the protective effect of private rooms is disproportionate across hospitals and as a
hospital approaches “saturation” relative to its proportion of PPRs the effect diminishes and is
no longer significant (Table 4). This diminishing marginal rate of improvement can be seen in
Fig 1°s plot of predictive margins. The marginal change in HA-MRSA depends on how many
private rooms currently exist in a hospital; hospitals which already have a high proportion of
PPRs will benefit little by adding additional PPRs, whereas greater benefit will be returned to
hospitals with proportionately fewer PPRs. The non-linear and diminishing marginal effect of
PPRs may be explained by the positive externalities that are likely associated with such rooms.
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All patients who are treated a hospital built with a higher proportion of private rooms may
benefit from the safer environment, both directly and indirectly [64, 65].

This idea is analogous to “herd-immunity;” that is, the protective effects of PPRs in a hospi-
tal may play a similar role to that of vaccines in a society. HA-MRSA infections are infectious
diseases that can be transmitted through doctors and nurses, and thus PPRs are likely linked to
HA-MRSA prevention through reductions in cross-transmission. More PPRs in a hospital
equates to greater personal space and less crowding, which is associated with better hand
hygiene in hospital staff [64, 65]. Communication and coordination among staff are also
strongly encouraged in PPRs [66]. Further, hospitals with fewer PPRs typically hire fewer
nurses per bed, which may result in understaffing or excessive workload levels that can worsen
the risk of HA-MRSA [67, 68]. Additionally, there is better control of the aerial dispersion of
pathogens in PPRs relative to multi-bed rooms [69]. Together, these controls suggest that the
HA-MRSA bacteria present within a hospital would be unlikely to be transmitted if the hospi-
tal has a high proportion of private rooms, much like a vaccine-preventable infectious disease
would be unlikely to be transmitted in a highly vaccinated society. Consequently, even patients
in multi-bed rooms may be protected against MA-MRSA by receiving treatment in a hospital
with a high proportion of PPRs (i.e., the external effect of PPRs).

While PPRs have become a standard design feature of newer hospitals, some legacy hospi-
tals (particularly rural, public, and/or safety-net hospitals) still contain many bay and semi-pri-
vate rooms [70-73]. Previous research has found rates of MRSA infection to be higher in
hospitals with more frequent antibiotic uses that are often associated with public hospitals [3,
6], rural locations [6], and teaching facilities [3-4,18]. Our results are consistent with these
previous findings. The reasons for the differences in rates of MRSA infections between rural
and urban hospitals are complex and beyond the scope of the present study, although the asso-
ciations that we identified provide opportunities for future research in this area. For example,
as shown in Table 3, Group 1 hospitals were more likely to be publicly owned, a teaching facil-
ity, and located in a rural county. They also treated the highest percentage (34%) of Hispanic
patients. Patient severity, as measured by the average number of chronic comorbidities, was
not significantly higher for Group 1 hospitals. Group 3 hospitals were more likely to be for-
profit and located in a metropolitan area.

Our findings suggest that patients who use such hospitals likely face greater risks from
HA-MRSA, but also that plausible safety, quality, and economic incentives exist for hospitals
to proactively increase their proportion of PPRs. While it is worth noting that the physical
design of rural facilities and the relative scarcity of private rooms may be a contributing factor
to higher rates of MRSA infections, from the patient’s perspective the marginal benefit of
being assigned to a private rooms appears to be greatest at those facilities with the lowest per-
centage of private rooms. At facilities with a high percentage of private rooms (>82%), the
marginal benefit of being assigned to a private room was not statistically significant.

Over time, the rise of the private hospital room has coincided with many other changes in
hospital design, such as decentralized nursing stations, acuity-adaptable rooms [42], use of
antimicrobial surfaces, and improved air filtration [4, 30]. Many experts believe that these
design changes that are associated with modern facilities has created a safer hospital [4, 30, 41].
Private hospital rooms have also been associated with more visible sinks in patient rooms and
better hand hygiene [66, 70, 71].

Our methods address many limitations identified from previous studies, allowing the most
robust and valid analysis of these issues available to date. Many prior studies are hindered by
limited generalizability, constrained settings, and/or non-representative samples, as well as
inconsistent findings due in part to patient-level analyses which introduce collinearity between
decreased MRSA risk afforded to individual patients who stay in PPRs (i.e., the internal effect)
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and hospital-wide reduced cross-transmissions because of PPRs (i.e., the external effect) [12-
26]. We used hospital-level data from hundreds of hospitals with a variety of patient, struc-
tural, and organizational characteristics to identify an association between decreased
HA-MRSA risk and PPRs. This method mitigates collinearity concerns by examining total
combined internal and external effects. Our findings align with those of the one other study
that we identified which used hospital-level data to examine this issue, and it improves on that
study by examining a larger number of hospitals (340 versus 176) and using data that hospitals
were required to report by statute instead of survey data subject to hospital non-response [21].
Further, our work examined HA-MRSA in US hospitals, so our findings are relevant to hospi-
tal administrators/owners and policymakers in the US.

From a policy perspective, our results suggest at least two opportunities for improving public
reporting and surveillance. First, public disclosure by hospitals of the proportion of PPRs they
contain may facilitate HA-MRSA and potentially other nosocomial infection prevention. Such
information is not currently easily accessible. We were able to estimate this information based on
room charges, but doing so required a significant amount of data processing. Given our finding
that the proportion of PPRs is associated with fewer HA-MRSA infections, this lack of public
information on PPRs is unfortunate. Were hospitals to publicly report PPR information, patients
could incorporate this information into their decision-making processes as they choose hospital
providers. Market forces might work to encourage hospitals with proportionately few PPRs to
renovate, which could ultimately result in improved patient safety within these hospitals.

Second, MRSA can be spread from patient to patient even when the infection is not in the
bloodstream [74]. With that in mind, policymakers might consider expanding MRSA surveil-
lance measures so they cover a more comprehensive set of infections, and our broad measure
of HA-MRSA could be used when doing so. We found a strong correlation between current
surveillance measures based only on bloodstream infections and our broad measure of
HA-MRSA which included MRSA septicemia, MRSA pneumonia, and other types of MRSA
infection. Expanding the MRSA definition would provide more information about infection
risk without a marked loss in surveillance consistency, as the distinction between better per-
forming hospitals and worse performing hospitals would not change dramatically if MRSA
definitions were to be expanded.

While our study provides actionable information about the association between HA-MRSA
and PPRs, it has limitations that must be considered when interpreting the results. Due to the
lack of available information about PPRs, we estimated PPR percentages for each hospital
based on charge data. This estimate was likely affected by room utilization and/or occupancy.
While this approach is beneficial in that it only counts rooms that were actually assigned,
future research using actual rather than estimated PPR proportions is warranted. Additionally,
although our data represents a very large number of hospitals, it comes from only a single US
state-Texas. Given Texas’ size as well as diverse population and geography it is likely that our
findings are robust, but there is a need to replicate this study to confirm the generalizability of
our findings across the US.

The cross-sectional nature of this study has inherent limits and our predicted improvement
is better understood as a comparative result (i.e., hospital A versus hospital B) rather than a
strong estimate of expected improvement within a given hospital. Time-series analyses would
be required to verify that a given hospital can expect a particular degree of improvement. Fur-
ther, we are unable to make strong causal statements based on this cross-sectional data.

Moreover, both private room effects and hospital-acquired infections involve complicated
interactions among staff, patients, and facilities. It is likely that the effects of all possible predic-
tors and confounders are not fully controlled in our analyses. For example, we do not consider
length of stay in this analysis. A longer stay may increase a patient’s risk of HA-MRSA
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infection; however, a patient who contracts HA-MRSA is likely to be required to stay in the
hospital longer. As we could not determine causal directionality, length of stay was not
included as a covariate. This exclusion aligns with the methodology of the majority of studies
on PPRs and HA-MRSA [13-15, 17-21, 23-25]. Other hidden variables may also be at play.

Finally, we have examined only one aspect of private rooms-their potential in preventing
HA-MRSA. However, there are many other potential benefits of private rooms, including
patient privacy, reduced errors, and increased nurse and patient satisfaction [75-78]. Hospital
administrators should not overlook these factors when considering hospital renovations that
would increase the proportion of PPRs. Future research that includes a more comprehensive
assessment of the patient safety and satisfaction effects of PPRs would be beneficial to such
decision-makers.

Conclusion

We identified significant associations between decreased HA-MRSA risk and PPRs using hos-
pital-level data from hundreds of US hospitals with a variety of patient, structural, and organi-
zational characteristics. Our results suggest that private rooms likely provide substantial
protection from HA-MRSA infections; there is an average 0.8% decrease in HA-MRSA inci-
dence for each 1% increase in PPRs as a proportion of all rooms. However, small changes in
the proportion of PPRs in a given hospital may not induce significant improvements in
HA-MRSA incidence, so hospitals will likely need to markedly increase the proportion of
PPRs through large-scale construction or renovation projects if they wish to obtain tangible
benefits in HAI reduction. Further, the protective effect of private rooms is disproportionate
across hospitals. Hospitals which already have a high proportion of PPRs will benefit little by
adding additional PPRs, whereas greater infection control benefits will be returned to hospitals
with proportionately fewer PPRs. This actionable information about the association between
HA-MRSA and PPRs will enable hospital administrators to consider potential patient safety
benefits as they make decisions about facility design and renovation.

Supporting information

S1 Appendix.
(PDF)

Acknowledgments

The authors gratefully acknowledge the contributions of Eun-Young Mun, PhD, who gener-
ously shared her time reviewing and providing feedback on early versions of this work.

Author Contributions

Conceptualization: Sae-Hwan Park, Liam O’Neill.

Data curation: Sae-Hwan Park.

Formal analysis: Sae-Hwan Park.

Investigation: Sae-Hwan Park, Erica L. Stockbridge, Thaddeus L. Miller, Liam O’Neill.
Methodology: Sae-Hwan Park, Liam O’Neill.

Project administration: Erica L. Stockbridge, Thaddeus L. Miller, Liam O’Neill.

Resources: Liam O’Neill.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235754  July 9, 2020 12/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235754.s001
https://doi.org/10.1371/journal.pone.0235754

PLOS ONE

Private patient rooms and hospital-acquired methicillin-resistant Staphylococcus aureus

Supervision: Erica L. Stockbridge, Thaddeus L. Miller, Liam O’Neill.
Validation: Sae-Hwan Park.

Visualization: Sae-Hwan Park.

Writing - original draft: Sae-Hwan Park.

Writing - review & editing: Sae-Hwan Park, Erica L. Stockbridge, Thaddeus L. Miller, Liam

O’Neill.

References

1.

10.

11.

12

13.

14.

15.

16.

Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, Kainer MA, et al. Multistate point-preva-
lence survey of health care—associated Infections. N Engl J Med. 2014 Mar 27; 370(13):1198-208.
https://doi.org/10.1056/NEJMoa1306801 PMID: 24670166

Pronovost P, Needham D, Berenholtz S, Sinopoli D, Chu H, Cosgrove S, et al. An Intervention to
decrease catheter-related bloodstream infections in the ICU. N Engl J Med. 2006 Dec 28; 355
(26):2725-32. https://doi.org/10.1056/NEJMoa061115 PMID: 17192537

Slayton RB, Toth D, Lee BY, Tanner W, Bartsch SM, Khader K, et al. Vital Signs: Estimated Effects of a
coordinated approach for action to reduce antibiotic-resistant infections in health care facilities—United
States. MMWR Morb Mortal Wkly Rep. 2015 Aug 7; 64(30):826—31. PMID: 26247436

Safdar N, Abad C. Educational interventions for prevention of healthcare-associated infection: A sys-
tematic review. Crit Care Med. 2008 Mar; 36(3):933. https://doi.org/10.1097/CCM.0B013E318165FAF3
PMID: 18431283

Van Hal SJ, Jensen SO, Vaska VL, Espedido BA, Paterson DL, Gosbell IB. Predictors of mortality in
Staphylococcus aureus bacteremia. Clin Microbiol Rev. 2012; 25(2):362—86. https://doi.org/10.1128/
CMR.05022-11 PMID: 22491776

Centers for Disease Control and Prevention (CDC). Healthcare-associated infections (HAI) progress
report [Internet]. 2016 [cited 2019 Dec 9]. Available from: https://www.cdc.gov/hai/surveillance/
progress-report/index.html

Centers for Disease Control and Prevention (CDC). The NHSN standardized infection ratio (SIR) [Inter-
net]. 2018 [cited 2019 Dec 12]. Available from: https://www.cdc.gov/nhsn/pdfs/ps-analysis-resources/
nhsn-sir-guide.pdf

Siegel JD, Rhinehart E, Jackson M, Chiarello L. Management of multidrug-resistant organisms in health
care settings, 2006. Am J Infect Control. 2007; 35(10):S165-S193.

Siegel D, Rhinehart E, Jackson M, Chiarello L, Committee HCICPA, others. 2007 guideline for isola-
tion precautions: preventing transmission of infectious agents in health care settings. Am J Infect Con-
trol. 2007; 35(10):S65-S164.

Henderson DK. Managing methicillin-resistant staphylococci: A paradigm for preventing nosocomial
transmission of resistant organisms. Am J Infect Control. 2006 Jun 1; 34(5):S46-54.

Salgado CD, Farr BM. What proportion of hospital patients colonized with methicillin-resistant Staphylo-
coccus aureus are identified by clinical microbiological cultures? Infect Control Amp Hosp Epidemiol.
2006 Feb; 27(2):116-21.

Bloemendaal AL, Fluit AC, Jansen WM, Vriens MR, Ferry T, Argaud L, et al. Acquisition and cross-
transmission of Staphylococcus aureus in European intensive care units. Infect Control Hosp Epide-
miol. 2009; 30(2):117-24. https://doi.org/10.1086/593126 PMID: 19133819

Bracco D, Dubois M-J, Bouali R, Eggimann P. Single rooms may help to prevent nosocomial blood-
stream infection and cross-transmission of methicillin-resistant Staphylococcus aureus in intensive care
units. Intensive Care Med. 2007 May 1; 33(5):836—40. https://doi.org/10.1007/s00134-007-0559-5
PMID: 17347828

Cepeda JA, Whitehouse T, Cooper B, Hails J, Jones K, Kwaku F, et al. Isolation of patients in single
rooms or cohorts to reduce spread of MRSA in intensive-care units: prospective two centre study. The
Lancet. 2005 Jan 22; 365(9456):295-304.

Cheng VC, Tai JW, Chan WM, Lau EH, Chan JF, To KK, et al. Sequential introduction of single room
isolation and hand hygiene campaign in the control of methicillin-resistant Staphylococcus aureus in
intensive care unit. BMC Infect Dis. 2010; 10(1):263.

Ellison J, Southern D, Holton D, Henderson E, Wallace J, Faris P, et al. Hospital ward design and pre-
vention of hospital-acquired infections: A prospective clinical trial. Can J Infect Dis Med Microbiol. 2014;
25(5):265-70. https://doi.org/10.1155/2014/685402 PMID: 25371689

PLOS ONE | https://doi.org/10.1371/journal.pone.0235754  July 9, 2020 13/17


https://doi.org/10.1056/NEJMoa1306801
http://www.ncbi.nlm.nih.gov/pubmed/24670166
https://doi.org/10.1056/NEJMoa061115
http://www.ncbi.nlm.nih.gov/pubmed/17192537
http://www.ncbi.nlm.nih.gov/pubmed/26247436
https://doi.org/10.1097/CCM.0B013E318165FAF3
http://www.ncbi.nlm.nih.gov/pubmed/18431283
https://doi.org/10.1128/CMR.05022-11
https://doi.org/10.1128/CMR.05022-11
http://www.ncbi.nlm.nih.gov/pubmed/22491776
https://www.cdc.gov/hai/surveillance/progress-report/index.html
https://www.cdc.gov/hai/surveillance/progress-report/index.html
https://www.cdc.gov/nhsn/pdfs/ps-analysis-resources/nhsn-sir-guide.pdf
https://www.cdc.gov/nhsn/pdfs/ps-analysis-resources/nhsn-sir-guide.pdf
https://doi.org/10.1086/593126
http://www.ncbi.nlm.nih.gov/pubmed/19133819
https://doi.org/10.1007/s00134-007-0559-5
http://www.ncbi.nlm.nih.gov/pubmed/17347828
https://doi.org/10.1155/2014/685402
http://www.ncbi.nlm.nih.gov/pubmed/25371689
https://doi.org/10.1371/journal.pone.0235754

PLOS ONE

Private patient rooms and hospital-acquired methicillin-resistant Staphylococcus aureus

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hamel M, Zoutman D, O’Callaghan C. Exposure to hospital roommates as a risk factor for health care—
associated infection. Am J Infect Control. 2010; 38(3):173-81. https://doi.org/10.1016/j.ajic.2009.08.
016 PMID: 20022405

Levin PD, Golovanevski M, Moses AE, Sprung CL, Benenson S. Improved ICU design reduces acquisi-
tion of antibiotic-resistant bacteria: a quasi-experimental observational study. Crit Care Lond Engl.
2011; 15(5):R211.

Maben J, Griffiths P, Penfold C, Simon M, Pizzo E, Anderson J, et al. Single rooms and patient safety:
before-and-after study with non-equivalent controls. 2015;

McDonald EG, Dendukuri N, Frenette C, Lee TC. Time-series analysis of health care—associated infec-
tions in a new hospital with all private rooms. JAMA Intern Med. 2019; 179(11):1501-6.

Simor AE, Williams V, McGeer A, Raboud J, Larios O, Weiss K, et al. Prevalence of colonization and
infection with methicillin-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus and
of Clostridium difficile infection in Canadian hospitals. Infect Control Hosp Epidemiol. 2013; 34(7):687—
93. https://doi.org/10.1086/670998 PMID: 23739072

Stiller A, Schréder C, Gropmann A, Schwab F, Behnke M, Geffers C, et al. ICU ward design and noso-
comial infection rates: a cross-sectional study in Germany. J Hosp Infect. 2017; 95(1):71-5. hitps://doi.
org/10.1016/j.jhin.2016.10.011 PMID: 27884473

Teltsch DY, Hanley J, Loo V, Goldberg P, Gursahaney A, Buckeridge DL. Infection acquisition following
intensive care unit room privatization. Arch Intern Med. 2011 Jan 10; 171(1):32-8. https://doi.org/10.
1001/archinternmed.2010.469 PMID: 21220658

Julian S, Burnham C-AD, Sellenriek P, Shannon WD, Hamvas A, Tarr PI, et al. Impact of neonatal inten-
sive care bed configuration on rates of late-onset bacterial sepsis and methicillin-resistant Staphylococ-
cus aureus colonization. Infect Control Hosp Epidemiol. 2015; 36(10):1173—1182. https://doi.org/10.
1017/ice.2015.144 PMID: 26108888

Vietri NJ, Dooley DP, Davis CE, Longfield JN, Meier PA, Whelen AC. The effect of moving to a new hos-
pital facility on the prevalence of methicillin-resistant Staphylococcus aureus. Am J Infect Control. 2004;
32(5):262-267. https://doi.org/10.1016/j.ajic.2003.12.006 PMID: 15292889

Washam MC, Ankrum A, Haberman BE, Staat MA, Haslam DB. Risk factors for Staphylococcus aureus
acquisition in the neonatal intensive care unit: a matched case-case-control study. Infect Control Hosp
Epidemiol. 2018; 39(1):46-52. https://doi.org/10.1017/ice.2017.234 PMID: 29157314

Organization for Economic Cooperation and Development (OECD). Health at a glance 2017 [Internet].
2017 [cited 2019 Dec 12]. Available from: http://www.oecd-ilibrary.org/social-issues-migration-health/
health-at-a-glance-2017_health_glance-2017-en.

Van Doorslaer E, Wagstaff A, Van der Burg H, Christiansen T, De Graeve D, Duchesne |, et al. Equity
in the delivery of health care in Europe and the US. J Health Econ. 2000; 19(5):553-583. https://doi.org/
10.1016/s0167-6296(00)00050-3 PMID: 11184794

Aiken LH, Sermeus W, Van den Heede K, Sloane DM, Busse R, McKee M, et al. Patient safety, satis-
faction, and quality of hospital care: cross sectional surveys of nurses and patients in 12 countries in
Europe and the United States. Bmj. 2012; 344:e1717. https://doi.org/10.1136/bmj.e1717 PMID:
22434089

Kavanagh KT, Saman DM, Yu Y. A perspective on how the United States fell behind Northern Europe in
the battle against methicillin-resistant Staphylococcus aureus. Antimicrob Agents Chemother. 2013; 57
(12):5789-5791. https://doi.org/10.1128/AAC.01839-13 PMID: 24100502

Klevens RM, Edwards JR, Richards CL, Horan TC, Gaynes RP, Pollock DA, et al. Estimating health
care-associated infections and deaths in U.S. hospitals, 2002. Public Health Rep Wash DC 1974. 2007
Apr; 122(2):160-6.

Callejo-Torre F, Eiros Bouza JM, Olaechea Astigarraga P, Coma Del Corral MJ, Palomar Martinez M,
Alvarez-Lerma F, et al. Risk factors for methicillin-resistant Staphylococcus aureus colonisation or
infection in intensive care units and their reliability for predicting MRSA on ICU admission. Infez Med
Riv Period Eziologia Epidemiol Diagn Clin E Ter Delle Patol Infett. 2016 Sep 1; 24(3):201-9.

Texas Department of State Health Services. Texas inpatient public use data file [Internet]. 2017 [cited
2019 Dec 11]. Available from: https://www.dshs.texas.gov/thcic/hospitals/Inpatientpudf.shtm

Texas Department of State Health Services. Texas hospital inpatient discharge public use data file user
manual 2016 [Internet]. 2017. Available from: https://www.dshs.texas.gov/thcic/hospitals/
DataDictionary4Q2016.pdf

AN ACT relating to the administration, quality, and efficiency of health care, health and human services,
and health benefits programs in this state; creating an offense; providing penalties. Texas Senate Bill 7.
2011. [Internet]. [cited 2019 Dec 10]. Available from: https://capitol.texas.gov/tlodocs/821/billtext/html/
SB00007F.HTM

PLOS ONE | https://doi.org/10.1371/journal.pone.0235754  July 9, 2020 14/17


https://doi.org/10.1016/j.ajic.2009.08.016
https://doi.org/10.1016/j.ajic.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20022405
https://doi.org/10.1086/670998
http://www.ncbi.nlm.nih.gov/pubmed/23739072
https://doi.org/10.1016/j.jhin.2016.10.011
https://doi.org/10.1016/j.jhin.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/27884473
https://doi.org/10.1001/archinternmed.2010.469
https://doi.org/10.1001/archinternmed.2010.469
http://www.ncbi.nlm.nih.gov/pubmed/21220658
https://doi.org/10.1017/ice.2015.144
https://doi.org/10.1017/ice.2015.144
http://www.ncbi.nlm.nih.gov/pubmed/26108888
https://doi.org/10.1016/j.ajic.2003.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15292889
https://doi.org/10.1017/ice.2017.234
http://www.ncbi.nlm.nih.gov/pubmed/29157314
http://www.oecd-ilibrary.org/social-issues-migration-health/health-at-a-glance-2017_health_glance-2017-en
http://www.oecd-ilibrary.org/social-issues-migration-health/health-at-a-glance-2017_health_glance-2017-en
https://doi.org/10.1016/s0167-6296(00)00050-3
https://doi.org/10.1016/s0167-6296(00)00050-3
http://www.ncbi.nlm.nih.gov/pubmed/11184794
https://doi.org/10.1136/bmj.e1717
http://www.ncbi.nlm.nih.gov/pubmed/22434089
https://doi.org/10.1128/AAC.01839-13
http://www.ncbi.nlm.nih.gov/pubmed/24100502
https://www.dshs.texas.gov/thcic/hospitals/Inpatientpudf.shtm
https://www.dshs.texas.gov/thcic/hospitals/DataDictionary4Q2016.pdf
https://www.dshs.texas.gov/thcic/hospitals/DataDictionary4Q2016.pdf
https://capitol.texas.gov/tlodocs/821/billtext/html/SB00007F.HTM
https://capitol.texas.gov/tlodocs/821/billtext/html/SB00007F.HTM
https://doi.org/10.1371/journal.pone.0235754

PLOS ONE

Private patient rooms and hospital-acquired methicillin-resistant Staphylococcus aureus

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

American Hospital Association (AHA). AHA annual survey [Internet]. [cited 2019 Dec 12]. Available
from: https://ahasurvey.org/taker/asindex.do

Centers for Medicare and Medicaid Services (CMS). Hospital compare [Internet]. Available from:
https://www.medicare.gov/hospitalcompare/search.html

Boyce JM. MRSA patients: proven methods to treat colonization and infection. J Hosp Infect. 2001; 48:
S9-14. https://doi.org/10.1016/s0195-6701(01)90005-2 PMID: 11759035

Davis KA, Stewart JJ, Crouch HK, Florez CE, Hospenthal DR. Methicillin-resistant Staphylococcus
aureus (MRSA) nares colonization at hospital admission and its effect on subsequent MRSA infection.
Clin Infect Dis. 2004; 39(6):776—-82. https://doi.org/10.1086/422997 PMID: 15472807

O'Neill L, Park S, Rosinia F. The role of the built environment and private rooms for reducing central
Line-associated bloodstream infections. PloS One. 2018; 13(7):€0201002. https://doi.org/10.1371/
journal.pone.0201002 PMID: 30052672

Moore BJ, White S, Washington R, Coenen N, Elixhauser A. Identifying increased risk of readmission
and in-hospital mortality using hospital administrative data. Med Care. 2017; 55(7):698—705. https://doi.
org/10.1097/MLR.0000000000000735 PMID: 28498196

Goto M, Schweizer ML, Vaughan-Sarrazin MS, Perencevich EN, Livorsi DJ, Diekema DJ, et al. Associ-

ation of evidence-based care processes with mortality in staphylococcus aureus bacteremia at veterans
health administration hospitals, 2003—2014. JAMA Intern Med. 2017; 177(10):1489-97. https://doi.org/

10.1001/jamainternmed.2017.3958 PMID: 28873140

Nelson RE, Stevens VW, Jones M, Samore MH, Rubin MA. Health care—associated methicillin-resistant
Staphylococcus aureus infections increases the risk of postdischarge mortality. Am J Infect Control.
2015; 43(1):38—43. https://doi.org/10.1016/j.ajic.2014.09.014 PMID: 25564122

Bakullari A, Metersky ML, Wang Y, Eldridge N, Eckenrode S, Pandolfi MM, et al. Racial and ethnic dis-
parities in healthcare-associated infections in the United States, 2009—-2011. Infect Control Hosp Epide-
miol. 2014; 35(S3):S10-6.

Bratu S, Landman D, Gupta J, Trehan M, Panwar M, Quale J. A population-based study examining the
emergence of community-associated methicillin-resistant Staphylococcus aureus USA300 in New York
City. Ann Clin Microbiol Antimicrob. 2006; 5(1):29.

Graham PL, Lin SX, Larson EL. A US population-based survey of Staphylococcus aureus colonization.
Ann Intern Med. 2006; 144(5):318-25. https://doi.org/10.7326/0003-4819-144-5-200603070-00006
PMID: 16520472

Agency for Healthcare Research and Quality (AHRQ). Procedure classes for ICD-10-PCS, v2016.1
(beta version) [Internet] 2016. [cited 2019 Dec 12]. Available from: https://www.hcup-us.ahrqg.gov/
toolssoftware/procedureicd10/pc_icd10pcs_FY2016_October2016.csv

Agency for Healthcare Research and Quality (AHRQ). Beta procedure classes for ICD-10-PCS [Inter-
net]. 2018 [cited 2019 Dec 12]. Available from: https://www.hcup-us.ahrg.gov/toolssoftware/
procedureicd10/procedure_icd10.jsp https://doi.org/10.1016/j.janxdis.2018.01.007

Edelsberg J, Taneja C, Zervos M, Haque N, Moore C, Reyes K, et al. Trends in US hospital admissions
for skin and soft tissue infections. Emerg Infect Dis. 2009; 15(9):1516. https://doi.org/10.3201/eid1509.
081228 PMID: 19788830

Panlilio AL, Culver DH, Gaynes RP, Banerjee S, Henderson TS, Tolson JS, et al. Methicillin-resistant
Staphylococcus aureus in US hospitals, 1975-1991. Infect Control Hosp Epidemiol. 1992; 13(10):582—
6. https://doi.org/10.1086/646432 PMID: 1469266

Wakefield DS, Pfaller M, Massanari RM, Hammons GT. Variation in methicillin-resistant Staphylococ-
cus aureus occurrence by geographic location and hospital characteristics. Infect Control Hosp Epide-
miol. 1987; 8(4):151-7.

US Census Bureau. Metropolitan and micropolitan statistical areas population totals: 2010-2018 [Inter-
net]. 2019. Available from: https://www.census.gov/data/tables/time-series/demo/popest/2010s-total-
metro-and-micro-statistical-areas.html

Kovner C, Gergen PJ. Nurse staffing levels and adverse events following surgery in US hospitals.
Image J Nurs Sch. 1998; 30(4):315-21. PMID: 9866290

Lee GM, Kleinman K, Soumerai SB, Tse A, Cole D, Fridkin SK, et al. Effect of nonpayment for prevent-
able infections in US hospitals. N Engl J Med. 2012; 367(15):1428-37. https://doi.org/10.1056/
NEJMsa1202419 PMID: 23050526

Spetz J, Donaldson N, Aydin C, Brown DS. How many nurses per patient? Measurements of nurse
staffing in health services research. Health Serv Res. 2008 Oct; 43(5 Pt 1):1674-92.

Afif W, Huor P, Brassard P, Loo VG. Compliance with methicillin-resistant Staphylococcus aureus pre-
cautions in a teaching hospital. Am J Infect Control. 2002; 30(7):430-3. https://doi.org/10.1067/mic.
2002.125174 PMID: 12410221

PLOS ONE | https://doi.org/10.1371/journal.pone.0235754  July 9, 2020 15/17


https://ahasurvey.org/taker/asindex.do
https://www.medicare.gov/hospitalcompare/search.html
https://doi.org/10.1016/s0195-6701(01)90005-2
http://www.ncbi.nlm.nih.gov/pubmed/11759035
https://doi.org/10.1086/422997
http://www.ncbi.nlm.nih.gov/pubmed/15472807
https://doi.org/10.1371/journal.pone.0201002
https://doi.org/10.1371/journal.pone.0201002
http://www.ncbi.nlm.nih.gov/pubmed/30052672
https://doi.org/10.1097/MLR.0000000000000735
https://doi.org/10.1097/MLR.0000000000000735
http://www.ncbi.nlm.nih.gov/pubmed/28498196
https://doi.org/10.1001/jamainternmed.2017.3958
https://doi.org/10.1001/jamainternmed.2017.3958
http://www.ncbi.nlm.nih.gov/pubmed/28873140
https://doi.org/10.1016/j.ajic.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25564122
https://doi.org/10.7326/0003-4819-144-5-200603070-00006
http://www.ncbi.nlm.nih.gov/pubmed/16520472
https://www.hcup-us.ahrq.gov/toolssoftware/procedureicd10/pc_icd10pcs_FY2016_October2016.csv
https://www.hcup-us.ahrq.gov/toolssoftware/procedureicd10/pc_icd10pcs_FY2016_October2016.csv
https://www.hcup-us.ahrq.gov/toolssoftware/procedureicd10/procedure_icd10.jsp
https://www.hcup-us.ahrq.gov/toolssoftware/procedureicd10/procedure_icd10.jsp
https://doi.org/10.1016/j.janxdis.2018.01.007
https://doi.org/10.3201/eid1509.081228
https://doi.org/10.3201/eid1509.081228
http://www.ncbi.nlm.nih.gov/pubmed/19788830
https://doi.org/10.1086/646432
http://www.ncbi.nlm.nih.gov/pubmed/1469266
https://www.census.gov/data/tables/time-series/demo/popest/2010s-total-metro-and-micro-statistical-areas.html
https://www.census.gov/data/tables/time-series/demo/popest/2010s-total-metro-and-micro-statistical-areas.html
http://www.ncbi.nlm.nih.gov/pubmed/9866290
https://doi.org/10.1056/NEJMsa1202419
https://doi.org/10.1056/NEJMsa1202419
http://www.ncbi.nlm.nih.gov/pubmed/23050526
https://doi.org/10.1067/mic.2002.125174
https://doi.org/10.1067/mic.2002.125174
http://www.ncbi.nlm.nih.gov/pubmed/12410221
https://doi.org/10.1371/journal.pone.0235754

PLOS ONE

Private patient rooms and hospital-acquired methicillin-resistant Staphylococcus aureus

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Hugonnet S, Harbarth S, Sax H, Duncan RA, Pittet D. Nursing resources: a major determinant of noso-
comial infection? Arch Pediatr Adolesc Med. 2006; 160(8):832. https://doi.org/10.1001/archpedi.160.8.
832

Penoyer DA. Nurse staffing and patient outcomes in critical care: a concise review. Crit Care Med.
2010; 38(7):1521-8. https://doi.org/10.1097/CCM.0b013e3181e47888 PMID: 20473146

Keene ON. The log transformation is special. Stat Med. 1995; 14(8):811-9. https://doi.org/10.1002/sim.
4780140810 PMID: 7644861

Cole TJ. Sympercents: symmetric percentage differences on the 100 loge scale simplify the presenta-
tion of log transformed data. Stat Med. 2000; 19(22):3109-25. https://doi.org/10.1002/1097-0258
(20001130)19:22<3109::aid-sim558>3.0.co;2-f PMID: 11113946

Kelly H, Bull A, Russo P, McBryde ES. Estimating sensitivity and specificity from positive predictive
value, negative predictive value and prevalence: application to surveillance systems for hospital-
acquired infections. J Hosp Infect. 2008; 69(2):164-8. https://doi.org/10.1016/}.jhin.2008.02.021 PMID:
18448199

Morton AP, Whitby M, McLaws M-L, Dobson A, McElwain S, Looke D, et al. The application of statistical
process control charts to the detection and monitoring of hospital-acquired infections. J Qual Clin Pract.
2001; 21(4):112-7. https://doi.org/10.1046/j.1440-1762.2001.00423.x PMID: 11856406

StataCorp. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP; 2013.

Borg MA, Suda D, Scicluna E. Time-series analysis of the impact of bed occupancy rates on the inci-
dence of methicillin-resistant Staphylococcus aureus infection in overcrowded general wards. Infect
Control Hosp Epidemiol. 2008; 29(6):496-502. https://doi.org/10.1086/588157 PMID: 18510458

Salge TO, Vera A, Antons D, Cimiotti JP. Fighting MRSA infections in hospital care: how organizational
factors matter. Health Serv Res. 2017; 52(3):959-983. https://doi.org/10.1111/1475-6773.12521 PMID:
27329446

Bartley J, Streifel AJ. Design of the environment of care for safety of patients and personnel: does form
follow function or vice versa in the intensive care unit? Crit Care Med. 2010; 38:S388—-S398. https://doi.
org/10.1097/CCM.0b013e3181e6d0c1 PMID: 20647797

Borg MA. Bed occupancy and overcrowding as determinant factors in the incidence of MRSA infections
within general ward settings. J Hosp Infect. 2003; 54(4):316-318. https://doi.org/10.1016/s0195-6701
(03)00153-1 PMID: 12919764

Dancer SJ, Coyne M, Speekenbrink A, Samavedam S, Kennedy J, Wallace PG. MRSA acquisition in
an intensive care unit. Am J Infect Control. 2006; 34(1):10—17. https://doi.org/10.1016/j.ajic.2005.08.
009 PMID: 16443087

King M-F, Noakes CJ, Sleigh PA. Modeling environmental contamination in hospital single-and four-
bed rooms. Indoor Air. 2015; 25(6):694—707. https://doi.org/10.1111/ina.12186 PMID: 25614923

Luoma H. Key considerations in patient room design, part 1. Healthcare Design [Internet]. 2006 [cited
2019 Dec 12]. Available from: https://www.healthcaredesignmagazine.com/architecture/key-
considerations-patient-room-design-part-1/

Silvis J. Stakes are high for patient room design. Healthcare Design [Internet]. 2014 [cited 2019 Dec
12]. Available from: https://www.healthcaredesignmagazine.com/trends/operations-facility-
management/stakes-are-high-patient-room-design/

Wilson R. How hospital design is being shaped by the trend for single-person rooms. 2017 [cited 2019
Dec 12]. Available from: https://www.architectsjournal.co.uk/buildings/how-hospital-design-is-being-
shaped-by-the-trend-for-single-person-rooms/10019396.article

Zimmerman R. Why shared hospital rooms are becoming obsolete. WBUR [Internet]. 2011 [cited 2019
Dec 12]. Available from: https://www.wbur.org/commonhealth/2011/09/16/shared-hospital-rooms-
disappearing

Kaiser Permanente. Living with MRSA [Internet]. 2006 [cited 2019 Dec 12]. Available from: https://wa.
kaiserpermanente.org/static/healthAndWellness/pdf/mrsa.pdf

Chaudhury H, Mahmood A, Valente M. Advantages and disadvantages of single-versus multiple-occu-
pancy rooms in acute care environments: a review and analysis of the literature. Environ Behav. 2005
Nov; 37(6):760-86.

Chaudhury H, Mahmood A, Valente M. Nurses’ perception of single-occupancy versus multioccupancy
rooms in acute care environments: an exploratory comparative assessment. Appl Nurs Res. 2006; 19
(3):118-125. https://doi.org/10.1016/j.apnr.2005.06.002 PMID: 16877190

Huisman ER, Morales E, van Hoof J, Kort HSM. Healing environment: A review of the impact of physical
environmental factors on users. Build Environ. 2012; 58:70-80.

PLOS ONE | https://doi.org/10.1371/journal.pone.0235754  July 9, 2020 16/17


https://doi.org/10.1001/archpedi.160.8.832
https://doi.org/10.1001/archpedi.160.8.832
https://doi.org/10.1097/CCM.0b013e3181e47888
http://www.ncbi.nlm.nih.gov/pubmed/20473146
https://doi.org/10.1002/sim.4780140810
https://doi.org/10.1002/sim.4780140810
http://www.ncbi.nlm.nih.gov/pubmed/7644861
https://doi.org/10.1002/1097-0258(20001130)19:22<3109::aid-sim558>3.0.co;2-f
https://doi.org/10.1002/1097-0258(20001130)19:22<3109::aid-sim558>3.0.co;2-f
http://www.ncbi.nlm.nih.gov/pubmed/11113946
https://doi.org/10.1016/j.jhin.2008.02.021
http://www.ncbi.nlm.nih.gov/pubmed/18448199
https://doi.org/10.1046/j.1440-1762.2001.00423.x
http://www.ncbi.nlm.nih.gov/pubmed/11856406
https://doi.org/10.1086/588157
http://www.ncbi.nlm.nih.gov/pubmed/18510458
https://doi.org/10.1111/1475-6773.12521
http://www.ncbi.nlm.nih.gov/pubmed/27329446
https://doi.org/10.1097/CCM.0b013e3181e6d0c1
https://doi.org/10.1097/CCM.0b013e3181e6d0c1
http://www.ncbi.nlm.nih.gov/pubmed/20647797
https://doi.org/10.1016/s0195-6701(03)00153-1
https://doi.org/10.1016/s0195-6701(03)00153-1
http://www.ncbi.nlm.nih.gov/pubmed/12919764
https://doi.org/10.1016/j.ajic.2005.08.009
https://doi.org/10.1016/j.ajic.2005.08.009
http://www.ncbi.nlm.nih.gov/pubmed/16443087
https://doi.org/10.1111/ina.12186
http://www.ncbi.nlm.nih.gov/pubmed/25614923
https://www.healthcaredesignmagazine.com/architecture/key-considerations-patient-room-design-part-1/
https://www.healthcaredesignmagazine.com/architecture/key-considerations-patient-room-design-part-1/
https://www.healthcaredesignmagazine.com/trends/operations-facility-management/stakes-are-high-patient-room-design/
https://www.healthcaredesignmagazine.com/trends/operations-facility-management/stakes-are-high-patient-room-design/
https://www.architectsjournal.co.uk/buildings/how-hospital-design-is-being-shaped-by-the-trend-for-single-person-rooms/10019396.article
https://www.architectsjournal.co.uk/buildings/how-hospital-design-is-being-shaped-by-the-trend-for-single-person-rooms/10019396.article
https://www.wbur.org/commonhealth/2011/09/16/shared-hospital-rooms-disappearing
https://www.wbur.org/commonhealth/2011/09/16/shared-hospital-rooms-disappearing
https://wa.kaiserpermanente.org/static/healthAndWellness/pdf/mrsa.pdf
https://wa.kaiserpermanente.org/static/healthAndWellness/pdf/mrsa.pdf
https://doi.org/10.1016/j.apnr.2005.06.002
http://www.ncbi.nlm.nih.gov/pubmed/16877190
https://doi.org/10.1371/journal.pone.0235754

PLOS ONE Private patient rooms and hospital-acquired methicillin-resistant Staphylococcus aureus

78. Reiling J, Hughes RG, Murphy MR. The impact of facility design on patient safety. In: Patient Safety and
Quality: An Evidence-Based Handbook for Nurses [Internet]. Agency for Healthcare Research and
Quality; 2008 [cited 2019 Dec 12]. Available from: https://www.ncbi.nlm.nih.gov/books/NBK2633/

PLOS ONE | https://doi.org/10.1371/journal.pone.0235754  July 9, 2020 17/17


https://www.ncbi.nlm.nih.gov/books/NBK2633/
https://doi.org/10.1371/journal.pone.0235754

