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Association of Shift-Level Organizational Factors with Nosocomial
Infection in the Neonatal Intensive Care Unit

Marissa Fazio, MScPH1, Elias Jabbour, MSc1, Sharina Patel, MSc1, Val�erie Bertelle, MSc, MD2, Anie Lapointe, MD3,

Guy Lacroix, PhD4, Sophie Gravel, MSc5, Mich�ele Cabot, BSc, RN6, Bruno Piedboeuf, MD4, and Marc Beltempo, MSc, MD1, on

behalf of the Quebec investigators of the Canadian Neonatal Network (CNN)*

Objective To evaluate the association between shift-level organizational data (unit occupancy, nursing overtime
ratios [OTRs], and nursing provision ratios [NPRs]) with nosocomial infection (NI) among infants born very preterm in
the neonatal intensive care unit (NICU).
Study design This was a multicenter, retrospective cohort study, including 1921 infants 230/7-326/7 weeks of
gestation admitted to 3 tertiary-level NICUs in Quebec between 2014 and 2018. Patient characteristics and out-
comes (NIs) were obtained from the Canadian Neonatal Network database and linked to administrative data. For
each shift, unit occupancy (occupied/total beds), OTR (nursing overtime hours/total nursing hours), and NPR (num-
ber of actual/number of recommended nurses) were calculated. Mixed-effect logistic regression models were used
to calculate aOR for the association of organizational factors (mean over 3 days) with the risk of NI on the following
day for each infant.
Results Rate of NI was 11.5% (220/1921). Overall, median occupancywas 88.7% [IQR 81.0-94.6], OTR 4.4% [IQR
1.5-7.6], and NPR 101.1% [IQR 85.5-125.1]. A greater 3-day mean OTR was associated with greater odds of NI
(aOR 1.08, 95% CI 1.02-1.15), a greater 3-day mean NPR was associated lower odds of NI (aOR 0.96, 95% CI
0.95-0.98), and occupancy was not associated with NI (aOR, 0.99, 95% CI 0.96-1.02). These findings were
consistent across multiple sensitivity analyses.
Conclusions Nursing overtime and nursing provision are associated with the adjusted odds of NI among infants
born very preterm in the NICU. Further interventional research is needed to infer causality. (J Pediatr
2024;13:200112).
I
nfants born very preterm at <33 weeks of gestational age account for more than 60% of neonatal intensive care unit (NICU)
resource use1 and are at high risk of nosocomial infection (NI).2 In infants born very preterm, NI is associated with increased
lengths of stay, costs, mortality, and short- and long-term morbidities.3,4 Clinical-care bundles for NI prevention focus on

hand hygiene practices, maintenance of central lines, and patient skin care.4 However, organizational factors may affect the
ability to comply with these recommendations.5-7

Three important organizational factors include unit occupancy, nursing overtime, and nursing provision ratios (NPRs).
Greater unit occupancy may contribute to overcrowding and lower staffing ratios (among all providers), leading to lower
compliance in infection-preventionmeasures and greater risk of NI.8 Nursing overtime has been associated with greater fatigue,
burnout, and reductions in attention, which have been associated with lower compliance with NI -prevention measures.9-12

Lower nursing ratios also have been associated with several adverse patient outcomes in adult, pediatric, and neonatal set-
tings.13 The NPR is the ratio of actual nurses per shift divided by the estimated required number of nurses (estimated using
a nurse-to-patient ratio guideline). The use of NPRs allows health care management to account for variations in patient acuity
in a unit (unlike using a ratio of total nurses per patient, which assumes each patient should receive the same nursing ratio).14

NPRs may reflect staffing adequacy and have been associated with mortality.15 Several methods have been used to model these
exposures, including aggregating data by year, month, and day, and recent studies suggest that shorter observation periods may

provide more precise estimates.16,17 These organizational factors also can be
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difficult to evaluate because of their interdependent nature:
overtime can be used to meet NPRs in periods of high
occupancy.10,18–21 Consequently, there is a need to better
understand the association of these 3 factors with NI in the
NICU.21–23 The objective of this study was to assess the
association between occupancy, nursing overtime, and
NPRs with the risk of NI among infants born very preterm
in the NICU using shift-level data. We hypothesized that
all 3 organizational factors would be associated with NI.

Methods

Study Design, Inclusion, and Exclusion Criteria
This was a retrospective cohort study of infants born 230/7-
326/7 weeks of gestational age, admitted to 3 tertiary-level NI-
CUs in Qu�ebec (Canada) within 3 days after birth from April
1, 2014, to December 30, 2018. Infants <33 weeks were
included in this study, as they are high-risk patients with
high resource use and compose a large proportion of
patient-days in the NICU.24 Exclusion criteria were mori-
bund or palliative care upon admission; major congenital
anomalies; length of stay <3 days (typically because of mor-
tality); and diagnosis of early-onset sepsis (positive blood
and/or cerebrospinal fluid culture drawn within the first 3
days after birth). The research ethics boards of each partici-
pating site approved this project.

Setting
The 3 participating NICUs each had 20, 56, and 65 funded
beds (Table I). All the NICUs have pediatric subspeciality
consultant services with pediatric surgeons available on
site. The median number of admissions (all gestational
ages) per year was 450, 860, and 985; infants <33 weeks of
gestational age accounted for 70% of patient-days in each
unit. Two of the units had an open-bay design and one had
single-patient rooms (the unit with 65 beds). Maximum
occupancy is based on funded beds, and all units can
accommodate for more than the maximum occupancy with
Table I. Characteristics by site

Characteristics Site 1

Site
Number of beds 65
Most common length of nursing shifts, h 8
Number of medical teams during the daytime 4
Single-patient rooms Yes

Organizational
Unit occupancy, % 91.3 [86.7, 95.4]
OTR, % 5.1 [3.4, 7.5]
Shifts with overtime, No. 4584 (88.1)
Number of overtime hours among shifts with overtime 14.5 [7.5, 23.0]
NPR, % 103.7 [96.2, 121.5]

Patient
Number of infants 920
Number of infants <28 wk of gestational age 283 (30.8)

NPR, nursing provision ratio; OTR, nursing overtime ratio.
Organizational variables were calculated as the average for each day (mean of the 3 shifts from 8:00 A

Each site had 5205 shifts in the dataset, totaling 15 615 shifts.
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additional beds above what is funded (due to twin/triplet
rooms that are counted as a single bed but can
accommodate 2-3 patients, and/or overflow rooms).
Organization of work was similar between units, as previ-

ously described.24 The majority of nurses worked 8-hour
shifts. Each unit recorded patient acuity and occupancy 3
times per day (12:00 AM, 8:00 AM, and 4:00 PM) in a provincial
administrative database. At the beginning of each shift, the
assistant head nurse evaluated the required number of regis-
tered nurses based on the expected admissions, planned ac-
tivities within the unit, and patient acuity was estimated
using provincial guidelines.14 When nursing staffing needs
increased, management initially relied on off-duty nurses
and, if necessary, on a pool of floating trained neonatal
nurses. If staffing needs were not met on the basis of the eval-
uation by the nurse in charge, overtime (voluntary and
mandatory) could then be used. The participating NICUs
did not rely on nurses from external agencies.

Data Collection

Patient data were obtained from the Canadian Neonatal
Network database. At each site trained abstractors follow a
standard protocol25 to enter infant information into a
data-entry program with built-in error checking that has
high reliability and internal consistency.26 Patient data
included gestational age at birth, birth weight, sex, small
for gestational age status (birth weight <10th percentile for
gestational age and sex),27 multiple births, mode of delivery,
5-minute Apgar score <7, Score for Neonatal Acute
Physiology version II >20,28 receipt of antenatal steroids
(³1 doses), outborn status (delivery in a hospital without a
tertiary-level NICU), and NICU mortality. We did not
have data on central line use and dates.
Data on the number of patients in each acuity category and

occupancy at the beginning of each 8-hour shift were
obtained from the provincial administrative database
(SitNeo, �4% missing data, imputed using data from
Site 2 Site 3 Overall

56 20 –
8 8 –
3 1 –
No No –

90.5 [85.7, 95.8] 78.3 [66.7, 88.3] 88.7 [81.0, 94.6]
2.0 [0.0, 5.0] 5.6 [1.8, 10.4] 4.4 [1.5, 7.6]
2397 (46.1) 3280 (63.0) 10261 (65.7)

7.9 [4.0, 14.7] 7.3 [1.7, 11.3] 8.8 [4.7, 16.8]
80.5 [75.0, 86.5] 128.6 [113.9, 152.3] 101.1 [85.5, 125.1]

653 348 1921
181 (27.7) 69 (19.8) 533 (27.7)

M to 7:59 AM) for the study period. Data are presented as median [IQR] or No. (%) as appropriate.
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previous shift). Data on the number of nursing hours worked
(regular and overtime hours) by bedside nurses (which in-
cludes admitting nurses and/or nurses designated for break
relief but does not include nurse managers) for each 8-
hour period were obtained from Logibec (LGI Healthcare So-
lutions), the administrative software used for scheduling and
payroll in each institution (no missing data). Nursing over-
time was defined as per the nursing collective agreement in
the province and is similar to the rest of Canada and the
US29,30: hours worked beyond the scheduled work shifts
(based on the regular length of shifts the nurse works, either
8-hour or 12-hour).31 This represented hours worked before
or after the scheduled shift (maximum of 16 consecutive
hours) or the hours worked greater than 37.5 hours per
week. Distinction between mandatory and voluntary over-
time was not available.

Exposures, Data Linkage, and Observation Period
All 3 organizational factors were computed for each shift.
Occupancy rate was defined as the total number of infants
in the NICU at the beginning of each shift divided by the
total number of funded beds at the site. The overtime ratio
(OTR) was the sum of all nursing overtime hours divided
by the sum of total nursing hours for that shift.30 The
NPR was defined as the total number of nursing hours
worked divided by the total number of required nursing
hours based on patient acuity categories. Acuity categories
were based on provincial guidelines: unstable (1.0 nurse),
intensive care (0.7 nurses), intermediate care (0.3 nurses),
or continuing care (0.25 nurses).14 The NPR was calculated
as a percentage of recommended nurses per shift, with a
value of <100% indicating being at less than the recommen-
ded number of nurses. Similarly, OTR was converted to a
percentage such that larger values indicate a greater propor-
tion of overtime hours worked by nurses. Patient data from
the Canadian Neonatal Network were linked to the admin-
istrative data on the organizational factors using each in-
fant’s admission site and admission date.

Occupancy, OTR, and NPR were calculated for each shift
from admission until the 45th day of admission, NI, death, or
discharge (whichever occurred first) for each infant. Among
survivors without NI and still in the NICU, data were
censored at the 45th day of admission to account for the
greater-risk period for NI, as most events occur within this
period on the basis of previous evidence on the timing of
infection in the NICU.32 Infants who experienced an NI
only contributed observations until their date of first NI
because the time frame for recurrent infections is unclear
and the data cannot distinguish between a new or recur-
rent infection.

Outcome

The primary outcome was NI, defined as the isolation of a
pathogenic organism in blood culture or cerebrospinal
fluid culture, drawn at more than 3 days after birth in a
Association of Shift-Level Organizational Factors with Nosocomia
symptomatic infant (ie, apnea, bradycardia, temperature
instability, or feeding difficulties). A second positive blood
culture was not mandatory because of technical issues
associated with drawing an additional sample among very
small infants.33 The cases included both catheter-associated
and noncatheter-associated infections. Events of “culture
negative sepsis” were not included. The date of infection
was defined as the date when the diagnostic sample was
collected. Only the first NI episode per infant was included.

Conceptual Framework for Modeling Approach
The exact sequence and timeline of events leading to NI is still
not well defined.4 Previous studies focusing on organiza-
tional factors suggest that the 3-day period before NI may
be an appropriate observation window.6 Consequently, the
risk of infection on each day of a patient’s admission may
vary on the basis of the organizational variables in the
3 days previously, which can be addressed with multiple
observation points for each patient. For each day of an in-
fant’s observation period, we calculated the mean organiza-
tional variables of the 1, 2, and 3 days before that
observation day based on an 8:00 AM to 7:59 AM

period (Figure 1).

Analysis
This was a convenience sample size based on data availability.
The Pearson correlation coefficient (r) was used to assess the
correlation between the 3 organizational variables. Patient
and unit characteristics were presented using descriptive sta-
tistics. We compared the mean organizational variables on
the 1-, 2-, and 3-day intervals before NI (among infants
with NI) with the same interval among infants without NI
(using the 1-, 2-, and 3-day interval before discharge or
end of observation). Unadjusted comparisons were conduct-
ed using Wilcoxon rank-sum tests for continuous variables
and c2 tests for categorical variables.

Mixed Model Analysis for Repeated Measurements
(Multiple Observations per Patient)
Several methods have been described to evaluate the associa-
tion of organizational factors with NI.6,34 To include each
observation point (ie, each day the infant was in the NICU)
for each infant (infant was the unit of analysis), we used a
mixed-effect logistic regression model to account for repeat
observations of patients (patient identification included as
a random effect).35 For each observation point of each infant,
the exposures were the means of each organizational variable
(occupancy, OTR, and NPR) over the 3 days before and the
outcome was NI on the observed day for the infant (yes/no).
Mixed effect models using multiple observations per patient
allow us to evaluate the association between a changing expo-
sure (3-day mean) and an event (NI) while including each
observation point (each day) for the same patient.
The analysis was adjusted using 2 models. Model I

included each individual organizational variable, site, and
patient covariates (gestational age [continuous], small for
l Infection in the Neonatal Intensive Care Unit 3



Figure 1. Conceptual framework for analysis using the 3-day mean. Visual representation of conceptual framework for calcu-
lating a 3-day mean from 8:00 AM to 7:59 AM for each observation point. Infant A represents the data used for the analysis of
multiple observations throughout an infant’s admission, which generates a moving average as indicated by the arrows.
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gestational age, Score for Neonatal Acute Physiology version
II score >20, sex) as fixed effects. Model II included all 3 orga-
nizational variables in a single model to account for the
Figure 2. Exclusion criteria flow chart.

4

effects of the others, in addition to site and the aforemen-
tioned patient covariates. Site was included as a fixed effect
to account for correlations in unit characteristics that may
Fazio et al
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impact the exposures (eg, unit size and overtime hours) and
infection risk. Random intercepts using patient identification
accounted for the dependence of repeated measures among
participants. Sensitivity analyses were conducted using
different exposure timeframes (ie, 1-day and 2-day means),
using site as a random effect,36 among infants <28 weeks,
and among only infants that had NI (since models were using
each patient as repeat observations, this helps to assess if
organizational variables affect the timing of NI). In addition,
we reran the analysis with the exclusion of infants with
coagulase-negative staphylococci (CoNS) infections.

Machine Learning
To quantify the relative importance of organizational factors
in predicting the risk and timing of NI, we used generalized
mixed effect-regression trees (GMERTs), which is a
machine-learning technique.37 GMERTs allow the inclusion
Table II. Characteristics of full cohort, infants with NI, and

Characteristics Total n = 192

Patient
Male 1014 (52.8)
Birth weight, g 1310 [955, 166
SGA10 219 (11.4)
Gestational age, wk 30 [27, 31]
Gestational age below 28 wk 533 (27.7)
SNAP-II score >20 267 (13.9)
Apgar at 5 min <7 579 (30.7)
Antenatal steroids 1688 (91.1)
Cesarean delivery 1316 (68.7)
Outborn status 256 (13.3)
NI 220 (11.5)
Age at NI, d 11 [7, 21]
Length of stay, d† 50 [26, 85]
Length of stay >45 d 1041 (54.2)
Death‡ 105 (5.5)
Follow-up time, d 40 [18, 45]

Organizational variables (average of all shifts)§

Unit occupancy, % 88.7 [81.0, 94
OTR, % 4.4 [1.5, 7.6]
Shifts with overtime 10 261 (65.7
Number of overtime hours among shifts with overtime, h 8.8 [4.7, 16.8
NPR, % 101.1 [85.5, 12

Organizational variables (1-day intervals/day 44-45){

Unit occupancy, % –
OTR, % –
NPR, % –

Organizational variables (2-day intervals/day 43-45){

Unit occupancy, % –
OTR, % –
NPR, % –

Organizational variables (3-day intervals/day 42-45){

Unit occupancy, % –
OTR, % –
NPR, % –

SGA, small for gestational age; SNAP-II, Score for Neonatal Acute Physiology-II.
Missing data: sex, n = 1; SGA 10th percentile, n = 1; SNAP-II score >20, n = 3; Apgar at 5 minute
Data are presented as No. (%) or median [IQR]. Infants with missing data were excluded from the d
*P value obtained using Wilcoxon rank-sum test for continuous variables and the c2 test for catego
†Length of stay in the neonatal intensive care unit can exceed 45 days even if the observation per
‡Death can occur before or after 45 days among included patients and can occur after NI among i
§Organizational variables were calculated as the average for all shifts for the study period for all units c
The median [IQR] for OTR was calculated for all shifts, including shifts with 0 hours of overtime. n
{Organizational variables were calculated as a mean of the 1-3 days before NI or discharge/end of ob
the averages were then calculated 8:00 AM to 7:59 AM).
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of random effects to account for unobserved variables and
uses binary indicators for the presence or absence of expo-
sures (or creates a binary cut-off for a continuous exposure)
to predict an outcome. In addition, GMERT reduces the
dimensionality of the tree by ranking the predictors accord-
ing to the relative variable importance indicator (VIMP).38

The VIMP is a normalized score between 0% and 100%
and variables with low values are removed from the tree since
they have little predictive power. The interpretations of the
VIMP are in relation to the most important one (ex: a value
is 50% would mean that the variable is 50% as important as
themain predictor). All patient covariates, site, and organiza-
tional variables (repeated observations of 3-day means) were
used as initial inputs in the GMERT. The model was specified
with a minimum split of 20 observations (ie, 20 observations
required to split using a node), a minimum bucket of 6 (ie, a
minimum of 6 final leaves), and a maximum depth of 6 layers
infants without NI

1
Infants with No
NI n = 1701

Infants with NI
n = 220 P value*

890 (52.4) 124 (56.4) .294
0] 1370 [1010, 1700] 900 [704, 1120] <.001

188 (11.1) 31 (14.1) .223
30 [28,31] 26 [25,28] <.001
391 (23.0) 142 (64.5) <.001
203 (12.0) 64 (29.1) <.001
482 (28.8) 97 (45.1) <.001
1493 (91.3) 195 (90.3) .727
1166 (68.8) 150 (68.2) .916
232 (13.6) 24 (11.0) .310

– – –
– – –

46 [24, 80] 90 [55, 116] <.001
869 (51.1) 172 (78.2) <.001
65 (3.8) 40 (18.2) <.001

45 [23, 45] 11 [7, 21] <.001

.6] – – –
– – –

)
] – – –
5.1] – – –

90.8 [85.1, 95.2] 92.3 [87.6, 97.0] .001
4.5 [1.8, 7.4] 5.5 [3.2, 8.5] .001

100.1 [83.7, 119.3] 97.8 [85.7, 107.9] .063

90.8 [85.1, 95.1] 92.5 [87.4, 97.0] .001
4.7 [2.5, 7.1] 5.5 [3.0, 8.3] .001
99.1 [83.8, 119.6] 98.1 [85.5, 106.8] .030

90.7 [85.1, 95.0] 92.1 [86.8, 96.9] .001
4.7 [2.6, 7.0] 5.6 [3.5, 8.6] <.001
98.6 [84.0, 119.9] 98.3 [85.2, 106.9] .023

s, n = 32; antenatal steroids, n = 69; cesarean delivery, n = 6.
enominator for each variable.
rical variables.
iod for analysis was limited to 45 days.
nfants with NI.
ombined using the mean of the 3 shifts 8:00 AM to 7:59 AM each day throughout the study period.
= 15 615 total shifts in the dataset.
servation period, using the first shift to define the time when an NI occurred on a given date (ie,

l Infection in the Neonatal Intensive Care Unit 5



Table IV. Mixed-effects logistic regression analysis
using random effect of site* and multiple observations
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to the tree. Fifty iterations were forced at the start of the iter-
ation process of the mixed effect regression tree (MERT)
function, with a maximum number of iterations allowed
based on the MERT function of 100. Fifty iterations were
forced at the end of the iteration process for the MERT func-
tion, and 50 macro-iterations were forced at the end of the
iteration process of the GMERT function. Statistical analyses
were conducted using R, version 4.3.1 (R Foundation for Sta-
tistical Computing) and packages: glmer, pacman, zoo, com-
pareGroups, car, and GGally.

Results

There were 2157 infants eligible for inclusion in the study. In-
fants were excluded for being moribund upon admission
(n = 37), having a major congenital anomaly (n = 53), having
a length of stay less than 72 hours (n = 110), or were diag-
nosed with early-onset sepsis (n = 36). Among the 1921 in-
fants included (Figure 2), 220 experienced an NI (11.5%)
(Table II) at a median age of 11 days [IQR 7-21]. Overall,
median gestational age was 30 weeks, 5.5% of infants died,
and median length of stay was 50 days [IQR 26-85].
Among the 220 NI, the organisms were CoNS (126, 57%),
non-CoNS gram-positive bacteria (36, 16%), gram-
negative bacteria (42, 19%), and other fungal/viral
infections (16, 7.3%).

After converting the organizational variables into daily
means (8:00 AM to 7:59 AM) during the study period, the me-
dian occupancy was 88.7% [IQR 81.0-94.6], median OTR
was 4.4% [IQR 1.5-7.6], and median NPR was 101.1%
[IQR 85.5-125.1]. Across all sites, there was a low positive
correlation between occupancy and OTR (r = 0.204,
Table III. Mixed-effects logistic regression analysis
using multiple observations for each patient for
association of organizational factors with odds of NI
(n = 1921; 60 957 observations)

Exposure
Crude OR
[95% CI]

Model I OR
[95% CI]

Model II OR
[95% CI]

1-day intervals
Unit occupancy 1.02 [1.02-1.03] 1.03 [1.00-1.05] 1.01 [0.98-1.04]
OTR 1.04 [1.04-1.04] 1.05 [1.00-1.10] 1.03 [0.98-1.07]
NPR 0.99 [0.97-1.01] 0.98 [0.96-0.99] 0.98 [0.97-1.00]

2-day intervals
Unit occupancy 1.03 [1.00-1.06] 1.03 [1.01-1.06] 1.00 [0.98, 1.03]
OTR 1.06 [1.05-1.08] 1.07 [1.02-1.12] 1.04 [0.98-1.09]
NPR 0.98 [0.96-1.00] 0.97 [0.95-0.98] 0.97 [0.95-0.99]

3-day intervals
Unit occupancy 1.03 [1.00-1.07] 1.03 [1.01-1.06] 0.99 [0.96-1.02]
OTR 1.11 [1.04-1.19] 1.12 [1.06-1.18] 1.08 [1.02-1.15]
NPR 0.99 [0.99, 0.99] 0.96 [0.94-0.98] 0.96 [0.95, 0.98]

Model I adjusted for patient covariates (gestational age, sex, SGA10, SNAP-II score >20), and
site as fixed effects; Model II adjusted for patient covariates, site, and all 3 organizational fac-
tors (unit occupancy, OTR, NPR) as fixed effects.
Patient identification was included as a random effect in all models.
Occupancy is occupied/total beds, OTR is nursing overtime hours/total nursing hours, and NPR
is number of actual nurses on the unit/number of recommended nurses. The intervals were
means of the organizational exposures from either 1, 2, or 3 days before the date of each obser-
vation throughout an infant’s stay, from admission until infection, discharge with no infection,
or the 45th day with no infection (whichever came first).
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P < .001), a moderate negative correlation between occu-
pancy and NPR (r =�0.643, P < .001), and a negligeable cor-
relation between OTR and NPR (r = 0.064, P < .01).
Table II shows the median organizational variables on the

1, 2, and 3 days before NI in infants with NI compared with
those without NI (1, 2, or 3 days before death, discharge, or
the 45th day). In the unadjusted analysis, days preceding
infection had greater occupancy, greater OTR, and lower
NPR than days without.
Table III shows the analysis using multiple observations

per patient (daily 1-, 2-, and 3-day means of organizational
variables). When adjusted for patient covariates and site,
high OTR and low NPR over the 1-, 2-, and 3-day intervals
were associated with greater odds of NI. After adjustment
for all 3 organizational variables, site, and patient
covariates, OTR was associated with NI in the model using
3-day means. NPR was associated with NI in the models
using the 2- and 3-day means. Sensitivity analyses using
site as a random effect, among infants <28 weeks, and
among only infants that had NI had similar findings
(results not shown). Analyses excluding CoNS infections
also showed similar results (Table IV).

GMERT Model
The classification tree generated from the GMERT model
using repeated observations of 3-day means is provided in
Figure 3. The GMERT model corroborated the findings
of the primary analysis and showed that the highest
for each patient for association of organizational
factors with odds of NI, excluding infants with a CoNS
infection from the NI group (n = 1795; 59,120
observations)

Exposure
Crude OR
[95% CI]

Model I OR
[95% CI]

Model II OR
[95% CI]

1-day intervals
Unit occupancy 1.01 [0.95-1.08] 1.02 [0.97-1.06] 1.00 [0.95, 1.05]
OTR 1.07 [1.00-1.14] 1.06 [0.99-1.15] 1.08 [1.00-1.17]
NPR 0.99 [0.96-1.02] 0.99 [0.97-1.01] 0.99 [0.97- 1.02]

2-day intervals
Unit occupancy 1.02 [0.98-1.06] 1.03 [0.98-1.08] 1.01 [0.95-1.07]
OTR 1.08 [1.00-1.16] 1.09 [0.99-1.19] 1.07 [0.97-1.18]
NPR 0.99 [0.96-1.05] 0.99 [0.97-1.01] 0.99 [0.96-1.02]

3-day intervals
Unit occupancy 1.03 [0.98-1.07] 1.03 [0.97-1.08] 1.00 [0.94-1.07]
OTR 1.13 [1.05-1.23] 1.13 [1.04-1.22] 1.14 [1.01-1.27]
NPR 0.98 [0.96-1.00] 0.98 [0.96-0.99] 0.98 [0.95-1.02]

Occupancy is occupied/total beds, OTR is nursing overtime hours/total nursing hours, and NPR
is number of actual nurses on the unit/number of recommended nurses. The intervals were
means of the organizational exposures from either 1, 2, or 3 days before the date of each obser-
vation throughout an infant’s stay, from admission until infection, discharge with no infection,
or the 45th day with no infection (whichever came first).
Model I adjusted for patient covariates (gestational age, sex, small for gestational age status
[10th percentile], Score for Neonatal Acute Physiology-II score >20); Model II adjusted for pa-
tient covariates and all 3 organizational factors (occupancy, OTR, NPR) as fixed effects. Patient
identification was included as a random effect in all models, and site was included as a random
effect in Models I and II.
*Note that site was included as random effect in this sensitivity analysis due to failed model
convergence when using site as fixed effect (due to low number of NIs, n = 94).

Fazio et al
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variable of importance in predicting NI in the NICU was
OTR followed by occupancy, NPR, and gestational
age (Figure 4).

Discussion

In this multicenter cohort study of 1921 infants born at
<33 weeks of gestational age, greater OTR and lower NPR
over 2- and 3-day periods were associated with greater
odds of NI on the following day. These results were consistent
across multiple analytic approaches and sensitivity analyses
and highlight that periods of high nursing overtime and
low nursing ratios correlate with increased risk of NI in the
NICU. Occupancy often lost significance when accounting
for the other 2 organizational variables (Model II), which is
potentially attributable to some correlation between variables
and confounders.

The results of this study are similar to previous work on
nursing overtime in adult patients and add to a growing
body of literature on the clinical effects of nursing overtime
in the NICU.6,18,22 Although we could not ascertain which in-
fant received care from a nurse working overtime, our data
suggest that periods of greater nursing overtime represent a
high-risk period in the NICU for NI. This is consistent
with other studies showing that increased overtime is associ-
ated with greater fatigue and lower performance in work-
related tasks, potentially contributing to lower compliance
with infection-prevention measures.10,39 In addition, greater
overtime has been associated with lower safety culture and
greater worker burnout, which have both been linked
with NI.9,40,41
Figure 3. GMERT for algorithm predicting infection risk based on
957 observations. n is the number of observations from the data t
the 3-day mean of the organizational variables from 3 days before
admission until infection, discharge with no infection, or the 45th
admission; ga, gestational age; GMERT, generalized mixed-effec
pancy; OTR, nursing overtime ratio; snapgrp:0, Score for Neonatal
for gestational age status (10th percentile).

Association of Shift-Level Organizational Factors with Nosocomia
Greater NPR was associated with lower odds of NI when
adjusted for patient confounders and remained significant af-
ter including occupancy and OTR in the model. A previous
single-center study found that NPR was not associated with
NI when including OTR6; however, the larger sample size
of this study may have been more appropriate to account
for several variables in the model. The association of NPR
with NI is consistent with previous large observational
studies on adverse outcomes5,42,43 but few of them also
included nursing overtime. In one NICU-based multicenter
study, NPRwas not associated withmorbidity/mortality after
adjustment for occupancy, although this may have been the
result of limited variation in their data (IQR 89-122 vs this
study’s IQR of 85-125).24

Although managers may use overtime to maintain
adequate nursing ratios,10 the relationship between OTR
and NPR is complex, hence the low correlation between the
variables in our data. In addition, overtime use is affected
by other factors such as vacations, sick leave, and number
of full-time positions.18 Reports on occupancy and NI have
shown mixed results: some have correlated greater occu-
pancy with NI, whereas others have not.6,8 Ultimately, the
evaluation of organizational factors with outcomes in the
NICU is complex and may be limited when using conven-
tional statistical modeling. The machine-learning GMERT
model showed results similar to the conventional modeling
(ie, OTR as the greatest contributor to risk of NI) and also
showed that the top 3 predictors were the organizational fac-
tors (all ranked above clinical risk factors). Although gesta-
tional age is an important risk factor for developing NI
during admission, the GMERT model highlights that
organizational factors and patient characteristics (n = 1921; 60
hat were converted to multiple observations per patient using
the date of each observation throughout an infant’s stay, from
day with no infection (whichever came first). fsite, site of
t regression tree; NPR, nursing provision ratio; OCC, occu-
Acute Physiology-II score <20; sex:0,male; sga10:0, not small

l Infection in the Neonatal Intensive Care Unit 7



Figure 4. Plot of VIMP for organizational factors and patient characteristics from machine-learning model VIMP score is
calculated for each value as the sumof the decrease in impurity (calculatedwhen a variable appears as a primary split andwhen it
appears as a surrogate). Score for relative VIMP is calculated by taking each score of VIMP and dividing by the maximum VIMP
among all the variables, multiplied by 100. Each variable can have a relative VIMP score between 0% and 100%. The dashed line
represents the mean score for the relative VIMP.
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organizational factors play an important role in predicting
when the infant will have the infection. Although this should
be interpreted as exploratory, it demonstrates a novel method
to evaluate organization of care.

In a public health care setting with finite resources, these
results highlight the ongoing challenges of resource alloca-
tion and organization of care. Considering that meeting
100% of recommended nursing ratios without overtime is
unrealistic, managers must strike a balance between using
overtime to maintain adequate nursing ratios while consid-
ering the clinical risk of prolonged periods of high over-
time. In addition, nursing overtime and understaffing
have other effects on employee retention, work satisfaction,
and burnout.9,11 Several strategies to reduce nursing over-
time have been evaluated: use of 12-hour shifts, improving
staff moral to reduce work absenteeism, and adjusting the
patient flow in the unit (reorienting transfers, elective pro-
cedures).44 However, large multicenter studies on ways to
implement and evaluate the effects of these strategies are
required. The daily staffing levels in this study were typically
greater than what has been reported in other acute care set-
tings in the US, with reports of a 6.5% OTR in adult
ICUs,45 31%-68% of NICU infants being understaffed in
some NICUs,5 and an average 91% NPR in NICUs.46

This study has limitations. The observational nature of
the study is at risk of ecological bias as the result of the
exposure being at a unit-level for a patient-level outcome.
It is assumed that the unit-level measures captured how
much each patient is exposed to occupancy, overtime,
and nursing provision. In reality, the unit-level exposures
may correlate with unmeasured patient-level exposures,
which actually influence infection risk (eg, overtime may
correlate with nursing skill mix, and nurse training can
affect infection rates47). Future research should assess
patient-level exposures to nursing ratios and overtime
8

worked by the nurses caring for each patient. Residual con-
founding from nursing-level factors (eg, sociodemographic
characteristics, experience working on a NICU/skill mix)
may exist,47 data on changes in nursing ratios during the
8-hour shift because of new admissions were not available,
and data on mandatory vs voluntary overtime were not
available.19,48 The study sample had a high proportion of
infants with CoNS infections, although these were removed
in a sensitivity analysis to assess for consistency. We did not
have data on use of central line and central-line infections.
Data on daily fluctuations in patient risk factors were not
available to include in the model as time-varying con-
founders. Finally, emotional, and psychological factors
vary among individuals during periods of high stress, and
we were unable to survey nurses on their stress and compli-
ance with infection prevention measures.9
Conclusions

In this multicenter study, 3-day periods of greater nursing
overtime and lower nursing ratios throughout hospitaliza-
tion were associated with increased risk of NI in infants
born very preterm. This study adds to the growing data on
the effects of organization of care in the NICU and highlights
the need to integrate organization of care for NI prevention.
Future studies investigating infant outcomes and organiza-
tional factors should consider accounting for nursing over-
time and nursing provision. n
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Rosemont, Montr�eal, Qu�ebec; and Valerie Bertelle, MD, and Edith
Masse, MD, Centre Hospitalier Universitaire de Sherbrooke, Sher-
brooke, Qu�ebec.

Submitted for publication Dec 25, 2023; last revision received Apr 18, 2024;

accepted Apr 19, 2024.

Reprint requests: Marc Beltempo, MSc, MD, Department of Pediatrics,

Montreal Children’s Hospital - McGill University Health Centre, 1001 Boul

D�ecarie, Montr�eal, QC Canada, H3J 2W8. E-mail: marc.beltempo@mcgill.ca
Association of Shift-Level Organizational Factors with Nosocomia
References
1. Beltempo M, Shah P, Yoon EW, Chan P, Balachandran N, on behalf of

the Canadian Neonatal Network Annual Report Committee. The Cana-

dian Neonatal Network: annual report 2020. 2022. Accessed August 9,

2023. http://www.canadianneonatalnetwork.org/portal/Portals/0/

2020%20CNN%20report_Oct%201%20Final.pdf

2. Shah PS, Yoon W, Kalapesi Z, Bassil K, Dunn M, Lee SK. Seasonal var-

iations in healthcare-associated infection in neonates in Canada. Arch

Dis Child Fetal Neonatal Ed 2013;98:F65-9. https://doi.org/10.1136/fe-

talneonatal-2011-301276

3. Rios JD, Shah PS, BeltempoM, Louis D, Mukerji A, Premji S, et al. Costs

of neonatal intensive care for Canadian infants with preterm birth. J Pe-

diatr 2021;229:161-7.e12. https://doi.org/10.1016/j.jpeds.2020.09.045

4. Polin RA, Denson S, Brady MT, Committee on Fetus and Newborn;

Committee on Infectious Diseases. Strategies for prevention of health

care-associated infections in the NICU. Pediatrics 2012;129:e1085-93.

https://doi.org/10.1542/peds.2012-0145

5. Rogowski JA, Staiger D, Patrick T, Horbar J, Kenny M, Lake ET. Nurse

staffing and NICU infection rates. JAMA Pediatr 2013;167:444-50.

https://doi.org/10.1001/jamapediatrics.2013.18

6. Beltempo M, Blais R, Lacroix G, Cabot M, Piedboeuf B. Association of

nursing overtime, nurse staffing, and unit occupancy with health care-

associated infections in the NICU. Am J Perinatol 2017;34:996-1002.

https://doi.org/10.1055/s-0037-1601459

7. Tubbs-Cooley HL, Mara CA, Carle AC, Mark BA, Pickler RH. Associa-

tion of nurse workload with missed nursing care in the neonatal inten-

sive care unit. JAMA Pediatr 2019;173:44-51. https://doi.org/10.1001/

jamapediatrics.2018.3619

8. Harbarth S, Sudre P, Dharan S, CadenasM, Pittet D. Outbreak of Entero-

bacter cloacae related to understaffing, overcrowding, and poor hygiene

practices. Infect Control Hosp Epidemiol 1999;20:598-603. https://doi.

org/10.1086/501677

9. Tawfik DS, Sexton JB, Kan P, Sharek PJ, Nisbet CC, Rigdon J, et al.

Burnout in the neonatal intensive care unit and its relation to

healthcare-associated infections. J Perinatol 2017;37:315-20. https://

doi.org/10.1038/jp.2016.211

10. StonePW,Mooney-KaneC, LarsonEL,HoranT,GlanceLG,Zwanziger J,

et al. Nurse working conditions and patient safety outcomes. Med Care

2007;45:571-8. https://doi.org/10.1097/MLR.0b013e3180383667

11. Profit J, Adair KC, Cui X, Mitchell B, Brandon D, Tawfik DS, et al. Ran-

domized controlled trial of the "WISER" intervention to reduce health-

care worker burnout. J Perinatol 2021;41:2225-34. https://doi.org/10.

1038/s41372-021-01100-y

12. Doerhoff R, Garrison B. Human factors in the NICU: a bedside nurse

perspective. J Perinat Neonatal Nurs 2015;29:162-9. https://doi.org/10.

1097/JPN.0000000000000105

13. Driscoll A, M.J G, Carroll D, Dalton S, Deaton C, Jones I, et al. The effect

of nurse-to- patient ratios on nurse-sensitive patient outcomes in acute

specialist units: a systematic review and meta-analysis. Eur J Cardiovasc

Nurs 2018;17:6-22. https://doi.org/10.1177/1474515117721561

14. Lemieux-Bourque C, Piedboeuf B, Gignac S, Taylor-Ducharme S,

Julien AS, Beltempo M. Comparison of three nursing workload assess-

ment tools in the neonatal intensive care unit and their association

with outcomes of very preterm infants. Am J Perinatol 2022;39:640-5.

https://doi.org/10.1055/s-0040-1718571

15. Needleman J, Buerhaus P, Pankratz S, Leibson CL, Stevens SR, Harris M.

Nurse staffing and inpatient hospital mortality. N Engl J Med 2011;364:

1037-45. https://doi.org/10.1056/NEJMsa1001025

16. TawfikDS, Profit J, Lake ET, Liu JB, Sanders LM, Phibbs CS.Development

and use of an adjusted nurse staffing metric in the neonatal intensive care

unit. Health Serv Res 2020;55:190-200. https://doi.org/10.1111/1475-

6773.13249afma

17. Winter SG, Bartel AP, de Cordova PB, Needleman J, Schmitt SK,

Stone PW, et al. The effect of data aggregation on estimations of nurse

staffing and patient outcomes. Health Serv Res 2021;56:1262-70.

https://doi.org/10.1111/1475-6773.13866
l Infection in the Neonatal Intensive Care Unit 9

mailto:marc.beltempo@mcgill.ca
http://www.canadianneonatalnetwork.org/portal/Portals/0/2020%20CNN%20report_Oct%201%20Final.pdf
http://www.canadianneonatalnetwork.org/portal/Portals/0/2020%20CNN%20report_Oct%201%20Final.pdf
https://doi.org/10.1136/fetalneonatal-2011-301276
https://doi.org/10.1136/fetalneonatal-2011-301276
https://doi.org/10.1016/j.jpeds.2020.09.045
https://doi.org/10.1542/peds.2012-0145
https://doi.org/10.1001/jamapediatrics.2013.18
https://doi.org/10.1055/s-0037-1601459
https://doi.org/10.1001/jamapediatrics.2018.3619
https://doi.org/10.1001/jamapediatrics.2018.3619
https://doi.org/10.1086/501677
https://doi.org/10.1086/501677
https://doi.org/10.1038/jp.2016.211
https://doi.org/10.1038/jp.2016.211
https://doi.org/10.1097/MLR.0b013e3180383667
https://doi.org/10.1038/s41372-021-<?thyc=10?>01100-y<?thyc?>
https://doi.org/10.1038/s41372-021-<?thyc=10?>01100-y<?thyc?>
https://doi.org/10.1097/JPN.0000000000000105
https://doi.org/10.1097/JPN.0000000000000105
https://doi.org/10.1177/1474515117721561
https://doi.org/10.1055/s-0040-1718571
https://doi.org/10.1056/NEJMsa1001025
https://doi.org/10.1111/1475-6773.13249afma
https://doi.org/10.1111/1475-6773.13249afma
https://doi.org/10.1111/1475-6773.13866


THE JOURNAL OF PEDIATRICS: CLINICAL PRACTICE Volume 13
18. Beltempo M, Lacroix G, Cabot M, Piedboeuf B. Factors and costs asso-

ciated with the use of registered nurse overtime in the neonatal intensive

care unit. Pediatr Neonatal Nurs 2017;4:17-23. https://doi.org/10.17140/

pnnoj-4-125

19. Lobo V, Fisher A, Peachey G, Ploeg J, Akhtar-Danesh N. Integrative re-

view: an evaluation of the methods used to explore the relationship be-

tween overtime and patient outcomes. J Adv Nurs 2015;71:961-74.

https://doi.org/10.1111/jan.12560

20. Beltempo M, Lacroix G, Cabot M, Blais R, Piedboeuf B. Association of

nursing overtime, nurse staffing and unit occupancy with medical inci-

dents and outcomes of very preterm infants. J Perinatol 2018;38:175-80.

https://doi.org/10.1038/jp.2017.146

21. Fischer D, Schlosser RL, Kempf VAJ, Wichelhaus TA, Klingebiel T,

Philippi S, et al. Overcrowding in a neonatal intermediate care unit:

impact on the incidence ofmultidrug-resistant gram-negative organisms.

BMC Infect Dis 2019;19:357. https://doi.org/10.1186/s12879-019-3981-8

22. BeltempoM, BressonG, Etienne JM, Lacroix G. Infections, accidents and

nursing overtime in a neonatal intensive care unit. Eur J Health Econ

2021;23:627-43. https://doi.org/10.1007/s10198-021-01386-x

23. Shah PS,Mirea L, Ng E, SolimanoA, Lee SK, NetworkCN. Association of

unit size, resource utilization and occupancy with outcomes of preterm

infants. J Perinatol 2015;35:522-9. https://doi.org/10.1038/jp.2015.4

24. Beltempo M, Patel S, Platt RW, Julien AS, Blais R, Bertelle V, et al. As-

sociation of nurse staffing and unit occupancy with mortality and

morbidity among very preterm infants: a multicentre study. Arch Dis

Child Fetal Neonatal Ed 2023;108:387-93. https://doi.org/10.1136/arch-

dischild-2022-324414

25. The Canadian Neonatal Network. Abstractor’s Manual v.3.6. 2023. Ac-

cessed August 9, 2023. https://www.canadianneonatalnetwork.org/

portal/Portals/0/CNN%20Manuals/CNN%20Manual_20230308.pdf

26. Shah PS, Seidlitz W, Chan P, Yeh S, Musrap N, Lee SK, et al. Internal

audit of the Canadian Neonatal network data collection system. Am J

Perinatol 2017;34:1241-9. https://doi.org/10.1055/s-0037-1603325

27. Kramer MS, Platt RW, Wen SW, Joseph KS, Allen A, Abrahamowicz M,

et al. A new and improved population-based Canadian reference for

birth weight for gestational age. Pediatrics 2001;108:E35 https://

doi.org/10.1542/peds.108.2.e35

28. BeltempoM, Shah PS, Ye XY, Afifi J, Lee S, McMillan DD, et al. SNAP-II

for prediction of mortality andmorbidity in extremely preterm infants. J

Matern Fetal Neonatal Med 2019;32:2694-701. https://doi.org/10.1080/

14767058.2018.1446079

29. Drebit S, Ngan K, Hay M, Alamgir H. Trends and costs of overtime

among nurses in Canada. Health Pol 2010;96:28-35. https://doi.org/10.

1016/j.healthpol.2009.12.016

30. Berney B, Needleman J. Trends in nurse overtime, 1995-2002. Policy Po-

lit Nurs Pract 2005;6:183-90. https://doi.org/10.1177/1527154405279334

31. F�ed�eration Interprofessionnelle de la sant�e du Qu�ebec. In: Convention

collective 2011-2015. 2011. p. 71-2. Accessed July 13, 2023. http://

collections.banq.qc.ca/ark:/52327/bs2051030

32. Freitas FTM, Araujo A, Melo MIS, Romero GAS. Late-onset sepsis and

mortality among neonates in a Brazilian intensive care unit: a cohort

study and survival analysis. Epidemiol Infect 2019;147:e208 https://

doi.org/10.1017/S095026881900092X

33. Sarkar S, Bhagat I, DeCristofaro JD, Wiswell TE, Spitzer AR. A study of

the role of multiple site blood cultures in the evaluation of neonatal

sepsis. J Perinatol 2006;26:18-22. https://doi.org/10.1038/sj.jp.7211410
10
34. BeltempoM, BressonG, Etienne JM, Lacroix G. Infections, accidents and

nursing overtime in a neonatal intensive care unit: a Bayesian semipara-

metric panel data logit model. IZA Discussion Paper No 13046. 2020.

Accessed August 9, 2023. https://docs.iza.org/dp13046.pdf

35. Hothorn T, Everitt BS. A handbook of statistical analyses using R. Boca

Raton (FL): Chapman and Hall/CRC; 2009.

36. Feaster DJ, Mikulich-Gilbertson S, Brincks AM. Modeling site effects in

the design and analysis of multi-site trials. Am J Drug Alcohol Abuse

2011;37:383-91. https://doi.org/10.3109/00952990.2011.600386

37. Hajjem A, Larocque D, Bellavance F. Generalized mixed effects regres-

sion trees. Stat Probab Lett 2017;126:114-8. https://doi.org/10.1016/j.

spl.2017.02.033

38. Strobl C, Malley J, Tutz G. An introduction to recursive partitioning:

rationale, application, and characteristics of classification and regression

trees, bagging, and random forests. Psychol Methods 2009;14:323-48.

https://doi.org/10.1037/a0016973

39. Olds DM, Clarke SP. The effect of work hours on adverse events and er-

rors in health care. J Safety Res 2010;41:153-62. https://doi.org/10.1016/j.

jsr.2010.02.002

40. Cimiotti JP, Aiken LH, Sloane DM,Wu ES. Nurse staffing, burnout, and

health care–associated infection. Am J Infect Control 2012;40:486-90.

https://doi.org/10.1016/j.ajic.2012.02.029

41. Sturm H, Rieger MA, Martus P, Ueding E, Wagner A,

Holderried M, et al. Do perceived working conditions and patient

safety culture correlate with objective workload and patient out-

comes: a cross-sectional explorative study from a German university

hospital. PLoS One 2019;14:e0209487 https://doi.org/10.1371/jour-

nal.pone.0209487

42. Neuraz A, Guerin C, Payet C, Polazzi S, Aubrun F, Dailler F, et al. Patient

mortality is associated with staff resources and workload in the ICU: a

multicenter observational study. Crit Care Med 2015;43:1587-94.

https://doi.org/10.1097/CCM.0000000000001015

43. Sakr Y, Moreira CL, Rhodes A, Ferguson ND, Kleinpell R, Pickkers P,

et al. The impact of hospital and ICU organizational factors on outcome

in critically ill patients: results from the extended prevalence of infection

in intensive care study. Crit Care Med 2015;43:519-26. https://doi.org/

10.1097/CCM.0000000000000754

44. Rodriguez Santana I, Anaya Montes M, Chalkley M, Jacobs R,

Kowalski T, Suter J. The impact of extending nurse working hours on

staff sickness absence: evidence from a largemental health hospital in En-

gland. Int J Nurs Stud 2020;112:103611 https://doi.org/10.1016/j.ijnur-

stu.2020.103611

45. Blegen MA, Vaughn T, Vojir CP. Nurse staffing levels: impact of organi-

zational characteristics and registered nurse supply. Health Serv Res

2008;43:154-73. https://doi.org/10.1111/j.1475-6773.2007.00749.x

46. Lake ET, Staiger DO, Cramer E, Hatfield LA, Smith JG, Kalisch BJ, et al.

Association of patient acuity and missed nursing care in U.S. neonatal

intensive care units. Med Care Res Rev 2020;77:451-60. https://doi.

org/10.1177/1077558718806743

47. Ceballos K, Waterman K, Hulett T, Makic MBF. Nurse-driven quality

improvement interventions to reduce hospital-acquired infection in

the NICU. Adv Neonatal Care 2013;13:154-63. https://doi.org/10.1097/

ANC.0b013e318285fe70

48. D’Sa VM, Ploeg J, Fisher A, Akhtar-Danesh N, Peachey G. Potential dan-

gers of nursing overtime in critical care. Nurs Leadersh (Tor Ont)

2018;31:48-60. https://doi.org/10.12927/cjnl.2018.25677
Fazio et al

https://doi.org/10.17140/pnnoj-4-125
https://doi.org/10.17140/pnnoj-4-125
https://doi.org/10.1111/jan.12560
https://doi.org/10.1038/jp.2017.146
https://doi.org/10.1186/s12879-019-3981-8
https://doi.org/10.1007/s10198-021-<?thyc=10?>01386-x<?thyc?>
https://doi.org/10.1038/jp.2015.4
https://doi.org/10.1136/archdischild-2022-324414
https://doi.org/10.1136/archdischild-2022-324414
https://www.canadianneonatalnetwork.org/portal/Portals/0/CNN%20Manuals/CNN%20Manual_20230308.pdf
https://www.canadianneonatalnetwork.org/portal/Portals/0/CNN%20Manuals/CNN%20Manual_20230308.pdf
https://doi.org/10.1055/s-0037-1603325
https://doi.org/10.1542/peds.108.2.e35
https://doi.org/10.1542/peds.108.2.e35
https://doi.org/10.1080/14767058.2018.1446079
https://doi.org/10.1080/14767058.2018.1446079
https://doi.org/10.1016/j.healthpol.2009.12.016
https://doi.org/10.1016/j.healthpol.2009.12.016
https://doi.org/10.1177/1527154405279334
http://collections.banq.qc.ca/ark:/52327/bs2051030
http://collections.banq.qc.ca/ark:/52327/bs2051030
https://doi.org/10.1017/S095026881900092X
https://doi.org/10.1017/S095026881900092X
https://doi.org/10.1038/sj.jp.7211410
https://docs.iza.org/dp13046.pdf
http://refhub.elsevier.com/S2950-5410(24)00018-8/sref35
http://refhub.elsevier.com/S2950-5410(24)00018-8/sref35
https://doi.org/10.3109/00952990.2011.600386
https://doi.org/10.1016/j.spl.2017.02.033
https://doi.org/10.1016/j.spl.2017.02.033
https://doi.org/10.1037/a0016973
https://doi.org/10.1016/j.jsr.2010.02.002
https://doi.org/10.1016/j.jsr.2010.02.002
https://doi.org/10.1016/j.ajic.2012.02.029
https://doi.org/10.1371/journal.pone.0209487
https://doi.org/10.1371/journal.pone.0209487
https://doi.org/10.1097/CCM.0000000000001015
https://doi.org/10.1097/CCM.0000000000000754
https://doi.org/10.1097/CCM.0000000000000754
https://doi.org/10.1016/j.ijnurstu.2020.103611
https://doi.org/10.1016/j.ijnurstu.2020.103611
https://doi.org/10.1111/j.1475-6773.2007.00749.x
https://doi.org/10.1177/1077558718806743
https://doi.org/10.1177/1077558718806743
https://doi.org/10.1097/ANC.0b013e318285fe70
https://doi.org/10.1097/ANC.0b013e318285fe70
https://doi.org/10.12927/cjnl.2018.25677

	Association of Shift-Level Organizational Factors with Nosocomial Infection in the Neonatal Intensive Care Unit
	Methods
	Study Design, Inclusion, and Exclusion Criteria
	Setting

	Data Collection
	Exposures, Data Linkage, and Observation Period

	Outcome
	Conceptual Framework for Modeling Approach
	Analysis
	Mixed Model Analysis for Repeated Measurements (Multiple Observations per Patient)
	Machine Learning

	Results
	GMERT Model

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


