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A Toolkit for Monitoring Hospital-Acquired Bloodstream
Infection in Neonatal Intensive Care

Pamela Leighton, PhD;' Mario Cortina-Borja, PhD;' Michael Millar, MD;*
Stephen Kempley, FRCPCH;® Ruth Gilbert, MD'

OBJECTIVE. Inneonatal intensive care units (NICUs), monitoring hospital-acquired bloodstream infection (BSI) is critical to alert clinicians
to variations in the incidence of infection between units and over time. We demonstrate a toolkit of monitoring techniques that account
for case mix and could be implemented using routinely available clinical data. This toolkit could enable quality of care comparisons between
hospitals to facilitate the sharing of improved practices.

Prospective study over 4 years.
Babies admitted to 2 tertiary London NICUs.

DESIGN.
SETTING AND PATIENTS.

METHODS. We derived expected numbers of BSI episodes using a Poisson regression risk model adjusting for variations in birth weight,
transfers to the NICU from other hospitals, postnatal age, and days spent at each National Health Service level of care. We compared
observed and expected numbers of BSI episodes using 2 monitoring techniques: standardized infection ratios (SIRs) and the sequential
probability ratio test (SPRT).

RESULTS. Using the SIR method, observed BSI incidence increased over expected incidence in 2002 at both NICUs, but this increase

did not reach statistical significance at the 1% level. Using the SPRT method, neither unit showed a clinically important increase or decrease,
defined as a 30% deviation from expected incidence.

concLusions. Risk-adjusted BSI monitoring can be performed using routine hospital data. NICUs could use SIRs for an annual look
back at infection incidence and SPRTs for prospective, quarterly monitoring. The SIR and the SPRT methods have different strengths, and

both could help clinicians improve infection control and patient care in NICUs.
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Improving control of hospital-acquired infection is a major
concern for neonatal intensive care units (NICUs). Between
2% and 10% of babies admitted to NICUs experience at least
1 episode of bloodstream infection (BSI)," which can lead to
death, neurodevelopmental impairment, and other serious
adverse outcomes.’

Prospective monitoring could be used to detect variations
in BSI incidence between units and over time, which could
be due to differences in the quality of care received. Quality
of care comparisons and sharing of improved practices may
reduce infection incidence.”® Prematurity, morbidity, length
of NICU stay, and the intensity of invasive medical procedures
can also influence BSI rates.” These factors should be adjusted
for when making comparisons between units and over time.®
In previous analyses of routine National Health Service
(NHS) data from 2 tertiary London NICUs, we determined
that NHS level of care (special care, high dependency care,
intensive care),’ birth weight, postnatal age, and transfer to

the NICU from another hospital (outborn status) were strong
predictors for hospital-acquired BSI. These factors could be
used to adjust estimates of infection incidence.**?

We build on our previous work by demonstrating 2 ap-
proaches that could be used in NICUs for risk-adjusted mon-
itoring of BSI incidence: the standardized infection ratio (SIR)
and the sequential probability ratio test (SPRT). Our objective
was to demonstrate a toolkit of monitoring techniques that
could enable quality of care comparisons between hospitals.
We apply our approaches to routinely collected hospital data,
because in contrast to dedicated data collection, the use of
routine data could minimize staff workload in monitoring, '

METHODS

Patients

Our study population consisted of babies admitted from May
2001 and discharged before March 2005 at 2 inner London
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FIGURE 1.

tertiary NICUs, which admit approximately 260 (NICU 1)
and 430 (NICU 2) babies each year.

Step-by-Step Guide for Monitoring NICU-Acquired BSI

Step 1: preparing the data. 'We prepared a data set that could
be derived from any system that records a daily record for
all babies in NICUs and includes their blood culture results.
Daily record databases are now standard in NICUs in the
United Kingdom, for example, the Standardised Electronic
Neonatal Database (SEND)." Because our data predated
SEND, we created a daily record database by linking data
from the patient administration system with results of positive
blood cultures obtained from microbiology laboratories. Data
linkage was performed using patient identifiers.

Each record contained the following information for the
baby and day in question: date, NICU, NHS level of care,
age (days), birth weight, and inborn/outborn status. NICU,
birth weight, and inborn/outborn status remained the same
over each baby’s stay.

Step 2: case definition. Investigators can vary the case def-
inition for BSI depending on the organism and clinical in-
dicators available, provided that the number of BSI episodes
is sufficient to be informative. We defined BSI as any positive
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Observed quarterly rates of bloodstream infection episodes, with 95% confidence intervals. NICU, neonatal intensive care unit.

blood culture. A baby could have further BSI episodes if he
or she had a different organism cultured at any time or the
same organism cultured after an interval of more than 7 days.
We restricted analyses to hospital-acquired infections by ex-
cluding maternally transmitted infections, defined as all BSI
occurring in the first 2 days of life, on the basis of a previously
derived empirical threshold.

Step 3: calculating observed numbers of BSI episodes and
baby-days. For each NICU, BSI episodes and baby-days of
NICU stay were summed by calendar quarter and by year.
We divided BSI episodes by baby-days to give crude quarterly
rates of BSI with 95% confidence intervals (Cls; Figure 1).

Step 4: calculating expected numbers of BSI episodes, adjusted
for risk factors. Expected rates can be derived from various
sources, including external benchmarks or standards. We used
the overall risk-adjusted BSI rate of our 2 NICUs for the 4-
year study period. We adjusted for previously identified risk
factors: NHS level of care (special care, high dependency care,
intensive care), birth weight (<700 g, 700 to <1200 g, 21200
g) inborn/outborn status, and postnatal age (3 to <20 days,
>20 days).”

The risk-adjusted expected rate was calculated using a Pois-
son generalized linear model with logarithmic link, with the
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risk factors fitted as covariates. The model’s estimated pa-
rameters were used to calculate the expected BSI rate in each
of the 36 strata defined by the 4 risk factors (3 x 3 x 2 x
2 = 36 combinations).

All NICU baby-days were summed for each of the 36 strata
for each quarter and for each year. The stratified expected
rates of BSI were multiplied by the stratified numbers of baby-
days for each hospital and year (for SIRs) and for each hos-
pital and quarter (for the SPRT). This gave the number of
BSI episodes expected, given variations between hospitals and
over time in the number of baby-days in each risk stratum.

Step 5: calculating yearly standardized infection ra-
tios. Following the SIR method, for each hospital and year,
we divided the observed number of BSI episodes by the ex-
pected number.'® The ClIs for the SIR show whether the ob-
served number of BSI episodes deviated significantly (at the
1% level) from the expected number.

Step 6: calculating quarterly sequential probability ratio
tests.”"®  The SPRT allows repeated assessments of whether
the observed number of BSI episodes has differed from the
expected number beyond a predefined limit. We chose our
predefined limit as a 30% increase or decrease. This figure
was chosen because Kilbride et al* considered a 30% change
in BSI incidence to be an important indicator of infection
control practices within the Vermont Oxford Network of
NICUs.

We calculated SPRT plots for the following comparisons:
(1) observed numbers of BSI episodes against risk-adjusted
expected numbers, with an important change defined as a
30% increase above expected numbers; (2) as above, with an
important change defined as a 30% decrease below expected
numbers.

The SPRT carries out a test of a null hypothesis H, versus
an alternative hypothesis H,, with H, defined as no change
in observed numbers of BSI episodes over expected numbers
and H, defined as an important change in observed numbers
over expected numbers (defined as a 30% change in this
study). '

The SPRT involves plotting a test statistic for each quarter.
Values of the test statistic lie between lower and upper thresh-
olds a and b. When the statistic exceeds b, the hypothesis of
a 30% change (H,) is accepted over the hypothesis of no
change (H,), and when it is less than 4, no change (H,) is
accepted over a 30% change (H,).

The thresholds form horizontal lines, defined by «, the
probability of eventually rejecting the hypothesis of no change
(H,) when it is true (Type [ error), and 3, the probability of
eventually rejecting the hypothesis of a 30% change (H,) when
it is true (Type I error)

Several values can be chosen for « and (8 to denote degrees
of urgency. Following convention, equal values for « and 8
were chosen: 0.01 for alert and 0.001 for alarm. Thus, if the
test statistic crosses the lower alert threshold a, we can assume
that a 30% change has not occurred. The probability of er-
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roneously drawing this conclusion when a 30% change had
occurred would be only 1%.

The SPRT test statistic involves plotting for each annual
quarter t, numbered sequentially for the whole time period,
the sequence {X, = X, , + W}, with initial value X, = 0.
For each t, the observed number of BSI episodes, ¥, occurs
with a probability proportional to the log likelihood ratio,
defined as W, = log(L,,/L,,), where L), and L,, are the model’s
likelihood contributions under H, and H,. The observed
numbers of BSI episodes follow a Poisson distribution, so W,
can be calculated as W, = Y,log (R,) — A(R, — 1), where )\,
is the expected number of BSI episodes and R, denotes the
change to be measured; that is, R, = A\, = 1.3 for a 30%
increase, and A A\, = 0.7 for a 30% decrease.

The calculation of the test statistic was restarted (by bring-
ing the cumulative calculation back to 0) when it crossed the
“accept no change (H,)” boundary a. This avoided the
buildup of credit, where increases in infection rates are
masked by previous decreases, or vice versa.

The thresholds for the SPRT are calculated as a =
log{B(1 — )] and b = log[(1 — B)a). ff « = B = 0.01, then

the boundaries for alert are a = —4.6 and b = 4.6; for
a = = 0.001, the boundaries for alarm are a = —6.91 and
= 6.91.

Analyses were carried out using Microsoft Excel 2003% and
Stata 10.0.”" Research ethics approval was received from the
National Hospital for Neurology and Neurosurgery and the
University College London Institute of Neurology Joint Re-
search Ethics Committee.

RESULTS

Data from 2,230 babies were analyzed (901 from NICU 1
and 1,329 from NICU 2), after 15 babies with missing birth
weights and/or missing inborn/outborn status were excluded;
322 episodes of BSI were included, of which 232 were
coagulase-negative staphylococcus (CONS), 4 were group B
streptococcus, 46 were gram-positive organisms other than
group B streptococcus, 35 were gram-negative organisms, and
5 were yeasts.

Figure 1 shows crude observed quarterly rates of BSI for
both hospitals. Because the study period ran from May 2001
to February 2005, the first and last quarters did not contain
the full 3 months of data.

TABLE 1. Risk-Adjusted Standardized Infection Ratios
(99% Confidence Intervals) by Neonatal Intensive Care
Unit (NICU) and Year

Year NICU 1 NICU 2

2001 79 (41-1.37) 96 (.55-1.56)
2002 1.43 (.98-2.00) 1.22 (.84-1.71)
2003 91 (.58-1.36) 98 (.64-1.43)
2004 77 (47-1.19) 96 (.64-1.39)
2005 41 (.00-3.08) 28 (.00-2.08)
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FIGURE 2. Risk-adjusted sequential probability ratio tests (SPRTs) to detect a 30% increase in bloodstream infection episodes. NICU,

neonatal intensive care unit.

Yearly Standardized Infection Ratios

Table 1 shows SIRs for each hospital and year. The ratios
were mostly close to 1, indicating no statistically significant
difference between observed numbers of BSI episodes and
risk-adjusted expected numbers. In 2002, both NICUs had
more BSI episodes than expected, but this difference was not
statistically significant (NICU 1: 56 observed, 39.26 expected;
SIR, 1.43 [99% CI, 0.98-2.00]; NICU 2: 56 observed, 45.78
expected; SIR, 1.22 [99% CI, 0.84-1.71]).

Quarterly Sequential Probability Ratio Tests

Figure 2 shows the risk-adjusted SPRTs to detect increases in
BSI incidence. The test statistic increased slightly with BSI
incidence in 2002, then it decreased and crossed the lower
threshold, 4, during April to June 2004 for NICU 1 and during
January to February 2005 for NICU 2. This indicated that a
30% increase in observed numbers of BSI episodes over ex-
pected numbers had not occurred, in other words, an ac-
ceptance of H, over H,.

Figure 3 shows the SPRTs to detect decreases in BSI in-

cidence. The test statistic crossed the lower threshold during
April to June 2002 for both hospitals. This indicated that a
30% decrease in observed numbers of BSI episodes below
expected numbers had not occurred.

DISCUSSION

We found no evidence of a clinically important increase or
decrease in BSI incidence at either NICU. We demonstrated
2 approaches for BSI monitoring, since each method has
different strengths. NICUs could use SIRs for an annual look
back at infection incidence and SPRTs for the prospective,
quarterly monitoring of infection incidence. In addition, cli-
nicians should be presented with simple plots of yearly or
quarterly observed rates of BSI with CIs (as in Figure 1).
Advantages of SIRs are that they provide a straightforward
method for comparing incidence over time and can be in-
cluded in annual reports. Disadvantages are that they do not
take account of the fact that, with multiple hospitals and time
points, it is likely that a significantly increased ratio (P <
.01) will occur simply by chance. Monitoring systems should

Accept 30% decrease (H1). b
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FIGURE 3. Risk-adjusted sequential probability ratio tests (SPRTs)
neonatal intensive care unit.

https://doi.org/10.1086/666635 Published online by Cambridge University Press

to detect a 30% decrease in bloodstream infection episodes. NICU,
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be aware of this problem to avoid unfairly penalizing units
with single high ratios.

The SPRT is better suited for continuous monitoring over
shorter intervals—for example, quarterly—because it takes
multiple time points into account. Another advantage of the
SPRT over the SIR is that a clinically significant change in
BSI incidence can be prespecified, which prevents NICUs
from overreacting to small changes. By calendar quarter of
2002, the slight increase in observed BSI incidence did not
exceed expected incidence by more than 30%, so it did not
trigger an alert on the SPRT plots. We specified the arbitrary
threshold of a 30% change in BSI incidence, but this could
be modified according to the needs of the monitoring system.
For example, a lower threshold could be chosen (a 15% or
20% change) to increase sensitivity to variations. The SPRT
can be used to detect decreases in BSI incidence following
infection control interventions; in this case, the threshold
could be set to detect a 30% or 40% decrease to define an
ambitious target for change.

A disadvantage of the SPRT is that it is more complicated
to produce and interpret than the SIR. In addition, the SPRT
test statistic is affected by previous BSI incidence, so increases
can be masked by previous decreases and vice versa. However,
this effect is mitigated by bringing the test statistic back to 0
{as described in step 6 in “Methods”). Use of the SPRT has
not been reported previously for infection monitoring in
NICUs. As in other areas of quality of care monitoring, mul-
tiple methods should be used to interpret variation.”> The
SIR and the SPRT could complement each other in infection
monitoring initiatives.

Both monitoring techniques can be produced in spread-
sheet programs, such as Microsoft Excel. Information from
NICU data systems such as SEND could be fed in to pre-
prepared spreadsheets on a quarterly basis to provide risk-
adjusted monitoring using minimum time and effort. NICUs
could consider prospectively linking administrative records
with blood culture results, which may be more efficient than
retrospective linkage, as carried out for this analysis.

Participation of more NICUs in monitoring would increase
the potential to detect variation in BSI incidence. We analyzed
only 2 NICUs, which were both in London. Even before risk
adjustment, their incidences of infection were similar and
changed little over time (Figure 1). This was compounded
by the fact that expected rates were based on the overall
average for both hospitals over the study period. The con-
sistency found may partly be the result of comparing like
with like. A greater number of NICUs and a longer time
period would provide more generalizable expected rates based
on the overall average. Alternatively, observed rates could be
compared with an external benchmark rate.

Because our analyses were based on routinely collected
data, we restricted our case definition to any positive blood
culture. However, 72% of all BSI episodes were due to CONS,
about 45% of which are reported to reflect contamination
during blood culture sampling.”> Our method could be en-
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hanced using case definitions incorporating clinical symp-
toms if these are routinely collected. However, such defini-
tions differ in sensitivity and specificity, and unless
systematized, data quality is likely to suffer.** If NICUs wish
to differentiate between infections more or less likely to rep-

-resent contamination using routine data, risk adjustment and

monitoring can be performed separately for CONS and non-
CONS BSIs. We found that the same risk factors predicted
non-CONS BSIs and all BSIs."? Reporting rates of CONS may
help address contamination itself, which can lead to increased
antibiotic use and longer durations of hospital stay. We found
no evidence that differences in blood sampling frequency
affected comparisons of BSI incidence between the 2 NICUs."

Issues such as whether the results of monitoring should be
available to stakeholders outside the NICU or the general
public are beyond the scope of this article. Consultation will
be necessary to avoid the negative connotations associated
with the use of monitoring for ranking or penalizing units.
Monitoring of the quality of care is of most value to generate
questions among clinicians about how their care practices
differ or could be improved. Engagement with staff is fun-
damental to the success of any monitoring system, as high-
lighted by experience from other infection surveillance sys-
tems and quality improvement initiatives.*'®*
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