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0BJECTIVES: To examine trends in survival without major morbidity and its individual
components among very low birth weight infants across California and assess remaining gaps
that may be opportune targets for improvement efforts.

mEeTHoDs: The study population included infants born between 2008 and 2017 with birth
weights of 401 to 1500 g or a gestational age of 22 to 29 weeks. Risk-adjusted trends of
survival without major morbidity and its individual components were analyzed. Survival
without major morbidity was defined as the absence of death during birth hospitalization,
chronic lung disease, severe peri-intraventricular hemorrhage, nosocomial infection,
necrotizing enterocolitis, severe retinopathy of prematurity or related surgery, and cystic
periventricular leukomalacia. Variations in adjusted rates and/or interquartile ranges were
examined. To assess opportunities for additional improvement, all hospitals were reassigned
to perform as if in the top quartile, and recalculation of predicted numbers were used to
estimate potential benefit.

ResuLTS: In this cohort of 49 333 infants across 142 hospitals, survival without major morbidity
consistently increased from 62.2% to 66.9% from 2008 to 2017. Network variation decreased,
with interquartile ranges decreasing from 21.1% to 19.2%. The largest improvements were
seen for necrotizing enterocolitis and nosocomial infection. Bronchopulmonary dysplasia rates
did not change significantly. Over the final 3 years, if all hospitals performed as well as the top
quartile, an additional 621 infants per year would have survived without major morbidity,
accounting for an additional 6.6% annual improvement.

concLusions: Although trends are promising, bronchopulmonary dysplasia remains a common
and persistent major morbidity, remaining a target for continued quality-improvement efforts.
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Very low birth weight (VLBW) infants
in the NICU can experience adverse
outcomes due to immature
respiratory and immune systems,
their need for advanced nutrition
support, and the frequent need for
invasive devices or procedures.’™
VLBW infants frequently suffer
morbidities such as chronic lung
disease, nosocomial infections (NIs),
necrotizing enterocolitis (NEC),
intraventricular hemorrhage (IVH),
periventricular leukomalacia (PVL),
retinopathy of prematurity (ROP),
and even death.* Such comorbidities
can lead to adverse developmental
outcomes, prolonged length of stay,
increased economic burden, and
psychological stress for families.

In addition to biomedical
advancements, a focus on
collaborative quality improvement
has led to population-based
improvements in neonatal
outcomes.>® Participation in
collaborative organizations can spur
individual institutions to aspire to
benchmarks and provide an
infrastructure for implementing
quality-improvement initiatives.”®

The California Perinatal Quality Care
Collaborative (CPQCC) is a group of
NICUs belonging to the Vermont
Oxford Network and represents
>90% of NICUs in the state.
Established in 1997, the CPQCC
partners with multiple stakeholders
with a common goal of improving
maternal and infant outcomes in the
state of California.® Focused projects
in the CPQCC have demonstrated
improvements in NI, chronic lung
disease, and NEC.>10

Although previous studies have
examined improvements in
individual outcomes over a limited
number of years, there has not yet
been a broad overview of long-term
trends in overall neonatal outcomes
in the CPQCC. Our objective was to
examine the incidence of survival
without major morbidity and its
individual components among VLBW

infants during 2008 through 2017
with the goal of characterizing
long-term trends, quantifying
improvement, and providing current
estimates of the rates of various
outcomes. We also aimed to assess
remaining gaps to foster the
development of future targets for
quality improvement.

METHODS

Study Cohort

We analyzed clinical and
organizational data from 142 NICUs
in the CPQCC (>90% of all California
NICUs).® We included all hospitals
that were members of the CPQCC at
any time point during the study
period because this represented

a population-based cohort in which
there was a gradual increase in the
number of NICUs during this study
period with some NICUs closing or
changing ownership but still caring
for similar populations. All VLBW
infants who were cared for in the
CPQCC and born between January 1,
2008, and December 31, 2017, were
included. Specifically, we included
infants who were between 401 and
1500 g or between 22 and 29 weeks’
gestational age at birth (n = 60272
admissions). We excluded infants
who died in the delivery room (n =
3234) and infants with severe
congenital anomalies (n = 1262;
using mortality-based criteria for
severity) for an analytic cohort of
55776 admissions of 49 333 unique
infants. Analyses were performed on
the unique infant cohort. This study
was approved by the Stanford
University Institutional Review
Board.

Main Outcomes

The primary outcome of interest was
survival without major morbidity,
which was defined as the absence of
the following: infant death during
birth hospitalization (counting
transfers among NICUs) or within

1 year of birth after continuous

hospitalization (any infants who died
after being discharged from the
hospital or were readmitted are not
included); chronic lung disease,
which was defined as receiving any
supplemental oxygen at 36 weeks
of age; severe IVH, which was
defined as a grade 3 or 4 peri-
intraventricular hemorrhage on or
before day 28; NI, which was defined
as a late bacterial, coagulase-
negative Staphylococcus, or fungal
infection after day 3; NEC as
diagnosed at surgery, postmortem
examination, or clinically (bilious
gastric aspirate or emesis, abdominal
distension, or blood in stool) and
radiographically (pneumatosis
intestinalis, hepatobiliary gas, or
pneumoperitoneum); severe ROP or
ROP surgery, which was defined as
infants receiving an eye examination
and whose worst stage or ROP was 3,
4, or 5 or had related surgery; and
cystic PVL, which was defined as
evidence of PVL on cranial
ultrasound, computed tomography,
or MRI. The presence or absence

of each of these outcomes was
evaluated across all admissions for
each infant. Secondary outcomes of
interest included the incidence of
each individual component of
survival without major morbidity.

Included Covariates

To examine trends in survival without
major morbidity, we used an
established risk-adjustment model
from the CPQCC. We did not include
level of care as categorized by the
American Academy of Pediatrics'* in
risk adjustment because our goal was
to perform a population-based
analysis of trends but present the
distribution of patients in hospitals
by level of care. The risk-adjustment
model included infant-level factors
such as sex, gestational age, 5-minute
Apgar score, being small for
gestational age, congenital
abnormalities, multiple birth status,
race and/or ethnicity, inborn or
outborn status, and receipt of
prenatal care. These covariates were
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also included in individual models for
each component of survival without
major morbidity.

If an infant was ever transferred to
another CPQCC NICU during his or
her hospital stay, this infant was
defined as “outborn” because he or
she was considered outborn in at
least one NICU. Approximately 80%
of these were categorized as “acute”
transfers (ie, to receive a higher level
of care). Otherwise, if an infant was
initially inborn in a CPQCC NICU and
never transferred, this infant was
defined as “inborn.” The CPQCC race
classification scheme for race and/or
ethnicity includes non-Hispanic
white, non-Hispanic African
American, Hispanic (of any race),
Asian American and/or Pacific
Islander (API), and American Indian
or Alaskan native and, for this
analysis, combines all other groups
into an “other” category. We labeled
these groups as white, African
American, Hispanic, API, American
Indian and/or Alaskan native,

and other.

Statistical Analysis

Continuous covariates were examined
by using measures of central
tendency such as medians and
interquartile ranges (IQRs) and were
categorized into equal intervals for
analyses (Table 1). To calculate
adjusted rates of survival without
major morbidity and each of its
individual component outcomes, we
fitted multivariable logistic regression
models, adjusting for the covariates
included in the established models, as
noted above. From these models, we
calculated the expected number of
cases per year for each outcome. For
each year, we then calculated

a standardized incidence ratio, which
is the ratio of observed to expected
cases. Multiplying the standardized
incidence ratio by the population
mean rate resulted in the adjusted
rate. Confidence intervals for the
adjusted rate were calculated by
using the Poisson exact method. To
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TABLE 1 Infant Characteristics (2008—2017; n = 49 333)

Overall
Patient characteristics
Sex, n (%)
Female 23713 (48.1)
Male 25609 (51.9)
Missing 11 (0.02)
Gestational age, wk
Median (IQR) 28 (26-30)
<27, n (%) 14013 (28.4)
27-29, n (%) 18569 (37.6)
=30, n (%) 16747 (33.9)
Missing, n (%) 4 (0.01)
Small for gestational age, n (%)
No 35349 (71.7)
Yes 13980 (28.3)
Missing 4 (0.01)
Birth wt, g
Median (IQR) 1119 (840-1340)

<401, n (%)
401-750, n (%)
751-1000, n (%)
1001-1250, n (%)
1251-1500, n (%)
>1500, n (%)
Birth location, n (%)

Inborn in a CPQCC center and never transferred

Qutborn (=1 transfer)

Race and/or ethnicity, n (%)
Non-Hispanic African American
Hispanic
Non-Hispanic white
APl
American Indian and/or Alaskan native
Other
Missing

5-min Apgar score, median (IQR)

Hospital level characteristics, n (%)

Level of care
2
3
4
None of the above

Urban or rural
Rural
Urban

Teaching hospital
No
Yes

148 (0.3)
8516 (17.3)
10714 (21.7)
12364 (25.1)
16277 (33.0)

1314 (2.7)

38564 (78.2)
10769 (21.8)

6466 (13.1)

22229 (45.1)

13031 (26.4)
6045 (12.3)
154 (0.3)
1159 (2.4)
249 (0.5)
8 (7-9)

26 (18.1)
89 (62.2)
25 (17.5)
2 (14)

3 (2.1)
139 (97.2)

121 (84.6)
21 (14.7)

examine trends, we calculated the
absolute and percent changes in
adjusted rates from 2008 to 2017.
The slope for change in each outcome
per year was calculated by regressing
the adjusted rates on birth year. We
also examined variation in adjusted
rates across all hospitals over time by
bootstrapping adjusted rates and
calculating the IQR for each year then
calculating the difference in IQR from
2008 to 2017 with 10 000 iterations.

We tested if the mean change in IQR
was statistically different from
0 using ¢ tests.

We examined trends in the numbers
of comorbidities over time among
infants who survived with at least 1
major morbidity. The slope for change
in comorbidities per year was
calculated by regressing the number
of comorbidities (per 100 infants) on
birth year. Lastly, to assess the



potential for additional quality
improvement, we reestimated the
model for each outcome during the
most recent 3 years (2015-2017)
but included a dummy variable
indicating whether each hospital
was in the top quartile of
performance for each outcome. We
then reassigned every hospital to be
in the top quartile and recalculated
the predicted number of each
outcome for every hospital. The
predicted cases before reassignment
equals the observed number of
cases of each outcome, and the
difference between the observed
cases and predicted cases after
reassignment equals the number of
cases of survival without major
morbidity that would be increased

or, for negative individual outcomes,
the number of cases that would be
prevented if all hospitals performed
similar to hospitals in the top
quartile. Statistical and graphical
analyses were conducted with SAS
(version 9.4; SAS Institute, Inc, Cary,
NC) and SigmaPlot 11.0 (Systat
Software, Inc, San Jose, CA).

RESULTS

Cohort and Hospital Characteristics

Characteristics of 49 333 VLBW
infants who were cared for in the
CPQCC network between 2008 and
2017 are shown in Table 1. The
median gestational age was 28 (IQR
26-30) weeks; 28.3% were small for

gestational age, ~39% were <1000 g
at birth, 17.5% were cared for in level
4 NICUs, and 14.7% were cared for in
teaching hospitals during their first
admission. The cohort included the
following distribution: 26.4% non-
Hispanic white, 13.1% African
American, 45.1% Hispanic, 12.3%
API, and 2.7% other. The percentage
of the most immature infants, born at
22, 23, and 24 weeks’ gestation,
remained stable at an average of
0.6%, 3.5%, and 7.1%, respectively,
from 2008 to 2017.

Long-term Trends in Incidence of
Survival Without Major Morbidity and
Its Components

From 2008 to 2017, survival without
major morbidity improved
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significantly among VLBW infants in
the CPQCC network (P < .001),
increasing from 62.2% to 66.9% for
an overall 7.6% change (Fig 1,

Table 2). When stratified by
gestational age, infants <27 weeks of
age contributed most significantly to
the overall improvement; we
observed the largest change among
infants at <25 (18.7%) and 25 to 27
(16.5%) weeks’ gestation, whereas
infants >27 weeks of age showed

a 5.2% increase (Fig 1). Infant death
decreased significantly from 2008 to
2017. Among the individual outcomes
that comprise survival without major
morbidity, the largest improvements
were seen in NEC (45.6% reduction
in incidence) and NI (44.7%
reduction in incidence). Significant
decreases in severe IVH, severe ROP,
or ROP surgery were also observed
(Fig 2, Table 2). However, rates of
chronic lung disease (P = .44) and
PVL (P = .46) remained stagnant
(Fig 2, Table 2).

We also observed a significant
decrease in variation across the
network for adjusted hospital rates of
survival without major morbidity. The
IQR decreased from 21.1% in 2008 to
19.2% by 2017 (P < .001). Variation
decreased significantly for adjusted
hospital rates of infant death, severe
IVH, NI, NEC, severe ROP or ROP
surgery, and cystic PVL (P < .001).
For chronic lung disease, however,

variation in hospital rates increased
during the last decade (Table 2).

Long-term Trends in Morbidities

For infants who survived with major
morbidity, the number of morbidities
decreased over time (Table 3). The
percentage of infants who survived
with =4 morbidities decreased from
1.22% in 2008 to 0.73% in 2017,

a 40.2% decrease over the 10-year
period (P = .004). Similarly, the
percentage of infants who survived
with 2 or 3 morbidities decreased
significantly over time, with a 18.7%
and 40.0% decrease in infants with 2
and 3 morbidities, respectively.

Potential for Future Improvement in
Outcomes

We assessed the potential for
additional improvement if all
hospitals had performed as well as
the top quartile over most recent
years of 2015 through 2017

(Table 4). If all hospitals performed
as well as the hospitals in the top
quartile, an additional 621 infants
would survive without major
morbidity, an additional 6.6%
improvement per year, on average.
Among the individual components,
we could expect further substantial
reductions in infant death (15.6%),
chronic lung disease (24.9%), severe
IVH (18.3%), severe ROP or ROP
surgery (27.8%), NI (22.1%), and
NEC (33.3%) per year.

DISCUSSION

We present a population-based
analysis of trends in outcomes among
VLBW infants in California NICUs
over the last decade. A steady,
significant improvement in survival
without major morbidity was
observed along with a significant
decrease in all major morbidities
except for chronic lung disease

and PVL. The most significant
improvement was seen in the
lowest gestational age groups.

It is promising to note that there has
been steady progress in mortality
across populations for very preterm
birth.'?7*> A study of trends and
variation in the Vermont Oxford
Network, which includes NICUs in the
CPQCC, reported a steady trend of
improvement for VLBW infants for
mortality and across morbidities from
2005 to 2014, with mortality
decreasing from 14.0% to 10.9%.'°
Although that the methods in that
previous study and the current study
differ somewhat, we note that the
mortality trends are similar between
studies, with slightly lower mortality
rates being found in California over
the overlapping times of study,
starting at 10% in 2008 and then
ranging generally from 7.5% to 8.5%
in recent years despite stable
proportions of infants being born at
the earliest gestational ages. A study
of 7336 infants in the European

TABLE 2 Annual Proportional and Absolute Changes in Adjusted Rates of Survival Without Major Morbidity and Its Components (2008—2017)

Qutcome Starting Current  Change in IQR Absolute Change, Percent Change, Average Change pery, Change pery,

Rate Rate (2008-2017)° % % %° P
(2008)° (2017)°

Survival without major morbidity 62.2 66.9 —1.849 4.7 78 0.7 <.001

Infant death 98 83 —203° —15 —15.7 —02 01

Chronic lung disease 20.6 20.6 3.049 0.02 0.1 —0.07 44

Cystic PVL 28 25 —231¢ —-03 —-11.3 —0.02 46

Severe peri-intraventricular 94 7.5 —2.07¢ —19 —204 —03 .002

hemorrhage

Severe ROP or ROP surgery 10.3 6.6 —6.14¢ —38 —36.4 —05 <.001

NI 154 85 —8.54¢ —69 —447 —-08 <.001

NEG 59 3.2 —5.64° 27 —456 —-03 <.001

a Per 100 infants.

b Change in IQR across all hospitals.

¢ Slope for regressing each outcome rate on birth year.
d Denotes statistical significance.
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FIGURE 2
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TABLE 3 Trends in Infant Morbidities Over Time (2008—2017)

Morbidities Birth y Percent Change, %°  Average Change per y, %P P
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

0 624 60.6 61.8 64.8 65.7 65.8 65.7 67.1 67.3 67.3 7.8 07 <.001

1 20.7 222 225 22.1 217 21.0 219 209 21.1 20.1 —-29 —0.1 13

2 1.4 11.3 1.3 94 94 94 9.0 9.0 8.7 9.3 —184 —0.3 .002

3 43 44 3.5 2.8 26 3.1 2.7 25 2.3 26 —40.0 —02 .002

=4 12 1.5 1.0 09 0.7 0.8 0.7 0.5 0.6 0.7 —41.7 —0.1 .004

a Absolute change from 2008 to 2017.

b Slope for average change per y as calculated by linear regression of rates of morbidities on birth year.

network called Effective Perinatal
Intensive Care in Europe reported

a mortality rate of 9.2% during 2011
to 2012."” The predominantly
academic NICUs of the Neonatal
Research Network in the United
States have shown steady progress
for infants born at each gestational
age, including those born at 23
weeks.'®

As survival improves for those born
at the earliest gestational ages, there
may be concern about survivors
having a higher likelihood of
morbidities even as care and
attitudes surrounding periviable
gestations evolve.'® Nevertheless,
similar to other populations, we
found significant improvements in
survival without major morbidity
over this 10-year period.?**! The
composite measure of survival
without major morbidity does not
take into account whether a neonate
has 1, 2, or more morbidities. In

California, neonates born more
recently were less likely to have any
morbidity. Of those having at least 1
morbidity, the likelihood of having 3
or more morbidities decreased
significantly (Table 3).

Having a higher number of
morbidities has been associated

with higher risk of adverse
neurodevelopmental outcomes at
toddler age and early school age even
after risk adjustment.”>%* Although it
is important to reduce individual
morbidities for the purpose of
reducing burden on the health care
system and families, perhaps the
most important reason to reduce
morbidities is to improve long-term
cognitive and neurodevelopmental
outcomes.

When we examined individual
morbidities, we found significant
reductions in rates of outcomes
such as infection and NEC. The
largest declines occurred in these 2

outcomes for which quality-
improvement activities have been
well studied and implemented
successfully, including across the
CPQCC.>'%?*2> The toolkit
Nutritional Support of the VLBW
Infant is the most downloaded
document on the CPQCC Web site
and covers best practices
surrounding prevention of NEC,
such as breast milk provision and
feeding protocols.26 Prevention of
hospital-acquired infection has
been a key quality-improvement
goal across hospitals, and the
CPQCC’s toolkit has been frequently
used alongside statewide
dissemination and collaborative
activities.>?7729

Other morbidities, such as cystic PVL,
did not improve significantly over this
time period. Areas such as NEC and
hospital-acquired infection have been
more amenable to quality-
improvement work, with clear

TABLE 4 Potential Number of Cases Improved or Prevented if all Hospitals Performed as Well as the Top Quartile of Hospitals (2015-2017)

Outcome® No. Current Potential Expected Potential Average Cases Average Potential Improvement or
Observed Rate, per No. Cases” Expected Rate,  Improved or Prevented Decrease in Outcomes per
Cases 100 Infants per pery Y, %
100 Infants
Survival without major 9449 66.9 11311 80.5 621 6.6
morbidity®
Infant death 1133 8.3 603 43 —177 —156
Chronic lung disease 2712 206 739 5.7 —727 —249
Severe peri- 886 7.5 399 3.0 —162 —18.3
intraventricular
hemorrhage
Severe ROP or ROP surgery 729 6.6 120 1.1 —203 —27.8
NI 1108 8.5 372 2.8 —245 —221
NEC 470 3.2 0 0.0 —157 —33.3

a PVL was not included because of the small number of cases.
b Expected rates calculated through multivariate logistic regression.
¢ Survival without major morbidity is a positive outcome.
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linkages of practices and processes to
outcomes observed. This is less
possible for other morbidities related
to preterm birth. These considerations
have informed what may be most
relevant for quality assessment. For

a regional quality-improvement
network such as the CPQCC, the
areas that are most amenable to
improvement are high-value targets.
In previous work, through a Delphi
process, experts chose the following 9
measures to comprise a composite
measurement of quality: antenatal
steroid administration, moderate
hypothermia on admission,
pneumothorax, health care-associated
infection, chronic lung disease, timely
eye examination for ROP screening,
discharge on human milk, mortality,
and growth velocity.>*3! These
measures may be considered most
amenable to quality improvement.

Rates of chronic lung disease did
not decrease, and adjusted rates
increased slightly. Other groups
have reported a similar lack of
improvement for this outcome.
There are some indications that
quality improvement that focuses on
respiratory management, including
during the first moments after birth,
could have an impact on chronic lung
disease.>” Variation across centers
also indicates that management
strategies in the NICU are likely to
influence rates.®® Ultimately, chronic
lung disease remains a significant
challenge, with implications for
long-term financial and health
considerations for families and
society seen.®* Advances in both
translational research and quality
improvement are likely needed to
move the needle for this condition.

14,15,21

In considering what types of practice
changes and actions may have led to
improvements in outcomes, we
propose that the partnership of
biomedical science and quality
improvement has been a key

contributor to the advancement in
neonatology. Although the benefits
of antenatal steroids were
discovered in the 1970s,
collaborative quality-improvement
activities in California have
furthered dissemination steadily
over the past 20 years.>*737 we
believe that the observed
improvement in survival without
major morbidity is a result of
multifactorial contributions,
including continuous
advancements in care, real-time
data measurement, and active
collaborative quality-improvement
efforts. The growth of CPQCC, the
Vermont Oxford Network, and
other state perinatal organizations
has also allowed for increased
learning and sharing of best
practices.>>® In this context, we
recommend ongoing emphases on
both biomedical research and
quality improvement for
neuroprotection and chronic lung
disease.

In considering the variation of
outcomes across hospitals, we
calculated the potential for additional
improvement if all hospitals
performed as well as the hospitals in
the top quartile, recognizing that
opportunities for further
improvement exist (Table 4).
Although quality improvement has
traditionally been a voluntary activity
for clinicians and hospitals, future
efforts could particularly target these
lower-performing hospitals with
resources and guidance to close
these gaps. In the CPQCC, the
implementation of Baby-MONITOR
(a composite measure of quality) will
facilitate real-time measures of each
hospital’s quality of care, directing
attention to the areas that are most in
need of attention.3! Furthermore, our
recently implemented disparity
dashboard can reveal opportunities
to improve equity in care within

hospitals where disparities in
processes and outcomes exist.

This study should be viewed in the
context of its design. We were not
able to investigate factors such as
detailed care policies of individual
hospitals, safety culture, provider
burnout, or the availability of family-
centered care, all of which can play an
important role in influencing quality
of care in the NICU and therefore
affect infant outcomes. It is our goal
to advance in the assessment of such
factors, which may explain some of
the variation in processes and
outcomes that still remains across
what may be considered similar
NICUs.

CONCLUSIONS

Outcomes for VLBW infants have
improved dramatically, even in the
past decade. However, challenges
remain for morbidities such as
chronic lung disease. In addition,
despite significant overall
improvement and decreasing
variation in the CPQCC network
overall, significant variation in rates
of survival without major morbidity
continues across hospitals. Strategies
using data to shine a light on
opportunities for improvement will
facilitate further gains in

neonatal care.

ABBREVIATIONS
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CPQCC: California Perinatal
Quality Care Collaborative

IQR: interquartile range

IVH: intraventricular hemorrhage

NEC: necrotizing enterocolitis

NI: nosocomial infection

PVL: periventricular leukomalacia

ROP: retinopathy of prematurity

VLBW: very low birth weight
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