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THE PROCESSES AND OUTCOMES

of medical care for very low-
birth-weight (VLBW) infants
vary markedly among differ-

ent neonatal intensive care units
(NICUs), even after detailed adjust-
ment for patient risk.1 Similar obser-
vations in a broad range of clinical
specialties have led to a renewed
emphasis on the accountability of
health care organizations to both con-
sumers and purchasers for the quality
and safety of medical care.2-7 For
example, the Leapfrog group, a busi-
ness roundtable-sponsored collabora-
tive of large employers and insurers,
h a s r e c e n t l y i m p l e m e n t e d a n
evidence-based referral standard for 5
surgical conditions (coronary artery
bypass graft, percutaneous coronary
intervention, abdominal aortic aneu-
rysm repair, pancreatic resection, and
esophagectomy) and 2 neonatal con-
ditions (VLBW and major congenital
anomalies). The Leapfrog group Web
site (http://www.leapfroggroup.org)
now includes hospital-specific infor-
mation about compliance with these
standards.

Evidence-based referral broadly
means making sure that patients with
high-risk conditions are treated in hos-
pitals with the best outcomes. For some
clinical conditions, such as coronary ar-

tery bypass graft surgery, in which sev-
eral states publish risk-adjusted mor-
tality rates by provider, selective referral
could be based on patient-outcome in-

dicators.8,9 However, given the pau-
city of reliable publicly available risk-
adjusted outcome data for most clinical
procedures and conditions, the Leap-
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Context Evidence-based selective referral strategies are being used by an increasing
number of insurers to ensure that medical care is provided by high-quality providers.
In the absence of direct-quality measures based on patient outcomes, the standards
currently in place for many conditions rely on indirect-quality measures such as pa-
tient volume.

Objectives To assess the potential usefulness of volume as a quality indicator for
very low-birth-weight (VLBW) infants and compare volume with other potential in-
dicators based on readily available hospital characteristics and patient outcomes.

Design, Setting, and Participants A retrospective study of 94110 VLBW infants
weighing 501 to 1500 g born in 332 Vermont Oxford Network hospitals with neo-
natal intensive care units between January 1, 1995, and December 31, 2000.

Main Outcome Measures Mortality among VLBW infants prior to discharge home;
detailed case-mix adjustment was performed by using patient characteristics available
immediately after birth.

Results In hospitals with less than 50 annual admissions of VLBW infants, an addi-
tional 10 admissions were associated with an 11% reduction in mortality (95% con-
fidence interval [CI], 5%-16%; P�.001). The annual volume of admissions only ex-
plained 9% of the variation across hospitals in mortality rates, and other readily available
hospital characteristics explained an additional 7%. Historical volume was not signifi-
cantly related to mortality rates in 1999-2000, implying that volume cannot prospec-
tively identify high-quality providers. In contrast, hospitals in the lowest mortality quin-
tile between 1995 and 1998 were found to have significantly lower mortality rates in
1999-2000 (odds ratio [OR], 0.64; 95% CI, 0.55-0.76; P�.001) and hospitals in the
highest mortality quintile between 1995 and 1998 had significantly higher mortality
rates in 1999-2000 (OR, 1.37; 95% CI, 1.16-1.64; P�.001). The percentage of hospital-
level variation in mortality in 1999-2000 that was forecasted by the highest and low-
est quintiles based on patient mortality was 34% compared with only 1% for the high-
est and lowest quintiles of volume.

Conclusions Referral of VLBW infants based on indirect-quality indicators such as pa-
tient volume may be minimally effective. Direct measures based on patient outcomes are
more useful quality indicators for the purposes of selective referral, as they are better pre-
dictors of future mortality rates among providers and could save more lives.
JAMA. 2004;291:202-209 www.jama.com
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frog group has initially based referral
decisions on hospital characteristics as-
sociated with better outcomes. For
VLBW infants, the Leapfrog group’s evi-
dence-based hospital referral standard
requires that infants with expected birth
weight of less than 1500 g, a gesta-
tional age of less than 32 weeks, or cor-
rectable major birth defects should be
delivered at a regional NICU with an
average daily census of 15 or more.10

This article assesses the potential use-
fulness of indirect-quality indicators,
such as volume for VLBW infants, and
compares indirect-quality indicators
with direct measures, such as those
based on observed mortality. In par-
ticular, we address 2 related ques-
tions. First, what proportion of the
variation across hospitals in mortality
among VLBW infants can be ex-
plained by indirect-quality measures
such as volume and NICU level? Sec-
ond, can either indirect- or direct-
quality indicators prospectively iden-
tify high- and low-mortality hospitals?
For any referral standard to be success-
ful, it must be able to reliably identify
hospitals that will have better patient
outcomes during the coming year.

METHODS
Sites and Patient Sample

The Vermont Oxford Network (VON)
is a voluntary collaborative network of
hospitals with NICUs located in 49
states and 22 foreign countries. Mem-
bership in the VON increased from 138
hospitals in 1995 to 353 hospitals in
2000. The VON database contains de-
tailed uniform clinical and treatment in-
formation on all VLBW infants (�1500
g) cared for by network hospitals. By
the year 2000, the VON database in-
cluded approximately half of all VLBW
infants born in the United States.

A total of 332 US hospitals partici-
pating in the VON provided data for this
retrospective study. Of these hospi-
tals, 108 provided data for all years and
224 provided data for 1 to 5 years and
were mainly composed of those hospi-
tals that joined the VON after 1995. The
study population consisted of 94110 in-
fants who weighed between 501 and

1500 g born in VON hospitals be-
tween January 1, 1995, and December
31, 2000. This included infants who
died in the delivery department or other
locations in the hospital even if they
were not admitted to the NICU. In-
fants born outside of the VON system
were excluded from the analysis be-
cause hospital of birth has been shown
to be the most important factor in in-
fant survival.11,12 Infants who weighed
500 g or less were excluded from the
analysis for consistency with prior stud-
ies. Institutional review board ap-
proval was obtained from RAND, the
University of Vermont, and the Na-
tional Bureau of Economic Research.

Variables
All patient-level variables for the analy-
ses were obtained or derived from the
VON database. The key outcome mea-
sure was mortality prior to discharge
home. The VON database follows in-
fants through subsequent transfers to
determine their ultimate disposition. All
infant characteristics were measured at
the time of birth. In addition, the me-
dian income (in $1000s) and mean edu-
cation level (in years) in the ZIP code
where the mother resided was derived
from the 1990 census and used as an
estimate of the mother’s income and
education. With the exception of birth
weight and sex, which were available
in every case, missing values for all vari-
ables were imputed. Less than 2% of in-
fants had missing data for any given
variable.

Hospital-level variables were as-
signed to infants based on the hospital
in which the birth occurred. Volume
was measured as the annual number of
VLBW infants admitted to the hospi-
tal and was imputed based on the mean
monthly volume for hospitals with a
partial year of data. In contrast with
some prior research,11 we did not use
mean daily census in the NICU as a
measure of volume because the neces-
sary data were not readily available in
the VON database and because the
number of VLBW infants was likely to
be a more accurate indicator of a hos-
pital’s experience treating VLBW in-

fants. The level of the NICU was de-
r ived f rom the VON’s annual
institutional survey. The VON assigns
each NICU to 1 of 3 levels: level A (re-
striction on ventilation, minor sur-
gery only), level B (major surgery), and
level C (cardiac surgery). Levels A, B,
and C correspond to high level II and
level III units according to the Ameri-
can Academy of Pediatrics classifica-
tions of NICUs. The remaining hospital-
level variables were derived from the
American Hospital Association’s an-
nual survey of hospitals and the area re-
source file.

Statistical Models
Our focus in this study is on hospital-
level determinants of mortality among
VLBW infants. The analyses were based
on logistic regression, with mortality
prior to being discharged home as the
dependent variable. The logistic regres-
sion models were estimated with only
patient-level risk factors as indepen-
dent variables and also estimated with
both patient-level and hospital-level
variables. We estimated random-
effects logistic models by the method
of maximum likelihood.13 This method
allows for an unobserved hospital-
level component (the random effect),
which captures any hospital-level fac-
tors that were omitted from the model
and systematically increases or de-
creases mortality of all infants in that
hospital. Inclusion of this random effect
corrects the standard errors for the re-
sulting within-hospital correlation
(clustering) in patient outcomes and
provides an estimate of the standard de-
viation of these unobserved differ-
ences across hospitals. We use this es-
timate to quantify the variance in
mortality across hospitals that can be
explained by volume and other hospi-
tal-level variables included in the model
vs hospital-level factors that were omit-
ted from the model. All of the substan-
tive results reported were similar when
models were estimated by using stan-
dard logit models that corrected for
clustering or by using the generalized
estimating equation approach.14,15 The
analyses were conducted using Stata sta-
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tistical software version 7.0 (Stata-
Corp, College Station, Tex).

To control for differences across hos-
pitals in case mix, the logistic model in-
cluded infant characteristics mea-
sured at the time of birth that are
associated with mortality risk and were
developed for the VON risk-adjust-
ment model.7 These covariates in-
cluded gestational age in weeks (and its
square); small for gestational age, de-
fined by a birth weight of less than the
10th percentile for gestational age based

on race and sex, derived from the 1993
US Center for Health Statistics Natal-
ity data set (NCHS, Hyattsville, Md);
1-minute Apgar score (ranging from
0-10, with higher values indicating bet-
ter health); race (non-Hispanic black,
non-Hispanic white, or other [includ-
ing Hispanic]); sex; multiple birth; pres-
ence of a major birth defect; vaginal de-
livery; and whether the mother received
any prenatal care.

In prior work,7 this risk-adjustment
model has been used successfully by the

VONtoadjust fordifferences incasemix
for VLBW infants, with a Hosmer-
Lemeshow goodness-of-fit (P=.79) and
area under the receiver operating char-
acteristic (AUROC) curve of 0.88. The
risk-adjustment model compares well
with physiologically based measures
such as the Score for Neonatal Acute
Physiology.16-18Forinstance,theAUROC
curveformodels includingthisscoreand
birthweightis0.73forinfantswhoweigh
less than 750 g, 0.84 for infants weigh-
ing 750 to 999 g, and 0.91 for infants
weighing 1000 to 1499 g. We include
small for gestational age in the models
to identify infants that are of low birth
weight for a given gestational age and,
therefore, expected to have higher mor-
tality.Replacingsmall forgestationalage
with birth weight does not improve
model fit and has no substantive impact
on the results. Finally, we added to the
risk adjustment model the median in-
come (in $1000s) and mean education
level (in years) from the mother’s ZIP
code of residence because these mater-
nal characteristicsmightbeconfounded
with the quality of the hospital in which
the delivery occurred.

Prior work11 suggested that the vol-
ume-outcome relationship was nonlin-
ear, with lower volume only associated
with higher mortality below some
threshold. To investigate this relation-
ship, we estimated a logistic model of
mortality that included only patient-
level covariates and used the resulting
estimates to form the standardized mor-
tality ratio for each hospital in our
sample (the number of actual deaths di-
vided by the number of expected deaths
based on the logistic model). We then
estimated the relationship between an-
nual volume in each hospital and the
standardized mortality ratio by using
lowess regression,19 a smoothing method
that estimates the relationship between
the 2 variables nonparametrically.

Based on these preliminary results,
volume was allowed to have a piece-
wise linear effect in all of the esti-
mated models. In particular, we esti-
mated 3 parameters: the threshold level
of volume and the effect of volume on
mortality below and above the vol-

Table 1. Infant and Hospital Characteristics

Value

Hospital-level factors (N = 332)
Annual No. of VLBW admissions

Mean (SD) 80.22 (51.49)

Percentile of annual VLBW admissions
10th 25

25th 40

50th 68.5

75th 110

90th 153

NICU level, %
A 18

B 57

C 25

Hospital in metropolitan area (�1 million residents), % 57

Hospital ownership, %
Public 11

For-profit 8

Not-for-profit 81

Member, Council of Teaching Hospitals, % 38

Medicaid as % of admissions, mean (SD) 17 (11)

Infant-level factors (N = 94 110)
Died before discharge home, % 14

Birth weight, mean (SD), g 1048.32 (287.30)

Gestational age, mean (SD), wk 28.46 (2.96)

1-Minute Apgar score, mean (SD) 5.39 (2.45)

Small for gestational age, % 21

Multiple birth, % 28

Congenital malformation, % 4

Mode of delivery, %
Vaginal 38

Cesarean 62

Had prenatal care, % 96

Sex, male, % 51

Race, %
Non-Hispanic white 56

Non-Hispanic black 28

Other* 16

Median income by ZIP code in $1000s, mean (SD) 36.19 (10.63)

Education by ZIP code, mean (SD), y 12.38 (1.17)
Abbreviations: NICU, neonatal intensive care unit; VLBW, very low birth weight.
*All other races, including Hispanic.
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ume threshold. Other specifications that
allowed for nonlinear effects of vol-
ume, such as including indicator vari-
ables for hospital volume deciles,
yielded similar qualitative and quanti-
tative conclusions. We report the piece-
wise linear specification because it cap-
tures the observed relationship in a
parsimonious way and because it domi-
nated other specifications in terms of
statistical significance.

To allow for the effects of other hos-
pital characteristics that might influ-
ence quality of care, we included the
following hospital-level regressors in
our models: the level of the hospital’s
NICU (A-C), ownership of the hospi-
tal (not-for-profit, for-profit, or
public), teaching status (as indicated
by membership in the Council of
Teaching Hospitals), location in a
major urban area, and the percentage
of the hospital’s patient days paid by
Medicaid. Year dummies were found
to be insignificant in preliminary
analysis and have been excluded from
the models.

Finally, to evaluate the ability of
volume to prospectively identify high-
mortality and low-mortality hospitals,
we used data for infants born from
January 1, 1995, to December 31,
1998 (265 hospitals, 52299 infants)
to rank hospitals according to their
mean annual volume and used this
ranking to identify hospitals in the
highest- and lowest-volume quintiles.
We then estimated a random effects
logistic model by using the subse-
quent 2 years of data (1999-2000) for
those hospitals remaining in the VON
(252 hospitals, 36315 infants), con-
trolling for infant characteristics and
including indicators for whether the
hospital was ranked in the highest or
lowest quintile but not including any
other hospital-level covariates. If the
estimated mortality differences in the
highest and lowest quintile are large
and significant, mean annual volume
can prospectively identify high-
mortality and low-mortality hospitals
as desired. For comparison to rank-
ings based on volume, we repeated
the exercise for 2 alternative methods

of prospectively ranking hospitals:
one based on an index of all hospital-
level characteristics, as measured by
the mortality rate in 1995-1998 pre-
dicted by each hospital’s volume,
NICU level, and other characteristics;
and the second based on each hospi-
tal’s recent mortality experience, as
measured by its standardized mortal-
ity ratio.

RESULTS
Volume-Outcome Relationships

The average hospital in our sample ad-
mitted approximately 80 VLBW in-
fants annually but 25% of the hospi-
tals admitted less than 40 VLBW infants
per year, and 10% admitted less than
25 per year (TABLE 1). Hospitals in the

sample generally provided a high level
of care, with most having either a level
B (57%) or level C (25%) NICU, and
more than one third being members in
the Council of Teaching Hospitals. In
comparison with the universe of hos-
pitals with NICUs in the 1997 Annual
Survey of the American Hospital Asso-
ciation, our sample contains some-
what larger units (a mean of 27 NICU
beds compared with 23 in the Ameri-
can Hospital Association survey) and
contains disproportionately fewer of the
smallest hospitals (those with �5 NICU
beds). Otherwise, our sample is fairly
representative of hospitals with a NICU.

Similarly, the infants in our sample
are generally representative of all VLBW
infants. In a comparison with VLBW in-

Table 2. Results of Random-Effect Logit Models

Odds Ratio (95% Confidence Interval)

Hospital-level factors
Annual No. of VLBW admissions

Estimated threshold* 50 (41-61)

Per admission increase below threshold 0.989 (0.983-0.994)

Per admission increase above threshold 1.001 (1.000-1.002)

NICU level
A 1.146 (0.990-1.328)

B 1.122 (1.013-1.244)

C 1.0

Large metropolitan area (�1 million residents) 1.110 (1.008-1.222)

Hospital ownership
Public 1.015 (0.888-1.161)

For-profit 0.853 (0.711-1.023)

Not-for-profit 1.0

Member, Council of Teaching Hospitals 0.980 (0.893-1.075)

Medicaid as % of admissions 1.076 (0.754-1.536)

Infant-level factors
Gestational age, per wk 0.054 (0.047-0.061)

Gestational age squared 1.045 (1.043-1.047)

1-Minute Apgar score per point 0.756 (0.748-0.764)

Small for gestational age 2.710 (2.497-2.942)

Multiple birth 1.278 (1.208-1.352)

Congenital malformation 19.979 (18.285-21.830)

Vaginal delivery 1.279 (1.216-1.346)

Had prenatal care 0.945 (0.849-1.051)

Sex, male 1.306 (1.245-1.370)

Race
Non-Hispanic white 1.307 (1.226-1.395)

Non-Hispanic black 1.0

Other† 1.210 (1.116-1.312)

Median income by ZIP code per $1000s 1.000 (0.996-1.004)

Mean education by ZIP code per y 0.996 (0.963-1.029)
Abbreviations: NICU, neonatal intensive care unit; VLBW, very low birth weight.
*Estimated threshold is the annual number of VLBW admissions (50) with a 95% confidence interval of 41 to 61.
†All other races, including Hispanic.
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fants (500-1499 g) from the 1997 Vi-
tal Statistics data in the United States,
the infants in this study have similar
birth weight and gestational age distri-
butions (a mean birth weight of 1048
g and a gestational age of 28.5 weeks
in our sample vs 1040 g and 28.6 weeks
in the Vital Statistics data). The race of
infants in our sample was similar to the
distribution among all VLBW infants
from the Vital Statistics data with non-
Hispanic white patients comprising 56%
vs 48%, non-Hispanic black patients
28% vs 31%, and other patients (in-
cluding Hispanic) 16% vs 20%, respec-
tively. The mortality rate of infants in
this study is somewhat better than
among all VLBW infants (a 28-day mor-
tality rate of 11.5% compared with
14.3%). This would be expected be-
cause the infants in our sample were all
born in a hospital with a NICU, al-
though some of this difference may be
due to infants who are discharged home
before 28 days and die at home, which
is not recorded in the VON data.

The overall predictive power of the
random-effects logit model of mortal-
ity for infants was very good, with an
AUROC curve of 0.89. We found no sys-
tematic change in parameter estimates
across years: the inclusion of year dum-

mies was jointly insignificant at the 10%
level and the hypothesis that all param-
eters were stable across the years in our
sample could not be rejected at the 10%
level. As a result, all 6 years of data were
pooled together in the logistic analysis.

The infant-level variables have coef-
ficients that resemble those in earlier
work.7,20 Significant effects were found
for a number of infant-level variables
(TABLE 2). Younger gestational age has
increasingly large impacts on mortal-
ity. Taking into account the squared
term, relative to a gestational age of 32
weeks, an infant born at 30 weeks is 50%
more likely to die, at 28 weeks is 3 times
more likely to die, and at 26 weeks is
more than 9 times more likely to die. Ev-
ery additional point on the Apgar score
reduces mortality by approximately 25%,
and being small for gestational age in-
creases the risk of mortality by 2.7 times.
Infants with major birth defects have an
odds ratio (OR) of nearly 20. Control-
ling for all of the other risk factors, in-
come and education of the mother’s resi-
dence by ZIP code are not significantly
related to mortality.

Hospital-level variables also had sig-
nificant effects (Table 2). Higher vol-
ume is estimated to significantly re-
duce mortality (OR, 0.989; 95%

confidence interval [CI], 0.983-0.994;
P�.001) until a threshold of 50 admis-
sions per year (95% CI, 41-61) and then
slightly increase mortality (OR, 1.001;
95% CI, 1.000-1.002; P=.045) above this
threshold. The coefficient estimates im-
ply an 11% (95% CI, 5%-16%; P�.001)
reduction in mortality for every addi-
tional 10 infant admissions at hospitals
with less than 50 admissions per year
and a 1% (95% CI, 0%-2%; P=.045) in-
crease in mortality for every additional
10 infants at hospitals with more than
50 admissions per year. These esti-
mates are quite robust across specifica-
tions and were virtually identical in
specifications that did not include any
other hospital-level covariates. In all
specifications, we found significant vol-
ume effects below a volume threshold
of around 50, and small or insignifi-
cant effects of volume above this thresh-
old. Of the remaining hospital-level vari-
ables, being a lower-level NICU (A or B
relative to C) and location in a large met-
ropolitan area were associated with
higher mortality rates of approxi-
mately 10% to 15% that were signifi-
cant at or near the 5% significance level.
Because differential lengths of stay may
influence the in-hospital mortality mea-
sure used in this study, we tested for sen-
sitivity to differential follow-up peri-
ods. When the analyses were repeated
using 7-day and 28-day mortality, the re-
sults did not change.

Although volume and other hospi-
tal characteristics are statistically sig-
nificant, they explain very little of the
variation in mortality across hospi-
tals. The SD of the remaining unex-
plained hospital-level differences in the
mortality OR is 0.34 (95% CI, 0.30-
0.39; P�.001), implying that the typi-
cal hospital’s risk-adjusted mortality
rate deviates from the average by ap-
proximately plus or minus 30% to 40%.
These differences are large relative to
the effects of hospital-level factors that
were estimated in Table 2. The propor-
tion of the hospital-level variance in
mortality that our estimates attribute to
volume (9%) and other hospital-level
factors (7%) is fairly small relative to
the proportion attributed to the remain-

Figure 1. Standardized Mortality Ratio by Mean Annual VLBW Infant Admissions to
Neonatal Intensive Care Units With at Least 50 Infants Admitted Between 1995 and 2000

2.5

1.5

1.0

2.0

0.5

0 50 150 200100
Mean Annual VLBW Infant Admissions

O
bs

er
ve

d/
E

xp
ec

te
d 

M
or

ta
lit

y

VLBW indicates very low-birth-weight. Solid curve is the mean standardized mortality ratio estimated with a
lowess smoother, which is calculated as the ratio of observed to expected deaths in each neonatal intensive
care unit between 1995 and 2000.
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ing unexplained hospital-level effect
(84%). These estimates imply that sys-
tematic differences in mortality across
hospitals are large relative to the dif-
ferences that can be predicted by readily
observable hospital characteristics such
as volume and level of the NICU.

If the mean annual volume of VLBW
infants is plotted against the standard-
ized mortality ratio for every hospital
with at least 50 VLBW infants
(FIGURE 1), a nonlinear volume-
outcome relationship similar to that es-
timated in Table 2 is shown, with mean
mortality declining steadily at each vol-
ume level until a threshold of roughly
50 VLBW infants per year. More im-
portantly, there are large hospital-
level differences in mortality for hos-
pitals with similar levels of volume, with
mortality at many low-volume hospi-
tals being lower than expected and mor-
tality at many high-volume hospitals
being higher than expected.

Volume as a Quality Indicator
The fact that volume and other observ-
able hospital characteristics explain a
small fraction of hospital-level varia-
tion in mortality suggests that such vari-
ables have limited use in prospectively
identifying the best or worst hospitals.
If hospitals are ranked based on mean
annual volume in 1995-1998, hospi-
tals in the highest-volume quintile had
somewhat lower mortality in 1999-
2000 (OR, 0.94; 95% CI, 0.80-1.10;
P= .44) and hospitals in the lowest-
volume quintile had somewhat higher
mortality (OR, 1.08; 95% CI, 0.86-
1.36; P=.51) compared with hospitals
in the middle 3 quintiles (TABLE 3).
However, these differences were not sta-

tistically significant and the volume
quintiles explained only 1% of the hos-
pital-level variation in mortality. If hos-
pitals are ranked based on mortality rates
as predicted by volume and other ob-
servable hospital characteristics from
1995-1998, the estimated mortality dif-
ferences in 1999-2000 for hospitals
ranked in the highest and lowest quin-
tile were about twice as large as for rank-
ings based on volume alone and ex-
plained 5% of the hospital-level variation
in mortality. However, these differ-
ences were not statistically significant for
hospitals with high-expected mortality
(OR, 1.16; 95% CI, 0.93-1.44; P=.19)
and only marginally significant for hos-
pitals with low-expected mortality (OR,
0.85; 95% CI, 0.72-1.00; P=.05).

Finally, if hospitals are ranked based
on their standardized mortality ratios de-
rived from each hospital’s actual infant
outcomes from 1995-1998, a dramatic
improvement over rankings based only
on hospital characteristics such as vol-
ume and NICU level results. The rank-
ings prospectively identified hospitals
with significantly higher mortality rates
(OR, 1.37; 95% CI, 1.16-1.64; P�.001)
and hospitals with significantly lower
mortality rates (OR, 0.64; 95% CI, 0.55-
0.76; P�.001) in 1999-2000. The esti-
mates imply a more than 2-fold differ-
ence in mortality rates between the
highest-ranked and lowest-ranked hos-
pitals, for an adjusted mortality rate of
more than 19% in the worst-ranked
quintile compared with less than 9% in
the best-ranked quintile. The percent-
age of the hospital-level variation in mor-
tality that was explained by the highest
and lowest quintiles of past mortality in-
creased to 34%.

In our sample, volume appears to be
a crude indicator of mortality relative to
an indicator based on recent mortality
rates at each hospital. This suggests that
volume standards may misclassify many
hospitals in a predictable manner (ie, one
could prospectively identify many low-
volume hospitals that were likely to have
low mortality and many high-volume
hospitals that were likely to have high
mortality). To test this hypothesis di-
rectly, we split the sample into high-
volume and low-volume hospitals (based
on whether the annual number of VLBW
infants exceeded 50 in 1995-1998) and

Figure 2. Adjusted Mortality Differences
(Odds Ratios) in 1999-2000 by a Hospital’s
Historical Volume (1995-1998) and
Standardized Mortality Rate (1995-1998)
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Dotted line through black circle indicates the refer-
ence group, which is hospitals averaging more than
50 very low-birth-weight (VLBW) infants per year and
from the middle 3 quintiles of adjusted mortality in
1995-1998. The hospital groupings are defined as fol-
lows based on 1995-1998 data: top 20%, middle 60%,
and bottom 20% are hospitals in the lowest quintile,
middle 3 quintiles, and highest quintile of adjusted mor-
tality; low-volume and high-volume hospitals are hos-
pitals with mean annual VLBW infant admissions less
than 50 and 50 or more, respectively. Error bars in-
dicate 95% confidence intervals.

Table 3. Logit Estimates of the Effect of Alternative Hospital Rankings From 1995-1998 on Mortality in 1999-2000

Rankings From
1995-1998 Based On

Mortality in 1999-2000,
Odds Ratio (95% Confidence Interval) Proportion of Hospital-Level

Variation in Mortality in
1999-2000 Explained

by Rankings
Top 20% (Lowest

Expected Mortality)
Middle 60%
(Referent)

Bottom 20% (Highest
Expected Mortality)

Volume alone 0.94 (0.80-1.10) 1.00 1.08 (0.86-1.36) 0.01

Volume plus other observable hospital
characteristics

0.85 (0.72-1.00) 1.00 1.16 (0.93-1.44) 0.05

Standardized mortality ratio
(observed/expected)

0.64 (0.55-0.76) 1.00 1.37 (1.16-1.64) 0.34
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identified hospitals in the highest 20%,
middle 60%, or lowest 20% of each
sample based on standardized mortal-
ity ratios from 1995-1998. The relative
mortality rates in 1999-2000 for the
high-volume and low-volume hospi-
tals that were ranked similarly on stan-
dardized mortality ratios (eg, both top
20%) were similar in magnitude and in
no case were these differences statisti-
cally significant (FIGURE 2). The best
low-volume hospitals had significantly
lower mortality than the middle group
of high-volume hospitals (OR, 0.73; 95%
CI, 0.55-0.96; P=.03) and the worst
high-volume hospitals had signifi-
cantly higher mortality (OR, 1.49; 95%
CI, 1.25-1.76; P�.001).

COMMENT
Our findings that patient volume and the
level of NICU care were significantly as-
sociated with mortality rates for VLBW
infants are broadly consistent with the
Leapfrog standard and prior stud-
ies.11,12,23,24 Some prior studies20,21 failed
to find a volume-outcome relationship
among neonates but these studies re-
lied on small samples of infants and hos-
pitals that may have limited the studies’
power to detect an effect of volume and
did not focus on identifying threshold ef-
fects.22 Our primary finding, however, is
that indirect-quality indicators such as
volume and NICU level, although sta-
tistically significant, explain very little of
the variation across hospitals in mortal-
ity among VLBW infants. Volume, NICU
level, and other readily available hospi-
tal characteristics explained at most 16%
of the variation in mortality across our
sample of hospitals and forecasted at
most 5% of the variation 1 to 2 years
ahead. These results suggest that the cur-
rent Leapfrog standard, which is based
on only volume and level of care at the
NICU, would tend to be an unreliable in-
dicator of quality in our sample of hos-
pitals (eg, many hospitals with low pa-
tient volume or low-level NICUs would
have better patient outcomes and vice
versa). In fact, the Leapfrog group clearly
recognizes the limitations of indirect-
quality measures and views the current
standard as an interim solution until vali-

dated risk-adjusted patient outcome data
are available.25

Rankings based on past mortality at
each hospital outperformed rankings
based on indirect-quality indicators in
their ability toprospectively identifymor-
talitydifferencesacrosshospitals. Incom-
parison with indirect-quality indica-
tors, rankings based on past mortality
forecasted far more of the hospital-level
variation in mortality (34% vs 5%) and
identified hospitals with larger and more
statistically significantdifferences inmor-
tality. In absolute terms, even past mor-
tality cannot forecast most of the hospi-
tal-level variation in patient outcomes.
This is not surprising, given prior re-
search documenting significant varia-
tion in mortality across years, particu-
larly for NICUs with small numbers of
patients.26 Although past mortality rates
perform better than indirect-quality in-
dicators and can on average identify quite
large differences in mortality rates, they
are not a particularly reliable measure of
how an individual hospital will per-
form in the future.

Our data from the VON represent ap-
proximately 40% of the NICUs and 50%
of the VLBW infants in the United
States. Therefore, our results may not
be representative of the general popu-
lation of infants or hospitals. Al-
though our sample is fairly represen-
tative of the general population, some
important differences must be men-
tioned. Our analysis is limited to in-
fants born in hospitals with a NICU and
therefore does not capture any of the
variation in outcomes between hospi-
tals with and without a NICU. In ad-
dition, the sample of VON hospitals
contains disproportionately fewer of the
smallest hospitals in which mortality
may be particularly high. Hospitals in
the VON participate in ongoing qual-
ity improvement activities that may re-
duce the variation in patient out-
comes across hospitals. The strength of
indirect-quality indicators such as vol-
ume and NICU level may differ in the
general population of hospitals.

Our results suggest that direct-
quality indicators based on patient mor-
tality are likely to outperform indirect-

quality indicators such as patient
volume and more lives could poten-
tially be saved if patient referrals were
based on the former rather than the lat-
ter. The difference in mortality be-
tween the best and worst hospitals was
more than 5 times larger when rank-
ing hospitals on past mortality rates
compared with ranking hospitals on
past volume. Thus, moving patients out
of hospitals with high past mortality and
into hospitals with lower past mortal-
ity will have a larger impact than mov-
ing patients from low-volume to high-
volume hospitals. In addition, strategies
that move patients from low-volume to
high-volume hospitals affect rela-
tively few patients because low-
volume hospitals treat relatively few pa-
tients. Based on our estimates, a referral
strategy that moved all infants out of
the lowest-ranked 20% and into the
middle 60% of VON hospitals in 1999-
2000 would result in 11 lives saved an-
nually based on a historical volume
standard compared with 115 annually
based on historical mortality experi-
ence, a 10-fold difference.

Evaluating any actual referral strat-
egy, of course, would be far more com-
plicated. An actual referral strategy
would be limited to pregnant women
known to be at risk and would be lim-
ited to geographic areas in which there
was a choice of providers. One could
not expect to move all infants out of the
highest-mortality hospitals, leading to
fewer lives saved. On the other hand,
such a standard would presumably be
applied to infants outside of the VON,
leading to more lives saved. Moving pa-
tients among providers may generate
tradeoffs in terms of family disrup-
tions because of care received further
from home and potentially increase
treatment costs. Much research re-
mains to be performed to understand
how evidence-based referral strategies
can be best designed to effectively man-
age these tradeoffs.
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Humanity never stands still; it advances or retreats.
—Louis Auguste Blanqui (1805-1881)
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