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tary Appendix 1 (available with the full text of this
article at www.nejm.org).

There were negligible differences in age and sex
between the patients who received care from low-
volume surgeons and those who received care from
high-volume surgeons; for some procedures, the
prevalence of coexisting conditions varied to a small

degree according to surgeon volume (Table 1). Pa-
tients receiving care from low-volume surgeons
were more likely to be black and to be admitted to
the hospital nonelectively. Overall, however, there
were no clinically important differences in predict-
ed mortality rates according to surgeon volume.
When surgeon volume was assessed as a con-
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Figure 1. Adjusted Operative Mortality among Medicare Patients in 1998 and 1999, According to Surgeon-Volume
Stratum, for Four Cardiovascular Procedures (Panel A) and Four Cancer Resections (Panel B).

Operative mortality was defined as the rate of death before hospital discharge or within 30 days after the index proce-
dure. Surgeon volume was determined on the basis of the total number of procedures performed in both Medicare and
non-Medicare patients. P<0.001 for all procedures except resection for lung cancer; P=0.003 for lung resection; P values
reflect associations between operative mortality and volume assessed as a continuous variable.
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tinuous variable, it was inversely related to opera-
tive mortality for all eight procedures (P=0.003 for
lung resection, P<0.001 for all other procedures).
The strength of the inverse association between
surgeon volume and outcome varied markedly ac-
cording to the procedure in terms of both the abso-
lute operative mortality rate (Fig. 1) and the adjust-
ed odds ratio for operative death (Table 2). The
adjusted odds ratios for operative death among pa-
tients of low-volume surgeons as compared with
patients of high-volume surgeons ranged from
1.24 for lung resection to 3.61 for pancreatic resec-
tion. Adjusting for hospital volume attenuated the
strength of the associations between surgeon vol-
ume and outcome, but the effect of surgeon vol-
ume remained statistically significant for seven of
the eight procedures.

When hospital volume was assessed as a con-
tinuous variable, it was inversely related to opera-
tive mortality for seven of the eight procedures
(P=0.20 for carotid endarterectomy, P<0.001 for all
the other procedures). After adjustment for surgeon
volume, however, higher hospital volume remained
a significant predictor of decreased mortality for
only four procedures (repair of an abdominal aor-

tic aneurysm, cystectomy, lung resection, and pan-
creatic resection). In fact, after adjustment for sur-
geon volume, high hospital volume was associated
with increased mortality among patients undergo-
ing carotid endarterectomy. For many procedures,
surgeon volume accounted for a large proportion
of the apparent differences in operative mortality
between high-volume hospitals and low-volume
hospitals. Among patients undergoing elective re-
pair of an abdominal aortic aneurysm, for exam-
ple, the adjusted odds ratio for death with surgery
performed in a low-volume hospital as compared
with that performed in a high-volume hospital de-
creased from 1.40 to 1.17 after adjustment for sur-
geon volume. Thus, surgeon volume accounted for
57 percent of the apparent difference in mortality
between low-volume and high-volume hospitals
([1.40-1.17]+[1.40—1.00]). The proportion of the
apparent effect of hospital volume that was actually
attributable to surgeon volume varied according to
the procedure: it was 100 percent for aortic-valve
replacement, 54 percent for pancreatic resection,
49 percent for coronary-artery bypass grafting, 46
percent for esophagectomy, 39 percent for cystec-
tomy, and 24 percent for lung resection.

Table 2. Adjusted Odds Ratio for Operative Death, According to Surgeon Volume and Hospital Volume.*

Cardiovascular procedures
Carotid endarterectomy
Aortic-valve replacement
Coronary-artery bypass grafting

Elective repair of an abdominal
aortic aneurysm

Cancer resections

adjusted odds ratio (95% Cl)

1.64 (1.47-1.84) 1.70 (1.51-1.91) 0
1.44 (1.29-1.59) 1.45 (1.30-1.63)

1.36 (1.28-1.45) 1.33 (1.25-1.42)
1.65 (1.46-1.86) 1.55 (1.36-1.77)

% adjusted odds ratio (95% Cli)
04 (0.92-1.17)
1.13 (1.00-1.28)
1.26 (1.15-1.37)
40 (1.23-1.59)

0.89 (0.79-1.01)
0.97 (0.86-1.10)
1.13 (1.03-1.24)

15 1.17 (1.02-1.35)

Resection for lung cancer 1.24 (1.08-1.44) 1.16 (0.99-1.36) 34 1.29 (1.11-1.51) 1.22 (1.04-1.44)
Cystectomy of the bladder 1.83 (1.37-2.45) 1.45 (1.03-2.04) 46 06 (1.50-2.83) 1.65 (1.14-2.39)
Esophagectomy 2.30 (1.54-3.42) 1.80(1.13-2.87) 38 2.23 (1.47-3.39) 1.67 (1.02-2.73)
Pancreatic resection 3.61 (2.44-5.33) 2.31(1.43-3.72) 50 3.95 (2.55-6.11) 2.34 (1.38-3.99)

Proportion
of Effect of
Hospital Volume
Attributable to
Surgeon Volume

%

Procedure Odds of Operative Death with Low Volume as Compared with High Volume
Surgeon Proportion Hospital
Volume, of Effect of Volume,
Adjusted Surgeon Volume Adjusted
for Hospital ~ Attributable to for Surgeon
Surgeon Volume Volume Hospital Volume Hospital Volume Volume

—t
100
49
57

24
39
46
54

* Because of rounding, the values given for the proportion of the effect of surgeon volume attributable to hospital volume and the proportion of
the effect of hospital volume attributable to surgeon volume may not match the values that can be calculated with the formula given in the text.

Cl denotes confidence interval.

T There was no statistically significant effect of hospital volume.
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Figure 2 shows the relative effects of hospital vol-
ume and surgeon volume in terms of adjusted mor-
tality rates. For carotid endarterectomy and aortic-
valve replacement, the mortality rates decreased
with increasing surgeon volume but did not change
substantially with increasing hospital volume. Con-
versely, for lung resection, the adjusted mortality
rates were strongly inversely related to hospital vol-
ume, but were less strongly related to surgeon vol-
ume. For the remaining five procedures, operative
mortality decreased to relatively similar degrees
with increasing hospital volume and increasing
surgeon volume. Even within the high-volume-
hospital stratum, the patients who received their
care from low-volume surgeons had considerably
higher mortality rates with several procedures than
the patients who received care from high-volume
surgeons.

We performed similar sensitivity analyses using
the hospital-volume criteria that were established
by the Leapfrog Group for four of the procedures
(Table 3). High-volume hospitals (those with vol-
umes at or above the Leapfrog cutoffs) had lower
overall mortality rates than low-volume hospitals,
largely because patients at high-volume hospitals
were much more likely to be treated by high-vol-
ume surgeons than by low-volume surgeons. For
coronary-artery bypass grafting, elective repair of an
abdominal aortic aneurysm, and esophagectomy,
the operative mortality among the patients treated
by low-volume surgeons at high-volume hospitals
was higher than the overall operative mortality at
low-volume hospitals. For pancreatic resection,
patients at high-volume hospitals had lower mor-
tality rates than those at low-volume hospitals, re-
gardless of the surgeon volume.

DISCUSSION

By virtue of the large size and generalizability of the
national Medicare data base, we were able to exam-
ine with precision the associations between sur-
geon volume and operative mortality for a wide
range of cardiovascular procedures and cancer re-
sections. For all eight procedures we studied, the
patients treated by high-volume surgeons had low-
er operative mortality rates than those treated by
low-volume surgeons. Surgeon volume accounted
for a relatively large proportion of the apparent ef-
fect of hospital volume, to a degree that varied ac-
cording to the procedure. For some procedures,
the association between hospital volume and out-

N ENGL J MED 349;22

come disappeared almost entirely after surgeon
volume had been taken into account.

It is not surprising that the relative importance
of surgeon volume and hospital volume varies ac-
cording to the procedure. In the case of carotid
endarterectomy, for example, technical skill and
the use of specific intraoperative processes (e.g., in-
traarterial shunt insertion and patch angioplasty)
— processes used at the discretion of the operating
surgeon — are important determinants of the risk
of operative stroke or death. In contrast, other hos-
pital-based services are relatively less important.
Most patients undergoing carotid endarterectomy
do not require intensive postoperative management,
and the length of stay is typically just overnight. For
these reasons, the preeminent role of surgeon vol-
ume in the outcome of this procedure has strong
intuitive validity. In the case of lung resection, in
contrast, patients rarely die because of direct tech-
nical complications of the procedure itself (e.g.,
bleeding or leakage from a bronchial stump); they
die from cardiac events, pneumonia, and respirato-
ry failure. Hospital-based services (e.g., intensive
care, pain management, respiratory care, and nurs-
ing care) are very important, and the average length
of stay is relatively long. Thus, it is not surprising
thathospital volume was more important than sur-
geon volume in determining the outcome of this
procedure. Of course, these two procedures repre-
sent the extremes. As suggested by our analysis,
factors related to both surgeon volume and hospi-
tal volume seem to be important for most high-risk
procedures.

Our study has several important limitations.
First, because we used Medicare data, our study
was restricted to patients 65 years of age or older.
However, the elderly constitute the majority of pa-
tients undergoing the cardiovascular procedures
and cancer resections that we examined in this
study. Second, although our study was large, some
of our subgroup analyses were based on relatively

WWW.NEJM.ORG

Figure 2 (facing page). Adjusted Operative Mortality
among Medicare Patients in 1998 and 1999, According to
Hospital-Volume Stratum and Surgeon-Volume Stratum
for Four Cardiovascular Procedures (Panel A) and Four
Cancer Resections (Panel B).

Because of small samples (<20), mortality rates among
patients treated by high-volume surgeons in low-volume
hospitals are not shown for esophagectomy and pancre-
atic resection. Mortality rates were adjusted for charac-
teristics of the patients.
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Table 3. Adjusted Operative Mortality Rates among Medicare Patients in 1998 and 1999, According to Total Hospital Volume,
Relative to the Leapfrog Group Volume Criteria and Surgeon Volume.*
Procedure Cutoff Hospital Volume <Cutoff Hospital Volume =Cutoff
Low-Volume High-Volume Overall Hospital =~ Low-Volume High-Volume Overall Hospital
Surgeons Surgeons Mean Surgeons Surgeons Mean
no./yr percent

Coronary-artery bypass grafting 450

Proportion of patients 473 20.1 19.3 46.8

Mortality 5.4 4.6 5.0 5.4 3.7 4.2
Elective repair of an abdominal 50

aortic aneurysm

Proportion of patients 453 18.1 17.8 52:5

Mortality 6.4 4.3 5.4 5.8 3.6 43
Esophagectomy 13

Proportion of patients 36.0 14.4 9.2 70.0

Mortality 19.2 11.1 153 17.5 8.1 9.5
Pancreatic resection 11

Proportion of patients 50.5 9.4 6.9 80.5

Mortality 15.7 6.9 11.5 6.1 3.7 4.5

* Operative mortality was defined as the rate of death before hospital discharge or within 30 days after the index procedure; total hospital vol-
ume included procedures in both Medicare and non-Medicare patients.
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small numbers of patients. In particular, the num-
ber of patients who underwent procedures per-
formed by low-volume surgeons at high-volume
hospitals or by high-volume surgeons at low-vol-
ume hospitals was relatively low. Thus, estimates of
mortality in these subgroups are relatively impre-
cise. Third, because of errors in the coding and
assignment of unique provider identification num-
bers, we may have incorrectly identified the operat-
ing surgeon for some procedures. Such errors, if
largely random, would tend to bias our results to-
ward the null hypothesis (no effect of surgeon vol-
ume on outcome). However, to reduce any poten-
tial bias against low-volume surgeons, we excluded
physicians who were not self-designated as sur-
geons.

Finally, many would question our ability to per-
form adequate risk adjustment with the use of ad-
ministrative data.2223 Whether risk adjustment is
important in studies of surgical volume and out-
come is uncertain. Some have noted that analyses
based on clinical studies are less likely to report
statistically significant associations between vol-
ume and outcome than those (the majority) thatare
based on administrative data.# However, clinical
studies also tend to be substantially smaller and of-
ten lack sufficient statistical power to detect clini-
cally meaningful differences in operative mortality
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rates. Moreover, there is little evidence from clini-
cal studies that there are important, volume-relat-
ed differences in case mix (i.e., that low-volume
providers care for “sicker” patients). Although we
cannot rule out confounding by unmeasured char-
acteristics of the patients in our study, there is no
reason to believe that such confounding would af-
fect our analyses of hospital volume and surgeon
volume disproportionately. Thus, we do not believe
that limitations related to risk adjustment threaten
our main conclusions about the relative importance
of hospital volume and surgeon volume.

Our findings have direct implications for ongo-
ing initiatives for volume-based referral. Leading
the most visible of these initiatives, the Leapfrog
Group, a coalition of more than 140 large public
and private purchasers, has established “evidence-
based hospital referral” standards for several sur-
gical procedures.2* Although the Leapfrog Group
has recently incorporated data on outcomes and
selected process measures into its 2003 standards
for some procedures, criteria based on minimal
hospital volume remain in place for coronary-artery
bypass grafting, percutaneous coronary interven-
tions, elective repair of an abdominal aortic aneu-
rysm, esophagectomy, and pancreatic resection.
Our analysis confirms that hospitals that exceed the
volume criteria set by Leapfrog have lower mortali-
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ty rates, on average, than those that do not. Howev-
er, our findings also suggest that high-volume hos-
pitals have better outcomes in large part because
patients atthese hospitals are more likely to be treat-
ed by high-volume surgeons and that standards
based on surgeon volume as well as hospital volume
would be more useful in directing patients to the
providers who are likely to achieve the best out-
comes. Increasing surgeons’ volumes would require
that administrators and leaders in the field of sur-
gery actively manage the way in which selected op-
erations are distributed within their hospitals —
that is, by restricting them to a smaller number of
surgeons. Although such efforts would no doubt
encounter resistance, they may be more practical
and less controversial than policies focusing exclu-
sively on redistributing patients among hospitals.
We should also look for opportunities to im-
prove the quality of surgical care delivered by low-

volume surgeons. Determining whether this goal
is realistic will require a better understanding of the
mechanisms underlying the observed associations
between volume and outcome. The key mechanism
could simply be “practice” — clinical judgment and
technical skill that are achieved only by surgeons
who perform a specific procedure with sufficient
frequency. Before jumping to this conclusion, how-
ever, we must better understand which specific
processes of care are most important to the success
of various operations and the extent to which they

can be exported to other surgeons or hospitals.
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HE PREMISE UNDERLYING RE-
gionalization of trauma care is
that optimal outcomes can be
achieved at greatest efficiency
if care is restricted to relatively few dedi-

cated trauma centers. Limitation of the’

number of trauma centers based on
community need has been proposed as
a critical component of regional trauma
systems and, in a recent evaluation of
systems across the country, one of their
most frequent deficiencies.’” Implicit
in this premise is that higher patient vol-
umes will lead to greater experience and
that this experience translates into bet-
ter outcomes. This relationship ap-
pears to hold true for other areas of sur-
gical care, including major oncologic,
cardiac, vascular, and neurosurgical
procedures.>” In contrast, no such re-

lationship is evident when less com- -

plex procedures like cholecystectomy
or operative management of hip frac-
tures are considered,® suggesting that
the association between volume and
outcomes is dependent on the com-
plexity of care and the potential for
adverse outcomes.

Care of trauma patients poses 2 chal-
lenges not encountered in other as-
pects of surgical care. First, time to de-
finitive care is a critical factor influencing
patient survival. The primacy of time
renders an ad hoc approach to trauma

1164 JAMA, March 7, 2001--Vol 285, No. 9 (Reprinted)

Context The premise underlying regionalization of trauma care is that larger vol-
umes of trauma patients cared for in fewer institutions will lead to improved out-
comes. However, whether a relationship exists between institutional volume and trauma
outcomes remains unknown.

Objective To evaluate the association between trauma center volume and out-
comes of trauma patients.

Design Retrospective cohort study.

Setting Thirty-one academic level | or level Il trauma centers across the United States
participating in the University Healthsystem Consortium Trauma Benchmarking Study.

Patients Consecutive patients with penetrating abdominal injury (PAl; n=478) dis-
charged between November 1, 1997, and July 31, 1998, or with multisystem blunt
trauma (minimum of head injury and lower-extremity long-bone fractures; n=541)
discharged between June 1 and December 31, 1998.

Main Outcome Measures Inpatient mortality and hospital length of stay (LOS),
comparing high-volume (>650 trauma admissions/y) and low-volume (=650 admis-
sions/y) centers.

Results After multivariate adjustment for patient characteristics and injury severity,
the relative odds of death was 0.02 (95% confidence interval [CI], 0.002-0.25) for
patients with PAl admitted with shock to high-volume centers compared with low-
volume centers. No benefit was evident in patients without shock (P=.50). The ad-
justed odds of death in patients with multisystem blunt trauma who presented with
coma to a high-volume center was 0.49 (95% Cl, 0.26-0.93) vs low-volume centers.
No benefit was observed in patients without coma (P=.05). Additionally, a shorter
LOS was observed in patients with PAl and New Injury Severity Scores of 16 or higher
(difference in adjusted mean LOS, 1.6 days [95% Cl, -1.5 to 4.7 days]) and in all pa-
tients with multisystem blunt trauma admitted to higher-volume centers (difference
in adjusted mean LOS, 3.3 days [95% Cl, 0.91-5.70 days)).

Conclusions Our results indicate that a strong association exists between trauma
center volume and outcomes, with significant improvements in mortality and LOS when
volume exceeds 650 cases per year. These benefits are only evident in patients at high
risk for adverse outcomes.

JAMA. 2001,285:1164-1171 www.jama.com

ciplinary surgical management lessens
the impact of any particular individual

care inappropriate, potentially increas-
ing the magnitude of the relationship be-

tween institutional experience and out-
comes. Second, polytrauma patients
often require complex, cross-specialty
surgical care. The necessity for interdis-

and increases the importance of insti-
tutional experience. These challenges
suggest that a clear association be-
tween volume and outcomes should ex-
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ist. However, unlike in other aspects of
surgical care, many institutions caring
for trauma patients have already
achieved a high level of quality by vir-
tue of the trauma center designation and
accreditation process, whereby an out-
side organization assesses the re-
sources and capabilities of institutions
caring for such patients.® In the setting
inwhich all institutions have already met
quality criteria, it is unclear whether any
relationship between experience and
outcome should exist. We used 2 dis-
tinct cohorts of trauma patients to evalu-
ate whether institutional volume thresh-
olds exist at which optimal outcomes can
be achieved. These cohorts included pa-
tients with penetrating abdominal in-
jury (PAI) and patients with multisys-
tem blunt trauma with a minimum of a
combination of head injury and lower-
extremity long-bone fracture.

METHODS
Institutions and Patients

The institutions on which this analy-
sis is based are trauma centers volun-
tarily participating in the University
Healthsystem Consortium (UHC)
Trauma Benchmarking Study. The con-
sortium participates in a variety of
projects designed to improve clinical
and operating efficiencies among its
member institutions by pooling re-
“sources and by means of benchmark-
ing projects not limited to trauma.'®
Currently, the consortium consists of
84 academic medical centers and asso-
ciated institutions located throughout
the United States. The UHC Trauma
Benchmarking Study was designed to
compare outcomes and resource utili-
zation among centers in 2 separate and
homogeneous cohorts of patients, those
with isolated PAI and those with a mini-
mum of a combination of long-bone
fracture and head injury (ie, multisys-
tem blunt trauma). This analysis was
limited to level I or level II trauma cen-
ters that contributed at least 10 pa-
tients to the UHC Trauma Benchmark-
ing Study. Not all members of the UHC
participated in the Trauma Benchmark-
ing Study and not all centers contrib-
uted patients to both cohorts. Trauma

©2001 American Medical Association. All rights reserved.
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Table 1. Study Inclusion and Exclusion Criteria

Multisystem Blunt Injury

Penetrating Abdominal Injury

Inclusion Criteria

Age >18y

Age >12y

Head injury (Abbreviated Injury Scale'' score =2)

Penetrating abdominal injury (highest
Abbreviated Injury Scale' score in abdominal
region)

Lower-extremity long-bone fracture (tibia/femur)

Exclusion Criteria

No vital signs on emergency department arrival

No vital signs on emergency department arrival

Burn injury

Burn injury

Pregnancy

Pregnancy

Spinal cord injury with neurologic deficit

Abbreviated Injury Scale' score >2 in any other
body region

Length of stay >24 h at referring institution

Length of stay >24 h at referring institution

center volume was derived from a re-
lated UHC operational database con-
taining information on the organiza-
tional structure of each institution.
Trauma center volume was reported
from institutional registries and repre-
sented the total number of trauma ad-
missions with an Injury Severity Score
(ISS) of greater than 15 who were ad-
mitted during 1998. Patients with an ISS
of greater than 15 are considered to
have experienced major multisystem
trauma. Thus, institutional volume re-
fers to the annual number of major
trauma admissions to that institution
rather than the number of cases with
index injuries contributed to the UHC
Trauma Benchmarking Study.
Inclusion and exclusion criteria for
the 2 cohorts are shown in TABLE 1. The
cohorts include consecutive patients
meeting inclusion criteria and dis-
charged from participating institu-
tions during a 7-month period be-
tween June 1, 1998, and December 31,
1998 (multisystem blunt trauma), ora
9-month period between November 1,
1997, and July 31, 1998 (PAID). Data
were collected by medical record ab-
straction and then collated by the UHC.

Statistical Analysis

The primary outcomes were inpatient
mortality and hospital length of stay
(LOS). We considered the possibility
that risk factors for mortality and pro-
longed LOS may not be similarly dis-
tributed across centers, thus confound-
ing the effect of institutional volume on
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outcome. Several such risk factors were
considered, including age, sex, mecha-
nism of injury, injury severity, shock
(systolic blood pressure <90 mm Hg)
on admission to the emergency depart-
ment, massive blood transfusion (>6
units in the first 24 hours), admission
Glasgow Coma Scale score (GCS; 3-8,
9-12, or 13-15), and whether the pa-
tient had been transferred from an-
other institution or was transported
from the scene of injury. The New In-
jury Severity Score (NISS), a refine-
ment of the ISS, was used as the sum-
mary measure of anatomic injury.'***
To adjust for these confounding vari-
ables, we constructed logistic (for mor-
tality) and linear (for LOS) regression
models separately for both multisys-
tem blunt trauma and PAI. In-hospital
deaths were excluded from all LOS
analyses. Confounding variables were
chosen for inclusion in these models by
using a change in estimates approach.
Briefly, if the addition of a variable to
the model changed the estimate of the
main effect (ie, trauma center vol-
ume) by greater than 10%, then the
variable was considered to be an im-
portant confounder and was kept in the
model.’” We used variance estimators
that allowed for the possibility that ob-
servations within each center might be
correlated. To ensure optimal model fit,
we used a backward stepwise regres-
sion technique using all variables, with
the predetermined confounding vari-
ables forced into the model. We also
considered the possibility that the ef-
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Table 2. Characteristics of Patients Admitted With Penetrating Abdominal Injury*

Total Major Trauma Admissions pery

I
=315

Characteristics 316-415 416-650 >650 P Value

No. of institutions 5 6 6 5
No. of patients 104 103 135 136
Age, mean (SD), y 31 (10) 31 (11) 32 (11) 32 (11) T7t
Male sex 87 (84) 92 (83) 112 (83) 121 (89) 32f
Mechanism of injury

Firearm 51 (49) 46 (45) 78 (68) 65 (48)

Stab 51 (49) 53 (51) 53 (39) 66 (49) :] .50

Other 22 4(4) 4(2) 5 (4)
Transferred from another center 27 (26) 33 (34) 23(17) 28 (21) .02%
Shack§ 2(2) 4(4) 14 (11) 16 (12) 007t
Massive blood transfusion| 33 12(12) 15(11) 21 (16) .02t

*Data are No. (%) of all patients in that volume quartile unless otherwise specified.

1By analysis of variance.
1By ¥ test.

§Shock defined as systolic blood pressure <90 mm Hg on admission to hospital.
|IMassive blood transfusion defined as >6 units in the first 24 hours after admission.

S T
Figure 1. Distribution of NISS Across
Quartiles of Trauma Center Volume in
Patients Admitted With PAI

New Injury Severity Score
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NISS indicates New Injury Severity Score; PAI, pen-
etrating abdominal injury.

fect of volume on outcomes may be
modified by other factors. We tested in-
teractions between markers of injury se-
verity (shock on admission, coma on
admission, and NISS) and institu-
tional volume to determine whether the
effect of volume on outcomes de-
pended on either anatomical or physi-
ologic injury severity. If the interac-
tion terms were statistically significant
(P<.05), then the results are pre-
sented by severity strata to demon-
strate the effect modification. The first
GCS recorded at the scene was used if
data regarding GCS at the time of ad-

1166 JAMA, March 7, 2001—Vol 285, No. 9 (Reprinted)

mission were unreliable because of in-
tubation or pharmacologic paralysis. If
field data were unavailable and the pa-
tient was intubated but not paralyzed,
we imputed GCS from the motor com-
ponent using an approach similar to
that described by Meredith et al.' Pa-
tients intubated and paralyzed on ad-
mission withouta GCS recorded at the
scene were excluded from analysis.
Trauma center volume was first mod-
eled as a continuous variable using the
fractional polynomial method de-
scribed by Royston and Altman'’ to
demonstrate the relationship between
volume and outcome and to help iden-
tify volume thresholds at which out-
comes appear to change. This method
makes no underlying assumptions re-
garding the relationship between vol-
ume and outcome.® As a result, the
model is not constrained by a simple
linear relationship. A significant limi-
tation to this approach is that the com-
parator is limited to the lowest vol-
ume center. Thus, this approach places
undue emphasis on the outcomes at a
particular center. To provide a second
means of assessing any association be-
tween trauma center volume and out-
come, the variable representing vol-
ume was reparametrized to a binary
variable such that institutions were cat-
egorized as either high- or low-
volume centers. The volume thresh-
old used for this stratification was
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derived graphically from the relation-
ship between volume and outcomes ob-
tained by using the first approach. For
mortality, this was the point at which
the odds of death began to change with
increasing volume. Volume thresh-
olds for LOS were estimated graphi-
cally by identifying the inflection point
on the LOS-vs-institutional volume
curve. As an approximation, this was
the point at which increasing volumes
yielded no further changes in LOS.
Analyses were conducted with Stata sta-
tistical software, release 6.0 (Stata Corp,
College Station, Tex).

RESULTS
Penetrating Abdominal Injury

A total of 478 patients who met the in-
clusion criteria for PAT were admitted to
22 academic trauma centers (21 level 1
and 1 level I1). Among these centers, the
institutional volume of major trauma
ranged from 257 to 1050 per year. There
were minimal differences in admission
demographics and mechanism of in-
jury of patients with PAI across institu-
tional volume quartiles, with approxi-
mately half of all PAI patients admitted
following injury from a firearm
(TABLE 2). There were significant dif-
ferences in the proportion of patients
transferred from outside centers but no
clear, consistent trend across quartiles.
If anything, higher-volume centers ad-
mitted fewer transfer patients than lower-
volume centers. Patients with PAI who
were admitted to higher-volume insti-
tutions were significantly more likely to
present with shock and require massive
blood transfusion within 24 hours of ad-
mission. The NISS distribution was dif-
ferent across quartiles; admissions to
higher-volume institutions had a signifi-
cantly greater proportion of patients with
more severe injuries (P=.01 by x* test)
(FIGURE 1).

In initial analyses, there was a sig-
nificant interaction between the terms
for shock at admission to the emer-
gency department and trauma center
volume. There was no discernible re-
lationship between volume and crude
mortality in patients without shock,
while the crude risk of death appeared
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to decline with increasing volume quar-
tiles in patients with shock (TABLE 3).
After adjusting for NISS, age, and need
for massive blood transfusion, increas-
ing volume had no effect on mortality
in patients without shock (FIGURE 2A).
In contrast, the adjusted odds of death
in patients with PAI and shock de-
clined dramatically as trauma center
volume increased (Figure 2B). When
avolume threshold of 650 cases per year
was used to discriminate high- vs low-
volume institutions, the crude odds ra-
tio for death in high-volume centers was
0.22 (95% confidence interval [CI],
0.05-0.91); 12 (60%) of 20 patients with
shock died at low-volume centers while
only 4 (25%) of 16 died at high-
volume centers. The adjusted relative
odds of dying was 0.02 (95% CI, 0.002-
0.25) in patients with shock admitted
to high-volume institutions compared
with similar patients admitted to low-
volume centers.

To evaluate whether there was any
association between hospital LOS and
institutional volume, we used a simi-
lar approach except that in-hospital
deaths were excluded. Volume was first
modeled as a continuous variable in a
regression analysis adjusting for NISS,
age, presence of shock at admission,
mechanism of injury, and need for mas-

TRAUMA CENTER VOLUME AND OUTCOMES

sive blood transfusion. As shown in
FIGURE 3, a reduction in LOS with in-
creasing trauma center volume was only
evident in patients with an NISS of more
than 15. Hospital LOS declined steadily
until institutional volume approached
550 cases per year. At this volume
threshold, the crude mean (SD) LOS in
patients with an NISS of more than 15
who were admitted to high- and low-
volume centers was 10.0 (7.9) and 12.3
(10.6) days, respectively. The ad-
justed mean LOS was 1.6 (95% CI, 4.7
to —1.5) days shorter among patients
with an NISS of more than 15 who were
admitted to high-volume centers.

Multisystem Blunt Trauma

A total of 541 patients who met the in-
clusion criteria for multisystem blunt
trauma were admitted to 25 academic
level I trauma centers. Although only
16 of these 25 institutions contrib-
uted patients to the PAI cohort, the
range of institutional volume of trauma

admissions was identical for both co-
horts. There were minimal differences
in age, sex, and mechanism of injury
in patients admitted to centers across
volume quartiles defined for the PAI co-
hort (TABLE 4). Approximately 70% of
all injuries were due to motor vehicle
crashes. Imputation of GCS from the
motor component was required in 30
cases (5%) and 12 cases were ex-
cluded from analysis because no reli-
able GCS data were available. Patients
admitted to higher-volume centers were
similar to those admitted to lower-
volume centers in most respects. There
was no consistent pattern to the distri-
bution of NISS across volume quar-
tiles; however, these differences in dis-
tributions approached statistical
significance (P=.05) (FIGURE 4). There
was no consistent trend in the propor-
tion of patients admitted following
transfer from another center, al-
though the differences across quar-
tiles were statistically significant, with

]
Table 3. Crude Mortality as a Function of Trauma Center Volume in Patients With

Penetrating Abdominal Injury

Total Major Trauma Admissions pery

I 1
No. (%) of Patients =315 316-415 416-650 >650 P Value
No shock 2/100 (2) 5/96 (5) 3/119(3) 6/115 (5) .50
Shock 0/2 (0) 3/4 (75) 9/14 (64) 4/16 (25) .05

Figure 2. Association Between Adjusted Relative Odds of Death and Trauma Center Volume in Patients With PAI
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Relative odds of death compared with the lowest-volume institution are shown for patients admitted (A) without and (B) with shock. These estimates are adjusted for
New Injury Severity Score, age, and need for massive blood transfusion. PA! indicates penetrating abdominal injury. Dashed lines represent 95% confidence intervals

for estimated odds ratios.
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N B ]
Figure 3. Differences in Mean LOS for Patients Admitted With PAI as a Function of Trauma Center Volume
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Data are shown for patients with (A) New Injury Severity Score (NISS) =15 and (B) NISS >15. The differences represent the number of days by which the mean hospital
length of stay (LOS) differed using the lowest-volume institution as a baseline. These estimates are adjusted for NISS, presence of shock on admission, need for massive
blood transfusion, and mechanism of injury. PA! indicates penetrating abdominal injury. Dashed lines represent 95% confidence intervals for differences in mean LOS.
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Table 4. Characteristics of Patients Admitted With Multisystem Blunt Trauma*

Total Major Trauma Admissions pery

T
=315

Characteristics 316-415  416-650 >650 P Value
No. of institutions 5 11 4 5
No. of patients 80 233 85 143
Age, mean (SD), y 38 (17) 42 (17) 40 (17) 42 (17) 951
Male sex 48 (60) 161 (69) 56 (60) 101 (71) 37%
Mechanism of injury
Motor vehicle crash 60 (75) 143 (61) 69 (81) 100 (70)
Pedestrian-motor vehicle crash 9(11) 51(22) 11 (13) 20 (14) 02f
Fall 2(3) 16 (6) 34 11 (8)
Other/unknown 9(1t) 23(10) 22 12 (8.4)
Transferred from another center 28 (35) 79 (34) 44 (52) 28 (20) <.001%
Shock§ 11 (14) 25(11) 8(9) 20 (14) 67%
Glasgow Coma Scale score in
emergency department
3-8 23 (29) 58 (26) 15 (18) 46 (33)
9-12 5 (6) 22 (10) 7 (8) 16 (11) jl 18%
13-15 51 (65) 143 (64) 63 (74) 79 (56)
Massive blood transfusion|| 18 (23) 39 (17) 14 (16) 27 (19) B7%

*Data are No. (%) of all patients in that volume quartile unless otherwise specified.

1By analysis of variance.
1By X test.

§Shock defined as systolic blood pressure <90 mm Hg on admission to emergency department.
[IMassive blood transfusion defined as >6 units in the first 24 hours after admission to emergency department.

centers in the highest-volume quar-
tiles admitting the lowest proportion of
transfer patients.

The effect of institutional trauma vol-
ume on mortality in this second co-
hort of patients was initially assessed
by using a logistic regression model
with volume as a continuous variable.
There was significant interaction be-

1168 JAMA, March 7, 2001—Vol 285, No. 9 (Reprinted)

tween the terms for coma at admis-
sion and trauma center volume. Crude
mortality increased in patients with-
out coma in higher-volume quartiles,
an effect that approached statistical sig-
nificance (P=.05), while mortality de-
clined in increasing volume quartiles in
patients with coma (P=.02) (TABLE 5).
After adjusting estimates for NISS, age,
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GCS, and presence of shock at admis-
sion, the adjusted odds of death was in-
dependent of institutional volume in pa-
tients without coma, although there
appeared to be a trend toward increas-
ing risk of death in the moderate-
volume range (FIGURE 5A). In con-
trast, the adjusted odds of death were
lower in patients with coma present-
ing to higher-volume institutions (Fig-
ure 5B). The volume threshold for this
effect was between 630 and 750 cases
per year. Using a conservative volume
threshold of 650 cases per year, the
crude odds ratio for death was 0.31
(95% ClI, 0.14-0.68) in institutions
whose volume exceeded this thresh-
old compared with lower-volume cen-
ters; 48 (50%) of 96 patients present-
ing with coma died in low-volume
centers while only 11 (24%) of 46
(24%) died in high-volume centers. The
adjusted relative odds of death in pa-
tients admitted with coma to high- vs
low-volume centers was 0.49 (95% CI,
0.26-0.93).

The relationship between institu-
tional volume and LOS was not influ-
enced by the degree of anatomical or
physiologic injury severity in this co-
hort of patients. Hospital LOS ad-
justed for shock, sex, age, GCS, NISS,
and need for massive blood transfu-
sion as a function of trauma center vol-
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ume is demonstrated in FIGURE 6. Hos-
pital LOS following multisystem blunt
trauma declined until institutional vol-
ume approached 600 cases per year, at
which point no further reduction was
evident. Crude LOS tended to be lower
in centers above this threshold com-
pared with those below, with a mean
(SD) LOS of 13.4 (11.1) days in high-
volume centers compared with 15.7
(15.8) days in low-volume centers. The
adjusted mean LOS was 3.3 (95% ClI,
0.91-5.7) days shorter in high-volume
institutions.

COMMENT

This study provides strong evidence of
a relationship between trauma center
volume and outcome in severely in-
jured persons with penetrating or blunt
trauma. This association is only evi-
dent in the patient subgroups at high-
est risk of adverse outcomes. After
adjusting for differences in injury se-
verity, centers with total major trauma
volume (ISS >15) in excess of 650 cases
per year demonstrated measurable im-
provements in mortality and LOS. The
relative odds of death in patients ad-
mitted with shock following PAI or
coma following multisystem blunt
trauma were significantly lower in high-
volume centers compared with low-

TRAUMA CENTER VOLUME AND OUTCOMES

volume centers. Furthermore, pa-
tients with complex or severe injuries
(NISS >15) following PAI and all pa-
tients with multisystem blunt trauma
tended to have a shorter LOS if admit-
ted to a high-volume center.

The premise underlying the process
of regionalization of trauma care is that
the concentration of care in relatively few
dedicated centers will increase institu-
tional volume and experience, leading
to improved outcome.*" Despite its im-
portance to trauma system develop-
ment, there have been relatively few
studies directly evaluating the effect of
trauma center volume on outcome. In
the studies that have been published, the
relationship is far from clear. In 7 trauma
centers in Chicago, 111, there was a 30%
reduction in mortality among patients
admitted to a high-volume center, de-
fined as more than 200 seriously in-
jured cases per year.”® Although these
data are consistent with the data in the
current study, a very crude adjustment

for differing case-mix across centers and
a relatively arbitrary volume threshold
hamper any definitive interpretation.
Tepas etal® assessed the relationship be-
tween volume and mortality among pe-
diatric patients admitted to 37 trauma

e
Figure 4. Distribution of New injury Severity
Score (NISS) Across Quartiles of Trauma
Center Volume in Patients Admitted With
Multisystem Blunt Trauma
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Table 5. Crude Mortality as a Function of Trauma Center Volume in Patients With

Multisystem Blunt Trauma Injury

Total Major Trauma Admissions pery

-
No. (%) of Patients =315 316-415 416-650 >650 P Value
No coma 1/56 (2) 7/163 (4) 4/70 (6) 11/94 (12) 05
Coma 13/23 (57) 29/58 (50) 6/15 (40) 11/46 (24) .02

Figure 5. Association Between Adjusted Relative Odds of Death and Trauma Center Volume in Patients Admitted With Multisystem Blunt
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Relative odds of death compared with the lowest-volume institution are shown for patients (A) without and (B) with coma. These estimates are adjusted for New Injury
Severity Score, age, Glasgow Coma Scale score, and presence of shock on admission. Dashed lines represent 95% confidence intervals for estimated odds ratios.
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Figure 6. Differences in Mean LOS for Patients Admitted With Multisystem Blunt Trauma as

a Function of Trauma Center Volume
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The differences represent the number of days by which the mean hospital length of stay (LOS) differs using
the lowest-volume institution as a baseline. These estimates are adjusted for New Injury Severity Score, age,
sex, Glasgow Coma Scale score, need for massive blood transfusion, and presence of shock on admission. Dashed
lines represent 95% confidence intervals for differences in mean LOS.

centers participating in the National Pe-
diatric Trauma Registry. In this analy-
sis, risk-adjusted mortality was lowest
in the moderate-volume centers. The au-
thors postulated that higher-volume cen-
ters functioned at a lower level because
of an overwhelming number of admis-
sions with minimal trauma. Finally,
there appeared to be no association be-
tween trauma center volume and out-
comes following an evaluation of trauma
centers in Pennsylvania.?> However, us-
ing a survival probability model, these
authors demonstrated normative out-
comes when individual surgeon vol-
umes approached 35 seriously injured
patients per year. Based on these stud-
ies and empirical data, the American
College of Surgeons Committee on
Trauma recommends that level I trauma
centers admit a minimum of 1200
trauma patients annually, of which 20%
should have an ISS of more than 15. Al-
ternatively, volume per surgeon should
exceed 35 patients per year with an ISS
of more than 15.° However, Cooper et
al,? in an evaluation of trauma center
volume and outcomes in New York
State, could not demonstrate any asso-
ciation between this and other volume
thresholds and mortality. Unfortu-
nately, the largest-volume center in that
study admitted approximately 350 pa-
tients per year with an ISS of more than

1170 JAMA, March 7, 2001—Vol 285, No. 9 (Reprinted)

15, a far lower number than that of most
of the centers participating in the cur-
rent analysis.

The current study offers several
methodological strengths and improve-
ments in design compared with prior
reports. By first modeling volume as a
continuous variable, we avoided the use
of arbitrary volume thresholds to cat-

- egorize trauma centers into volume

quartiles. This approach provides an es-
timate of the relative difference in out-
come at any particular volume com-
pared with the lowest-volume center
and suggests appropriate volume
thresholds for further analysis. In ad-
dition, we controlled for differences in
injury severity and patient demograph-
ics across centers, thus mitigating the
effects of potentially confounding vari-
ables. We also considered the possibil-
ity that the effect of volume on out-
comes may relate to the severity of
injury. In fact, there is no a priori rea-
son to believe that patients with mini-
mal trauma in whom mortality risk ap-
proaches zero would demonstrate a
mortality benefit from the resources of
a high-volume level I trauma center.
The geographic diversity of institu-
tions studied in this analysis provides
an additional benefit. Other studies
comparing institutions within the same
geographic locale may confound the re-
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lationship between volume and out-
comes in the form of selective referral
bias, in which volumes increase at a
given center because of improved out-
comes, rather than the converse. Due
to the urgent nature of trauma care, re-
ferrals and transfers across regions from
one level I trauma center to another are
extraordinarily rare. As a result, the vol-
ume of any particular center in this
analysis is not higher than the volume
in any other because of superior out-
comes, because these centers are not
competing for the same pool of pa-
tients. Finally, the relative consis-
tency in the volume threshold using 2
different (albeit homogeneous) co-
horts provides compelling evidence that
patients admitted to institutions above
this threshold do achieve a mortality
benefit from this level of experience.

There are several significant limita-
tions to this study. As volunteer par-
ticipants in the UHC Trauma Bench-
marking Study, all of the centers
function as level I or level Il academic
trauma centers, with a full comple-
ment of surgical residents and an ac-
tive teaching program. Furthermore,
because of their participation in the
UHC Benchmarking Study, these cen-
ters are committed to quality improve-
ment. For these reasons, their perfor-
mance may exceed those of other
trauma centers not participating in the
study. Similarly, all of the institutions
have reached a predetermined level of
quality by virtue of being designated by
either the American College of Sur-
geons or regional authorities. As a re-
sult, the volume thresholds reported
here might be higher than previously
reported to demonstrate benefit in ad-
dition to what might already be con-
sidered optimal care. Nevertheless, an
association between experience and
outcomes appears to exist even at this
level of quality.

The potential for poor interinstitu-
tional reliability in coding injury sever-
ity may represent an additional limita-
tion to this analysis. This phenomenon
could have important effects on our abil-
ity to adjust for risk differences across
centers and might account for the vary-

©2001 American Medical Association. All rights reserved.
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ing effects of institutional volume on
mortality in patients without coma. The
GCS is one of the most important pre-
dictors of mortality in blunt trauma pa-
tients. Unfortunately, it is also the least
reliable, particularly in patients who are
intubated or paralyzed.** It is possible
that lower-volume institutions tend to
underestimate GCS in patients with mi-
nor head injuries. Alternatively, lower-
volume institutions may have better out-
comes for patients with minor head
injuries, an effect due to a lesser de-
mand on resources; however, the down-
ward trend in the highest-volume insti-
tutions argues against this possibility.
Additionally, patients were ex-
cluded from their respective cohorts if
they had no vital signs at admission to
the emergency department. The state
of presentation may be altered by pre-
hospital care such that a patient whose
death is attributed to the care of one
center may be considered dead on ar-
rival at another, excluding them from
inclusion in the evaluable cohort. Fi-
nally, it is possible that patients trav-
eling long distances to receive defini-
tive care at a high-volume center may

TRAUMA CENTER VOLUME AND OUTCOMES

die en route and, thus, will not be con-
sidered a death attributable to these cen-
ters while those who survive are self-
selected, having already survived a
prolonged period of prehospital care.
These biases may be problematic if they
relate to trauma center volume. The ex-
tent to which this may impact our re-
sults cannot be assessed given the data
available.

In summary, these data provide fur-
ther support emphasizing the impor-
tance of regionalization of trauma care
and provide guidelines for estimating
the number of trauma centers per unit
population. The volume threshold of
approximately 650 cases per year with
an ISS of more than 15 may be diffi-
cult to attain in all but a few large met-
ropolitan areas. In this study, only 6
(20%) of 31 level I or level II trauma
centers exceeded this threshold.
Although these volumes may not be at-
tainable in most centers, these data sup-
port the hypothesis that greater expe-
rience leads to better outcomes. Trauma
care systems should ensure triage of the
most severely injured patients to rela-
tively few dedicated trauma centers.

Consideration should be given to con-
solidation of urban trauma programs to
maximize institutional volume. Fur-
ther work is needed to identify differ-
ences in process of care, the impact of
individual surgeon volume, the role of
fellowship training programs, trauma
research activities, and other factors that
may contribute to the observed out-
come benefit at high-volume trauma
centers.
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Pediatric and Neonatal Extracorporeal
Membrane Oxygenation: Does Center Volume

Impact Mortality?*

Carrie L. Freeman, MD, MA'; Tellen D. Bennett, MD, MS'; T. Charles Casper, PhD";
Gitte Y. Larsen, MD, MPH'; Ania Hubbard, MD'; Jacob Wilkes, BS*; Susan L. Bratton, MD, MPH!

Objective: Extracorporeal membrane oxygenation, an accepted
rescue therapy for refractory cardiopulmonary failure, requires a
complex multidisciplinary approach and advanced technology.
Little is known about the relationship between a center’s case vol-
ume and patient mortality. The purpose of this study was to ana-
lyze the relationship between hospital extracorporeal membrane
oxygenation annual volume and in-hospital mortality and assess if
a minimum hospital volume could be recommended.

Design: Retrospective cohort study.

Setting: A retrospective cohort admitted to children’s hospitals
in the Pediatric Health Information System database from 2004
to 2011 supported with extracorporeal membrane oxygenation
was identified. Indications were assigned based on patient age
(neonatal vs pediatric), diagnosis, and procedure codes. Average

*See also p. 726.
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hospital annual volume was defined as 0—19, 20-49, or greater
than or equal to 50 cases per year. Maximum likelihood estimates
were used to assess minimum annual case volume.

Patients: A total of 7,322 pediatric patients aged 0—18 were sup-
ported with extracorporeal membrane oxygenation and had an
indication assigned.

Interventions: None.

Measurements and Main Results: Average hospital extracorpo-
real membrane oxygenation volume ranged from 1 to 58 cases
per year. Overall mortality was 43% but differed significantly by
indication. After adjustment for case-mix, complexity of cardiac
surgery, and year of treatment, patients treated at medium-volume
centers (odds ratio, 0.86; 95% ClI, 0.75-0.98) and high-volume
centers (odds ratio, 0.75; 95% ClI, 0.63-0.89) had significantly
lower odds of death compared with those treated at low-volume
centers. The minimum annual case load most significantly associ-
ated with lower mortality was 22 (95% Cl, 22-28).

Conclusions: Pediatric centers with low extracorporeal membrane
oxygenation average annual case volume had significantly higher
mortality and a minimum volume of 22 cases per year was associated
with improved mortality. We suggest that this threshold should be
evaluated by additional study. (Crit Care Med 2014; 42:512-519)
Key Words: cardiopulmonary resuscitation; critical care;
extracorporeal membrane oxygenation; low-volume hospitals;
pediatrics; risk adjustment

#—{ vides prolonged partial cardiopulmonary bypass and
_L__Jhas been used for infants and children with severe car-
diopulmonary failure unresponsive to conventional therapy
since 1975 (1-3). More recently, this complex technology has
been successfully used emergently to rescue “failing” ECMO
deployment during cardiopulmonary resuscitation (E-CPR)
(4-6). Initial successful applications of ECMO were almost
exclusively among term neonates with pulmonary hyperten-
sion; however, ECMO has increasingly been used to support
older children and adults with both cardiorespiratory failure
and cardiac arrest (6-8). Practice in the United Kingdom has

"g""“i xtracorporeal membrane oxygenation (ECMO) pro-
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focused on regional ECMO referral centers while development
in the United States has not been centralized (7, 9).

There are numerous reports regarding increasing surgical
experience and center volume demonstrating lower mortality
in many high-risk surgical procedures (10-13). These obser-
vations led to recommendations regarding minimum volume
standards for some surgical procedures (12). The favorable
relationship between increasing volume and improved out-
come also exists for infants and children with some complex
conditions (14, 15).

Given that pediatric and neonatal ECMO are highly com-
plex medical-surgical endeavors, a reasonable hypothesisis that
center experience and volume may be associated with mortal-
ity. There are no large multicenter reports addressing pediatric
ECMO center volume and survival. We used a large adminis-
trative pediatric database to determine if after adjustment for
case-mix, center volume was associated with mortality. Our
hypothesis was that an inverse relationship existed between
ECMO center volume and mortality. Because applications of
ECMO are expanding among both children and adults, study
of this high-cost rescue therapy is increasingly important.

MATERIALS AND METHODS

Data Source
The Pediatric Health Information System (PHIS) database, a
multicenter administrative database with data from over 40
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children’s hospitals in the United States, was used. Participating
hospitals provide data on demographics, outcomes, diagnoses,
procedures, and charges using Clinical Transaction Classification
(CTC) codes for billed services (16, 17). Data are de-identified
centrally which qualified for exemption from human subjects
review by the University of Utah Institutional Review Board.

Patients

Patients admitted between January 1, 2004, and December 31,
2011, less than 18 years old, with an International Classification
of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM),
procedure code for ECMO (39.65) or CTC code for ECMO
(521181) were evaluated for inclusion.

Diagnosis Groups
Diagnostic categorization emulated categorizations used by
the Extracorporeal Life Support Organization (ELSO) ECMO
indications (Fig. 1). See details of the diagnostic categoriza-
tion in Appendix 1 (Supplemental Digital Content 1, http://
links.lww.com/CCM/A754). Seven diagnostic categories were
defined: congenital diaphragmatic hernia (CDH), neonatal
or pediatric respiratory failure, neonatal or pediatric cardiac
disease, and neonatal or pediatric cardiac arrest. Available
data could not distinguish a cardiac arrest prior to initiation
of ECMO from an ongoing arrest when starting ECMO (i.e.,
E-CPR). All patients with a cardiac arrest were classified as
neonatal or pediatric cardiac arrest regardless of other diag-
nosis codes except for CDH

Ggure 1. Flowchart of Cohoh

Neonatal Cardiac Arrest (Neo CA)
Neonatal Cardiac Disease (Neo CD)
Pediatric Respiratory Failure (Ped RF)

presumed
data error
-364

as cardiac arrest in this group
is rarely the indication for

, 8014 ECMO (4).
Abbreviations: Exclusion
Neonatal Respiratory Failure (Neo RF) ofone
Congenital Diagphragmatic Hernia PHIS i
s Lo | hoapit: Study Variables

The primary outcome was in-
hospital mortality and primary
exposure was annual hospi-

Pediatric Cardiac Disease (Ped CD)
Pediatric Cardiac Arrest (Ped CA)

Pediatric Other (Ped Other)
Wnatal Other (Neo Other)

J

tal ECMO volume. Covariates
included demographics, year
of admission, and ECMO
indication. Risk Adjustment
for Congenital Heart Surgery
(RACHS-1) was used to adjust
for complexity of cardiac sur-

NeoRF |[ cpH || Neoca |[NeocD [PedRF pedCD |[ Pedca gical repair as mortality is
1220 1024 972 1121 905 860 1218 increased for patients with
single ventricle physiology
after both cardiac surgery and
Excluded N E-CPR (18-20).

Ped ( Neo Hospital Variables
Other Other We created an average annual
-290 -38 ECMO volume for each hospi-

tal over the study period using

Figure 1. Flowchart of cohort inclusions, exclusions, and diagnostic categorization. PHIS = Pediatric Health Infor-
mation System, Neo RF = neonatal respiratory failure, CDH = congenital diaphragmatic hernia, Neo CA = neona-
tal cardiac arrest, Neo CD = neonatal cardiac disease, Ped RF = pediatric respiratory failure, Ped CD = pediatric
cardiac disease, Ped CA = pediatric cardiac arrest, Ped Other = pediatric other, Neo Other = neonatal other.
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quarterly data and averaged to
cases per year. Empirically, hos-
pital volume was categorized as
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low, medium, or high, that is, 0-19, 20-49, and greater than
or equal to 50 average ECMO cases per year based on clinical
assessment, respectively. Average annual ECMO volume was
also evaluated continuously.

Subgroup Analysis

Two additional diagnostic categories, respiratory syncytial virus
(RSV) bronchiolitis and stage 1 palliation in hypoplastic left
heart syndrome (HLHS), were created due to their consistent
coding to evaluate homogenous groups (Appendix 1, Supple-
mental Digital Content 1, http://links.lww.com/CCM/A754).

Statistical Analyses

Statistical analyses were performed using SPSS 18.0 (SPSS,
Chicago, IL) and the R Language and Environment (21). Cat-
egorical data were compared using the chi-square test and con-
tinuous data using the Wilcoxon rank sum test; p value less than
0.05 was considered significant. Multivariable logistic regres-
sion was used to evaluate ECMO volume and hospital mor-
tality. Center case-mix was adjusted for indication for ECMO
which included age, ECMO support year, and RACHS-1 scores
for classified congenital cardiothoracic procedures.

We also sought to evaluate a potential “cut point” for mini-
mal annual ECMO volume associated with improved survival
using a maximum likelihood approach. This approach is based
on the assumptions that such a cut point exists and patients at
centers falling on the same side of the cut point have the same
chance of survival. A likelihood was calculated for each pos-
sible cut point and the optimal point was chosen as the value
providing the highest likelihood. To assess the precision of the
cut point estimate, a CI was calculated using a nonparametric
bootstrap method (22).

RESULTS

Seven thousand three hundred twenty-two children meeting
study criteria underwent ECMO support from 2004 to 2011.
Children’s hospitals within this cohort performed an average of
1 to 58 ECMO cases per year. Overall in-hospital mortality was
43%. Comparing patients who survived with those who died
(Table 1), there were significant differences related to patient
age, indication for ECMQ, year of ECMO support, length of
stay, and treating hospital ECMO volume. Fifteen hospitals
were categorized as low-volume centers, 22 as medium-volume
centers, and three as high-volume centers representing 16%,
69%, and 15% of the patient cohort, respectively.

Table 2 describes patient characteristics by ECMO volume
category. Overall mortality was significantly higher at low-vol-
ume centers (47%) compared with medium- and high-volume
centers (42% and 41%) (p = 0.01). However, the indication for
ECMO also differed significantly by center volume categories,
with more cardiac disease patients in the low ECMO volume
group and more cardiac arrest cases treated at high-volume
centers, whereas neonatal respiratory cases were more com-
mon at low- and medium-volume centers. ECMO indications
by patient age groups (neonatal vs older children) are high-
lighted in Table 2.
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After adjusting for these potential confounders, sig-
nificantly higher mortality persisted at low-volume centers
compared with medium- (odds ratio [OR], 0.86; 95% CI,
0.75-0.98) and high-volume centers (OR, 0.75; 95% CI,
0.63-0.89) (Table 3). Age was included within indication for
ECMO as neonatal versus older patients. A second logistic
regression model including average center volume as a con-
tinuous variable found that for each additional 10 patients
per vear, the odds of mortality decreased 5% (OR, 0.95; 95%
CI, 0.92-0.98).

Subgroup Analysis

Because of concern regarding potential misclassification of
ECMO indication, a subset of patients who had consistent
ICD-9-CM procedure and diagnosis coding was evaluated.
CDH (n = 1,016), HLHS with stage 1 palliation surgery
(n = 522), and patients with RSV bronchiolitis (# = 217)
were identified using the ICD-9-CM procedure and diag-
nosis codes described in Appendix 1 (Supplemental Digital
Content 1, http://links.lww.com/CCM/A754). Table 4 shows
this subset and compares mortality by center volume. In-
hospital mortality differed by indication and was 54% for
CDH, 31% for RSV, and 62% for HLHS undergoing stage
1 palliation. A similar multivariable analysis of this subset
adjusting for primary diagnosis as well as presence of a car-
diac arrest and year of treatment found that patients treated
at both medium and high ECMO volume centers had signifi-
cantly lower odds of mortality (OR, 0.74; 95% CI, 0.56-0.98
and OR, 0.59; 95% CI, 0.42-0.83, respectively) compared
with low-volume centers.

Finally, we evaluated center average annual ECMO volume
and unadjusted mortality (Fig. 2). Evaluating death and the
annual ECMO volume at each center, the maximum likelihood
estimate of the optimal cutoff for volume was a minimum of
22 ECMO cases per year. An identical result was found when
risk factors were included in logistic regression models. This
was also the cutoff that produced the most significant differ-
ence between high- and low-volume centers (p = 0.00001). We
found no evidence that the model assumptions were violated.
The 95% bootstrap CI, from both univariate and multivariate
models, was 22-28 average annual cases.

DISCUSSION

In this large retrospective multicenter database, we found that
ECMO centers caring for fewer than 20 ECMO cases annu-
ally had significantly higher case-mix adjusted mortality than
centers with larger ECMO volume. Centers had wide varia-
tion in application of ECMO by indication as well as length of
stay. However, when defining indications in a manner similar
to ELSO and using a subgroup analysis, we continued to find
a survival benefit for infants and children treated at medium
to large ECMO volume centers compared with those treated
at smaller centers. There was no significant difference in mor-
tality between the medium- and high-volume centers. ECMO
requires complex coordination of multiple providers to deliver
care. Logically such care would appear sensitive to case volume;
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TABLE 1. Patient Demographics and Extracorporeal Membrane Oxygenation Center
Volume Comparing Pediatric Survivors With Nonsurvivors

Survivors Nonsurvivors
n=4,191 n=3,131
Variable n (%) n (%)
Age < 0.001
0-7d 2,342 (66) 1,760 (56)
8-30d 1566 (4) 156 (5)
31-36b6d 721 (17) 494 (16)
1=10yr 663 (16) 4392 (14)
>10yr 309 (7) 289 (9) 0.883
Male 2,341 (66) 1,741 (56)
Race < 0.001
Black 814 (19) 453 (1b)
White 1,988 (47) 1,493 (43)
Hispanic 656 (16) 479 (1B)
Asian 91 (2 78 (3)
Other 518 (12) 449 (14)
Unknown 124 (3) 186 (B)
Insurance 0.156
Public 2,122 (51) 1,679 (60)
Private 1,417 (34) 1,120 (36)
No insurance 87 (2) 63 (2)
Other 411 (10) 259 (8)
Unknown 164 (4) 110(4)
Length of stay (d)* 38 (21, 66) 19(8,19) <0001
Indication for ECMO <0001
Neonatal respiratory failure 986 (24) 236 (8)
Congenital diaphragmatic hemia 475 (11) 549 (18)
Neonatal cardiac arrest 417 (10) 555 (18)
Neonatal cardiac disease 530 (14) 531 (17)
Pediatric respiratory failure 511 (12 394 (13)
Pediatric cardiac arrest 636 (15) 582 (19)
Pediatric cardiac disease 576 (14) 284 (9)
Year of ECMO 002
2004-2007 1,868 (44) 1,473 (47)
2008-2011 2,333 (566) 1,668 (63)
Center volume (average ECMO cases/yr) 0.01
Low (0-19) (15 hospitals) 619 (15) 539 (17)
Medium (20-49) (22 hospitals) 2,909 (69) 2,137 (68)
High (= 50) (three hospitals) 663 (16) 455 (15)
ECMO = extracorporeal membrane oxygenation.
2Data presented as median (interquartile ranges).
Critical Care Medicine www.ccmjournal.org 515
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(Characteristic

Overall mortality 539 (47)

Neonatal ECMO (< 31 d) n=682 (59)
Indication for ECMO n (%)
Respiratory failure 188 (28)
Congenital diaphragmatic hernia 153 (22)
Cardiac disease 202 (30)
Cardiac arrest 139 (20)
Neonatal mortality 320 (47)
ECMO year
2004-2007 370 (54)
2008-2011 312 (46)
Length of stay (d) 32(16,62)
Pediatric ECMO n=476 (41)
Indication for ECMO n (%)
Respiratory failure 159 (33)
Cardiac disease 120 (25)
Cardiac arrest 197 (41)
Pediatric mortality 219 (468)
ECMO year
2004-2007 211 (44)
2008-2011 265 (56)
Length of stay (d)? 23 (9, 47)

TABLE 2. Patient Characteristics by Center Extracorporeal Membrane Oxygenation Volume

T

n=50: . n=t118
2,137 (49) 455 (41)
n= 23,050 (60) n=607 (54)
n (%) n (%) < 0.001
885 (29) 149 (25)
724 (24) 147 (24)
792 (26) 127 (21)
649 (21) 184 (30)
1,292 (42) 259 (43) 0.09
0.001
1,459 (48) 268 (44)
1,591 (52) 339 (56)
31 (17 58) 31 (16,60) 0.67
n= 1996 (40) n=>511(46)
n (%) n (%) 0.1
580 (29) 166 (33)
603 (30) 137 (27)
813 (41) 208 (41)
845 (42) 196 (38) 0.05
0.08
797 (40) 226 (44)
1,199 (60) 285 (566)
28 (11, 56) 26 (13, 47) 0.04

ECMO = extracorporeal membrane oxygenation.

however, this is the first large evaluation of case-mix-adjusted
pediatric ECMO volume and mortality.

Numerous studies have suggested an inverse relationship
between surgical volume and mortality (12, 23). Bucher et al
(14) describe the positive impact of volume on in-hospital
mortality in infants with CDH also using the PHIS database.
Several reports found an association between small surgi-
cal volume and increased mortality (15, 24, 25). In addition,
recent reports have found an increasingly complex relationship
with decreased mortality overall and the greatest difference in
survival shown in the most complex conditions (26, 27). ELSO
does suggest that ECMO centers perform a minimum of six
ECMO cases annually (28); however, this is based on expert
opinion.

For our study, ECMO indications were based on diagnosis
codes and age as PHIS does not have data regarding specific
indication for ECMO. Centers differed both in annual case
volume and case-mix. Survival with ECMO support differs by
indication for cardiorespiratory failure with the lowest mortal-
ity among neonates with respiratory failure and substantially
516
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higher mortality for patients with cardiac failure after surgery
for congenital heart disease, cardiac arrest, and E-CPR (29~
35). The recent 2012 ELSO international report of infants with
CDH treated from 2004 to 2011 had an average annual sur-
vival of 46% mirroring our results (36). Likewise, patients with
pediatric respiratory failure requiring ECMO had the same
average annual survival, 56%, echoing the in-hospital mortal-
ity of our cohort with similar diagnoses (29). Sherwin et al (32)
found a 69% mortality after stage 1 palliation in patients with
HLHS supported by ECMO, which is similar to our subgroup
analysis mortality (62%) that included cardiac arrest patients
who may be classified as E-CPR cases in ELSO (19). Our neo-
natal cardiac arrest survival was 43% and pediatric cardiac
arrest survival was 52%, which are similar to recent survival
reported with E-CPR (44-47%) (33-35).

The post hoc analysis for an annual volume threshold of 22
cases is substantially greater than the ELSO recommendation
of six cases per year. The PHIS hospitals are predominately
large freestanding U.S. Children’s Hospitals and likely are not
representative of all ECMO centers. Furthermore, information
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TABLE 3. Center Volume and Mortality Risk
Model

95% Cl

Center volume

Low 1 Reference group
Medium 0.86 0.756-0.98
High 0.75 0.63-0.89

Indications for extracorporeal membrane oxygenation

Neonatal respiratory failure 1 Reference group
Congenital diaphragmatic 494 4.09-5.96
hernia
Neonatal cardiac disease 4.09 3.32-5.03
Neonatal cardiac arrest 621 4.97-776
Pediatric respiratory failure 3.28 2.70-3.99
Pediatric cardiac disease 264 2.04-3.16
Pediatric cardiac arrest 450 3.71-5.46

Years treated
2004-2007 1 Reference group

2008-2010 0.86 0.78-0.95
OR = odds ratio.
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regarding the ECMO program structure at each hospital is not
available. Some institutions have a centralized unit and medi-
cal supervision for patients on ECMO, whereas others offer
ECMO in several different locations and medical supervi-
sion ranges from a core group to inclusion of all critical care
physicians. Unfortunately, evaluation of whether survival is
affected by only hospital volume versus provider volume and/
or specific ICU (i.e., neonatal vs pediatric vs cardiac) volume
was not possible. The consistent association of higher mortal-
ity at small volume centers should be validated by additional
study. However, our findings lend support to the regionalized
approach used in the United Kingdom although there is poten-
tial risk in transporting these critically ill ECMO patients.

Our study is limited by the retrospective and observational
nature of the data and that many ECMO specific data were
not prospectively collected. When using ICD-9-CM codes,
many patients have overlapping codes and we chose to devise
rules for diagnostic indications that mirrored definitions used
in the ELSO registry to enable comparison. Our method cer-
tainly misclassifies some cases; however, our data regarding
survival by indication are generally similar to other reports.
For instance, neonates sometimes had respiratory codes
appropriate for older ages; therefore, assumptions were nec-
essary regarding age. However, analysis of a subset of pediat-
ric patients with CDH, RSV, and HLHS (more clearly defined
diagnoses), despite a smaller number in the cohort, found

TABLE 4 Subgroup Analy5|s of Mortahty and Center Volume

- Congemtal . Resplratory
Dlaphragmatlc o Syn« e Syndrome Stage 1
' Hernia . : . Palliation ‘
nosz
- e .
Age? (d) V(SR 30 (1,654) 00,1 < 0.001
Male 596 (59) 136 (63) 305 (58) 0.52
Year of extracorporeal membrane oxygenation 0.01
2004-2007 500 (49) 81(37) 245 (47)
2008-2011 516 (51) 136 (63) 277 (63)
Cardiac arrest 86 (9) 7131 303 (58) < 0.001
Mortality 544 (54) 90 (42) 321 (62) < 0.001
In-hospital mortality by center volume p=0.26 p=0002 p=053
Low n=1562 n=34 n=67
Number of deaths, n (%) 87 (57) 23 (68) 45 (87)
Medium n="718 n=132 n=366
Number of deaths, n (%) 387 (64) 48 (39) 224 (61)
High n=146 n=260 n=289
Number of deaths, n (%) 70 (48) 19 (32) 592 (58)
2Data presented as median (interquartile ranges).
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