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Volume and outcome in coronary artery bypass graft surgery: true
association or artefact?

Amanda J Sowden, Jonathan J Deeks, TrevorA Sheldon

Abstract
Objectives-To examine the evidence for a

relation between volume of coronary artery bypass
graft surgery and hospital death rates, and to assess
the degree to which this could be due to confounding
because ofdifferences in case mix.
Subjects-People receiving coronary artery by-

pass graft surgery in the United States.
Design-A systematic review of empirical studies

examining the relation between volume and outcome
of coronary artery bypass graft surgery. Studies
were scored according to degree of adjustment for
case mix. Above 200 procedures a year was regarded
as high volume.
Results-Fifteen studies were identified, all of

which used observational data from the United
States for 1972-92. Six were included in the analysis,
one was included in a sensitivity analysis, and eight
were excluded because of duplicate analyses of data
sources and methods of reporting results. The seven
studies analysed reported a reduced mortality with
increased volume. Studies with better adjustment
for case mix, however, indicated less reduction in
mortality with increased volume (P=0.04). The
apparent advantages of higher volume also
decreased over time (P< 0.001).
Conclusions-The evidence for reduced mortality

in hospitals with a high volume of coronary artery
bypass graft surgery is based entirely on observa-
tional studies. These studies may have over-
estimated the benefit ofincreased volume because of
poor adjustment for case mix. It signals the need for
caution in interpreting the results of observational
studies that examine the relation between volume
and outcome.

Introduction
There has been considerable interest over recent

years in the concentration of health care services into
larger units. This reflects both a concern to exploit
perceived economies of scale and a belief that the
delivery of care in larger specialist units will improve
quality by increasing volumes of activity. I

Much research has been carried out to compare
outcomes (principally mortality in hospital) in units
with different volumes of activity.2 Most of these
studies have used data from routine administrative or
clinical databases in the United States. It has been
assumed that units with higher death rates provide
poorer quality care.3
One of the major problems with such routine

observational data is that differences in outcomes from
various units might be due to differences in case mix
between the units.4 Differences in case mix may reflect
factors such as age, demographic characteristics,
severity of the primary diagnosis, and complexity of
comorbidities.

In other words because such studies are observa-
tional rather than experimental they are susceptible to
confounding.5 Because of potential confounding it is
difficult to attribute differences in mortality to
characteristics of care such as volume of activity. For
example, it might be that patients receiving a pro-
cedure in a high volume facility are less severely ill than
those referred to smaller centres. In this case, differ-
ences between outcomes in terms of patients' health
across units will overestimate the advantages of larger
units. Statistical adjustment to control for the effects of
confounding can improve the reliability of estimates of
the effect of treatment, though it is uncertain how
adequately confounding factors have been taken into
account.6 Another concern arises from inaccuracies
and omissions in retrospective discharge data.
Organised prospective collection of risk factors is
probably both more reliable and complete and will lead
to better risk adjustment.

If volume effects are real it is unclear as to what this
actually means and whether changes in hospital
volumes will directly lead to reductions in mortality. It
is also uncertain whether volume effects are constant or
change over time as (say) new procedures become more
widely adopted. We assessed the degree to which the
reported relation between volume of activity and
mortality may be an artefact which reflects differences
in case mix and thus be affected by the extent of
adjustment.
We used coronary artery bypass graft surgery as it

has been extensively studied, and there is also wide
variability in the adjustments made for case mix. It is a
technique which has been widely adopted since it was
first described in 1967, and there has been a steady
decline in overall mortality for this type of surgery over
the past 20 years.7' There are also independent reports
which identify those patient factors that accurately
predict survival. Theoretically a significant yet spurious
relation could thus be reported because of inadequate
adjustment for risk ofmortality or case mix.
Two recent studies have identified preoperative risk

factors which predict postoperative mortality.9 10

Included are age, sex, previous open heart operations,
ejection fraction, diabetes, previous myocardial
infarction, dependence on dialysis, "disasters,"
cardiac catheterisation, unstable angina and intract-
able congestive heart failure, emergency procedure,
creatinine concentrations over 168 mmol/l, severe left
ventricular dysfunction, chronic pulmonary disease,
previous vascular surgery, second or subsequent
operation, and mitral valve insufficiency. Clinical
severity scores based on this type of detailed clinical
information have been shown to be good predictors of
mortality and useful in the comparison of the perform-
ance of different hospitals." It has also been shown that
good adjustment with clinical data from specialised
databases can produce similar results to those of
randomised controlled trials."
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Methods
The literature was reviewed to identify studies

which examined the relation between volume of
surgery and outcome in patients. The review was based
on a search of Medline (from 1985 to 1994) and of
the Science Citation Index on the Bath Information
and Data Service (BIDS) (from 1993 to 1994). The
reference lists of identified articles were also searched.
Key relevant journals (Medical Care) were also hand
searched from 1971 to 1994.
Data from each study were extracted by using the

cut off point closest to 200 procedures a year to define
high and low volume hospitals. A figure of 200 was
used as it was the only cut offpoint that was common to
all studies and thus allowed comparison between the
results. In addition, several authors have suggested
that there is a threshold of about 200 such procedures
a year. I3
One study, in which it was unclear how the cut off

points related to hospital volume, was excluded from
the main analysis but was included in a sensitivity
analysis. Studies in which volume had been analysed as
a continuous rather than categorical measure were
excluded from the analysis as it was not possible to
extract the required data.

Care was taken not to include data from the same
source and time period more than once. Where
duplication was possible but not clear from the
published study the authors were contacted for
clarification.
Numbers of patients and adjusted mortalities were

extracted from each study along with the variables used
to adjust for patient mix. In some studies the expected
rather than adjusted death rates were presented. In
these instances the crude death rate was retained for
the high volume group while the low volume mortality
was adjusted by multiplying by the ratio of the
expected death rates in the high volume compared with
the low volume group.
Each study was given a score from 0 to 3 indicating

the adequacy of adjustment based on the evidence of
prognostic factors discussed above (table 1). The
assessor was blind to the results of each study when the
scores were assigned. The estimates of benefit associ-
ated with higher volume (odds ratio) for each study
were plotted against the degree of adjustment used in
the study on the four point classification. This was
repeated for the year of study.

TABLE I-Scoring of adjustment for case mix in the coronary artery
bypass graft studies

Adjustment
score Criteria

0 No adjustment for case mix
1 Adjustment for age, sex, and whether patients had

multiple diagnoses
2 Adjustment for age, sex, and nature of other heart

and medical conditions as described in discharge
abstracts

3 Adjustment for age, sex, and nature of other heart
and medical conditions as described in clinical
databases

A statistical model was developed to investigate
whether there was a systematic change in the estimates
of the volume effect as the degree of adjustment for
patient mix was improved and also as the year of data
collection increased. Logistic regression was used to
model the reported risks of death in high (> 200) and
low (- 200) volume hospitals in each study. A co-
variate indicating high and low volume was included to
estimate the effect of volume on mortality. All models
also included a covariate for each study, so that volume
effects were estimated on the basis of pooled compari-
sons within studies.

Logistic regression conveniently allows effects

between and within studies to be modelled, together
with their interaction terms. Whitehead and White-
head discussed regression models as a method of
investigating possible explanations of "treatment
interactions" (heterogeneity in treatment effects
between studies) in meta-analysis.'4 They proposed
estimating covariate-treatment interactions, where the
covariates are study features, such as characteristics of
the subjects or study design, which vary between the
studies. Thompson, for example, used a logistic
regression model to investigate the effect of differences
in the follow up periods in meta-analysis of trials of
reductions in serum cholesterol concentration."5
The model presented in this paper included inter-

action terms which measured the modification of any
volume effect according to the degree of adjustment for
case mix and the modification of any volume effect
related to the year of data collection. It is these
interaction terms which are of primary interest in the
analysis.
The statistical models were initially fitted to data

from the six studies with the division of high and low
volume near 200 cases a year. The simplest model
estimated the change in the odds of death in high
compared with low volume hospitals (model A). This
estimate gives the effect of volume averaged over the
six studies. The interaction of the adjustment score for
case mix with volume was added to this model. The
adjustment score was treated as a linear trend in the
interaction (model B). A similar model was fitted
which included an interaction term with year (model
C). Overdispersion (residual heterogeneity) was
accounted for in the models by appropriately scaling
the standard errors (see appendix).' The significance
of the estimates and their confidence intervals were
calculated by using scaled standard errors. The
statistical analysis was performed with GLIM
statistical software.'7
Data from the study that used a cut off point which

could not be directly linked to hospital volumes were
included in a sensitivity analysis. The models were
refitted to the data from all seven studies and changes
in parameter estimates and significance levels were
examined to investigate the robustness of the findings.

Results
Fifteen studies were identified that examined the

relation between volume and outcome in coronary
artery bypass graft surgery (table II and III).7-9 13 18-28 All
studies used observational data from the United States.
Several studies used data from the same source and
time period (table II), and the data were included only
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FIG 1-Estimated effect on mortality of high volume hospital compared
with low volume hospital by degree ofadjustmentfor case mix
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TABLE II-Studies included in review

Adjusted* Adjusted*
mortality in odds ratio for
low volume mortality in high

Cut offpoint hospitals (95% Adjustments made for v low hospitals
Years used to define confidence confounding Adjusted* no of (95% confidence

Study Data source used low volume interval) (adjustment score) No ofhospitals deaths/no ofpatients interval)

Studies included in main analysis

Maerki etal 19861' CPHA 1972 215 5 5% Age, sex, and single or Lowvolume: 109 Lowvolume: 246/3619 0 44 (0-29 to 0 65)
discharge abstracts (5-2% to 5 70/o) multiple diagnosis, admission High volume: 5 High volume: 28/905

blood pressure (1)
Luftetall979" CPHA 1974-5 200 70% Age, sex, and single or multiple Low volume: 157 Lowvolume: 1089/19098 0-58 (0-52 to 0-65)

discharge abstracts (644% to 77%) diagnosis (1) High volume: 25 High volume: 518/15232
Rosenfeld etal 19871t CPHA 1982 150 49% No adjustments made (0) Lowvolume: 109 Low volume: 125/2508 064 (0-53 to 077)

discharge abstracts (4-6% to 5 40/,) High volume: 5 High volume: 875/26980
Showstack et al 1987"' CHFC 1983 200 4-8% Sex, age, ethnic group, and Low volume:35 Lowvolume: 157/3797 0-83 (069 to 099)

discharge abstracts (4 4% to 5-2%/) presence of acute myocardial High volume: 42 High volume: 539/15189
infarction, congestive heart failure,
cardiac catheterisation, and
coronary angioplasty (2)

Hannan etal 1989"1 New York State 1986 223 6-0% Age sex, whether admission was Lowvolume: 10 Lowvolume: 86/1530 0 74 (0-58 to 0-94)
discharge abstracts (555% to 6-7%/6) scheduled or unscheduled, disease High volume: 17 High volume: 347/8244

condition or stage, number of
secondary diagnoses, codiagnosis
of cancer, and whether valve or
aneurysm surgery was also
performed (2)

Hannan et al 1994' New York State 1989-92 200 4-8% Age, sex, coronary heart disease, Low volume: 4 Low volume: 71/1850 0-84 (0-66 to 107)
CSRS prospective (4 4% to 5-1%) high grade stenosis, ischaemia, High volume: 26 High volume: 1779/54742
clinical data unstable angina, ejection fraction,

previous myocardial infarction,
preoperative intraaortic balloon
pump, congestive heart failure,
"disasters," diabetes, morbid
obesity, chronic obstructive
pulmonary disease, dependence
on dialysis, previous open heart
surgery (3)

Studies included in sensitivity analysis
Riley and Lubitz 1985"0 20% Sample of 1979-80 19 (not inflated 6-5% No adjustments made (0) Total: 909 Lowvolume: 313/4658 0-83 (0-65 to 1-07)

elderly beneficiaries from the 20% (5 7% to 72-2%) High volume: 85/1499
ofMedicare sample)

*Different adjustments were made between studies as indicated above. CPHA=Commission on professional and hospital activities, Ann Arbor, Michigan.
tData presented for 1972 and 1982. Only data for 1982 are included as data for 1972are CHFC=California health facilities commission.
included in study by Maerki et al."' CSRS=Cardiac surgery reporting system, New York State.

TABLE IiI-Studies excludedfrom review

Study Data source Years used Reason for exclusion

Rosenfeld et al 1987'* CPHA 1972 Same data source as Maerki et al 19862'
Luft et a) 198723 CPHA 1972 Volume categorisations are not clear. Same data

source as Maerki et a) 19862
Luft 198029 CPHA 1974-5 Analysis presented as a regression model. Same data

source as Luft et a) 1979"I
Sloan et a) 198622 CPHA 1972-81 Volume categorisations are not clear. Same data

source as Maerki et a) 19862' and Luft 197918
Hughes et a) 198724 CPHA 1982 Analysis presented as regression model. Same data

source as Rosenfeld et at 19877
Zelen et a) 199127 New York State 1986 Same data source as Hannan et a) 198926
Hannan et a) 1991 9 New York State 1989 Same data source as Hannan et a) 19948
Farley and Ozminkowski HCUP 1980-7 Analysis presented as regression model
199228
Williams et a) 199123 Philadelphia's 1985-7 All hospitals were high volume (> 200 cases a year)

medical schools

*Data presented for 1972 and 1982. Data for 1972 are excluded as they are included in study by Maerki et al.2
CPHA: Commission on professional and hospital activities, Ann Arbor, Michigan.
HCUP: Hospital cost and utilisation project, division of provider studies in the Agency for Health Care Policy and
Research.
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FIG 2-Estimated effect on mortality ofhigh volume hospital compared
with low volume hospital byyear ofdata collection

once for each set of studies.78 18 20 21 25 26 A further study
was excluded as all hospitals performed more than 200
procedures a year. This study, which compared only
five hospitals found no significant relation between
volume and outcome.'3

Hospital discharge abstracts were the main data
source for all studies. The prognostic variables
controlled for in these 15 studies varied from simple
age and sex to some clinical risk factors. There were
large differences between the numbers of hospitals and
patients included in the studies and between categories
of volume (table II). The cut off points used to define
high and low volume varied between 150 and 223 cases
a year. One study presented data on a 20% sample of
elderly beneficiaries of Medicare.20 As it was unclear
how these volumes of patients related to hospital
volumes the results of this study were included in the
sensitivity analysis.

All of the studies included in the analysis reported a
positive relation between volume and outcome, with
five of the seven showing this result as significant (one
being included in the sensitivity analysis). Of the three
studies which included volume of physicians, one
found a positive relation between volume and out-
come26 and two did not."3 24

Figure 1 shows the estimates of the benefit (odds
ratios of mortality) associated with carrying out more
than 200 procedures a year compared with fewer than
200 procedures a year for each study plotted against the
four point adjustment scale for case mix. The blocks
indicate the estimate of the odds ratio, and their size
relates to the size of the study. As can be seen studies
with adequate adjustment for case mix have higher
odds ratios and so lower estimates of the benefit of high
volume. Figure 2 repeats this for year of study.

Table IV gives details of the statistical modelling of
these trends. Model B shows that the interaction term
between volume and the degree of adjustment is
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TABLE iv-Statistical modelling of trends depending on adjustment for
volume oryear, or both

Odds ratio
Model (95% confidence interval) P value

Model A:
Volume 0-66 (0 57 to 0-75) <0-001

Model B:
Volume (when adjustment=0) 0 54 (0-44 to 0 67) <0-001
Adjustment-volume interaction 1-15 (1-01 to 1-32) 0-04

Model C:
Volume (when year= 1972) 0 54 (0-48 to 0 61) <0-001
Year-volume interaction 1-03 (1-01 to 1-04) <0-001

significant and greater than one. This means that, as
the degree of adjustment for case mix increases, the
estimate of the advantage of increased volume is
significantly diminished. Model C shows that year is
also related to the estimate of the volume effect: recent
studies have found weaker effects of volume than the
early reports. Baseline risk was added as an explana-
tory variable but did not materially alter the estimate of
the adjustment-volume interaction. The degree of
adjustment for case mix has improved with time, and
so year and adjustment variables are highly correlated
(Spearman's rank correlation coefficient=0-79: n=6;
Pl<0 1).

Discussion
APPARENT BENEFIT DECREASES WITH ADJUSTMENT FOR
CASE MIX

These results indicate that even though most of the
studies have suggested a positive relation between
volume and outcome this might be confounded by
differences in case mix between high and low volume
hospitals. The analysis indicates that there is a signifi-
cant association between the degree of adjustment in
volume-outcome studies and their reported effect of
volume on mortality. In the main analysis the odds
ratio associated with treatment in high rather than low
volume hospitals changed from 0 54 to 0-84 as the
adjustment changed from a score of 0 to a score of 3. In
other words, as the degree of adjustment is increased
the estimated net beneficial effect of increased volume
is reduced (odds ratio moves nearer to 1).
This relation could not be explained by looking at

differences between studies in the baseline risk in low
volume units. The inclusion of an additional study
which used different definitions of high and low
volume weakened the apparent relation with case mix
but not with year. It is unclear whether more extensive
and detailed adjustment for the effects of case mix
would further reduce or indeed increase this effect as
such data are not available.
The overdispersion evident in models A and B

indicates unexplained heterogeneity between the
studies, which suggests that there may well be other
factors accounting for the apparent effect ofvolume on
hospital mortality. The analysis presented here has
been restricted by the amount of available data. In
addition linear trends have been assumed, but in the
absence ofmore studies the form of the relations could
not have been explored in more detail.

APPARENT BENEFIT DECREASES OVERTIME

The analysis also showed that the size of the
estimated benefit of high volume reduced over time. If
the year of study was treated as a linear trend in the
logistic analysis the odds ratio associated with treat-
ment in high rather than low volume hospitals changed
from 0 54 in 1972 (the earliest data included) to 0-95 in
1991 (the most recent data included).

It is not possible to determine the relative import-
ance of the adjustment for effects of case mix and year;
both may be working at the same time. Large volume

hospitals may achieve their high rate of activity by
lowering their threshold for treatment and operating
on patients who are less severely ill. At the same time,
general experience of coronary artery bypass surgery is
increasing and surgeons as a whole might have
advanced along the learning curve, so reducing earlier
apparent differentials.
These results are based on comparisons between

studies, but several of the reports contain comparisons
within studies which support the between study
findings. One study contained data from both 1972 and
1982 and showed that the volume effect decreased
throughout the decade.7 Five studies presented both
crude and adjusted rates: three studies with low
adjustment scores showed no or relatively small
reductions in the volume effect with increased adjust-
ment.' 18 21 Two of the analyses of the New York State
data, however, found that adjustment actually
increased the estimated volume effect.926 In these
studies few patients were treated in low volume
hospitals and so were given low weights in the analysis.
This analysis is based exclusively on published

studies which have examined the relation between
volume and mortality. As with all reviews, the analysis
might be subject to publication bias, where, for
example, researchers finding no relation after adjust-
ing for case mix might not submit for publication.29
In as much as there may be publication bias the
results presented in this paper are likely to under-
estimate the impact of variability of adjustment for
case mix.
There have been several recent reviews of the

literature exploring the relation between volume and
outcome.3"" One review focused entirely on the
volume-outcome relation in coronary artery bypass
graft surgery.34 Although the issue of case mix and
other possible sources of confounding have been
noted, usually they are ignored when conclusions are
drawn from the literature. This paper is possibly the
first published attempt to analyse the possible size of
these biases by estimating the effect of increasing the
adequacy of adjustment.

VOLUME EFFECT OFTEN ASSUMED BY POLICY MAKERS

Our finding is of importance to both researchers and
policy makers. A positive relation between volume and
outcome seems to have been assumed by many policy
makers and used to justify the concentration of health
care delivery into larger units. For example, in the
Netherlands coronary artery bypass graft surgery has
been regionalised by regulation.'4 A hospital must
obtain a licence to carry out this procedure, after which
a minimum of 600 procedures a year must be
performed.
There are several problems in the interpretation of

research, such as deciding the direction of any causal
relation-whether volume affects quality or whether
better units and clinicians attract more patients."'6
There is little evidence about the degree to which any
volume advantages operate at the hospital or the
clinician level,'337 and the results of studies examining
the effect of volume of surgeons are contradictory and
complex.'3242639 The overreliance on mortality as an
indicator of quality also limits the analyses.

LITTLE SUPPORT FORAUTOMATIC EFFECT OF VOLUME ON

OUTCOME

It is not our purpose to argue for or against the
existence of a relation between volume of activity and
patient outcome. The analysis has shown, however,
that estimates of benefit suggested in the literature are
likely to be biased because of inadequate adjustment
for case mix. In other specialties, for example cancer
services, higher volumes have generally also been
associated with lower mortality but rarely is there any
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Key messages

* Most studies apparently show considerable
reduction in mortality from coronary artery
bypass surgery with increased volume of
procedures
* This evidence comes from observational
studies in the United States that compared
routine data from hospitals with high and low
volumes ofthe operation
* Results from observational studies, because
they are not randomised, are subject to con-
founding due for example to different case mix
ofpatients
* This study shows that the more differences in
case mix are taken into account, the smaller are
the apparent benefits of increased volume of
surgery
* Policy makers should not assume that con-
centrating surgical services into larger and more
active units will improve outcomes.

adjustment for case mix.39 The results of the analysis
presented here cannot necessarily be generalised to
other specialties. It should, however, signal the need
for caution in interpreting observational studies,
especially when there has been little attempt at
considering the effects of confounding or the accuracy
ofthe data used for adjustment.40
The degree of adjustment for medical history and

concomitant medical conditions crucially affect
estimates of the volume-outcome relation in coronary
artery bypass graft surgery. Observational studies with
routinely available data may have overestimated the
effect of increased high volume of activity on the
quality of care.
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Appendix
Taking account ofoverdispersion
When the residual deviance (unexplained variation) is

substantially greater than the degrees of freedom in a logistic
model this indicates that there is overdispersion or hetero-
geneity between the studies being combined which is not
adequately explained by the model. In such cases the
estimated standard errors are too small and significance
inflated. To take account of this overdispersion and calculate
more conservative confidence intervals the standard errors are
adjusted by multiplying by a scaling factor calculated as4'

Mesdal deviance
V residual degrees offreedom

Analysis of overdispersion for the fitted models is as
follows:

Residual Residual degrees
Model deviance offreedom Scaling factor

A l9-86 5 l199
B 9i61 4 1-55
C 391 4 0.99*
*There was no evidence of overdispersion in model C.
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