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Background: A large body of literature documents associations
between the volume of cases a hospital or surgeon treats and
clinical outcomes. Most of these studies have used conventional
statistical methods that do not recognize the fact that hospitals or
surgeons with similar volumes may have very different outcomes
because of systematic differences in processes of care, a phenom-
enon that exaggerates the true statistical significance of the effect
of volume on outcome.

Objective: To describe methods to assess the degree of this
“clustering” of outcomes and to explore the impact of available
statistical techniques that correct for clustering.

Design: Reanalysis of 3 previously published volume-outcome
studies.

Setting: Medicare beneficiaries 65 years of age or older under-
going surgery for colon, prostate, or rectal cancer in the popula-
tion defined by the Surveillance, Epidemiology, and End Results
cancer registries during 1992 to 1996.

Patients: 3 data sets were analyzed to assess the impact of
surgeon volume on outcomes: 1) 24 166 colectomies performed
by 2682 surgeons, 2) 10 737 prostatectomies performed by 999

surgeons, and 3) 2603 rectal resections performed by 1141 sur-
geons.

Measurements: Volume-outcome trends were analyzed by a
conventional method (logistic regression) and corrected for clus-
tering. Two widely used statistical methods for analyzing clustered
data, a random-effects model and generalized estimating equa-
tions, were used and compared, and the degree of clustering was
presented graphically.

Results: Substantial clustering was observed in the analyses in-
volving morbidity end points. The 2 statistical techniques pro-
duced noticeably different results in some analyses.

Conclusions: The presence of clustering represents variations
in outcomes among providers with similar volumes. Thus, in
volume-outcome studies, the degree of clustering of outcomes
should be characterized because it may provide insight into vari-
ations in quality of care.
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In an attempt to evaluate the degree to which the choice
of provider affects outcomes of major medical proce-
dures, numerous investigators have used procedure volume
as a proxy for expertise and have conducted studies corre-
lating volume with outcomes. However, volume is a crude,
easily calculated measure, and its use may overlook large
variations in quality among providers that are independent
of the number of procedures performed. If there are such
large variations in outcomes among providers, the out-
comes of patients treated by the same provider are neces-
sarily correlated, or “clustered.” Clustering of this nature
invalidates conventional statistical analyses. Patients treated
at the same hospital or by the same surgeon may be more
likely to experience similar outcomes if surgical technique
or supportive care practices vary among providers and if
these factors affect outcomes. It is well established that
statistical methods must correct for the effect of clustering
of this nature if it exists (1-3). In general, correction for
clustering attenuates the statistical significance of observed
trends.

In this article, we describe measures that characterize
the degree of clustering of outcomes and methods that
permit the calculation of tests of statistical significance that
are adjusted for the impact of clustering. We reanalyzed 3
large studies of major cancer surgery (4—7) and found ex-
amples that illustrate varying degrees of clustering. This
reanalysis focused on the relationship of surgeon volume to
outcome. We explored the effect of correction for cluster-
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ing on the statistical significance of tests for association
between surgeon volume and outcome. Graphical methods
that visually characterize the degree of between-surgeon
variation in quality after adjustment for volume and case
mix are described. We also explored analyses that attempt
to distinguish between the effects of surgeon volume and
those of hospital volume.

METHODS
Data Sources

All 3 data sets were obtained by using the linkage of
the Surveillance, Epidemiology, and End Results registries
with Medicare claims from the Centers for Medicare &
Medicaid Services (formerly Health Care Financing Ad-
ministration) (8). These linkages permit evaluation of the
outcomes of surgery for all patients who received a diagno-
sis of cancer in the geographical regions defined by the
registries. Patients were enrolled in Part A and Part B
Medicare but were not enrolled in a health maintenance
organization, and each had a diagnosis of colon, prostate,
or rectal cancer made at age 65 years or older in a region
covered by one of the Surveillance, Epidemiology, and End
Results registries. All tumors were primary, invasive, and
malignant and were diagnosed during 1992 to 1996. The
sample sizes for the 3 cohorts ranged from very large (colon
cancer, 7 = 24 1606) to large (prostate cancer, » = 10 737)
to moderate (rectal cancer, 7 = 2603). These analyses en-



compassed 2682, 999, and 1141 surgeons, respectively.
The median numbers of patients per surgeon were 5
(range, 1 to 85), 7 (range, 1 to 121), and 1 (range, 1 to
26), respectively. The particular billing codes used to iden-
tify the surgeon, the specific surgical procedures, and the
outcomes have been described in detail in the original pub-
lications (4-7), but our essential approach is summarized
as follows.

Procedure Volume

Surgeon volume was defined as the total number of
operations petformed by the given surgeon between 1992
and 1996 on members of each cohort, as ascertained from
the Medicare files on the basis of International Classifica-
tion of Diseases, Ninth Revision, procedure codes (9).
The Common Procedural Terminology codes submitted
in the National Claims History files were used to identify
the procedures (10). Surgeon identity was established on
the basis of a unique identifier that has been mandatory
on all claims since 1991.

Outcomes

Patient outcomes were binary indicators for 2-year
mortality or a particular postoperative complication, depend-
ing on the cancer cohort. For the colon and rectal cancer
data sets, mortality at 2 years and occurrence of a proce-
dure impairing fecal continence (ileostomy or colostomy in
colon cancer and an abdominoperineal resection in rectal
cancer) were the outcomes evaluated. These measures of
morbidity were selected because they can have an impor-
tant impact on the patient’s subsequent quality of life. For
the prostate cancer cohort, postoperative and late urinary
complications were examined. Postoperative complications
were defined as potentially life-threatening cardiac, respira-
tory, or vascular events; the need for reoperation; and hem-
orrhage, renal failure, or shock, all occurring within 30
days of surgery. Late urinary complications were identified
by procedures or symptoms recorded more than 30 days
after but within 1 year of surgery and included diagnoses of
bladder-neck obstruction, urethral or ureteral strictures, in-
testinal or vesical fistulas, pelvic abscess, and other urinary
tract complications that required surgical repair.

Case Mix

In each primary analysis, clinical and demographic
variables were used to adjust for differences in patient case
mix among individual surgeons. These included age; sex;
ethnicity; disease stage at diagnosis; disease grade; income
level; and the presence of particular features such as emer-
gent presentation, obstruction, or perforation. All results
shown in the tables and figures are adjusted for case mix.

Alternative Statistical Methods for Cluster-
Correlated Data

We used and compared 2 general statistical approaches
that permit adjustments to account for the effect of clus-
tering of outcomes on statistical significance levels: ran-
dom-effects models, in which the impact of each surgeon is
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Context

While studies suggest that surgical patients fare best with
providers (hospitals and surgeons) that perform a high vol-
ume of procedures, most have not accounted for the ten-
dency of patients of 1 provider to have similar outcomes
(“clustering”). When outcomes of individual patients are
clustered, more patients are required to prove that provid-
ers' outcomes differ from one another.

Contribution

This reanalysis of data from 3 previously published vol-
ume-outcome studies of surgery accounted for clustering
within provider. Statistical significance of volume-outcome
relationships of morbidity end points was attenuated sub-
stantially after adjustment for the effects of clustering.

Implications

Planners considering regionalizing surgery should remem-
ber that volume—-outcome studies that have not accounted
for clustering exaggerate differences in outcomes by pro-
vider.

—The Editors

modeled explicitly (11), and generalized estimating equa-
tons (GEEs), in which the underlying patient-specific
analysis is adjusted to accommodate the effect of clustering
on the statistical significance of the analyses (12). The GEE
method does not alter the estimate of the magnitude of the
impact of surgeon volume on outcome; only the statistical
significance (and the width of the confidence interval) is
altered. In the random-effects model, the estimate may
change after correction for clustering. Both of these meth-
ods are widely used in health services research and clinical
rescarch. We evaluated the effect of surgeon volume on
outcomes in 3 settings: adjustment solely for case mix;
adjustment for case mix and hospital volume; and adjust-
ment for case mix, hospital volume, and clustering.

Logistic regression was used throughout to estimate
the impact of volume on outcome. The random-effects
models were fitcted by using the gllamm6 command in
Stata, version 7.0 (Stata Corp., College Station, Texas),
and the GEE models were fitted by using the GENMOD
procedure in SAS, version 8.0 (SAS Institute, Inc., Cary,
North Carolina). Volume was modeled as a continuous
variable in all analyses. Odds ratios are reported per 100-
unit decline in volume increments for the colon and pros-
tate cancer analyses and per 10-unit decline for the rectal
cancer analysis.

A Graphical Assessment and Statistical Test for
Clustering of Outcomes

We used a graphical technique to characterize visually
the extent of variation among providers. Only surgeons with a
minimum number of patients treated were used to ensure
that each surgeon had a sufficient number of patients in his
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Table 1. Relationship of Surgeon Volume to Outcomes after Surgery for Colon Cancer*

Outcome

Odds Ratio of Outcome per Decline in Individual Surgeon Volume in 100-Unit Volume Intervals (95% Cl)

Adjusted for Case Mix

2-Year mortality 1.80 (1.43-2.28)
P value <0.001 0.002
Ostomy 1.80 (1.40-2.33)
P value <0.001 0.005

Adjusted for Case Mix
and Hospital Volume

1.48 (1.17-1.87)

1.48 (1.12-1.94)

Corrected for Clustering of Outcomes within
Individual Surgeonst

GEE Method+ Random-Effects Method§

1.48 (1.14-1.91) 1.47 (1.14-1.90)
0.004 0.003
1.48 (0.96-2.27) 1.70 (1.12-2.58)
0.083 0.013

* GEE = generalized estimating equation.
T Corrected for clustering after adjustment for case mix and hospital volume.

¥ Calculated by using the GENMOD procedure in SAS (SAS Institute, Inc., Cary, North Carolina).
§ Calculated by using the gllamm6 command in Stata (Stata Corp., College Station, Texas).

or her profile to allow meaningful estimates of the mean
departure from the overall event rate. As a result, we did
not construct graphs for the rectal cancer data set, since the
vast majority of the surgeons treated very few patients.

The observed outcome relative frequencies, that is, the
proportion of patients who experienced the outcome, were
evaluated for each surgeon. A conventional multivariable
logistic regression analysis that included surgeon volume,
hospital volume, and case mix as predictor variables was
used to estimate the patient-specific outcome probabilities.
The sum of these probabilities for each patient in the sur-
geon’s profile was calculated as the “expected” event rate
for the surgeon.

To obtain the graph, the observed frequencies were
plotted in a histogram. An “expected” histogram was cre-
ated to display the outcome histogram that would be ex-
pected if there was no additional surgeon-to-surgeon vari-
ation after adjustment for known predictors of outcome in
the model. For each surgeon, the binomial distribution
based on the preceding expected event rate and the number
of patients in the surgeon’s profile was used to determine
probabilities for each possible observed outcome relative
frequency (in a histogram grouped by cells of 5 percentage
points). For each cell of the histogram, these probabilities
were summed across all surgeons to obtain the “expected”
histogram. This “expected” histogram reflects the degree of

spread we would expect to observe in the absence of clus-
tering.

The spread of the observed distribution will exceed the
spread of the expected distribution in the presence of clus-
tering. To test whether differences between the 2 histo-
grams were statistically significant, the observed frequen-
cies and expected event rates for each surgeon were
compared by using a chi-square test. This test evaluated
whether the between-surgeon variation in observed out-
comes was greater than would be expected on the basis of
chance (13). A statistically significant result would indicate
the presence of additional surgeon-to-surgeon variation
that could not be explained by the factors in the multiva-
riable model, that is, surgeon volume, hospital volume, and
case mix. The test is valid only if the expected values are
greater than 5. If this assumption is violated, then an exact
test with a resampling technique should be used.

Role of the Funding Source

The funding source had no role in the collection, anal-
ysis, and interpretation of the data or in the decision to
submit the manuscript for publication.

REsuLTS

Results are shown in Tables 1, 2, and 3 for colon,
prostate, and rectal cancer, respectively. For each clinical

Table 2. Relationship of Surgeon Volume to Outcomes after Surgery for Prostate Cancer*

Outcome

Odds Ratio of Outcome per Decline in Individual Surgeon Volume in 100-Unit Volume Intervals (95% Cl)

Adjusted for Case Mix

Postoperative complications 1.73 (1.40-2.15)

Adjusted for Case Mix
and Hospital Volume

1.58 (1.25-2.00)

Corrected for Clustering of Outcomes within
Individual Surgeonst

GEE Method+
1.58 (1.16-2.17)

Random-Effects Method§
1.46 (1.00-2.14)

P value <0.001 <0.001 0.004 0.049
Late urinary complications 2.77 (2.19-3.51) 2.32 (1.80-2.99) 2.32 (1.34-4.01) 1.88 (1.19-2.97)
P value <0.001 <0.001 0.002 0.007

* GEE = generalized estimating equation.
T Corrected for clustering after adjustment for case mix and hospital volume.

¥ Calculated by using the GENMOD procedure in SAS (SAS Institute, Inc., Cary, North Carolina).
§ Calculated by using the gllamm6 command in Stata (Stata Corp., College Station, Texas).
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Table 3. Relationship of Surgeon Volume to Outcomes after Surgery for Rectal Cancer*

Outcome

Odds Ratio of Outcome per Decline in Individual Surgeon Volume in 10-Unit Volume Intervals (95% Cl)

Adjusted for Case Mix

2-Year mortality 1.51(1.21-1.89)

Adjusted for Case Mix
and Hospital Volume

1.44 (1.13-1.83)

Corrected for Clustering of Outcomes within
Individual Surgeonst

GEE Method+
1.44 (1.17-1.77)

Random-Effects Method§
1.44 (1.13-1.83)

P value <0.001 0.004 <0.001 0.004
Abdominoperineal resection 1.29 (1.09-1.53) 1.21 (1.00-1.46) 1.21 (0.91-1.60) 1.09 (0.81-1.48)
P value 0.003 0.047 0.19 >0.2

* GEE = generalized estimating equation.
T Corrected for clustering after adjustment for case mix and hospital volume.

¥ Calculated by using the GENMOD procedure in SAS (SAS Institute, Inc., Cary, North Carolina).
§ Calculated by using the gllamm6 command in Stata (Stata Corp., College Station, Texas).

outcome, the results are characterized by the odds ratio of
the outcome per 100-unit change in surgeon volume (per
10-unit change for rectal cancer).

Colon Cancer

The first 2 columns of Table 1 involve conventional
logistic regression analyses adjusting for case mix and for
both case mix and hospital volume, respectively. For both
end points, adjustment for hospital volume substantially
attenuated the strength of the relationship between sur-
geon volume and outcome, reducing the odds ratio from
1.80 to 1.48. The P values were also attenuated but re-
mained highly statistically significant (? = 0.002 and P =
0.005 for 2-year mortality and ostomy, respectively). It
should be noted that it is simply a coincidence that both
end points lead to identical estimates (1.80 and 1.48) in
both cases. The third and fourth columns show the effect
of further correction for the effects of clustering, using the
GEE and random-effects methods, respectively. The GEE
method did not alter the odds ratio, but the analysis led to
a widening of the confidence interval and an attenuation of
the P value. The confidence interval was only slightly wid-
ened for 2-year mortality, indicating very little clustering.
This is reflected by the similarity of the observed and ex-
pected histograms in Figure 1, which show that the varia-
tion in observed outcomes across surgeons was similar to
what would be expected on the basis of random variation
(using only surgeons with a minimum caseload of 17 pa-
tients). The results of the statistical test to compare these 2
histograms were not significant (? > 0.2). Conversely, in
Figure 2, ostomy rates are more broadly dispersed than the
expected rates. For example, 43 surgeons had ostomy rates
below 5%, whereas only 23 were expected to have rates this
low. Also, several surgeons had rates exceeding 45%, while
no rates this high were expected. The differences between
these observed and expected frequencies are statistically sig-
nificant (P < 0.001). The substantial clustering is also re-
flected in the much wider confidence intervals after adjust-
ment for clustering and the attenuation of the P value to a
nonsignificant value of 0.083 (Table 1). Comparison of
the third and fourth columns of Table 1 demonstrates that
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both the odds ratio estimate and the P value can vary
substantially depending on the statistical method used.

Prostate Cancer

For prostatectomy-related outcomes, the effects of
clustering were much more apparent. For both postopera-
tive complications and late urinary complications, there
was a substantial difference in the observed and expected
distributions (both tests are statistically significant at P <
0.001 in analyses based on a minimum caseload of 20
patients). The most striking difference was observed for
late urinary complications (Figure 3): Nineteen surgeons
had late urinary complication rates below 5% versus only
1% expected, and 11 surgeons had rates greater than 55%
versus none expected.

The results in Table 2 show that the volume—outcome
trends were highly statistically significant and remained sta-
tistically significant after correction for clustering. How-
ever, as for colon cancer, the odds ratios were attenuated
considerably by adjustment for hospital volume. There are
noticeable differences in the results depending on whether
the random-effects method or the GEE method was used.

Rectal Cancer

Adjustment for hospital volume had minimal impact
and correction for clustering had essentially no impact on
2-year mortality results, indicating that there was no ap-
preciable between-surgeon variation in outcomes after ad-
justment for the volume indicators and case mix (Table 3).
These results contrast with those for the morbidity out-
come (abdominoperineal resection). Statistical significance
was eliminated after adjustment for clustering, indicating
substantial clustering by surgeon. The average number of
patients treated per surgeon was too small to permit a
meaningful graphical display of the degree of variation in
outcomes among surgeons.

Hospital Volume

We performed an analogous series of analyses to assess
the relationship of hospital volume to these outcomes, ad-
justing for surgeon volume and correcting for clustering of
outcomes within hospitals. The trends were similar to
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Figure 1. Two superimposed histograms of the numbers of surgeons with observed and expected 2-year mortality rates after colon

cancer surgery.
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those seen for surgeon volume, with somewhat more pro-
nounced attenuation of statistical significance and odds ra-
tios after adjustments for surgeon volume.

DiscussioN

Our analysis highlights important messages that have
relevance for the volume—outcome literature in particular
and, more broadly, for all researchers studying variation in
quality and patterns of care. First, correction for clustering
of outcomes within providers can substantially attenuate
the statistical significance of an observed volume—outcome
trend. We saw this in our analyses of the effect of surgeon
volume on the abdominoperineal resection rate after rectal
cancer surgery and in corresponding analyses of hospital
volume (data not shown). Second, clustering should not be
regarded as simply a statistical “nuisance” requiring a stan-
dard statistical “adjustment.” The extent of clustering after
adjustment for volume and case mix, demonstrated in
Figures 2 and 3, is likely to reflect variations in surgical
skill or technique. Clustering of this nature in studies of
hospital volume may reflect important differences in processes
of care.

Statistical methods that adjust for the effects of clus-
tering are common in medical research. For example, in
clinical trials in which patients are randomly assigned in
groups, as in community intervention studies such as the
Community Intervention Trial for Smoking Cessation
(COMMIT), the focus lies largely with estimating the size
of the treatment effect (14, 15). The degree of variation
among the communities contributing patients to the trial is
of secondary importance and is used to adjust tests of sig-

66221 October 2003 | Annals of Internal Medicine | Volume 139 ® Number 8

nificance and confidence intervals for the estimate of the
treatment effect. By contrast, in profiling hospitals or sur-
geons by volume or other characteristics, an important fo-
cus of the analysis lies with the degree of variation in out-
comes among providers. A key question is whether
observed variation in rates is consistent with differences
across providers in patient characteristics. We can try to
estimate this excess variation and look for the reasons in
terms of the quality or organization of health care. These
are markedly different perspectives, even if the underlying
statistical methods and concepts are similar.

The variations in outcomes among surgeons with sim-
ilar volumes that we observed in this study can be plausibly
interpreted as follows. Some colon cancer surgeons are
more likely to perform colostomies (thereby potentially
avoiding anastomotic leaks and postoperative infections),
while others are substantially more likely to attempt pri-
mary reanastomosis. This variation in surgical practice
leads directly to observed variation in these outcomes when
analyzed on a surgeon-by-surgeon basis. It is likely that
analogous variations in surgical “style” or technique explain
variations in morbidity after surgery for prostate and rectal
cancer. This supports the conclusion that morbidity out-
comes vary substantially from surgeon to surgeon even af-
ter adjustment for volume. This is an important observa-
tion, since it suggests that volume-focused measures to
improve outcomes may have limited impact in improving
morbidity outcomes.

The large body of literature describing the association
between procedure volume and clinically important out-
comes spans several disciplines, notably heart disease and
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cancer (16-31). The results have led to “regionalization”
initiatives that may have major effects on health care deliv-
ery (32, 33). These have recently received increasing con-
sideration from private organizations such as the Leapfrog
Group and from the Centers for Medicare & Medicaid
Services (34, 35). Most of this volume—outcome literature
has focused on the effect of hospital volume on surgical
mortality rates. The 3 data sets that we reanalyzed reflect
the more recent interest of studying surgeon volume along-
side hospital volume. Examination of the joint effect of
hospital and surgeon volume is challenging because the
independent effects are relatively modest and these 2 fac-
tors are quite strongly correlated (Pearson correlation coef-
ficients, 0.34, 0.43, and 0.44 for colon, prostate, and rectal
cancer, respectively). That is, high-volume surgeons typi-
cally practice at high-volume hospitals. Thus, even with
large sample sizes, it can be difficult to reliably distinguish
the separate effects of surgeons and hospitals. Studies that
have analyzed both hospital and surgeon volume, including
our own previous work, have not consistently adjusted for
both volume measures simultaneously, and this can be
problematic given the strong correlation between them. In
each of our current analyses, the magnitude of the surgeon
volume trend was attenuated after adjustment for hospital
volume. Similar results were obtained in analyses of hospi-
tal volume adjusted for surgeon volume (data not shown),
consistent with another recent study of prostate cancer
morbidity (36, 37). In light of these findings, can we be
confident that increased hospital volumes will lead to bet-
ter outcomes? Are we confident enough to take steps to
concentrate the care of patients in a few hospitals, or are
the data too uncertain to justify this? Our analyses suggest

Clustering of Outcomes in Volume—Outcome Studies ARTICLE

that decisions regarding triage of patients to high-volume
centers should be made with caution.

Although we recommend that attention to clustering
should be an important aspect of analyses of volume—out-
come studies, the statistical methods are evolving, and their
properties are not fully understood in this context. Birk-
meyer and colleagues (38), in their recent analysis of the
effect of hospital volume on outcomes of several major
diseases, corrected for clustering using the GEE method,
observing variance inflations not dissimilar to those we
observed in this study. Other investigators have used the
random-effects method to adjust for clustering (39, 40).
Our side-by-side comparison of these 2 approaches yielded
some disconcertingly large differences in results, notably
for the analyses of ostomy rates (colon cancer), rates of late
urinary complications (prostate cancer), and abdominoper-
ineal resection rates (rectal cancer). Both statistical meth-
ods endeavor to estimate the same effect, the odds ratio of
volume on outcome, and the discrepancies in estimates
must reflect their different technical formulations. Al-
though both methods are used widely and have been stud-
ied intensively from a theoretical perspective, their applica-
bility in the context of volume—outcome studies has not
been studied specifically. In this context, “volume” reflects
both the factor under study and the cluster size. As a result,
we cannot be fully certain of the statistical validity of these
techniques in this context without additional research. Our
study does not address the issue of which of the 2 methods
is more appropriate.

We reviewed the methods and results of reports that
were published between 1995 and 2003 and described the
association between hospital or surgeon volume to deter-

Figure 2. Two superimposed histograms of the numbers of surgeons with observed and expected ostomy rates after colon cancer surgery.
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Figure 3. Two superimposed histograms of the numbers of surgeons with observed and expected rates of late urinary complication

after prostate cancer surgery.
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mine whether correction for clustering was performed and
to identify the method used. Using the systematic review of
volume-outcome studies by Halm and associates (41), we
identified 62 studies from 1995 to 2000; this list was aug-
mented by an additional 10 relevant studies. We found
that these studies consistently treated the patient as the
unit of analysis and typically assumed that outcomes for
patients within a particular hospital or surgeon were inde-
pendent. Investigators corrected for clustering in only 27%
of these studies. Of the studies that adjusted for clustering,
the GEE method was more commonly used than the ran-
dom-effects approach.

In our analyses, we adjusted for hospital volume by
including it as a predictor in the model. However, we did
not simultaneously correct for clustering of outcomes
within individual surgeons and within individual hospitals.
Multdilevel clustering can be evaluated by using hierarchical
random-effects models, and these methods are also used
widely, notably in the social science literature. However,
surgeon and hospital clustering is not “hierarchical” be-
cause many surgeons operate at several hospitals (in our
study, this was true of 30%, 37%, and 12% of the sur-
geons in the colon, prostate, and rectal cancer cohorts,
respectively). Although a method for analyzing “cross-clas-
sified” binary outcome data of this nature is available in an
SAS macro (the GLIMMIX macro) (42), it is extremely
computer intensive and its validity has been challenged (43).

Our methodologic advice is directed at individual
studies of the relationship between volume and outcome.
Since the impact of clustering typically attenuates the
strength of the statistical significance, and since volume-
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outcome trends are frequently modest, large sample sizes
are needed to establish many of these trends in a convinc-
ing way. However, volume—outcome relationships have
been evaluated in numerous studies, and these studies are
overwhelmingly consistent in demonstrating a positive as-
sociation between hospital volume and selected widely
studied outcomes (38). Our findings do not repudiate this
substantial literature. However, they indicate that individ-
ual studies of specific volume—outcome relationships need
to be interpreted cautiously, with due attention to the ef-
fects of clustering. Estimation of the degree of clustering is
of critical importance in and of itself because it indicates
unexplained variation in outcomes. Where there are such
variations, there may be opportunities for improving the
quality of care.
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