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Three decades of research has provided considerable
support for the hypothesis that the outcomes of
complex surgical procedures are better in hospitals

where high volumes of similar operations are performed.1–3

Some observers have advocated that certain procedures be
performed only in high-volume hospitals (HVHs), at least
within large metropolitan areas, where travel to HVHs is
practical.4,5 Controversy over the regionalization of com-
plex surgical procedures in Canada is most notable in pedi-
atric cardiac surgery,6 cancer surgery7,8 and adult coronary
revascularization procedures.9 Recent studies have sug-
gested a substantial potential reduction in postoperative
mortality through regionalization of major surgery at
HVHs. Estimates of the potential number of lives saved per
year include 4266 for 10 major surgical procedures in the
United States Medicare program,10 602 for the treatment of
11 conditions in California11 and 2581 for implementing
the recommendation of the Leapfrog Coalition of employ-
ers in the United States12 (which would permit employees
to enrol only in health insurance plans practising “evi-
dence-based referral”).

The benefits of systematic attempts to regionalize major
surgical procedures in Canada may not be as large as these
studies suggest. Some studies of regionalization have in-
cluded treatment of prevalent nonsurgical conditions, such
as HIV infection.11 In Canada, as compared with the
United States, reduced competition among providers and
single-payer funding of health care have already led to a
significant amount of regionalization. We studied the po-
tential benefit, in terms of lives saved from operative death
(defined as death in the period from the day of the opera-
tion to 30 days thereafter), of performing 5 major surgical
procedures in Ontario only at HVHs.

Methods

Data sources: We created cohorts of persons having 1 of 5 ma-
jor surgical procedures in Ontario between Apr. 1, 1994, and Mar.
31, 1999, obtaining data from electronic databases maintained by
the Canadian Institute for Health Information (CIHI) and the
Ontario Registered Persons Database (RPDB). The CIHI data-
base contains a record for each discharge from an acute-care hos-
pital in Ontario. With the RPDB we determined the person’s vi-
tal status 30 days after the surgical procedure. Data on the same
individuals were linked between data sets by means of an anony-
mous unique identifier. This research was conducted with the ap-
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Background: Previous research has shown that persons undergo-
ing certain high-risk surgical procedures at high-volume hospi-
tals (HVHs) have a lower risk of postoperative death than
those undergoing surgery at low-volume hospitals (LVHs). We
estimated the absolute number of operative deaths that could
potentially be avoided if 5 major surgical procedures in On-
tario were restricted to HVHs.

Methods: We collected data on all persons who underwent
esophagectomy (613), colon or rectal resection for colorectal
cancer (18 898), pancreaticoduodenectomy (686), pulmonary
lobectomy or pneumonectomy for lung cancer (5156) or re-
pair of an unruptured abdominal aortic aneurysm (AAA)
(6279) in Ontario from Apr. 1, 1994, to Mar. 31, 1999. We
calculated the excess number of operative deaths (defined as
deaths in the period from the day of the operation to 30 days
thereafter), adjusted for age, sex and comorbidity, among the
75% of persons treated in LVHs, as compared with the 25%
treated in the highest-volume quartile of hospitals. Bootstrap
methods were used to estimate 95% confidence intervals (CIs).

Results: Of the 31 632 persons undergoing any of the 5 proce-
dures, 1341 (4.24%) died within 30 days of surgery. If the 75%
of persons treated at the LVHs had instead been treated at the
HVHs, the annual number of lives potentially saved would
have been 4 (95% CI, 0 to 9) for esophagectomy, 6 (95% CI, 1
to 11) for pancreaticoduodenectomy, 1 (95% CI, –10 to 13) for
major lung resection and 14 (95% CI, 1 to 25) for repair of un-
ruptured AAA. For resection of colon or rectum, the regional-
ization strategy would not have saved any lives, and 17 lives
(95% CI, 36 to –3) would potentially have been lost.

Interpretation: A small number of operative deaths are potentially
avoidable by performing 4 of 5 complex surgical procedures
only at HVHs in Ontario. In determining health policy, the
most compelling argument for regionalizing complex surgical
procedures at HVHs may not be the prevention of a large
number of such deaths.
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Surgical procedures: We evaluated the potential impact of re-
gionalization on the outcomes of 5 surgical procedures:
esophagectomy, excision of a segment of colon or rectum for col-
orectal cancer, pancreaticoduodenectomy (the Whipple opera-
tion), lung lobectomy or pneumonectomy for lung cancer and re-
pair of unruptured abdominal aortic aneurysm (AAA). We chose
these procedures because they are complex, are associated with a
nontrivial risk of operative death, are indicated when the patient’s
expectation of survival is longer than 1 or 2 months and are pro-
cedures for which regionalization based on hospital volume has
been proposed.13 We deliberately selected procedures that are un-
common and associated with a relatively high operative mortality
(esophagectomy and pancreaticoduodenectomy), as well as proce-
dures that are common and associated with a relatively low opera-
tive mortality (colon resection, major lung resection and AAA re-
pair). For the cohort of persons having colon or rectal surgery or
major lung resection, we included only those with a diagnosis of
primary cancer. The codes used to identify procedures14 and diag-
noses15 are listed in Table 1. The reliability of coding surgical pro-
cedures in the Ontario health databases is good, with 88% to 96%
agreement between databases for procedures such as cholecystec-
tomy and hysterectomy.16

Definition of hospital volume: Because some of the codes identi-
fying hospitals changed during the study period owing to corpo-
rate restructuring, we identified hospitals using the code in effect
during the fiscal year 1999. For each of the 5 procedures, we
ranked the hospitals in order of their average annual volume. We
then created hospital-volume categories that most uniformly di-
vided the patients into 4 equal groups.13 We defined HVHs as
hospitals in which the highest quartile of subjects (with respect to
average annual hospital volume) had their surgery; this category
contained relatively few hospitals. This strategy provided a rea-
sonable model for volume-based regionalization, in which the
75% of persons who ordinarily would not have had surgery at
HVHs would be referred to 1 of these hospitals.

Statistical analysis: Trends in the crude risk of death across vol-
ume quartiles were evaluated with the Mantel–Haenszel chi-
squared test.17 The odds ratio for death associated with being in
each of the 3 low-volume quartiles was estimated by fitting logis-
tic regression models for each procedure cohort, in which the re-
sponse variable was operative death (defined as the period from
the day of the operation to 30 days thereafter), and the indepen-
dent variables were hospital-volume category, age, sex and comor-

bidity. Our data sources did not contain information on cancer
stage or person-level information on socioeconomic status. Co-
morbidity was represented in the regression models by a modified
Charlson comorbidity score.18,19 The score was calculated with the
use of all diagnosis codes of the clinical modification of the Inter-
national Classification of Diseases, 9th revision, for the index hospital
admission in the CIHI data set, except for the code defined as the
most responsible diagnosis. Age and comorbidity score were
treated as continuous variables in multivariable models. To ac-
count for the prevalence of 30-day mortality, odds ratios were
converted to relative risks.20

The number of excess deaths within each of the low-volume
quartiles was estimated by multiplying the excess risk of death asso-
ciated with being in this quartile by the number of subjects in the
quartile and by the baseline risk of death in the high-volume cate-
gory. The total annual number of potentially avoidable deaths was
the sum of the number of excess deaths in each of the 3 low-volume
quartiles, averaged over the 5-year study period and rounded up to
the nearest integer (a more negative integer was used for negative
numbers). Using bootstrap methods21 we estimated 95% confidence
intervals (CIs) around estimates of the number of lives potentially
saved. For each cohort, we generated 1000 sample data sets (of
sample size equal to the number of persons in the cohort) by doing
repeated random sampling of the entire cohort. We estimated the
potential number of lives saved for each sample data set and used
the 2.5th and 97.5th percentiles of the resulting distribution to rep-
resent, respectively, the lower and upper 95% confidence limits.

Results

During the 5-year period of the study 31 632 persons in
Ontario had 1 of the 5 procedures (or procedure-diagnosis
combinations). Characteristics of the study subjects accord-
ing to hospital-volume quartile are presented in Table 2.
The mean age was lowest among those having pancreatico-
duodenectomy and highest among those having repair of
unruptured AAA. For all procedures, there were more
males than females. The procedure with the largest male
preponderance was AAA repair; in contrast, the proportion
of male subjects having colon or rectal surgery was only
slightly greater than half. Charlson comorbidity scores
were highest for persons who had an esophagectomy and
lowest for those who had an AAA repair.
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Table 1: Procedure and diagnosis codes used to define the study
cohorts

Procedure
CCP procedures

codes
ICD-9 diagnosis

codes

Esophagectomy 54.33
Resection of colon or rectum for
colorectal cancer

57.52–57.56, 57.59,
60.4, 60.51, 60.52

153.0–153.8,
154.0, 154.1

Pancreaticoduodenectomy 64.6
Major lung resection for lung cancer 44.4, 44.5 162.3–162.5,

162.8, 162.9
Repair of unruptured abdominal
aortic aneurysm (AAA)

50.24, 50.34,
50.54, 51.25

441.4, 441.9

Note: CCP = Canadian Classification of Diagnostic, Therapeutic, and Surgical Procedures,14 ICD-9-CM =
International Classification of Diseases, 9th revision, clinical modification.15



The number of hospitals at which the procedures were
done during the study period varied according to the pro-
cedure. Esophagectomy was performed at 47 hospitals, re-
section of the colon or rectum at 134, pancreaticoduo-
denectomy at 49, major lung resection at 54 and repair of
unruptured AAA at 57. The number of hospitals in each
volume stratum and the average annual volumes for each
hospital are listed in Table 2. The highest average annual
volumes ranged from 19.0 for esophagectomy to 149.8 for
resection of the colon or rectum.

Of the subjects, 1341 (4.24%) died within 30 days of
surgery. The 30-day mortality rate ranged from 3.8% for

resection of the colon or rectum to 13.4% for esophagec-
tomy. The crude and adjusted risks of death within 30 days
according to quartile of average hospital volume are pre-
sented in Table 3. Point estimates of the relative risk at
low-volume hospitals, adjusted for age, sex and comorbid-
ity, were greater than 1.0 for each of the low-volume quar-
tiles for all procedures except the 3 low-volume quartiles
for resection of the colon or rectum and the third quartile
for major lung resection.

The annual number of lives potentially saved by region-
alization at HVHs was 4 (95% CI, 0 to 9) for esophagec-
tomy, 6 (95% CI, 1 to 11) for pancreaticoduodenectomy, 1

Differences in operative mortality
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Table 2: Characteristics of persons undergoing any of 5 surgical procedures in Ontario hospitals from 1994 to
1999, according to hospital-volume quartile

Average annual hospital volume

Procedure and variables* Quartile 1 Quartile 2 Quartile 3 Quartile 4

Esophagectomy
No. of subjects 161 167 108 177
No. of hospitals 37 6 2 2
Average annual volume 2.8 8.8 16.6 19.0
Mean age (and SD), yr 65.2 (10.2) 63.7 (10.0) 65.0 (10.9) 63.4 (11.6)
% male 69.6 73.7 73.2 76.8
Mean Charlson score (and SD) 3.9 (2.2) 4.5 (2.2) 4.4 (2.2) 4.0 (2.3)

Resection of colon or rectum for cancer
No. of subjects 4817 4873 4770 4438
No. of hospitals 89 23 14 8
Average annual volume 33.6 52.8 87.4 149.8
Mean age (and SD), yr 69.5 (11.1) 68.6 (11.7) 68.7 (11.6) 68.4 (11.8)
% male 52.8 55.7 54.2 53.0
Mean Charlson score (and SD) 2.0 (2.7) 2.1 (2.8) 2.4 (2.9) 2.5 (2.9)

Pancreaticoduodenectomy
No. of subjects 209 139 157 181
No. of hospitals 36 7 4 2
Average annual volume 2.8 5.4 11.4 24.8
Mean age (and SD), yr 63.0 (10.6) 62.7 (12.0) 62.2 (12.8) 62.7 (11.9)
% male 56.9 58.3 56.7 53.6
Mean Charlson score (and SD) 1.7 (2.5) 1.6 (2.4) 2.0 (2.7) 3.1 (2.9)

Major lung resection for cancer
No. of subjects 1442 1155 1439 1120
No. of hospitals 40 8 4 2
Average annual volume 18.2 45.0 86.0 129.4
Mean age (and SD), yr 65.2 (9.5) 65.8 (9.4) 64.6 (9.9) 65.0 (9.6)
% male 58.8 59.2 60.7 55.2
Mean Charlson score (and SD) 1.7 (2.5) 2.4 (2.8) 2.3 (2.7) 3.0 (3.0)

Repair of unruptured AAA
No. of subjects 1679 1580 1902 1118
No. of hospitals 39 10 6 2
Average annual volume 21.8 42.0 92.8 130.0
Mean age (and SD), yr 70.5 (7.2) 70.6 (7.3) 71.0 (7.5) 70.7 (7.5)
% male 82.9 81.0 82.4 83.3
Mean Charlson score (and SD) 0.6 (0.9) 0.5 (0.8) 0.5 (0.9) 0.5 (0.9)

Note: SD = standard deviation.
*Average annual volume is that of the highest-volume hospital in the quartile. The Charlson score was calculated with the use of secondary diagnosis codes on the
hospital-discharge record for the surgical procedure.
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Table 3: Risk of death within 30 days of the surgery,* according to hospital-volume quartile

Average annual hospital volume

Procedure and variables† Quartile 1 Quartile 2 Quartile 3 Quartile 4
p value for

trend‡

Esophagectomy
No. of subjects 161 167 108 177
No. of deaths 30 21 13 18
Risk of death (%) 18.6 12.6 12.0 10.2 0.03
Adjusted relative risk of death (and 95% CI) 1.9 (1.0, 3.7) 1.3 (0.6, 2.5) 1.1 (0.5, 2.4)   1.0 0.04
Resection of colon or rectum for
colorectal cancer
No. of subjects 4817 4873 4770 4438

No. of deaths 181 181 159 192

Risk of death (%) 3.8 3.7 3.3 4.3 0.32

Adjusted relative risk of death (and 95% CI) 0.9 (0.7, 1.1) 0.9 (0.7, 1.1) 0.8 (0.6, 0.9) 1.0 0.54

Pancreaticoduodenectomy
No. of subjects 209 139 157 181
No. of deaths 24 14 17 11
Risk of death (%) 11.5 10.1 10.8 6.1 0.10
Adjusted relative risk of death (and 95% CI) 2.2 (1.0, 4.7) 1.9 (0.8, 4.4) 2.0 (0.9, 4.6) 1.0 0.08
Major lung resection for lung cancer
No. of subjects 1442 1155 1439 1120
No. of deaths 65 61 40 49
Risk of death (%) 4.5 5.3 2.8 4.4 0.20
Adjusted relative risk of death (and 95% CI) 1.2 (0.8, 1.7) 1.3 (0.8, 1.8) 0.7 (0.4, 1.0) 1.0 0.07
Repair of unruptured AAA
No. of subjects 1679 1580 1902 1118
No. of deaths 81 85 63 36
Risk of death (%) 4.8 5.4 3.3 3.2  < 0.01
Adjusted relative risk of death (and 95% CI) 1.5 (1.0, 2.2) 1.8 (1.2, 2.8) 1.0 (0.7, 1.5) 1.0  < 0.01

Note: CI = confidence interval.
*Defined as the period from the day of the operation to 30 days thereafter.
†The adjusted relative risk of death represents a prevalence-corrected multivariate odds ratio, adjusted for age, sex and comorbidity. The referent category was Quartile 4 (with the
highest volume).
‡The p value for the trend in the crude risk of death across the hospital-volume quartiles is for the Mantel–Haenszel χ-squared test with 1 degree of freedom. The p value for the trend
in the adjusted risk of death across hospital-volume quartiles is for the Wald χ-squared test of the hospital-volume term in a logistic regression model with 30-day mortality as the
dependent variable and age, sex, comorbidity score and a single term for hospital-volume quartile (coded on an integer unit scale) as the independent variables.

Table 4: Annual number of potentially avoidable deaths within 30 days of the surgery that would be attributable to
regionalization of the 5 surgical procedures at high-volume hospitals* in Ontario

Potentially avoidable deaths (per year)†

Procedure
No. of

persons
No. of
deaths

Risk of
death, %

Point estimate
(and 95% CI‡)

% of all deaths
(and 95% CI)

Esophagectomy      613   82 13.4 4 (0, 9) 24.3 (0, 54.9)
Resection of colon or rectum
for colorectal cancer 18 898 713   3.8 –17 (–36, 3)    –11.9 (–25.2, 2.1)
Pancreaticoduodenectomy      686   66   9.6   6 (1, 11)    45.5 (7.6, 83.3)
Major lung resection
for lung cancer   5 156 215   4.2       1 (–10, 13)          2.3 (–23.3, 30.2)
Repair of unruptured AAA   6 279 265   4.2 14 (1, 25)    26.4 (1.9, 47.2)

*Defined as hospitals caring for the 25% of patients who had their procedures at the hospitals with the highest procedure volumes, volumes being categorized according to the
distribution of patients by average annual hospital volume of similar procedures within the study period.
†Estimated by multiplying the excess risk of death in each of the 3 lower-volume quartiles by the number of subjects in the quartile and the risk of death within 30 days in the highest
hospital-volume quartile, averaged over the 5-year study period and rounded up to the nearest integer.
‡Nonparametric 95% confidence limits were defined as the 2.5th and 97.5th percentiles of the distribution of estimates generated by 1000 bootstrap resamplings of the data set for
each procedure cohort.



(95% CI, –10 to 13) for major lung resection and 14 (95%
CI, 1 to 25) for repair of unruptured AAA (Table 4). For
resection of colon or rectum, however, there would be 17
(95% CI, 36 to –3) lives potentially lost because of region-
alization at HVHs.

Interpretation

A major impetus for the regionalization of complex sur-
gical procedures at HVHs is the belief that many postopera-
tive deaths would be prevented if more people had their
surgery at HVHs. We found that for some complex surgical
procedures a policy of restricting certain types of surgery to
HVHs could indeed result in fewer deaths during or shortly
after surgery. However, the number of potentially avoidable
deaths each year is small: between 1 and 14 for 4 of the pro-
cedures that we evaluated. Our data suggest that there
would be no such benefit to regionalizing resection of the
colon or rectum for cancer at HVHs in Ontario.

Compared with other studies of the benefit of volume-
based regionalization,10–12 our study did not identify poten-
tial for a large reduction in the number of operative deaths.
Possible explanations are that we did not consider medical
interventions aside from major surgical procedures, we
evaluated only 5 procedures, and the population of Ontario
is substantially smaller than that of the geographic areas of
the other studies. Further, it is likely that surgical proce-
dures are already relatively regionalized in Ontario as com-
pared with areas of the United States. For example, coro-
nary revascularization procedures (percutaneous
transluminal coronary angioplasty and coronary-artery by-
pass grafting) were done in 25% of the hospitals caring for
persons with myocardial infarction in the United States in
1991, as compared with only 3% of similar hospitals in On-
tario.22 If complex surgical procedures have already been ef-
fectively regionalized, measures to promote further region-
alization will have less incremental benefit.

The results of this study must be interpreted with caution,
since we made several important assumptions in estimating
the effect of volume-based regionalization. We assumed a
cause-and-effect association between hospital volume and
outcome, that persons sent to HVHs because of regionaliza-
tion would have the same risk of death as other persons hav-
ing surgery at HVHs and that regionalization at HVHs is
feasible for all persons. To the extent that these assumptions
are unrealistic, their bias would be towards an increased ben-
efit of regionalization. We looked only at 30-day mortality
and not in-hospital mortality or mortality over a different
period, such as 60 days.23–25 Our data sources did not contain
information on cancer stage or socioeconomic indicators,
which are important determinants of prognosis. We did not
evaluate outcomes other than short-term mortality, such as
long-term survival after cancer surgery or limb ischemia af-
ter AAA repair. Therefore, we cannot exclude a more sub-
stantial benefit of regionalization for outcomes that may be
more sensitive measures of the quality of surgical care.

What do our findings say about the potential value of re-
gionalizing complex surgery at high-volume centres? First,
our data suggest that the value of volume-based regionaliza-
tion should be carefully studied before major policy initiatives
are undertaken. The absolute health benefits of regionaliza-
tion must be better quantified and should be weighed against
potential drawbacks, such as patient preference for local care26

and the impact on the delivery of rural health care.4 Second,
the benefit of regionalization is condition-specific and in gen-
eral will be larger for procedures that are common, have a
high mortality risk or have a strong association between vol-
ume and outcome. Third, further research should focus on
the determinants of poor outcomes, such as short-term mor-
tality, in lower-volume hospitals. If volume-based regionaliza-
tion becomes impractical or impossible as a policy measure,
then quality-improvement initiatives will necessarily be di-
rected towards improving structures and processes of care at
institutions with poorer outcomes. Finally, it is important to
study outcomes other than short-term mortality in assessing
the quality of surgical care. There may be good reasons for
volume-based regionalization of certain complex surgical pro-
cedures; however, the perception that the main benefit of re-
gionalization is a substantial reduction in postoperative mor-
tality may be erroneous. Rather, the benefits of improved care
might be better identified by using more sensitive and specific
measures of the quality of care, such as long-term survival af-
ter cancer surgery, cancer-free survival or health-related qual-
ity of life, or procedure-specific outcomes such as renal dys-
function following AAA repair.

In conclusion, we found that under assumptions favouring
the feasibility of regionalization, a small number of operative
deaths are potentially avoidable by restricting 4 of the 5 com-
plex surgical procedures we studied to HVHs. In determining
health policy, the most compelling argument for regionalizing
complex surgical procedures at these centres may not be the
prevention of a substantial number of postoperative deaths.

Differences in operative mortality
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