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Executive summary
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and discussion.

The statistical analysis presented to the BRI Inquiry has raised the issue of
whether outcomes are related to the volume of surgery and, if so, to what
extent the results observed in Bristol might be dtributable to the lower
volume of cases. Threepast sudiesin the US have shown that ‘high’-
volume institutions have lower surgical mortality rates in paediatric cadiac
surgery than ‘low’ volume. However, there ae severe methodologicd
weeknesses in all threestudies.

Data from both the Cardiac Surgical Register (19841995 and Hospital
Episode Statistics (1991-1995 were analysed. Methodological
charaderistics include: analysis of open operations gratified for case-mix,
not seleding a single threshold as defining hgh/low volume, removing
Bristol from the analysis, and allowing for correlations between individuals
in the same institution.

For open operations in under 1s, and for arterial switchesand AVSD in
particular, there is grong and consistent evidence for an asociation between
mortality rates and volume (not taking into account any data from Bristol), in
which higher-volume centres have lower mortality. Stratifying for operation-
mix, or including the results from Bristol, strengthens this association.

We estimate that a hospital carrying out 1200pen operations a yea on
patients ages under 1 in 1991-1995would be expeded to have an underlying
mortality rate 25 % lower than one carying out only 40 such operations. If
the hospitals had exaaly the same age- and operations mix, this reduction is
increased to 35 %. These aerelative dnanges - implications in terms of the
difference in numbers of deahs depend on the wontext. However,
considerable caition is needed in interpreting these results, and it does not
necessarily follow that concentrating resources in fewer centres would
reduce mortality rates. Using the association found in other centres, we
estimate that only around 126 (HES) or 17% (CSR) of the excessmortality
observed in Bristol in open operations in under 1s might be explainable by

the lower volume of surgery being caried out in Bristol.
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Glossary.

Generalised estimating
equations

ICD9

Logistic regression
Odds on death

Quasi-likelihood

adjustment

p-value

Risk

Stratifying for case-mixin

logistic regression.
Within-institution

correlation

A statisticd tedhnique that adjusts for within-institutional
correlations when calculating the precision of estimates.
International Classificaion of Diseases version 9.

A statisticd tedhnique for estimating odds ratios.

Mortality rate/ survival rate. For example, a mortality rate of 20%
(survival rate 80%) correspondsto an oddson deah of 20/80 = .25.
For low mortality rates, odds is approximately equal to the risk of
deah.

A statisticd tedhnique tedhnique that adjusts for within-institutional
correlations when calculating the precision of estimates. An ‘over-
dispersion’ factor is estimated, which measures the extent to which
the results of centres vary more than would be expected were there
no within-institution correlation. All estimated variances are
inflated by the ratio of the residual devianceto the residual degrees
of freedom.

The dhance of data & extreme as that observed occurring by chance
alone.

This term has been used interchangeably with ‘odds on deah'’.

The percentage dhange in odds on death (termed ‘risk’ inthis
document) associated with a specified change in annual volume of
Cases.

Estimation of an odds ratio associated with volume, allowing for
different underlying risks in procedure groups.

The tendency for patients within an institution to have similar

outcomes due to the influence of common fadors.



1. Introduction.

1.1 Background

The statistical analysis presented to the BRI Inquiry led to an interest in whether there was an
asciation between volume of cases and outcomes in padliatric cadiacsurgery and, if so, to what
extent the results observed in Bristol might be atributable to the lower volume of cases. Inthis
report we briefly review the relevant literature, re-analyse the Inquiry data with resped to volume,

and present tentative cnclusions.

1.2 Potential statistical problemsin studiesinvestigating outcome and surgical volume.

A good study should have the following protection against biases:

e Case-mix. There should be ajustment for case-mix, to avoid smaller (or larger) centres
appeaing to have poor performance due to carrying out more complex surgery.

* Volume definition. The definitions of ‘low’ and ‘high’ volume should be made before the
analysis, to avoid post-hoc selection of thresholds to maximise the gparent difference

» Influence of single centres. The anclusions should not be driven by the very good or bad
performance of just one or two centres.

* Within-ingtitution correlations. It should be recognised that the unit of analysisisreally the
hospital rather than then individual patient, and hence statistical methods should take into
acount institutional effeds that may induce a orrelation between patients within asingle
hospital. Thisisrelated to the neal to adjust the analysisin aclinical trial when patients have
been randomised in clusters, say by general pradice

1.3 Published literature.

There is an extensive literature investigating the relationship between clinical outcomes and the
volume of cases being treated by an institution or individual. Dudley et al (2000 provide arecent
review in which they identify 72 articles covering 40 pocedures, the majority of which show a
significant association between volume and outcome — references are provided to studies in cancer,
intensive cae, hip replacement, heat transplantation and a wide range of other procedures. Dudley
et al (2000) select the best quality studies, and estimate the lives that might be saved were patients
in California seledively referred to high-volume hospitals.



1.3.1 Adult cardiac surgery.

Dudley et al (2000 identifies 11 studies relating outcome with volume of adult cardiac surgery, of
which 9 show a gatisticall y significant association. The potential importance of case-mix in such
comparisons has been emphasised (seg for example, Sowden et al 1995. In alarge recent sudy,
Sollano et al (199) consider 97137cardiac operations in New York State betwean 1990and 1995
and after adjusting for clinicd risk fadorsthey find there was no significant relationship between
volume and outcomes. Thisisin contrast to an ealier study on New York patients (Hannan et al,
1997), and may reflect the increasing concordance between institutions following the intensive

quality assurance programme in New York State.

1.3.2 Paediatric Cardiac surgery.

Threepapers are summarised below, focusdang on the issuesraised in Sedion 1.2. Stark et al
(2000 find no relationship between surgical volume and mortality, but their analysisis based on
very small numbers of events. No claim is made that these papers are the only published examples,

but they are the major studies cited in the literature.

Jenkins et al (1995)

Patients. 2833children undergoing cardiac surgery in 37 centresin Californiain 1988and
Massachusetts in 1989

Data source. Administrative data-base with ICD9 codes.

Definition o ‘volume'. Pre-determined groups: < 10, 10to 100, 101 — 300, > 301 cases per
yea. Only two hospitals were in the top group.

Case-mix. Four pre-determined operation complexity categories defined on basis of ICD9
codes.

Satistical methods. Plotting mortality rates by complexity and volume cdegory. Estimated
oddsratios for ead volume caegory, adjusting for complexity caegory. Generalised
estimation equations used to allow for within-institution correlations.

Conclusions. No significant diff erence between threelowest volume cdegories, but adjusted
mortality rate in highest-volume hospitals was significantly lower.

Comnents. The @nclusions are based entirely on the effed of two large entres of

excdlence



Hannan et al (1998)

Patients. 7169children undergoing cardiac surgery in 16 centresin New York State between
1992and 1995

Data source. Clinicd data-base with individual risk fadors.

Definition o ‘volume'. Pogt-hoc split between ‘low’ and ‘high’ volume hospitals defined as
100 mtients per yea, chosen to maximise statistical significance of difference

Case-mix. Four complexity caegories of operation fed into risk-adjustment index derived
from logistic regression.

Satistical methods. Risk-adjusted mortality rates for low and high volume hospitals
compared without taking into aacount within-institution correlations.

Conclusions. Risk-adjusted mortality rate in high-volume hospitals was significantly lower,
with the least difference occurring in the highest-risk category.

Comnents. The post-hoc definition of a low-high volume threshold, and the ladk of
allowance for within-institution correlation, invalidate the statistical tests of

significance.

Sollano et al (1999)

Patients. 7199children undergoing cardiac surgery in 16 centresin New York State between
1990and 1995

Data source. Administrative data-base with ICD9 codes.

Definition of ‘volume’. Treaed as continuous quantity, separately within ead age cdegory
(1-30 chys, 31 chys— lyea, 1-12years, 13-17 yeas).

Case-mix. Four complexity caegories of operation as used by Hannan et al (1998.

Statistical methods. Logistic regresson analysis to estimate mortality odds ratio asciated
with additional 100 matients over 6 yeas. Use of generalised estimating equations to
take into acount within-institution correlations had negligible effed.

Conclusions. A significant relationship between mortality and volume was found for
neonates (1-30 cays) and 31 dys-1 yea, with the largest difference occurring in the
highest-risk caegory.

Comnents. This gudy covers essentiall y the same population as Hannan et al (1998, but
using adifferent data source and statistical methodology. The graphs acaompanying
the analysis suggest that one large hospital (possibly Columbia-Presbyterian in New

Y ork) is having avery substantial influence on the analysis.



1.4 Conclusions.

All threestudies have data at individual level and have dealt with case-mix by grouping operations
into four risk categories. They adopt a variety of statistical methods when adjusting for case-mix
and age, but have all concluded that larger hospitals are associated with better outcomes. However,

there ae severe methodological weaknesses in all threestudies as outlined in the cmmments above.

2. Materials and methods

2.1 Data sources.

These have been described in detail in Aylin et al (1999, Murray et al (1999 and Spiegelhalter
(1999. The Cardiac Surgicd Register (CSR) comprises voluntary returns made by the surgeons
to their professonal society, while the Hospital Episode Statistics (HES) for 1991-1995comprise
administrative data entered by clinicd coders.

2.2 Should Bristol beincluded in the analysis?

This gudy has been generated by attention to the results of Bristol, a low-volume centre, and hence
it ishighly likely that Bristol will be very influential in any analysis. It isalso inappropriate to test
hypotheses on the same data & that which generated the hypothesis. Thus the primary analysis has
been caried out without including Bristol as a entre — this also provides an unbiased assessment of
the extent to which any excessmortality in Bristol can be explained away by the lower volume of

cases. Reaultsincluding Bristol are also reported and Bristol is included in plots of raw data

2.3 Issuesin analysis.

Theissuesraised in Sedion 1.2 are dealt with in the following way:

» Case-mix. Ead of the 13 procedure groups has been individually analysed. However, there ae
adknowledged difficulties in the coding at this level of detail, and so the primary analysis has
been based on both pooled open operations and stratified for procedure groups 1to 11 This
stratification estimates a ammmon association within procedure groups, and should be more
robust to errorsin allocation to procedure groups.

» Volume definition. Volume has been defined as the number of cases being treaed in the
appropriate gpoch and age-group. It isa @ntinuous quantity and no threshold between ‘low’
and ‘high’ volume hospitals has been adopted.



Influence of single centres. The plots allow a visual assessment of whether individual centres
are having uindue influence
Within-ingtitution correlations.  All standard errors and p-values are ajusted for within-

ingtitution correlation using a ‘ quasi-likelihood adjustment’ (seeGlossary).

2.4 Statistical analysis.
The stages of the statistica analysis are & follows:

The mortality rate for ead centre is plotted against volume for ead type of operation, within
each age-group and epoch, for both CSR and HES data. The <90 cay and 91 diy - 1 yea age-
groups are pooled for the HES datato permit dired comparison with CSR. Prediction limits are
superimposed on the plots, assuming constant mortality aaosscentres (Stark et al, 2000).

The relative change in odds on deah (expressd as a percentage) per additional unit of volume
per yea (1 petient or 10 patients) is estimated for ead plot, with confidence intervals and p-
values allowing for within-institution correlations, and excluding the effed of Bristol. Logistic
regression is used to estimate the odds ratio assciated with specified change in volume — for
example, an oddsratio of .96 per additional patient per yea correspondsto avalue of r = 100(1
-.96) =- 4 %. Thiswould mean that for ead additional operation of the type caried out, we
estimate that the risk (expressed as odds on deah) is reduced by 4%, say from a mortality rate
of 25% to 24%.

The estimated relative change in risk is estimated for al open operations within age groups,
with and without Bristol, and with and without stratification for case-mix, for both data sources
for the period 19921995 Thisisrepeaed for all closed operations within age groups, with and
without Bristol.

3. Results.

3.1 Relationship between mortality rate and volume for individual procedure groups.

Figures 1.1 to 1.15 show for ead of the 13 procedure groups and all open and all closed operations

the % mortality rate for eat centre (Bristol isindicaed by a different symbol), plotted against the

volume of cases. SeeSection 2.4 for detail s of the statistical analysis — we ajain emphasise that the

asciation between volume and outcome has been estimated without using the data from Bristol.

The results are summarised in Table 1.



Figure 1 and Table 1 show that for al open operations in under 1s, and for switches (Group 3) and
AV SDs (Group 5 in particular, there is grong and consistent evidence for an association between
mortality rates and volume (not taking into account any data from Bristol). The relationship for

open and closed operations generally is examined in more detail in the next sedions.

3.2 Association between mortality and volume for open operations.

Figures 2.1 and 2.2 show the estimated relationship between risk and volume for open operationsin
1991-1995for under and over 1s, with 95% confidence intervals for the predicted true mortality
rate for ead volume. For children under 1, both HES and CSR show a consistent pattern in spite
of disagreement in data.

Figures 2.1 and 22 use pooled data over al operations, but we can also stratify for operation
groups1to 11 Resultsare summarised in Table 2. It can be seen that sratification for case-mix
has increased the estimated association between mortality rates and volume — this might be
expected if larger centres carried out agreaer proportion of more wmplex operations. Although
the HES results for 91 daysto 1yea are not statistically significant on their own, the estimates are
not statistically significant from those in the neonatal group (1 to 90 days) and it would be

ingppropriate to claim there was only evidence for an association in neonates.

Table 3 repedsthe analysis including the data from Bristol. The aciations grow both in their

size and statistical significance

3.3 Association between mortality and volume for closed operations.

Figures 3.1 and 3.2 show the estimated relationship between risk and volume for closed operations
in 1991-1995for under and over 1s, with 95% confidence intervals for the predicted true mortality
rate for ead volume. Theresults are summarised in Table4. Table 4 and Figure 3 do not display
a onsistent pattern acossdata sources. the significant association observed for CSR under 1sis
not shown by the HES data, and the strongly significant association for HES over 1sisclealy

primarily driven by asingle centre.

Comparing Tables 4 and 5, we note that the inclusion of Bristol has negligible influence for closed

operations.
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4. Conclusions and Discussion.

4.1 Conclusions.

A significant assciation hes been found between mortality outcomes and volume of surgery in
children lessthan 1 yea old for open operations in the period 19921995 even when removing any
influenceof Bristol. Thiseffed is consistent acossboth data sources, and beames more
pronounced when stratification for mix of operationsiscaried out. This finding is not driven by

undue influence of just one or two centres.

It is useful to consider the estimated impact of these aciations on absolute mortality ratesin
19911995 Table 6 showsthe expected change in mortality rates in open operations in under 1s,
comparing a baseline hospital treaing 40 tients ayea (corresponding to a volume of 160in
Figure 2.1) with a mortality rate of 15 %, compared to hospitalstreating 80and 120 @tients ayea.
Note that these ae ‘average’ hospitals rather than specific institutions. Based on both HES and
CSR data shown in Figure 2 and Table 2, r may be estimated to be aound - 4 % without adjusting
for age and operation mix, around - 6% when adjusting for age and operation mix. A valueof r = -
6 % means that ead additional 10 petients per yea is expected to change the odds on deah by a
fador of .94: hence 40 extra patients reduces the odds on death by a fador of .94 x .94 x.94x .94
=.780f itscurrent value. This corresponds, for example, to areduction of a aurrent mortality rate
of 15% to 13%.

Thus we estimate that a hospital carrying out 120 open operations a year on patients ages under 1 in
1991-1995would be expeded to have an underlying mortality rate that is 25 % lower (11.3% vs
15% mortality rates) relative to one carying out only 40 such operations. If the hospitals had
exactly the same age- and operations mix, this reduction is increased to 35 % (9.7% vs 15%
mortality rates).

It is useful to examine the extent to which the asciation with volume might explain the gparent
excessmortality in Bristol. Table 7 shows, for both data sources, the mortality rates for open
operations in under 1s, between 1991-1995(A). Subtracting the mortality rate dsewhere (B)
provides asimple estimate of the excessmortality rate (C). However, from the fitted line in Figure

2.1 we can estimate the expeded mortality rate in Bristol, were it typical of the other centresin the

11



country (D). Allowing for the 'volume effect’ (E) reducesthe excessmortality in Bristol. Finally,

the proportion of the unadjusted excess(C) explained by volume an be alculated (E).

The data sources are consistent in showing that only a small proportion of the excess mortality

observed in Bristol can be dtributed to their being a low-volume entre.

For closed operations, there is ome evidence of an association, but the most significant finding is

driven by the results of asingle entre and hence @nnot be cnsidered reliable.

4.2 Discussion.

Gred caution is neaded in interpreting these findings and drawing policy conclusions. It would, for
example, be tempting to examine the HES data shown in Figure 2.1 and draw a aut-off around 200
operations, corresponding to one operation per week between 1991and 1995 Total mortality in
centres below that volume was 14.7% (not including Bristol) or 16.7% (including Bristol), while
total mortality in centres above that volume was 10%. Dudey et al (2000 used such datato
calculate the number of ‘potentially avoidable deahs were patients at ‘low’ volume centres treated

at ‘high’ volume centres.

It is certainly feasible that concentrating treatment in fewer centres may leal diredly to benefitsin
outcome through, for example, increased opportunities for surgical learning. However, Posnett
(1999 warns that such ‘economies of scale’ cannot be guaranteed. Volume might be asciated
with better outcomes without necessarily being adired cause through, for example, being a‘ proxy’
for —

* alonger ingtitutional history

» better asociated service such asintensive cae

» the aility to attract and retain skilled staff

» the aility to attract more patients through reputation

and none of these would necessarily be obtained by, say, merging the caeload of two centres. It is
also important not to extrapolate beyond the available data, since further increase in volume of
larger centres may even leal to poorer outcomes if communications gartsto dedine. Finaly, itis
possible that the amncordance between centres may have increased after 1995 as experience with

operations such asthe aterial switch operations has been gained.
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Operation type Negative Comments on evidence for negative association.
association
between
outcome and
volume?
Gl Fallot type 718 * Strongest evidence 19841990in over 1s—
increased concordance after 1991
G2 Inter-atrial TGA 1/4 No consistent evidence.
G3 TGAs (~switch) 717 * Consistent and strong evidencein all ages between
1984and 1995
G4 TAPVD 214 No consistent evidence.
G5 AVSD 8/8 * Consistent and strong evidencein under 1s
between 1984and 1995
G6 Closure of ASD 2/6 Just two centres drive significant assciation in
19881990 wnder 1s.
G7 Closure of VSD 718 No consistent evidence.
G8 Truncus 4/4 No consistent evidence.
G9 Fontan type 6/6 Evidence of association between 1988and 1990in
over 1s.
G10 Aortic, pulm 6/8 CSR suggests asociation between 1991-1995but
only we&kly supported by HES
Gl1 Mitral valves 4/7 No consistent evidence.
G12 Closed shunts 1/2 No consistent evidence.
G13 Simple arctation 214 No consistent evidence.
Gl4 All open 8/8 * Strong and consistent evidence in under 1s
G15 All closed 4/8 Evidence from HES 1991-19% for over 1s, but

driven by one centre,

Tablel. Summary of estimated relationships between volume and outcome within

individual procedure groups siown in Figure 1. Each Figure containsup to eight plots
with sufficient datato attempt to estimate the association between outcome and volume

(at least five deaths) —thefraction of these plotsthat show a negative association is
shown in column 3, with a* indicating strong and consistent evidence of association.

(No use has been made of data from Bristol in these analyses).
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Withou stratification for With stratification for
operation-mix operation-mix
Data Epoch Age- Changeinrisk P Changeinrisk P
source group per 10 extra per 10 extra
patients per year patients per year
(95% interval) (95% interval)
HES 19911995 | <90 days -8.6 % .0043 -112% .0008
(-145t0 —2.2) (-17.6 to -4.4)
91 cays— -6 % 0.13 -8.6 % 0.11
1yea (-158t04.8) (-206t05.2)
1-16 2% 0.27 -2.2% 0.14
yeas (-8.1t04.6) (-6to 18)
CSR 19911995 | <1year -3.4% 0.0012 -6.1% <0.0001
(-5.6t0-1.2) (-9t0-3.1)
> 1vyear -4.5% 0.14 -7.1% 0.0021
(-122t039) (-117t0-23)

Table 2. Relationship between risk and volumein open operations between 1991-1995,

excluding Bristol.

Withou stratificatio
operation-mix

nfor

With stratification for
operation-mix

Data Epoch Age- Changeinrisk P Changeinrisk P
source group per 10 exra per 10 extra
patients per year patients per year
(95% interval) (95% interval)
HES 19911995 | <90 days -117% .0.0089 -154 % <0.0001
(-204t0-2.1) (-219t0-83)
91 cays— -114% 0.087 -16% 0.01
1yea (-2561t05.5) (-276t0-2.6)
1-15 -2.4% 0.22 -25% 0.096
yeas (-81t03.7) (-6.1t01.3)
CSR 19911995 | <1lyear -4.2% 0.0023 -6.7 % <0.0001
(-6.9t0-1.3) (-9.7t0-3.7)
> 1 year -4.7 % 0.11 -71.4% 0.0013
(-12t0 31) (-11.9t0-2.6)

Table 3. Relationship between risk and volumein open operations between 1991-1995,

including Brigtol.
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Data Epoch Age- Changeinrisk P
source group per 10 extra
patients per year
(95% interval)
HES 19911995 | <90 days -4.6 % 0.35
(-25.1t0215)
91 cays— 34.8 % 0.75
1yea (-424t0215.7)
1-16 -90.1 % 0.0036
yeas (-982t0-46.5)
CSR 19911995 | <1lyear -14.4% 0.02
(-26.210-0.7)
> 1year -30.7 % 0.2
(-70.8t064.3)

Table 4. Relationship between risk and volumein closed operations between 1991-1995,

excluding Bristol.

Data Epoch Age- Changeinrisk P
source group per 10 extra
patients per year
(95% interval)
HES 19911995 | <90 days -4.9% 0.33
(-239t018.9)
91 cays— 34.7 % 0.76
1yea (-40.1t0202.9)
1-16 -917% 0.0017
yeas (-9841t0-56.1)
CSR 19911995 | <1lyear -14.3% 0.017
(-25.7t0-1.2)
> 1year -29.9% 0.19
(-68.7t057.0)

Table 5. Relationship between risk and volumein closed operations between 1991-1995,
including Brigtol.



r=changeinriskper | % Mortalityrateina | % Mortalityrateina | % Mortalityrateina
addtiond 10 patients baseli ne hospital haospital treating 80 haospital treating 120
treated per year treating 40 paients patients per year. patients per year.
per year.
-4% 15 13.0 11.3
-6% 15 12.1 9.7

Table 6. Illustration of the estimated effect on mortality rates when comparing hospitals with
different volumes of cases. For open operationsin under 1s, r has been estimated to be around
4% without adjusting for age and operation mix in 1991-1995, and around 6% when
adjusting for age and operation mix (excluding influence of Bristol).

Data Mortality rate | Mortality Excess Expeded Excess Propation of
source in Bristol. rate mortality in | mortality rate | mortality in | excess mortality
elsewhere. | Brigtol, not in Bristol, Bristal, “explained’ by
adusted for | adusted for | adjusted for | effed of volume.
volume. volume. volume.
A B C=A-B D E=A-D 1-E/C
HES | 41/143=28.7% 11.2% 17.5% 13.3% 15.4% 12
CSR | 43/181 =23.7% 12.5% 11.2% 14.4% 9.3% 17

Table7. Mortality ratesfor open operationsin under 1s between 1991-1995, showing the
extent to which the apparent excess mortality in Bristol can be explained by its volume of

surgery.
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