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Abstract

IMPORTANCE Sepsis is associated with a high burden of inpatient mortality. Treatment in intensive
care units (ICUs) that have more experience treating patients with sepsis may be associated with
lower mortality.

OBJECTIVE To assess the association between the volume of patients with sepsis receiving care in
an ICU and hospital mortality from sepsis in the UK.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study used data from adult
patients with sepsis from 231 UK ICUs between 2010 and 2016. Demographic and clinical data were
extracted from the Intensive Care National Audit & Research Centre (ICNARC) Case Mix Programme
database. Data were analyzed from January 1, 2010, to December 31, 2016.

EXPOSURES Annual sepsis case volume in an ICU in the year of a patient’s admission.

MAIN OUTCOMES AND MEASURES Hospital mortality after ICU admission for sepsis assessed
using a mixed-effects logistic model in a 3-level hierarchical structure based on the number of
individual patients nested in years nested within ICUs.

RESULTS Among 273 001 patients included in the analysis, the median age was 66 years
(interquartile range, 53-76 years), 148 149 (54.3%) were male, and 248 275 (91.0%) were White. The
mean ICNARC-2018 illness severity score was 21.0 (95% Cl, 20.9-21.0). Septic shock accounted for
19.3% of patient admissions, and 54.3% of patients required mechanical ventilation. The median
annual sepsis volume per ICU was 242 cases (interquartile range, 177-334 cases). The study identified
a significant association between the volume of sepsis cases in the ICU and mortality from sepsis; in
the logistic regression model, hospital mortality was significantly lower among patients admitted to
ICUs in the highest quartile of sepsis volume compared with the lowest quartile (odds ratio [OR],
0.89; 95% Cl, 0.82-0.96; P = .002). With volume modeled as a restricted cubic spline, treatment in
alarger ICU was associated with lower hospital mortality. A lower annual volume threshold of 215
patients above which hospital mortality decreased significantly was found; 38.8% of patients were
treated in ICUs below this threshold volume. There was no significant interaction between ICU
volume and severity of illness as described by the ICNARC-2018 score (8 [SE], -0.00014 [0.00024];
P =.57).

CONCLUSIONS AND RELEVANCE The findings suggest that patients with sepsis in the UK have
higher odds of survival if they are treated in an ICU with a larger sepsis case volume. The benefit of a
high sepsis case volume was not associated with the severity of the sepsis episode.
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Key Points

Question Is there an association
between the annual volume of sepsis
cases in an intensive care unit (ICU) and
hospital mortality from sepsis?

Findings In this cohort study of 273 001
patients with sepsis at 231ICUs in the
UK, a higher annual sepsis case volume
in the ICU was associated with
significantly lower hospital mortality,
and this association had no significant
interaction with illness severity. A lower
volume threshold of 215 treated patients
was identified, above which hospital
mortality decreased significantly.

Meaning The findings suggest that
patients with sepsis in the UK have
higher odds of survival if treated in an
ICU with a higher sepsis case volume.
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Introduction

Sepsis is a dysregulated host response to infection that results in organ dysfunction.! It is among the
leading causes of death worldwide, and the global burden of sepsis is expected to increase as
populations age.? The World Health Assembly has urged member states and other stakeholders to
strengthen efforts to prevent, diagnose, and treat sepsis.> Patients with sepsis require high-cost
interventions in intensive care units (ICUs), where even with prompt treatment, they have a high
probability of death.? One strategy to reduce mortality might be to treat patients with sepsis in larger,
high-volume ICUs.

Since a seminal report by Luft et al in 1979,* there has been increasing evidence that patients
receiving treatment for complex conditions have lower mortality when treated in institutions with a
high-volume caseload compared with institutions with a low-volume caseload.*™ Other major
benefits are the potential for lower costs by economies of scale and more efficient use of staff and
other resources.'? The main concerns are the potential for fragmentation of care, the need to
transport patients away from their local hospital, and the possibility that high-volume centers will be
overwhelmed.™

Sepsis, although common and clinically identifiable, has not attracted much attention in the
literature assessing the association of case volume with outcomes.™* Sepsis requires time-critical
interventions provided almost exclusively within the ICU, allowing assessment of the direct
association of outcomes with ICU treatment. Thus, we evaluated the association between annual
sepsis case volume in an ICU and hospital mortality among patients with sepsis in the UK. We chose
mortality as the outcome because sepsis is associated with significant mortality,’ and this outcome is
not subject to manipulation.

Methods

Data

In this cohort study, we analyzed data from the Case Mix Programme database, a national clinical
database of all adult patients admitted to ICUs in England, Wales, and Northern Ireland that is
coordinated by the Intensive Care National Audit & Research Centre (ICNARC). Details of the
validation of the Case Mix Programme database were published previously.'®2° Approval for the use
of data from the Case Mix Programme was obtained under §251 of the National Health Service Act
2006. The London School of Economics waived the requirement for approval and informed consent
because this research involved secondary analysis of an established data set of anonymized data.
This study followed the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) reporting guideline.?'

Patient Selection

All admissions of adults with sepsis to 231 general ICUs in England, Wales and Northern Ireland
between January 1, 2010, and December 31, 2016, were included. Sepsis cases were identified using
the third international consensus definitions for sepsis and septic shock (Sepsis-3).! We considered
the index critical care admission for sepsis as an admission for an infection with a sequential organ
failure score of 2 or higher. Septic shock was defined as infection with a Sequential Organ Failure
Assessment score of 2 or higher with a cardiovascular component or with a serum lactate
concentration greater than 18 mg/dL, in accordance with the Sepsis-3 definition.! Patients younger
than 16 years, patients for whom all physiological data were missing, and patients who stayed in the
ICU for less than 8 hours were excluded.

Exposure
The exposure was defined as the annual sepsis case volume in an ICU in the year of a patient's
admission; for example, if a patient was admitted to an ICU in 2010, we defined exposure as the
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sepsis case volume in that ICU in 2010. In the initial data analysis, we followed the common approach
of categorizing ICU volumes into quartiles, which we justified given that we were analyzing the
complete set of general ICUs in England, Wales, and Northern Ireland. Our preferred approach was
to specify volume as a continuous variable and used restricted cubic splines to identify the best-
fitting model.

Study Outcome

The primary outcome was death before discharge from an acute care hospital. Patients who were
transferred between ICUs were excluded from the analysis of mortality but included in the estimation
of ICU volumes. This was done to avoid confounding results with outcomes from different ICUs. For
patients who were readmitted to the ICU, only the first admission was included in the mortality
analysis.

Statistical Analysis

Data were analyzed from January 1, 2010, to December 31, 2016. The risk-adjusted association
between ICU volume and acute care hospital mortality was assessed using a mixed-effects logistic
model in a 3-level hierarchical structure based on the number of individual patients nested in years
nested within ICUs. This mixed-effects approach was used to evaluate the association between the
volume of sepsis cases in an ICU and mortality from sepsis while giving adequate control for the
within-ICU variation over time. Control variables included in the model were age, sex (with female as
the reference), prehospital dependence (with no dependence as the reference), race/ethnicity (with
White as the reference), comorbidities (with severe respiratory disease, severe cardiac disease,
end-stage kidney disease, severe liver disease, metastatic disease, hematological malignancy, and
compromised immune system as the reference), socioeconomic deprivation as measured by the
Index of Multiple Deprivation, severity of illness as measured by the ICNARC-2018 score,?>3 annual
bed occupancy rate, and academic affiliation (with nonuniversity as the reference). Race/ethnicity
was defined using the UK Census recommendations of categorization.?* Race/ethnicity was included
as a control variable because of the association with mortality from sepsis.2>?” Full details are
provided in the eAppendix in the Supplement.

The annual ICU sepsis case volume was initially analyzed as a categorical variable, as in earlier
studies.?® Categorization is a popular method for studies on case volume and outcomes but has
disadvantages. The categories are determined by the distribution of the data; thus, the cutoff points
are arbitrary and study specific, limiting generalization. There is also substantial loss of information
through categorization, with all ICUs in the same category assumed to have the same mortality risk.

Our subsequent data analysis therefore defined volume as a continuous variable, and we
specified restricted cubic splines to allow for assessment of the nonlinear association between case
volume and mortality. In making the model more flexible, potential overfitting was avoided, whereas
the interpretability of the modeled association was retained. Restricted cubic splines can identify
local features and provide stable estimates at the tails of data, making the spline model reliable in
identifying a local marginal treatment effect. We fitted models with 3, 4, 5, and 6 knots and used
information criteria and likelihood ratio tests to select the model with 3 knots as the most
parsimonious.?® We used a Wald test to assess the overall association between sepsis case volume
and mortality. We specified values of ICU volume at midpoints on the knots to provide a comparison
with the quartile model.2° Details, including various specification tests, are given in the eAppendix
in the Supplement. Significance was defined as P < .05 using a 2-tailed test. Data analysis was
performed using Stata, version 16.0 (StataCorp LLC).

We used the 3-level hierarchical logistic regression model to account for the clustering of
patients within ICUs across years. This approach also estimated random intercepts for each ICU,
which were interpreted as the latent ICU-level variation.' Details are included in the eAppendix in
the Supplement. We evaluated the significance of the between-ICU variation using a median odds
ratio (OR).>
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Subgroup Analysis

We hypothesized that sicker patients would have a lower mortality risk if treated in a high-volume
ICU vs a low-volume ICU. To assess this, we performed a test of the interaction between ICU volume
and illness severity using the mortality risk estimated using the ICNARC-2018 score. We examined
sensitivity in this subgroup analysis by altering the definition of more severely ill. We subsequently
defined sicker patients admitted to ICUs as those with septic shock, those with an expected mortality
rate greater than 30% as estimated by the ICNARC model, or those who received mechanical
ventilation or kidney replacement therapy within 20 hours of ICU admission. Second, we analyzed
nonsurgical patients with sepsis to ensure that the observed outcome was not influenced by
inclusion of surgical patients with sepsis.

Sensitivity Analysis
We used fractional polynomials as an alternate specification of volume as a continuous variable to
test the sensitivity of the results to the specification of the association between case volume and
outcome.?® Fractional polynomials are global functions and may obscure local features, particularly
at the tails of the data distribution, and may therefore be less useful than cubic splines in identifying a
threshold volume, particularly at low volumes.>3

We then performed a quantitative bias assessment to assess the influence of unmeasured

covariates3+3°

using E-values. E-values measure the minimum association that an unmeasured
covariate would require with both ICU volume and mortality, conditional on the measured covariates,
to explain the empirically determined association between case volume and outcome.®®

In addition, we checked that volume was exogenous. In this study's model, exogeneity required
that ICU volume was not associated with the ICU-level random effect.3® Details are provided in the

eAppendix in the Supplement.

Results

Descriptive Statistics

Of the 305 748 ICU admission episodes (which included readmissions and transfers) meeting the
Sepsis-3 criteria between 2010 and 2016, 32 747 (10.7%) were excluded from the mortality analysis.
This included 19 809 patients who were readmitted, 12 296 patients transferred between ICUs, and
642 patients who were readmitted and transferred between ICUs. Descriptive statistics for the
sample of 273 001 patients with sepsis treated within general ICUs from 2010 to 2016 are shown in
Table 1and eTable 1in the Supplement; patient flow is shown in eFigure 1in the Supplement. The
median age of the patients was 66 years (interquartile range [IQR], 53-76 years); 148 149 (54.2%)
were male, and 248 275 (91.0%) were White. The mean ICNARC-2018 score was 21.0 (95% Cl, 20.9-
21.0) Most of the patients (80.1%) had no severe medical comorbidity. Of all included patients, 1.8%
were recorded as having severe cardiac disease, 4.6% as having severe respiratory disease, 1.9% as
having end-stage kidney disease, and 2.2% as having liver disease; 8.8% were recorded as
immunocompromised. The mean ICNARC-2018-estimated mortality rate was 29.7% (95% Cl,
29.6%-29.8%). Mechanical ventilation was used for 53.1% of patients, 19.9% had a diagnosis of
septic shock, and 8.8% had received kidney replacement therapy within 24 hours of ICU admission.

The unadjusted hospital mortality rate was 31.9% (95% Cl, 31.8%-32.1%). Hospital mortality was
33.3% in the lowest volume quartile compared with 30.7% in the highest quartile (Table 1).

Of the 2311CUs, 122 (52.8%) were in non-university hospitals, 39 (16.9%) were university
affiliated, and 70 (30.3%) were university based. The median number of ICU beds was 8 (IQR, 6-10)
in the lowest quartile of ICU volume compared with 23 (IQR, 18-28) in the highest quartile (Table 2
and eTable 2 and eFigure 2 in the Supplement).

[5 JAMA Network Open. 2021;4(6):€2115305. doi:10.1001/jamanetworkopen.2021.15305 June 29,2021 4/13

Downloaded From: https://jamanetwor k.com/ on 07/01/2021


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.15305&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.15305&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.15305&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.15305&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305

JAMA Network Open | Critical Care Medicine Association of Annual Intensive Care Unit Sepsis Caseload With Mortality From Sepsis

Table 1. Characteristics of Patients Admitted to ICUs in the UK Between 2010 and 2016 Across Quartiles of Annual ICU Caseload of Sepsis®

Patients with sepsis®

Total Quartile 1 Quartile 2 Quartile 3 Quartile 4
Variable (N =273001) (n = 68952) (n = 69269) (n = 68289) (n = 66491) P value©
Age,y
<54 68947 (25.2) 17022 (24.9) 16550 (24.4) 17 453 (25.5) 17232 (25.2)
54-66 69264 (25.3) 17322 (25.3) 17021 (24.9) 17110 (25.0) 17 007 (24.8)
67-76 68289 (25.0) 18011 (25.4) 18256 (25.8) 17674 (25.0) 16894 (23.9) <001
>76 66491 (24.4) 16592 (25.4) 17337 (26.5) 16052 (24.6) 15358 (23.5)
Sex
Male 148 149 (54.2) 37226 (54.0) 37326 (53.9) 37280 (54.6) 36317 (54.6)
Female 124852 (45.7) 31726 (46.0) 31943 (46.1) 31009 (45.4) 30174 (45.4) 006
Race/ethnicity
White 248275 (91.0) 63059 (91.5) 64504 (93.2) 62712 (91.9) 58000 (87.2)
Asian 9438 (3.5) 2472 (3.6) 1779 (2.6) 2114 (3.1) 3073 (4.6)
Black 5504 (2.0) 1304 (1.9) 1092 (1.6) 1036 (1.5) 2072 (3.1) <001
Mixed or otherd 9617 (3.5) 2070 (3.0) 1848 (2.7) 2353 (3.4) 3346 (5.0)
Comorbidities
Cardiac 4857 (1.8) 1390 (2.0) 1032 (1.5) 11318(1.9) 1117 (1.7) <.001
Respiratory 12498 (4.6) 3187 (4.6) 2870 (4.2) 2863 (4.2) 3578 (5.4) <.001
ESKD 5171 (1.9) 1002 (1.5) 967 (1.4) 1297 (1.9) 1905 (2.9) <.001
Liver 6030 (2.2) 1208 (1.8) 1285 (1.9) 1468 (2.2) 2069 (3.1) <.001
Metastatic cancer 6598 (2.4) 1610 (2.4) 1509 (2.2) 1709 (2.5) 1770 (2.7) <.001
Hematologic cancer 9763 (3.6) 2349 (3.4) 2178 (3.2) 2551 (3.8) 2685 (4.1) <.001
Immunocompromised 24035 (8.8) 5884 (8.6) 5553 (8.1) 6287 (9.3) 6311 (9.5) <.001
Level of dependency before acute care
hospitalization
Independent 184850 (68.0) 47150 (68.7) 47 545 (68.9) 44925 (66.1) 45230 (68.3)
Some assistance 81913 (30.1) 20220 (29.5) 20233 (29.3) 21851 (32.1) 19609 (29.6) <.001
Total dependence 5071 (1.9) 1262 (1.8) 1223 (1.8) 1214 (1.8) 1372 (2.1)
Usual residence before hospitalization
Home 264730 (97.0) 66816 (96.9) 67200 (97.0) 66286 (97.1) 64428 (96.9)
Work or non-health-related institution 564 (0.2) 144 (0.2) 132(0.2) 143 (0.2) 145 (0.2)
Nursing home, hospice, or health-related 6756 (2.5) 1781 (2.6) 1716 (2.5) 1646 (2.4) 1613 (2.4) <.001
institution
No fixed address 951 (0.4) 221(0.3) 221(0.3) 214(0.3) 305 (0.5)
IMD quintile
1 69728 (25.7) 15507 (22.7) 15654 (22.7) 17 144 (25.3) 21423 (32.5)
2 58496 (21.6) 15047 (22.0) 15574 (22.6) 13632 (20.1) 14243 (21.6)
3 53199 (19.6) 14075 (20.6) 14345 (20.8) 13200 (19.4) 11579 (17.5) <.001
4 47306 (17.5) 12864 (18.8) 12623 (18.3) 12095 (17.8) 9724 (14.7)
5 42400 (15.6) 10776 (15.8) 10743 (15.6) 111833(17.4) 9048 (13.7)
Admission type
Medical 204524 (74.9) 523890 (76.7) 51067 (73.7) 50163 (73.4) 50404 (74.9)
Elective surgery 11780 (4.3) 3167 (4.6) 2825 (4.1) 2710 (4.0) 3078 (4.6) <.001
Emergency surgery 56671 (20.8) 12886 (18.7) 15368 (22.2) 15409 (22.6) 13008 (19.6)
APACHE Il score, mean (95% Cl) 18.4(18.4-18.4) 18.5 (18.4-18.5) 18.3(18.2-18.3) 18.5 (18.4-18.5) 18.5 (18.5-18.6) <.001
ICNARC score, mean (95% Cl) 21.0(20.9-21.0) 21.3(21.2-21.4) 21.1(21.0-21.1) 20.9 (20.9-21.0) 20.4 (20.4-20.5) <.001
ICNARC estimated probability of death, 29.7 (29.6-29.8) 30.7 (30.5-30.9) 29.8 (29.6-30.0) 29.5(29.3-29.7) 28.8 (28.6-29.0) <.001
mean (95% Cl), %
Kidney failure in the first 24 h 23573 (8.8) 6154 (9.1) 6253 (9.2) 5866 (8.7) 5300 (8.1) <.001
Mechanical ventilation 145041 (53.1) 38278 (55.5) 36994 (53.4) 36035 (52.8) 33734 (50.7) <.001
Septic shock 54419 (19.9) 14458 (21.0) 13912 (20.1) 13016 (19.1) 13033 (19.6) <.001
ICU length of stay, median (IQR), h 90 (42-189) 93 (41-200) 88 (41-186) 90 (42-187) 88 (42-186) <.001
Hospital length of stay, median (IQR), d 14 (7-28) 14 (7-29) 14 (7-27) 14 (7-28) 15 (7-30) <.001
(continued)
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Table 1. Characteristics of Patients Admitted to ICUs in the UK Between 2010 and 2016 Across Quartiles of Annual ICU Caseload of Sepsis® (continued)

Patients with sepsis®

Total Quartile 1 Quartile 2 Quartile 3 Quartile 4
Variable (N =273001) (n = 68952) (n =69269) (n = 68289) (n =66491) P value®
ICU mortality 62277 (22.8) 16156 (23.4) 16 245 (23.5) 15567 (22.8) 14309 (21.5) <.001
Hospital mortality 86728 (31.9) 22789 (33.3) 22381 (32.5) 21263 (31.3) 20295 (30.7) <.001
Abbreviations: APACHE II, Acute Physiologic Assessment and Chronic Health Evaluation ¢ For categorical variables, a x? test was used. For continuous variables, analysis of
II; ESKD, end-stage kidney disease; ICNARC, Intensive Care National Audit & Research variance was used to analyze the differences in means between groups.
Centre; ICU, intensive care unit; IMD, Index of Multiple Deprivation; IQR, d Mixed included mixed White and Black Caribbean, mixed White and Black African,

interquartile range. mixed White and Asian, and any other mixed race/ethnicity; other included any ethnic

@ Quartile 1was 12 to 177 cases; quartile 2, 178 to 242 cases; quartile 3, 243 to 334 cases; group not stated.
and quartile 4, 335 to 744 cases.

b Data are presented as number (percentage) of patients unless otherwise indicated.

Data were missing for some patients in certain categories, so numbers may not sum to
the totals. Percentages may not sum to 100 owing to rounding.

Table 2. Characteristics of 2311CUs Across Quartiles of Annual Sepsis Volume?

Median (IQR)

Variable Total Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value®

ICU beds 13 (9-18) 8 (6-10) 11 (9-13) 15 (12-17) 23(18-28) <.001

Occupancy, % 73.5(67.9-79.5) 67.5(59.4-74.2) 71.7 (66.9-77.0) 74.0(70.5-79.6) 78.6(74.8-82.9) <.001

Sepsis volume 242 (177-334) 136 (112-160) 214 (197-228) 280 (260-302) 415 (378-483) <.001

Nonsepsis volume 497 (346-747) 288 (220-369) 432 (343-521) 572 (461-706) 918 (713-1176) <.001

Total volume 742 (533-1087) 427 (353-516) 646 (552-737) 856 (732-997) 1348 (1173-1614) <.001
Abbreviations: ICU, intensive care unit; IQR, interquartile range. ® For categorical variables, a x? test was used. For continuous variables, analysis of
@ Quartile 1was 12 to 177 cases; quartile 2, 178 to 242 cases; quartile 3, 243 to 334 cases; variance was used to analyze the differences in means between groups.

and quartile 4, 335 to 744 cases.

Regression Analysis

The logistic regression model revealed a statistically significant reduction in hospital mortality among
patients admitted to ICUs in the highest quartile of sepsis volume compared with those admitted to
ICUs in the lowest quartile (OR, 0.89; 95% Cl, 0.82-0.96; P = .002) (Table 3, Figure 1, and eFigure 3
in the Supplement).

With volume modeled as a restricted cubic spline, greater ICU volume was associated with lower
hospital mortality (Figure 1and eTable 3 in the Supplement). The marginal treatment effect refers to
the estimated change in mortality per unit change in ICU volume and varied with the point of
estimation in nonlinear models. The restricted cubic spline specification identified a lower threshold
of 215 patients with sepsis treated per year, above which greater sepsis case volume in the ICU was
associated with lower mortality (Figure 1). Above this volume threshold, there was a significant
reduction in mortality (Figure 1and Table 3). Altogether, 38.8% of patients with sepsis were treated
in ICUs below this threshold value. We could not identify an upper threshold value.

The between-ICU practice variation was derived from the mixed-effects model using estimated
random intercepts as a measure of latent quality. The median OR for hospital mortality was 1.27 (95%
Cl,1.23-1.30), suggesting significant unexplained between-ICU practice variation. The variance within
the same ICU across the study period did not change significantly, suggesting that an individual ICU's
performance in terms of mortality was stable over time (eFigure 4 in the Supplement).

Subgroup Analyses

There was no significant interaction between ICU volume and severity of illness as described by the
ICNARC-2018 score (B [SE], -0.00014 [0.00024]; P = .57). In addition, subgroup analyses of
patients defined as severely ill also did not identify a lower sepsis case volume threshold for mortality
(subgroup receiving mechanical ventilation: 8 [SE], -0.00056 [0.00019]; P = .003; subgroup with
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>30% predicted mortality: B [SE], -0.00032 [0.00019]; P = .10; subgroup receiving kidney

replacement therapy <24 hours after ICU admission: B [SE], 0.00023 [0.00035]; P = .51; and
subgroup with septic shock: B [SE], -0.00051[0.00026]; P = .052) (Figure 2). The association

between case volume and mortality found in the subgroup of nonsurgical patients with sepsis was

Table 3. Odds Ratios of Acute Hospital Mortality Specifying Intensive Care Unit Volume as Categorial and Using

Restricted Cubic Splines

Model OR (95% CI) P value
Categorical®
Quartile 1 1 [Reference] NA
Quartile 2 1.01 (0.96-1.05) .80
Quartile 3 0.91 (0.86-0.96) .001
Quartile 4 0.89(0.82-0.96) .002
Restricted cubic splines®
Midpoint origin and knot 1 (n = 63) 1 [Reference] NA
Midpoint knot 1 and knot 2 (n = 184) 0.97 (0.91-1.03) NA
Midpoint knot 2 and knot 3 (n = 335) 0.90 (0.82-0.99) NA
Midpoint knot 3 and maximum (n = 589) 0.75 (0.66-0.86) NA

Abbreviations: NA, not applicable; OR, odds ratio.

2 Quartile 1was 12 to 177 cases; quartile 2, 178 to 242
cases; quartile 3, 243 to 334 cases; and quartile 4,
335 to 744 cases.

b Per 50 patients with sepsis.

Figure 1. Association Between Sepsis Case Volume in an Intensive Care Unit (ICU) and Acute Care Hospital Mortality
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similar to that in the entire cohort (8 [SE], 0.00053 [0.00018]; P = .002) (Figure 2 and eFigure 5 in
the Supplement).

Sensitivity Analysis

The association between case volume and mortality remained statistically significant in the fractional
polynomial model (eFigure 6 and eTables 4 and 5 in the Supplement). The quantitative bias analysis
returned an E-value of 1.31 (lower bound of 95% Cl, 1.17) (eFigure 7 and eAppendix in the

Figure 2. Subgroup Analysis of Marginal Treatment Effects of Intensive Care Unit (ICU) Volume
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Supplement). The lack of statistical significance in the between- and within-cluster effects for ICU
volume indicated a lack of correlation in the ICU volume and the ICU random effect, in support of the
assumption that ICU sepsis volume is exogenous (eTable 6 in the Supplement).

Discussion

In this cohort study, we found a significant association between the sepsis case volume in an ICU and
hospital mortality from sepsis, and the association was consistent across the categorical and
nonlinear specifications of ICU volume. The sepsis volumes included in this study exceeded the
spectrum of volumes described in other published studies,”8 thereby improving the power to
detect even a small association between case volume and mortality.

The study also identified a lower volume threshold of 215 patients treated per year, above which
there was a statistically significant reduction in mortality. This threshold was estimated based on our
preferred empirical specification using a 3-knot restricted cubic spline regression, which also
controlled for a rich set of covariates to model the association between the case volume and
mortality. There was no significant interaction between case volume and severity of illness. The study
found that significant ICU practice variation was not explained by patient or hospital characteristics,
implying that sample selection was not distorting the associations described. The within-ICU
variation remained unchanged across years, suggesting that higher-performing ICUs maintained
good performance over time.

The study's findings are based on a large population of ICUs observed over time. A recent
meta-analysis?® of smaller observational studies found an overall positive association of outcome
with ICU volume; however, there was significant heterogeneity. Some previous studies>>° that did
not account for the clustered nature of the data revealed upwardly biased estimates of the
association between case volume and outcome. The hierarchical structure of the current data
analysis may account for the more modest association found in this study compared with other
published studies.?®

28,3741,42

Prior studies of the association between case volume and outcomes among patients

with sepsis have shown conflicting results. The literature is subject to limitations.”#"#3* First, many

of the studies®®46-50

of case volume and outcomes among patients with sepsis were undertaken in
the US, where there is a complex system of health care funding and where the observed benefits
attributed to volume may to some extent reflect unmeasured disparities in access to care as well as
socioeconomic disparities. Studies undertaken in countries such as Canada, Finland, or the UK, where
there are single-payer, publicly funded health care systems, have not shown a consistent association
between the volume of sepsis cases and outcomes.>”#>5! Second, in comparisons between high- and
low-volume specialist and nonspecialist services, some of the observed benefits of high case volume
may in fact be a result of specialization.

Third, a major limitation of the existing literature on the association between ICU sepsis case
volume and outcomes is the lack of a criterion standard for defining volume.?® Examining quartiles
does not improve the general understanding of the association between sepsis case volume in the
ICU and outcomes because ICUs considered to be high volume in 1study may be within a lower
volume quartile in another study because the quartiles are specific to each data set. In this study, we
used restricted cubic splines that allowed flexibility in describing the functional form of volume in
regression models. In using the full range of data, these methods provided a more accurate
description of the association between volume and mortality, with the additional ability to suggest
optimal volume thresholds. Fourth, many studies included a small number of ICUs with a narrow
spectrum of volumes, leaving them underpowered to detect a small but statistically and clinically
meaningful association between case volume and outcome.

In addition, most studies use secondary administrative data collected for other uses. Such data
have inherent limitations in both the identification of sepsis and the characteristics of patients and
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ICUs. This study used a large clinical database of patients with sepsis admitted to all general ICUs in
the UK, allowing us to perform detailed risk adjustment and identify ICU-specific characteristics.

In the UK, ICUs are unable to make a risk-based selection of patients with sepsis who are at low
risk of mortality because sepsis is an emergency condition and patients are taken to the nearest
hospital, often by the ambulance service. The empirical findings of this study suggest treatment
benefits could be made through a concentration of ICU facilities, similar to the successful policy
adopted by the National Health Service in some areas with respect to the treatment of stroke.>?

Strengths and Limitations

This study has strengths. In terms of completeness, coverage, and representativeness of the data,
this was one of the largest studies to examine the association between ICU volume and outcomes for
patients with sepsis. By including all general ICUs in England, Wales, and Northern Ireland, the study
assessed the entire adult population treated for sepsis in these countries during the study period.'®
This study used a granular clinical database with a standardized data collection process and a
validated risk adjustment model developed for UK ICUs, and it used the international consensus
Sepsis-3 definition to identify patients with sepsis."'®?>38 The potential for selection bias was limited
by using a cohort of patients with sepsis treated in publicly funded general ICUs within the UK
National Health Service, which covers the whole population.

This study also has limitations. We used observational data that may have been subject to
unmeasured confounding. We evaluated the potential for unmeasured confounding using E-values,®®
which resulted in a threshold risk ratio of 1.17. Although the E-value is modest, we believe that, given
the detailed clinical data recorded in the Case Mix Programme database, substantial unmeasured
confounding was improbable. If an omitted variable was associated with an included covariate, the
omitted variable would not result in substantial bias. The E-value assumes that the distribution of
unmeasured confounders is as unfavorable as possible and represents the most conservative
scenario.>®

As is typical in the literature on case volume and outcome, we used the contemporaneous ICU
volume as the exposure. This did not distinguish between the static scale effects of volume and the
cumulative learning-by-doing effects. In addition, the data set did not have details on processes of
care specific to sepsis, such as timing of the first dose of antibiotics. We were therefore unable to
establish the underlying mechanism of association of sepsis case volume in the ICU with mortality
from sepsis.

Conclusions

In this cohort study, sepsis case volume in an ICU was significantly associated with hospital mortality
from sepsis, and a volume threshold associated with an improvement in mortality was identified.
Further research is required to better understand the mechanism of this association.

ARTICLE INFORMATION
Accepted for Publication: April 27, 2021.

Published: June 29, 2021. doi:10.1001/jamanetworkopen.2021.15305

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2021 Maharaj R
et al. JAMA Network Open.

Corresponding Author: Ritesh Maharaj, MD, MSc, Department of Health Policy, London School of Economics and
Political Science, Houghton Street, London WC2A 2AE, United Kingdom (r.maharaj@Ise.ac.uk).

Author Affiliations: Department of Health Policy, London School of Economics and Political Science, London, UK
(Maharaj, McGuire, Street); Department of Critical Care, Kings College Hospital NHS Foundation Trust, London,
UK (Maharaj).

[5 JAMA Network Open. 2021;4(6):€2115305. doi:10.1001/jamanetworkopen.2021.15305 June 29,2021 10/13

Downloaded From: https://jamanetwor k.com/ on 07/01/2021


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2021.15305&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
mailto:r.maharaj@lse.ac.uk

JAMA Network Open | Critical Care Medicine Association of Annual Intensive Care Unit Sepsis Caseload With Mortality From Sepsis

Author Contributions: Dr Maharaj had full access to all of the data in the study and takes responsibility for the
integrity of the data and the accuracy of the data analysis.

Concept and design: All authors.

Acquisition, analysis, or interpretation of data: Maharaj, Street.

Drafting of the manuscript: Maharaj, Street.

Critical revision of the manuscript for important intellectual content: All authors.
Statistical analysis: All authors.

Administrative, technical, or material support: McGuire.

Supervision: Street.

Conflict of Interest Disclosures: None reported.

REFERENCES
1. Singer M, Deutschman CS, Seymour CW, et al. The third international consensus definitions for sepsis and septic
shock (sepsis-3). JAMA. 2016;315(8):801-810. doi:10.1001/jama.2016.0287

2. Rudd KE, Johnson SC, Agesa KM, et al. Global, regional, and national sepsis incidence and mortality, 1990-2017:
analysis for the Global Burden of Disease Study. Lancet. 2020;395(10219):200-211. doi:10.1016/S0140-6736(19)
32989-7

3. World Health Organization. Service delivery and safety: Improving the prevention, diagnosis and clinical
management of sepsis. Accessed May 16, 2021. https://www.who.int/servicedeliverysafety/areas/sepsis/en/

4. Luft HS, Bunker JP, Enthoven AC. Should operations be regionalized? the empirical relation between surgical
volume and mortality. N Engl J Med. 1979;301(25):1364-1369. doi:10.1056/NEJM197912203012503

5. Halm EA, Lee C, Chassin MR. Is volume related to outcome in health care? a systematic review and
methodologic critique of the literature. Ann Intern Med. 2002;137(6):511-520. doi:10.7326/0003-4819-137-6-
200209170-00012

6. lkoma N, Kim B, Elting LS, Shih YT, Badgwell BD, Mansfield P. Trends in volume-outcome relationship in
gastrectomies in Texas. Ann Surg Oncol. 2019;26(9):2694-2702. doi:10.1245/5s10434-019-07446-0

7. Lee KC, Sethuraman K, Yong J. On the hospital volume and outcome relationship: does specialization matter
more than volume? Health Serv Res. 2015;50(6):2019-2036. doi:10.1111/1475-6773.12302

8. O'Donnell TFX, Boitano LT, Deery SE, et al. Hospital volume matters: the volume-outcome relationship in open
juxtarenal AAA repair. Ann Surg. 2020;271(1):184-190. doi:10.1097/SLA.0000000000002873

9. Sewalt CA, Wiegers EJA, Venema E, et al. The volume-outcome relationship in severely injured patients:
a systematic review and meta-analysis. J Trauma Acute Care Surg. 2018;85(4):810-819. doi:10.1097/TA.
0000000000002043

10. Alsfasser G, Leicht H, Giinster C, Rau BM, Schillinger G, Klar E. Volume-outcome relationship in pancreatic
surgery. BrJ Surg. 2016;103(1):136-143. doi:10.1002/bjs.9958

11. Wright JD. The volume-outcome paradigm for gynecologic surgery: clinical and policy implications. Clin Obstet
Gynecol. 2020;63(2):252-265. doi:10.1097/GRF.0000000000000518

12. Jacobs P, Rapoport J, Edbrooke D. Economies of scale in British intensive care units and combined intensive
care/high dependency units. Intensive Care Med. 2004;30(4):660-664. doi:10.1007/s00134-003-2123-2

13. Iwashyna TJ, Kramer AA, Kahn JM. Intensive care unit occupancy and patient outcomes. Crit Care Med. 2009;
37(5):1545-1557. doi:10.1097/CCM.0b013e31819fe8f8

14. Vincent JL, Marshall JC, Namendys-Silva SA, et al; ICON investigators. Assessment of the worldwide burden of
critical illness: the intensive care over nations (ICON) audit. Lancet Respir Med. 2014;2(5):380-386. doi:10.1016/
S2213-2600(14)70061-X

15. McGlynn EA, Adams JL. What makes a good quality measure? JAMA. 2014;312(15):1517-1518. doi:10.1001/jama.
201412819

16. Harrison DA, Brady AR, Rowan K. Case mix, outcome and length of stay for admissions to adult, general critical
care units in England, Wales and Northern Ireland: the Intensive Care National Audit & Research Centre Case Mix
Programme Database. Crit Care. 2004;8(2):R99-R111. doi:10.1186/cc2834

17. Young JD, Goldfrad C, Rowan K. Development and testing of a hierarchical method to code the reason for
admission to intensive care units: the ICNARC coding method. Br J Anaesth. 2001;87(4):543-548. doi:10.1093/
bja/87.4.543

[5 JAMA Network Open. 2021;4(6):€2115305. doi:10.1001/jamanetworkopen.2021.15305 June 29,2021 1/13

Downloaded From: https://jamanetwor k.com/ on 07/01/2021


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2016.0287&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://dx.doi.org/10.1016/S0140-6736(19)32989-7
https://dx.doi.org/10.1016/S0140-6736(19)32989-7
https://www.who.int/servicedeliverysafety/areas/sepsis/en/
https://dx.doi.org/10.1056/NEJM197912203012503
https://dx.doi.org/10.7326/0003-4819-137-6-200209170-00012
https://dx.doi.org/10.7326/0003-4819-137-6-200209170-00012
https://dx.doi.org/10.1245/s10434-019-07446-0
https://dx.doi.org/10.1111/1475-6773.12302
https://dx.doi.org/10.1097/SLA.0000000000002873
https://dx.doi.org/10.1097/TA.0000000000002043
https://dx.doi.org/10.1097/TA.0000000000002043
https://dx.doi.org/10.1002/bjs.9958
https://dx.doi.org/10.1097/GRF.0000000000000518
https://dx.doi.org/10.1007/s00134-003-2123-2
https://dx.doi.org/10.1097/CCM.0b013e31819fe8f8
https://dx.doi.org/10.1016/S2213-2600(14)70061-X
https://dx.doi.org/10.1016/S2213-2600(14)70061-X
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2014.12819&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2014.12819&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://dx.doi.org/10.1186/cc2834
https://dx.doi.org/10.1093/bja/87.4.543
https://dx.doi.org/10.1093/bja/87.4.543

JAMA Network Open | Critical Care Medicine Association of Annual Intensive Care Unit Sepsis Caseload With Mortality From Sepsis

18. Harrison DA, Lone NI, Haddow C, et al. External validation of the Intensive Care National Audit & Research
Centre (ICNARC) risk prediction model in critical care units in Scotland. BMC Anesthesiol. 2014;14:116. doi:10.1186/
1471-2253-14-116

19. Harrison DA, Parry GJ, Carpenter JR, Short A, Rowan K. A new risk prediction model for critical care: the
Intensive Care National Audit & Research Centre (ICNARC) model. Crit Care Med. 2007;35(4):1091-1098. doi:10.
1097/01.CCM.0000259468.24532.44

20. Harrison DA, Welch CA, Eddleston JM. The epidemiology of severe sepsis in England, Wales and Northern
Ireland, 1996 to 2004: secondary analysis of a high quality clinical database, the ICNARC Case Mix Programme
database. Crit Care. 2006;10(2):R42. doi:10.1186/cc4854

21. Vandenbroucke JP, von EIm E, Altman DG, et al; STROBE Initiative. Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE): explanation and elaboration. Epidemiology. 2007;18(6):
805-835. doi:10.1097/EDE.Ob013e3181577511

22. Ferrando-Vivas P, Jones A, Rowan KM, Harrison DA. Development and validation of the new ICNARC model for
prediction of acute hospital mortality in adult critical care. J Crit Care. 2017;38:335-339. doi:10.1016/j.jcrc.2016.
11.031

23. PayneR, Abel G. UK indices of multiple deprivation—a way to make comparisons across constituent countries
easier. Health Stat Q. 2012;22.

24. Government Statistical Service. Ethnicity harmonised standard. Accessed June 4, 2021. https://gss.civilservice.
gov.uk/policy-store/ethnicity/#presentation-great-britain

25. Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United States from 1979 through
2000. N Engl J Med. 2003;348(16):1546-1554. doi:10.1056/NEJM0a022139

26. Barnato AE, Alexander SL, Linde-Zwirble WT, Angus DC. Racial variation in the incidence, care, and outcomes
of severe sepsis: analysis of population, patient, and hospital characteristics. Am J Respir Crit Care Med. 2008;
177(3):279-284. doi:10.1164/rccm.200703-4800C

27. Mayr FB, Yende S, Linde-Zwirble WT, et al. Infection rate and acute organ dysfunction risk as explanations for

racial differences in severe sepsis. JAMA. 2010;303(24):2495-2503. doi:10.1001/jama.2010.851

28. Gu WJ, Wu XD, Zhou Q, et al. Relationship between annualized case volume and mortality in sepsis: a dose-
response meta-analysis. Anesthesiology. 2016;125(1):168-179. doi:10.1097/ALN.OO0O0000000001133

29. Royston P. Model selection for univariable fractional polynomials. Stata J. 2017;17(3):619-629. doi:10.1177/
1536867X1701700305

30. Lusa L, Ahlin C. Restricted cubic splines for modelling periodic data. PLoS One. 2020;15(10):e0241364. doi:10.
1371/journal.pone.0241364

31. Rabe-Hesketh S, Skrondal A, Skrondal A: Multilevel and Longitudinal Modeling Using Stata. 2nd ed. Stata
Press; 2008.

32. Austin PC, Wagner P, Merlo J. The median hazard ratio: a useful measure of variance and general contextual
effects in multilevel survival analysis. Stat Med. 2017;36(6):928-938. doi:10.1002/sim.7188

33. Binder H, Sauerbrei W. Adding local components to global functions for continuous covariates in multivariable
regression modeling. Stat Med. 2010;29(7-8):808-817. doi:10.1002/sim.3739

34. Ding P, VanderWeele TJ. Sensitivity analysis without assumptions. Epidemiology. 2016;27(3):368-377. doi:10.
1097/EDE.OO00000000000457

35. VanderWeele TJ, Ding P. Sensitivity analysis in observational research: introducing the E-value. Ann Intern
Med. 2017;167(4):268-274. doi:10.7326/M16-2607

36. Schunck R, Perales F. Within- and between-cluster effects in generalized linear mixed models: a discussion of
approaches and the Xthybrid command. Stata J. 2017, 17(1):89-115. doi:10.1177/1536867X1701700106

37. Shahin J, Harrison DA, Rowan KM. Relation between volume and outcome for patients with severe sepsis in
United Kingdom: retrospective cohort study. BMJ. 2012;344:e3394. doi:10.1136/bmj.e3394

38. Nguyen YL, Wallace DJ, Yordanov Y, et al. The volume-outcome relationship in critical care: a systematic
review and meta-analysis. Chest. 2015;148(1):79-92. doi:10.1378/chest.14-2195

39. Panageas KS, Schrag D, Riedel E, Bach PB, Begg CB. The effect of clustering of outcomes on the association of
procedure volume and surgical outcomes. Ann Intern Med. 2003;139(8):658-665. doi:10.7326/0003-4819-139-
8-200310210-00009

40. Abbenbroek B, Duffield CM, Elliott D. The intensive care unit volume-mortality relationship, is bigger better?
an integrative literature review. Aust Crit Care. 2014;27(4):157-164. doi:10.1016/j.aucc.2014.02.001

[5 JAMA Network Open. 2021;4(6):€2115305. doi:10.1001/jamanetworkopen.2021.15305 June 29,2021 12/13

Downloaded From: https://jamanetwor k.com/ on 07/01/2021


https://dx.doi.org/10.1186/1471-2253-14-116
https://dx.doi.org/10.1186/1471-2253-14-116
https://dx.doi.org/10.1097/01.CCM.0000259468.24532.44
https://dx.doi.org/10.1097/01.CCM.0000259468.24532.44
https://dx.doi.org/10.1186/cc4854
https://dx.doi.org/10.1097/EDE.0b013e3181577511
https://dx.doi.org/10.1016/j.jcrc.2016.11.031
https://dx.doi.org/10.1016/j.jcrc.2016.11.031
https://gss.civilservice.gov.uk/policy-store/ethnicity/#presentation-great-britain
https://gss.civilservice.gov.uk/policy-store/ethnicity/#presentation-great-britain
https://dx.doi.org/10.1056/NEJMoa022139
https://dx.doi.org/10.1164/rccm.200703-480OC
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2010.851&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://dx.doi.org/10.1097/ALN.0000000000001133
https://dx.doi.org/10.1177/1536867X1701700305
https://dx.doi.org/10.1177/1536867X1701700305
https://dx.doi.org/10.1371/journal.pone.0241364
https://dx.doi.org/10.1371/journal.pone.0241364
https://dx.doi.org/10.1002/sim.7188
https://dx.doi.org/10.1002/sim.3739
https://dx.doi.org/10.1097/EDE.0000000000000457
https://dx.doi.org/10.1097/EDE.0000000000000457
https://dx.doi.org/10.7326/M16-2607
https://dx.doi.org/10.1177/1536867X1701700106
https://dx.doi.org/10.1136/bmj.e3394
https://dx.doi.org/10.1378/chest.14-2195
https://dx.doi.org/10.7326/0003-4819-139-8-200310210-00009
https://dx.doi.org/10.7326/0003-4819-139-8-200310210-00009
https://dx.doi.org/10.1016/j.aucc.2014.02.001

JAMA Network Open | Critical Care Medicine Association of Annual Intensive Care Unit Sepsis Caseload With Mortality From Sepsis

41. Walkey AJ, Wiener RS. Hospital case volume and outcomes among patients hospitalized with severe sepsis.
Am J Respir Crit Care Med. 2014;189(5):548-555. doi:10.1164/rccm.201311-19670C

42. Peelen L, de Keizer NF, Peek N, Scheffer GJ, van der Voort PH, de Jonge E. The influence of volume and
intensive care unit organization on hospital mortality in patients admitted with severe sepsis: a retrospective
multicentre cohort study. Crit Care. 2007;11(2):R40. doi:10.1186/cc5727

43. Engel C, Brunkhorst FM, Bone HG, et al. Epidemiology of sepsis in Germany: results from a national
prospective multicenter study. Intensive Care Med. 2007;33(4):606-618. doi:10.1007/s00134-006-0517-7

44. Reinikainen M, Karlsson S, Varpula T, et al. Are small hospitals with small intensive care units able to treat
patients with severe sepsis? Intensive Care Med. 2010;36(4):673-679. doi:10.1007/s00134-009-1688-9

45. Needham DM, Bronskill SE, Rothwell DM, et al. Hospital volume and mortality for mechanical ventilation of
medical and surgical patients: a population-based analysis using administrative data. Crit Care Med. 2006;34(9):
2349-2354. doi:10.1097/01.CCM.0000233858.85802.5C

46. Hawks L, Himmelstein DU, Woolhandler S, Bor DH, Gaffney A, McCormick D. Trends in unmet need for
physician and preventive services in the United States, 1998-2017. JAMA Intern Med. 2020;180(3):439-448. doi:
10.1001/jamainternmed.2019.6538

47. Dudley RA, Johansen KL, Brand R, Rennie DJ, Milstein A. Selective referral to high-volume hospitals:
estimating potentially avoidable deaths. JAMA. 2000;283(9):1159-1166. doi:10.1001/jama.283.9.1159

48. Luft HS, Hunt SS, Maerki SC. The volume-outcome relationship: practice-makes-perfect or selective-referral
patterns? Health Serv Res. 1987;22(2):157-182.

49. Joseph B, Morton JM, Hernandez-Boussard T, Rubinfeld I, Faraj C, Velanovich V. Relationship between
hospital volume, system clinical resources, and mortality in pancreatic resection. J Am Coll Surg. 2009;208(4):
520-527. doi:10.1016/j.jamcollsurg.2009.01.019

50. Macomber CW, Shaw JJ, Santry H, et al. Centre volume and resource consumption in liver transplantation.
HPB (Oxford). 2012;14(8):554-559. doi:10.1111/j.1477-2574.2012.00503.x

51. Nguyen YL, Milbrandt EB, Weissfeld LA, et al. Intensive care unit renal support therapy volume is not
associated with patient outcome. Crit Care Med. 2011;39(11):2470-2477. doi:10.1097/CCM.0b013e3182257631

52. Morris S, Ramsay AlG, Boaden RJ, et al. Impact and sustainability of centralising acute stroke services in English
metropolitan areas: retrospective analysis of hospital episode statistics and stroke national audit data. BMJ. 2019;
364:11. doi:10.1136/bmj.I1

SUPPLEMENT.

eAppendix. Supplementary appendix

eFigure 1. Study patient flow

eFigure 2. Violin plot of annual ICU sepsis volume between 2010 and 2016

eTable 1. Characteristics of patients admitted to the ICU with between 2010 and 2016 and quantiles of annual ICU
case load of sepsis

eTable 2. ICU characteristics between 2010 and 2016

eFigure 3. Results of the regression analysis with volume as quartiles

eTable 3. Testing the statistical significance between models of increasing complexity with volume defined as a
restricted cubic spline

eFigure 4. Variation within ICUs across years empirical Bayes predication

eFigure 5. Subgroups analysis: Adjusted probability of mortality

eTable 4. Comparisons of model fit for fractional polynomial

eFigure 6. Functional form of fractional polynomial

eTable 5. A comparison of the information criteria for the linear, fractional polynomial and restricted cubic spline
models

eFigure 7. Value of the joint minimum strength of association that an unmeasured confounder must have with
both an increase in ICU sepsis volume and acute hospital mortality to explain away the volume outcome
relationship, expressed as a risk ratio

eTable 6. Within and between cluster effects of ICU volume test for exogeneity

eReferences

[5 JAMA Network Open. 2021;4(6):€2115305. doi:10.1001/jamanetworkopen.2021.15305 June 29,2021 13/13

Downloaded From: https://jamanetwor k.com/ on 07/01/2021


https://dx.doi.org/10.1164/rccm.201311-1967OC
https://dx.doi.org/10.1186/cc5727
https://dx.doi.org/10.1007/s00134-006-0517-7
https://dx.doi.org/10.1007/s00134-009-1688-9
https://dx.doi.org/10.1097/01.CCM.0000233858.85802.5C
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamainternmed.2019.6538&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.283.9.1159&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2021.15305
https://www.ncbi.nlm.nih.gov/pubmed/3112042
https://dx.doi.org/10.1016/j.jamcollsurg.2009.01.019
https://dx.doi.org/10.1111/j.1477-2574.2012.00503.x
https://dx.doi.org/10.1097/CCM.0b013e3182257631
https://dx.doi.org/10.1136/bmj.l1

