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Take-home message: A volume–outcome
relationship was demonstrated for
mechanically ventilated admissions to adult,
general critical care units in the UK.
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Abstract Background: It is
unknown whether a volume–outcome
relationship exists for mechanically
ventilated admissions to UK critical
care units. This study was conducted
to evaluate the volume–outcome
relationship for mechanically venti-
lated admissions to adult, general
critical care units in the UK with a
view to informing policy, service
delivery and organisation of special-
ist, advanced respiratory care.
Methods: A retrospective cohort
study using data from the Case Mix
Programme Database was conducted.
The primary exposure of interest was
annual volume (absolute number) of
mechanically ventilated admissions
per critical care unit per year. The
primary outcome was ultimate acute
hospital mortality. A multivariable
analysis was performed to assess the
relationship between annual volume
and outcome while adjusting for a
priori selected confounders. Two
interaction tests were performed. The
first interaction test was between
annual volume and admission type
and the second between annual vol-
ume and initial acute severity of
respiratory failure. Sensitivity ana-
lysis excluding volume outlier units

and using restricted cubic splines to
model volume was also performed.
Results: After adjusting for con-
founding, there was a significant
relationship between annual volume
and ultimate acute hospital mortality
(p \ 0.02). The first interaction test
revealed a strong interaction
between annual volume and admis-
sion type, with a more pronounced
volume–outcome relationship for
non-surgical admissions (p \ 0.001).
The second interaction test between
annual volume and initial acute
severity of respiratory failure was
not statistically significant
(p = 0.12). The analysis using
restricted cubic splines demonstrated
a similar graphical relationship but
the results were not statistically
significant (p = 0.87). Conclu-
sions: A volume–outcome
relationship was demonstrated for
mechanically ventilated admissions
to adult, general critical care units
in the UK. The relationship is sen-
sitive to the modelling approach
used.
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Introduction

It has been proposed that critically ill adult patients
requiring advanced respiratory support be triaged

according to severity of illness, case complexity and
therapeutic need and the most severe cases be transferred
to higher volume, specialist respiratory centres to receive
advanced respiratory support [1]. The potential
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advantages of such centralised care are twofold: first,
health care funds can be contained if they are focused on
selective, specialised centres; and second, health out-
comes may be improved by treatment in higher volume
centres. Such centralisation of care has already occurred
in the UK for other critically ill patient groups, including
trauma, neonatal and paediatric patients [2–4].

The trend towards centralised care is, in large part,
based on the body of research evidence evaluating the
relationship between volume of cases treated and patient
outcomes, both outside and within critical care. A strong
volume–outcome association has been demonstrated for
complex surgical procedures and for certain medical
conditions [5]. Studies in critical care have generally
shown an important volume–outcome relationship, with
the strongest evidence found for mechanically ventilated
admissions [6–8]. However, three previous studies con-
ducted in the UK, including one for mechanically
ventilated admissions, were underdeveloped and as such,
sufficient evidence for a volume–outcome relationship in
mechanically ventilated admissions is lacking [9–11].

Given the complexity of care involved in treating
admissions with severe respiratory failure and the recent
trend to centralise care for such admissions, this study
was carried out to further evaluate the volume–outcome
relationship, using a large, representative high quality
critical care database, for mechanically ventilated
admissions to adult, general critical care units in the UK.
The study was performed with a view to informing policy,
service delivery and organisation of specialist, advanced
respiratory care.

Materials and methods

Study design

A secondary analysis of the Case Mix Programme Data-
base (CMPD) was conducted. The CMPD contains pooled
case mix and outcome data on consecutive admissions to
adult, general (mixed medical/surgical) critical care units
(i.e. both stand-alone intensive care and combined
intensive care/high dependency units) in England, Wales
and Northern Ireland. Raw physiological and diagnostic
data, required for the APACHE II and Intensive Care
National Audit and Research Centre (ICNARC) risk
prediction models, together with demographic, outcome
and activity data are collected as part of the national
clinical audit (the Case Mix Programme) coordinated by
the ICNARC. These data are collected prospectively and
abstracted retrospectively by trained data collectors. Data
undergo extensive validation, both locally and centrally,
before being pooled in the central CMPD. Details of data
collection and validation have been reported previously
[12] and the CMPD has been independently assessed to be

of high quality [13]. ICNARC has approval for the CMPD
under Section 251 of the National Health Service (NHS)
Act 2006 (Approval Number PIAG 2-10(f)/2005).

Patient selection

Data were extracted for the years 2008–2010. Admis-
sions, aged 16 years or older, who were mechanically
ventilated at any point during the first 24 h following
admission to a critical care unit, were selected.

Units with less than 6 months of data for the years
2008–2010 were excluded. Admissions transferred either
directly into a unit from another critical care unit or
transferred out (within 24 h) directly to another critical
care unit were excluded to avoid confounding results with
outcomes from other units. In addition, subsequent read-
missions of the same patient to the same critical care unit
during the same acute hospital stay were also excluded to
ensure outcomes were independent.

Exposure, outcome and confounding variables

The primary exposure of interest was annual volume
(absolute number) of mechanically ventilated admissions
per critical care unit per year. Admissions were deemed to
be mechanically ventilated where ventilation was delivered
by any mode of conventional ventilation (also including bi-
level positive airway pressure ventilation, high frequency
and jet ventilation, negative pressure ventilation and bag
and mask ventilation) and identified prospectively by a
trained data collector by the recording of a ventilated
respiratory rate. For critical care units contributing less than
1 year of data (but at least 6 months in the years
2008–2010; see above), annual volume was extrapolated
from available data. All mechanically ventilated admis-
sions, excluding units with less than 6 months of data, were
included in the calculation of annual volume.

The primary outcome was ultimate acute hospital
mortality defined as death before final discharge from an
acute hospital and included deaths after direct transfer to
another acute hospital from the acute hospital housing the
critical care unit.

For critical care admissions, data were available on
age, sex, ethnicity, acute severity of illness, medical his-
tory, admission type, location prior to admission and
length of stay. Ethnicity was categorised as white or non-
white. Acute severity of illness was measured using the
ICNARC physiology score from the ICNARC model [14]
and the APACHE II score [15]. Medical history was
defined by severe co-morbidities, defined by the
APACHE II method (severe cardiovascular disease,
severe respiratory disease, chronic renal disease, chronic
liver disease, haematological malignancy, metastatic dis-
ease, immunological dysfunction), in the 6 months prior
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to admission; by activities of daily living in the 6 months
prior to admission; and by receipt of cardiopulmonary
resuscitation (CPR) in the 24 h prior to admission.
Admission type was categorised into surgical and non-
surgical admissions. A surgical admission was defined as
any direct admission to the critical care unit from the
operating theatre. All other admissions were considered
non-surgical. Location prior to admission to the critical
care unit was categorised as operating theatre (subdivided
by urgency of surgery into emergency/urgent or elective/
scheduled), hospital ward, high dependency unit or
emergency department. Length of stay was divided into
critical care unit and acute hospital stay where acute
hospital stay included continuous stay in acute hospital,
even if transferred from one to another acute hospital.
Finally, hospital type was defined by the hospital’s uni-
versity status.

Statistical analysis

An analysis of baseline characteristics was performed for
the whole cohort and by annual volume, grouped by
quartiles of critical care units. A univariable analysis was
conducted to assess the relationship between variables of
interest and ultimate acute hospital mortality. A multi-
variable analysis was performed to assess the relationship
between annual volume (of mechanically ventilated
admissions) and outcome (ultimate acute hospital mor-
tality) while adjusting for a priori selected confounders
(age, sex, ICNARC physiology score, severe comorbidi-
ties, activities of daily living, prior CPR, location prior to
admission and hospital type). All variables were entered
into the model simultaneously with no statistical selection
process applied. A logistic regression model was fitted
with generalised estimating equations and robust standard
errors to adjust for clustering of outcome at the critical
care unit level. Hypothesis tests were carried out using
Wald and likelihood ratio tests. Multivariable fractional
polynomial modelling (degree 2) was used to select the
best functional form for continuous factors (annual vol-
ume, age and ICNARC physiology score).

In order to further explore the volume–outcome rela-
tionship for mechanically ventilated admissions, two
interaction tests were performed. The first, between
annual volume and admission type, was conducted to test
the hypothesis that mechanically ventilated medical
admissions, which were potentially sicker and more likely
to have pulmonary pathology, would derive greater ben-
efit from being treated in higher volume units. The
second, between annual volume and PaO2/FiO2 ratio, was
conducted to test the hypothesis that patients with initial
acute severe respiratory failure would benefit more from
being treated in higher volume units. We used the
‘‘MPFIgen’’ procedure to explore interactions with
continuous variables [16]. Briefly, we constructed

multiplicative interaction terms between the fractional
polynomial transformations selected in the main model
without interactions. The model was then refitted with the
interaction terms added and all interaction terms jointly
tested using a Wald test.

A sensitivity analysis was performed to assess the
relationship between annual volume of mechanically
ventilated admissions and ultimate acute hospital mor-
tality using multivariable regression analysis excluding
outlier units with respect to annual volume. Two critical
care units with annual volumes of mechanically ventilated
admissions exceeding 750 were excluded. A further
analysis was also performed modelling volume with
restricted cubic spline regression models using five knots.

Statistical analyses were performed using Stata Ver-
sion 10.1 (StataCorp LP, College Station TX, USA).

Results

Of 279,315 admissions to 200 adult, general critical care
units from 1 January 2008 to 31 December 2010, 122,341
(43.8 %) were mechanically ventilated during the first
24 h following admission to the unit (Fig. 1). After
excluding seven units with less than 6 months of data for
the time period studied [698 (0.6 %) admissions] and
1,350 admissions (1.1 %) aged less than 16 years,
120,293 mechanically ventilated admissions to 193 adult,
general critical care units were used to calculate the
annual volume (number) of mechanically ventilated
admissions per unit per year. After excluding admissions
directly transferred into the unit from another critical care
unit (10,549, 8.8 %), directly transferred out of the unit to
another critical care unit within 24 h (1,616, 1.3 %) and
subsequently readmitted to the critical care unit during the
same acute hospital stay (3,284, 2.7 %), 104,844
mechanically ventilated admissions to 193 adult, general
critical care units were included in the final analysis.

For descriptive purposes, the cohort was grouped by
quartiles of critical care units. The median number of
mechanically ventilated admissions in the lowest quartile
was 141 and rose to 480 in the highest quartile (Electronic
Supplementary Material, Table 1). Over half the cohort
was male and admissions were predominantly white
(Table 1). The median APACHE II score was 17 and
15 % of admissions had one or more severe comorbidi-
ties. Roughly one-third of patients were admitted directly
from the operating theatre with two-thirds of these fol-
lowing emergency/urgent procedures. Over 98 % of all
admissions that were ventilated were invasively ventilated
with no difference across volume quartiles. The median
number of days in the critical care unit was 3 and the
median number of days spent in acute hospital was 13.
Critical care unit mortality was 27.7 % and ultimate acute
hospital mortality was 36.7 %.
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When grouped into quartiles of critical care units, a
few notable differences in the admissions’ baseline
characteristics were observed (Table 1). Admissions in
the higher volume quartile had higher rates of severe
comorbidities, with increased chronic renal and chronic
liver disease but a lower incidence of prior CPR. In
addition, they were more likely to be admitted directly
following a surgical procedure, for both emergency/
urgent and elective/scheduled procedures. The higher
volume quartile units were also more likely to be in
university or university-affiliated hospitals. Unadjusted,
critical care unit and ultimate acute hospital mortality
were lowest in the higher volume quartile.

After adjusting for confounding, there was a significant
relationship between annual volume and ultimate acute
hospital mortality with a higher volume of mechanically
ventilated admissions associated with lower mortality
(Fig. 2, p \ 0.02). There was an increase in ultimate acute
hospital mortality in units with the highest volume.

The first interaction test revealed a strong interaction
between annual volume and admission type, with a more

pronounced volume–outcome relationship for non-surgi-
cal admissions (p \ 0.001) (Electronic Supplementary
Material, Fig. 1). The second interaction test, however,
indicated no significant interaction between annual vol-
ume and initial PaO2/FiO2 ratio suggesting the volume–
outcome relationship is not stronger for admissions with
higher initial acute severe respiratory failure (p = 0.12)
(Electronic Supplementary Material, Fig. 2).

The sensitivity analysis examining the relationship
between annual volume and ultimate acute hospital
mortality, with exclusion of the two highest volume out-
lying critical care units, revealed a statistically significant
result with a more linear volume–outcome relationship
(Fig. 3). Examination of these two outlier units revealed
that one differed from the rest in the higher volume
quartile (Electronic Supplementary Material, Table 1).
Admissions to this unit were younger with lower severity
of illness scores and less severe comorbidities and fewer
surgical admissions.

Similarly, for the two interaction tests, the sensitivity
analysis excluding the two highest volume outlying critical

Fig. 1 Flow of admissions and
critical care units
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care units demonstrated a strong interaction for non-sur-
gical admissions and no significant interaction with PaO2/
FiO2 ratio (Electronic Supplementary Material, Figs. 3, 4).

The analysis was also performed using restricted cubic
splines, instead of fractional polynomials, and revealed a
similar graphical relationship between annual volume of

mechanically ventilated admissions and ultimate acute
hospital mortality but the results using restricted cubic
splines were not statistically significant (p = 0.87)
(Electronic Supplementary Material, Figs. 5, 6). When
the two highest volume outlying critical care units were
excluded, the relationship remained non-significant.

Table 1 Baseline characteristics and outcomes for mechanically ventilated admissions (n = 104,844) between 2008 and 2010, overall
and by critical care unit quartile for annual volume

Characteristic Whole cohort Quartile
1 (lower volume)a

Quartile 2a Quartile 3a Quartile
4 (higher volume)a

Demographics
Age, mean (SD) 60.3 (17.9) 62.3 (17.5) 60.8 (17.7) 61.3 (17.7) 58.7 (18.0)
Male sex (%) 60,422 (57.6) 7,385 (55.9) 10,666 (56.1) 16,534 (56.7) 25,837 (59.4)
White ethnicity (%) 88,137 (84.4) 11,484 (87.0) 16,709 (87.9) 25,540 (88.1) 34,404 (79.6)

Acute severity of illness, median (IQR)
APACHE II score 17 (13.22) 17 (13.22) 17 (13.22) 17 (13.22) 17 (12.22)
ICNARC physiology score 21 (15.29) 23 (16.30) 22 (16.29) 22 (16.30) 20 (15.28)

Medical historyb

Severe comorbidities (%)
Any prior illness 15,970 (15.2) 1,964 (14.9) 2,865 (15.1) 3,887 (13.3) 7,254 (16.7)
Severe cardiovascular disease 1,692 (1.6) 326 (2.5) 369 (1.9) 406 (1.4) 591 (1.4)
Severe respiratory disease 3,456 (3.3) 587 (4.5) 754 (4.0) 812 (2.8) 1,303 (3.0)
Renal disease 1,445 (1.4) 91 (0.7) 218 (1.2) 284 (1.0) 852 (2.0)
Chronic liver disease 3,627 (3.5) 346 (2.6) 548 (2.9) 750 (2.6) 1,983 (4.6)
Hematologic malignancy 1,649 (1.6) 235 (1.8) 288 (1.5) 429 (1.5) 697 (1.6)
Metastatic disease 1,897 (1.8) 268 (2.0) 276 (1.5) 550 (1.9) 803 (1.9)
Immunological dysfunction 5,049 (4.8) 521 (4.0) 903 (4.8) 1,378 (4.7) 2,247 (5.2)

Activities of daily living (%)
No assistance 79,817 (77.2) 9,704 (74.6) 14,25 (75.8) 22,593 (78.1) 33,267 (77.9)
Partial assistance 22,678 (21.9) 3,168 (24.4) 4,369 (21.1) 6,093 (21.1) 9,048 (22.0)
Total assistance 961 (0.9) 131 (1.0) 192 (0.9) 255 (0.9) 383 (0.9)

CPR (%) 12,584 (12.0) 1,999 (15.1) 2,363 (12.4) 3,764 (12.9) 4,458 (10.3)
Admission type (%)c

Non-surgical 66,988 (63.9) 9,484 (71.8) 12,697 (66.8) 19,159 (65.7) 25,648 (59.0)
Surgical 37,856 (36.1) 3,717 (28.2) 6,317 (33.2) 10,002 (34.3) 17,820 (41.0)

Location prior to admission (%)
Emergency/urgent surgery 25,942 (24.8) 2,474 (18.7) 4,746 (25.0) 6,971 (23.9) 11,751 (27.0)
Elective/scheduled surgery 11,914 (11.4) 1,243 (9.4) 1,571 (8.3) 3,031 (10.4) 6,069 (14.0)
Hospital ward 30,646 (29.2) 4,562 (34.6) 5,885 (31.0) 9,170 (31.5) 11,029 (25.4)
High dependency unit 4,329 (4.1) 391 (3.0) 799 (4.2) 928 (3.2) 2,211 (5.1)
Emergency department 31,992 (30.5) 4,529 (34.3) 6,006 (31.6) 9,055 (31.1) 12,402 (28.5)

Hospital type (%)
University or university affiliated (%) 52,060 (49.7) 2,173 (16.5) 7,556 (39.7) 8,179 (28.1) 34,152 (78.6)

Length of stay, median (IQR) days
Critical care unit 3 (1.8) 4 (2.9) 4 (2.9) 3 (1.7) 3 (1.8)
Acute hospital 13 (5.29) 12 (4.28) 13 (5.28) 12 (4.26) 14 (6.31)

Mortality (%)
Critical care unit mortality 29,074 (27.7) 4,283 (32.4) 5,646 (29.7) 8,486 (29.1) 10,659 (24.5)
Ultimate acute hospital mortality 38,056 (36.7) 5,526 (42.3) 7,312 (38.8) 11,022 (38.4) 14,196 (33.0)

SD standard deviation, IQR interquartile range, CPR cardiopul-
monary resuscitation
a Volume grouped by quartiles of critical care units
b For APACHE II, severe cardiovascular disease was defined as
New York Heart Association Class IV angina. Severe respiratory
disease was defined as shortness of breath with light activity due to
a pulmonary disorder or chronic home ventilatory support. Renal
disease was defined by the receipt of chronic peritoneal or hae-
modialysis. Chronic liver disease was defined by portal
hypertension or hepatic encephalopathy or biopsy proven cirrhosis.
Haematological malignancy was defined by any evidence of acute
or chronic myelogenous leukaemia, acute or chronic lymphocytic
leukaemia, lymphoma or multiple myeloma. Metastatic disease was

defined by evidence of distant metastases to areas other than
regional lymph nodes. Immunological dysfunction was defined as
congenital immunohumoral or cellular immune deficiency states or
receipt of chemotherapy, or prednisone or having been diagnosed
with the human immunodeficiency virus or AIDS. For activities of
daily living, functional status was assessed by how much assistance
was needed to carry out activities and was defined as no assistance,
partial assistance and total assistance. CPR was recorded if received
during the 24 h prior to admission
c A surgical admission was defined as any direct admission from
the operating theatre. All other admissions were considered non-
surgical
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Discussion

The results of this study demonstrate a significant vol-
ume–outcome relationship for mechanically ventilated
admissions to adult, general critical care units in the UK
with a stronger interaction for non-surgical admissions.
However, the results did vary depending on the modelling

strategy used. These results tend to support the recent
policy proposal from the UK Department of Health expert
group to centralise service delivery and organisation of
specialist, advanced respiratory care for admissions with
the most severe respiratory failure [1].

The strengths of this study are worth noting. First, this
study is the largest and most representative, both in terms
of number of admissions and the number of critical care
units included in the analysis. Second, adjustment for
confounding was performed using a previously validated
risk model developed and calibrated specifically for UK
critical care. The main limitation of this study relates to
all non-randomised comparisons, namely the potential for
unmeasured confounding. However, given the detailed
data collected, validated and pooled in the CMPD and the
sophistication of the adjustment for confounding con-
ducted, it is anticipated that the impact of any residual
confounding should be minimal.

The existing international literature on the volume–
outcome relationship for mechanically ventilated admis-
sions to critical care is conflicting—only four of the nine
previous studies demonstrate a relationship [6, 7, 17, 18]
with the remaining five demonstrating no relationship [11,
19–22]. One of the negative studies employed an
administrative database and may have failed to suffi-
ciently adjust for confounders, particularly acute severity
of illness, whereas the three other negative studies
undertook detailed risk adjustment, employing validated
risk models and employed statistical techniques to
account for clustering of admissions. Of these, the study
by Gopal et al. was conducted in the UK and the lack of
demonstration of a volume–outcome relationship may be
explained by the small sample size (units and patients)
and regional location. The two other negative studies with
detailed risk adjustment were conducted outside the UK
and international differences in health care may partially
explain the discrepant results [23–25]. Furthermore, one
of these, the study by Cooke et al., had a small variation
in volume range across units and a small sample size and
may not, therefore, have been adequately powered to
detect a volume–outcome relationship. Similarly, the
study by Fernandez et al. [22] had a small number of
critical care unit admissions and was likely
underpowered.

There are several possible explanations for the vol-
ume–outcome relationship that was observed for
mechanically ventilated admissions to UK critical care
units in our study. First, higher volume centres may just
have more experience dealing with complex pulmonary
cases and in delivering mechanical ventilation. Second,
higher volume centres may have access to newer venti-
lator technologies. Third, higher volume centres may
adhere more to effective therapeutic standards such as low
tidal volume ventilation and conservative fluid therapy
[26, 27]. Fourth, higher volume centres may have greater
resources permitting higher staffing levels, higher nurse to
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patient ratios, larger multidisciplinary teams and/or in-
tensivist-led staffing models [28–30]. Finally, the
relationship observed may be related to a combination of
some or all of these.

The volume–outcome relationship demonstrated in
this study, yet not shown in a previously published study
using the same database but evaluating the relationship
for admissions with severe sepsis to UK critical care units
[9], reveals the heterogeneity of the volume–outcome
relationship for different technologies and in different
critically ill patient groups. It is possible that a volume–
outcome relationship will be more likely to be apparent
when involving the more technical aspects of care, such
as using a mechanical ventilator or performing a surgical
procedure.

The volume–outcome relationship observed in the
subgroup of non-surgical admissions suggests that more
complex admissions may benefit more from treatment in
higher volume centres. The group of surgical admissions
was intermixed with admissions following elective/
scheduled procedures that may only require routine,
short-term mechanical ventilation and would unlikely
derive extra benefit from treatment in a higher volume
centre. Although it is surprising that admissions with
lower PaO2/FiO2 ratios did not demonstrate a stronger
volume–outcome relationship, this is most likely
explained by the availability of only one P/F ratio value
from the first 24 h and would, therefore, likely include
those with a transient low value as well as those with
sustained low P/F ratios over time. Additionally, this
result may be further explained by lack of statistical
power.

Of note, the volume–outcome relationship was sensi-
tive to the modelling strategy used. Using restricted cubic
splines the volume–outcome relationship was non-sig-
nificant despite a similar graphical relationship to the
fractional polynomial modelling strategy. This suggests
that caution is needed when interpreting results from
volume outcome studies as there may be differences
depending on the modelling strategy employed. It is

unclear as to why this difference would occur but it may
be related to type II error.

Future research will be needed to examine possible
ramifications of centralised care on admissions with
severe respiratory failure. One concern is the potential for
harm incurred from transportation of critically ill admis-
sions to the designated centralised unit. A second concern
is the effect of centralisation on the relationship between
families, patients and their health-care team. As patients
are transported away from their local acute hospital, they
may lose the benefit of the relationship that they have
with their original health-care team [31]. Both of these
issues may lead to increased strain and impact on fami-
lies’ and patients’ satisfaction with care? (The families
and patients are not doing the caring!).

Conclusion

A volume–outcome relationship was demonstrated for
mechanically ventilated admissions to adult, general
critical care units in the UK. The relationship is sensitive
to the modelling approach used. Care should be taken
when applying these results to other countries or health-
care systems as international differences in critical care
unit provision, structure and organisation exist and may
limit the generalisability of our findings [23, 24].
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