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Summary

Background Critical care beds are a limited resource, yet research indicates that recommendations for
postoperative critical care admission based on patient-level risk stratification are not followed. It is unclear how
prioritisation decisions are made in real-world settings and the effect of this prioritisation on outcomes.
Methods This was a prespecified analysis of an observational cohort study of adult patients undergoing
inpatient surgery, conducted in 274 hospitals across the UK and Australasia during 2017. The primary outcome
was postoperative morbidity at day 7. Logistic regression models were used to evaluate the relationship
between critical care admission and patient and health system factors. The causal effect of critical care
admission on outcome was estimated using variation in critical care occupancy as a natural experiment in an
instrumental variable analysis.

Results A total of 19,491 patients from 248 hospitals were eligible for analysis, of whom 2107 were directly
admitted to critical care postoperatively. Postoperative morbidity occurred in 2829/19,491 (15%) patients.
Increasing surgical risk was associated with critical care admission, as was increased availability of critical care
beds (odds ratio (95%Cl) 1.04 (1.01-1.06), p = 0.002) per available bed; however, the probability of admission
varied significantly between hospitals (median odds ratio 3.05). There was no evidence of a difference in
postoperative morbidity with critical care admission (odds ratio (95%Cl)0.91 (0.57-1.45), p = 0.710).
Discussion Postoperative critical care admission is variable and related to bed availability. Statistical methods
that adjust for unobserved confounding lowered the estimates of harm previously reported to have been
associated with postoperative critical care admission. Our findings provide a rationale for a clinical trial which
would evaluate any potential benefits for postoperative critical care admission for patients in whom there is no
absolute indication for admission.
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Introduction

Choosing whether to admit a patient to critical care after
surgery is an important aspect of peri-operative care. For
high-risk patients, critical care is thought to mitigate against
the risks of surgery through enhanced monitoring, intensive
nursing care and availability of organ support therapies [1].
Accordingly, national guidelines recommend critical care
admission when the pre-operative estimated risk of
mortality is > 5% [2, 3]. Despite this, observational studies
have shown that critical care resources are not allocated
reliably to the highest-risk patients [4-6].

Critical care beds are a limited resource [7]. The
decision to admit a patient to critical care following surgery
is based on patient risk factors (e.g. age, comorbidities);
surgical risk factors (e.g. operative complexity);
intra-operative events; care pathways that may exist within
institutions or specialities; and competition from other
patients who are acutely unwell. Despite guidelines
recommending critical care admission for high-risk patients,
the benefit of this complex intervention is unclear. Although
the advantage of specific aspects of management have
been shown [8, 9], there are no randomised trials that have
investigated the effect of admission as a whole on
postoperative outcomes. Observational studies that have
attempted to answer this question have produced mixed
results [10-15]. In part, this is because of the challenge of
confounding by indication, whereby patients chosen for
critical care admission based on being high risk invariably
have more risk factors for poor postoperative outcomes,
which may be imperfectly measured or unobserved. Risk
adjustmentis unlikely to overcome this bias.

Instrumental variable analysis is a method which
attempts to reduce the impact of this unobserved
confounding by taking advantage of natural experiments
[16, 17]. This technique utilises the presence of an
instrument: an external event that affects the allocation of

the treatment but not the outcome, thus allocating

randomly the treatment and allowing a natural experiment.
This should balance unobserved confounding between
study groups so that treatment effect estimates are
unbiased (Fig. 1). Here critical care bed availability is the
proposed external event that naturally discourages critical
care admission when there are fewer available beds. This
technique has been used previously to estimate the effects
of prompt admission to critical care, where the number of
empty critical care beds was used as an instrument to
provide a natural randomisation event [18]. Patients were
more likely to be admitted promptly when there were more
empty beds. The delays in admission seen during periods
with fewer beds were then associated with increased
mortality.

Our study had two aims. First, to determine if the
probability of immediate postoperative critical care
admission is affected by critical care bed availability, and
second, to determine the effect of immediate postoperative
critical care admission on morbidity using instrumental
variable analysis to reduce the effect of unobserved
confounding.

Methods

This was a pre-specified secondary analysis of the second
Sprint National Anaesthesia Project — EPldemiology of
Critical Care after Surgery (SNAP-2 EPICCS) study [7], a
1-week observational cohort study of all adult patients
undergoing inpatient surgery, conducted in 274 hospitals
across the UK and Australasia during 2017. The protocol for
the SNAP-2 EPICCS study, ethical approvals and the data
collection methods have been published elsewhere [19]. In
brief, all patients had data prospectively collected on
relevant pre-operative risk factors, surgical procedure
and postoperative outcomes. Data were collected on
critical care referral and admission, and critical care
occupancy was recorded twice daily at 08.00 and 20.00.
The case report forms used for peri-operative data
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Figure 1 Simplified directed acyclic graphsillustrating the causal relationships between the instrumental variable, the
endogenous ‘treatment”variable, the dependent variable, and observed and unobserved confounding variables in (a) general
terms and (b) in the context of the present study question. A more complex graph that is accurate to the models used in this
study can be seen in online Supporting Information Appendix S4.

collection and occupancy are in online Supporting i.e. patients already receiving level 2 or 3 care before

Information Appendices S2 and S3, respectively. surgery and those undergoing procedures with a

For this analysis, only patients undergoing their first
surgery during a hospital admission were included. The
population of interest was patients in whom there was
a realistic choice of whether or not to admit to critical
care postoperatively. Therefore, patients with absolute

indications for postoperative critical care were not studied,

mandatory requirement for postoperative level 2 or 3 organ
support without which the surgery could not proceed (e.g.
neurosurgery, major vascular surgery, solid organ
transplantation). Patients with ‘planned” postoperative
critical care admission from pre-operative assessment who

did not fall into the above definition were included in the
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study because there remains a choice of whether to admit
these patients to critical care or the ward, and so it is
possible that the procedure could go ahead even if no
critical care bed was available. Patients undergoing routine
obstetric procedures were not studied as these are very low
risk for critical care admission. A list of all excluded
procedures and the numbers of patients excluded is
provided in online Supporting Information Appendix S4.

The rates of missing data were low for most variables of
interest (< 1.2%), including critical care admission and
outcomes. The only variables with reasonable amounts of
missing data were the results of some pre-operative bloods
tests (11-20%) (Table 1). The missingness was associated
with lower surgical risk, which is in keeping with guidelines
for pre-operative testing [22]. Given these associations, the
missing data were handled by imputing with normal results
for the blood tests. Patients missing data for other variables
were excluded from the analyses given the low numbers.
Hospital sites with an unacceptable proportion of cases
missing occupancy data (> 20% of cases) were excluded as
this may affect the results of the instrumental variable
analyses. Patients from these hospital sites had fewer
surgical risk factors, lower rates of critical care admission
and negative postoperative outcomes compared with the
study population. A sensitivity analysis including these
patients in addition to the study population showed no
statistically significant difference in the results (online
Supporting Information Appendix S5).

A postoperative admission to critical care unit was
defined as either planned or unplanned to an intensive care
unit, high dependency unit, post-anaesthetic care unit or
overnight intensive recovery unit on the day of surgery,
either directly or via a recovery unit. We defined planned
admissions as patients who were referred for postoperative
critical care before surgery and were admitted
postoperatively, and unplanned admissions as patients who
were not referred for postoperative critical care admission
before surgery but were admitted to critical care
postoperatively. An “available’ critical care bed was defined
as either a staffed empty bed or a bed containing a patient
ready for discharge from critical care, at the time of surgery
(online  Supporting Information  Appendix S3). For
surgery beginning between 08.00 and 16.00, bed
availability at the time was defined as the availability at
08.00. For surgery beginning after 16.00, bed availability
was defined as the availability at 20.00.

The primary outcome was postoperative morbidity,
measured using the validated and reliable postoperative
morbidity survey (POMS) [23-25], on day 7 after surgery;

this was treated as a binary outcome (i.e. either present or

absent). As the mean duration of stay in the overall surgical
population is 6 days [25], postoperative duration of stay
over 7 days identifies patients with likely ongoing
postoperative morbidity. Secondary outcomes were
postoperative mortality at 30 and 60 days.

The analyses were conducted in two parts corresponding
to the aims of the study. First, multilevel multivariable logistic
regression models with a random intercept for hospital site
were used to investigate the relationship between critical care
bed availability and the probability of postoperative critical
care admission. Median odds ratios were calculated to
investigate variability in the probability of critical care
admission depending on hospital site [26].

Second, critical care bed availability was used as an
instrument in an instrumental variable analysis to estimate
the effect of critical care admission on postoperative
morbidity. A bivariate probit instrumental variable model
was used to ensure the model was correctly constrained for
the binary treatment and outcome variables. Instrument
strength is reported using the Kleibergen-Paap Wald rank F
statistic and Stock and Yogo critical values calculated using
the Stata function ivreg2 [27]. These methods provide some
indication of instrument strength, but they were designed
for use in linear models and therefore it should be noted
they do not provide definitive tests for the presence of weak
instruments in bivariate probit models.

Multilevel multivariable logistic regression models
were used to provide a comparison with the instrumental
variable method for estimating postoperative morbidity as
well as providing estimates for the effect on mortality (where
it was not possible to use instrumental variable analysis due
to low incidence of outcomes). To aid interpretation and
comparison with logistic regression models, the probit
coefficients derived from the bivariate probit model were
converted to approximate odds ratios by scaling by 1.6 [28]
and average treatment effects were computed. In both parts
of the analysis, all models were adjusted for patient and
surgical risk factors as well as clustering by hospital site (for
details of models see online Supporting Information
Appendix S4).

Sensitivity analyses included a complete case analysis to
examine the effect of imputation and analyses conducted at
various thresholds of the surgical outcomes risk tool (SORT)
mortality prediction to investigate whether the effect of
postoperative critical care admission varied by surgical risk.

The majority of data processing and analysis was
performed using RStudio Version 1.2.5033 running R
Version 4.0.3 [29], with the exception of the instrumental
variable analyses which were performed in Stata Release 17
(StataCorp, College Station, TX, USA)[30].
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Table 1 Patient characteristics and clinical outcomes of the study cohort. Values are number (proportion), mean (SD) or median

[IQR(range)].

Available critical care beds attime of surgery (empty + discharge-ready beds)

Country
UK
Australia
New Zealand
Sex; male
Age;y
ASA physical status
1
2
3
4/5
SORT mortality estimate category; %
0-1.0
1.1-5.0
5.1-10.0
>10.0
Positive drug history for listed medications
Positive past medical history of listed conditions
Abnormality on pre-operative blood test
Missing data
Operative urgency
Elective
Expedited
Urgent
Immediate
Procedure severity
Minimal
Intermediate
Major
Xmajor
Complex
Estimated total blood loss; ml
0-100
101-500
501-999
> 1000
POMS morbidity at postoperative day 7
Postoperative duration of stay; days
30-day mortality
60-day mortality

Ward
n=17,279

5.7(4.7)

15,405 (89.2%)
1750(10.1%)
124(0.7%)
7771 (45.0%)
59(19.1)
3840(22.2%
3840(22.2%
8276(47.9%
4546(26.3%
590(3

)
)
)
)
A4%)

12,766(73.9%)
2984(17.3%)
957 (5.5%)
542 (3.1%)
6815(39.4%)
5790(33.5%)
8496(49.2%)
3221(18.6%)

9558(55.3%)
2407 (13.9%)
5044 (29.2%)

267 (1.5%)

1548(9.0%)
3797 (22.0%)
6012 (34.8%)
4150(24.0%)
1772(10.3%)

11,542 (66.8%)
4935(28.6%)
457 (2.6%)
168(1.0%)
2012(11.6%)

2(1-

(0

(

117(0.7%)
138(0.8%)

5[0-139])

Critical care
n = 2107

7.2(5.0)

1884(89.4%)
212(10 1%)
1(0.5%)
1243(59 0%)
65(15.3)
110(5.2%)
110(5.2%)
603(28.6%)
1028 (48.8%)
362(17.2%)

820(38.9%)
706(33.5%)
277 (13.1%)
300(14.2%)
1291(61.3%)
1361 (64.6%)
1341(63.6%)
130(6.2%)

1089(51.7%)
374(17.8%)
536(25.4%)
108 (5.1%)

74(3.5%)
167(7.9%)
525(24.9%)
412(19.6%)
929 (44.1%)

718(34.1%)
930(44.1%)
250(11.9%)
178(8.4%)

4-12[0-367])

%)

(

(

(

(
810(38.4%)

7(

77(3

82(3.9%)

Missing data are presented for "Abnormality on pre-operative blood test” as this was the only variable with significant missing data.
Procedure severity is defined according to AXA-PPP procedure code [20]. Operative urgency is defined by NCEPOD urgency
classification [21]. Details of listed medications and conditions can be found in online Supporting Information Appendix S4, along with

reference ranges used to categorise blood test results.
SORT, Surgical Outcome Risk Tool; POMS, postoperative morbidity survey.

©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.

1169

sdny wouy 0Q ‘TT '¥20¢ ‘YY0ZS9ET

d-ssheL

35UB017 SUOWILLIOD dAIIER1D 3|qed!|dde ay Aq pautenob afe saiie YO ‘8N JO SanJ 10} AriqIT 8UIUQ AB|IA UO (SUOIIPUOD-PUR-SWLLIBIW0D S 1M A eI 1 U UO//SANY) SUORIPUOD pue SWB L aU) 89S *[5202/90/ST] Uo ARl auluQ A3|ia ‘uoidweyinos JO AiseAlun Aq £8E9T deue/TTTT OT/IOp/W00 A8 |IM ARlq 1 pul|L



Anaesthesia 2024, 79, 1165-1179

Campbelletal. | Critical care availability and postoperative outcomes

Results

Data were collected from 26,502 patients from 274
hospitals across the UK, Australia and New Zealand.
Applying the eligibility criteria reduced this to 19,491
patients from 248 sites (Fig. 2). Postoperative morbidity
occurred in 2829/19,491 (15%) patients. Some 2107
(10.8%) patients were admitted to critical care
postoperatively. Compared with patients admitted to a
surgical ward, these patients had a greater burden of
surgical risk factors, which was reflected in higher
pre-operative mortality estimates and a greater incidence of
postoperative morbidity and mortality (Table 1). For an
extended version of the baseline characteristics table
including missing data, see online Supporting Information
Appendix S5.

Factors predicting immediate postoperative admission
to critical care included increasing ASA physical status,
surgical severity and intra-operative blood loss. Increasing
age had a non-linear relationship with postoperative critical
care admission, with an increasing probability to age 70 y
before reducing. There was substantial variation between
surgical specialities in probability of critical care admission,
although no statistically significant differences could be
concluded due to wide, overlapping confidence intervals.
An increased availability of critical care beds was associated
with an increased probability of critical care admission (OR
(95%Cl) 1.04 (1.01-1.06), p = 0.002 per available bed)
(Table 2).

Starting cohort (n = 26,502)

Include only first surgery during hospital stay (n = 25,070)

Exclude stay in high acuity ward prior to surgery (n = 24,314)

4

Exclude procedures with absolute critical care indication (n = 23,756)

Exclude obstetric procedures (as very low risk) (n = 20,408)

Exclude sites with >20% missing occupancy data (n = 19,491)

Figure 2 Flow diagram of patients through applying
eligibility criteria.

A total of 498 patients originally planned for
postoperative critical care were admitted to a surgical ward
instead, while 352 patients originally planned for
postoperative ward level care were admitted to critical care
(Table 3). It was not possible to identify the reasons for this
change in every case, but availability of critical care beds
was cited as a reason alongside clinical reasoning for
planned admissions not going to critical care directly.
Unexpected critical events during the peri-operative period
only accounted for a minority of unplanned admissions to
critical care.

Three models were fitted to investigate variability in the
probability of critical care admission depending on hospital
site (Table 4). A null model with a random intercept for
hospitals but no explanatory variables (Model A); a model
with a random intercept for hospitals and patient-level
explanatory variables (Model B); and a model with a random
intercept for hospitals, patient-level explanatory variables
and the hospital-level explanatory variable of total critical
care capacity per hospital (Model C).

Model A showed that there was substantial
inter-hospital variation in the probability of postoperative
critical care admission (median odds ratio 2.65). The
addition of patient-level variables improved the model fit
but did not explain any of the inter-hospital variation
(median odds ratio 3.05). Introduction of hospital-level total
critical care capacity did not further explain any of the
inter-hospital variation or significantly improve the model fit.

Compared with patients admitted to a surgical ward,
those admitted to critical care had a greater incidence of
morbidity (38.4% vs. 11.6%, difference (95%Cl) 26.8%
(29.0-24.7), p <0.001); 30-day mortality (3.7% vs. 0.7%,
difference (95%Cl) 3.0% (3.8-2.1), p < 0.001); 60-day mortality
(3.9% vs. 0.8%, difference 3.1% (4.0-2.3), p < 0.001); and a
longer postoperative duration of stay (median (IQR [range]) 7
(4-12 [0-139]) days vs. 2 (1-5 [0-367]) days, p < 0.007)
(Table 1).

Adjustment for case-mix using multilevel multivariable
logistic regression models reduced, but did not remove, the
statistically significant association between critical care
admission and POMS and mortality (Fig. 3).

When tested for use as an instrumental variable, critical
care bed availability produced a Kleibergen-Paap rk Wald F
statistic of 10.79, exceeding the Staiger and Stock ‘rule-
of-thumb” measure of instrument strength of a first-stage
F-statistic > 10 [31] and the 15% maximal instrumental
variable Stock and Yogo critical value.

When using critical care bed availability as the
instrument in a bivariate probit instrumental variable

analysis, the point estimate for morbidity was lower for
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Table 2 Odds ratios (95%Cl) for the probability of critical care admission.

Variable

Available critical care beds attime of surgery (effect per bed)

Sex; male
Age;y

31-40

41-50

51-60

61-70

71-80

> 80
Weekend surgery
Surgical urgency

Expedited

Urgent

Immediate
Procedure severity

Intermediate

Major

Xmajor

Complex
ASA physical status

2

3

4/5
Pre-operative duration of stay; days

1

2-6

7-20

> 21
Positive drug history for listed medications
Positive past medical history of listed conditions
Diabetes

Type 2 —diet controlled

Type 2 —oral medication

Type 2—insulin controlled

Type 1
Pre-induction systolic blood pressure (scaled)
Pre-induction heart rate (scaled)
Grade of most senior anaesthetist: non-consultant
Grade of most senior surgeon: non-consultant
Abnormality on pre-operative blood test
Estimated blood loss; ml

101-500

501-999

> 1000

OR(95%ClI)

1.04(1.01-1.06)
1.23(1.07-1.41)

1.33(0.9-1.95)
1.52(1.06-2.17)
1.55(1.09-2.19)
1.66(1.18-2.35)
1.44(1.01-2.06)
1.50(1.03-2.19)
1.31(1.04-1.64)
0.92(0.76-1.12)
1.14(0.94-1.39)
2.67(1.84-3.86)

1.17(0.82-1.67)
2.14(1.51-3.04)
2.92(2.02-4.21)
6.79(4.69-9.85)

1.85(1.42-2.41)
4.77(3.58-6.36)
10.61(7.41-15.19)

1.38(1.16-1.64)
1.18(0.94-1.49)
1.83(1.37-2.43)
1.32(0.81-2.15)
1.19(1.03-1.39)
1.40(1.21-1.63)
1.13(0.8-1.61)
0.96(0.76-1.20)
1.01(0.74-1.39)
0.59(0.31-1.12)
0.93(0.88-1.00)
1.14(1.07-1.21)
0.69(0.56-0.84)
0.52(0.41-0.65)
1.16(1.00-1.34)

2.99(2.58-3.47)
7.68(5.88-10.04)
15.78(11.17-22.28)

p value

0.002
0.003

0.151
0.022
0.015
0.004
0.043
0.034
0.022

0.403
0.192
< 0.001

0.395
< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001

< 0.001
0.157
< 0.001
0.267
0.020
< 0.001

0.485
0.689
0.949
0.107
0.039
< 0.001
< 0.001
< 0.001
0.043

< 0.001
< 0.001
< 0.001

©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.
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Table 2 (continued)
Variable

Surgical speciality
Breast
Cardiology
Colorectal
Endocrine
Endoscopic
Ear, nose and throat
Gynaecology
Hepatobiliary
Interventional radiology
Maxillofacial/dental
Ophthalmic
Orthopaedics
Plastic surgery
Spine
Thoracic
Upper gastrointestinal
Urology
Vascular

Critical unexpected events in the peri-operative period

OR (95%Cl) p value
1.19(2.50-5.70) 0.824
2.18(0.42-11.17) 0.352
8.39(1.96-35.93) 0.004
5.92(1.29-27.14) 0.022
4.56(0.97-21.32) 0.054
5.83(1.30-26.10) 0.021
1.70(0.39-7.46) 0.480

17.38(3.93-76.83) < 0.001
4.75(0.99-22.66) 0.051
5.66(1.25-25.60) 0.024
0.91(0.14-6.06) 0.922
0.46(0.11-1.98) 0.295
2.92(0.65-13.11) 0.163
1.31(0.30-5.76) 0.719

13.81(3.18-59.94) < 0.001
7.91(1.84-33.99) 0.005
1.87(0.43-8.08) 0.405
1.83(0.42-7.97) 0.418
2.52(2.03-3.13) < 0.001

Reference levels are not displayed but are as follows: sex (female); age (18-30 y); weekday surgery (weekend); operative urgency
(elective); procedure severity (minimal); ASA (physical status 1); pre-operative duration of stay (O days); negative drug history for listed
medications; negative past medical history for listed conditions; diabetes (persons without diabetes); grade of most senior anaesthetist
(consultant); grade of most senior surgeon (consultant); no abnormality on pre-operative blood test; estimated blood loss (< 100 ml);
surgical speciality (bariatric); and critical unexpected events the peri-operative period (false). For full results see Supporting Information

Appendix S5.

Table 3 Patients who had a change in planned
postoperative destination. Values are number (proportion).

Planned critical care n = 2264

Planned critical care but 498(22.0%)
admitted ward

No critical care bed currently 59(2.6%)
available

Critical care no longer clinically 78(3.4%)
necessary

361(15.9%)
n=17,207

Unknown reason
Planned ward-level care

Planned ward-level care but 352(2.0%)

admitted to critical care

Critical unexpected eventin 47 (0.3% of total)

the peri-operative period

Unknown reason 305(1.8%)

patients admitted directly to critical care postoperatively;
however, this was not statistically significant (average
treatment effect (95%Cl) -0.010 (-0.059-0.040), OR (?5%Cl)

0.91 (0.57-1.45), p=0.710) (Fig. 4). The wuse of
other definitions of critical care bed availability in
further bivariate probit instrumental variable models
produced similar results (online Supporting Information
Appendix S5).

In the sensitivity analyses, the complete case analysis
did not result in any statistically significant changes in the
results for either part of the analyses. Stratification by
threshold of pre-operative mortality risk prediction showed
that as SORT mortality risk increased, there was a trend
towards increasing benefit associated with postoperative
critical care admission; however, there were no statistically
significant differences (Fig. 5).

The analyses were also repeated in a population limited
to patients with planned critical care admissions only. We
hypothesised that effects of critical care bed availability of
the probability of admission would be greater in this
population as patients requiring an unplanned critical care
admission are more likely to have suffered an adverse

peri-operative event and therefore may have a stronger

1172 ©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.
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Table 4 Investigation of variability of critical care unit admission between hospital sites.

Model Description

Model A (Random intercept only)

Assesses whetherthere is clustering in the data by sites,  2.65

Median Akaike information
oddsratio criterion (patients;
sites)

12,018(19,386; 248)

i.e.isthere interhospital variation in the likelihood of
being admitted to critical care

Model B (Random
intercept + patient-level

Adjusts for differences in patient case-mix that might 3.05
account for differences between hospitals in the

7516(18,889;248)

variables) likelihood of being admitted to critical care

Model C (Random

intercept + patient-level
variables + Total critical care
capacity)

Multilevel multivariable regression (60 day mortality)

Unadjusted regression (60 day mortality)

Multilevel multivariable regression (30 day mortality)

Analysis

Unadjusted regression (30 day mortality)

Multilevel multivariable regression (Day 7 POMS)

Unadijusted regression (Day 7 POMS)

Estimates the hospital-level effects which are associated  3.07
with the likelihood of being admitted to critical care

7599(18,823; 248)

3.0 50

Odds Ratio (log scale)

Figure 3 Odds ratios (95%Cl)for unadjusted vs. multilevel, multivariable regression analyses for the association between
postoperative critical care admission and negative postoperative outcomes. POMS, postoperative morbidity survey.

indication for critical care admission. Thus, critical care
admission decisions may be less affected by contextual
factors such as bed availability. However, the results in this
group showed no evidence of an effect when compared
with the study population, possibly because only a small
number of patients had unplanned admissions (n = 211).
Full results for the sensitivity analyses can be found online
Supporting Information Appendix S5.

Discussion

We have shown that in patients in which there is a ‘choice’ of
critical care admission, increased availability of critical care
beds was associated with an increased probability of critical
care admission. Utilising this relationship alongside the
random variation in bed availability in an instrumental
variable analysis revealed no evidence of a difference in

postoperative morbidity at day 7 with immediate

©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists. 1173

sdny wouy 0Q ‘TT '¥20¢ ‘YY0ZS9ET

d-ssheL

35UB017 SUOWILLIOD dAIIER1D 3|qed!|dde ay Aq pautenob afe saiie YO ‘8N JO SanJ 10} AriqIT 8UIUQ AB|IA UO (SUOIIPUOD-PUR-SWLLIBIW0D S 1M A eI 1 U UO//SANY) SUORIPUOD pue SWB L aU) 89S *[5202/90/ST] Uo ARl auluQ A3|ia ‘uoidweyinos JO AiseAlun Aq £8E9T deue/TTTT OT/IOp/W00 A8 |IM ARlq 1 pul|L



Anaesthesia 2024, 79, 1165-1179

Campbelletal. | Critical care availability and postoperative outcomes

(a) 1
|
- ’ 1
Bivariate Probit IV analysis ‘ 1
] ‘
|
) !
2 1
S  Multilevel multivariable regression |
c
<
|
|
|
Unadjusted regression !
|
|
1
0.5 1.0 3.0 5.0
Odds Ratio (log scale)
1
I
1
Bivariate Probit IV analysis :
‘ 1
I
@ !
2 1
@ Multilevel multivariable regression
g I
I
1
I
Unadjusted regression !
I
1
1
0.1 00 0.1 02 03

Average Treatment Effect

Figure 4 Estimatesfor POMS incidence associated with critical care admission for logistic regression models and instrumental
variable analysis (Bivariate probit [V model). (a) odds ratios (95%Cl); (b) average treatment effects (95%ClI). IV, instrumental

variable; POMS, postoperative morbidity survey.

postoperative critical care admission over a ward
admission. In addition to bed availability, factors including
male sex, increased procedure severity, ASA physical status
and intra-operative blood loss were associated with an
increased probability of postoperative critical care
admission. Age was non-linearly associated with the
likelihood of postoperative critical care admission, with
marginal likelihoods of admission increasing with age until
70y before reducing.

Although statistically significant, the magnitude of the
effect of increased bed availability was small compared with
the effects of patient-level variables. This suggests that while
patient-level factors remain the most influential drivers of a
decision to admit a patient to critical care, the availability of
resources likely exerts a subtle external influence on
decision-making. These findings are consistent with a
previous analysis which examined influences on clinicians’
perceived requirement for critical care for a cohort of
surgical patients [32]. Our previous analysis on this study
cohort found that 10% of patients scheduled for elective
surgery had their operation cancelled previously [33].
Insufficient bed capacity was the second most common

reason for cancellations and the only statistically significant
patient-level predictor of cancellation was a requirement for
postoperative critical care [33]. Together with our finding
that bed availability has an impact on admission decisions,
our work highlights the potential effect of constrained
critical care capacity on treatment decisions.

Our analysis raises the question of whether there are
biases in clinical decision-making which systematically
disadvantage some types of patients, and which might be
reduced if access to higher acuity postoperative care was
better. For example, after adjustment for surgical risk, there
was substantial variation between surgical specialities in the
likelihood of postoperative critical care admission. We also
found significant variation in the probability of critical care
admission between hospital sites, which was not explained
by patient factors or a hospital's total critical care bed
capacity. These variations, which equate to a median odds
ratio of 3.07, appear larger than some significant
patient-level risk factors. This indicates that there are other
factors influential to the decision-making process which
have not been captured in our dataset. These may include
interhospital differences in clinician behaviour, institutional

1174 ©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.
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Figure 5 Estimatesfor POMS incidence associated with critical care admission, stratified by surgical outcome risk tool (SORT)
mortality estimate, in the instrumental variable analysis (Bivariate probit IV model). (a) odds ratios (95%Cl); (b) average treatment
effects (95%Cl). IV, instrumental variable, POMS, postoperative morbidity survey.

culture, logistics and patient pathways which are difficult to
characterise in a quantitative observational study. Our
finding that men are more likely to be admitted to
postoperative critical care, despite biological sex not being
afactorin the most commonly used risk prediction tools [34,
35], also requires further exploration. Furthermore, the
non-linear association between age and critical care
admission, with patients aged > 70 years being less likely to
be admitted as they get older, may also indicate bias in
clinical decision-making which may impact on patient
outcomes.

The instrumental variable analyses showed no
evidence of difference in morbidity with critical care over
ward admission, although the point estimate and
confidence intervals included a potential reduction in
morbidity associated with postoperative critical care
admission. This contrasted with estimates provided by
regression models which are limited by only risk-adjusting
for observed characteristics, which suggested a harmful
association between critical care admission and
postoperative morbidity. When stratified by increasing
pre-operative surgical risk, the point estimate associated

with critical care admission became more favourable,
although harm was still possible. Regression models also
showed an association between postoperative critical care
admission and increased 30- and 60-day mortality. It was
not possible to conduct instrumental variable analyses for
these outcomes given their low incidence; however, it is
plausible to hypothesise whether the reduction in
morbidity, once unobserved confounding was accounted
for, would also translate into a mortality benefit.

Our findings support the argument that more
advanced modelling methods should be used to account
for unmeasured confounding in observational data. Using
techniques that rely on adjustment only on observed
severity, studies such as Vester-Andersen et al. [11] and
Kahan et al. [13] have found postoperative critical care
admission to be associated with harm. However, in studies
attempting to account for a patient’s underlying likelihood
of being admitted to critical care, beneficial effects begin to
be revealed. In a propensity-score matched study by
Thevathasan et al. [15], patients admitted to critical care
postoperatively were compared with patients admitted to a
surgical ward. For patients with the highest propensity for

©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists. 1175
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critical care admission, admission was associated with a
shorter hospital duration of stay and lower healthcare costs.
At a regional and population level, higher critical care
utilisation and an expansion in critical care capacity have
both been associated with improvements in outcomes [12,
36].

Our analysis relies upon the assumption that critical
care bed availability acts as a natural randomisation event
and that it fulfils the “exclusion restriction” (which describes
the requirement that available critical care beds should not
be directly related to morbidity except through its actions
on the probability of critical care admission) and the
‘exchangeability assumption” (which describes the
requirement that there are no shared unmeasured
confounders which impact upon both the bed availability
and outcomes) [17]. We defend these assumptions in two
ways. Critical care occupancy at a specific time is
unpredictable as it represents the net result of admissions,
discharges and deaths in a complex healthcare system.
Although increased critical care occupancy may act as a
mediator of critical care “strain”[37], which in turn may affect
the quality of care that patients in critical care receive, there
is conflicting evidence that this is associated with adverse
outcomes [38, 39]. Furthermore, critical care occupancy
would not be expected to directly impact on clinical
outcomes for the 89% of patients who were not admitted to
critical care.

An important limitation of instrumental variable
analyses in general is that they tend to be underpowered,
and therefore require very large sample sizes or strong
instruments (i.e. instruments that strongly discriminate
which patients will or won't receive the treatment) to detect
significant differences. Critical care bed availability
represents a weak instrument. Theoretically, one may
expect critical care bed availability to be a weak
determinant of eventual admission to critical care. At times
of low bed availability, admissions may be facilitated
through strategies such as re-allocating staff or delaying
admission until a bed becomes available. In addition, bed
availability was recorded only twice daily. This was a
pragmatic choice to facilitate generalisable data collection
in such a large study. However, fluctuations in bed
availability between these times means that it may not
always perfectly represent the true number of available
beds at the time of surgery, which further reduces its power
as a discriminating instrument. As a result, although the
association between critical care bed availability and critical
care admission was statistically significant, the magnitude
was small with an F-statistic only narrowly above the ‘rule-
of-thumb’threshold set by Staiger and Stock [31].

Although it has not been well studied in binary choice
models, weak instruments have the potential to cause
biased and uncertain estimates in linear instrumental
variable models [40]. It is conservative to assume the same
may hold true for bivariate probit analyses and therefore we
urge caution in the interpretation of the point estimates
generated in this study. Certainly, the underpowered nature
of the instrument is reflected by the wide confidence
intervals seen in the instrumental variable analyses,
containing the possibility of both benefit and harm.
However, the consistent reduction in harm when compared
with the regression analyses, which holds across multiple
instrument formulations and underlying populations, and
has been replicated in other studies [41], is reassuring of the
direction of these effects. Indeed, two prospective
single-centre studies which used bed availability to allocate
admission to a surgical high-dependency or
post-anaesthetic recovery unit vs. surgical wards for
mediume-risk surgical patients showed benefits in terms of
increased days at home and reduced incidence of
postoperative complications [42, 43]. Where previous
studies have concluded that postoperative critical care
admission might be associated with harm, proposed
mechanisms [13] have included unnecessary intervention,
reduced likelihood of early mobilisation and environmental
disruption such as sleep deprivation and stress [44]. Our
previous research found that clinicians considered the
principal potential benefit of postoperative critical care to
be the higher nurse—patient ratios compared with normal
wards [45]. The expansion of enhanced peri-operative care
facilities may therefore provide an optimum balance: a
higher acuity environment, with more support for patients,
but focused on recovery (including early mobilisation)
rather than deterioration or intervention. Since the COVID-
19 pandemic this approach has been promoted by national
guidance and policy aimed at improving surgical outcome
and reducing the risk of peri-operative cancellation [46, 47].

Our study has several strengths. The large sample size
and the high participation rate of a diverse range of
hospitals (particularly in the UK) alongside the non-
consenting approach to patient participation all reduce the
risk of selection bias in our sample. Our use of causal
inference analysis attempts to overcome the usual
challenge of unobserved confounding in observational
cohort studies. Whilst a randomised design would be
preferable, our enquiries before planning the study found
that surgeons and anaesthetists did not consider a
randomised controlled trial to be possible, on the grounds
of feasibility (insufficient critical care capacity would lead to

a high number of cross-overs from the critical care group

1176 ©2024 The Author(s). Anaesthesia published by John Wiley & Sons Ltd on behalf of Association of Anaesthetists.

sdny wouy 0Q ‘TT '¥20¢ ‘YY0ZS9ET

d-ssheL

35UB017 SUOWILLIOD dAIIER1D 3|qed!|dde ay Aq pautenob afe saiie YO ‘8N JO SanJ 10} AriqIT 8UIUQ AB|IA UO (SUOIIPUOD-PUR-SWLLIBIW0D S 1M A eI 1 U UO//SANY) SUORIPUOD pue SWB L aU) 89S *[5202/90/ST] Uo ARl auluQ A3|ia ‘uoidweyinos JO AiseAlun Aq £8E9T deue/TTTT OT/IOp/W00 A8 |IM ARlq 1 pul|L



Campbelletal. | Critical care availability and postoperative outcomes

Anaesthesia 2024, 79, 1165-1179

to the ward care group) or ethical acceptability (clinicians
were unwilling to randomise higher risk patients to ward
level care). However, our findings do help to identify a
population in which a randomised controlled trial might
now be considered both feasible and ethical: patients who
do not have an absolute indication for postoperative critical
care, and surgical specialities where there remains
heterogeneity in access to postoperative critical care for
patients considered to be at high risk based on personal
characteristics.

Our study also has some limitations. Our data were
collected in 2017, before the COVID-19 pandemic, and
not published until now due to capacity constraint within
our research team. It is possible that the clinical context
has changed since our study was conducted. Although
data from NHS England illustrates that the total and
relative number of critical care beds has not significantly
changed since 2017 (excluding a spike in the number of
beds during the COVID-19 pandemic) [48], the case-mix of
patients undergoing surgery has changed. Evidence from
the latest Perioperative Quality Improvement Programme
(PQIP) and 7th National Audit Project reports all suggest
that patients undergoing surgery are higher risk post-
pandemic [25, 49, 50]. Taken together, it is possible that
the effects we report in this study may be even more
pronounced in the current context. An increase in the
number of higher risk patients exerts a greater demand on
critical care beds, thus potentially increasing the effect of
available beds on admission decisions.

In conclusion, we have shown that direct critical care
admission following surgery varies across hospitals and,
although patient-level factors remain the most important
drivers of the probability of postoperative critical care
admission, critical care bed availability exerts a small, but
significant, effect. The fact that bed capacity impacts on
clinical decision making and subsequent patient care, is
evidence of inequity in the provision of peri-operative care
and has relevance for policy makers and health service
commissioners when considering postoperative critical
care capacity. We did not identify a benefit for
postoperative critical care over ward admission, despite a
large dataset and instrumental variable methods. However,
the stepwise reduction in estimated morbidity as we
sequentially improved our analytical approach to minimise
the risk of treatment selection bias suggests that previous
observational research concluding that critical care after
surgery is harmful is biased by unobserved confounding.
Consequently, randomised studies may be necessary to
accurately identify which patients benefit from

postoperative admission to higher acuity environments. The

increased interest in enhanced peri-operative care services
since the COVID-19 pandemic may provide an opportunity
to undertake a randomised controlled trial which would be
ethical, feasible and have potential to change practice, with
the aim of improving equity of access for patients across
heterogeneous healthcare systems.
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