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ABSTRACT

Background: Outcomes among acute kidney injury (AKI) patients are poor in United Kingdom
(UK) hospitals, and electronic alerts and care bundles may improve them. We implemented such
a system at West Suffolk Hospital (WSH) called the ‘AKI order set. We aimed to assess its impact
on all-cause mortality, length of stay (LOS) and renal function among AKI patients, and its
utilization.

Methods: Retrospective, single-center cohort study of patients > 18years old with AKI at WSH, a
430-bed general hospital serving a rural UK population of approximately 280,000. 7243 unique AKI
events representing 5728 patients with full data were identified automatically from our electronic
health record (EHR) between 02 September 2018 and 1 July 2021 (median age 78years, 51%
male). All-cause mortality, LOS and improvement in AKI stage, demographic and comorbidity data,
medications and AKI order set use were automatically collected from the EHR.

Results: The AKI order set was used in 9.8% of AKI events and was associated with 28% lower
odds of all-cause mortality (multivariable odds ratio [OR] 0.72, 95% confidence interval [CI] 0.57-
0.91). Median LOS was longer when the AKI order set was utilized than when not (11.8 versus
8.8days, p<.001), but was independently associated with improvement in the AKI stage (28.9%
versus 8.7%, p<.001; univariable OR 4.25, 95% Cl| 3.53-5.10, multivariable OR 4.27, 95% Cl
3.54-5.14).

Conclusions: AKI order set use led to improvements in all-cause mortality and renal function, but
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longer LOS, among AKI patients at WSH.

Introduction
Background/rationale

Acute kidney injury (AKI) is a common and serious problem
among hospital inpatients worldwide [1,2]. In the UK, esti-
mates of incidence amongst inpatients range from 13% to
25.4%, while mortality may reach 30% [3,4]. Inpatients with
coronavirus disease 2019 (COVID-19) have consistently been
found to have AKI incidence of >20%, and AKI is an indepen-
dent risk factor for increased in-hospital mortality [5]. AKI is
also associated with an increased risk of de novo chronic kid-
ney disease (CKD) and cardiovascular disease [6,7]. Recognition
and care of AKI in UK hospitals is poor, despite national
guidelines and quality standards [8].

Over the past decade, the widespread adoption of elec-
tronic health records (EHRs) has led to international interest
in the development of electronic detection systems, alerts
and care bundles to improve AKI management [9-11]. The

evidence on the effectiveness of these interventions is mixed,
and it is difficult to draw overall conclusions due to variability
in study design and outcome measures. Studies to date have
typically demonstrated improvement in AKI detection and in
process measures such as medication review, fluid balance
review and specialist nephrology consult, but little impact on
outcome measures such as mortality and progression of AKI
[12-17]. A recent systematic review and meta-analysis found
a 19% reduction in in-hospital mortality across studies with a
before-and-after design, but no significant effect on mortality
in randomized controlled trials [17]. As healthcare providers
have transitioned toward electronic records, not all studies
have fully integrated detection and alerting with treatment
recommendations and links to the direct ordering of appro-
priate interventions [11,12,14,15]. A further systematic review
suggested that electronic AKI detection and alerting was
associated with significant improvement in both process mea-
sures (diagnostic and therapeutic interventions) and outcome
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measures (renal function and mortality) only if coupled with
treatment recommendations [18]. However, a large before-and-
after study of >64,000 patients with AKI subsequently demon-
strated significant reductions in mortality, dialysis and length
of hospital stay from an alerting system not linked to specific
treatment recommendations [19]. In addition, utilization of
care bundle ordering (rather than ordering of individual ele-
ments) has been shown to be poor [12]. Overall, while there
are some signals that electronic AKI alerting may be effective
in improving outcome and (more convincingly) process mea-
sures, further evidence is needed to confirm these signals and
to identify which type of alerting and ordering systems are
most strongly associated with improved outcomes.

In this article we report on a single-center quality
improvement project undertaken at a UK hospital from
2018-21. The project aimed to measure the impact and
uptake of an integrated electronic detection/alerting system
and order set introduced in 2018, the ‘AKI order set, which
was designed on the basis of national guidelines and qual-
ity standards. Given the ongoing COVID-19 pandemic, we
also sought to assess its impact on the contribution of AKI
to COVID-19 mortality. Lastly, we aimed to improve the uti-
lization of this order set.

Materials and methods
Study design, setting and participants

This retrospective cohort study was conducted at the West
Suffolk Hospital (WSH), a 430-bed general hospital serving a
predominantly rural and elderly UK population of approxi-
mately 280,000. Elderly patients are at increased risk of short-
and long-term mortality following AKI and progression to
chronic kidney disease (CKD) [7]. All patients aged >18years
old admitted with or who developed AKI from the

introduction of the AKI order set on 2 September 2018 were
included. AKI and its stages were defined by KDIGO (Kidney
Disease Improving Global Outcomes) criteria [20], and inpa-
tient AKI events meeting these criteria were automatically
identified via our EHR, ECare (Cerner).

The ‘AKI order set’ consisted of an interruptive electronic
alert, triggered when a user opened an EHR for a patient
with AKI, and an ‘AKI care plan’ (AKI-CP) with recommended
interventions (Figure 1). For medical practitioners, the alert
would inform the user of the AKI stage and suggest AKI-CP
initiation. For nursing staff, it would suggest interventions
such as fluid balance monitoring and urinalysis (Figure 2).
AKI-CP initiation allowed medical staff to request its ele-
ments, including links to recommended investigations and
local guidelines. The design of the ‘AKI order set’ was influ-
enced by the national guidelines and quality standards out-
lined in the National Confidential Enquiry into Patient
Outcome and Death (NCEPOD) report [8]. Education about
AKI recognition and management, including the use of the
AKI order set, was provided to junior doctors annually
through their mandatory education programme. We com-
pared outcomes among AKI episodes that had the AKI-CP
initiated with those that did not.

AKI order set utilization was measured both objectively,
through an audit of electronic records, and subjectively,
through a survey of junior doctors in October 2020 using
Likert scales to quantify the self-reported frequency of order
set requesting. Respondents were also asked about factors
impeding order set utilization, and interventions which might
increase utilization. Based on these responses, a quality
improvement project was undertaken to increase utilization,
consisting of educational sessions and posters. Subsequently
both the audit and survey were repeated to measure the
impact of these interventions on order set utilization
(Figure 3).

Figure 1. The electronic AKI care plan (AKI-CP). Checkboxes on the left when checked lead to the ordering of specific urine and/or blood tests, denoted
by the ‘clipboard’ icon, part of the AKI-CP, e.g., ‘Dipstick Urinalysis, or ‘Urea and electrolytes, blood' Text to the right of the ‘pinned note’ icon represent
specific advice relevant for the management of AKI part of the AKI-CP, e.g., ‘Consider stopping nephrotoxics (ACE inhibitors/ARBs, diuretics, NSAIDs, antihy-
pertensives, gentamycin, trimethoprim, metformin). The text to the right of the ‘document’ and ‘pinned note’ icons under the ‘Links’ heading are links to

the local and national guidelines for the management of AKI.



RENAL FAILURE (&) 3

Figure 2. The interruptive electronic alert from the ‘AKI order set' An example of the interruptive electronic alert from the ‘AKI order set; which is triggered
by AKI stage 2 or above. This alert provides information about the patient’s details, including their name, date of birth, age, location and Medical Records

Number (MRN), and suggests that the use initiates the AKI-CP.

Covariate ascertainment

Demographic data including age, sex, type of admission, length
of stay (LOS), discharge method/destination and date of death
were obtained from our EHR on 14 September 2021. Comorbidity
data were identified using the International Classification of
Disease, Tenth Edition (ICD-10) codes, as documented on admis-
sion. Medications coded as prescribed during admission were
automatically identified from the EHR, as was COVID-19 status,
which was by detection of SARS-CoV-2 (Severe acute respiratory
syndrome coronavirus 2) using reverse transcriptase polymerase
chain reaction (RT-PCR) at the designated laboratory serving WSH.

Outcome measures

The primary outcome was inpatient all-cause mortality.
Secondary outcomes were LOS, improvement in the AKI stage,

survival post discharge, the impact of COVID-19 infection
among AKI patients on these, and the utilization of the AKI-CP.

Ethical approval

After consulting the local Trust research team and reviewing
local Trust policy, this study was considered exempt from
the need for ethical approval as it was deemed to be a ret-
rospective audit of anonymised data, collected routinely as
part of a locally registered quality improvement project.

Informed consent

As this study was a retrospective audit of routinely collected
clinical data, it was deemed exempt from the requirement
for informed consent.
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AKI care plan (AKI-CP) utilisation September 2018 to July 2021
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Figure 3. Utilization of the AKI care plan (AKI-CP) over time.

Statistical methods

Baseline characteristics were presented as mean (standard
deviation), median (interquartile range [IQR]), or percentages
for categorical variables as appropriate. Inpatient mortality
and improvement in the AKI stage were analyzed using logis-
tic regression, while LOS was analyzed using truncated nega-
tive binomial regression, both univariably and correcting for
pre-specified confounders (age, sex, comorbidities, medica-
tions prescribed during admission, and first AKI stage) and
COVID-19 status. Cox-proportional hazards ratios were ana-
lyzed at different timepoints due to several covariates violat-
ing the proportional hazards assumption, based on
log-minus-log plots and scaled Schoenfeld residuals against
time for categorical and numerical variables, respectively.
Standardized survival curves incorporating time-dependent
variables were also fitted using a flexible parametric approach,
and restricted mean survival times (RMSTs) were calculated
at different timepoints to further assess the impact of the
AKI-CP on survival [21,22]. Given that the primary aim of the
study was to assess the relationship between AKI order set
utilization and the aforementioned outcomes of interest and
pre-specified covariates were included based on their poten-
tial confounding effect(s), likelihood ratio testing for covari-
ate selection and model fitting was not deemed necessary.
Multiple imputation was not performed for missing data due
to the low proportion of missing data. Two-sided p values
<.05 were considered significant. For patients with multiple

episodes of AKI, their first episode was considered as the
index episode. All statistical analyses were conducted using
Stata 15.1.

Results
Baseline characteristics

We identified 7274 unique AKI events in separate hospital
admissions representing 5755 patients between 2 September
2018 and 1 July 2021. Data was missing from 34 AKI events
representing 27 patients, leaving 7243 unique AKI events
among 5728 patients in the complete case analysis. The
median age was 78 (IQR 67-85) years and 51% were male
(Table 1). The AKI-CP was initiated in 710/7243 AKI events
(9.8%) from 577/5728 (10.1%) of patients. The most common
comorbidities were diabetes (27.7%), heart failure (25.7%)
and cancer (18.5%), followed by CKD (12.6%).

Utilization of the AKI care plan (AKI-CP)

The AKI-CP was initiated in 9.8% of AKI events, with a greater
proportion of comorbidities represented among AKI-CP initi-
ated events, particularly diabetes, CKD and liver disease.
Additionally, a higher proportion of AKI events with a higher
first AKI stage was seen among AKI-CP initiated events (Table



Table 1. Baseline characteristics of patients by AKI-CP initiation status.

AKI-CP not AKI-CP
initiated initiated Total
Characteristics
AKI events 6533 (90%) 710 (10%) 7243
Number of patients 5151 (90%) 577 (10%) 5728
Median age, yr (IQR) 8 (67-86) 77 (69-84) 78 (67-85)
Males 2618 (51%) 297 (51%) 2915 (51%)
Comorbidities
IHD 512 (10%) 51 (9%) 563 (10%)
Hypertension 77 (1%) 20 (3%) 97 (2%)
Heart failure 1262 (25%) 145 (25%) 1470 (26%)
Diabetes 1400 (27%) 184 (32%) 1584 (28%)
Liver disease 353 (7%) 59 (10%) 412 (7%)
Cirrhosis 117 (2%) 18 (3%) 135 (2%)
PVD 154 (3%) 17 (3%) 171 (3%)
Cancer 945 (18%) 113 (20%) 1058 (18%)
Renal stones 111 2%) 9 (2%) 120 (2%)
Chronic kidney 623 (12%) 97 (17%) 720 (13%)
disease
Stage 1 3 (0%) 1 (1%) 4 (1%)
Stage 2 10 (2%) 2 (2%) 12 (2%)
Stage 3 379 (61%) 57 (59%) 436 (61%)
Stage 4 132 (21%) 20 (21%) 152 (21%)
Stage 5 99 (16%) 17 (18%) 116 (16%)
Medications
NSAIDs 687 (13%) 77 (13%) 764 (13%)
ACE inhibitors/ARBs 1756 (34%) 221 (38%) 1977 (35%)
Diuretics 2267 (44%) 271 (47%) 2531 (44%)
Thiazide 355 (16%) 55 (20%) 410 (16%)
Loop 1958 (86%) 229 (85%) 2187 (86%)
Potassium sparing 409 (18%) 48 (18%) 457 (18%)
Other 88 (4%) 7 (3%) 95 (4%)
Proton pump 2831 (55%) 337 (58%) 3168 (55%)
inhibitors
Trimethoprim 205 (4%) 23 (4%) 228 (4%)
Aminoglycosides 886 (17%) 105 (18%) 991 (17%)
Vancomycin 278 (5%) 36 (6%) 314 (5%)
Penicillin 3256 (63%) 395 (68%) 3651 (64%)
First AKI stage
Stage 1 4263 (83%) 265 (46%) 4528 (79%)
Stage 2 569 (11%) 174 (30%) 743 (13%)
Stage 3 319 (6%) 138 (24%) 457 (8%)
Status
Died 1784 (35%) 210 (36%) 1994 (35%)
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Table 2. Univariable and multivariable adjusted analysis of covariates and
all-cause inpatient mortality among AKI events.

Univariable OR (95% Multivariable OR (95%
) (@)%

Age 1.04 (1.03, 1.04) 1.04 (1.03, 1.04)
Gender
Female 1.00 (Reference) 1.00 (Reference)

Male 1.06 (0.93, 1.2) 1.02 (0.89, 1.17)
Comorbidities
IHD 1.11 (0.9, 1.36) 1.02 (0.82, 1.27)

1.42 (0.95, 2.12
1.97 (1.73, 2.25

1.19 (0.77, 1.83)
1.68 (1.42, 1.99)

Hypertension
Heart failure

)

)
Diabetes 0.86 (0.75, 0.99) 0.93 (0.8, 1.07)
Liver disease 1.48 (1.19, 1.83) 1.74 (1.3, 2.33)
Cirrhosis 1.73 (1.26, 2.39) 1.46 (0.94, 2.27)
Peripheral vascular 1.27 (0.92, 1.75) 1.18 (0.84, 1.66)
disease
Cancer 1.54 (1.33, 1.78) 1.62 (1.39, 1.9)

0.17 (0.07, 0.43)
0.86 (0.72, 1.03)

0.30 (0.12, 0.75)
0.70 (0.57, 0.85)

Renal stones
Chronic kidney disease

bStage 1 - -
Stage 2 0.72 (0.16, 3.16) 0.62 (0.13, 2.91)
Stage 3 0.96 (0.76, 1.21) 0.75 (0.59, 0.96)
Stage 4 0.9 (0.62, 1.29) 0.65 (0.44, 0.95)
Stage 5 0.65 (0.44, 0.96) 0.61 (0.4, 0.93)
Medications
NSAIDs 0.77 (0.63, 0.94) 0.84 (0.68, 1.04)
ACE inhibitors/ARBs 0.72 (0.62, 0.83) 0.68 (0.58, 0.79)
Diuretics
Thiazide 0.74 (0.57, 0.97) 0.76 (0.58, 1.01)
Loop 1.73 (1.53, 1.96) 1.27 (1.08, 1.49)
Potassium sparing 1.04 (0.83, 1.3) 0.72 (0.56, 0.93)
Other 1.55 (0.99, 2.41) 1.45 (0.91, 2.32)
Proton pump inhibitors 1.02 (0.9, 1.16) 0.95 (0.83, 1.08)
Trimethoprim 0.83 (0.59, 1.17) 0.75 (0.53, 1.06)
Aminoglycosides 0.61 (0.51, 0.74) 0.55 (0.45, 0.68)
Vancomycin 1.37 (1.08, 1.75) 1.77 (1.37, 2.3)
Penicillin 1.46 (1.28, 1.67) 1.59 (1.38, 1.84)
First AKI stage
Stage 1 1.00 (Reference) 1.00 (Reference)
Stage 2 1.73 (1.46, 2.05) 1.98 (1.65, 2.37)
Stage 3 1.28 (1.03, 1.58) 1.66 (1.31, 2.09)
AKI care plan
Not initiated 1.00 (Reference) 1.00 (Reference)
Initiated 0.91 (0.74, 1.13) 0.72 (0.57, 0.91)

IQR: interquartile range; IHD: ischemic heart disease; PVD: peripheral vas-
cular disease; NSAID: non-steroidal anti-inflammatory drug; ACE: angio-
tensin converting enzyme; ARB: angiotensin receptor blocker. Data
presented as n (%), except for age, presented as median (IQR).

1). A statistically significant increase in the utilization of the
AKI-CP was noted across the study period (p<.05).

All-cause inpatient mortality among AKI events

We used logistic regression to analyze several covariates identi-
fied a priori as potential confounders of the relationship between
initiation of the AKI-CP and all-cause inpatient mortality: age, sex,
comorbidities (including CKD), medications and first documented
AKI stage. In the fully-adjusted multivariable analysis, initiation of
the AKI-CP was associated with lower odds of all-cause inpatient
mortality (odds ratio [OR]: 0.72; 95% confidence interval [CI] 0.57-
0.91, Table 2) but not in the univariable analysis (OR: 0.91; 95% ClI
0.74-1.13). Covariates independently associated with lower odds
of inpatient mortality were a past medical history of renal stones
(OR: 0.30; 95% Cl 0.12-0.75), higher CKD stage, angiotensin con-
verting enzyme (ACE) inhibitor or angiotensin receptor blocker
(ARB) use (OR: 0.68; 95% Cl 0.58-0.79), and aminoglycosides (OR:

OR: odds ratio; 95% Cl: 95% confidence interval.

2Adjusted for age, comorbidities (IHD, hypertension, heart failure, diabetes,
liver disease, cirrhosis, PVD, cancer, renal stones), medications (NSAIDs,
ACE inhibitors/ARBs, diuretics [thiazide, loop, potassium sparing, other],
proton pump inhibitors, trimethoprim, aminoglycosides, vancomycin,
penicillin) and first documented AKI stage.

bAmong AKI events with CKD stage 1 there were no inpatient deaths,
hence these observations were excluded from the model.

Bold values indicate multivariable model p values < 0.05.

0.55; 95% Cl 0.45-0.68). AKI stages 2 and 3 were associated with
higher odds of mortality compared to AKI stage 1 (OR: 1.98; 95%
Cl 1.65-237 and OR 1.66; 95% Cl 1.31-2.09, respectively).
Increasing age (OR: 1.04; 95% Cl 1.03-1.04), heart failure, liver dis-
ease, cancer and penicillin and vancomycin use were also inde-
pendently associated with increased odds of inpatient mortality
(Table 2). In the fully-adjusted model, there was no evidence of
multicollinearity.

Improvement in AKI stage, length of stay, survival post
discharge, and impact of COVID-19

The median LOS among AKI events in the study was 9.0days
(IQR 4.3-17.2) and was longer among events where the
AKI-CP was initiated (11.8days, IQR 4.3-17.2) compared to
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Table 3. Progression of AKl stage and length of stay as per AKI-CP
initiation.

Table 4. Univariable and multivariable adjusted analysis of covariates asso-

ciated with change in AKI stage.

AKI-CP not AKI-CP Univariate OR Multivariable
initiated initiated Overall p-value (95% Cl) OR (95% CI)?
Median length of 8.8 11.8 9.0 p<.0012 Age 0.99 (0.99, 1) 0.99 (0.99, 1)
stay, days (IQR) (4.1-16.8) (6.4-21.5) (4.3-17.2) Gender
Improvement in Female 1.00 (Reference) 1.00 (Reference)
AKI stage Male 1.16 (1, 1.35) 0.99 (0.95, 1.04)
Improvement by 167 (2.6%) 66 (9.3%) 233 3.2%) p<.001° Comorbidities
2 stages Ischemic heart disease 0.81 (0.62, 1.07) 9 (0.68, 1.2)
Improvement by 403 (6.2%) 139 (19.6%) 542 (7.5%) Hypertension 1.2 (0.73, 1.97) 1 25 (0.73, 2.15)
1 stage Heart failure 0.74 (0.62, 0.89) 0.86 (0.69, 1.08)
No difference or 5963 505 (71.1%) 6468 Diabetes 1.01 (0.86, 1.19) 0.97 (0.82, 1.15)
deterioration (91.3%) (89.3%) Liver disease 1.29 (1, 1.67) 0.96 (0.68, 1.37)
IQR: interquartile range. Cirrhosis 153 (1.04,225 159 (0.93, 2.69)
aDifference in medians calculated by Mann-Whitney U test. Pgrlpheral vascular 1.11 (0.74, 1.66) 117 (0.77, 1.78)
PDifference in proportions calculated by chi-squared test. disease
Cancer 1.26 (1.06, 1.51) 1.25 (1.03, 1.51)
Renal stones 1.23 (0.75, 1.99) 1.11 (0.67, 1.84)
Chronic kidney disease 0.79 (0.63, 0.99) 0.79 (0.62, 1)
those where it was not (8.8d, IQR 4.1-17.2; Table 2). LOS was Stage 1 2.69 (0.28, 25.94) 1.74 (0.17, 18.09)
independently longer in the AKI-CP group even after adjust- Stage 2 054 (0.07, 4.09) 051 (0.07, 3.98)
ing fi I iates in the study, includi . tient tal- Stage 3 0.83 (0.62, 1.11) 0.86 (0.63, 1.16)
!ng or all covariates in the study, including inpa |er? morta Stage 4 0.68 (042, 1.11) 0.66 (0.4, 1.1)
ity (p<.001, Supplementary Table 1). Increasing age, Stage 5 0.81 (0.52, 1.25) 0.76 (0.48, 1.19)
hypertension, diabetes, liver disease, peripheral vascular dis- ~ Medications
d all dicati lyzed ( t for ACE inhibitors/ NSAIDs 0.96 (0.76, 1.2) 0.92 (0.73, 1.17)
€ase, and all medications analyzed {except for inhibitors ACE inhibitors/ARBs 1.1 (0.94, 1.29) 1.14 (0.96, 1.36)
ARBs and diuretics) were associated with a longer median Diuretics
LOS. Among AKI inpatients who died, heart failure, cancer Thiazide 1.09 (0.82, 1.45) 1.02 (0.75, 1.38)
d | st iated with horter i tient Loop 0.79 (0.68, 0.93) 0.91 (0.75, 1.11)
and renal stones were associated with a shorter inpatien Potassium sparing 0.97 (0.74. 1.27) 1074 137)
stay (p<.05, Supplementary Table 1). Other 0.55 (0.25, 1.18) 0.62 (0.28, 1.36)
Improvement in the AKI stage was defined as a reduction TP(OtO“hPUmP inhibitors 1-:? Eg??r 12)9) I 03 Eg gg 1 gg;
. rimethoprim .1(0.77, 1.
between the first and last AKI stage. Of the 7243 AKI events Aminoglycosides 102 (0.83, 1.24) 0.9 072, 112)
in the study, 775 had an improvement in the AKI stage: of Vancomycin 1.22 (091, 1.64) .14 (0.83, 1.55)
these, 233 (3.2%) had an improvement by two stages and Pe“idl“i“ 1.07 (0.92, 1.25) 107 (0.9, 1.26)
o . care plan
542 (7.5%) by one stage (Table 3). Among AKI events with Not initiated 100 (Reference) 1.00 (Reference)
the AKI-CP initiated, 66 (9.3%) had an improvement by two Initiated 425 (3.53, 5.1) 4.27 (3.54, 5.14)
Status

AKI stages and 139 (19.6%) had an improvement in one AKI
stage, compared to 167 (2.6%) and 403 (6.2%) events respec-
tively for events that did not. Initiation of the AKI-CP was
independently associated with improvement in the AKI stage
(univariable OR: 4.25, 95% Cl 3.53-5.10 versus multivariable
OR: 4.27; 95% Cl 3.54-5.14; Table 4).

The crude survival analysis of initiation of the AKI-CP did
not demonstrate an improvement in survival (unadjusted
hazard ratio [HR]: 1.02; 95% Cl 0.90-1.17). In the model, sev-
eral covariates violated the proportional hazards assump-
tion by significantly interacting with time (p <.05): age and
sex; past medical history of hypertension, cancer, or CKD;
use of thiazide, loop, or potassium sparing diuretics; proton
pump inhibitor use; and aminoglycoside, vancomycin and
trimethoprim medications. Consequently, Cox-proportional
hazards were fitted with these variables as time-varying
coefficients to calculate adjusted hazard ratios and RMSTs
for use of the AKI-CP at different timepoints (Table 5).
Median follow up was 251.9d (IQR 57-590d), and initiation
of the AKI-CP was associated with a significantly lower haz-
ard ratio of death at 30days after the initial AKI event (HR
0.79; 95% Cl 0.69-0.91), but not thereafter (Table 5), which
was reflected in the standardized survival curves (Figure 4).
The RMST was statistically significantly longer among those
who had the AKI-CP initiated compared to those who did
not (Table 5).

Inpatient mortality

0.62 (0.49, 0.78)

0.64 (0.5, 0.82)

Bold values indicate multivariable model p values < 0.05.

Table 5. Adjusted Cox-proportional hazard ratios and improvement in
restricted mean survival time by completion of the AKI-CP at different

timepoints.

Time after initial AKI

Cox-proportional hazard

Restricted mean
survival time

improvement with

event ratio; HR (95% Cl)? AKI-CP; days (95% Cl)2
9d i.e,, median LOS 065 (0.54, 0.79) 0.31 (0.23, 0.38)
14d 7 (0.59, 0.83) 0.56 (0.41, 0.72)
30d 0. 79 (0.69, 0.91) 1.35 (0.84, 1.86)
60d 0.88 (0.77, 1.01) 2.55 (1.23, 3.87)
90d 0.94 (0.82, 1.09) 3.64 (1.41, 5.87)
1year 1.18 (0.96, 1.45) 14.49 (3.36, 25.62)

HR: hazard ratio; 95% Cl: 95% confidence interval; LOS: length of stay.

2Adjusted for age, sex, IHD, heart failure, diabetes, liver disease, cirrhosis,
PVD, cancer, renal stones, use of NSAIDs, ACE/ARBs, diuretics (thiazide,
loop, potassium sparing and other), proton pump inhibitors, antibiotics
(trimethoprim, aminoglycosides, vancomycin and penicillin). Age, sex,
hypertension, cancer, CKD, thiazides, loop diuretics, potassium sparing
diuretics, proton pump inhibitors, aminoglycosides, vancomycin, tri-
methoprim, first AKI stage and initiation of the AKI-CP were treated as
time-varying coefficients.

Within the complete case analysis study cohort, there
were 2750 AKI events with an RT-PCR test for SARS-CoV-2
among 2025 patients, who were 51% male with a median
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Figure 4. Standardized survival curves by initiation of the AKI-CP.

age of 78 (67-85) years. 130/2025 patients (6%) were positive
(Supplementary Table 2) for SARS-CoV-2, and among AKI
events, a positive test was independently associated with
increased inpatient mortality (univariable OR: 5.47, 95% Cl
3.59-7.59 versus multivariable OR: 5.54, 95% Cl| 3.91-7.89,
Supplementary Table 3), improvement in AKI stage (univari-
able OR: 1.79, 95% Cl 1.18-2.70 versus multivariable OR: 1.82,
95% Cl 1.18-2.80, Supplementary Table 4), and longer LOS
(univariable RR: 1.49, 95% Cl 1.28-1.72 versus multivariable
OR: 1.61, 95% ClI 1.41-1.84, Supplementary Table 5). Limiting
the analysis to the first AKI event for which a patient had an
RT-PCR test for SARS-CoV-2, testing positive for COVID-19
remained independently associated with increased inpatient
mortality and LOS, but not improvement in the AKI stage.
AKI-CP utilization remained associated with an improvement
in inpatient mortality and was independently associated with
an improvement in AKI stage but a longer LOS among AKI
patients tested for SARS-CoV-2 (Supplementary Tables 3-5).
Among AKI events with a positive SARS-CoV-2 test, AKI-CP
utilization remained associated with an improvement in AKI
stage in the univariable (univariable OR: 5.05, 95% Cl 2.00-
12.74) but not the multivariable model (multivariable OR:
2.05, 95% Cl 0.08-52.54) and did not have mortality benefit
(univariable OR: 0.43, 95% ClI 0.17-1.09; multivariable OR:
0.51, 95% Cl 0.16-1.67).

Audit of awareness and subjective utilization of the AKI
order set

The initial survey of awareness and subjective utilization of
the AKI order set among junior doctors in October 2020 had
53 respondents (Supplementary Table 6). 66% of respondents
were aware of the AKI order set. Among these, on a Likert
scale of self-reported frequency of order set utilization from
1 (Never) to 5 (Always), the median score was 3. Other than

lack of awareness, the most commonly reported barriers to
utilization of the order set were the belief that it was unnec-
essary as interventions can be ordered separately (32%), lack
of senior awareness and encouragement (28%), and elec-
tronic alert fatigue (28%). The most commonly suggested
interventions to improve uptake were formal educational ses-
sions (66%), increased senior awareness (60%) and posters
(49%). After a campaign of interventions including posters
and educational sessions targeted at both senior and junior
doctors, the survey was repeated. At this time, 100% of
respondents were aware of the AKI order set; the median
Likert score for self-reported frequency of order set utiliza-
tion was 3. The difference in self-reported order set utiliza-
tion between study respondents was found to be
non-significant, using a two-tailed Mann-Whitney U test (z =
—1.236, p=.2136). There was no significant increase in the
use of the AKI order set (11.1%; 95% Cl 9.81-12.6%) com-
pared to the 12months prior (9.9%; 95% Cl 8.79-11.1%;
p=.172, chi-squared).

Discussion

This study demonstrates that the use of an evidence-based,
integrated electronic detection/alerting system associated
with lower inpatient all-cause mortality, improvement in AKI
stage and lower hazard for death up to 30days post initial
AKIl event in a real-world secondary care setting consisting of
a predominantly elderly population, who are at increased risk
of adverse outcomes following AKI [7]. These benefits came
at the cost of longer LOS, although it is possible that AKI
patients who stayed longer in the hospital had more oppor-
tunities for the AKI order set to be requested or represented
a more medically complicated cohort. With the exception of
longer LOS and low utilization of the AKI order set, our find-
ings reinforce the limited existing evidence of the
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effectiveness of electronic alerting and care bundle ordering
on AKI outcome measures (renal function and mortality)
[12,14,19,23], and strengthen the case for implementation of
such interventions in real-world settings. In particular, we
investigated an electronic alert directly linked to the ordering
of a recommended care bundle, and our study reinforces the
finding of Haase et al. that electronic alerting coupled with
treatment recommendations is most likely to be effective
[18], though of course direct comparison with an isolated
electronic alert not coupled with treatment recommenda-
tions was not possible within our study design.

Several comorbidities and medications were associated
with all-cause inpatient mortality in the univariable but not
the multivariable analyses and vice versa, likely representing
the impact of confounding by other factors (Table 2). For
example, although the finding that a history of NSAID use
and thiazide diuretics were each associated with lower odds
of mortality in the univariable mode was unexpected given
their associations with AKI [24,25], this association was not
apparent in the multivariable model. Similarly, the crude sta-
tistically significant association between diabetes and
all-cause inpatient mortality was not seen in the multivari-
able model, which is in keeping with conflicting data in the
literature on this association [26,27]. By contrast, advancing
CKD stage was associated with reduced all-cause inpatient
mortality in the multivariable but not in the univariable
model in our study, which is similar to a retrospective study
of 82,711 hospitalized AKI events from the United States
Department of Veterans Affairs healthcare system by Lafrance
and Miller. that found that although AKI was independently
associated with all-cause mortality risk, this diminished with
advancing CKD stage [28]. Other studies of cohorts of similar
patients with AKI have found the opposite association [29].
Further studies investigating the impact of CKD on AKI out-
comes among inpatients are likely required.

Utilization of the AKI order set remained persistently low
throughout the period studied. Disappointingly, there was no
statistically significant improvement in subjective or objective
utilization after a campaign of interventions, despite 100%
awareness. Possible explanations for this may include the
rapid turnover of junior doctors and the high cognitive bur-
den of multiple alerts and care bundles, and this is in keep-
ing with previous work investigating the obstacles to the
implementation of electronic AKI systems in resource-pressured
clinical settings such as NHS hospitals [30]. While we have
demonstrated significant positive impacts of care bundle
ordering, this is unlikely to translate to improvement in
real-world patient outcomes unless the challenge of utiliza-
tion in clinical practice can be met.

Strengths of this study include a large dataset encom-
passing all AKl episodes at a UK hospital over three years,
collected through direct interrogation of the hospital data-
base. The findings are therefore likely to be robust and rep-
resentative of real-world secondary center practice. By
comparing patients in whom the order set was requested to
those in whom it was not across a single time period, we
avoid potential confounding factors such as broader changes

in organizational policy, which commonly affect before-and-
after studies of AKI alerting and care bundle systems.

The study does however have several limitations. The
dataset is taken from a single hospital (a secondary center in
a relatively affluent area with a largely older Caucasian pop-
ulation) and may not be generalizable to tertiary centers or
those serving populations with different demographics.
Moreover, although we adjusted for several confounding
variables for the association between the use of the AKI
order set and the outcomes of interest, our findings could
still be influenced by residual unmeasured confounders.

Following the introduction of the AKI order set, further
work has been undertaken by introducing a Clinical Decision
Support system. For patients in whom AKI is detected, the
electronic system now prompts clinicians to open an inter-
face which recommends patient-specific interventions based
on answers to simple questions. We hope that future research
will demonstrate further improvement in both process and
outcome measures by tailoring care to each patient.
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