CLiNIcAL KIDNEY JOURNAL

Clinical Kidney Journal, 2023, vol. 16, no. 10, 1664-1673

https:/doi.org/10.1093/ckj/sfad113
Advance Access Publication Date: 22 May 2023
Original Article

Clinical Kidney Journa

ORIGINAL ARTICLE
Critically ill patients with acute kidney injury: clinical

determinants and post-mortem histology

Patrick James Gleeson'?3, Ilaria Alice Crippa’*#, Aurélie Sannier>,

Caroline Koopmansch®’, Lucie Bienfait®, Justine Allard®, Donal J. Sexton®'°,
Vito Fontana®!!, Sandrine Rorive®, Jean-Louis Vincent?, Jacques Creteur!
and Fabio Silvio Taccone!

Department of Intensive Care Medicine, Hépital Erasme, Université Libre de Bruxelles, Brussels, Belgium,
2Université de Paris Cité, INSERM UMR1149 & CNRS EMR8252, Centre de Recherche sur I'Inflammation,
Inflamex Laboratory of Excellence, Paris, France, 3Department of Renal Medicine, Cork University Hospital,
Cork, Ireland, *Department of Anesthesiology, San Marco Hospital, San Donato Group, Zingonia, Bergame,
Italy, > AP-HP, Nord/Université de Paris, Hépital Bichat-Claude Bernard, Service d’Anatomie-Pathologique,
Paris, France, ®Department of Pathology, Hopital Erasme, Université Libre de Bruxelles, Brussels, Belgium,
’Institut de Pathologie et de Génétique, Avenue George Lemaitre, Gosselies, Belgium, 8DIAPath, Center for
Microscopy and Molecular Imaging, Université Libre de Bruxelles, Gosselies, Belgium, *Trinity Health Kidney
Center, Trinity College Dublin, Dublin, Ireland, °Department of Nephrology, St James’ Hospital, Dublin, Ireland
and 'Department of Intensive Care Medicine, Clinique Saint-Jean, Brussels, Belgium

Correspondence to: Patrick James Gleeson; E-mail: james.gleeson@inserm.fr

ABSTRACT

Background. Acute kidney injury (AKI) requiring renal replacement therapy (RRT) in the intensive care unit (ICU)
portends a poor prognosis. We aimed to better characterize predictors of survival and the mechanism of kidney failure in
these patients.

Methods. This was a retrospective observational study using clinical and radiological electronic health records, analysed
by univariable and multivariable binary logistic regression. Histopathological examination of post-mortem renal tissue
was performed.

Results. Among 157 patients with AKI requiring RRT, higher serum creatinine at RRT initiation associated with increased
ICU survival [odds ratio (OR) 0.33, 95% confidence interval (CI) 0.17-0.62, P = .001]; however, muscle mass (a marker of
frailty) interacted with creatinine (P = .02) and superseded creatinine as a predictor of survival (OR 0.26, 95% CI 0.08-0.82;
P = .02). Achieving lower cumulative fluid balance (mL/kg) predicted ICU survival (OR 1.01, 95% CI 1.00-1.01, P < .001), as
supported by sensitivity analyses showing improved ICU survival with the use of furosemide (OR 0.40, 95% CI 0.18-0.87,
P = .02) and increasing net ultrafiltration (OR 0.97, 95% CI 0.95-0.99, P = .02). A urine output of >500 mL/24 h strongly
predicted successful liberation from RRT (OR 0.125, 95% CI 0.05-0.35, P < .001). Post-mortem reports were available for 32
patients; clinically unrecognized renal findings were described in 6 patients, 1 of whom had interstitial nephritis.
Experimental staining of renal tissue from patients with sepsis-associated AKI (S-AKI) showed glomerular loss of
synaptopodin (P = .02).
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Conclusions. Confounding of creatinine by muscle mass undermines its use as a marker of AKI severity in clinical
studies. Volume management and urine output are key determinants of outcome. Loss of synaptopodin implicates
glomerular injury in the pathogenesis of S-AKI.

GRAPHICAL ABSTRACT
¥l Critically ill patients with acute kidney injury:
Kidney

clinical determinants and post-mortem histology

Journal

Patients in the ICU with acute kidney injury (AKI) requiring renal replacement therapy (RRT) have a poor prognosis.
This study aimed to characterize mechanisms of kidney injury and factors associated with ICU-survival.
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Conclusion: Volume management is a key determinant of outcome. Frailty

confounds serum creatinine when studying AKI in the ICU. Glomerular synaptopodin
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INTRODUCTION

Acute kidney injury (AKI) requiring renal replacement therapy
(RRT) affects about one in eight critically ill patients [1] and car-
ries a poor prognosis [2, 3]. Implementation strategies for RRT
are evolving to optimize timing of initiation, volume manage-
ment and timing of withdrawal [4]. The underlying mechanisms
of renal failure in critically ill patients have not been fully eluci-
dated [4].

Five recent trials have investigated when to start RRT in AKI—
study designs varied and the results have been difficult to rec-
oncile [5-9]. The role of ultrafiltration or loop diuretics in in-
dividualized volume management has yet to be defined [10].
Avoiding unnecessary RRT is desirable as it is resource inten-
sive, venous catheters carry risk and beneficial substances are
removed causing ‘dialytrauma’ [11]. Currently, the appropriate
time to stop RRT is left to clinical judgement [12]. The underly-
ing cause of AKI in critically ill patients is often undetermined,
as renal biopsy is rarely considered appropriate in this setting

[4].

An aim of this retrospective observational study was to iden-
tify factors associated with intensive care unit (ICU) mortality
and renal recovery among critically ill patients requiring RRT. As
serum creatinine is derived from skeletal muscle, computed to-
mography (CT) imaging was used to analyse the relationship be-
tween muscle mass and serum creatinine in AKI. Post-mortem
reports available from non-survivors were used to characterize
the underlying causes of AKI. Albuminuria is found in sepsis-
associated AKI (S-AKI) [13],leading us to investigate a glomerular
defect in S-AKI using immunohistochemistry of post-mortem
renal tissue.

MATERIALS AND METHODS
Study population

All patients requiring continuous RRT (CRRT) at Hopital Erasme
Department of Intensive Care, Brussels, Belgium between Jan-
uary 2012 and December 2013 were identified retrospectively us-
ing the department registry. Patients were excluded if they were
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under 18 years old, dialysis-dependent prior to admission, on
CRRT for removal of poisons without renal failure, transferred
to another hospital while on CRRT or died within 24 h of ICU
admission. Ethical approval for this retrospective use of data
and post-mortem tissue was granted by the local committee
(P2013/232).

Data collection and definitions

Electronic medical records were reviewed for clinical details,
time of initiation and ending of CRRT, fluid administration, ul-
trafiltration rate, urine output, patient weight, drug administra-
tion, and blood and urine biochemistry. Enteral feeding and fae-
cal losses were not included in the calculation of fluid balance.

Residual creatinine clearance (mL/min) during the last 24 h
of RRT was calculated using a spot urinary creatinine concentra-
tion (Ujcreay)) at the end of the 24 h, 24-h urine volume (V) and the
average serum creatinine concentration from the beginning and
end of the 24-h period [(Sicreatjo + Sicreatj24)/2], With the formula
(U[creat] X V)/{[(S[creat]o + S[creat]24)/2] X 1440}'

Muscle mass index

We analysed available CT images incorporating the lumbar spine
taken between 1 year pre- and 14 days post-initiation of CRRT.
Psoas muscle surface area was measured on axial sections at
the level of mid-L3 [14] (Supplementary data, Fig. S1). The verti-
cal height of the L3 vertebral body was measured on coronal sec-
tions and used as a proxy marker for height, as validated by Klein
et al. [15]. Muscle mass index (MMI) was calculated as [Psoas
Muscle Surface Area (cm?))/[L3 Height squared (cm squared)] [2].

Histology and immunohistochemistry

To investigate whether podocytes de-differentiate towards an
immune phenotype [16] in sepsis, immunohistochemistry for
CD80, a co-stimulatory molecule, was performed. Tissue was
also stained for synaptopodin.

Formalin-fixed, paraffin-embedded tissue sections mounted
on Superfrost slides were de-paraffinized and rehydrated, then
incubated for 36 min (synaptopodin) or 52 min (CD80) at 100°C
in EDTA buffer. Tissue was then incubated with the mouse
monoclonal anti-CD80 antibody for 8 h (1:100, R&D Systems) or
with the mouse monoclonal anti-synaptopodin antibody for 1 h
(1:100, Progen). For CD80, slides were incubated with a biotiny-
lated secondary antibody while for synaptopodin, slides were
washed and incubated with discovery OmniMap anti-mouse
HRP for 16 min. Slides were counterstained with haematoxylin.

Criteria defined by Kocovski et al. were used to determine
whether histological changes were due to ante-mortem tubular
injury or post-mortem autolysis based on the presence of tubu-
lar epithelial whorls, tubulorrhexis and interstitial expansion
[17] (Supplementary data, Fig. S2). Slides were reviewed by an
independent renal pathologist blinded to clinical details (A.S.).

Statistics

Univariable and multivariable binary logistic regression was per-
formed to identify factors significantly associated with death
prior to discharge from the ICU (ICU mortality) and indepen-
dence from renal replacement therapy after stopping initial
CVVH (renal recovery). Multivariable models were adjusted for
gender and APACHE II score with other variables included as in-
dicated in table legends. Volumes including net fluid balance,

ultrafiltration and urine output were normalized to patients’
weight (kg). Variables with a non-Gaussian distribution were
transformed using their natural log (In). Multiple collinearity
was tested for (Variance Inflation Factor cut-off = 5) and elimi-
nated using centred variables. ANOVA was used to compare his-
tological findings using Prism (Graphpad Software, San Diego,
CA, USA). Binary logistic regression analyses were performed us-
ing SPSS (IBM, New York, NY).

RESULTS
Study population

During the 2-year study period, 291 patients required CRRT and
157 met inclusion criteria. The main reason for exclusion was
death within 24 h of commencing RRT (Fig. 1). The mean [in-
terquartile range (IQR)] age was 63 (54-72) years and 96 (61%)
patients were male. The median (IQR) lactate on ICU admission
was 2.6 (1.5-5.4) mMol and the median (IQR) APACHE II score
was 23 (17-26). Twenty-four patients (15%) received concurrent
extra-corporeal membrane oxygenation (ECMO) support. Eighty
patients (51%) died during their ICU admission (Table 1).

Sixty-six patients (42%) had a history of hypertension and 53
(34%) had pre-existing chronic kidney disease (CKD). In univari-
able analyses, patients with arterial hypertension (OR 0.5, 95%
CI 0.26-0.95, P = .03) or CKD (OR 0.5, 95% CI 0.26-0.98, P = .04)
at baseline were less likely to die in the ICU, so these variables
were included in all multivariable models.

Sixty-seven patients (42.7%) had a diagnosis of septic shock
and 40 patients (25.5%) had a diagnosis of cardiogenic shock,
which both predicted ICU mortality in univariable and multi-
variable analyses. Acute respiratory distress syndrome (ARDS)
predicted ICU mortality in univariable analysis. Septic shock,
cardiogenic shock and ARDS were included in multivariable
models of ICU mortality for the full cohort (Tables 1 and 2).

Clinical and post-mortem diagnoses for AKI

Clinically, the cause of AKI was attributed to acute tubular in-
jury (ATI) in 77% (n = 121) of cases, cardiorenal syndrome in 8%
(n = 12), other intrinsic renal causes in 6% (n = 10) and hepato-
renal syndrome in 5% (n = 8); there was one case of obstructive
nephropathy. Renal insufficiency was felt to be functional (pre-
renal azotemia) in five cases (3%) (Fig. 2).

Post-mortem reports were available for renal tissue from 32
patients. Four samples were reported as being uninterpretable
due to post-mortem artefact. Clinically unrecognized diseases
were diagnosed by post-mortem examination in six patients:
three had chronic pyelonephritis, one had bilateral renal infarc-
tion, one had septic emboli and one had interstitial nephritis.

CRRT: initiation

Median (IQR) time from ICU admission to starting CRRT was
2 days (1-4). Chronological time from ICU admission to start-
ing CRRT was not significantly associated with ICU mortality in
univariable (OR 1.1, 95% CI 0.99-1.20, P = .07) or multivariable
(OR 1.00, 95% CI 0.88-1.14, P = .98) analyses. Urea and creati-
nine median levels (IQR) at the start of CRRT were 97 mg/dL (65—
150) and 2.6 mg/dL (1.9-3.9), respectively. Higher urea concentra-
tion at the start of CRRT was a significant predictor of ICU sur-
vival in univariable analysis (OR 0.58, 95% CI 0.35-0.97, P = .04)
but lost significance in multivariable analysis (OR 0.60, 95% CI
0.32-1.11, P = .1) and remained insignificant after adjusting for
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291 patients requiring CRRT
January 2012 — December 2013
134 excluded:
« Died within 24 hours (n=124)
»  Transferred to another hospital (n=3)
* RRT for removal of poison (n=2)
« Dialysis dependent at baseline (n=5)
v
157 patients included

Analysed with respect to:

* Clinical factors

* CRRT initiation

* Volume management

v v v
101 patients survived 90 patients had valid 32 patients had
initial period of CRRT CT-imaging of L3/psoas post-mortem
Analysed with respect to: Analysed with respect to: Analysed with respect to:
* CRRT withdrawal * Frailty (MMI) * Renal histology
Figure 1: Flowchart of patient inclusion and exclusion for different aspects of this retrospective observational study.
Table 1: Patient characteristics.
Total ICU ICU P-value?
population survivors non-survivors survivors vs

Baseline demographics and characteristics (n = 157) (n=157) (n=77) (n =80) non-survivors
Age, years [median (IQR)] 63 (54-72) 63 (56-72.5) 62.5 (50.3-71.5) 42
Male [n (%)] 96 (61) 45 (58) 51 (64) 50
Weight, kg [mean (SD)] 78.1(19.7) 78 (60-90) 80 (60-90) .39
Hypertension [n (%)] 66 (42) 39 (51) 27 (34) .03
CKD [n (%)] 53 (33.8) 32 (42) 21 (26.3) .04
ICU clinical characteristics
Admission lactate, mMol [median (IQR)] 2.6 (1.5-5.4) 2.4 (1.2-5.0) 3.1(1.7-6.1) .05
APACHE II score [mean (SD)] 22.1(7.6) 23 (16.5-26.0) 22 (17-27.8) 58
Septic shock [n (%)] 67 (42.7) 24 (31) 43 (54) .004
Cardiogenic shock [n (%)] 40 (25.5) 13 (17) 27 (34) .02
Decompensated cirrhosis [n (%)] 26 (16.6) 12 (16) 14 (17.5) 75
GI bleeding [n (%)] 13 (8.3) 5 (6.5) 8 (10) .44
ECMO [n (%)] 24 (15.3) 5 (6.5) 19 (24) .003
CRRT-related characteristics
Chronological time to start CRRT, days [median (IQR)] 2 (1-4) 2(1-3) 2 (1-4.8) 12
Creatinine at start, mg/dL [median (IQR)] 2.6 (1.9-3.9) 3.1 (2.05-5.35) 2.2 (1.6-3.3) <.001
Urea at start, mg/dL [median (IQR)] 97 (65-150) 100 (70.5-170) 93.5 (57.8-140) 07
Duration of CRRT, days [median (IQR)] 6 (3-9) 6 (3-9) 6 (4-11) .18
Ultrafiltration per kg per day, mL [mean (SD)] 21 (16.6) 23.2 (17.5) 18.8 (15.5) 12
Cumulative net fluid balance during CRRT per kg, mL 43.3 (-49.5 to -6.3 (-85.4 to 87.6 (26.2-193.3) <.001
[median (IQR)] 151.3) 56.1)
Urine output during last 24 h of CRRT, mL [median (IQR)] 200 (12.5-1100) 650 (153-1575) 40 (0-315) <.001
Creatinine clearance over last 24 h of CRRT, mL/min 4.3 (0-21.5) 11.7 (1.3-25.8) 1(0-15.2) <.001
[median (IQR)]
Loop diuretic use [n (%)] 78 (50) 42 (55) 35 (44) .15
Cumulative furosemide dose (n = 78), mg [median (IQR)] 250 (120-500) 325 (125-589) 160 (80-410) .16

aChi-square test for comparison of proportions, t-test for comparison of means and Mann-Whitney test for comparison of medians.
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Table 2: Predictors of ICU mortality.

Univariable Multivariable
OR (95% CI) P OR (95% CI) P

ICU clinical factors?®

Septic shock 2.6 1.3-4.9) .005 2.33 (1.17-4.63) .016

Cardiogenic shock 2.5 1.2-5.3) .017 2.94 (1.33-6.49) .008

ARDS 2.6 1.3-5.4) .009 2.12 (0.98-4.58) .056

Decompensated cirrhosis 1.1 0.8-1.2) 747 1.08 (0.43-2.67) .877
Renal factors®

Creatinine at CRRT start [In(mg/dL)] 0.33 (0.19-0.59) <.001 0.35 (0.18-0.70) .003

Urea at CRRT start [In(mg/dL)] 0.58 (0.35-0.97) 04 0.60 (0.32-1.11) 104

Urine output (mL/kg/h) at CRRT start 0.74 (0.57-0.95) .02 0.75 (0.57-0.99) .041

Net fluid balance during CRRT (mL/kg) 1.01 (1.00-1.01) .001 1.01 (1.01-1.01) <.001

Ultrafiltration rate (mL/kg/day) 0.984 (0.96-1.00) 118 0.97 (0.95-0.99) .02

Furosemide administration (yes versus no) 0.63 (0.34-1.19) 151 0.40 (0.18-0.87) .02

Binary logistic regression multivariable models were adjusted for the following covariables:

agender, APACHE II (including age), hypertension and CKD.

bgender, APACHE II (including age), hypertension, CKD, chronological time to CRRT start, septic shock, cardiogenic shock and ARDS.

Clinical diagnosis for AKI

6.4% Intrinsic/drug toxicity ~ 0.6% Obstructive nephropathy

3.2% Functional hypovolaemic

5.1% Hepato-renal syndrome
7.6% Cardio-renal syndrome

77.1% ATI

N =157

Figure 2: Proportions of clinical diagnoses attributed as the cause of AKI for all
patients (n = 157) as determined by retrospective review of electronic medical
records.

corticosteroids and gastrointestinal (GI) bleeding, which can
confound blood urea levels. Higher serum creatinine at the time
of starting CRRT was a strong predictor of ICU survival in both
univariable (OR 0.33,95% CI 0.19-0.59, P < .001) and multivariable
analyses (OR 0.35, 95% CI 0.18-0.70, P = .003) (Table 2).

MMI confounds serum creatinine

To address potential confounding of serum creatinine levels by
muscle mass, radiology records were reviewed and CT images
capturing psoas muscles at the level of L3 were available for
90/157 patients (57%), allowing calculation of a MMI as described
in Materials and methods, and Supplementary data, Fig. S1.
MMI correlated significantly with plasma creatinine at the
start of CRRT (R = 0.35; P = .001) (Fig. 3). MMI and creatinine
interacted significantly with respect to ICU mortality (OR 0.37,
95% CI 0.16-0.85, P = .02). When MMI is included in the model,
with variable-centering to account for collinearity, creatinine
lost its predictive power for ICU mortality (OR 0.72, 95% CI 0.32-
1.65, P = .44) while MMI remained a significant predictor of ICU
mortality (OR 0.26, 95% CI 0.08-0.82, P = .02). Psoas muscle size
was seen to increase significantly in rhabdomyolysis (OR 6.76,

Correlation between creatinine and muscle mass index
1.5

1.0

o
(6]
T

MMI (Ln cm?/cm?)
o
T

—05k
~1.0F ® R=0.35
® p = 0.001

-15 | | |

22 0 2 4

Creatinine at CRRT start (Ln mg/dL)

Figure 3: Correlation between serum creatinine level (mg/dL) at initiation of
CRRT and muscle mass index (MMI) [psoas muscle area at the level of L3 (cm?)/
height of the L3 vertebral body squared (cm?)] among patients with available CT
imaging (n = 90). The natural log (Ln) for both sets of values was used as they
had non-parametric distributions.

95% CI 1.3-35.1, P = .02) and this was adjusted for in the model
(Table 3).

CRRT: volume management

Mean (+SD) daily net ultrafiltration volume for each patient was
21 mL/kg (16.6). Furosemide was given to 78 patients (58%) and
the median (IQR) cumulative dose received during CRRT was
250 mg (120-500) per patient. The median (IQR) cumulative net
fluid balance for each patient over the total period of CRRT was
+43.3 mL/kg (-49.5 + 151.3) (Table 1).

Greater negative balance during CRRT was associated with
higher survival in both univariable (OR 1.01, 95% CI 1.00-1.01,
P < .001) and multivariable analyses (OR 1.01, 95% CI 1.01-1.01,
P < .001). In keeping with this, higher rates of net ultrafiltra-
tion (OR 0.97, 95% CI 0.95-0.99, P = .02) and administration of
furosemide (OR 0.40, 95% CI 0.18-0.87, P = .02) were independent
predictors of ICU survival (Table 2). Increasing cumulative dose
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Table 3: Predictors of ICU mortality among patients with CT imaging of psoas muscles.
OR 95% CI P

Interaction effect

MMI*StartCreat?® 0.37 0.16-0.85 .019
Fully adjusted with main effects and interaction effect

Start Creatinine® 0.72 0.32-1.65 439

Muscle Mass Index® 0.26 0.08-0.82 .021

Interaction MMIP*StartCreat® 0.72 0.20-2.58 613
2Univariable analysis; patients with rhabdomyolysis were excluded.
bValues were centered to reduce multi-collinearity.
Fully adjusted model included the following covariables: gender, APACHE II, hypertension, CKD, chronological time to CRRT start and rhabdomyolysis.
StartCreat, Start Creatinine.
Table 4: Predictors of renal recovery among patients surviving initial CRRT by multivariable logistic regression analysis.

OR 95% CI P

CKD? 2.79 1.11-7.02 .03
Ultrafiltration rate (mL/kg/day)® 1.04 1.01-1.08 .008
Net fluid balance during CRRT (mL/kg)® 1.00 0.99-1.01 .898
Receiving loop diuretic? 0.80 0.32-1.96 .623
Duration of CRRT (days)® 1.04 0.98-1.1 191
Urine output over last 24 h of CRRT [In(mL)]? 0.49 0.35-0.68 <.001
Calculated creatinine clearance over last 24 h of CRRT [In(mL/min)]® 0.52 0.38-0.72 <.001

Binary logistic regression models were adjusted for the following co-variables.
2gender, APACHE II and hypertension.
bgender, APACHE II, hypertension and CKD.

of furosemide predicted ICU survival in multivariable analysis
(In(mg) OR 0.84, 95% CI 0.73-0.97, P = .02).

Renal recovery and stopping CRRT

Fifty-six patients (35.7%) died during their initial period of CRRT.
Among patients who survived the initial period of CRRT (n = 101),
median (IQR) CRRT duration was 6 days (3-9). Urine output
during the last 24 h before stopping initial CRRT in this popula-
tion was 200 mL (median; IQR 12.5-1100) and the calculated cre-
atinine clearance was 4.3 mL/min (median; IQR 0-21.5). Thirty-
six of these patients (36%) required further RRT during their ICU
admission and 24 (24%) of them died. These patients were anal-
ysed separately using multivariable models to identify factors
that associated with renal recovery or mortality.

The duration of CRRT did not predict need for further RRT (OR
1.05, 95% CI 0.99-1.12, P = .10). CKD at baseline was a predictor
of having recourse to further RRT (intermittent haemodialysis
or CRRT) after initially stopping CRRT (OR 2.79, 95% CI 1.11-7.02,
P = .03) (Table 4).

While increased net ultrafiltration (mL/kg/day) predicted ICU
survival, it also predicted a need to re-start RRT (OR 1.04, 95% CI
1.01-1.08, P = .008). Furosemide administration had no effect on
renal recovery (OR 0.80, 95% CI 0.32-1.96, P = .62) (Table 4).

Urine output during the last 24 h of CRRT (OR 0.49, 95% CI
0.35-0.68, P < .001) and creatinine clearance during the last 24 h
of CRRT (OR 0.52,95% CI 0.38-0.72, P < .001) both predicted renal
recovery. A urine output of at least 500 mL during the last 24 h
of CRRT strongly predicted independence from further RRT (OR
0.125, 95% CI 0.05-0.35, P < .001), regardless of whether or not
diuretics were used (Table 4).

In this subgroup of initial CVVH survivors, neither length of
time on CRRT (OR 1.01, 95% CI 0.97-1.06, P = .57), urine output at
the end of CRRT (OR 0.89, 95% CI 0.65-1.23, P = .48) nor creatinine

clearance at the end of CRRT (OR 0.92, 95% CI 0.78-1.07, P = .275)
predicted survival to discharge from the ICU.

Histopathology and immunohistochemistry in S-AKI

Renal tissue was available from seven patients who died after
developing S-AKI and two control patients who died with an in-
fection, but without AKI. Histological changes were determined
to be ante-mortem in all cases (Supplementary data, Fig. S2).
Changes of ATI were focal and heterogenous. In the early phase
of S-AKI, tubular injury was disproportionately mild relative to
the degree of renal failure and became more severe as time on
CRRT before death increased (Table 5, Supplementary data, Fig.
S3).

CD80 staining was positive on tissue-resident lymphocytes
(internal control) but there was no glomerular CD80 staining
from patients with or without S-AKI, nor in control nephrectomy
tissue (Fig. 4A).

Glomerular synaptopodin staining was significantly reduced
in patients with active S-AKI compared with controls and pa-
tients who had recovered renal function (ANOVA P = .02, Fig. 4B).
Progressive loss of synaptopodin staining was seen in S-AKI,
starting with juxta-medullary glomeruli and moving outward to
sub-capsular glomeruli. Expression reduced proportionally with
duration of AKI, and normalized in patients that recovered renal
function (Fig. 4C, Table 5).

DISCUSSION

In this retrospective observational study we found that muscle
mass is an important confounder of serum creatinine in AKI,
furosemide could be a safe adjunct to volume management dur-
ing CRRT and patients with a urine output of >500 mL/24 h in
the ICU are likely to become independent from RRT. Glomerular
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Table 5: Histopathological findings of patients with S-AKI.

Light microscopy

Synaptopodin IHC

Clinical

Interstitial % Days between
Whorls Tubullorhexis expansion Glomeruli Intensity Days on death and renal

Patient No. (0-3+) (0-3+) (0-3+) + (0-3+) CRRT recovery
Infection without AKI

1 0 0 0 100 3+

2 0 0 0 90 3+
Sepsis with AKI—no recovery

7 1+ 0.5+ 0.5+ 525 1.5+ 3

5 1.5+ 2+ 1.5+ 12.5 1.5+ 7

10 2+ 2+ 2+ 5 0.5+ 7

6 3+ 3+ 3+ 0 0 11
Sepsis with AKI—recovered

4 n/a n/a n/a 42 1.5+ 5 2

9 1+ 1+ 1.5+ 100 3+ 4 6

8 0.5+ 0 1+ 100 3+ 13 6

Renal tissue available from seven patients who died after suffering S-AKI and two control patients who died with an infection, but without AKI, were analysed by a renal
pathologist blinded to clinical details. Tissue stained by periodic acid-Schiff was used for light microscopy and scored on a scale of 0 to 3+ for the presence of whorls,
tubullorhexis and interstitial expansion. Slides used for immunohistochemistry staining of synaptopodin were scored for the extent of glomerular synaptopodin
staining (synaptopodin-positive glomeruli as a % of all glomeruli) and the intensity of staining on a score of 0 to 3+, with 3+ being the greatest intensity. Two sections

were available for each patient, and the average scores are reported here for each patient.

IHC, immunohistochemistry; n/a = not available.

staining for synaptopodin—part of the podocyte cytoskeleton—
was found to be reduced in S-AKIL

Our initial finding that higher creatinine at the time of start-
ing RRT favours ICU survival has been reported from another
observational study [3], but should not be interpreted to mean
starting RRT late is beneficial. Serum creatinine, produced by
skeletal muscle, has long been a measure of renal function and
its imperfections are well recognized [18]. Models suggest that
in AKI, the rise in creatinine is not linear and creatinine kinetics
would be affected by muscle mass [19]. Reduced muscle mass on
cross-sectional imaging is associated with poorer surgical and
ICU outcomes [20]. Muscle mass is a determinant of frailty that
can be measured using psoas muscle size normalized to height
[14], and recent work has also identified frailty as an important
predictor of outcome in critically ill patients [21].

It is not surprising, then, that we found a significant interac-
tion between MMI and serum creatinine at the time of RRT initi-
ation with respect to ICU survival. Importantly, MMI superseded
creatinine as a predictor of ICU survival, suggesting that serum
creatinine levels are confounded by frailty. However, frailty is a
multi-faceted syndrome [22]. The MMI used here only addresses
sarcopenia, and has not been validated as a marker of frailty. Fu-
ture studies should clarify how cross-sectional muscle mass on
CT imaging relates to global measures of frailty, serum creati-
nine and clinical outcomes in AKI.

Similarly, the association of higher urea level at time of CRRT
initiation with ICU survival in univariable analysis could be ex-
plained by better baseline nutritional status [23], rather than any
advantage of delaying initiation of CRRT. This signal was lost in
multivariable analysis.

The ELAIN trial found that starting RRT for septic patients
with KDIGO stage 2 was better than waiting until they reached
stage 3 [5]. However, any benefit from an early strategy has been
refuted by the artificial kidney initiation in kidney injury (AKIKI),
initiating dialysis early and late (IDEAL), and standard versus ac-
celerated initiation of renal-replacement therapy in acute kid-
ney injury (STARRT-AKI) investigators [6, 8, 9]. On the other hand,
AKIKI-2 warns against waiting too late [7]. A meta-analysis of
available studies has found no difference in survival between

‘early’ and ‘late’ strategies, however there was a higher compli-
cation rate in those receiving ‘early’ RRT [24]. Based on supple-
mentary data from the IDEAL and AKIKI studies, about 40% of
patients were enrolled based on creatinine values alone. While
the randomization process should preclude any bias, in light of
our findings, confounding by frailty in these patients cannot be
excluded without randomization stratified by frailty.

Murugan et al. have published two studies regarding the ef-
fect of net ultrafiltration rate on outcome, with conflicting re-
sults. In a secondary, observational, analysis of the RENAL trial
they found that patients in the highest tertile of net ultrafiltra-
tion did worse than patients in the lowest tertile [25] while in
another study they found that higher rates of ultrafiltration were
associated with better survival [26]. Our findings concur with
the latter study. However, sicker patients are less likely to toler-
ate fluid removal which, despite adjustment for illness severity,
could confound our analysis.

Furosemide has been widely studied in AKI, and results
have varied. A recent meta-analysis found that furosemide does
not impact progression to RRT or mortality [27], and a large
propensity-matched study of the MIMIC-III database found that
furosemide administration promoted renal recovery and im-
proved survival in AKI [28]. While furosemide clearly should not
be given to hypovolaemic patients with AKI, its use as an adjunct
to volume management in AKI with fluid overload is supported
by guidelines [29]. Jeon et al. found that furosemide use was as-
sociated with successful discontinuation of CRRT and less time
spent on CRRT [30]. We found that furosemide administration
during CRRT was independently associated with ICU survival,
without impacting renal recovery. A cumulative dose-dependent
effect of furosemide on ICU survival could be explained by pa-
tients who respond to an initial dose being more likely to sur-
vive, and receive further doses. However, it is also consistent
with a protective effect of greater net-negative fluid balance
achieved using higher diuretic doses. Taken together, these re-
sults support a strategy of removing fluid when tolerated and
using furosemide over ultrafiltration where possible.

Research has focused on timing of RRT initiation while tim-
ing of CRRT discontinuation remains under-investigated [10].
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Figure 4: Light Microscopy and immunohistochemistry of tissue from patients with S-AKI and control patients with infection and no AKI. (A) CD80 IHC from a patient
with S-AKI. Arrowheads show positive staining of resident interstitial antigen presenting cells. Glomerular staining is not greater than background. (B) Glomerular
Synaptopodin staining in S-AKI (One-way ANOVA P = .02) (C) Representative synaptopodin staining of post-mortem renal tissue at different stages of S-AKI demon-

strating juxta-medullary to cortical gradient loss of expression (magnification x5).

Urine output of >500 mL/24 h, regardless of diuretic exposure,
strongly predicted successful CRRT discontinuation. An algo-
rithm using urine output and furosemide responsiveness to
guide CRRT discontinuation would be useful to investigate in fu-
ture studies.

AKl is often considered to be a diagnosis but, actually, repre-
sents a syndrome with a myriad of different causes. This mis-
conception hinders advancement in our understanding of the
pathological processes driving AKI. Despite being a major cause
of morbidity and mortality, the mechanism of S-AKI is not clear
[4, 31]. Podocytes can behave as antigen-presenting cells, having
phenotypic overlap with macrophages, and have been shown to
cross-present antigens to T cells in a mouse model [16]. CD80 is
an important co-stimulatory molecule for antigen presentation
and is reportedly expressed by podocytes in other glomerular
disease. Systemic administration of lipopolysaccharide upregu-
lates podocyte CD80 expression in mice [32]. We sought to iden-
tify de-differentiation of podocytes to an immune phenotype in
sepsis, however glomerular staining was negative for CD80 in S-
AKIL

ATI was the most frequent clinical diagnosis made for AKI
in this cohort. Tubular injury itself does not appear to explain
the degree of renal dysfunction seen early in S-AKI, suggesting
it is a proxy marker of another injurious process. Albuminuria
is detected in S-AKI [13], suggesting glomerular injury. Synap-
topodin is central to the podocyte cytoskeleton and its loss is
associated with proteinuric kidney disease [33]. The reduction

in glomerular synaptopodin staining in S-AKI seen here repli-
cates findings from an animal model of sepsis [34]. The pat-
tern of initial juxta-medullary loss of glomerular synaptopodin
is interesting, as these glomeruli are gatekeepers of medullary
blood-flow [35]. The arterioles of juxta-medullary glomeruli are
of larger caliber and less affected by the vasoconstrictive effects
of angiotensin II, in order to maintain downstream blood-flow
to oxygen-sensitive tubules [36]. Synaptopodin loss could arise
from direct inflammatory effects on glomeruli or result from
shunting around these glomeruli, as has been described [35].
Podocytes support glomerular capillary tension [37] and it fol-
lows that decreased blood-flow through these juxta-medullary
glomeruli would lead to downstream tubular injury. The small
number of tissue samples available for immunohistochemistry
in this study allow only for hypothesis generation—future stud-
ies should further explore loss of synaptopodin expression in
S-AKL

Unexpected acute interstitial nephritis was found in one
patient—a diagnosis that could have changed management:
withdrawing the offending drug and giving corticosteroids can
speed up recovery [38].Kidney biopsy is challenging in this popu-
lation but, the clinico-pathological discordance rate of 19% seen
with post-mortem tissue should be borne in mind.

Our study is limited by its retrospective, observational de-
sign and sample size. A significant proportion of ICU patients re-
quiring CRRT who died within 24 h of admission were excluded,
further limiting the generalizability of this single-centre study.
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Post-mortem reports were not focused on renal tissue and arte-
factual changes could only be ruled out in a subset of tissue sec-
tions examined separately by a renal pathologist.

CRRT represents a significant perturbation of physiology that
is resource intensive, mandates anticoagulation and requires
dedicated venous catheters, while providing clearance of both
noxious and beneficial substances. Inappropriate use of this in-
tervention is unlikely to be inconsequential—defining optimal
implementation strategies for CRRT remains a major challenge
in nephrology and critical care medicine.
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