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Abstract
Background

Heterogeneity exists in sepsis-associated acute kidney injury (SA-AKI). This prospective observational
cohort study aimed to perform consensus cluster analysis and investigate the clinical relevance of
identi�ed sub-phenotypes of critically ill patients with dialysis-requiring SA-AKI.

Methods

All septic patients with dialysis-requiring SA-AKI, de�ned by the Sepsis-3 and Kidney Disease: Improving
Global Outcomes AKI criteria, admitted to an intensive care unit in Taiwan between 2002 and 2018 were
included. We employed unsupervised consensus clustering based on 22 clinical variables upon
initialising renal replacement therapy. They were observed until death or 90 days after hospital discharge.
The outcomes were mortality and being free of dialysis.

Results

In total, 1,397 patients were enrolled (mean age of 63.8 ± 16.38 years and 69.7% were men). After a
median follow-up period of 31 (interquartile range 8-123) days, all-cause mortality occurred in 911
patients (65.12%). Moreover, 133 (9.51%) survivors were dialysis dependent, where 355 (25.38%)
survivors were free of dialysis. Unsupervised consensus clustering identi�ed three sub-phenotypes
associated with signi�cantly different risks of mortality and being free of dialysis. This strategy led us to
reveal that the pre-dialysis hyperlactatemia of ≥ 3.1 mmol/L was an independent predictor of mortality
and being free of dialysis according to the competing risk modeling. Our results were validated in an
independent multi-center AKI cohort.

Conclusions

By the data-driven clustering analysis, we identi�ed sub-phenotypes in septic patients with dialysis-
requiring SA-AKI and revealed pre-dialysis hyperlactatemia as a novel outcome predictor. This result
represents a step towards precision medicine for septic patients.

Background
Sepsis is a life-threatening syndrome characterised by multiple organ dysfunction due to a dysregulated
host response to infection. Acute kidney injury (AKI) is common in sepsis [1, 2]. Sepsis is not only a
leading contributing factor for AKI [3, 4], but also a predisposing factor for AKI recurrence [5]. Patients
with sepsis-associated AKI (SA-AKI) have a greater burden of illness and abnormalities in
haemodynamics and laboratory parameters than those with non-septic AKI [3]. We and others have
shown that the presence of SA-AKI is strongly associated with increased short- and long-term mortality [3,
6]. Furthermore, among published studies on different clinical entities, 4.3–17.8% of patients with SA-AKI
required renal replacement therapy [2, 4, 7]. Compared with patients who did not require dialysis, those
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who underwent dialysis during SA-AKI had a much higher risk of mortality [2] and lower possibility of
kidney recovery [7]. Recent studies reported that 90-day mortality in patients with dialysis-requiring SA-AKI
were ranged from 45.2–81.2% [8–10]. Therefore, this population represents the highest risk of mortality
and dialysis dependence.

Recovery from AKI has been recognised as a key factor in determining clinical outcomes [5, 11–13].
However, data speci�cally focussing on kidney recovery after SA-AKI are limited. Two reports have shown
that patients whose renal function recover after SA-AKI, even incompletely, have better survival than those
who fail to recover [2, 7]. Although a standardised de�nition of kidney recovery is still lacking [13, 14], the
development of su�cient kidney function allowing weaning off dialysis remains the most concern in
patient care. We previously showed that AKI patients with septic shock were more likely to become long-
term dialysis-dependent than those without sepsis [6]. In contrast, others have demonstrated that patients
with SA-AKI had a higher probability of being free of dialysis than those with non-septic AKI [3, 11]. One
explanation for these con�icting observations may be the competing risks of death and kidney recovery.
Failure to account for competing events can lead to incorrect estimation of the effects of covariates on
the outcome [15, 16].

Unsupervised clustering is an agnostic class discovery largely used in basic experiments and genetic
studies [17]. It contributes to de�ning novel subtypes of study subjects and identifying previously
unrecognised mechanistic pathways [18, 19]. This data-driven approach has been successfully applied in
clinical studies to identify distinct sub-phenotypes and risk factors for outcomes. It is especially valuable
for investigating medical diseases with high heterogeneity, such as heart failure [20], hypertension [21],
diabetes [22], chronic kidney disease [23], and AKI [24].

We hypothesised that agnostically clustering patients with dialysis-requiring SA-AKI can identify distinct
subpopulations with different clinical relevance. This study was designed to examine phenotype
heterogeneity in critically ill patients with dialysis-requiring SA-AKI using consensus cluster analysis of
multidimensional clinical data. Understanding potential predictors of clinical outcomes may facilitate
appropriate intervention and contribute to early shared decision-making for caring patients with SA-AKI.

Methods

Study cohort
The National Taiwan University Hospital Study Group on Acute Renal Failure (NSARF) database contains
prospectively collected data from patients with AKI during surgical intensive care unit (ICU) admission.
The details of the NSARF study have been described previously [25–28]. The study was approved by the
Institutional Review Board of National Taiwan University Hospital (201407076RINA). Written informed
consent was waived because there was no breach of privacy and interference with patient care.

In this observational cohort study, we investigated patients with dialysis-requiring SA-AKI, de�ned by the
simultaneous presence of both sepsis and AKI [29]. We �rst screened patients aged 18 years and above
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in the database who encountered an episode of dialysis-requiring AKI and had suspected concurrent
infection between 1 January 2002 and 31 December 2018. Dialysis-requiring AKI was de�ned as the need
to receive renal replacement therapy (RRT) during the index AKI according to the Kidney Disease:
Improving Global Outcomes AKI criteria [30]. Patients who had pre-existing end-stage kidney disease,
were kidney transplant recipients or had ever received any RRT were excluded from the study. Infection
was suspected as the combination of usage of systemic antibiotics and positive microbiology culture
from body �uids. Sepsis was de�ned according to the third international consensus de�nition for sepsis
and septic shock (Sepsis-3) [31]. To be classi�ed as having sepsis, patients with a suspected or
con�rmed infection should have an acute increase in total Sequential Organ Failure Assessment (SOFA)
score by ≥2 or have met at least two quick SOFA criteria within the 24-h period before RRT was started.
The baseline SOFA component was considered zero unless the patient has pre-existing organ dysfunction
before the onset of infection [31]. Patients with chronic hepatic dysfunction and chronic respiratory
impairment were assigned a baseline SOFA score of 4 and 2, respectively [32].

Clinical assessments of patients and dialysis initiation
All demographic and clinical data were prospectively collected on a standardised form [26]. The worst
physiological and laboratory values during the 24-h period upon initialising RRT were collected. Serum
lactate levels and body mass index were missing in 142 (10.16%) and 47 (3.36%) of individuals,
respectively. All other variables were missing for less than 0.6%. Missing data was imputed using
Multivariate Imputation by Chained Equation. The doses of inotropic therapies were expressed as
inotropic equivalent (IE) [µg/kg/min] (= dopamine + dobutamine + 100×epinephrine +
100×norepinephrine + 100×isoprotenolol + 15×milrinone)[33]. The details of the collected parameters are
shown in Table 1 and Additional �le 1: Supplementary Methods. RRT was initiated according to the pre-
determined indications detailed in the Additional �le 1: Supplementary Methods. The modality of RRT
was documented as either continuous renal replacement therapy (CRRT), sustained low e�ciency
dialysis (SLED), or intermittent haemodialysis (iHD) according to clinical judgements.

Outcomes
This dataset also leveraged an electrical medical record to continuously recorded data for outcome
analysis when patients visited our outpatient department after the index hospitalisation. The outcomes of
interest upon 90 days after hospital discharge were (1) all-cause mortality and (2) being free of dialysis.
All patients were followed up since the initialisation of RRT until death, 90 days after hospital discharge
or 180 days after the �rst dialysis, whichever came �rst. We considered death after weaning off dialysis
as mortality, rather than being free of dialysis, because biological kidney recovery without survival is not
patient-centred [34].

Statistical analysis
Continuous variables were presented as mean ± standard deviation, whereas categorical variables were
presented as numbers and percentages, unless otherwise stated. To examine the heterogeneity of the
patients, we applied consensus cluster analysis[23] based on 22 continuous parameters, including age,
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Charlson Comorbidity Index (CCI), baseline estimated glomerular �ltration rate (eGFR), and other clinical
variables upon initialising RRT (the variables shown in Table 1B). Clustering was performed using the
Gower distance metric and partitioning around medoid algorithm. The optimal cluster size, ranging from
2 to 6, was determined using consensus matrix heat maps, within-cluster consensus scores and delta
area plots of the consensus cumulative distribution function (CDF) [17].

Characteristics were compared among the groups using one-way analysis of variance, the Kruskal–Wallis
test, the two-sample t-test, the Mann–Whitney U-test and the chi-square test, as indicated. We plotted
Kaplan–Meier curves and built multivariate Cox regression models to determine associations between
patient mortality and cluster memberships and clinical variables. Since death is a competing event for
kidney recovery, we performed competing risk analysis. Cluster membership and clinical variables were
analysed using multivariate Fine–Gray sub-distribution hazard models for being free of dialysis. The
cumulative incident function (CIF) was used to estimate the probability of being free of dialysis while
treating death as a competing risk [15]. To indicate the implications of mortality against lactate levels, a
generalised additive mode (GAM) incorporating subject-speci�c (longitudinal) random effects and
adjusted for clinical factors was plotted. We de�ned the optimal cut-off value as the logarithm of the
odds equal to zero [6]. All tests were two-tailed with signi�cance de�ned by p values of less than 0.05.
Statistical analyses were performed using R 4.1.0 (The R Foundation for Statistical Computing, Vienna,
Austria) with the ConsensusClusterPlus package (version 1.56.0)[35] and Stata version 12 (StataCorp
LLC, College Station, Texas, USA).

Results

Baseline characteristics of the patients
Among the 3,562 patients who encountered dialysis-requiring AKI and suspected infection during the
study period, 1,764 were excluded due to either having a quick SOFA score of less than 2 or not having
available assessment data on organ dysfunction. Of the remaining 1,798 patients, 1,397 who had an
acute increase in SOFA score of 2 or higher were enrolled in the study (Fig. 1). Their mean age was 63.81
± 16.38 years; 973 (69.65%) patients were male; 578 (41.37%) patients had diabetes; and 748 (53.54%)
patients had hypertension. The leading sources of sepsis were respiratory tract infections (59.99%),
followed by device- or catheter-associated (26.06%), and blood stream infections (20.47%). (Table 1A)

 

Table 1 Patients characteristics across the three clusters which were revealed by 22 parameters

(A) Demographic characteristics at baseline
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Variable Overall

(n=1,397)

Cluster 1

(n=360)

Cluster 2

(n=594)

Cluster 3

(n=443)

p
value*

Age, years 63.81 ±
16.38

65.62 ±
15.88

67.98 ±
15.72

56.76 ±
15.34

<0.001

Male sex 973
(69.65%)

254
(70.56%)

408
(68.69%)

311
(70.2%)

0.79

Current smoker or ex-smoker 214
(15.32%)

57
(15.83%)

74
(12.46%)

83
(18.74%)

0.02

Diabetes mellitus 578
(41.37%)

176
(48.89%)

257
(43.27%)

145
(32.73%)

<0.001

Hypertension 748
(53.54%)

210
(58.33%)

340
(57.24%)

198
(44.7%)

<0.001

Coronary artery disease 418
(29.92%)

109
(30.28%)

192
(32.32%)

117
(26.41%)

0.12

Stroke 111 (7.95%) 33 (9.17%) 63
(10.61%)

15 (3.39%) <0.001

Peripheral arterial occlusive
disease

56 (4.01%) 26 (7.22%) 26 (4.38%) 4 (0.9%) <0.001

Advanced heart failure, NYHA Fc
III or IV

269
(19.26%)

81
(22.50%)

97
(16.33%)

91
(20.54%)

0.046

Chronic obstructive pulmonary
disease

72 (5.15%) 18 (5%) 42 (7.07%) 12 (2.71%) 0.007

Liver cirrhosis 177
(12.67%)

38
(10.56%)

85
(14.31%)

54
(12.19%)

0.22

Cancer 295
(21.12%)

89
(24.72%)

137
(23.06%)

69
(15.58%)

0.002

Charlson Comorbidity Index 5.15 ± 2.24 5.47 ±
2.19

5.72 ±
2.24

4.14 ± 1.9 <0.001

Baseline eGFR, ml/min/1.73m2 60.5 ±
32.49

49.47 ±
33.26

57.13 ±
29.27

73.97 ±
31.47

<0.001

Body mass index, kg/m2 24.49 ± 4.8 24.26 ±
4.89

23.92 ±
4.37

25.44 ±
5.13

<0.001

Index admission year before
2013

735
(52.61%)

170
(47.22%)

334
(56.23%)

231
(52.14%)

0.03

Surgery 796
(56.98%)

186
(51.67%)

346
(58.25%)

264
(59.59%)

0.06

Total parenteral nutrition 328
(23.48%)

86
(23.89%)

156
(26.26%)

86
(19.41%)

0.04
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Mechanical ventilation 1,156
(82.75%)

203
(56.39%)

534
(89.9%)

419
(94.58%)

<0.001

Cardiopulmonary resuscitation 289
(20.69%)

56
(15.56%)

110
(18.52%)

123
(27.77%)

<0.001

ECMO 474
(33.93%)

74
(20.56%)

154
(25.93%)

246
(55.53%)

<0.001

Source of sepsis          

Respiratory tract 838
(59.99%)

204
(56.67%)

368
(61.95%)

266
(60.05%)

0.27

Intra-abdominal 107 (7.66%) 32 (8.89%) 59 (9.93%) 16 (3.61%) 0.001

Skin or soft-tissue 120 (8.59%) 28 (7.78%) 56 (9.43%) 36 (8.13%) 0.62

Genitourinary tract 118 (8.45%) 28 (7.78%) 45 (7.58%) 45
(10.16%)

0.29

Device or catheter associated 364
(26.06%)

79
(21.94%)

169
(28.45%)

116
(26.19%)

0.09

Blood stream 286
(20.47%)

69
(19.17%)

129
(21.72%)

88
(19.86%)

0.59

Others / Unknown 406
(29.06%)

121
(33.61%)

151
(25.42%)

134
(30.25%)

0.02

Indication for dialysis initiation          

Azotaemia with symptoms 734
(52.54%)

222
(61.67%)

364
(61.28%)

148
(33.41%)

<0.001

Fluid overload 623 (44.6%) 159
(44.17%)

246
(41.41%)

218
(49.21%)

0.04

Electrolyte imbalance 155 (11.1%) 37
(10.28%)

56 (9.43%) 62 (14%) 0.06

Metabolic acidosis 278 (19.9%) 50
(13.89%)

97
(16.33%)

131
(29.57%)

<0.001

Oliguria 941
(67.36%)

219
(60.83%)

387
(65.15%)

335
(75.62%)

<0.001

Others 102 (7.3%) 18 (5%) 34 (5.72%) 50
(11.29%)

0.001

Modality at the �rst RRT         <0.001

CRRT 832
(59.56%)

143
(39.72%)

320
(53.87%)

369
(83.3%)

 

SLED 274
(19.61%)

90 (25%) 134
(22.56%)

50
(11.29%)

 

iHD 291 127 140 24 (5.42%)  
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(20.83%) (35.28%) (23.57%)

(B) Baseline clinical data upon initialising RRT
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Variable Overall

(n=1,397)

Cluster 1

(n=360)

Cluster 2

(n=594)

Cluster 3

(n=443)

p
value*

Urine volume, mL/day (median
[IQR])

320 (90-
768)

420 (140-
626.7)

350 (120-
833.8)

200 (50-
607.5)

0.005

Glasgow Coma Scale 8.24 ±
4.04

13.46 ±
2.07

7.69 ±
2.21

4.75 ±
2.57

<0.001

Body temperature, degree Celsius 36.58 ±
1.15

36.50 ±
1.02

36.65 ±
1.08

36.55 ±
1.33

0.13

Heart rate, beats per minute 101.65 ±
20.84

100.59 ±
21.66

97.94 ±
18.73

107.5 ±
21.58

<0.001

Mean arterial pressure, mmHg 78.62 ±
16.33

82.57 ±
16.1

80.22 ±
14.93

73.27 ±
16.97

<0.001

Ratio of PaO2 to fraction of
inspired oxygen (median [IQR])

219 (130-
356.6)

236.4
(147.9-
370.4)

271
(176.2-
395.5)

137.7
(88.5-
242.2)

<0.001

Blood urea nitrogen, mg/dL 74.05 ±
44.06

87.54 ±
43.31

80.62 ±
44.08

54.26 ±
37.44

<0.001

Serum creatinine, mg/dL 3.75 ±
2.27

4.86 ± 2.52 3.79 ± 2.2 2.8 ± 1.65 <0.001

Sodium, mmol/L 139.99 ±
8.42

136.78 ±
7.5

139.87 ±
8.03

142.42 ±
8.79

<0.001

Potassium, mmol/L 4.31 ±
0.88

4.43 ± 0.85 4.25 ±
0.85

4.29 ±
0.95

0.008

White blood cells, 103cells/μL 13.73 ±
7.91

13.9 ± 8.26 13.74 ±
7.74

13.6 ±
7.86

0.86

Hemoglobin, g/dL 10.2 ±
2.2

9.84 ± 1.98 9.86 ±
1.78

10.96 ±
2.64

<0.001

Platelets, 103cells/μL 126.06 ±
87.95

160.18 ±
96.82

115. 79 ±
80.12

112.1 ±
83.71

<0.001

Total bilirubin, mg/dL 4.48 ±
7.42

3.15 ± 5.8 5.25 ±
8.58

4.52 ±
6.74

<0.001

Bicarbonate, mmol/L 19.5 ±
5.32

19.47 ±
5.31

19.53 ±
5.23

19.49 ±
5.45

0.98

Lactate, mmol/L 5.22 ±
5.38

3.09 ± 3.52 4.37 ±
4.53

8.10 ±
6.39

<0.001

Inotropic equivalent, μg/kg/min 
(median [IQR])

7.80 (0-
19.70)

1.57 (0-
9.59)

6.4 (0-
16.5)

16.2 (7.4-
31.9)

<0.001

APACH II score (median [IQR]) 20 (16-
24)

15 (11-19) 19 (17-
22.8)

25 (21-28) <0.001
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SOFA score (median [IQR]) 13 (11-
16)

10 (8-11) 13 (11-15) 16 (14-18) <0.001

Data are presented as mean (standard deviation), unless otherwise speci�ed. *Variables are compared
across the clusters by the one way analysis of variance, Kruskal-Wallis test, and χ2 test as indicated.

Abbreviations: NYHA Fc, New York Heart Association functional class; eGFR, estimated glomerular
�ltration rate; ECMO, extracorporeal membrane oxygenation; RRT, renal replacement therapy; CRRT,
continuous renal replacement therapy; SLED, sustained low e�ciency dialysis; iHD, intermittent
haemodialysis; RRT, renal replacement therapy; IQR, interquartile range; APACH, Acute Physiology and
Chronic Health Evaluation; SOFA, sequential organ failure assessment.

Table 1B shows the clinical data upon initialising RRT. The median IE was 7.8 (interquartile range [IQR] 0-
19.7), median SOFA score was 13 (IQR 11–16), and the median Acute Physiology and Chronic Health
Evaluation (APACH) II score was 20 (IQR 16–24). The most frequent indication for dialysis initiation was
oliguria (67.41%), followed by symptomatic azotaemia (52.54%) and �uid overload (44.60%). The
modality of �rst dialysis was CRRT in 59.56%, SLED in 19.61% and iHD in 20.83% of the patients.

Clustering of patients with SA-AKI
Consensus cluster analysis was performed to agnostically identify distinct subpopulations of patients.
The heat maps of consensus matrix and cluster-consensus plots by different cluster sizes are shown in
Additional �le 1: Fig. S1A–E. Clustering with k of more than 3 generated one or two clusters with a mean
consensus value of less than 0.7, indicating less stability of the cluster membership (Additional �le 1: Fig.
S1F). The changes in the area under the CDF curve did not conspicuously increase when the cluster size k
was more than 3 (Additional �le 1: Fig. S2). Accordingly, we identi�ed three clusters that fairly represented
the clinical parameters upon initialising RRT. Cluster 1 comprised 360 (25.77%) patients, and cluster 2
consisted of 594 (42.52%) patients, whereas cluster 3 had 443 (31.71%) patients. The mean consensus
value was 0.78 for cluster 1, 0.72 for cluster 2 and 0.86 for cluster 3.

The distribution of most baseline characteristics was signi�cantly different across the three clusters,
except for sex, history of coronary artery disease, liver cirrhosis, receiving surgery, body temperature, white
blood cells count and serum bicarbonate level (Table 1 and Additional �le 1: Fig. S3 and S4). Fig. 2A
shows the standardised difference in the baseline characteristics according to each cluster. Key features
of the clusters were depicted by having an absolute standardised difference of ≥ 0.3. Cluster 1 included
individuals with poor baseline renal functional reserves, as indicated by their higher blood urea nitrogen
and serum creatinine and lower baseline eGFR. However, the severity of acute illness seems to be lower,
suggested by their higher Glasgow Coma Scale (GCS) and lower serum lactate, IE and APACH II and SOFA
scores upon initialising RRT. In contrast, cluster 3 comprised individuals with favourable baseline
conditions, that is, younger age, higher baseline eGFR and lower CCI. Nevertheless, acute clinical status
upon initialising RRT was worst in cluster 3, as observed by their lower GCS, mean arterial pressure (MAP)
and PaO2 to fraction of inspired oxygen ratio and higher serum lactate, IE, APACH II and SOFA scores.
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Patients in cluster 3 were more likely to receive mechanical ventilation, extracorporeal membrane
oxygenation and CRRT as their �rst dialysis.

Association between sub-phenotypes and clinical
outcomes
All enrolled patients were followed up for a median of 31 days (IQR, 8–123 days). All-cause mortality
occurred in 901 (65.12%) patients. Moreover, 139 (9.51%) survivors were dialysis dependent, whereas 357
(25.38%) survivors were free of dialysis. Ninety days after hospital discharge, patients in cluster 3 had the
highest mortality rate (78.1% vs. 67% [cluster 2] vs. 43.61% [cluster 1]; p < 0.001). Kaplan–Meier curves
showed that survival differences across the three clusters were highly signi�cant (log rank p < 0.001)
(Fig. 2B). After adjusting for age, sex, baseline eGFR and CCI, Cox hazard analysis showed that patients
in clusters 2 (adjusted hazard ratio [HR], 1.8; 95% CI, 1.49–2.16) and 3 (adjusted HR, 3.06; 95% CI, 2.5–
3.74) were associated with an increased risk of death compared with those in cluster 1.

The possibility of being free of dialysis 90 days after hospital discharge was highest in cluster 1 (33.89%
vs. 24.58% [cluster 2] vs. 20.09% [cluster 3]; p < 0.001). The CIF plot demonstrated that the phenotypic
cluster was associated with different probabilities of being free of dialysis (Gray’s test p < 0.001)(Fig. 2C).
After adjusting for age, sex, baseline eGFR and CCI in the Fine–Gray sub-distribution hazard model,
patients in clusters 2 (adjusted sub-distribution hazard ratio [sHR], 0.69; 95% CI, 0.54–0.87) and 3
(adjusted sHR, 0.4; 95% CI, 0.3–0.52) were less likely to become free of dialysis than those in cluster 1.

We performed another supplementary clustering using the K-nearest neighbour graph structure and
Louvain algorithm [19, 36]. This approach identi�ed two clusters and revealed a similar observation: a
cluster featured by older age, more comorbidity and lower baseline eGFR, but with less severity of acute
illness, was associated with better survival; meanwhile, another cluster featured by younger age, fewer
comorbidities, higher baseline eGFR but with higher severity of acute illness was associated with an
increased risk of death (Additional �le 1: Fig. S5).

Hyperlactatemia as a key feature of the unfavourable sub-
phenotype
Through the cluster analysis, we identi�ed a sub-phenotype (cluster 3) of patients with a higher mortality
risk and lower probability of being free of dialysis. Cluster 3 had a notably higher serum lactate level upon
initialising RRT (Fig. 2A and Additional �le 1: Fig. S4P). However, cluster 1, which had favourable clinical
outcomes, was characterised by lower serum lactate level. This association was also evident in the
supplementary clustering analyses (Additional �le 1: Fig. S5).

Therefore, we examined the association of serum lactate level with clinical outcomes in this study. By
applying the GAM with adjustment for age, sex, baseline eGFR, CCI and MAP upon initialising RRT, the
estimated probability of mortality augmented when the serum lactate level was equal to or more than 3.1
mmol/L (Fig. 3). Baseline clinical variables were signi�cantly different in many aspects between patients
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with serum lactate level of less than 3.1 mmol/L and those with serum lactate levels of ≥ 3.1 mmol/L
upon initialising RRT (Additional �le 1: Table S1).

 

Pre-dialysis hyperlactatemia predicts death and dialysis
dependence
Whether serum lactate levels are independently associated with mortality or kidney recovery after AKI
remains controversial [10, 25, 28, 37, 38]. Thus, we applied a multivariable Cox proportional hazards
model and included all variables listed in Table 1 to identify factors associated with mortality after
dialysis-requiring SA-AKI. Serum lactate levels of ≥ 3.1 mmol/L upon initialising RRT independently
predict all-cause mortality (adjusted HR, 1.23; 95% CI, 1.05–1.44)(Table 2). The Kaplan–Meier plot
revealed that patients with hyperlactatemia of ≥ 3.1 mmol/L upon initialising RRT had poor survival (log
rank p < 0.001)(Fig. 4A). After controlling for mortality as a competing risk and adjusting for all variables
listed in Table 1, patients who had hyperlactatemia of ≥ 3.1 mmol/L upon initialising RRT were less likely
to become free of dialysis (adjusted sHR, 0.74; 95% CI, 0.57–0.97)(Table 2). Moreover, the CIF plot
depicted that serum lactate levels of less than 3.1 mmol/L upon initialising RRT were associated with a
higher probability of being free of dialysis after dialysis-requiring SA-AKI (Gray’s test p < 0.001)(Fig. 4B).
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Table 2
Multivariable-adjusted analysis for independent predictors for clinical outcomes.

Variables Mortality* Being free of dialysis†

HR*, ‡ (95% CI) P sHR†, ‡ (95%
CI)

P

Age, years 1.02 (1.01-1.02) <0.001   ns

Chronic obstructive pulmonary disease   ns 1.84 (1.09-
3.09)

0.02

Cancer 1.46 (1.19-1.79) <0.001 0.69 (0.49-
0.96)

0.03

Index admission year before 2013 2.03 (1.69-2.43) <0.001 0.56 (0.42-
0.74)

<0.001

Baseline eGFR, ml/min/1.73m2   ns 1.006 (1.002-
1.01)

0.004

Surgery 0.76 (0.65-0.89) <0.001 1.37 (1.07-
1.74)

0.01

Dialysis initiation due to symptomatic
azotaemia

0.8 (0.68-0.94) 0.008   ns

log(urine volume, mL/day)   ns 1.12 (1.04-
1.22)

0.004

Glasgow Coma Scale 0.95 (0.92-0.98) 0.001 1.05 (1.001-
1.11)

0.046

Body temperature, degree Celsius 0.92 (0.87-0.98) 0.01   ns

Mean arterial pressure, mmHg 0.99 (0.99-0.99) <0.001 1.01 (1.003-
1.02)

0.005

Blood urea nitrogen, mg/dL 1.004 (1.002-
1.006)

<0.001   ns

*Multivariable Cox regression analysis of hazard ratios (HR) for mortality.

†Multivariable Fine-Gray model was used, higher sub-distribution hazard ratio (sHR) implies higher
probability of kidney recovery from dialysis, taking mortality as a competing risk.

‡Other factors included within both models which are not statistically signi�cant: sex, smoking,
diabetes, hypertension, coronary artery disease, stroke, peripheral arterial occlusive disease, advanced
heart failure, liver cirrhosis, Charlson Comorbidity Index, body mass index, total parenteral nutrition,
mechanical ventilation, cardiopulmonary resuscitation, extracorporeal membrane oxygenation, origin
of sepsis, indications of dialysis initiations other than symptomatic azotaemia, modality at the �rst
RRT, heart rate, ratio of PaO2 to fraction of inspired oxygen, potassium, white blood cells count,
inotropic equivalent, and APACH II score.

Abbreviations: CI: con�dence interval; ns: not signi�cant; eGFR, estimated glomerular �ltration rate.
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Variables Mortality* Being free of dialysis†

HR*, ‡ (95% CI) P sHR†, ‡ (95%
CI)

P

Serum creatinine, mg/dL 0.89 (0.85-0.94) <0.001   ns

Sodium, mmol/L 1.01 (1.003-
1.02)

0.01   ns

Hemoglobin, g/dL   ns 1.07 (1.007-
1.13)

0.03

Platelets, 103cells/µL 0.999 (0.998-1) 0.02 1.002 (1-
1.003)

0.02

Total bilirubin, mg/dL 1.02 (1.01-
1.031)

<0.001 0.96 (0.94-
0.99)

0.002

Bicarbonate, mmol/L   ns 0.97 (0.94-
0.995)

0.03

Lactate ≥ 3.1 mmol/L 1.23 (1.05-1.44) 0.01 0.74 (0.57-
0.97)

0.03

SOFA score 1.06 (1.02-1.1) 0.004   ns

*Multivariable Cox regression analysis of hazard ratios (HR) for mortality.

†Multivariable Fine-Gray model was used, higher sub-distribution hazard ratio (sHR) implies higher
probability of kidney recovery from dialysis, taking mortality as a competing risk.

‡Other factors included within both models which are not statistically signi�cant: sex, smoking,
diabetes, hypertension, coronary artery disease, stroke, peripheral arterial occlusive disease, advanced
heart failure, liver cirrhosis, Charlson Comorbidity Index, body mass index, total parenteral nutrition,
mechanical ventilation, cardiopulmonary resuscitation, extracorporeal membrane oxygenation, origin
of sepsis, indications of dialysis initiations other than symptomatic azotaemia, modality at the �rst
RRT, heart rate, ratio of PaO2 to fraction of inspired oxygen, potassium, white blood cells count,
inotropic equivalent, and APACH II score.

Abbreviations: CI: con�dence interval; ns: not signi�cant; eGFR, estimated glomerular �ltration rate.

External validation
To validate the predictive role of hyperlactatemia, we analysed a multi-centre database of the nationwide
epidemiology and prognosis of dialysis-requiring AKI (NEP-AKI-D) study [6, 8]. We extracted a subset of
190 patients with dialysis-requiring SA-AKI who underwent surgery in the index admission between 2014
and 2016 (Additional �le 1: Supplementary Methods, Fig. S6 and Table S2). Considering our main
�ndings, the Kaplan–Meier curves showed that patients with hyperlactatemia of ≥ 3.1 mmol/L upon
initialising RRT was associated with lower survival than those with serum lactate levels of less than 3.1
mmol/L (log rank p = 0.002)(Fig. 5). After adjusting for age, sex, baseline eGFR, CCI and MAP and SOFA
scores upon initialising RRT, Cox hazard analysis showed that patients who had pre-dialysis
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hyperlactatemia of ≥ 3.1 mmol/L had increased risks of death (adjusted HR, 1.6; 95% CI, 1.1–2.33)
(Additional �le 1: Fig. S7).

 

Discussion
In this study, we performed consensus clustering in critically ill patients with dialysis-requiring SA-AKI and
identi�ed three clusters. The cluster membership synthesized patients’ age, baseline eGFR, CCI and
clinical data patterns upon initialising RRT. Importantly, the revealed sub-phenotypes showed relevant
association with patient mortality and being free of dialysis. Moreover, this data-driven approach led us to
reveal various independent outcome predictors, including hyperlactatemia upon initialising RRT, which is
a novel outcome predictor.

Clustering and sub-phenotypes
Our results highlighted the potential of using unsupervised clustering to explore clinically meaningful sub-
phenotypes in such a heterogeneous population of dialysis-requiring SA-AKI. The crude mortality 90 days
after hospital discharge signi�cantly increased from patients in cluster 1 to those in clusters 2 and 3 in a
graded manner. By summarising patients’ comorbidity pro�les and acute-illness severities, the cluster
membership provided a simple prediction of outcomes. Although patients in cluster 3 were younger, had
lower CCI and had higher baseline eGFR, they had worse disease severities upon initialising RRT and poor
clinical outcomes (Table 1, and Additional �le 1: Fig. S3 and S4). This suggests that the impact of acute-
illness severity outweighs that of baseline general condition in patients with dialysis-requiring SA-AKI.

Becoming free of dialysis
Identifying predictive factors for kidney recovery after SA-AKI contributes to the risk strati�cation of
individuals and facilitates appropriate interventions. Note that death and kidney recovery are competing
events since patients who die early have no chance to achieve kidney recovery later. Using standard Cox
models may misestimate the risk of an event in the presence of a competing risk [15, 16]. In this study, we
used the Fine–Gray sub-distribution model to estimate the effects of variables on being free of dialysis
with death as the competing risk. For comparison, the CIF curve of kidney recovery from dialysis by
competing risk analysis and the corresponding naïve incidence function (Kaplan–Meier curve) were
overlaid in Additional �le 1: Fig. S8. This demonstrates that not accounting for the competing risk of
mortality overestimates the incidence of being free of dialysis.

Hyperlactatemia and outcomes
Another advantage of unsupervised clustering is its potential to discover previously unrecognised or
uncon�rmed predictive factors. Although hyperlactatemia of > 2 mmol/L is criterion of septic shock
according to the Sepsis-3, it is not mandated as a criterion of sepsis [31]. It has been reported that
hyperlactatemia is an independent mortality predictor in patients with SA-AKI in the emergency
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department [38], postoperative AKI requiring RRT [25] and SA-AKI requiring CRRT [10]. However, other
studies have shown that the initial lactate level is not independently associated with death in patients
with SA-AKI requiring CRRT [37] or post-cardiovascular surgery AKI [28]. In the literature, serum lactate has
never been reported as an independent predictor of kidney recovery after AKI [5, 7, 13, 25, 39]. In this
study, consensus clustering demonstrated that serum lactate levels upon initialising RRT were a disparate
feature among clusters (Fig. 2A). Patients with serum lactate levels of ≥ 3.1 mmol/L upon initialising
RRT had not only a higher risk of mortality but also a higher risk of dialysis dependence, independent of
blood pressure, the dose of vasoactive agents and disease severity (Table 2). Note that hyperlactatemia
at a cut-off of 3.1 mmol/L, rather than the traditional threshold of 2 mmol/L, provides superior
information on prognosis in patients with dialysis-requiring SA-AKI. Whether hyperlactatemia of ≥ 3.1
mmol/L should be considered an indication of dialysis initiation or surrogate of disease severity for SA-
AKI requires further investigations.

This novel �nding has some possible explanations. First, metabolic reprogramming is a fundamental
mechanism in developing SA-AKI. Accumulating evidence suggests that hyperlactatemia in sepsis is
more explained by the accelerated aerobic glycolysis in the injured renal tubular cells and recruited
leukocyte [40–42]. Animal experiments of AKI have demonstrated that lactate is overproduced in renal
content and e�ux into systemic circulation [43, 44]. Moreover, human studies have shown that serum
lactate level is signi�cantly higher in septic patients with AKI than those without AKI [38, 45]. Based on
these pieces of evidence, an increased serum lactate level indicates a higher severity of sepsis and injury
to the kidneys. During successful renal tubule recovery, cells may inhibit aerobic glycolysis and restore
oxidative phosphorylation in the mitochondria [42]. This phasic shift requires functional mitochondria
pools. Studies have shown that renal tubules that fail to recover are characterised by progressive
mitochondrial pathology and persistently enhanced aerobic glycolysis [42, 44]. Patients with a higher
serum lactate levels may represent more signi�cant mitochondrial injury and less kidney reserve, resulting
in a lower probability of functional recovery.

Study limitation
This study has some limitations. First, this study was conducted in the same ethnical ICU, although we
have validated the results in an independent multi-centre dataset. Whether our results are generalisable to
other AKI populations requires further validation. Second, the observational nature of this study without a
pre-speci�ed protocol of intervention cannot conclude the causal relationship. Third, our data-driven
cluster analysis approach directly relied on the input of the data. Using different inclusive variables may
result in discrete sub-phenotypes. Lastly, the clustering approach was conducted upon RRT initiation to
allow the application of this study to clinical practice. Whether sub-phenotypes of patients and/or pre-
dialysis hyperlactatemia would permit earlier intervention and the mitigation of mortality is unclear and
requires further evaluations.

Conclusions
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The mortality rate in patients with dialysis-requiring SA-AKI was high, whereas more than a quarter of
them survived and were free of dialysis 90 days after hospital discharge. Deploying unsupervised
consensus clustering in this heterogeneous population could segregate them into distinct sub-
phenotypes featured with different clinical manifestations and outcomes. We discovered that serum
lactate levels of 3.1 mmol/L or more upon initialising RRT are a novel prognostic factor for risk of death
and probability of achieving dialysis-free status. Although external validation is necessary, this approach
may help to tailor patient-centred care and move towards precision medicine.
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Figure 1

Flow diagram of study population. A total of 3,562 critically ill ICU patients between 1 January 2002 and
31 December 2018 were screened. In total, 1,397 patients who were diagnosed to have sepsis de�ned by
the Sepsis-3 criteria and dialysis-requiring SA-AKI were enrolled in this study. Abbreviations: ICU, intensive
care unit; AKI, acute kidney injury; SA-AKI, sepsis-associated AKI; qSOFA, quick SOFA score; SOFA,
sequential organ failure assessment score.



Page 23/26

Figure 2

Baseline characteristics and outcomes across the three clusters of patients. (A) The Manhattan plot of
the standardized differences in the baseline clinical characteristics across the three clusters revealed by
the 22 parameters upon initialising RRT. The dashed vertical lines represent the absolute standardized
difference of 0.3. Key features (having an absolute standardised difference of ≥ 0.3) for each cluster are
marked in red. (B) Kaplan–Meier curves depict the survival probability of patients by the three clusters.
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(C) Cumulative incidence of being free of dialysis strati�ed by the three clusters with death as the
competing risk. Abbreviations: RRT, renal replacement therapy; DM, diabetes mellitus; HTN, hypertension;
CAD, coronary artery disease; advCHF: advanced heart failure, de�ned by New York Heart Association
functional class III or IV; Charlson, Charlson Comorbidity Index; baseGFR, baseline estimated glomerular
�ltration rate; BMI, body mass index; TPN, total parenteral nutrition; CPR, cardiopulmonary resuscitation;
ECMO, extracorporeal membrane oxygenation; CRRT, continuous renal replacement therapy; SLED,
sustained low e�ciency dialysis; iHD, intermittent haemodialysis; logUO, logarithm of urine volume; GCS,
Glasgow coma scale; BT, body temperature; HR, heart rate; MAP, mean arterial pressure; logPFR, logarithm
of the PaO2 to fraction of inspired oxygen ratio; BUN, blood urea nitrogen; Cre, serum creatinine; Na,
sodium; K, potassium; WBC, white blood cells; Hb, hemoglobin; Plt, platelet count; Bil, total bilirubin; IE,
inotropic equivalent; Apach, Acute Physiology and Chronic Health Evaluation II score; SOFA, sequential
organ failure assessment score.

Figure 3

The probability of mortality according to the pre-dialysis serum lactate levels. The plot was drawn using a
generalized additive model with adjustment for age, sex, baseline estimated glomerular �ltration rate,
Charlson Comorbidity Index and mean arterial pressure upon initialising RRT. The estimated probability of
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mortality 90 days after hospital discharge raised gradually accompanying the increase of serum lactate
levels upon initialising renal replacement therapy.

Figure 4

Associations of serum lactate level and clinical outcomes in patients with dialysis-requiring sepsis-
associated acute kidney injury. (A) The Kaplan–Meier survival analysis for patients with serum lactate
level < 3.1 mmol/L and ≥ 3.1 mmol/L upon initialising renal replacement therapy (RRT) (log rank test p <
0.001). (B) Cumulative incidence of being free of dialysis, strati�ed by the threshold of serum lactate
levels of 3.1 mmol/L upon initialising RRT with death as the competing risk (Gray’s test p < 0.001).
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Figure 5

Survival analysis in the validation cohort. The association of hyperlactatemia with mortality was
validated in 190 critically ill patients with dialysis-requiring sepsis-associated acute kidney injury from the
nationwide epidemiology and prognosis of dialysis-requiring acute kidney injury study (NEP-AKI-D)
cohort. Kaplan–Meier survival analysis for patients with serum lactate level < 3.1 mmol/L and ≥ 3.1
mmol/L upon initialising renal replacement therapy (RRT) (log rank test p = 0.002).
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