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ABSTRACT

Background. Acute kidney injury (AKI) is associated with short- and long-term complications but the consequences of
the AKI-to-CKD transition are still poorly understood. We aimed to evaluate the association between the AKI-to-CKD
transition and the long-term risk of infection.

Methods. This retrospective study included patients admitted in a tertiary hospital with community-acquired AKI in
2013 and 2014 who had their estimated glomerular filtration rate (eGFR) assessed at 3 months (+2 weeks) after serum
creatinine peaked in the AKI episode. Key exclusion criteria were baseline CKD or confounding factors (active neoplasia,
primary immunodeficiency, human immunodeficiency virus, immunosuppressive drugs). The association between the
AKI-to-CKD transition (defined as an eGFR <60 ml/min/1.73 m? at 3 months) and long-term infections (defined using
clinical features, blood/urine analysis, cultures and imaging) was assessed during a follow-up of 9 months (range 2-56).
Results. Among the 1731 patients admitted with AKI, 367 (21%) were included in the present analysis (64% male,

71 + 15 years). Three months after AKI, 159 (43%) developed AKI-to-CKD transition. Baseline and post-AKI eGFR were
independent predictors of AKI-to-CKD transition [hazard ratio (HR) 0.97, P = .044 and HR 0.96, P < .001, respectively].
During follow-up, 153 (42%) patients developed an infection. Factors associated with infection were older age, cognitive
impairment, lower post-AKI eGFR, eGFR loss from baseline to 3 months and AKI-to-CKD transition. Adjusted Cox
regression showed that baseline eGFR, 3-month eGFR, eGFR loss and AKI-to-CKD transition were independent predictors
of the long-term risk of infection.

Conclusions. The AKI-to-CKD transition independently predicts the long-term risk of infection following an episode of
AKI.
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Infectious consequences of the AKI-to-CKD transition

Acute kidney injury is associated with multiple complications. However, AKI-to-CKD transition consequences are
poorly understood. We aimed to evaluate the association between the AKl-to-CKD transition and risk of infection.
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Conclusion: The AKI-to-CKD transition independently predicts the

long-term risk of infection following an episode of AKI.
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INTRODUCTION

Acute kidney injury (AKI) is present in up to 15% of hospital-
ized patients and is associated with adverse health outcomes
[1]. Hospital-acquired AKI is associated to an increased risk of
death during admission [2]. Moreover, patients with AKI present
an increased risk of short- and long-term complications after
discharge, such as mortality, cardiovascular events, cancer, read-
mission, chronic kidney disease (CKD) and end-stage renal dis-
ease [3, 4].

Persistent renal dysfunction is one of the causes of the in-
creased risk of complications after AKI [5, 6]. However, strategies
to detect patients at high risk for complications and to mod-
ify the natural history after AKI have so far been unsuccessful
[3]-

In this regard, the incidence of non-cardiac and non-kidney
events after AKI has been poorly studied. Patients with CKD, es-
pecially those with advanced CKD, are at high-risk for infec-
tion and death from infection [7]. AKI-associated immunode-
ficiency has recently increased the attention of the scientific
community; however, there are still deep gaps in the knowl-
edge about this condition and its consequences [8]. From a clin-
ical point of view, the NARA-AKI cohort study demonstrated
the significant and independent association between AKI and
long-term risk of infection in a 4-year prospective follow-up [9].
However, there is scarce information on the link between the
AKI-to-CKD transition and the risk of infection in real-world
studies. The aim of the present study was to assess the associa-

tion between the AKI-to-CKD transition and the long-term risk
of infection.

MATERIALS AND METHODS

This is a retrospective study including all patients admitted with
AKI to the Hospital Universitario de la Princesa, Madrid in 2013
and 2014. Patients were selected from the hospital electronic
records initially using the International Classification of Dis-
eases, Tenth Revision codes (N12, N17), but they were only in-
cluded after checking that they met Kidney Disease: Improv-
ing Global Outcomes criteria for AKI [10] and was community-
acquired AKI (CA-AKI). Baseline estimated glomerular filtration
rate (eGFR) was defined as the previous renal function assess-
ment before admission, not >6 months. Exclusion criteria were
the de novo development of AKI during admission, pre-existent
CKD (eGFR <60 ml/min/1.73 m? in the previous 3 months) [11],
death during admission (Figure 1), hospitalization during the
previous 3 months, active neoplasia, primary immunodeficiency,
human immunodeficiency virus or the use of immunosuppres-
sive drugs and lack of renal function assessment 3 months after
AKI (Figure 1).

Patients were evaluated at admission for the hospitalization
associated with AKI, after an AKI episode, 3 months after peak
serum creatinine in the AKI episode and during follow-up.
At admission, baseline demographic data (age and sex) and
comorbidities were collected. Registered comorbidities included
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FIGURE 1: Flow chart.

diabetes mellitus, hypertension, dyslipidaemia, CKD, history
of coronary disease, heart failure, stroke, peripheral vascular
disease, neoplasia and cognitive impairment [12-15]. Renal
function was assessed as eGFR using the creatinine-based
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation [16].

During hospitalization, kidney function and AKI severity
were assessed using the Acute Kidney Injury Network (AKIN)
scale [10]. Peak serum creatinine and nadir eGFR values were de-
termined for the AKI episode and this represented the starting
point of the 3 months after which the presence of the AKI-to-
CKD transition was assessed. AKIN classifies severity into three
stages based on the increase in creatinine over baseline levels,
with stage 1 being the mildest and stage 3 the most severe [10].
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After the AKI episode, serum creatinine and eGFR were also col-
lected.

Among patients discharged alive, we registered a new eGFR
3months + 2 weeks after the peak serum creatinine was reached
in the AKI episode. We assessed the incidence of AKI-to-CKD
transition defined as eGFR <60 ml/min/1.73 m? at 3 months after
the peak serum creatinine in AKI (Figure 2). Additionally, eGFR
loss was calculated as the difference between eGFR 3 months
after AKI and baseline eGFR.

The cohort was followed for 9 months (range 2-56) and
infectious events were recorded from 3 months after AKI on-
wards. Follow-up did not include the coronavirus disease 2019
pandemic period. Infections were registered using the integral
electronic records of Madrid (Horus) and considered when
clinical or microbiological data were suggestive of infection.
Horus registers all events (outpatient and inpatient) that require
medical assistance. Infections were considered when cultures
were positive or there was clinical evidence of infection (such
as X-ray, inflammatory markers and/or infectious symptoms
or signs). The study was approved by the local research ethics
committee [registration number 3447 (09/2018)].

Statistics

Values are expressed as mean =+ standard deviation (SD) or me-
dian [interquartile range (IQR)]. Distribution was assessed us-
ing the Kolmogorov-Smirnov test. Patients were included if they
had an eGFR assessment 3 months after the AKI episode. In-
cluded patients were divided into two groups based on the eGFR
at 3 months: patients who recovered normal renal function af-
ter AKI (eGFR >60 ml/min/1.73 m? at 3 months) and those who
developed AKI-to-CKD transition (eGFR <60 ml/min/1.73 m?)
(Figure 2). Variables were compared between the two groups us-
ing Fisher’s test for qualitative variables and the Mann-Whitney
test for continuous variables.

Infections were determined during a follow-up period that
started 3 months after serum creatinine peaked in the AKI
episode. Factors associated with infection were evaluated using
univariate Cox regression. Multivariate adjusted models were
developed to identify independent predictors of infection. After
assessing collinearity, we constructed the multivariate models
adjusting for variables that were statistically significantly asso-
ciated to the outcome in the univariate analysis or those with
a P-value <.1 and also for confounders (such as age, sex and
baseline eGFR). Multiple models were tested to confirm the in-
dependent association between AKI-to-CKD transition and in-
fection. Kaplan-Meier curves were plotted to determine the as-
sociation between AKI-to-CKD transition and infection during
follow-up. Patients who died, were hospitalized for any reason
or were lost during follow-up were censored for the analysis.
All statistical analyses were performed with SPSS 22.0 (IBM,

CKD yes/no

eGFR 3 months
after AKI

l Follow-up for infections

3 months after AKI
]

Loss of eGFR from baseline to 3 months after AKI

FIGURE 2: Study design.
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Table 1. Baseline characteristics according to CKD status 3 months after AKI

No CKD (eGFR AKI-to-CKD
>60 ml/min/1.73 m?) transition?

Characteristics All (n = 367) (n =208) (n=159) P-value
Sex (male), n (%) 235 (64) 138 (66) 97 (61) 324
Age (years), mean + SD 71415 67 + 16 75+ 11 <.001
Diabetes, n (%) 103 (28) 51 (24) 52 (33) 101
Hypertension, n (%) 237 (65) 118 (57) 119 (75) <.001
Dyslipidaemia, n (%) 144 (39) 67 (32) 77 (48) .002
Coronary artery disease, n (%) 51 (14) 25 (12) 26 (16) .286
Heart failure, n (%) 69 (19) 3(18) 32 (21) .502
Peripheral vascular disease, n (%) 19 (6) 13 (7) 6 (5) .346
Atrial fibrillation, n (%) 74 (20) 35 (17) 39 (25) .067
Stroke, n (%) 47 (13) 30 (14) 17 (11) 345
Malignancy, n (%) 88 (24) 53 (26) 35 (22) 460
Cognitive impairment, n (%) 54 (15) 30 (15) 24 (15) 1.000
Baseline RAASI, n (%) 159 (43) 75 (38) 84 (50) 020
Baseline diuretics, n (%) 159 (43) 93 (39) 66 (52) .020
Baseline eGFR (ml/min/1.73 m?) 78 (68-90) 84 (71-95) 72 (65-84) <.001
Nadir eGFR (ml/min/1.73 m?)° 35 (22-49) 35 (21-51) 36 (22—47) .833
Post-AKI eGFR (ml/min/1.73 m?) 69 (52-88) 82 (63-97) 57 (46-69) <.001
eGFR 3 months after AKI (ml/min/1.73 m?) 65 (44-84) 80 (71-94) (28 50) <.001
eGFR loss from baseline® (ml/min/1.73 m?) 14 (0-34) 2 (-7-12) 36 (21-50) <.001
AKI severity, n (%) <.001

AKIN 1 175 (49) 81 (39) 9% (61)

AKIN 2 101 (28) 69 (33) 32 (21)

AKIN 3 84 (23) 56 (27) 28 (18)
Albumin:creatinine ratio (mg/g)¢, median (IQR) 19 (8-119) 15 (6-108) 45 (8-512) .185
Serum albumin (g/dl), median (IQR) 3.2 (2.8-3.8) 3.2(2.7-3.8) 3.2(2.9-3.7) 489

RAASI: renin-angiotensin-aldosterone system inhibitor.

2Defined as eGFR <60 ml/min/1.73 m? at 3 months after AKI, i.e. from the time when serum creatinine peaked in AKI.

bDefined as the lowest eGFR achieved during the AKI episode.
¢Defined as eGFR loss from baseline to 3 months after AKI.
dAlbumin:creatinine ratio was available in only 74 patients.

Armonk, NY, USA). P-values <.05 were considered statistically
significant.

RESULTS
Baseline characteristics

Among 1731 patients with AKI during admission, 190 (11%)
were excluded due to comorbidities, 121 (7%) did not have a
previous eGFR determination, 656 (38%) had CKD at baseline
and 286 (17%) died during admission. Among the 478 (28%) pa-
tients who were discharged alive and fulfilled inclusion crite-
ria, five (1%) were lost and 103 (22%) did not have a renal func-
tion assessment 3 months after the AKI episode. Finally, 367
(21% of patients admitted with AKI and 77% of patients sur-
viving the AKI episode) had an eGFR assessment 3 months af-
ter AKI and were included in the present analysis (64% male,
mean age 71 + 15 years) (Figure 1). The median baseline eGFR
was 78 ml/min/1.73 m? (IQR 68-90), nadir eGFR during the AKI
episode was 35 ml/min/1.73 m? (IQR 22-49) and post-AKI eGFR
was 69 ml/min/1.73 m? (IQR 52-88) (Table 1).

Factors associated to AKI-to-CKD transition

Three months after the AKI, 159 (43%) patients had AKI-
to-CKD transition and 208 (57%) patients had an eGFR
>60 ml/min/1.73 m?. Being older (P < .001), a history of
hypertension (P < .001), milder AKI (P < .001), lower baseline

Table 2. Independent predictors for AKI-to-CKD transition using an
adjusted logistic regression model

Predictors R (95%CI) P-value
Baseline eGFR (per ml/min/1.73 m?) 0.78 (0.62-0.99) .044
Post-AKI eGFR (per ml/min/1.73 m?) 0.70 (0.62-0.79) <.001
Age (per 10 y) 1.08 (0.87-1.34) 457
Sex (female) 1.06 (0.62-1.79) .839
Hypertension (yes) 1.23 (0.70-2.16) 462
Dyslipidaemia (yes) 1.39 (0.83-2.31) .206
Nadir eGFR (per ml/min/1.73 m?)? 1.01 (0.82-1.25) 912
Severity of AKI (AKIN 1 versus others) 0.70 (0.42-1.18) .185

2Nadir eGFR was defined as the lowest eGFR value during the AKI episode.

eGFR (P < .001), nadir eGFR during admission (P < .001) and
post-AKI eGFR (P < .001) were associated to the development
of AKI-to-CKD transition (Table 1). AKI severity (AKIN) was not
associated with the development of AKI-to-CKD transition.
A sensitivity analysis of factors associated with AKI severity
included baseline eGFR (P < .001) and aetiology of AKI (P = .016)
(Supplementary Table S1).

To assess independent predictors of AKI-to-CKD transition,
a multivariate adjusted regression model was constructed. The
model showed that baseline and post-AKI eGFR were both in-
dependent predictors for development of AKI-to-CKD transition
[hazard ratio (HR) 0.78, P = .044 and HR 0.70, P < .001, respec-
tively] (Table 2).
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Table 3. Factors associated with infection in univariate analysis using Cox regression

Factors HR (95% CI) P-value
Age (per 10 years) 1.18 (1.05-1.33) .005
Sex (male) 1.04 (0.75-1.44) 818
Diabetes (yes) 1.32 (0.94-1.85) .107
Hypertension (yes) 1.03 (0.74-1.43) .875
Dyslipidaemia (yes) 0.89 (0.64-1.24) 499
Coronary artery disease (yes) 0.82 (0.50-1.36) 452
Heart failure (yes) 0.84 (0.54-1.30) 428
Peripheral vascular disease (yes) 1.43 (0.73-2.83) .298
Atrial fibrillation (yes) 0.98 (0.66-1.45) 913
Stroke (yes) 1.08 (0.68-1.73) 742
Malignancy (yes) 1.08 (0.75-1.56) .683
Cognitive impairment (yes) 1.51 (1.00-2.28) .050
Baseline RAASI 1.07 (0.78-1.47) .657
Baseline diuretics 1.03 (0.74-1.44) .863
Baseline eGFR (per 10 ml/min/1.73 m?) 0.91 (0.83-1.01) .069
Nadir eGFR (per 10 ml/min/1.73 m?) 0.97 (0.90-1.05) 419
Immediate eGFR after AKI (per 10 ml/min/1.73 m?) 0.96 (0.91-1.02) .196
eGFR 3 months after AKI (per 10 ml/min/1.73 m?) 0.91 (0.86-0.97) .002
eGFR loss from baseline? (per 10 ml/min/1.73 m?) 1.07 (1.01-1.14) .028
AKI-to-CKD transition (yes) 1.55 (1.13-2.14) .007
Albumin:creatinine ratio (mg/g) 1.00 (0.99-1.00) 757
Serum albumin (g/dl) 1.05 (0.99-1.13) .100

RAASI: renin-angiotensin-aldosterone system inhibitor.
Statistically significant values in bold.

2eGFR loss from baseline to 3 months after the peak serum creatinine was reached in the AKI episode.

Infections during follow-up

Follow-up for infections began 3 months after AKI (i.e. 3 months
after serum creatinine peaked in AKI), which is when the pres-
ence of AKI-to-CKD (<60 ml/min/1.73 m?) or normal kidney
function (=60 ml/min/1.73 m?) was determined. During a me-
dian follow-up of 9 months (IQR 2-56), 153 (42%) patients devel-
oped an infection. The most frequent events were urinary tract
infections [67 (44%)], respiratory tract infections [46 (30%)], soft
tissue infections [14 (9%)] and abdominal infections [14 (9%)].
The type of infection was not associated to any baseline variable.

Factors associated with infection during follow-up

Factors associated with infection during follow-up were tested
using Cox regression. In univariate analysis, being older {HR
1.18 [95% confidence interval (CI) 1.05-1.33], P =.005}, cognitive
impairment [HR 1.51 (95% CI 1.00-2.28), P = .050], lower eGFR
3 months after AKI[HR 0.91 (95% CI 0.86-0.97), P =.002], eGFR loss
from baseline to 3 months [HR 1.07 (95% CI 1.01-1.14), P =.028]
and AKI-to-CKD transition [HR 1.55 (95% CI 1.13-2.14), P =.007]
were associated with infections (Table 3). eGFR significantly dif-
fered at baseline between patients who developed an infec-
tion and those free from infection (P =.038). However, nadir and
post-AKI eGFR were similar between those cohorts (P =.289 and
P =.215, respectively) (Figure 3).

Kaplan-Meier curves show the association between AKI-to-
CKD transition and infections (logrank 7.8, P =.005) (Figure 4).
Figure 5 plots the association between quartiles of eGFR loss
from baseline and infection during follow-up.

In adjusted multivariate models, AKI-to-CKD transition, eGFR
loss from baseline and eGFR at 3 months after the AKI episode
were independently associated with infections (Table 4).
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FIGURE 3: The eGFR time-course for infected and non-infected patients. *P be-
tween groups = .038, **P between groups = .011.

DISCUSSION

The key finding of the present analysis is the independent asso-
ciation of AKI-to-CKD transition with infection during follow-up.
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FIGURE 4: Kaplan-Meier plot of the association between AKI-to-CKD transition
to infections during follow-up. Data include the 367 patients who were analysed
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FIGURE 5: Kaplan-Meier plot of the association between quartiles of eGFR loss
from baseline to 3 months after AKI and infections during follow-up.

In addition, three other parameters of kidney function (baseline
eGFR, eGFR 3 months after AKI and the magnitude of eGFR loss
from baseline to 3 months) were also independently associated
with a higher risk of infection over the follow-up.

Multiple consequences of AKI have been widely explored in
previous studies. However, the new AKI-to-CKD transition con-
cept presents gaps in evidence. The mechanisms that determine

that some patients progress to CKD are incompletely understood
[17, 18]. Furthermore, clinicians lack biomarkers that predict the
AKI-to-CKD transition and allow timely intervention [19-22]. In
our study, the AKI-to-CKD transition was more frequent in pa-
tients with comorbidities (hypertension or dyslipidaemia) and
in older patients, but lower baseline and post-AKI eGFR were in-
dependent predictors.

Infections are one of the less studied consequences of AKI.
Although kidney diseases are well-known factors for infections
and infections are one the most common causes of death in pa-
tients with kidney disease, the underlying mechanism for this
apparent secondary immunodeficiency has been poorly demon-
strated [23]. Regarding the bilateral relation between AKI and
infections, the recently published prospective NARA-AKI study
showed that post-operative AKI in non-cardiac surgery was as-
sociated with further hospitalization due to infection [9, 21]. Be-
yond AKI, patients with CKD are more vulnerable to infections
and they present worse outcomes than non-CKD cohorts [24,
25]. Our results demonstrate for the first time a predictive asso-
ciation of the AKI-to-CKD transition with the risk of infection.
Interestingly, not only the development of AKI-to-CKD transi-
tion but also eGFR loss (independent of baseline and post-AKI
eGFR) was independently associated with the risk of infection.
Several mechanisms can explain the high-risk for infections.
The addition of CKD immune dysfunction (impaired innate and
acquired immunity, decreased clearance of pro-inflammatory
cytokines or even epigenetic modifications in haematological
stem cells) to AKI disturbances (disruption of kidney-immune
crosstalk with altered immune cell composition and func-
tion or an exacerbated inflammatory response) [26, 27]. How-
ever, the exact pathophysiology of the increased risk of infec-
tions in patients undergoing the AKI-to-CKD transition remains
unexplained.

Some limitations should be acknowledged in the present
study. First is the retrospective design and its inherent bias. To
modulate this limitation, we strictly protocolized the inclusion
and exclusion criteria and we did not analyse patients who were
lost to follow-up or missed key information. As part of our clin-
ical practice, most AKI episodes are followed during the first
3 months, even with normal renal function at discharge, so we
had kidney function assessments available at 3 months in 77% of
the cohort. Because of the strict inclusion and exclusion criteria,
our study had a small sample size. Several features of AKI, such
as its increased incidence among patients with CKD and high
mortality, contributed to limit the number of eligible patients.
Second, we assessed the infection incidence during follow-up in
electronic records, leading to a heterogeneous definition of the
events. However, we confirmed most infections using comple-
mentary analyses such as blood or urine analyses or imaging
studies. Third, our analysis was based on eGFR using the CKD-
EPI equation, which has inherent limitations and may not be re-
liable during the AKI episode. Finally, some missing data or sub-
jective clinical information (i.e. cognitive impairment definition)
should be addressed as a potential bias due to the study de-
sign. The study represents real-world routine clinical practice
and thus some variables not routinely analysed outside nephrol-
ogy departments, such as albuminuria or other tubular markers,
were not available for most patients.

In conclusion, the development of AKI-to-CKD transition
after an AKI episode is a predictor for a higher risk of in-
fection during long-term follow-up. In this regard, efforts
must be directed towards preserving renal function after AKI
episodes to avoid the adverse consequences of persistent kidney
dysfunction.
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Table 4. Independent predictors for infection using Cox regression in adjusted models

Crude

Model 1

Model 2 Model 3

Predictors HR (95% CI) P-value

HR (95% CI)

P-value HR (95% CI) P-value HR (95% CI) P-value

AKI-to-CKD transition (yes)
3-month eGFR? (per

10 ml/min/1.73 m?)
eGFR loss® (per

10 ml/min/1.73 m?)

1.55(1.13-2.14) .07
0.91(0.86-0.97)  .002

1.07 (1.01-1.14) .028

140 (1.01-1.94) 044
0.93(0.87-0.99)  .035

1.06 (1.01-1.13) .046

1.39 (1.00-1.94)  .049
0.93(0.88-0.99)  .048

1.47 (1.01-2.15) 043
0.91(0.85-0.98)  .015

1.06 (0.99-1.13) .091 1.09 (1.02-1.17) .015

Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex and cognitive impairment. Model 3 was adjusted for baseline, nadir and post-AKI eGFR.
2eGFR assessment 3 months after the peak serum creatinine was reached in the AKI episode (AKI-to-CKD assessment).
PeGFR loss from baseline to 3 months after discharge from the AKI episode (AKI-to-CKD assessment).
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