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Serum Creatinine Changes Associated with Critical
Illness and Detection of Persistent Renal Dysfunction
after AKI
John R. Prowle,*†‡ Ivana Kolic,* Jeremy Purdell-Lewis,* Rachelle Taylor,* Rupert M. Pearse,*‡ and Christopher J.
Kirwan*†‡

Abstract
Background and objectives AKI is a risk factor for development or worsening of CKD. However, diagnosis of
renal dysfunction by serum creatinine could be confounded by loss of muscle mass and creatinine generation
after critical illness.
Design, setting, participants, & measurements A retrospective, single center analysis of serum in patients
surviving to hospital discharge with an intensive care unit admission of 5 or more days between 2009 and 2011
was performed.
Results In total, 700 cases were identiﬁed, with a 66% incidence of AKI. In 241 patients without AKI, creatinine
was signiﬁcantly lower (P,0.001) at hospital discharge than admission (median, 0.61 versus 0.88 mg/dl;
median decrease, 33%). In 160 patients with known baseline, discharge creatinine was signiﬁcantly lower than
baseline in all patients except those patients with severe AKI (Kidney Disease Improving Global Outcomes
category 3), who had no signiﬁcant difference. In a multivariable regression model, median duration of hospitalization was associated with a predicted 30% decrease (95% conﬁdence interval, 8% to 45%) in creatinine from
baseline in the absence of AKI; after allowing for this effect, AKI was associated with a 29% (95% conﬁdence
interval, 10% to 51%) increase in predicted hospital discharge creatinine. Using a similar model to exclude the
confounding effect of prolonged major illness on creatinine, 148 of 700 patients (95% conﬁdence interval, 143
to 161) would have eGFR,60 ml/min per 1.73 m2 at hospital discharge compared with only 63 of 700 patients
using eGFR based on unadjusted hospital creatinine (a 135% increase in potential CKD diagnoses; P,0.001).
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Conclusion Critical illness is associated with signiﬁcant falls in serum creatinine that persist to hospital discharge,
potentially causing inaccurate assessment of renal function at discharge, particularly in survivors of AKI.
Prospective measurements of GFR and creatinine generation are required to conﬁrm the signiﬁcance of these
ﬁndings.
Clin J Am Soc Nephrol 9: 1015–1023, 2014. doi: 10.2215/CJN.11141113

Introduction
AKI complicates over one half of intensive care unit
(ICU) admissions (1) and has been associated with the
development or progression of CKD and long-term
mortality (2–5). Despite these concerns and the recommendations of international guidelines (6), survivors of critical illness complicated by AKI rarely
receive speciﬁc renal follow-up (7), despite potential
beneﬁt (8), and the true prevalence of CKD in this
group is not well understood. Importantly, calculation of eGFR (9) has not been calibrated in survivors
of critical illness, which is associated with substantial
and persistent decrease of muscle mass (the site of
creatinine generation) (10). Accordingly, we
performed a single center retrospective analysis of
renal function in patients admitted to The Royal London Hospital ICU in 2009–2011. We hypothesized
that, in critically ill patients who did not experience
www.cjasn.org Vol 9 June, 2014

AKI, serum creatinine might fall over the course of
hospitalization and might be related to surrogates of
decreased muscle creatinine generation, including
length or severity of illness. Furthermore, we hypothesized that the same processes causing decrease in creatinine might also occur in survivors of critical illness
with AKI, confounding our ability to accurately assess
risk for CKD in these patients at hospital discharge.

Materials and Methods
We performed a retrospective observational study
examining renal function in all patients admitted to
The Royal London Hospital Adult Critical Care Unit
between January 1, 2009, and January 31, 2011.
Approval was obtained from Barts Health/Queen
Mary University of London Joint Research Ofﬁce as a
retrospective review of data collected as part of the
Copyright © 2014 by the American Society of Nephrology

1015

1016

Clinical Journal of the American Society of Nephrology

usual care, and waiver of full research ethics committee
review was obtained. We screened our admissions database for ICU admissions with survival to hospital discharge. To ensure comparable exposure with critical illness,
we considered only patients with an ICU admission of 5 or
more days. Because we aimed to understand the determinants of serum creatinine after recovery from acute critical
illness, this study was limited to patients surviving to
hospital discharge. Patients with new or preexisting ESRD
and renal transplant recipients were excluded. We examined hospital pathology records for serum creatinine
results at baseline, during hospitalization, and postdischarge. Baseline creatinine was deﬁned as the last available measurement from 365 to 7 days before hospital
admission (11). Where baseline creatinine was not available, hospital admission creatinine was used as baseline.
AKI diagnosis was deﬁned by the serum creatinine criteria
of the 2012 Kidney Disease Improving Global Outcomes
(KDIGO) criteria (6), and urine output values were not
available for AKI diagnosis. Follow-up creatinine was deﬁned as the last measurement obtained 90–365 days after
index hospital discharge.
Statistical analysis was performed using R: A Language
and Environment for Statistical Computing (12). Continuous
variables are reported as medians and interquartile ranges
(IQRs). Paired continuous data, including repeated creatinine samples in matched individuals, were compared using the Wilcoxon signed rank test. Paired categorical data
were compared with McNemar’s test. Between-group
comparisons were made using the Kruskal–Wallis test or
the chi-squared test. We performed log-transformed multivariable linear regression analyses examining inﬂuences
of AKI and critical illness on hospital discharge and followup creatinine using stepwise forward and backward selection
based on minimization of the Akaike Information Criterion in
the optimal model.
To assess effect of critical illness on the assessment of
renal dysfunction at hospital discharge, we developed a
regression model from patients with known baseline
creatinine, predicting baseline to discharge creatinine ratio
and allowing estimation of the illness-related change in
creatinine in all patients. In developing our model, we
examined AKI status as a factor variable (AKI category)
or a continuous variable (peak to baseline creatinine ratio).
Model-predicted baseline to discharge creatinine ratios
allowed estimation of baseline creatinine by multiplying
the predicted ratio by the hospital discharge creatinine,
effectively removing the predicted change in creatinine
related to nature and duration of illness. To validate this
model, we compared the distribution of predicted baseline
creatinine values with the distribution of observed admission creatinine values in patients who had no known
baseline creatinine, no AKI, and admission creatinine of
,1.4 mg/dl, deﬁning a test set of new patients where admission creatinine would be expected to be similar to baseline creatinine. After validation, we used our model to
derive adjusted creatinine values from hospital discharge
values in all 700 admissions. For this analysis, we
assigned a peak to baseline creatinine ratio of 1.0 (implying no AKI) to all patients, thereby correcting for only the
decrease in discharge creatinine related to major illness.
The ﬁnal predictions of this model, thus, provide an

estimate of the true baseline creatinine (extent of premorbid CKD) plus any deterioration in renal function that may
have occurred as a consequence of AKI (unrecovered AKI
or de novo CKD). From these adjusted creatinine values, we
then calculated hospital discharge eGFRs using the
Chronic Kidney Disease Epidemiology Collaboration creatinine formula (9) and compared these values against
eGFRs calculated using unadjusted discharge creatinine,
categorizing eGFR according to the GFR categories of the
KDIGO CKD criteria (13).

Results
Univariate Analyses
From 3101 ICU admissions to the Royal London Hospital
ICU from 2009 to 2011, we identiﬁed 700 eligible hospitalizations (in 698 patients) with an ICU admission of 5 or more
days and survival to discharge from the acute hospital
(Supplemental Figure 1). AKI occurred in 459 cases (66%),
AKI-1 occurred in 218 cases (31% of total), AKI-2 occurred in
75 cases (11%), and AKI-3 occurred in 166 cases (24%); 121
patients received RRT in the ICU (AKI-3 by deﬁnition). Increasing AKI category was associated with older age, increasing ICU admission illness severity scores, medical
reason for hospital admission, and longer hospital length
of stay (Table 1). Hospital discharge creatinine was signiﬁcantly lower than at hospital admission (P,0.001; median,
0.63 versus 0.95 mg/dl; median difference, 0.31 mg/dl; median decrease from admission, 33%). Discharge creatinine
values were signiﬁcantly lower than admission across all
AKI categories (Figure 1, Table 2) and admission creatinine
values (Supplemental Figure 2). Of patients with AKI, 80%
had their peak serum creatinine or required RRT in the ICU.
Median time from ICU to hospital discharge was 22 days
(IQR=10–39). In the 20% of patients with peak creatinine
outside of the ICU, median hospital discharge creatinine
was 0.61 (IQR=0.48–0.75), lower than the peak in patients
who had peak creatinine or RRT in ICU, which was 0.66
(IQR=0.52–0.88; P=0.03).
In patients without AKI, creatinine fell signiﬁcantly
(P,0.001; median, 0.88–0.61 mg/dl; median decrease,
33%) (Figure 1, Table 2). In 160 patients with premorbid
baseline values, there was a signiﬁcant decrease in creatinine from baseline to hospital discharge in patients with
no AKI, AKI-1, or AKI-2 (P,0.001; median, 0.84–0.66 ml/dl;
median decrease, 19%); however, after AKI-3, discharge
values were similar to baseline (P=0.14; median, 0.94–0.86)
(Figure 2, Table 2).
Multivariable Regression Analyses
We developed a regression model using data from
patients with premorbid baseline creatinine to examine
factors independently inﬂuencing discharge creatinine.
Only baseline creatinine, hospital length of stay, diagnostic
category, and AKI category were retained in the ﬁnal
model (Table 3, column 1). Increasing hospital stay was
signiﬁcantly associated with lower hospital discharge creatinine; for example, in a typical patient (a trauma patient)
with the median baseline creatinine of 0.88 mg/dl and the
population median hospital length of stay of 39 days, our
model predicts a 29% (95% conﬁdence interval, 8% to 45%)
fall in hospital discharge creatinine from baseline in the
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Table 1. Clinical variables by AKI category

Patient Characteristics

All Patients

No AKI

Number
Age, yr
Men, %
Racial background, %
White/other
Black
Asian
Diagnostic category, %
Medical
Surgical
Trauma
APACHE II
SAPS II
ICNARC
Length of stay, d
Intensive care unit
Hospital

700
49 (33–63)
68

241
46 (32–60)
70

74
12
14

69
18
13

31
25
43
15 (11–20)
38 (31–47)
19 (15–24)
10 (7–16)
36 (23–59)

AKI-1

P Value

AKI-2

AKI-3

75
54 (38–65)
68

166
55 (40–65)
62

78
8
14

81
7
12

73
12
14

27
20
53
12 (9–16)
35 (27–41)
17 (14–20)

27
22
51
13.5 (10–17)
36 (30–44)
18 (14–22)

31
28
41
16 (13–20)
43 (32–51)
20 (16–24)

43
37
20
20 (16–24)
46 (38–52)
25 (20–30)

,0.001
,0.001
,0.001

8 (6–12)
28 (17–42)

11.5 (7–16)
39 (26–62)

11 (7–19)
47 (29–66)

12 (8–19)
47 (29–90)

,0.001
,0.001

218
48 (30–62)
70

0.002
0.32
0.1

,0.001

Continuous variables are presented as medians and interquartile ranges; categorical variables are presented as percentages. P values
represent between-column comparisons for no AKI, AKI-1, AKI-2, and AKI-3 using the Kruskal–Wallis test for continuous variables or
the chi-squared test for categorical variables across categories. APACHE II, Acute Physiology, Age, Chronic Health Evaluation II; SAPS
II, Simpliﬁed Acute Physiology Score II; ICNARC, Intensive Care National Audit & Research Centre Model Physiology Score.

Figure 1. | Hospital admission, peak, and hospital discharge creatinine (log scale) in 700 hospitalizations involving an intensive care unit stay
of 5 or more days with survival to hospital discharge. Boxes indicate 25th to 75th percentiles, with a solid line at the median; the whiskers are
1.53 interquartile range from the box. Nonoverlap of notches suggests significant difference in medians at the P,0.05 level. Asterisks indicate
statistical difference between paired creatinine values with the Wilcoxon signed rank test. NS, P.0.05. *P,0.05; **P,0.01.

absence of AKI. In this model, AKI-3 would then confer a
29% increase (95% conﬁdence interval, 10% to 51%) from
that prediction, resulting in a predicted discharge creatinine not signiﬁcantly different from baseline. Similar associations were seen when we considered all 700 patients in a
model using hospital admission creatinine as a surrogate for
baseline creatinine (Supplemental Table 1).
Modeling the Effect of AKI on CKD Diagnosis
To predict the effect of prolonged major illness on
diagnosis of renal dysfunction after recovery from critical
illness, we constructed regression models predicting base-

line to hospital discharge creatinine ratio in patients with
known baseline creatinine (Table 3, columns 2 and 3). Hospital length of stay, age, sex, and diagnostic category were
included in the ﬁnal model. The model (Table 3, column 3)
incorporating a continuous measure of AKI severity (peak
to baseline creatinine ratio) had the best ﬁt and was chosen. In our test cohort, model predictions very closely
matched the actual distribution of admission creatinine
(Supplemental Figure 3, Supplemental Table 2), Kolmogorov–
Smirnov P value was 0.98, which is strong evidence that
the actual data and the model estimates could be drawn
from the same continuous distribution.

241
0.88 (0.71–1.18)
0.80 (0.63–0.98)
0.96 (0.79–1.20)
0.59 (0.50–0.71)
0.61 (0.50–0.75)
,0.001
38
0.81 (0.71–0.89)
0.86 (0.74–1.18)
0.80 (0.68–0.98)
1.04 (0.83–1.26)
0.61 (0.50–0.77)
0.66 (0.53–0.84)
,0.001
58
1.01 (0.79–1.33)
0.88 (0.67–1.07)
1.03 (0.81–1.45)
0.60 (0.52–0.74)
0.64 (0.56–0.76)
0.77 (0.67–0.89)
,0.001
17
0.86 (0.74–1.02)
0.84 (0.77–1.29)
0.80 (0.64–0.98)
1.09 (0.81–1.29)
0.63 (0.51–0.85)
0.67 (0.54–0.85)
0.84 (0.78–0.97)
0.003
0.03
0.7

160
0.88 (0.73–1.11)
1.05 (0.78–1.48)
1.11 (0.72–1.97)
1.77 (1.10–3.46)
0.70 (0.49–1.37)
0.72 (0.57–1.01)
,0.001
221
1.02 (0.76–1.47)
1.01 (0.63–1.56)
1.50 (0.96–2.98)
0.67 (0.50–1.22)
0.67 (0.53–0.90)
0.85 (0.67–1.07)
,0.001
96
0.96 (0.77–1.16)
1.11 (0.80–1.49)
1.15 (0.68–2.20)
2.00 (1.20–3.83)
0.78 (0.51–1.65)
0.76 (0.55–1.09)
0.96 (0.72–1.28)
,0.001
,0.001
0.1

No AKI

700
0.95 (0.74–1.33)
0.88 (0.64–1.29)
1.28 (0.89–2.20)
0.63 (0.50–0.85)
0.63 (0.51–0.81)
,0.001

All Patients

16
0.92 (0.62–1.05)
0.92 (0.59–1.17)
0.99 (0.49–1.16)
1.21 (0.72–1.69)
0.53 (0.39–0.89)
0.57 (0.50–0.82)
0.72 (0.60–0.85)
0.01
0.11
0.2

62
0.84 (0.58–1.13)
0.75 (0.52–1.05)
1.00 (0.74–1.47)
0.56 (0.41–0.74)
0.56 (0.48–0.72)
0.72 (0.60–0.90)
,0.001

28
0.92 (0.69–1.06)
0.92 (0.60–1.17)
0.88 (0.51–1.14)
1.11 (0.75–1.57)
0.57 (0.39–0.76)
0.65 (0.51–0.82)
,0.001

218
0.92 (0.71–1.23)
0.81 (0.60–1.07)
1.10 (0.84–1.50)
0.61 (0.48–0.76)
0.61 (0.50–0.74)
,0.001

AKI-1

16
0.98 (0.76–1.13)
0.97 (0.75–1.41)
0.88 (0.59–1.38)
1.52 (1.20–1.88)
0.62 (0.52–0.77)
0.68 (0.63–0.89)
1.00 (0.81–1.31)
0.1
0.01
0.30

23
0.87 (0.73–1.15)
0.74 (0.57–1.24)
1.48 (1.08–1.87)
0.69 (0.55–0.87)
0.64 (0.50–0.84)
0.87 (0.64–1.10)
0.01

24
0.95 (0.80–1.16)
1.03 (0.83–1.45)
1.18 (0.63–1.50)
1.73 (1.28–2.46)
0.63 (0.52–0.89)
0.71 (0.63–0.89)
0.004

75
0.94 (0.75–1.26)
0.86 (0.60–1.30)
1.56 (1.14–2.00)
0.66 (0.50–0.87)
0.61 (0.50–0.75)
,0.001

AKI-2

Paired comparisons were by the Wilcoxon signed rank test. HA, hospital admission; ICU, intensive care unit; HD, hospital discharge; BL, baseline; FU, follow-up.

Creatinine changes in all 700 patients
Number of patients
HA
ICU admission
Peak
ICU discharge
HD
P value (HA versus HD)
Creatinine changes in 160 patients
with premorbid BL creatinine
Number of patients
BL
HA
ICU admission
Peak
ICU discharge
HD
P value (BL versus HD)
Creatinine changes in 221
patients with FU creatinine
Number of patients
HA
ICU admission
Peak
ICU discharge
HD
FU
P value (HD versus FU)
Creatinine changes in 96 patients with
both BL and FU creatinine
Number of patients
BL
HA
ICU admission
Peak
ICU discharge
HD
FU
P value (BL versus HD)
P value (HD versus FU)
P value (BL versus FU)

Patient Groups

Table 2. Creatinine changes in subgroups of patients with baseline and follow-up creatinine

47
1.02 (0.82–1.33)
1.32 (0.94–2.51)
2.12 (1.14–3.13)
3.81 (2.72–4.93)
1.43 (0.70–2.60)
1.01 (0.70–1.67)
1.12 (0.88–1.96)
0.4
0.02
0.01

78
1.35 (0.99–2.44)
1.78 (1.11–2.92)
4.13 (2.62–5.32)
1.50 (0.70–2.67)
0.92 (0.67–1.47)
1.04 (0.82–1.49)
0.02

70
0.94 (0.76–1.21)
1.24 (0.84–2.51)
2.07 (1.11–2.99)
3.69 (2.71–5.11)
1.33 (0.58–2.24)
0.86 (0.66–1.31)
0.14

166
1.26 (0.84–2.26)
1.44 (1.03–2.82)
3.92 (2.44–5.20)
1.05 (0.53–2.06)
0.77 (0.54–1.25)
,0.001

AKI-3
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Figure 2. | Premorbid baseline, hospital admission, peak, and hospital discharge creatinine (log scale) in 160 hospitalizations with baseline
values. Boxes indicate 25th to 75th percentiles, with a solid line at the median; the whiskers are 1.53 interquartile range from the box.
Nonoverlap of notches suggests significant difference in medians at the P,0.05 level. Asterisks indicate statistical difference between paired
creatinine values with the Wilcoxon signed rank test. NS, P.0.05. *P,0.05; **P,0.01.

Table 3. Log-log regression models

Dependent Variable
Covariates or Factors
Included in Model

Log(Hospital Discharge
Creatinine)
Model 1

Log(baseline creatinine)
Log(hospital length of stay)
Sex
Log(age)
Trauma
Surgical
Medical
No AKI
AKI-1
AKI-2
AKI-3
Log(peak to baseline
creatinine)
Constant
Observations
R2
Adjusted R2

Log(Baseline to Hospital Discharge
Creatinine)
Model 2

Model 3

Reference
20.005 (0.140)
0.166 (0.135)
Reference
20.040 (0.092)
0.086 (0.099)
0.254a (0.079)

0.077b (0.038)
0.088 (0.061)
0.135 (0.091)
Reference
0.021 (0.144)
20.154 (0.140)
Reference
0.071 (0.094)
20.055 (0.101)
20.191b (0.079)

0.075b (0.033)
0.068 (0.055)
0.112 (0.081)
Reference
0.039 (0.129)
20.133 (0.126)

0.019 (0.185)

20.566 (0.384)

0.746a (0.073)
20.107a (0.037)

160
0.53
0.51

160
0.16
0.12

20.290a (0.042)
20.335 (0.344)
160
0.31
0.28

Regression coefﬁcients for covariates and factors (SEM in parentheses).
a
P,0.01.
b
P,0.05.

Using this regression model, we generated adjusted
hospital discharge creatinine in all 700 patients, correcting for the effect of creatinine decrease related to major
illness. Median adjusted creatinine was 0.93 mg/dl
(IQR=0.75–1.20; eGFR=91 ml/min per 1.73 m 2 [62–
111]) compared with a median measured creatinine of
0.63 mg/dl (0.51–0.81; eGFR=115 ml/min per 1.73 m2
[96–131]); 63 patients had eGFR,60 based on measured
creatinine, and this number rose to 148 patients when

using eGFR based on adjusted creatinine (a 135% increase; P,0.001) (Figure 3, Table 4). Of 85 patients
who newly had an eGFR,60 ml/min per 1.73 m2 after
adjustment, 79% of patients had AKI. In the adjusted
analysis, the proportion of AKI-3 patients with
eGFR,60 at hospital discharge rose from 27% to 46%
(P,0.001), and the proportion of AKI-3 patients with
eGFR,30 at hospital discharge doubled from 9% to
18% (P,0.001) (Table 4).

1020

Clinical Journal of the American Society of Nephrology

Figure 3. | CKD category at hospital discharge in 700 survivors of critical illness based on actual discharge creatinine and discharge creatinine adjusted for decreases in serum creatinine associated with duration and severity of illness. Error bars represent 95% confidence
intervals for the mean model prediction of eGFR distribution.

Follow-Up Creatinine
Two hundred twenty-one patients had follow-up creatinine measurements between 3 and 12 months after discharge;
these values were signiﬁcantly higher than the values at
discharge across all AKI categories (Figure 4, Table 2). At
follow-up, there were 48% more patients with eGFR,60
ml/min per 1.73 m2 than at hospital discharge (P=0.009)
(Supplemental Figure 4); 24 patients had eGFR,60 at
both discharge and follow-up, 22 patients had GFR,60 at
follow-up despite GFR.60 at discharge, and only 7 patients had GFR,60 at discharge and GFR.60 at follow-up.
Ninety-six patients had both baseline and follow-up
creatinine values. In 47 patients who had AKI-3, follow-up
creatinine values were signiﬁcantly higher than baseline
values (P=0.01), despite a lack of signiﬁcant difference
from baseline at hospital discharge (Table 2).
We examined the relationship between follow-up and
hospital discharge creatinine in multivariable regression. In
this model, AKI-3 was associated with a 14% (1%–28%)
higher follow-up creatinine than the creatinine predicted
with no AKI, whereas hospital length of stay remained
associated with a lower follow-up creatinine (Supplemental Table 3, column 1). Finally, we considered variables
associated with follow-up creatinine in 96 episodes where
baseline and follow-up creatinine measurements were
available (Supplemental Table 3, column 2). In this analysis, after allowing for differences in baseline creatinine,
longer hospital length of stay was signiﬁcantly associated
with lower follow-up creatinine (P,0.001), whereas AKI-2
and AKI-3 were associated with 48% (23%–83%) and 53%
(9%–116%) increases in predicted creatinine at follow-up
compared with no AKI, respectively.

Discussion
Study Findings
We found that critical illness was associated with
signiﬁcant falls in serum creatinine from admission to
discharge, irrespective of the occurrence or severity of AKI.
When considering patients with measured baseline, signiﬁcant decreases from baseline to discharge were apparent
in all patients except those patients who had AKI-3, in
whom discharge values were similar to baseline. In general,
discharge creatinine values were abnormally low compared with expected values in the general population, and
therefore, for men, median discharge creatinine (0.67 mg/dl)
was below the lower limit of the reference range (0.7 mg/dl),
suggesting that more than 50% of these patients had creatinine values seen in less than 2.5% of the general population
of men.
Decrease in steady state serum creatinine can be explained by increase in GFR or decrease in creatinine
generation rate. However, large improvements in GFR
from baseline after critical illness would seem implausible,
whereas large and sustained falls in creatinine generation
have been shown in animal models of sepsis (14), patients
with advanced CKD (15), and critically ill humans (16–18),
with greatest decrease occurring in the sickest patients
(16). Skeletal muscle is the major source of creatinine production, and critical illness is associated with profound
loss of skeletal muscle protein (10,19,20), with muscle
thickness steadily decreasing over time after ICU admission (10,21,22). Loss of muscle mass can persist long after
hospital discharge (23). Therefore, it seems plausible that
the observed falls in serum creatinine across critical illness
occur as the result of loss of muscle mass and reduced
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Table 4. Potential CKD diagnoses at hospital discharge by AKI category

Number with eGFR,60
AKI Category
All patients
No AKI
AKI-1
AKI-2
AKI-3

Number with eGFR,30

Number
700
241
218
75
166

Measured

Adjusted

P Value

Measured

Adjusted

P Value

63 (9.0%)
2 (0.8%)
11 (5.0%)
6 (8.0%)
44 (27%)

148 (21%)
20 (8.3%)
36 (17%)
16 (21%)
76 (46%)

,0.001
,0.001
,0.001
0.004
,0.001

16 (2.3%)
0 (0.0%)
1 (0.5%)
0 (0.0%)
15 (9.0%)

40 (5.7%)
0 (0.0%)
8 (3.7%)
2 (2.7%)
30 (18%)

,0.001
—
0.02
0.5
,0.001

eGFR (ml/min per 1.73 m2) based on discharge creatinine versus eGFR based on creatinine adjusted for critical illness by McNemar’s
test.

Figure 4. | Hospital admission, peak, hospital discharge, and 3- to 12-month follow-up creatinine (log scale) in 221 hospitalizations with
follow-up values. Boxes indicate 25th to 75th percentiles, with a solid line at the median; the whiskers are 1.53 interquartile range from the
box. Nonoverlap of notches suggests significant difference in medians at the P,0.05 level. Asterisks indicate statistical difference between
paired creatinine values with the Wilcoxon signed rank test. NS, P.0.05. *P,0.05; **P,0.01.

creatinine generation, potentially combined with reduced
hepatic creatinine production and dietary changes. These
changes would also compromise the use of creatinine as a
measure of renal function during hospital admission (24).
In addition, we would predict that use of ﬁnal or lowest
hospital creatinine as a surrogate for baseline creatinine in
post hoc AKI diagnosis might lead to overestimation of AKI
diagnosis, which was reported by other investigators (25).
In multivariable analysis, we found that decreased
hospital discharge creatinine was associated longer duration of hospitalization (Table 3). These results suggest that
patients who experience more lengthy and severe illness
might experience the largest relative drops in creatinine
generation during and after ICU admission. Because AKI
was strongly associated with illness severity and longer
hospital length of stay (Table 1), illness-associated falls in
creatinine would be expected to be more pronounced in
these patients. Such falls in creatinine can confound diagnosis of renal dysfunction after AKI. In patients with measured baseline creatinine and AKI-3, we found apparent
recovery to baseline creatinine in most patients (Figure 2,
Table 2). However, given the fall in creatinine seen in survivors of critical illness without AKI, an unchanged creatinine in AKI survivors might, in fact, suggest a persistent

decline in renal function, which was suggested by the independent effect of AKI-3 on hospital discharge creatinine
after accounting for the effect of duration of hospitalization in our multivariable model (Table 3, column 1).
When we examined the impact of the confounding effect
of prolonged illness on assessment of renal function at
hospital discharge by modeling creatinine values in the
absence of this effect, we predicted a 135% increase in the
number of patients with an eGFR,60 ml/min per 1.73 m2
at hospital discharge (Figure 3, Table 4). This result suggests that the majority of potential CKD diagnoses after
critical illness may be missed or misclassiﬁed.
Additional conﬁrmation of effect of critical illness on
serum creatinine is seen in patients with follow-up data;
there were signiﬁcant increases in creatinine from discharge to follow-up, irrespective of AKI category (Figure 4,
Table 2). Use of follow-up creatinine to classify eGFR resulted in a 48% rise in the number of patients with
eGFR,60 compared with discharge (Supplemental Figure
4), a smaller increase than the increase suggested from
eGFR based on adjusted discharge creatinine (Figure 3).
However, because longer hospitalization remained significantly associated with lower follow-up creatinine in multivariable analysis, the inﬂuence of critical illness on serum

1022

Clinical Journal of the American Society of Nephrology

creatinine seems to persist at follow-up. Thus, although
follow-up detects many patients developing overt CKD,
some patients may still be misclassiﬁed.
Strengths and Limitations
To our knowledge, this work is the ﬁrst attempt to
systematically examine the magnitude and implications of
creatinine changes associated with critical illness in a large
cohort of patients with and without AKI. Our study is
observational and was restricted to a single ICU; however,
we did consider a diverse population of medical, surgical,
and trauma patients, representing the most common
associations of AKI in critically ill patients (26).
We chose to consider patients with 5 or more ICU days,
and therefore, our conclusions may not extend to patients
with shorter durations of critical illness. However, the
majority of critical illness complicated by AKI involves
longer ICU admission, and therefore, we focused our study
on a relevant cohort of patients with signiﬁcant exposure to
critical illness.
The majority of patients that we considered had no
known baseline creatinine; however, large decreases in
creatinine were seen across all levels of admission creatinine and AKI categories (Supplemental Figure 2), in patients without AKI (Figure 1), and in patients with
measured baseline creatinine (Figure 2), suggesting that
declines in creatinine occurring after critical illness do
not just reﬂect recovery of AKI present at admission. In
the absence of known baseline, our analysis cannot distinguish the extent to which renal dysfunction apparent after
adjustment for critical illness reﬂects new renal dysfunction caused by AKI or the presence of preexisting CKD.
However, misdiagnosis of renal dysfunction after critical
illness is clinically relevant, irrespective of whether it is a
preexisting or de novo condition. In addition, our analysis
of patients with known baseline or follow-up creatinine
supports a speciﬁc association between more severe AKI
and newly sustained deterioration in renal function persisting to hospital discharge and beyond.
Finally, our conclusions based on statistical modeling
require conﬁrmation with formal measurements of GFR
and creatinine generation rates in individual patients.
However, the abnormally low creatinine values consistently observed after critical illness do, at least, imply the
existence of an important phenomenon that requires
additional characterization.
Relation to Previous Studies
Our results are in keeping with previous studies correlating AKI to the development or progression of CKD (2–
5,27). Less data exists on patients who seem to recover
baseline renal function after AKI. Our analysis suggests
that many of these patients may have unrecognized
CKD, ﬁndings that are supported by studies showing increased rates of later CKD after apparent recovery from
AKI in adults (28,29) and children (30).
The use of creatinine-based eGFR in the general population has recently been the subject of a meta-analysis (31).
Prevalence of CKD rose signiﬁcantly when cystatin-c, a
renal ﬁltration marker less dependent on muscle mass,
was used for eGFR, with better predictions of all-cause
mortality and cardiovascular death. These results suggest

that variations in creatinine generation might confound
CKD diagnosis in the general population and that these
missed diagnoses are clinically signiﬁcant. Our data also
suggest that these effects may be particularly marked in
survivors of critical illness.
We have shown that critical illness is associated with
signiﬁcant and sustained decreases in serum creatinine. At
the same time, AKI is associated with relatively higher
creatinine at hospital discharge. In combination, these
effects can offset, potentially masking signiﬁcant renal
dysfunction in survivors of critical illness complicated by
AKI. Our ﬁndings also suggest that serum creatinine-based
methods of eGFR may not be applicable to survivors of
critical illness and that other methods are required to assess
for potential development of CKD in this population.
Prospective studies examining measured GFR and creatinine generation rate are required to conﬁrm our ﬁndings. In
the interim, given the apparent difﬁculty in assessing true
convalescent renal function from serum creatinine at
hospital discharge, we suggest that monitoring of renal
function and management of CKD risk factors should be
considered in survivors of critical illness complicated by
signiﬁcant AKI, irrespective of apparent recovery.
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