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excluded as this approach is typically used in austere 
conditions and special circumstances (for example, 
in small children).

Persistent AKI
Transient versus persistent AKI
Various studies, generally limited by the patient popu-
lations selected and the use of serum creatinine 

changes to assess renal function, have applied different 
thresholds for the duration of AKI episodes and func-
tional renal recovery to discriminate transient from 
persistent AKI (see Supplementary information S1 
(table)). Regardless of disease severity, these studies 
demonstrate that complete and sustained reversal of 
an AKI episode within 48–72 h of its onset is associated 
with better outcomes than longer durations of AKI10–15. 
Based on the available data and expert opinion, the 
workgroup proposes using 48 h to define rapid reversal 
of AKI (BOX 1). The rationale for selecting 48 h rather 
than 72 h to define rapid reversal is to better identify 
high-risk patients for whom additional workup and 
evaluation might be warranted. Although previous stud-
ies have relied primarily on serum creatinine to identify 
AKI, the workgroup recommends also using urine out-
put criteria as recommended by KDIGO5. The impor-
tance of urine output criteria in defining persistent 
AKI was confirmed in a 2015 study of 32,045 critically 
ill patients, which demonstrated that short-term and 
long-term risk of death or RRT is greatest for patients 
who meet both the serum creatinine and urine output 
criteria for AKI and experience these abnormalities 
for longer than 3 days12.

For AKI that has reversed, it is unknown when sus-
tained reversal can be considered to have occurred. 
Although the duration of sustained reversal might 
be different for rapidly reversing and persistent AKI 
we propose a minimum of 48 h as being necessary to 
separate two distinct episodes of AKI. After sustained 
reversal has occurred, a second episode of AKI should 
be considered independently of the first, with new inves-
tigations to exclude potentially new reversible causes or 

Figure 2 | The continuum of acute kidney injury (AKI), 
acute kidney disease (AKD) and chronic kidney disease 
(CKD). AKI, AKD and CKD can form a continuum whereby 
initial kidney injury can lead to persistent renal injury, 
eventually leading to CKD. AKI is defined as an abrupt 
decrease in kidney function occurring over 7 days or less, 
whereas CKD is defined by the persistence of kidney disease 
for a period of >90 days. AKD describes acute or subacute 
damage and/or loss of kidney function for a duration of 
between 7 and 90 days after exposure to an AKI initiating 
event. Recovery from AKI within 48 h of the initiating event 
typically heralds rapid reversal of AKI. For patients with 
pre-existing CKD, the AKI event can be superimposed on 
CKD, with AKD existing on a background of CKD. Patients 
who suffer AKD with pre-existing CKD are probably at 
high-risk of kidney disease progression. Modified from 
Acute Dialysis Quality Initiative 16; www.adqi.org.

Box 1 | Definitions of AKI and AKD, initial management of AKI, and assessment of kidney function

Consensus statement 1A:
Persistent acute kidney injury (AKI) is characterized by the continuance of AKI by serum creatinine or urine output criteria 
(as defined by KDIGO) beyond 48 h from AKI onset. Complete reversal of AKI by KDIGO criteria within 48 h of AKI onset 
characterizes rapid reversal of AKI (evidence grade: level 5).

Consensus statement 1B:
Although the optimal duration of sustained AKI reversal is unknown, a minimum of 48 h is necessary to separate two 
distinct AKI episodes (evidence grade: level 5).

Consensus statement 1C:
AKI and acute kidney disease (AKD) are a continuum, and persistent AKI frequently becomes AKD, defined as a condition 
wherein criteria for AKI stage 1 or greater persists ≥7 days after an exposure (FIG. 2; TABLE 1; evidence grade: level 4).

Consensus statement 1D:
Initial management of persistent AKI should include reassessment of the underlying aetiology of AKI and precise 
measurement of kidney function. When persistent AKI is diagnosed, additional monitoring should be considered to 
re-evaluate haemodynamic and volume status, adequacy of kidney perfusion, and to identify complications of AKI, such 
as fluid overload, acidosis and hyperkalaemia, as these could indicate a need for renal replacement therapy. Nephrology 
consultation should be considered if the aetiology of AKI is not clear or subspecialist care is needed (evidence grade: 
level 5).

Consensus statement 1E:
An urgent need exists for clinical tools to enable the precise measurement of kidney function in the setting of AKI as 
existing tools are impractical for routine clinical use. At present, timed urine creatinine clearance is the best available 
estimate of kidney function for patients with persistent AKI in the steady state (evidence grade: level 4).

Consensus statement 1F:
Equations to estimate glomerular filtration rate in the setting of chronic kidney disease are not accurate for the 
assessment of renal function in persistent AKI (evidence grade: level 4).
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Section 2: AKI Definition
Kidney International Supplements (2012) 2, 19–36; doi:10.1038/kisup.2011.32

Chapter 2.1: Definition and classification of AKI

INTRODUCTION
AKI is one of a number of conditions that affect kidney
structure and function. AKI is defined by an abrupt decrease
in kidney function that includes, but is not limited to, ARF. It
is a broad clinical syndrome encompassing various etiologies,
including specific kidney diseases (e.g., acute interstitial
nephritis, acute glomerular and vasculitic renal diseases);
non-specific conditions (e.g, ischemia, toxic injury); as well
as extrarenal pathology (e.g., prerenal azotemia, and acute
postrenal obstructive nephropathy)—see Chapters 2.2 and
2.3 for further discussion. More than one of these conditions
may coexist in the same patient and, more importantly,
epidemiological evidence supports the notion that even mild,
reversible AKI has important clinical consequences, including
increased risk of death.2,5 Thus, AKI can be thought of more
like acute lung injury or acute coronary syndrome.
Furthermore, because the manifestations and clinical con-
sequences of AKI can be quite similar (even indistinguish-
able) regardless of whether the etiology is predominantly
within the kidney or predominantly from outside stresses on
the kidney, the syndrome of AKI encompasses both direct
injury to the kidney as well as acute impairment of function.
Since treatments of AKI are dependent to a large degree on
the underlying etiology, this guideline will focus on specific
diagnostic approaches. However, since general therapeutic
and monitoring recommendations can be made regarding all
forms of AKI, our approach will be to begin with general
measures.

Definition and staging of AKI
AKI is common, harmful, and potentially treatable. Even
a minor acute reduction in kidney function has an adverse
prognosis. Early detection and treatment of AKI may
improve outcomes. Two similar definitions based on SCr
and urine output (RIFLE and AKIN) have been proposed and
validated. There is a need for a single definition for practice,
research, and public health.

2.1.1: AKI is defined as any of the following (Not Graded):
K Increase in SCr by X0.3 mg/dl (X26.5 lmol/l)

within 48 hours; or
K Increase in SCr to X1.5 times baseline, which

is known or presumed to have occurred within
the prior 7 days; or

K Urine volume o0.5 ml/kg/h for 6 hours.

2.1.2: AKI is staged for severity according to the following
criteria (Table 2). (Not Graded)

2.1.3: The cause of AKI should be determined whenever
possible. (Not Graded)

RATIONALE
Conditions affecting kidney structure and function can be
considered acute or chronic, depending on their duration.
AKI is one of a number of acute kidney diseases and
disorders (AKD), and can occur with or without other acute
or chronic kidney diseases and disorders (Figure 2). Whereas
CKD has a well-established conceptual model and definition
that has been useful in clinical medicine, research, and public
health,42–44 the definition for AKI is evolving, and the
concept of AKD is relatively new. An operational definition
of AKD for use in the diagnostic approach to alterations
in kidney function and structure is included in Chapter 2.5,
with further description in Appendix B.

The conceptual model of AKI (Figure 3) is analogous to
the conceptual model of CKD, and is also applicable to
AKD.42,45 Circles on the horizontal axis depict stages in the
development (left to right) and recovery (right to left) of
AKI. AKI (in red) is defined as reduction in kidney function,
including decreased GFR and kidney failure. The criteria for
the diagnosis of AKI and the stage of severity of AKI are
based on changes in SCr and urine output as depicted in the
triangle above the circles. Kidney failure is a stage of AKI
highlighted here because of its clinical importance. Kidney
failure is defined as a GFR o15 ml/min per 1.73 m2 body

http://www.kidney-international.org c h a p t e r 2 . 1
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Table 2 | Staging of AKI

Stage Serum creatinine Urine output

1 1.5–1.9 times baseline
OR

X0.3 mg/dl (X26.5mmol/l) increase

o0.5 ml/kg/h for
6–12 hours

2 2.0–2.9 times baseline o0.5 ml/kg/h for
X12 hours

3 3.0 times baseline
OR

Increase in serum creatinine to
X4.0 mg/dl (X353.6mmol/l)

OR
Initiation of renal replacement therapy
OR, In patients o18 years, decrease in
eGFR to o35 ml/min per 1.73 m2

o0.3 ml/kg/h for
X24 hours

OR
Anuria for X12 hours

Kidney International Supplements (2012) 2, 19–36 19
KDIGO,	KI,	2012
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Stage 0 subtypes
C: SCr not back to 

     baseline

B: Biomarker or loss of 

     renal reserve 

     indicates injury

A: No evidence of injury

Injury

Up to 7 days 7–90 days >90 days

AKI KDIGO stage

Ongoing RRT

3 (SCr 3x)/RRT

2 (SCr 2x)

1 (SCr 1.5x)

Subacute AKI

AKD stage (congruent to AKI stage) CKD

Ongoing RRT

3 (SCr 3x)/RRT

2 (SCr 2x)

1 (SCr 1.5x)

0 Subacute AKD

broader population of patients with AKD. Further 
work is warranted to delineate the epidemiology of 
AKD, including differences in the predictors, course, 
and outcomes relative to AKI. Few data exist on char-
acterizing the phases of AKD, including the processes 
by which patients recover or progress to CKD, the 
evolving risk experienced by AKD survivors, and  
the processes of care experienced.

For the purposes of our recommendations, AKD is 
conceptualized not as pre-CKD but rather, as post-AKI. 
This distinction has important implications for the diag-
nosis, care and follow-up of affected patients, including 
the notion that AKD might exist even in the absence of 
standard clinical evidence (FIGS 2,4).

The ideal definition for recovery should quantify lost 
pre-existing kidney function as well as current residual 
kidney function and reserve, identify when recovery is 
complete, and provide prognostic information (BOX 3). 
Intrinsic to the concept of AKD is that acute loss of kid-
ney function or damage extends beyond diagnosis and 
staging of AKI and highlights additional points of poten-
tial intervention from the onset of injury through to the 
more convalescent phase of disease that could modify 
long-term outcomes. No standardized definition of 
recovery from AKI or AKD exists, and only a few studies 
have evaluated the kinetics or trajectory of recovery from 
either AKI or AKD among patients not on dialysis (see 
Supplementary information S3 (table)). Although these 
studies have used varying time frames and thresholds 
of serum creatinine level to define recovery, the results 
generally show a graded association between recovery 
and future risk of mortality, loss of kidney function, and 
other morbidities.

Other potential measures of recovery
AKD and recovery from AKD are currently assessed 
using filtration markers, such as serum creatinine. This 
approach has limitations, however, and loss of mus-
cle mass, changes in volume of distribution, changes 

in renal reserve, and hyperfiltration can confound the 
assessment of functional recovery54–60. The limitations of 
using serum creatinine to assess recovery are supported 
by observational data indicating that AKI is associated 
with an increased risk of CKD, even when accompanied 
by an apparent complete return of serum creatinine to 
baseline levels61,62.

Alternative or complementary measures of kidney 
function, including other filtration markers such as 
cystatin C and timed urine clearance measurements, 
could hold promise for improved phenotyping of func-
tional recovery from AKD but require further validation 
before recommending their routine adoption into clinical 
practice35,63–66. Methods to assess glomerular functional 
reserve (for example, by assessing the effect of a protein 
load on GFR) or tubular functional reserve (for example, 
through furosemide stress testing or the administration 
of intravenous creatinine) have also been developed in 
the CKD setting but have yet to be applied to patients 
with AKD67,68. Interestingly, serum creatinine level has 
been the standard approach to the assessment of renal 
function for decades, but intravenously administered 
creatinine fails to increase GFR in humans, regardless of 
renal function68. Intravenous creatinine does, however, 
significantly increase creatinine clearance68, demonstrat-
ing that glomerular and tubular reserve do not necessar-
ily correlate and suggesting that patients with CKD can 
maintain some preservation of glomerular renal reserve 
but fail to show any measurable tubular reserve68–71. On 
the basis of these findings, assessments of glomerular and 
tubular reserve are likely to assess different facets of kid-
ney disease. Several studies have also examined the use of 
next-generation biomarkers of tubular injury and furo-
semide stress testing to predict recovery from AKI72,73. 
As many of these markers reflect ongoing tubular injury, 
most studies have focused on their ability to indicate the 
likelihood of recovery during early or peak AKI in select 
groups of patients (see Supplementary information S4 
(table)). Further work is needed to determine the utility of 
these biomarkers in informing clinical decision-making.

A framework to classify AKD and recovery
A useful classification of recovery from AKD would 
quantify the extent to which kidney function was lost, 
indicate when repair is complete and damage is no longer 
occurring, provide a measure of a patient’s current kidney 
function and reserve, and provide prognostic information. 
A scheme that aligns with and integrates the KDIGO 
cate gories for AKI and provides a simple and translatable 
framework for ascertaining transition points for outcomes 
during AKD and at the end of 90 days would be ideal. 
Accordingly, we propose to map the KDIGO AKI stag-
ing categories to the staging of AKD for the purpose of 
defining the severity of AKD and to offer a framework for 
kidney-specific outcomes across a 90-day timeline (FIG. 4). 
In this conceptual framework, improvements in kidney 
function and/or resolution in kidney damage would be 
staged by an improvement (decrease) in AKD stage (for 
example, a shift from stage 3 AKD to stage 2 or lower). 
We recognize that specific thresholds to define ‘recovery’ 
remain to be defined, in particular in selected populations 

Figure 4 | Interplay between acute kidney injury (AKI), acute kidney disease (AKD) 
and chronic kidney disease (CKD). AKI stages map directly to the new proposed AKD 
stages. In addition, patients with AKD can progress to CKD. Stage 0 AKD represents 
partial recovery from AKI. Stage 0C includes patients for whom serum creatinine levels 
are higher than baseline but within 1.5 times baseline levels. Stage 0B includes patients 
whose serum creatinine has returned to baseline levels, but who still have evidence of 
ongoing kidney damage, injury, or loss of renal reserve. Stage 0A includes those patients 
who have had an episode of AKI and retain a risk of long-term events without structural 
or damage markers for AKD. Patients whose serum creatinine level has not returned to 
baseline and who have ongoing evidence of kidney damage and/or injury are termed 
stage 0B/C. 
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such as survivors of critical illness or among patients who 
no longer fulfil criteria for AKI or AKD stage 1 but whose 
serum creatinine level has not yet returned to baseline62,74. 
In this framework, we propose a ‘stage 0ʹ, with A, B, and C 
subgroups (TABLE 1). Stage 0C includes patients for whom 
serum creatinine levels are higher than baseline but within 
1.5 times baseline levels. Population studies suggest that 
these patients who achieve a recovery serum creatinine 
level that remains above 115% of baseline levels still carry 
a mortality risk74. Thus, these patients with AKD might 
require further follow-up and could be candidates for 
future therapeutic intervention. Stage 0B includes patients 
whose serum creatinine has returned to their baseline 
level after an episode of AKI, but still have evidence of 
ongoing kidney damage. The diagnosis of this ongoing 
damage for most patients will likely be in the form of 
new-onset proteinuria, worsened proteinuria from base-
line, new-onset hypertension, or worsening hypertension. 
In addition to proteinuria and hypertension, evidence of 
ongoing kidney disease might be assessed through use 
of biomarkers or imaging studies. Stage 0B also includes 
patients for whom serum creatinine level has returned 
to baseline after an episode of AKI with no evidence of 
ongoing kidney damage, but who have experienced a loss 
of renal reserve. One example of this scenario would be a 
patient who has undergone a nephrectomy, whereby the 
contralateral kidney might adapt to the loss of renal mass, 
but a significant portion of renal reserve has nonetheless 
been lost. The assessment of renal reserve can be assessed 
by both glomerular and tubular stress testing75. Patients 
in whom serum creatinine levels fail to return to baseline 
and have evidence of ongoing injury would be classified 
as having Stage 0B/C. As the study of AKD is nascent, 
future research should carefully assess the risk of future 
events associated with these AKD stages (BOX 4). In addi-
tion, the thresholds of the various biomarkers, imaging 
outputs, and/or renal reserve that define ‘full recovery’ 
versus ongoing risk is not known and will require further 
investigation. Stage 0A encompasses patients who have no 
evidence of damage or functional loss following an AKI 
episode and represents clinical recovery. These patients 
may nonetheless be vulnerable to further kidney damage 
and other adverse events. As has been shown previously, 

patients who have suffered an AKI event and ‘recover’ still 
carry a long-term increased risk of major adverse cardiac 
and kidney events49,76. Patients with AKD stage 0A might 
still require follow-up and could likely benefit from avoid-
ing unnecessary nephrotoxic drugs. We hypothesize that 
this framework will enable the recognition and descrip-
tion of the dynamic nature of AKI and AKD beyond the 
initial diagnosis and staging of kidney injury, which will 
enable improved understanding of the natural course of 
the disease and ultimately facilitate the development  
of specific care pathways to guide surveillance, investi-
gation and interventions, and align with care beyond 
90 days. However, the accuracy and usefulness of these 
proposed stages in assessing kidney function and damage 
in patients with AKD requires further validation.

Finally, in keeping with the original conceptual 
framework for AKD as proposed by KDIGO, we rec-
ognize that AKI might not have always been diagnosed 
in a patient who appears to have an acute deterioration 
in renal function. In other words, the diagnosis of AKD 
may require inference of the existence of an episode of 
AKI. For example, consider a patient who is seen for an 
annual internist visit. The patient’s serum creatinine is 
found to be twice the level observed the year before and 
they describe a severe ‘flu-like’ illness 2 months prior that 
lasted a week but eventually resolved without medical 
attention. We would suggest that treating this situation 
as a likely case of AKD — for example, by requesting that 
the patient avoids unnecessary nephrotoxins, requesting  
follow-up serum creatinine measurements, and screening 
for CKD risk factors — would be reasonable.

Follow-up care
As the evidence linking AKI with loss of kidney func-
tion45–47,77–80, hypertension81,82, cardiovascular dis-
ease49,50,83, and death46,83–87 accumulates, determining 
the optimal care for this growing population is critical. 
The American Society of Nephrology AKI Advisory 
Group has highlighted the transition of care as a poten-
tial opportunity to reduce the long-term impact of AKI88, 
and hence, AKD. However, a paucity of data exists to 
indicate which interventions can reduce morbidity and 
mortality in AKI/AKD survivors.

Table 1 | Recommendations for AKD staging 

Stage Definition

Stage 0* A: Absence of criteria for B or C.

B: Continued evidence of ongoing injury, repair and/or regeneration or indicators of loss 
of renal glomerular or tubular reserve

C: Serum creatinine level <1.5 times baseline but not back to baseline levels

B/C: Serum creatinine level <1.5 times baseline but not back to baseline levels, and 
continued evidence of ongoing injury, repair and/or regeneration

Stage 1 Serum creatinine level 1.5–1.9 times baseline

Stage 2 Serum creatinine level 2.0–2.9 times baseline

Stage 3 Serum creatinine level 3.0 times baseline or increase in serum creatinine to ≥353.6 μmol/l 
(≥4.0 mg/dl)‡ or ongoing need for renal replacement therapy

*Reflects that even when no apparent residual injury is present, the kidney might be vulnerable for some time after an episode of 
AKI. ‡Assumes the baseline serum creatinine level is <353.6 μmol/l (<4.0 mg/dl), and that an episode of AKI has occurred. AKD, 
acute kidney disease; AKI, acute kidney injury.
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were 64, 78, 50, and 18%, respectively. The survival curves of
these four groups of patients had statistically significant
differences (log-rank P¼ 0.000) (Figure 2a). There were no
statistical differences between the survival curves of the group
of patients younger than 31 years and that of patients with
ages ranging between 31 and 50 years (P¼ 0.172). The

comparisons between the survival curves of the other age
groups are shown in Figure 2a. A similar analysis grouping
the patients by decades gave similar results. The survival
curve of each decade was worse than that of the preceding
one with the exception of the patients younger than 21 who
had a worse survival curve than that of the patients with ages
ranging between 21 and 30 years of age (not shown).

The probability of survival at 10 years after discharge for
patients having a trauma, surgical or medical admission was
84, 53, and 44%, respectively. The survival curves of these
three different types of admission were statistically different
(log-rank P¼ 0.041) (Figure 2b).

The survival curve of patients without comorbid factors
was significantly better (log-rank P¼ 0.000) than that of
patients with associated comorbid processes (Figure 2c). At
10 years after discharge, the survival rate was 85% in the first
group and 42% in the second.

When we analyzed individually the survival curves of the
different comorbid pathologies considered in this study, no
statistical difference was observed among them (data not
shown). This could be due to the small number of patients in
each subgroup. Also, the fact that 48% of the patients had at
least two comorbid factors could have contributed to these
figures.

During the follow-up 95 patients died. Ninety-one of
them (97%) had comorbidity factors at the time of ARF. The
causes of death among the four patients without comorbidity
factors were an acute myocardial infarction, urinary sepsis
associated with a permanent urinary catheter, drug overdose,
and one unknown. At the time of death, two of these patients
had normal renal function and the others had mild renal
insufficiency.

The survival curve of patients treated in an intensive care
unit (ICU) setting was significantly better (log-rank
P¼ 0.002) than that of patients treated in other hospital
areas. At 10 years the survival rate was 61 and 42% for ICU
and non-ICU patients, respectively (Figure 2d).

Long-term outcome, assessed by the survival curves, was
better among those patients who at the time of hospital
discharge had completely recovered their renal function than
among those with only partial recovery (log-rank P¼ 0.028)

Table 1 | Characteristics of the survivor patients at the
moment of the acute tubular necrosis renal failure episode

Patients

(No=187) (%)

Age/years 57.8716.2
Gender (female/male) 63/124 34/66
Comorbidity factors (no/yes) 35/152 19/81

Type of admission
Medical 95 51
Surgical 81 43
Trauma 11 6

ATN ethiology
Nephrotoxic 97 52
Sepsis 26 14
Medical 32 17
Surgical 32 17

Severity Index (SI) 0.3170.2

ARF functional severity
Mild 20 11
Moderate 79 42
Severe 88 47

Type of ARF
Oliguric 72 39
Non oliguric 115 61

Dialysis
Yes 57 30
No 130 70

ICU admission
Yes 80 43
No 107 57

ICU stay (days) 14.7714.0

Recovery of renal function with respect to serum creatinine at admission
Total recovery 78 42
Partial recovery 107 57
No recovery 2 1

Renal function at discharge
Normal renal function 78 42
Mild renal insufficiency 64 13
Moderate renal insufficiency 39 21
Severe renal insufficiency 6 3
Dialysis 0

Final serum creatinine (mg/dl) 1.770.7
Length of admission (days) 53.9736.9
Length of nephrological care (days) 18.9713.6

ARF, acute renal failure episode; ATN, acute tubular necrosis; ICU, intensive care unit;
SI, severity index.
Continuous variables are expressed as mean7s.d.
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Figure 1 |Kaplan–Meier survival curve of the patients discharged
alive after an ATN episode.
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insufficiency), two patients had moderate renal failure (at
hospital discharge one was in the same situation and the
other had mild renal insufficiency) and finally one patient
was in periodic hemodialysis (at hospital discharge he had
moderate renal failure). With the exception of the patient on
chronic hemodialysis, the analytical data of these patients are
shown in Table 3.

All the inhabitants X15 years of age living in Madrid on 1
January 1978 were studied as a cohort. The survival curve of
this cohort is shown in Figure 3a and compared graphically
with that of the patients who survived an ATN episode. It can
be clearly appreciated that the slope of the curve of patients
having had ARF is worse than that observed in the general
population. A similar analysis, sub-classifying the patients
and the general population in three subgroups of age, also
demonstrated that the poorer vital expectative of patients
with ARF in comparison with the general population was not
conditioned by an age effect (Figure 3b).

DISCUSSION
Methodologically, as the ARF syndrome has many etiologies,
we limited the study only to patients having ATN owing to
the fact that: (1) ATN is the paradigmatic form of the
syndrome;14 (2) it is the most frequent type of ARF observed
in developed countries,5,15 and (3) it would allow us to
manage a more homogeneous population for analysis. To
avoid methodological bias, in the analysis we only included
patients with a SCro1.4mg/dl and ARF in organ transplant
patients was excluded. The methods used were singular with
respect to: (1) the period of inclusion, 15 years; (2) the
prolonged period of potential follow-up of the patients, from
7 to 22 years; (3) the number of patients analyzed; (4) the
small percentage of patients with unknown evolution; and
(5) the fact of studying not only the survival outcome but
also the renal functional outcome. In fact, on analyzing the
literature (Table 4) we found that: (1) the long-term follow-
up period of the patients studied is very variable, ranging

Table 3 | Analytical data of the acute tubular necrosis surviving patients in their last clinical evaluation during 2000–2001

Parametera Normal renal function (n=46) Mild renal insufficiency (n=9) Moderate renal insufficiency (n=2)

Plasma (n=57)
Creatinine (mg/dl) 1.17 0.2 1.770.1 3.371.5
Urea (mg/dl)11 45.3735.0 75.1735.7 103.0721.2
Na (mEq/l) 140.072.3 138.876.1 142.372.8
K (mEq/l) 4.470.5 4.470.3 4.670.5
Cl (mEq/l) 105.774.0 102.573.7 105.570.7
Total CO2 (mEq/l) 28.273.0 28.172.0 24.673.6
Uric acid (mg/dl) 5.971.4 6.772.2 9.273.5
Glucose (mg/dl) 115.2746.3 113.4726.2 118.2733.5
Total proteins (mg/dl) 7.370.7 7.171.3 7.670.3
Hemoglobin (g/dl) 1571.4 13.973.2 11.671.3
Hematocrit (%) 44.374.0 41.873.0 36.175.8

Urine (n=40)
Creatinine (mg/dl) 104,7749.0 71.0729.0 45.5714.8
Urea (g/l) 18.676.0 11.275.0 7.172.0
Na (mEq/l) 116.071.0 88.774.3 76.974.6
K (mEq/l) 39.071.9 30.072.2 18.072.6
Cl (mEq/l) 100.5740.0 94.6741.0 67.8735.0
Proteinuria* (mg/min) 0,4371.18 (n=12)** 0.4370.45 (n=4) 0.5470.03 (n=2)
Creatinine clearance (ml/min) 101.3726.4 (n=29) 52.1712.1 (n=9) 37.372.5 (n=2)

To convert urea to BUN values, in mg/dl, divide by 2.14.
aValues are expressed as mean7s.d.
*Means estimate only the values of patients with positive proteinuria.
**This group includes several patients with diabetes, one of them with nephrotic proteinuria.

Table 2 | Should be rebuilt as follows

Reference value Regression coefficient P HR CI

Age 0.04 0 1.038 1.02–1.06

Type of admission: 0
Surgical Medical admission !0.8 0 0.45 0.29–0.70
Trauma !0.88 0.397 0.42 0.05–3.16

Presence of Comorbidity factors Absence of comorbidity 1.46 0.006 4.29 1.51–12.17
Sex Female 0.54 0.02 1.72 1.09–2.72

CI, confidence interval; HR, hazard ratio.
Log likelihood ratio: X2=52.59; P=0.000.
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reported by Frost et al.2 Additionally, Gentric and Cledes15 in
a study of renal function after ATN in patients o 65 years,
reported that none of their patients died owing to renal
insufficiency during the long-term outcome. Although, from
our data, we could not conclude whether prevention of ATN
in patients with comorbid conditions could play a favorable
role in the long-term outcome of this condition, it seems
reasonable to implement prophylactic measures in patients in
situations of risk for developing ARF.

As in other series,11,12 renal function measured by SCr
improved during the first 6 months after discharge. After
that, SCr tended to stabilize, although with wide dispersion
in individual values. In agreement with these data, the last
clinical evaluation in 57 of our patients was satisfactory in
most cases although, at some stage during the follow-up,
1.6% of the patients required dialysis treatment.

The graphic comparison of the survival curves of the ARF
patients with the cohort of the whole adult population of the
1978 Madrid in-habitants discloses the importance of the
long-term outcome of ARF by itself. At 10 years, the survival
rate of the Madrid population was 92%, whereas that of the
ARF patients was 50%. Frost et al.2 compared the survival of
their patients with medical or surgical ARF and that of a
Danish-matched population. However their data are not
directly comparable with our results as they studied the
outcome from the moment of hospital admission, whereas
we only considered long-term outcome of patients dis-
charged alive after an ATN episode. The poorer survival of
the ARF patients in comparison with the Madrid population
cannot be attributed to age as is clearly shown in Figure 3. To
the best of our knowledge this is the first time that this type
of analysis has been reported.

Table 4 | Literature review: long-term outcomes of patients surviving an ARF

Number of
patients
(characteristics)

Period
studied ARF etiology

Survivors (n)
in-hospital

mortality (%)

Maximum
follow-up
in months

Number of
long-term
studied
patients

Follow-up
rate

Long-term
survival (%)

Functional
outcome

Turney et al.1a 142 Severe ARF 1956–1987/R Obstetric
causes

112 (21%) 372 102 91% 1 year. 79%h

5 years: 75%h

10 years: 72%h

SCrs increased:
48%

Frost et al.2b 419 (100% dialysis) 1977–1988/R 82% ATN 226 (46%) 144 226d (73%
ATN)

100% Medical ARF:
52% (5 years)g

Surgical ARF: 28%
(5 years)f

NR

Chertow et al.3b 132 ICU setting
(100% dialysis)

1991–1993/R 78% ATN 40 (70%) 12 39 97% 81%f Chronic dialysis:
33%h

Lameire et al.4b 230 ICU setting
(100% dialysis)

1993–1995/R Most ATN 79 (66%) 18 79e NA 15%g NR

Brivet et al.5c 360 ICU setting
(48% dialysis)

1991/P 78% ATN 150 (58%) 6 86 57% 87% (6 months)h SCrX1.7mg/dl:
28%

McCarthy et al.6c 142 ICU setting
(71 patients in
each period)

1977–1979
and

1991–1992/R

480% ATN 23 (68%) 12 23 100% Period 77–79:
21%g

Period 77-79:
Chronic dialysis:
4%

480% ATN 37 (48%) 12 37 Period 91-92:
30%g

Period 91–92:
Chronic dialysis:
21%

Khan et al.7b 310
(Epidemiological –
community-based)

1989–1990/R Miscellaneous NR(?) 24 NR NA 31% (2 years)g NR

Korkeila et al.8b 62 ICU setting
(100% dialysis)

1992–1993/R ATN 34 (45%) 60 3411 100% 35% (5 years)g Chronic dialysis:
8%g

Stevens et al.9c 288
(Epidemiological –
community-based)

1996/P Miscellaneous 161 (56%) 36 161 100% 28% (3 years)g NR

Morgera et al.10b 979 (100% CRRT) 1993–1998/R Probably
mainly ATNf

301 (69%) 88 267 89% 50% (5 years)h Chronic dialysis:
10%h

Ramón y Cajal
Hospital
experiencea

413 General series
(48% dialysis)

1977–1992/R ATN 187 (55%) 264 177 95% 50% (10 years)h Chronic dialysis:
2%h

ATN, acute tubular necrosis; CRRT, continuous renal replacement therapy; ICU, intensive care unit; NA, not assessable; NR, not reported; P, prospective; R, retrospective;
SCr, serum creatinine.
Follow-up rate: number of long-term followed-up patients with respect to the number of patients discharged alive.
aCases with previous renal function impairment were excluded.
bPrior renal function unknown.
cIncludes patients with prior renal insufficiency.
dStill alive according to the Danish Central Personal Register.
eAccording to the Finnish National Population Register.
fPersonal interpretation of the authors’ data.
gWith respect to the initial population.
hWith respect to the patients discharged alive.
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Data of renal function during routine follow-up, in the outpatient
clinic, of 14 patients who had survived severe episodes of acute tubular
necrosis. A few of the clearances in the acute phase of the illness
are also included to illustrate the pattern of recovery of renal function.

after her episode of renal failure. 3 patients had mild
attacks of polyarthritis in their first year of follow-up,
and 1 of these had a severe attack of " atypical pneu-
monia " later. Minor symptoms were mild headaches
and, in 1 patient, nocturia. There were no noteworthy
findings on physical examination except that some of the
random blood-pressures were above the normal range.
The significance of this was difficult to assess, because the
circumstances of outpatient attendance were not such as
to provide basal conditions.

Renal-function tests were made as convenient. Tech-
nical methods were as described elsewhere (Bull et al.
1950), except that the urine was not collected with a
catheter. Since this may reduce the accuracy of these
tests, they are presented’ not as exact indices of renal
haemodynamics but as simple tests of renal function. The
accompanying figure and the table show that there
usually is good recovery of renal function within the first
six months, and that this is sustained subsequently.
Renal function, however, tends to remain below the
lower limit of normal. In no case was there persistent
albuminuria or pathological deposit microscopically.

DISCUSSION

This follow-up report seems to indicate that, once

recovery has been made from the acute episode of
acute tubular necrosis, a favourable prognosis can be
given. A lengthy convalescence of from three to six
months may be advisable, because this is the time taken
for renal function to approach the lower limit of normal,
although physical well-being returns much more quickly.
The slightly subnormal renal function in the late follow-up
period is of interest. It may well be due to residua of the
acute episode (scarring, vascular damage, &c.), but this
remains open to speculation. At any rate, the levels of
renal function attained are compatible with normal
expectation of life, although the renal reserve is
diminished. The occasional random blood-pressure
readings outside normal limits invite speculation about
whether hypertension will occur with undue frequency
among such patients, but a follow-up of more patients
and for a much longer time is required to answer this
question.

This unit’s policy was to allow subsequent pregnancies
in these patients. As already stated, 1 patient was
observed during and after a normal pregnancy, and, of
the other patients who recovered but were unable to

attend as outpatients, 2 had subsequent normal
pregnancies.

SUMMARY

There has previously been doubt about the degree of
recovery from acute tubular necrosis, and no previous
long-term follow-up has been reported.
.An interim follow-up report on 14 patients, some of

whom have been seen for three years, is presented.
Good clinical recovery, which is sustained, is the rule.
The question of increased frequency of hypertension

remains open.
Renal function becomes adequate but tends to remain

below the lower limit of normal.
Pregnancy seems to be well tolerated subsequently.
Further follow-up of more patients and for a much

longer time is required.
I am indebted to Dr. G. M. Bull for the opportunity to

study patients under his care, and to Miss Barbara Evans,
B.se., for technical assistance.
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THIS investigation was undertaken as the result of
a rash opinion expressed by one of us (J. C. B.), and
because, at first, the mistaken diagnosis seemed to be
confirmed by our inquiries. The error became apparent
when more information was obtained, but we think
that our findings have an intrinsic interest in addition
to the warning they give against " spot diagnosis."

INTRODUCTION

In the early stages of leptospirosis a patient’s serum
not infrequently reacts with more than one species of
leptospire ; indeed Gispen and Schunner (1939) found
that the titre against the infecting species might be lower
than the titre for some related serological type. Of less
common occurrence is what Fuhner (1951) calls the
" paradoxical reaction," in which antibodies for a,

heterologous species appear, sometimes in high con-

centration,’ before any positive reaction can be demon-
strated with the homologous leptospire. As the disease
progresses the antibody level for the causal organism
usually rises, while the titres for the heterologous species
fall. But heterologous titres may remain at a high
level until well into convalescence or even after recovery,
and in such cases the diagnosis can be established only
with the help of cross-absorption tests. ’.

At the beginning of an illness, therefore, it may be
possible to state only that the patient is suffering from
leptospirosis. Thus, any device is useful if it leads to
an early, complete diagnosis, because identification of
the species is not merely of academic interest. If, for
example, the causal organism is Leptospira canicola, the
dog which was the source of infection may transmit the
disease to other humans unless it is traced and rendered
innocuous.

SEROLOGICAL INVESTIGATION

A boy, aged 15, fell ill on Aug. 8, 1951, and was
thought by his doctor to be suffering from meningitis.
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after an injection of sodium salicylate 100 mg. per kg.
body-weight, the amount of ascorbic acid and cholesterol
in the adrenals decreased and nuclear pyknosis appeared,
but there was no significant change in the number of
circulating eosinophils. After an injection of 50 mg. per kg.,
the amount of ascorbic acid did not decrease, but that of
cholesterol did, and pyknosis appeared. After an injection
of 25 mg. per kg., pyknosis was the only evidence of
activity of the pituitary-adrenal axis. It must be
emphasised that nuclear pyknosis is produced by an
adrenal action, for it does not occur in adrenalectomised
animals, even when a large dose of salicylate is injected.

Thus, independently of the changes which might occur
through the handling of the rats, the intraperitoneal
injection of a small dose of sodium salicylate stimulated
the adrenals-the evidence for this being nuclear pyk-nosis in

lymphoid
tissue.
Kelemen et
al. (1950),
studying
the effect of
sodium sali-
cylate on
the circula-
ting eosino-
phils, did
not observe
a significant
decrease in
the number
of circula-
ting eosino-
phils when
they injec-
ted into
rats doses
smaller
than 300

mg. per kg. body-weight ; but these workers have not
described the conditions of their experiments.

Hetzel and Hine (1951) found that even an injection
of sodium salicylate 50 mg. per kg. body-weight depleted
the amount of ascorbic acid in the adrenals, but they
used a hypertonic solution (personal communication)
and the rats were injected on several days.
Our observations seem much more conclusive. They

helped us to understand the dissociation of the bio-
chemical, hematological, and histological signs of activity
of the pituitary-adrenal axis under dial anaesthesia.
No difference in response was observed between dial-

ansesthetised rats given sodium salicylate 500 mg. per
kg. body-weight and normal rats given 50 mg. per kg.
Dial therefore seems to inhibit the adrenal response to
salicylates. As barbiturates exert their effects principally
on the hypothalamus (Fulton 1949), this inhibition
suggests that the action of the salicylates is exerted on
the hypothalamus.,

, 
CONCLUSIONS

(1) Signs of adrenal activity are produced by a dose
of sodium salicylate smaller than that which produces
the high blood-salicylate level regarded by Coburn
(1943) as necessary for the treatment of acute rheumatism.
Low blood-salicylate levels (6 or 7 mg. per 100 ml.)
cause nuclear pyknosis in the lymphoid tissue of rats.

(2) Injection of sodium salicylate reveals a gradient
among the responses generally regarded as evidence of
adrenal stimulation.

(3) The response to injection of sodium salicylate is
smaller in rats anaesthetised with dial.

(4) Inhibition of the pituitary-adrenal mechanism by
barbiturates may be important in the treatment of
certain endocrine disorders.

Fig. 8-Changes in blood-salicylate level, amounts of
cholesterol and ascorbic acid in adrenals, and number

ofcirculatingeosinophils in relation to dose ofsodium
salicylate.

Fig. 9--Section of lymph-node showing nuclear pyknoses 4 hours after
injection with sodium salicylate 25 mg. per kg. body-weight in non-
anaesthetised rat.

(5) In the treatment of rheumatic disease it seems
inadvisable to administer salicylates and large doses of
barbiturates together.
We are indebted to the Belgian Foundation for Scientific

Research for grants in aid of this investigation.
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"ACUTE tubular necrosis " is synonymous with
Lucke’s (1946) -term of " lower-nephron nephrosis "
and includes . a wide group of anurias following such
varied causes as ingested poisons, mismatched blood-
transfusion,. abortion, and concealed accidental h&aelig;mor-
rhage. This group of anurias has probably always been
of common occurrence, but it is only in the last decade
or so that it has been adequately described and clearly
.recognised as a -clinical and pathological entity. The
extensive literature that has accumulated on the subject
deals only with the acute episode of renal failure. As
Burch and Ray (1949) point out, no adequate long-term
follow-up of a series of cases has yet been reported.

. Marshall and Hoffman (1949) showed that in’3 patients
complete functional restitution of the kidneys to normal
occurred, taking three months in 1 patient and nearly
seven months in the other 2 patients. In a. 4th patient
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ABSTRACT
Risk for ESRD among elderly patients with acute kidney injury (AKI) has not been studied in a large,
representative sample. This study aimed to determine incidence rates and hazard ratios for developing
ESRD in elderly individuals, with and without chronic kidney disease (CKD), who had AKI. In the 2000 5%
random sample of Medicare beneficiaries, clinical conditions were identified using Medicare claims;
ESRD treatment information was obtained from ESRD registration during 2 yr of follow-up. Our cohort
of 233,803 patients were hospitalized in 2000, were aged !67 yr on discharge, did not have previous
ESRD or AKI, and were Medicare-entitled for !2 yr before discharge. In this cohort, 3.1% survived to
discharge with a diagnosis of AKI, and 5.3 per 1000 developed ESRD. Among patients who received
treatment for ESRD, 25.2% had a previous history of AKI. After adjustment for age, gender, race,
diabetes, and hypertension, the hazard ratio for developing ESRD was 41.2 (95% confidence interval [CI]
34.6 to 49.1) for patients with AKI and CKD relative to those without kidney disease, 13.0 (95% CI 10.6
to 16.0) for patients with AKI and without previous CKD, and 8.4 (95% CI 7.4 to 9.6) for patients with CKD
and without AKI. In summary, elderly individuals with AKI, particularly those with previously diagnosed
CKD, are at significantly increased risk for ESRD, suggesting that episodes of AKI may accelerate
progression of renal disease.

J Am Soc Nephrol 20: 223–228, 2009. doi: 10.1681/ASN.2007080837

Although short-term consequences of acute kidney
injury (AKI) have been extensively studied,1–4 the rate
of development of end-stage renal disease (ESRD) af-
ter AKI has been poorly defined in a representative
sample. Moreover, the potential linkage between pa-
tients with AKI, chronic kidney disease (CKD), and
ESRD has been poorly studied and remains ill defined,
particularly among elderly individuals, who represent
the fastest growing segment of the ESRD population.
Since 1972, all patients who have ESRD and are eligi-
ble for Social Security in the United States have been
entitled to all Medicare benefits, regardless of age. All
US renal dialysis units and transplant facilities are re-
quired to complete the Centers for Medicare & Med-
icaid Services (CMS) End-Stage Renal Disease Medi-

cal Evidence Report (CMS-2728) for each patient
receiving initial treatment at that site. The Medical Ev-
idence Report registers all patients who have ESRD
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with the US Renal Data System (USRDS), which maintains the
data. Thus, patients entitled to ESRD therapy after AKI can be
found in the USRDS database.

The primary objective of our study was to determine the
postdischarge incidence rates and hazard ratios (HR) for de-
veloping ESRD in elderly individuals who sustain AKI. A sec-
ondary objective was to assess the difference in developing
ESRD between elderly individuals with and without CKD.

RESULTS

The incidence of AKI was 3.1% and baseline CKD was present
in 12.0% of the cohort in 2000 (Table 1). Among patients with
AKI, the proportion with baseline CKD was 34.3%. Of patients

who survived their index hospitalizations, those with AKI and
CKD had higher 2-yr mortality than those with AKI alone (Ta-
ble 2). This may represent survivor bias; of the patients who
had AKI and died during the hospitalization, 64% had AKI
alone, and 36% had AKI and CKD (data not shown).

The likelihood of initiating ESRD treatment among patients
with AKI increased steadily after discharge (Figure 1). Consid-
ering patients with AKI only (Figure 1, top), the likelihood of
initiating ESRD treatment after AKI was 0.96% within 30 d,
2.69% within 180 d, 4.08% within 365 d, and 6.96% at the end
of 2 yr of follow-up. The corresponding likelihoods for patients
without AKI were 0.04, 0.14, 0.25, and 0.49%, respectively.
Considering patients with both AKI and CKD (Figure 1, bot-
tom), the likelihood of initiating ESRD treatment after AKI
was 1.61% within 30 d, 4.76% within 180 d, 7.91% within
365 d, and 14.29% at the end of 2 yr of follow-up. Corresponding
likelihoods were 0.63, 1.68, 2.28, and 3.68% for those with AKI
only; 0.26, 0.86, 1.43, and 2.54% for those with CKD only; and
0.01, 0.05, 0.11, and 0.25% for those with neither AKI nor CKD.

Table 3 shows the number of ESRD cases and HR for devel-
opment of ESRD by patient demographics and clinical condi-
tions. When AKI and CKD were considered independently,
patients with AKI were 6.74 times more likely to develop ESRD
than those without injury, after adjustment for age, gender,
race, diabetes, hypertension, and CKD. When AKI and CKD
were considered simultaneously, patients with AKI only (HR
13.00) were approximately 54% more likely to develop ESRD
than those with CKD only (HR 8.43). Patients who had CKD
and sustained AKI showed a striking multiplicative effect of the
interaction between the two conditions on the development of
ESRD (HR 41.19), compared with patients with neither diag-
nosis.

In patients who had CKD and had AKI coded as the princi-
pal diagnosis, the rate of developing ESRD was 101.5 per 1000
patients (Figure 2). After adjustment for age, gender, race, di-

Table 1. Patient characteristics: Medicare beneficiaries
discharged alive from hospitals, 2000

Characteristic Value

N 233,803
Age (yr; mean) 79.2
Men (%) 38.8
Race (%)

white 89.0
black 7.7
other 3.3

Baseline condition (%)
diabetes 27.2
hypertension 64.9
heart disease 69.3
CKD 12.0

AKI (%) 3.1
prior CKD 34.3

ESRD per 1000 patients 5.3
discharged with AKI (%) 25.2

2-yr mortality (%) 29.1

Table 2. Incidence of AKI overall and among patients with previous CKD: Medicare patients discharged alive from
hospitals, 2000

Characteristic
AKI AKI and CKD

AKI No AKI AKI and CKD AKI Only CKD Only No AKI or CKD

n 7197 226,606 2467 4730 25,653 200,953
Age (yr; mean) 80.1 79.2 79.9 80.2 79.3 79.1
Men (%) 47.6 38.5 52.0 45.3 47.1 37.4
Race (%)

white 83.6 89.2 81.8 84.5 86.7 89.5
black 12.5 7.5 13.9 11.7 9.5 7.3
other 4.0 3.3 4.3 3.8 3.8 3.2

Baseline condition (%)
diabetes 41.6 26.8 50.3 37.0 37.7 25.4
hypertension 78.0 64.5 84.9 74.3 77.3 62.9
heart disease 84.1 68.9 91.1 80.5 83.0 67.1

Mortality
rate (%) 57.7 28.2 64.3 54.3 37.9 26.9
HR (95% CI)a 2.38 (2.31 to 2.46) 1.00 3.24 (3.08 to 3.40) 2.48 (2.38 to 2.58) 1.45 (1.42 to 1.48) 1.00

aObtained using Cox proportional models with adjustment for age, gender, race, diabetes, and heart disease (CKD was included in the model for AKI).
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abetes, and hypertension, these patients were 55.36 times more
likely to develop ESRD than those with neither condition. Risk
for ESRD in patients with AKI coded as the principal diagnosis
and without CKD (HR 15.04) was approximately 42% of the
risk of those with both AKI coded as a secondary diagnosis and
CKD (HR 36.24).

DISCUSSION

This study demonstrates for the first time the impact of AKI on
the hazard for developing ESRD in a representative sample of
Medicare beneficiaries. Initiation of ESRD treatment increased
steadily after AKI occurred. Patients with both AKI and preex-
isting or concurrent CKD showed a multiplicative effect on
risk for the development of ESRD.

AKI has generally been considered self-limiting, with a
good prognosis when recovery is noted in hospital.5 Results
from our study suggest that among patients who had AKI
and did not have recognized preexisting CKD (n ! 4730),
CKD was documented within 2 yr of the AKI occurrence in
72.1%. These findings suggest that CKD may be unrecog-
nized or that AKI can initiate CKD. Several early studies in
which renal clearance measures were carefully performed
demonstrate that survivors of AKI may experience consid-
erable decline in kidney function.6 – 8 Results from several
more recent studies support these findings.9,10 A greater
likelihood of initiating ESRD treatment among patients
who sustain AKI has also been noted in single-center studies
in which 8 to 10% of patients with AKI received long-term
dialysis ("90 d).10 –15 Recently, two studies using the Coop-
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Figure 1. Estimated probability of initiating treatment of ESRD,
using the Kaplan-Meier method. (Top) Curves by AKI status.
(Bottom) Curves by AKI and CKD status. DF, degrees of freedom.
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Figure 2. Number of cases per 1000 persons (top) and HR
(bottom) for ESRD by AKI and CKD status. AKIP, AKI coded
as principal diagnosis; AKIS, AKI coded as secondary diag-
nosis.

Table 3. Risk for ESRD in 2 yr after live hospital
discharge, Medicare patients hospitalized in 2000

Characteristic
Cases per

1000 Patients
HR (95% CI)a

Age (yr)
67 to 70 8.00 1.00
71 to 75 6.90 0.87 (0.74 to 1.02)
76 to 80 5.65 0.72 (0.61 to 0.85)
81 to 85 4.27 0.63 (0.52 to 0.76)
!86 1.93 0.36 (0.28 to 0.46)

Gender
male 6.57 1.24 (1.11 to 1.39)
female 4.50 1.00

Race
white 4.35 1.00
black 14.23 2.23 (1.93 to 2.56)
other 10.13 1.66 (1.31 to 2.09)

Baseline diabetes
yes 11.48 2.24 (1.99 to 2.52)
no 2.99 1.00

Baseline hypertension
yes 7.07 1.91 (1.62 to 2.27)
no 2.04 1.00

Baseline CKD
yes 25.11 6.82 (6.05 to 7.67)
no 2.60 1.00

AKI
yes 43.35 6.74 (5.90 to 7.71)
no 4.10 1.00

AKI and CKD
both AKI and CKD 79.45 41.19 (34.58 to 49.08)
AKI only 24.52 13.00 (10.57 to 15.99)
CKD only 19.88 8.43 (7.39 to 9.61)
no AKI or CKD 2.08 1.00

aObtained using Cox proportional models with adjustment for age, gender,
race, diabetes, and hypertension.
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likely to develop ESRD than those with neither condition. Risk
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and without CKD (HR 15.04) was approximately 42% of the
risk of those with both AKI coded as a secondary diagnosis and
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isting or concurrent CKD showed a multiplicative effect on
risk for the development of ESRD.
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good prognosis when recovery is noted in hospital.5 Results
from our study suggest that among patients who had AKI
and did not have recognized preexisting CKD (n ! 4730),
CKD was documented within 2 yr of the AKI occurrence in
72.1%. These findings suggest that CKD may be unrecog-
nized or that AKI can initiate CKD. Several early studies in
which renal clearance measures were carefully performed
demonstrate that survivors of AKI may experience consid-
erable decline in kidney function.6 – 8 Results from several
more recent studies support these findings.9,10 A greater
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Table 3. Risk for ESRD in 2 yr after live hospital
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67 to 70 8.00 1.00
71 to 75 6.90 0.87 (0.74 to 1.02)
76 to 80 5.65 0.72 (0.61 to 0.85)
81 to 85 4.27 0.63 (0.52 to 0.76)
!86 1.93 0.36 (0.28 to 0.46)

Gender
male 6.57 1.24 (1.11 to 1.39)
female 4.50 1.00

Race
white 4.35 1.00
black 14.23 2.23 (1.93 to 2.56)
other 10.13 1.66 (1.31 to 2.09)

Baseline diabetes
yes 11.48 2.24 (1.99 to 2.52)
no 2.99 1.00

Baseline hypertension
yes 7.07 1.91 (1.62 to 2.27)
no 2.04 1.00

Baseline CKD
yes 25.11 6.82 (6.05 to 7.67)
no 2.60 1.00

AKI
yes 43.35 6.74 (5.90 to 7.71)
no 4.10 1.00

AKI and CKD
both AKI and CKD 79.45 41.19 (34.58 to 49.08)
AKI only 24.52 13.00 (10.57 to 15.99)
CKD only 19.88 8.43 (7.39 to 9.61)
no AKI or CKD 2.08 1.00

aObtained using Cox proportional models with adjustment for age, gender,
race, diabetes, and hypertension.
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ACUTE KIDNEY INJURY, WHICH
leads to a sudden decline in
kidney function, is a com-
mon and serious complica-

tion of hospitalization in the adult
population.1-4 Many patients with se-
vere acute kidney injury require initia-
tion of hemodialysis or hemofiltration
(termed dialysis throughout), and their
in-hospital mortality rate ranges from
45% to 70%.5-12 Among those who sur-
vive, as many as 15% require dialysis
at the time of discharge.6,9

Little is known about the long-term
outcomes of patients with acute kid-
ney injury requiring in-hospital dialy-
sis, especially once they leave the hos-
pital and recover enough kidney
function to be free of dialysis in the
short term. Prior studies were con-
ducted in single centers or within re-
stricted geographic regions,5,8,10,13,14 and
few studies observed patients for more
than 1 year.8,14,15 Accordingly, little is
known about a common clinical sce-
nario in which prognostic implica-
tions include resource allocation, spe-
cialist follow-up, and dialysis planning.

The universal health care system in
the Canadian province of Ontario pro-
vides a unique opportunity to study
long-term outcomes and health care use
across multiple study centers and
among an entire population. We evalu-
ated the long-term risk of chronic di-
alysis and death among hospitalized pa-
tients who sustained acute kidney
injury requiring acute dialysis.

METHODS
Design and Participants
We completed a retrospective matched
cohort study using linked administra-
tive health databases for all of On-
tario. We identified all adults aged 19

years and older admitted to an acute
care hospital between July 1, 1996, and
December 31, 2006, for whom length
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Context Severe acute kidney injury among hospitalized patients often necessitates
initiation of short-term dialysis. Little is known about the long-term outcome of those
who survive to hospital discharge.

Objective To assess the risk of chronic dialysis and all-cause mortality in individuals
who experience an episode of acute kidney injury requiring dialysis.

Design, Setting, and Participants We conducted a population-based cohort study
of all adult patients in Ontario, Canada, with acute kidney injury who required in-
hospital dialysis and survived free of dialysis for at least 30 days after discharge between
July 1, 1996, and December 31, 2006. These individuals were matched with patients with-
out acute kidney injury or dialysis during their index hospitalization. Matching was by
age plus or minus 5 years, sex, history of chronic kidney disease, receipt of mechanical
ventilation during the index hospitalization, and a propensity score for developing acute
kidney injury requiring dialysis. Patients were followed up until March 31, 2007.

Main Outcome Measures The primary end point was the need for chronic dialy-
sis and the secondary outcome was all-cause mortality.

Results We identified 3769 adults with acute kidney injury requiring in-hospital di-
alysis and 13 598 matched controls. The mean age was 62 years and median fol-
low-up was 3 years. The incidence rate of chronic dialysis was 2.63 per 100 person-
years among individuals with acute kidney injury requiring dialysis, and 0.91 per 100
person-years among control participants (adjusted hazard ratio, 3.23; 95% confi-
dence interval, 2.70-3.86). All-cause mortality rates were 10.10 and 10.85 per 100
person-years, respectively (adjusted hazard ratio, 0.95; 95% confidence interval, 0.89-
1.02).

Conclusions Acute kidney injury necessitating in-hospital dialysis was associated with
an increased risk of chronic dialysis but not all-cause mortality.
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tional hazards models, and matched in-
dividuals without acute kidney injury
and dialysis were the reference group.
We further adjusted for age (continu-
ous in years) and the propensity score
for acute kidney injury and dialysis in
the multivariable models, in case there
was residual confounding beyond the
matching process. Survival curves for
chronic dialysis and all-cause mortal-
ity were generated from unadjusted Cox
models. Adjusted HRs for receipt of
chronic dialysis were further stratified
according to participant characteristics.

Based on the actual number of par-
ticipants enrolled in the current study,
we had greater than 95% statistical
power to detect an HR of 2.00 or more
for the primary study outcome at a con-
ventional P value of .05. All P values
were 2-sided, and the significance level
was set at .05. Analyses were per-
formed using SAS 9.1 for UNIX (SAS
Institute Inc, Cary, North Carolina).

RESULTS
We identified 4066 individuals with
acute kidney injury requiring dialysis
who survived at least 30 days after hos-

pital discharge without receiving di-
alysis or further hospitalization
(FIGURE 1). At least 1 match was iden-
tified for 3769 (92.7%) of the exposed
patients (TABLE 1). Hence, 3769 indi-
viduals with acute kidney injury and di-
alysis and 13 598 matches with nei-
ther acute kidney injury nor dialysis
were included in this study.

The mean age of the enrolled par-
ticipants was 62 years, approximately
40% were women, and the mean Charl-
son Comorbidity Index score was 2.7
(Table 1). Slightly more than 25% of
participants in each group had docu-
mented chronic kidney disease in the
5-year period before the index hospi-
tal admission. During their hospital-
ization, 47% of patients with acute kid-
ney injury and dialysis received
mechanical ventilation, compared with
42% of those without acute kidney in-
jury and dialysis. The respective rates
for cardiac surgery were 11.5% and
10.0%. Approximately 15% of partici-
pants in each group had sepsis. The
rates of cardiac and noncardiac arteri-
ography were also comparable be-
tween groups (Table 1).

Figure 1. Creation of the Acute Kidney
Injury and Dialysis Study Cohort

4066 Survived >30 d postdischarge
without receiving dialysis or
further hospitalization

3769 Included in analysis

8855 Survived to discharge

15 028 With a first hospitalization for
acute kidney injury and dialysis

18 551 Patients hospitalized with acute
kidney injury and dialysis July
1996-December 2006

4789 Excluded
4783 Had exclusionary event

within 30 d postdischarge
3481 Received dialysis

915 Readmitted to hospital
387 Died

6 Complete data
unavailable

3523 Excluded
3321 Had exclusionary event in

prior 5 y

202 Hospital length of stay >180 d

2060 Previous acute kidney
injury

1258 Received dialysis
3 Kidney transplant

6173 Died during index hospitalization

297 Excluded (no matches were found)

Table 1. Characteristics of Hospitalized Patients by Group

Characteristic

With Acute Kidney Injury
and Dialysis at Index

Hospitalization (n = 3769)a

Without Acute Kidney Injury
or Dialysis at Index

Hospitalization (n = 13 598)a

Age at cohort entry, mean (SD), y 61.9 (16.3) 62.2 (16.3)
Women 1504 (39.9) 5476 (40.3)
Charlson Comorbidity Index, mean (SD), scoreb 2.7 (2.3) 2.8 (2.5)
Chronic kidney disease !5 y before the index hospitalization admission date 1059 (28.1) 3684 (27.1)
Comorbid conditions !5 y before the index hospitalization discharge date

Myocardial infarction 1692 (44.9) 5947 (43.7)
Cancer 1566 (41.5) 5775 (42.5)
Diabetes mellitus 1548 (41.1) 5741 (42.2)
Heart failure 1437 (38.1) 5168 (38.0)
Cerebrovascular disease 682 (18.1) 2515 (18.5)
Liver disease 510 (13.5) 2019 (14.8)
Peripheral vascular disease 147 (3.9) 513 (3.8)

Procedure or condition during index hospitalization
Mechanical ventilation 1761 (46.7) 5700 (41.9)
Sepsis 579 (15.4) 2045 (15.0)
Cardiac surgery 435 (11.5) 1365 (10.0)
Noncardiac arterial angiography 312 (8.3) 1210 (8.9)
Coronary angiography with or without percutaneous coronary intervention 289 (7.7) 1153 (8.5)
Abdominal aortic aneurysm repair 153 (4.1) 458 (3.4)

Propensity score for receipt of acute dialysis for acute kidney injury, mean (SD) 3.8 (2.6) 4.2 (2.3)
Follow-up, median (interquartile range), y 3 (1-5) 3 (1-5)
aAll dates are presented as No. (%) unless otherwise indicated.
bCharlson Comorbidity Index scores range from 0 to 37, with a higher value indicating greater comorbidity.
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Need for Chronic Dialysis
After a median (IQR) follow-up of 3
(1-5) years, the incidence rates of
chronic dialysis were 2.63 and 0.91 per
100 person-years among those with and
without acute kidney injury and dialy-
sis in the index hospitalization, respec-
tively, corresponding to a crude HR of
3.26 (95% CI, 2.73-3.89) (TABLE 2;
FIGURE 2A). After adjusting for age
and the propensity score, the HR
changed little (3.23; 95% CI, 2.70-
3.86; Table 2).

The increased risk of chronic di-
alysis following a hospitalization com-
plicated by acute kidney injury and
dialysis was consistent across patient
subgroups (FIGURE 3). This was espe-
cially so among patients without a pre-
existing diagnosis of chronic kidney
disease (adjusted HR, 15.54; 95% CI,
9.65-25.03).

All-Cause Mortality
The incidence rate for all-cause mortal-
ity was 10.10 per 100 person-years
among patients with acute kidney in-
jury and dialysis, which was slightly
lower than among those without in-
hospital acute kidney injury (Figure 2B).
After adjusting for age and the propen-
sity score, the future risk of death was
not significantly different between
groups (HR, 0.95; 95% CI, 0.89-1.02;
Table 2).

Unmatched Participants
There were 297 (7.3%) participants
with acute kidney injury and dialysis
who could not be matched to a suit-
able control. Their respective inci-
dence rates of chronic dialysis and all-
cause mortality were 4.89 per 100
person-years and 14.18 per 100 person-
years, which were higher than rates for

the 3769 patients who were success-
fully matched (Table 2).

COMMENT
We analyzed all patients admitted to
Ontario hospitals over a 10-year pe-
riod and found that survivors of a hos-
pitalization complicated by acute kid-
ney injury requiring dialysis were
approximately 3 times more likely to
require chronic dialysis compared with
those without acute kidney injury.
However, no difference was observed
between these groups for long-term
mortality.

This study was designed to evaluate
long-term renal health among survi-
vors of acute kidney injury receiving di-
alysis in a large population with univer-
sal access to health care. Patients with
acute kidney injury have a high acuity
level during their hospitalization and a

Table 2. Risk of Chronic Dialysis and All-Cause Mortality by Group

Outcome

Acute Kidney Injury and Dialysis at
Index Hospitalization (n = 3769)

Without Acute Kidney Injury or Dialysis
at Index Hospitalization (n = 13 598)

Hazard Ratio
(95% Confidence Interval)

No. of Events (%)

Incidence
Rate Per 100
Person-Years No. of Events (%)

Incidence
Rate Per 100
Person-Years Crudea Adjustedb

Chronic dialysis 322 (8.5) 2.63 403 (3.0) 0.91 3.26 (2.73-3.89) 3.23 (2.70-3.86)
All-cause mortality 1311 (34.8) 10.10 4884 (35.9) 10.83 0.95 (0.88-1.02) 0.95 (0.89-1.02)
aReflects the effect of acute kidney injury and dialysis vs matched individuals without acute kidney injury.
bFurther adjusted for age (continuous in years) and the propensity score for acute kidney injury and dialysis.

Figure 2. Risk of Chronic Dialysis in Association With Acute Kidney Injury and Dialysis During Index Hospitalization
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ACUTE KIDNEY INJURY, WHICH
leads to a sudden decline in
kidney function, is a com-
mon and serious complica-

tion of hospitalization in the adult
population.1-4 Many patients with se-
vere acute kidney injury require initia-
tion of hemodialysis or hemofiltration
(termed dialysis throughout), and their
in-hospital mortality rate ranges from
45% to 70%.5-12 Among those who sur-
vive, as many as 15% require dialysis
at the time of discharge.6,9

Little is known about the long-term
outcomes of patients with acute kid-
ney injury requiring in-hospital dialy-
sis, especially once they leave the hos-
pital and recover enough kidney
function to be free of dialysis in the
short term. Prior studies were con-
ducted in single centers or within re-
stricted geographic regions,5,8,10,13,14 and
few studies observed patients for more
than 1 year.8,14,15 Accordingly, little is
known about a common clinical sce-
nario in which prognostic implica-
tions include resource allocation, spe-
cialist follow-up, and dialysis planning.

The universal health care system in
the Canadian province of Ontario pro-
vides a unique opportunity to study
long-term outcomes and health care use
across multiple study centers and
among an entire population. We evalu-
ated the long-term risk of chronic di-
alysis and death among hospitalized pa-
tients who sustained acute kidney
injury requiring acute dialysis.

METHODS
Design and Participants
We completed a retrospective matched
cohort study using linked administra-
tive health databases for all of On-
tario. We identified all adults aged 19

years and older admitted to an acute
care hospital between July 1, 1996, and
December 31, 2006, for whom length
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Context Severe acute kidney injury among hospitalized patients often necessitates
initiation of short-term dialysis. Little is known about the long-term outcome of those
who survive to hospital discharge.

Objective To assess the risk of chronic dialysis and all-cause mortality in individuals
who experience an episode of acute kidney injury requiring dialysis.

Design, Setting, and Participants We conducted a population-based cohort study
of all adult patients in Ontario, Canada, with acute kidney injury who required in-
hospital dialysis and survived free of dialysis for at least 30 days after discharge between
July 1, 1996, and December 31, 2006. These individuals were matched with patients with-
out acute kidney injury or dialysis during their index hospitalization. Matching was by
age plus or minus 5 years, sex, history of chronic kidney disease, receipt of mechanical
ventilation during the index hospitalization, and a propensity score for developing acute
kidney injury requiring dialysis. Patients were followed up until March 31, 2007.

Main Outcome Measures The primary end point was the need for chronic dialy-
sis and the secondary outcome was all-cause mortality.

Results We identified 3769 adults with acute kidney injury requiring in-hospital di-
alysis and 13 598 matched controls. The mean age was 62 years and median fol-
low-up was 3 years. The incidence rate of chronic dialysis was 2.63 per 100 person-
years among individuals with acute kidney injury requiring dialysis, and 0.91 per 100
person-years among control participants (adjusted hazard ratio, 3.23; 95% confi-
dence interval, 2.70-3.86). All-cause mortality rates were 10.10 and 10.85 per 100
person-years, respectively (adjusted hazard ratio, 0.95; 95% confidence interval, 0.89-
1.02).

Conclusions Acute kidney injury necessitating in-hospital dialysis was associated with
an increased risk of chronic dialysis but not all-cause mortality.
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Need for Chronic Dialysis
After a median (IQR) follow-up of 3
(1-5) years, the incidence rates of
chronic dialysis were 2.63 and 0.91 per
100 person-years among those with and
without acute kidney injury and dialy-
sis in the index hospitalization, respec-
tively, corresponding to a crude HR of
3.26 (95% CI, 2.73-3.89) (TABLE 2;
FIGURE 2A). After adjusting for age
and the propensity score, the HR
changed little (3.23; 95% CI, 2.70-
3.86; Table 2).

The increased risk of chronic di-
alysis following a hospitalization com-
plicated by acute kidney injury and
dialysis was consistent across patient
subgroups (FIGURE 3). This was espe-
cially so among patients without a pre-
existing diagnosis of chronic kidney
disease (adjusted HR, 15.54; 95% CI,
9.65-25.03).

All-Cause Mortality
The incidence rate for all-cause mortal-
ity was 10.10 per 100 person-years
among patients with acute kidney in-
jury and dialysis, which was slightly
lower than among those without in-
hospital acute kidney injury (Figure 2B).
After adjusting for age and the propen-
sity score, the future risk of death was
not significantly different between
groups (HR, 0.95; 95% CI, 0.89-1.02;
Table 2).

Unmatched Participants
There were 297 (7.3%) participants
with acute kidney injury and dialysis
who could not be matched to a suit-
able control. Their respective inci-
dence rates of chronic dialysis and all-
cause mortality were 4.89 per 100
person-years and 14.18 per 100 person-
years, which were higher than rates for

the 3769 patients who were success-
fully matched (Table 2).

COMMENT
We analyzed all patients admitted to
Ontario hospitals over a 10-year pe-
riod and found that survivors of a hos-
pitalization complicated by acute kid-
ney injury requiring dialysis were
approximately 3 times more likely to
require chronic dialysis compared with
those without acute kidney injury.
However, no difference was observed
between these groups for long-term
mortality.

This study was designed to evaluate
long-term renal health among survi-
vors of acute kidney injury receiving di-
alysis in a large population with univer-
sal access to health care. Patients with
acute kidney injury have a high acuity
level during their hospitalization and a

Table 2. Risk of Chronic Dialysis and All-Cause Mortality by Group

Outcome

Acute Kidney Injury and Dialysis at
Index Hospitalization (n = 3769)

Without Acute Kidney Injury or Dialysis
at Index Hospitalization (n = 13 598)

Hazard Ratio
(95% Confidence Interval)

No. of Events (%)

Incidence
Rate Per 100
Person-Years No. of Events (%)

Incidence
Rate Per 100
Person-Years Crudea Adjustedb

Chronic dialysis 322 (8.5) 2.63 403 (3.0) 0.91 3.26 (2.73-3.89) 3.23 (2.70-3.86)
All-cause mortality 1311 (34.8) 10.10 4884 (35.9) 10.83 0.95 (0.88-1.02) 0.95 (0.89-1.02)
aReflects the effect of acute kidney injury and dialysis vs matched individuals without acute kidney injury.
bFurther adjusted for age (continuous in years) and the propensity score for acute kidney injury and dialysis.

Figure 2. Risk of Chronic Dialysis in Association With Acute Kidney Injury and Dialysis During Index Hospitalization
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wide array of preexisting illness.11 Ac-
cordingly, we identified matched con-
trols based on a series of key character-
istics including the propensity to
experience an episode of acute kidney
injury requiring dialysis. Because we
sought to evaluate long-term outcomes
among survivors of severe acute kidney
injury, and to reduce the possibility of
survivor-treatment bias, we required a
30-day period following hospital dis-
charge in which a participant survived
and was free of dialysis.

We completed our study using ad-
ministrative data, so there may have been
a misclassification of the study expo-
sure (acute kidney injury and dialysis)
or other adjustment variables. In a re-
cent validation study, the combination
of a diagnostic code for acute kidney in-
jury and a procedure code for dialysis
had both sensitivity and specificity of
more than 90% for capturing the com-
bination of acute kidney injury and di-
alysis.21 However, given the low sensi-
tivity of an acute kidney injury diagnosis
code in isolation (28%-35%), it is pos-
sible that some participants classified as
not having acute kidney injury actually
did, leading to an underestimation of
outcome differences between groups. In
addition, we could not match approxi-
mately 7% of study patients with acute
kidney injury and dialysis to unaf-
fected controls. Since unmatched indi-
viduals had higher rates of chronic di-
alysis and mortality than those with at
least 1 match, their exclusion attenu-
ated the reported effect sizes. Finally, we
cannot exclude the possibility of re-
sidual confounding despite our rigor-
ous matching and adjustment on im-
portant variables.

We could not obtain measures of kid-
ney function, such as serum creati-
nine or urinary protein excretion,
neither at discharge nor during post-
discharge follow-up, and were limited
to measuring the outcome of chronic
dialysis, for which reliable claims-
based data exist. Indeed, many pa-
tients who survived acute kidney in-
jury and dialysis may have had
persistent or worsening renal dysfunc-
tion after hospital discharge, but not so

severe as to warrant dialysis. We also
used a widely accepted definition for
chronic dialysis—the receipt of dialy-
sis for at least 90 days. A shortcoming
of this approach is that it misclassifies
individuals who truly developed end-
stage renal disease, but who died in the
first 90 days after commencing chronic
dialysis. However, since the risk of
death was not significantly higher in in-

dividuals with acute kidney injury and
dialysis than matched patients with no
acute kidney injury, it is unlikely that
this potential misclassification had an
effect on the risk of chronic dialysis.

Small studies have previously evalu-
ated the outcomes of survivors of acute
kidney injury requiring dialysis. Schiffl
studied 425 patients with acute tubu-
lar necrosis who required acute dialy-

Figure 3. Risk of Chronic Dialysis Associated With Acute Kidney Injury and Dialysis at Index
Hospitalization by Participant Characteristics

0.5 50.010.01.0

Adjusted Hazard Ratio
(95% Confidence Interval)

No. of Events/No. at Riska

No Acute
Kidney Injury

Acute Kidney Injury
and Dialysis

All participants 322/3769 403/13 598

Age
≥65 y 186/1941 198/7146

136/1828 205/6452<65 y

Sex
Men 192/2265 250/8122

130/1504 153/5476Women

Chronic kidney disease
Yes 195/1059 362/3684

127/2710 41/9914No

Diabetes mellitus
Yes 159/1548 278/5741

163/2221 125/7857No

Myocardial infarction
Yes 167/1692 208/5947

155/2077 195/7651No

Heart failure
Yes 166/1437 223/5168

156/2332 180/8430No

Cerebrovascular disease
Yes 53/682 60/2515

269/3087 343/11 083No

Peripheral arterial disease
Yes 21/147 33/513

301/3622 370/13 085No

Cancer
Yes 137/1566 145/5775

185/2203 258/7823No

Liver disease
Yes 24/510 50/2019

298/3259 353/11 579No

Mechanical ventilation
Yes 98/1761 84/5700

224/2008 319/7898No

Sepsis
Yes 29/579 24/2045

293/3190 379/11 553No

Cardiac surgery
Yes 35/435 20/1365

287/3334 383/12 233No

Aortic aneurysm repair
Yes 9/153 8/458

313/3616 395/13 140No

aThe numerator denotes the number of events (requirement for chronic dialysis) and the denominator de-
notes the number of patients at risk within that subgroup.
Hazard ratios are adjusted for the propensity score for acute kidney injury and dialysis and participant age.
Effect estimates are not shown; models did not converge.
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Abstract
To determine whether acute renal failure (ARF) increases the long-term risk of progressive chronic
kidney disease (CKD), we studied the outcome of patients whose initial kidney function was normal
or near normal but who had an episode of dialysis-requiring ARF and did not develop end-stage renal
disease within 30 days following hospital discharge. The study encompassed 556,090 adult members
of Kaiser Permanente of Northern California hospitalized over an 8 year period, who had pre-
admission estimated glomerular filtration rates (eGFR) equivalent to or greater than 45 ml/min/1.73
m2 and who survived hospitalization. After controlling for potential confounders such as baseline
level of eGFR and diabetes status, dialysis-requiring ARF was independently associated with a 28-
fold increase in the risk of developing stage 4 or 5 CKD and more than a twofold increased risk of
death. Our study shows that in a large, community-based cohort of patients with pre-existing normal
or near normal kidney function, an episode of dialysis-requiring ARF was a strong independent risk
factor for a long-term risk of progressive CKD and mortality.

Keywords
acute kidney injury; end-stage renal disease; epidemiology

Acute renal failure (ARF) (also known as acute kidney injury) is one of the most important
complications among hospitalized patients. ARF severe enough to require dialysis is associated
with a high rate of in-hospital death.1,2 The public health importance of ARF is highlighted by
recent reports that its incidence is increasing.3-5

Most studies on ARF have focused on short-term inhospital outcomes,6-10 and the literature
is rather limited with regard to the long-term sequelae of ARF. A number of older publications
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Table 1

Characteristics of patients with pre-admission-estimated GFR ⩾45 ml/min per 1.73 m2 who suffered dialysis-
requiring ARF during hospitalization, the survivors among them, and matched non-ARF patients

Characteristic Patients who suffered ARF
during hospitalization

(N=703)

ARF survivors who did not
start on

dialysis within 30 days of
discharge (N=343)

Matched hospitalization
survivors who did not
suffer ARF (N=3430)

Mean±s.d. age at admission, year 63.5±14.8 62.3±15.3 62.6±15.5
Women, n (%) 275 (39%) 131 (38%) 1310 (38%)
Race/ethnicity
 White/European 475 (67.6%) 228 (66.5%) 2280 (66.5%)
 Black/African American 95 (13.5%) 40 (11.7%) 400 (11.7%)
 Hispanic 43 (6.1%) 27 (7.9%) 270 (7.9%)
 Asian/Pacific Islander 50 (7.1%) 25 (7.3%) 250 (7.3%)
 Other/unknown 40 (5.7%) 23 (6.7%) 230 (6.7%)
Selected medical history, n (%)
 Diabetes mellitus 237 (34%) 111 (32 %) 1110 (32%)
 Diagnosed hypertension 404 (57%) 190 (55%) 1587 (46%)
 Known proteinuria 220 (31%) 104 (30%) 513 (15%)
 Coronary heart disease 241 (34%) 113 (33%) 658 (19%)
 Stroke or transient 114 (16%) 48 (14%) 279 (8%)
 ischemic attack
 Peripheral artery disease 146 (21%) 67 (20%) 234 (7%)
 Chronic heart failure 206 (29%) 93 (27%) 255 (7%)
 Dyslipidemia 306 (44%) 151 (44%) 1148 (34%)
 Chronic lung disease 236 (34%) 116 (34%) 816 (24%)
 Chronic liver disease 66 (9%) 25 (7%) 63 (2%)
 Cancer 154 (22%) 68 (20%) 439 (13%)
 Hypoalbuminemia 305 (43%) 134 (39%) 137 (4%)
 Diagnosed dementia 22 (3%) 8 (2%) 106 (3%)
Reasons for hospitalization
 Cardiovascular 145 (21%) 61 (18%) 540 (16%)
 Respiratory 69 (10%) 21 (6%) 138 (4%)
 Gastrointestinal 52 (7%) 24 (7%) 429 (13%)
 Infectious disease 65 (9%) 34 (10%) 46 (1%)
 Cancer 50 (7%) 17 (5%) 322 (9%)
Lab test before the index hospitalization
 Serum creatinine, mg per 100 ml (mean±s.d.) 1.1±0.3 1.1±0.3 1.1±0.3
 Estimated GFR, ml/min per 1.73 m2, n (%)
  GFR 45–59 234 (33%) 110 (32%) 1100 (32%)
  GFR 60–89 312 (44%) 147 (43%) 1470 (43%)
  GFR⩾90 157 (22%) 86 (25%) 860 (25%)

ARF, acute renal failure; GRF, glomerular filtration rate.

Kidney Int. Author manuscript; available in PMC 2010 October 1.



Figure 2.
Kaplan-Meier curves showing long-term risk of progressive chronic kidney disease (CKD)
(stage 4 or higher) among patients who did (dashed line) or did not (solid line) suffer acute
renal failure.
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m2 and who survived hospitalization. After controlling for potential confounders such as baseline
level of eGFR and diabetes status, dialysis-requiring ARF was independently associated with a 28-
fold increase in the risk of developing stage 4 or 5 CKD and more than a twofold increased risk of
death. Our study shows that in a large, community-based cohort of patients with pre-existing normal
or near normal kidney function, an episode of dialysis-requiring ARF was a strong independent risk
factor for a long-term risk of progressive CKD and mortality.

Keywords
acute kidney injury; end-stage renal disease; epidemiology

Acute renal failure (ARF) (also known as acute kidney injury) is one of the most important
complications among hospitalized patients. ARF severe enough to require dialysis is associated
with a high rate of in-hospital death.1,2 The public health importance of ARF is highlighted by
recent reports that its incidence is increasing.3-5

Most studies on ARF have focused on short-term inhospital outcomes,6-10 and the literature
is rather limited with regard to the long-term sequelae of ARF. A number of older publications
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indicated that kidney function often recovered to such an extent after ARF that long-term
dialysis was not required,11-13 but these were conducted decades ago when the patient
population suffering from ARF was very different. A recent meta-analysis of papers published
from January 1985 to October 2007 concluded that the relative risk for chronic kidney disease
(CKD) and end-stage renal disease (ESRD) after ARF could not be determined because of a
lack of follow-up of appropriate non-ARF controls.14,15

We recently completed an analysis of hospitalized patients with a o preadmission-estimated
glomerular filtration rate (GFR) <45 ml/min per 1.73 m2, and found that dialysis-requiring
ARF superimposed on preexisting CKD was associated with a very high risk of precipitating
ESRD.16 In this study, we focused on investigating long-term renal outcomes in the much
larger population of patients with a normal or near normal kidney function. Specifically, we
compared outcomes among hospitalized patients who had preadmission baseline-estimated
GFR⩾45 ml/min per 1.73 m2 who did or did not suffer dialysis-requiring ARF. We
hypothesized that, although most patients who suffered dialysis-requiring ARF and survived
hospitalization would recover sufficient kidney function to become dialysis independent, they
are at an increased long-term risk of developing progressive CKD.

RESULTS
Patient characteristics

We identified 562,799 patients who had an index hospitalization during 1996–2003 with a
preadmission-estimated GFR⩾45 ml/min per 1.73 m2. There were 703 patients who suffered
dialysis-requiring ARF, among whom 295 died (42%) and 65 survived but failed to regain
sufficient renal function to become dialysis independent (9%). Thus, 343 patients survived and
did not have ESRD within 30 days of hospitalization (49%) (Figure 1). Of the 562,076
hospitalized patients with baseline-estimated GFR⩾45 ml/min per 1.73 m2 who did not
experience dialysis-requiring ARF, 555,660 survived to discharge and did not develop ESRD
within 30 days of hospitalization (99%) (Figure 1).

The median time lapse between the last outpatient serum creatinine measurement and index
hospital admission was 60 days (interquartile range 9–235 days) for those who suffered ARF
and 71 days (interquartile range 6–251) for those who did not. Table 1 shows the characteristics
of the 703 patients who suffered ARF during hospitalization, the 343 non-ESRD survivors
among them and the 3430 matched non-ARF patients.

Among the 703 ARF cases, a review of medical records among a random sample of 100 by a
board-certified nephrologist confirmed that all patients indeed experienced ARF. The
etiologies of ARF for these 100 random cases are shown in Table 2 and are comparable with
that reported in earlier studies.8

Long-term patient and renal survival

During 10,344 person-years of follow-up, 322 patients developed progressive CKD, including
281 cases of observed estimated GFR <30 ml/min per 1.73 m2, and 41 cases of ESRD. The
event rate for progressive CKD was 47.9 per 100 person-years for ARF patients and 1.7 per
100 person-years for non-ARF patients (Figure 2). It is noteworthy that all 41 ESRD cases
occurred among patients who suffered ARF.

We found in a multivariable Cox regression analysis that, independent of baseline-estimated
GFR, age, sex, race/ethnicity, diabetes mellitus, diagnosed hypertension, and documented
proteinuria, an episode of dialysis-requiring ARF was associated with a 28-fold increase in the
risk of future progressive CKD (adjusted hazard ratio 28.1; 95% CI 21.1–37.6).
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When patients develop acute kidney injury, a small fraction
of them will develop end-stage renal disease later. The
severity of renal impairment in the remaining patients is
uncertain because studies have not carefully examined renal
function over time or the precise timing of entry into a late
stage of chronic kidney disease. To determine these factors,
we used a United States Department of Veterans Affairs
database to ascertain long-term renal function in 113,272
patients. Of these, 44,377 had established chronic kidney
disease and were analyzed separately. A cohort of 63,491
patients was hospitalized for acute myocardial infarction
or pneumonia and designated as controls. The remaining
5,404 patients had diagnostic codes indicating acute renal
failure or acute tubular necrosis. Serum creatinine, estimated
glomerular filtration rates, and dates of death over a
75-month period were followed. Renal function deteriorated
over time in all groups, but with significantly greater severity
in those who had acute renal failure and acute tubular
necrosis compared to controls. Patients with acute kidney
injury, especially those with acute tubular necrosis, were
more likely than controls to enter stage 4 chronic kidney
disease, but this entry time was similar to that of patients
who initially had chronic kidney disease. The risk of death
was elevated in those with acute kidney injury and chronic
kidney disease compared to controls after accounting for
covariates. We found that patients who had an episode of
acute tubular necrosis were at high risk for the development
of stage 4 disease and had a reduced survival time when
compared to control patients.
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Acute kidney injury (AKI), a term that is increasingly used to
describe acute renal failure (ARF),1 is an ominous diagnosis
that complicates the hospital course of patients by exposing
them to circulatory overload, hyperkalemia, metabolic
acidosis, and neurological complications, as well as to an
increased mortality risk.2–6 In spite of recent improve-
ments, the mortality of AKI remains unacceptably high.6,7

As a result of AKI, patients experience an increased length of
stay and may require dialysis. The incidence of AKI is
increasing, and will nearly double over the next decade as the
population ages.7–9 Population-based studies show that even
small acute changes in serum creatinine concentration (SC)
are associated with poor outcomes.10–12 After accounting
for other predictors, AKI is an independent risk factor for
death.13,14

The relationship between AKI and chronic kidney
disease (CKD) has not been well studied. When risk factors
for AKI are assessed, CKD is found to be a significant and
consistent risk for the development of AKI.15,16 Obser-
vational studies show that AKI superimposed on CKD
leads to end-stage renal disease (ESRD) at a higher frequency
than does AKI alone.7,16,17 However, whether AKI causes
CKD is unknown. Several reasons justify a closer examination
of the natural history of AKI. The United States and
several European and Asian countries are affected by a rising
incidence of ESRD,8 but the relative contribution of AKI
to this problem has not been adequately measured. Patients
who develop AKI may require specialized continuous
surveillance, as well as rigorous avoidance of potentially
nephrotoxic drugs and interventions that may hasten
progression to late stages of CKD. Close follow-up of the
post-AKI period should help identify and treat emerging
risk factors that impede renal recovery. As reported in
the United States Renal Data System, only 16.3% of
patients who were hospitalized for AKI were followed
by a nephrologist after discharge, and were otherwise less
likely to receive preventive care such as monitoring of
HgbA1c levels in diabetes mellitus and presence of micro-
albuminuria.8
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ATN, CON, and CKD were 1.5 (57%), 2.1 (64%), 1.0 (57%),
and 1.6 (48%), respectively. At 3–12 months after admission,
the corresponding numbers were 2.7 (64%), 2.6 (66%), 2.2
(63%), and 3.2 (66%). After 12 months, the numbers were

3.3 (43%), 3.3 (45%), 3.7 (43%), and 4.3 (51%). The results
of Cox regression using only subjects who had at least one
SC reading at each time period were similar to the results
using all subjects; after accounting for covariates, ATN
raised the risk of entering CKD-4 by 815% and ARF raised
this risk by 364% (both Po0.0001), compared with the risk
in controls.

Diagnosis date to death. In all, 50,251 (44.7%) patients
died during the study period (Table 3). Diagnosis was
significantly associated with differential time to death
(Po0.0001) (Figure 4). Patients with ATN or ARF died at a
rate similar to CON (approximately 37–39%), whereas CKD
patients died at a higher rate (53.4%; Po0.01). The median
time to death was 51 months for CON, 57 months for ATN,
44 months for ARF, and 24 months for CKD patients. After
controlling for covariates, patients with ARF and CKD had
increased risk of death of 12 and 20%, respectively, compared
with CON patients (Po0.0001). CON, ARF, and CKD groups
had different survival rates at 10, 20, 30, 40, and 50 months
after diagnosis (with CON4ARF4CKD). For ATN patients,
the likelihood of surviving overlapped with that of the ARF
group at 10–30 months after admission, and with that of CON
patients at 40 and 50 months (Figure 4).

Diagnosis date to combined end point. Of the patients,
46% reached the combined end point during the study
period (Table 4; approximately 40–41% of patients in the
ARF, ATN, and CON groups, 58.2% of patients in the CKD
group; Po0.01). The median time to the combined end
point was 20, 40, 50, and 51 months for CKD, ARF, ATN, and
CON patients, respectively (Po0.0001). After accounting for
covariates, patients with ARF, ATN, and CKD had increased
risk of reaching the combined end point of 14% (Po0.0001),
23% (Po0.05), and 35% (Po0.0001), respectively, com-
pared with CON patients. At 10, 20, 30, 40, and 50 months
after diagnosis, ARF patients had a consistently higher
probability of reaching the combined end point than did
CON patients and a lower probability than did CKD patients,
whereas the probability for ATN fluctuated, being more likely
than ARF at 20 months and less likely at 50 months to reach
this end point (Figure 5).
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Figure 2 | (a) Mean serum creatinine during five time periods,
classified by patient type. Error bars show 95% confidence
interval. (b) Mean eGFR classified by group by time, with 95%
confidence interval. ARF, acute renal failure; ATN, acute tubular
necrosis; CKD, chronic kidney disease; CON, control; eGFR,
estimated glomerular filtration rate.

Table 2 | Survival analysis results: time from diagnosis to development of CKD-4

Diagnosis Total, na
Developed

CKD-4
% Patients

developing CKD-4*
Survival time,b 20th

percentile months (95% CI)
Cox regression

hazard ratio

ATN 345 69 20.0x 10.9 (4.0–28.0) 6.64**
ARF 5021 663 13.2y 57.0 (44.5–68.0) 4.03**
CON 62,850 2100 3.3z —c 1.00
CKD 37,562 9263 24.7x 11.5 (11.0–13.0) 6.50**
Total 105,778 12,095 11.4

ARF, acute renal failure; ATN, acute tubular necrosis; CI, confidence interval; CKD-4, chronic kidney disease stage 4; CON, control; DM, diabetes mellitus; SC, serum creatinine.
aNo. of cases for each group differs slightly from Tables 2 and 4 because patients with missing data for any of the covariates were dropped from Cox regression, and those
who entered CKD-4 before diagnosis were dropped from Cox and Kaplan–Meier analyses for time to CKD4.
bSurvival time in number of months from diagnosis date to development of CKD Stage 4. The 20th percentile indicates the number of months for 20% of the patients to
develop CKD-4. For ARF the upper limit of the 95% confidence interval was estimated by extrapolating from the table of Kaplan–Meier survival estimates.
cThe 20th percentile for survival time could not be estimated for CON because in this group only 3% of patients ever developed CKD-4.
*Percentages with similar superscripts beside them are not significantly different (w2-test Po0.01).
**Po0.0001.
Patients who entered CKD-4 before their diagnosis date were excluded from this analysis. Cox regression covariates were ARF, ATN, CKD, age, Caucasian, African American,
Hispanic, gender, pre-admission DM, diagnosis date, mean pre-admission serum creatinine, mean pre-admission albumin, and teaching hospital (y/n).
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Within the spectrum of AKI, acute tubular necrosis (ATN)
is a condition with distinctive clinical and histological
characteristics, and is one of its most common causes in
hospitalized patients.18–20 It is usually and selectively
diagnosed by nephrologists and by critical care physi-
cians,4,21,22 and thus may be underrepresented as a cause of
AKI outside the ICU. Although some affected patients with
ATN require dialysis, and a small proportion of patients may
progress to ESRD, the course for the majority of patients
after discharge has been thought to include a full restoration
of renal function.21,22 Although there have been a few
studies of individual patient outcomes23,24 and single center
studies21 after the development of ATN, there are no long-
term serial laboratory and epidemiological data regarding its
outcome.25

To test the hypothesis that AKI, and specifically ATN,
causes CKD, we reviewed a large database of patients enrolled
in the health-care facilities of the Department of Veterans
Affairs (VA) between October 1999 and December 2005,
using longitudinal follow-up of laboratory values. We also
examined the impact of ATN on long-term mortality rates.

RESULTS
Sample characteristics
A total of 113,272 patients met entry criteria (Table 1,
Figure 1). Patients were 2.2% women, 74.4% Caucasian,
18.3% African American, 5.6% Hispanic, 0.8% Hawaiian-
Pacific Islander, 0.6% Native American, and 0.4% Asian, with
a mean age of 70.8±11.8 years. There were 3,506,131 SC
readings across all patients, with a median of 22 readings per
patient. There were 63,491 CON patients, 346 ATN patients,
5058 ARF patients, and 44,377 CKD patients. A higher-than-
expected number of women were in the ATN group and a
lower-than-expected number in the ARF group. A higher-
than-expected number of African Americans were in the ARF
and ATN groups, whereas a lower-than-expected number of
Caucasians were in the ARF group. ATN patients were the
youngest, followed by ARF, with CKD patients being the
oldest. The mean hospital length of stay was 7.5±20.3 days,
and did not differ significantly across groups.

Change in SC after diagnosis
The CON, ATN, and ARF patients had a mean preadmission
SC level of 1.0–1.1 mg/dl and an estimated glomerular
filtration rate (eGFR) of 80–85 ml/min per 1.73 m2 (Figures
2a and b). Prediagnosis SC and eGFR values for ATN and
ARF patients were not significantly different. As expected,
CKD patients had a significantly higher preadmission SC and
a lower eGFR than did other groups. From admission to 30
days later, the mean SC values increased sharply for ATN (by
245%) and ARF (by 130%) patients to 3.9 and 2.6 mg/dl,
respectively. During this period, mean SC also increased
significantly for CKD and CON patients, but less sharply (by
22 and 5% to mean values of 2.7 and 1.1 mg/dl, respectively).
As assessed by RIFLE criteria, the incidences of R, I, and F
stages were 16.4, 26.0, and 51.9% (ARF), 6.7, 11.6, and 78.3%
(ATN), and 19.3, 4.0, and 2.2% (CON), respectively. During
the month after admission, mean peak SC readings were
(in mg/dl) 4.69±3.4 for ARF, 6.45±3.9 for ATN, 3.56±2.9
for CKD, and 1.29±0.7 for CON. After admission, the mean
eGFR of ARF and ATN patients remained significantly below
CON (Bonferroni-corrected Po0.05). The mean SC values of
all four groups remained elevated above their preadmission
means across all follow-up time periods (Bonferroni-
corrected Po0.05). As a percentage of baseline eGFR, the
declines in mean eGFR during 31–90 days, 91–365 days, and
41 year after diagnosis were 19, 14, and 14% for ATN
patients, 12, 10, and 11% for ARF patients, 2, 4, and 6% for
CON patients, and o2% change at any time period for CKD
patients.

Across the five time periods, there was a significant
difference among the four diagnostic groups in the slope of
both SC (Po0.0001) and eGFR (Po0.0001). Both ATN
and ARF patients had a larger eGFR decline than did
either CON or CKD patients, from preadmission to each of
the subsequent time periods (all Po0.01 after Bonferroni’s
correction). CKD patients had a larger eGFR decline than
did CON patients from before to 1 month after diagnosis,
but a significantly smaller eGFR decline than did CON
patients from before admission to each of the later time
periods.

Table 1 | Patient demographics

Diagnosis
n
% Of sample

ATN
346
0.3

ARF
5058

4.5

CON
63,491

56.1

CKD
44,377

39.2

Agea (mean±s.d.) 63.8±12.5 66.5±12.2 68.7±11.9 74.4±10.6
Gendera (% female) 4.1 1.8 2.1 2.3
LOS for index admission (mean±s.d.) 7.7±11.4 7.5±15.9 7.5±20.3 7.5±20.8
No. of SC readings during 12 months pre-admissiona (mean±s.d.) 10.9±16.3 10.1±13.7 6.4±9.6 10.4±14.0
Race,a n (% of diagnostic group)

African American 80 (23.1) 1592 (31.5) 12,340 (19.5) 6665 (15.1)
Caucasian 240 (69.4) 3063 (60.6) 46,606 (73.6) 34,162 (77.1)
Hispanic 18 (5.2) 321 (6.4) 3365 (5.3) 2592 (5.9)
Asian 2 (0.6) 11 (0.2) 181 (0.3) 198 (0.5)
Hawaian/Pacific Islander 2 (0.6) 44 (0.9) 430 (0.7) 367 (0.8)
Native American 4 (1.2) 24 (0.5) 396 (0.6) 300 (0.7)

ARF, acute renal failure; ATN, acute tubular necrosis; CKD, chronic kidney disease; CON, control; LOS, length of stay; PNE, pneumonia; SC, serum creatinine.
aDifferences across diagnostic groups are significant (Po0.0001).
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DISCUSSION
To examine the association between a diagnostic-coded
episode of ARF or ATN and long-term renal function and
mortality in patients without preexisting renal failure, we
reviewed a large national database of subjects enrolled in the
health-care facilities of the US Department of VA between
1999 and 2005. We used available laboratory data to follow
SC and eGFR over time. As a control group, we assessed the
renal function of hospitalized patients who, during the same
period, were diagnosed with either pneumonia (PNE) or an
acute myocardial infarction (MI) but not with ARF or ATN.
From the sample, we excluded patients who had CKD before
the diagnosis of PNE, MI, ARF, or ATN. We also compared
the development of late-stage CKD, the need for dialysis, as
well as the mortality rates of patients with ARF, ATN, PNE
and MI with those of CKD patients. Our results indicate that
ARF and ATN are associated with a significant decline in
renal function over time after hospital discharge. These
findings suggest that survivors of AKI are more likely than
controls to progress to late-stage CKD. The results provide
support for the data of Hsu et al.,9 who noted that the

incidence of ESRD cannot be solely linked to the prevalence
of CKD. In short, AKI may be an important cause of CKD.

A total of 20% of survivors of ATN progressed rapidly to
CKD-4. Having a diagnosis of ATN in a patient with a
previously normal renal function was associated with a time
to development of CKD-4 that was comparable with that of
early-stage CKD patients. In all, 13.2% of patients with ARF
developed CKD-4. The mortality rates for the ATN, ARF, and
CON groups were similar, but were exceeded by that of the
CKD group. These findings underscore the significant public
health hazard of developing AKI and the high mortality
associated with CKD.

Prospective and retrospective studies have addressed the
global long-term effects of ARF and ATN on renal function.
Most,22 but not all,21 such studies have been in single centers,
and many may have included patients with preexisting renal
disease.21,22,26,27 In several of these studies, the emphasis was
on the need for renal replacement therapies at various times
after either ICU or hospital discharge, whereas lesser degrees
of renal impairment did not receive attention. Previous work
has been difficult to perform, because longitudinal laboratory
data on such a survivor set have been unavailable, and
patients are often not followed by nephrologists after
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Figure 3 | Kaplan–Meier survival estimates for time (months)
from diagnosis to entry into CKD-4, classified by patient type.
CKD patients who entered CKD-4 before their diagnosis date were
excluded. ARF, acute renal failure; ATN, acute tubular necrosis;
CKD, chronic kidney disease; CKD-4, CKD stage 4; CON, control.

Table 3 | Survival analysis results: time from diagnosis to death

Diagnosis Total, n Died Percent died* Survival time, median months (95% CI) Cox regression hazard ratio

ATN 345 127 36.8a 56.7 (38.9–77.0)a 1.10
ARF 5021 1958 39.0a 43.8 (40.5–47.3) 1.12**
CON 62,850 24,622 39.2a 51.3 (50.2–52.4) 1.00
CKD 44,076 23,544 53.4b 24.1 (23.5–24.8) 1.20**
Total 112,292 50,251 44.7

ARF, acute renal failure; ATN, acute tubular necrosis; CI, confidence interval; CON, control; DM, diabetes mellitus.
aFor ATN, median and upper bounds were estimated based on extrapolation from Kaplan–Meier lifetable.
*Percent mortality with similar superscript letters are not significantly different (w2-test Po0.01).
**Po0.0001.
Cox regression covariates were ARF, ATN, CKD, age, Caucasian, African American, Hispanic, gender, DM, diagnosis date, pre-admission mean serum creatinine,
mean pre-admission albumin, and teaching hospital (y/n).
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Figure 4 | Kaplan–Meier survival estimates for time (months)
from diagnosis to death, classified by patient type. ARF, acute
renal failure; ATN, acute tubular necrosis; CKD, chronic kidney
disease; CON, control.
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Table 1
Characteristics of Included Studies

First author, year of
publication Clinical Setting No of pts Years of enrollment Mean age Male (%) White (%)

CKD CKD progression ESRD Mortality

Hsu, 200910 Hospitalized 39805 1996-2003 66.6 56.6 73 ✓ ✓

Lo, 200911 Hospitalized 3773 1996-2003 63.5 61 66.6 ✓ ✓ ✓

Choi, 201012 HIV 17325 1975-1995 44 98 28 ✓ ✓

Weiss, 200613 HCT 174 2002 54 67 83 ✓ ✓

Newsome, 200814 MI 87094 1994-1995 77.1 51.5 87 ✓ ✓

James(A), 201015, 23* Coronary Angiography 11249 2004 63.6 69.6 NR ✓ ✓ ✓ ✓

Wald, 200917 ICU 8855 2006 62 60 NR ✓ ✓

Lafrance, 201018 CKD 6862 2002 69.8 54 NR ✓ ✓

Ando, 201019 HCT 158 1987 31 61.3 NR ✓ ✓

James(B), 201016 Hospitalized and Non-Hospitalized 920985 2002 61 65 NR ✓ ✓ ✓

Ishani, 200920 Hospitalized 233803 2000 79.2 38.8 89 ✓ ✓

Amdur, 200922 Hospitalized 113272 1999-2005 70.8 97.8 74 ✓ ✓ ✓

Ishani, 201121 Cardiac Surgery 29388 1999-2005 65.4 98.8 84.4 ✓ ✓ ✓

Abbreviations: HIV-Human immunodeficiency Virus, HCT-Hematopoietic stem cell transplant, VA-Veterans affairs, NR-Not reported ICU-Intensive care unit, MI-Myocardial infarction, CKD-Chronic

kidney disease, ESRD- end stage renal disease; Y- Yes, N-No CKD definition was variable in different studies-It was CKD stage 4 in Lo11, Amdur22 and decrease in GFR>4 ml/min/year in James A15,

decrease in GFR of at least 25% from baseline in Weiss13

*Data is ascertained from two different manuscripts that referred to the same study population
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Abstract
Acute kidney injury may increase the risk for chronic kidney disease and end-stage renal disease.
In an attempt to summarize the literature and provide more compelling evidence, we conducted a
systematic review comparing the risk of CKD, ESRD and death in patients with and without AKI.
From electronic databases, web search engines, and bibliographies, 13 cohort studies were
selected, evaluating long-term renal outcomes and non-renal outcomes in patients with AKI. The
pooled incidence of CKD and ESRD were 25.8/100 person-years and 8.6 per 100 person-years,
respectively. Patients with AKI had higher risks of developing CKD (pooled adjusted hazard ratio
8.8, 95% CI 3.1-25.5), ESRD (pooled adjusted HR 3.1, 95% CI 1.9-5.0) and mortality (pooled
adjusted HR 2.0, 95% CI 1.3-3.1) than patients without AKI. The relationship between AKI and
CKD or ESRD was graded depending on the severity of AKI and the effect size was dampened by
decreased baseline glomerular filtration rate. Data were limited, but AKI was also independently
associated with the risk for cardiovascular disease and congestive heart failure, but not with
hospitalization for stroke or all-cause hospitalizations. Meta-regression did not identify any study
level factors that were associated with the risk for CKD or ESRD. Our review identifies AKI as an
independent risk factor for CKD, ESRD, and death and other important non-renal outcomes.

Introduction

The incidence of acute kidney injury (AKI) has been increasing over time.1, 2 Concurrently,
the prevalence of CKD has also been increasing.3 AKI has long been thought of as a
completely reversible syndrome. However, over the past several years, a plethora of data
from experimental animals and humans has been published that indicate that AKI more than
likely results in permanent kidney damage (i.e., CKD) and may also result in damage to
non-renal organs.4, 5

Moreover, the proportion of patients surviving after AKI has also been increasing over
time.1, 6-8 Thus, if AKI indeed heightens the risk for CKD and other organ damage, then it
could imply significant public health concerns in regards to the absolute number of persons
developing incident CKD, progressive CKD, end-stage renal disease (ESRD), and
cardiovascular events.

Non-contemporary long-term follow-up studies of AKI were plagued by lacking follow-up
of non-AKI patients, which did not permit the calculation of a relative risk or hazard ratio
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Table 2
AKI definitions and Outcomes

First author, year of
publication

AKI Definition Severity Method of Ascertainment
of AKI

Follow-up
(mean or
median in
months)

Post-Discharge
Mortality

Overall (%)

Mortality Rate in
AKI patients (per
100 person-yrs)†

Renal Outcomes In AKI patient (per 100
person-yrs)†

CKD Rate ESRD Rate

Hsu, 200910 RRT Labs and code for RRT 6 19.7 43.7 … 28.1

Lo, 200911 RRT Labs and code for RRT 32.9 13.3 4.9 47.9 …

Choi, 201012 RIFLE Labs 68.4 48.5 9.9 … 0.6-5.6

Weiss, 200613 > 2 fold increase in Cr Labs 12 17.2 … 72.2 …

Newsome, 200814 Cr ↑0.3-0.5; 0.6-3.0 Labs 49.2 73.3 19.4 … 0.6

James A, 201015, 23 AKIN Labs 21.8 5.7 12.7-31.5 4.6-8.6† 1.6-4.2†

Wald, 200917 RRT Diagnostic codes 36 34.8 10.1 … 2.6

Lafrance, 201018 ↓ eGFR 25% & ≥5 ml/min Labs 19.4 15.3 9.4 … 12.1

Ando, 201019 >2 fold increase in Cr Labs 73.8 4.1 …

James B, 201016 ARF Diagnostic codes 35 3 1.0-12.4† 0.03-15.8† …

Ishani, 200920 ARF Diagnostic codes 24 64 28.8 … 2.5

Amdur, 200922 ARF & ATN Diagnostic codes 75 44.7 7.8 22 …

Ishani, 201121 Class 1-4 Labs 61.2 23.1 4.1-6.6† 6.6-10.5† …

Abbreviations: AKI- acute kidney injury; RRT- renal replacement therapy; RIFLE- Risk Injury Failure Loss End Stage Renal Disease classification; Cr- creatinine; eGFR- estimated glomerular filtration
rate; AKIN- Acute Kidney Injury Network classification; ARF- acute renal failure; ATN- acute tubular necrosis

†Range of rates is provided for studies that examined outcomes by differing severity of AKI.

Ishani21-AKI definition-Percent increase in creatinine post operatively for Class 1(1%-24% rise in creatinine), class 2(25%-49%), class 3(50%-99%), class 4(>100%)

Choi12-The rate of ESRD was 0.6/100 person years for those with mild AKI and 5.6/100 person years for those with moderate –severe AKI.

James A15-The rate of incident CKD was 4.6/100 person-years and ESRD was 1.6/100 person years for those with mild AKI and 8.6/100 person-years and 4.2/100 person years respectively for those with
moderate-severe AKI. The mortality rate was 12.7 and 31.5/100 person years respectively for those with mild AKI and with moderate-severe AKI.

James B16-The rate of CKD progression was 0.03/100 person years and mortality was 0.98/100person years for those with mild AKI and it was 15.8/100person years and 12.4/100 person years respectively
for those with moderate-severe AKI.

Ishani21-The rate of incident CKD was 6.6/100 person years and mortality was 4.1/100 person years for those with mild AKI and 10.5/100 person years and 6.6/100 person years respectively for those with
moderate-severe AKI.
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Figure 2a. Pooled Adjusted Hazard Ratios for CKD after AKI
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Figure 2b. Pooled Adjusted Hazard Ratios for ESRD after AKI
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Acute kidney injury (AKI) is associated with progression to
advanced chronic kidney disease (CKD). We tested whether
patients who survive AKI and are at higher risk for CKD
progression can be identified during their hospital admission,
thus providing opportunities to intervene. This was assessed
in patients in the Department of Veterans Affairs Healthcare
System hospitalized with a primary diagnosis indicating AKI
(ICD9 codes 584.xx). In the exploratory phase, three
multivariate prediction models for progression to stage 4
CKD were developed. In the confirmatory phase, the models
were validated in 11,589 patients admitted for myocardial
infarction or pneumonia during the same time frame that
had RIFLE codes R, I, or F and complete data for all predictor
variables. Of the 5351 patients in the AKI group, 728 entered
stage 4 CKD after hospitalization. Models 1, 2, and 3 were all
significant with ‘c’ statistics of 0.82, 0.81, and 0.77,
respectively. In model validation, all three were highly
significant when tested in the confirmatory patients, with
moderate to large effect sizes and good predictive accuracy
(‘c’ 0.81–0.82). Patients with AKI who required dialysis and
then recovered were at especially high risk for progression to
CKD. Hence, the severity of AKI is a robust predictor of
progression to CKD.

Kidney International (2011) 79, 1361–1369; doi:10.1038/ki.2011.42;
published online 23 March 2011

KEYWORDS: acute kidney injury; acute renal failure; albumin; chronic kidney
disease; predicts; severity

Acute kidney injury (AKI) is a disorder that complicates the
hospital course of patients by exposing them to circulatory
overload, hyperkalemia, metabolic acidosis, neurological
complications, and increased mortality risk.1–6 The incidence
of AKI is increasing, and will nearly double over the next
decade as the population ages. In spite of recent improve-
ments in diagnosis and therapy, the mortality of AKI remains
unacceptably high.5,6 As a result of AKI, patients experience
increased hospital length of stay and may require dialysis.
Population-based studies show that even small acute changes
in serum creatinine (SC) concentration are associated with
poor outcomes.7–10 After accounting for other predictors,
AKI is an independent risk factor for death.11,12

Large population-based studies have demonstrated that
patients who survive an episode of AKI are at considerable
risk for progressing to advanced stages of chronic kidney
disease (CKD).13–16 The population-based incidence of AKI is
estimated at 2147 cases per million population per year.17

Given the US population of 300 million, each year there will
be B600,000 cases of AKI. If 20% of such patients progress
to advanced CKD a year, AKI would be responsible for
120,000 cases of advanced CKD. These data are sobering and
demonstrate the continuity of disease from AKI to CKD to
end-stage renal disease (ESRD). Specifically, we have shown
that up to 20% of patients with an in-patient diagnosis of
acute tubular necrosis (ATN) progress to CKD stage IV or
greater within 18–24 months.13 However, within this same
population, there exists a subset of patients who appear to
achieve near total recovery, and so seem not to progress to
advanced stages of CKD. Therefore, it is likely that some
patients who develop AKI are at higher risk for CKD
progression than others. We hypothesized that if the patients
who survive AKI that are at highest risk for progression to
CKD can be well characterized, opportunities to implement
renoprotective interventions might be realized. It is possible
that if these patients at high risk for CKD progression can be
subjected to close follow-up by nephrologists, the natural
history of this progression might be favorably altered. In
order for this to occur, identification of these patients is
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29.5%, respectively, who see a nephrologist or cardiologist.
Surprisingly, just over one-third of AKI patients who require
dialysis see a nephrologist within 30 days of discharge. This
increases to 48.6% within one year of discharge.25 To our
knowledge, this is the first risk assessment tool for CKD
progression in AKI survivors. If reliable risk stratification
tools can be validated, patients at high risk can be identified
and targeted for intervention and follow-up.

Because our study examined a cohort of patients selected
by ICD-9 codes that may suffer from low sensitivity,4 we
chose to validate our predictive formulas in a large data set of
patients who suffered an episode of AKI based on SC values,
but were not classified as such at discharge. Our results
indicate that the proposed equations may be valuable tools
when applied to all hospitalized patients who experience an
episode of AKI, whether diagnosed or not.

Limitations of this study include its focus on US veterans:
findings may not be representative of other populations,
especially women. In addition, our study excluded patients
with preexisting CKD, so these prediction models may not be
accurate in that population. Our ability to make causal
inferences regarding the effects of predictors on outcomes is
limited. On the other hand, our study strategy allowed us to
access healthcare information for large derivation and
validation samples, and to have long-term follow-up using
both diagnoses and laboratory evaluations.

Because the mechanisms for AKI to CKD progression are
currently unknown, the obvious question remains: when a
survivor of AKI is identified, what measures can be used to
reduce risk of progression to advanced CKD? Progression
may be forestalled by: (1) regular follow-up with serial
creatinine assessment to detect reversible causes of renal
ischemia, (2) rigorous control of blood pressure within
accepted guidelines, and (3) avoidance of medications that
have significant nephrotoxic properties (for example, am-
photericin, NSAIDs). More importantly, we believe that risk
assessment tools such as the ones we propose can be used to
identify patients for clinical trials. We envision a study
wherein AKI survivors at risk for CKD progression are
enrolled into a prospective longitudinal trial. Agents and
interventions that might mitigate the progression to CKD

include but are not limited to: tight blood pressure control,
angiotensin II blockade, low protein diet, HMG Co-A
reductase inhibitors, and anti-proliferative agents. Given the
increasing incidence of AKI in the aging US population,7 we
believe this is a critical issue. More research is needed to gain
insight into the pathophysiology of progression from AKI to
CKD with particular attention to hemodynamically induced
glomerulosclerosis and inflammatory processes that may lead
to scarring and tubular dropout.

In conclusion, we have shown that it is possible to identify
variables that predict CKD progression in an incident AKI
patient population, and that factors, such as AKI severity,
decreased serum albumin concentration, and advanced age,
are associated with progression to CKD after an episode of
AKI. AKI patients who require dialysis and then recover are
at especially high risk for AKI progression, and warrant
follow-up after hospital discharge. We have developed and
validated three equations to risk stratify those survivors of
AKI who are at highest risk for CKD progression. We propose
that these equations be used for identification of patients who
should receive additional follow-up and participate in
interventional clinical trials.

MATERIALS AND METHODS
Subjects included all patients in the Veterans Affairs (VA) healthcare
system who were admitted with a primary diagnosis indicating AKI
(ARF or ATN ICD9 codes 584.xx) during the period 1 October 1999
through 31 December 2005 as previously described.13 For each
subject we recorded all SC, albumin, and other laboratory values
during the year before the index hospitalization, and from the
hospital admission date until either the end of the data collection
period or the patient’s death. eGFR was calculated using the
Modification of Diet in Renal Disease equation.26 Patients with no
SC evaluations before their admission date and patients with
preexisting CKD or any dialysis treatments were removed from the
data set. This was done by removing patients who entered CKD
stage 3, 4, or 5, or whose mean eGFR was o60 ml/min per 1.73 m2,
during the year before index hospitalization. Entry into CKD4
is defined as the first date on which the eGFR decreased below
30 ml/min per 1.73 m2 without ever going above 30 ml/min per
1.73 m2 again for that patient.13 Mean laboratory values were
computed during the baseline year, and during the 30 days after the
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Background: Long-term outcomes after acute kidney
injury remain poorly defined. We determined the asso-
ciation between the magnitude of creatinine increase af-
ter cardiac surgery and the risk of incident chronic kid-
ney disease (CKD), CKD progression, and death.

Methods: We identified 29 388 individuals who under-
went cardiac surgery at Veterans Affairs hospitals be-
tween November 1999 and September 2005. The mag-
nitude of creatinine increase was defined by the percent
change from baseline to peak creatinine levels after car-
diac surgery and categorized as none (!0%) or as class
I, (1%-24%), II (25%-49%), III (50%-99%), or IV
("100%). Cox proportional hazard models were used to
examine the association between the magnitude of cre-
atinine increase and outcomes.

Results: The relative hazards for outcomes increased
monotonically with greater increases in creatinine lev-
els compared with no change in creatinine levels. The

relative hazards for adverse outcomes were significantly
higher immediately after the creatinine increase and at-
tenuated over time. Three months after surgery, creati-
nine increase classes I, II, III, and IV were associated with
a greater risk of incident CKD (hazard ratios [HRs] 2.1,
4.0, 5.8, and 6.6, respectively; all P# .01), progression
of CKD stage (HRs 2.5, 3.8, 4.4, and 8.0; all P# .01), and
long-term mortality (HRs 1.4, 1.9, 2.8, and 5.0; all P# .01).
At 5 years, the associations were lower in magnitude: in-
cident CKD (HRs 1.4, 1.9, 2.3, and 2.3; all P# .01), CKD
progression (HRs 1.5, 1.7, 1.7, and 2.4; all P# .01), and
mortality (HRs 1.0, 1.2, 1.4, and 1.8; all P# .01, except
class I).

Conclusion: The magnitude of creatinine increase after
cardiac surgery is associated in a graded manner with an
increased risk of incident CKD, CKD progression, and
mortality.

Arch Intern Med. 2011;171(3):226-233

A CUTE KIDNEY INJURY (AKI) IS
common among hospital-
ized individuals,1 particu-
larly among those undergo-
ing cardiac surgery. 2

Numerous studies have demonstrated that
AKI is associated in the short term with in-
creased hospital duration,3 an increased risk
for infection,4 increased hospital expendi-
tures,3 and increased mortality.5-9 Histori-
cally, it has been assumed that if an indi-
vidual survived an episode of AKI there was
no long-term sequelae.10-13 This assump-
tion has been recently challenged by stud-
ies suggesting an association between AKI
and an increased risk of mortality and end-
stage kidney disease (ESKD) after the AKI
event.14-20 However, many of these studies
were unable to adjust for baseline kidney
function and have assumed a constant risk
over time, whereas the risk of adverse out-
comes may be highest early in the period
after the AKI episode. Furthermore, to our
knowledge, the association between an AKI

and both the incidence and the progres-
sion of kidney disease has not been com-
prehensively evaluated.

Using a national cohort of veterans who
underwent cardiac surgery, we investi-
gated the association between the magni-
tude of postoperative increases in creati-
nine levels and the risk of adverse
outcomes, including incidence and pro-
gression of chronic kidney disease (CKD)
and death. We also aimed to determine
whether the association between in-
creases in creatinine levels and these ad-
verse outcomes varied over time.

METHODS

The Veteran Affairs (VA) Surgical Quality Im-
provement Program (VASQIP) is a national pro-
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sidered an interaction between class of creatinine change and
baseline eGFR. This interaction was not significant for analy-
ses evaluating either incident CKD or CKD-stage progression.
While the interaction was significant (P! .05) for death, the
patterns of association were similar to those in the additive
model, and for simplicity, we present the results of this sim-
pler model.

RESULTS

Individuals in the final cohort had relatively well-
preserved kidney function at baseline (mean [SD] eGFR,
73.7 [21.6] mL/min/1.732). In the first 7 days after car-
diac surgery, the mean (SD) number of creatinine val-
ues performed per individual was 9.6 (4.5). During an
average follow-up of 5.1 years beginning 30 days after

cardiac surgery, the median number of outpatient cre-
atinine measurements annually per individual in the co-
hort was 2.7 (25th-75th percentile, 1.7-4.1).

In the first 7 days after cardiac surgery, there was a
modest increase in the mean creatinine value of the en-
tire cohort (mean [SD] peak creatinine level, 1.46
[0.77] mg/dL [to convert to micromoles per liter, mul-
tiply by 88.4] vs mean preoperative creatinine level,
1.18 [0.42] mg/dL). Overall, in this cohort, the postop-
erative changes in creatinine values were modest, with
35.3% (n=10 369), 18.2% (n=5357), 9.5% (n=2719),
and 4.5% (n=1334) for postoperative increases in cre-
atinine of 1% to 24%, 25% to 49%, 50% to 99%, and
greater than or equal to 100%, respectively. Table 1
lists the baseline characteristics of patients stratified by

Table 1. Baseline Characteristics of the Cohort by the Magnitude of Creatinine Increase After Surgerya

Variable

Change in Creatinine Values After Surgery Compared With Baseline, %

"0 0-24 25-49 50-99 #100

Age, mean (SD), y 63.7 (9.3) 65.0 (9.3) 65.9 (9.5) 67.3 (9.7) 67.6 (9.7)
Race

White 86.0 84.8 83.9 83.5 84.2
Black 8.0 9.3 10.5 11.0 9.0
Other 2.3 2.4 2.5 2.4 2.2
Unknown 3.7 3.6 3.1 3.1 4.7

Male 98.9 99.2 99.1 98.8 98.4
Comorbid conditions

Diabetic 39.8 44.1 48.5 54.2 52.0
Hypertension 86.2 88.1 89.6 91.4 90.0
Myocardial infarction 37.7 38.1 40.3 40.0 41.8
Cerebrovascular disease 20.1 22.0 22.2 24.6 25.5
Anemia 13.2 14.5 16.9 21.5 22.8
Tumor 10.6 11.5 12.0 12.4 14.4
CHF 20.0 20.6 24.1 32.6 34.3
COPD 29.1 29.9 31.6 34.2 34.9
Depression 16.9 16.4 16.3 16.9 16.6
Drug abuse 3.5 3.2 3.5 2.5 2.9
Alcohol abuse 9.8 8.7 8.2 7.5 8.2
Liver disease 2.3 2.3 2.4 2.4 3.5
Other neurologic disorders 4.4 3.9 3.9 3.8 3.8
Obesity 19.6 22.1 23.7 26.6 29.6
Peripheral vascular disorders 23.0 23.5 25.0 28.8 27.4
Psychoses 10.0 10.3 10.0 10.4 9.5
Rheumatoid arthritis 2.7 2.9 3.0 3.2 3.3
Hypothyroidism 6.0 6.5 6.6 7.3 5.9
Valvular disease 16.8 17.9 21.9 24.6 27.9
Weight loss 3.5 3.7 4.3 5.2 6.2
Emergent procedure 13.7 17.5 19.2 20.9 23.9

Baseline eGFR, mL/min/1.732

"29 (n=519) 1.4 1.4 2.2 3.7 2.1
30-44 (n=1873) 6.2 5.4 6.1 9.8 9.6
45-59 (n=5248) 19.7 17.3 15.2 17.2 21.3
60-79 (n=11078) 41.5 35.6 38.1 34.0 32.0
#80 (n=10670) 31.2 40.3 38.4 35.3 35.0

Medications prescribed at time of surgery
ACEI 54.2 53.9 58.2 59.5 59.8
ARB 4.2 4.6 5.5 7.0 7.6
NSAIDs 1.3 1.3 1.1 1.2 1.4
Lipid-lowering medications 70.3 68.1 67.7 67.7 65.7
$-Blocker 69.7 67.6 67.6 68.4 68.2

Abbreviations: ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CHF, congestive heart failure; COPD, chronic obstructive
pulmonary disease; eGFR, estimated glomerular filtration rate; NSAIDs, nonsteroidal anti-inflammatory drugs.

aAll values other than age are expressed as percentage.
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Background: Long-term outcomes after acute kidney
injury remain poorly defined. We determined the asso-
ciation between the magnitude of creatinine increase af-
ter cardiac surgery and the risk of incident chronic kid-
ney disease (CKD), CKD progression, and death.

Methods: We identified 29 388 individuals who under-
went cardiac surgery at Veterans Affairs hospitals be-
tween November 1999 and September 2005. The mag-
nitude of creatinine increase was defined by the percent
change from baseline to peak creatinine levels after car-
diac surgery and categorized as none (!0%) or as class
I, (1%-24%), II (25%-49%), III (50%-99%), or IV
("100%). Cox proportional hazard models were used to
examine the association between the magnitude of cre-
atinine increase and outcomes.

Results: The relative hazards for outcomes increased
monotonically with greater increases in creatinine lev-
els compared with no change in creatinine levels. The

relative hazards for adverse outcomes were significantly
higher immediately after the creatinine increase and at-
tenuated over time. Three months after surgery, creati-
nine increase classes I, II, III, and IV were associated with
a greater risk of incident CKD (hazard ratios [HRs] 2.1,
4.0, 5.8, and 6.6, respectively; all P# .01), progression
of CKD stage (HRs 2.5, 3.8, 4.4, and 8.0; all P# .01), and
long-term mortality (HRs 1.4, 1.9, 2.8, and 5.0; all P# .01).
At 5 years, the associations were lower in magnitude: in-
cident CKD (HRs 1.4, 1.9, 2.3, and 2.3; all P# .01), CKD
progression (HRs 1.5, 1.7, 1.7, and 2.4; all P# .01), and
mortality (HRs 1.0, 1.2, 1.4, and 1.8; all P# .01, except
class I).

Conclusion: The magnitude of creatinine increase after
cardiac surgery is associated in a graded manner with an
increased risk of incident CKD, CKD progression, and
mortality.
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common among hospital-
ized individuals,1 particu-
larly among those undergo-
ing cardiac surgery. 2

Numerous studies have demonstrated that
AKI is associated in the short term with in-
creased hospital duration,3 an increased risk
for infection,4 increased hospital expendi-
tures,3 and increased mortality.5-9 Histori-
cally, it has been assumed that if an indi-
vidual survived an episode of AKI there was
no long-term sequelae.10-13 This assump-
tion has been recently challenged by stud-
ies suggesting an association between AKI
and an increased risk of mortality and end-
stage kidney disease (ESKD) after the AKI
event.14-20 However, many of these studies
were unable to adjust for baseline kidney
function and have assumed a constant risk
over time, whereas the risk of adverse out-
comes may be highest early in the period
after the AKI episode. Furthermore, to our
knowledge, the association between an AKI

and both the incidence and the progres-
sion of kidney disease has not been com-
prehensively evaluated.

Using a national cohort of veterans who
underwent cardiac surgery, we investi-
gated the association between the magni-
tude of postoperative increases in creati-
nine levels and the risk of adverse
outcomes, including incidence and pro-
gression of chronic kidney disease (CKD)
and death. We also aimed to determine
whether the association between in-
creases in creatinine levels and these ad-
verse outcomes varied over time.
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the magnitude of their postoperative creatinine in-
crease. In general, individuals with larger increases in
creatinine values (!25%) after cardiac surgery were
older; more likely to have diabetes, hypertension, ane-
mia, tumors, congestive heart failure, chronic obstruc-
tive pulmonary disease, or peripheral vascular disease;
more likely to use angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers; and less
likely to use "-blockers.

INCIDENT CKD

Among the subgroup of individuals without CKD at base-
line (eGFR, !60 mL/min/1.73m2 [n=20 263]), an acute
increase in creatinine levels after cardiac surgery was as-
sociated with incident CKD (P# .01). The incidence of
CKD during the entire follow-up period was 25.1% among
patients with no CKD at baseline and no increase in cre-
atinine levels after surgery. This percentage compared with
an incidence of CKD of 33.7%, 44.1%, 51.1%, and 53.4%
for patients with no CKD at baseline and creatinine in-
crease classes I, II, III, and IV after surgery, respectively
(P for linear trend, #.001). The relative risk of incident
CKD was highest in the 3 months after the increase in
creatinine levels and attenuated over time but persisted
even at 5 years (Figure 1). Figure 2 displays the rela-
tive hazards for the development of incident CKD over
time, which was not constant during follow-up. After ad-
justment for baseline eGFR and other potential con-
founders, the class of creatinine increase after cardiac sur-
gery was associated in a graded manner with the
development of incident CKD at 3 months (HRs 2.1, 4.0,
5.8, and 6.6 for creatinine increase classes I, II, III, and
IV, respectively, compared with no increase in creati-
nine values; P for linear trend and P for each class of cre-
atinine, #.01; compared with reference group with no
increase in creatinine values) (Table 2). Although at-
tenuated, the increase in risk compared with the group
without an increase in creatinine values was still pres-
ent at 5 years (HRs 1.4, 1.9, 2.3, and 2.3 for creatinine
increase classes I, II, III, and IV, respectively; P for lin-
ear trend and P for each creatinine class, #.01; com-
pared with reference group with no increase in creati-
nine values) (Table 2).

PROGRESSION OF KIDNEY DISEASE STAGE
IN INDIVIDUALS WITH CKD

BEFORE SURGERY

Of those individuals with at least CKD stage 3 included
in this analysis (n=6725), each individual had, on aver-
age, 19.9 (14.8) follow-up creatinine measurements.
Among the individuals with CKD at baseline without an
increase in creatinine levels after surgery, the incidence
of CKD stage progression was 25%. Among individuals
with CKD at baseline and an increase in creatinine lev-
els after surgery, there was a graded increase in the pro-
portion of individuals with the development of worsen-
ing CKD stage by magnitude of creatinine increase: class
I, 33.7%; class II, 44.1%; class III, 51.1%; and class IV,
53.4% (P for linear trend, #.01) (Figure 1). The relative
risk of CKD stage progression was also not constant over

time (Figure 2). The relative risk of CKD stage progres-
sion was greatest immediately after the episode of cre-
atinine increase (HRs at 3 months for progression of CKD
by creatinine increase classes I, II, III, and IV: 2.5, 3.8,
4.4, and 8.0, respectively; P for linear trend and P for each
class, #.01; compared with reference group with no in-
crease in creatinine values). While the relative risk of pro-
gression by AKI severity decreased over time, at no time
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Figure 1. Kaplan-Meier curves for time to incident chronic kidney disease
(CKD) (A), progression of CKD stage (B), and long-term mortality after
cardiac surgery (C) by increase in creatinine (Cr) class. Log-rank P #.001
for all 3 parts.
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the magnitude of their postoperative creatinine in-
crease. In general, individuals with larger increases in
creatinine values (!25%) after cardiac surgery were
older; more likely to have diabetes, hypertension, ane-
mia, tumors, congestive heart failure, chronic obstruc-
tive pulmonary disease, or peripheral vascular disease;
more likely to use angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers; and less
likely to use "-blockers.

INCIDENT CKD

Among the subgroup of individuals without CKD at base-
line (eGFR, !60 mL/min/1.73m2 [n=20 263]), an acute
increase in creatinine levels after cardiac surgery was as-
sociated with incident CKD (P# .01). The incidence of
CKD during the entire follow-up period was 25.1% among
patients with no CKD at baseline and no increase in cre-
atinine levels after surgery. This percentage compared with
an incidence of CKD of 33.7%, 44.1%, 51.1%, and 53.4%
for patients with no CKD at baseline and creatinine in-
crease classes I, II, III, and IV after surgery, respectively
(P for linear trend, #.001). The relative risk of incident
CKD was highest in the 3 months after the increase in
creatinine levels and attenuated over time but persisted
even at 5 years (Figure 1). Figure 2 displays the rela-
tive hazards for the development of incident CKD over
time, which was not constant during follow-up. After ad-
justment for baseline eGFR and other potential con-
founders, the class of creatinine increase after cardiac sur-
gery was associated in a graded manner with the
development of incident CKD at 3 months (HRs 2.1, 4.0,
5.8, and 6.6 for creatinine increase classes I, II, III, and
IV, respectively, compared with no increase in creati-
nine values; P for linear trend and P for each class of cre-
atinine, #.01; compared with reference group with no
increase in creatinine values) (Table 2). Although at-
tenuated, the increase in risk compared with the group
without an increase in creatinine values was still pres-
ent at 5 years (HRs 1.4, 1.9, 2.3, and 2.3 for creatinine
increase classes I, II, III, and IV, respectively; P for lin-
ear trend and P for each creatinine class, #.01; com-
pared with reference group with no increase in creati-
nine values) (Table 2).

PROGRESSION OF KIDNEY DISEASE STAGE
IN INDIVIDUALS WITH CKD

BEFORE SURGERY

Of those individuals with at least CKD stage 3 included
in this analysis (n=6725), each individual had, on aver-
age, 19.9 (14.8) follow-up creatinine measurements.
Among the individuals with CKD at baseline without an
increase in creatinine levels after surgery, the incidence
of CKD stage progression was 25%. Among individuals
with CKD at baseline and an increase in creatinine lev-
els after surgery, there was a graded increase in the pro-
portion of individuals with the development of worsen-
ing CKD stage by magnitude of creatinine increase: class
I, 33.7%; class II, 44.1%; class III, 51.1%; and class IV,
53.4% (P for linear trend, #.01) (Figure 1). The relative
risk of CKD stage progression was also not constant over

time (Figure 2). The relative risk of CKD stage progres-
sion was greatest immediately after the episode of cre-
atinine increase (HRs at 3 months for progression of CKD
by creatinine increase classes I, II, III, and IV: 2.5, 3.8,
4.4, and 8.0, respectively; P for linear trend and P for each
class, #.01; compared with reference group with no in-
crease in creatinine values). While the relative risk of pro-
gression by AKI severity decreased over time, at no time
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Figure 1. Kaplan-Meier curves for time to incident chronic kidney disease
(CKD) (A), progression of CKD stage (B), and long-term mortality after
cardiac surgery (C) by increase in creatinine (Cr) class. Log-rank P #.001
for all 3 parts.
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the magnitude of their postoperative creatinine in-
crease. In general, individuals with larger increases in
creatinine values (!25%) after cardiac surgery were
older; more likely to have diabetes, hypertension, ane-
mia, tumors, congestive heart failure, chronic obstruc-
tive pulmonary disease, or peripheral vascular disease;
more likely to use angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers; and less
likely to use "-blockers.

INCIDENT CKD

Among the subgroup of individuals without CKD at base-
line (eGFR, !60 mL/min/1.73m2 [n=20 263]), an acute
increase in creatinine levels after cardiac surgery was as-
sociated with incident CKD (P# .01). The incidence of
CKD during the entire follow-up period was 25.1% among
patients with no CKD at baseline and no increase in cre-
atinine levels after surgery. This percentage compared with
an incidence of CKD of 33.7%, 44.1%, 51.1%, and 53.4%
for patients with no CKD at baseline and creatinine in-
crease classes I, II, III, and IV after surgery, respectively
(P for linear trend, #.001). The relative risk of incident
CKD was highest in the 3 months after the increase in
creatinine levels and attenuated over time but persisted
even at 5 years (Figure 1). Figure 2 displays the rela-
tive hazards for the development of incident CKD over
time, which was not constant during follow-up. After ad-
justment for baseline eGFR and other potential con-
founders, the class of creatinine increase after cardiac sur-
gery was associated in a graded manner with the
development of incident CKD at 3 months (HRs 2.1, 4.0,
5.8, and 6.6 for creatinine increase classes I, II, III, and
IV, respectively, compared with no increase in creati-
nine values; P for linear trend and P for each class of cre-
atinine, #.01; compared with reference group with no
increase in creatinine values) (Table 2). Although at-
tenuated, the increase in risk compared with the group
without an increase in creatinine values was still pres-
ent at 5 years (HRs 1.4, 1.9, 2.3, and 2.3 for creatinine
increase classes I, II, III, and IV, respectively; P for lin-
ear trend and P for each creatinine class, #.01; com-
pared with reference group with no increase in creati-
nine values) (Table 2).

PROGRESSION OF KIDNEY DISEASE STAGE
IN INDIVIDUALS WITH CKD

BEFORE SURGERY

Of those individuals with at least CKD stage 3 included
in this analysis (n=6725), each individual had, on aver-
age, 19.9 (14.8) follow-up creatinine measurements.
Among the individuals with CKD at baseline without an
increase in creatinine levels after surgery, the incidence
of CKD stage progression was 25%. Among individuals
with CKD at baseline and an increase in creatinine lev-
els after surgery, there was a graded increase in the pro-
portion of individuals with the development of worsen-
ing CKD stage by magnitude of creatinine increase: class
I, 33.7%; class II, 44.1%; class III, 51.1%; and class IV,
53.4% (P for linear trend, #.01) (Figure 1). The relative
risk of CKD stage progression was also not constant over

time (Figure 2). The relative risk of CKD stage progres-
sion was greatest immediately after the episode of cre-
atinine increase (HRs at 3 months for progression of CKD
by creatinine increase classes I, II, III, and IV: 2.5, 3.8,
4.4, and 8.0, respectively; P for linear trend and P for each
class, #.01; compared with reference group with no in-
crease in creatinine values). While the relative risk of pro-
gression by AKI severity decreased over time, at no time
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Figure 1. Kaplan-Meier curves for time to incident chronic kidney disease
(CKD) (A), progression of CKD stage (B), and long-term mortality after
cardiac surgery (C) by increase in creatinine (Cr) class. Log-rank P #.001
for all 3 parts.
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Acute Kidney Injury Episodes and Chronic Kidney
Disease Risk in Diabetes Mellitus
Charuhas V. Thakar,*† Annette Christianson,* Jonathan Himmelfarb,‡ and Anthony C. Leonard†

Summary
Background and objectives Prior studies have examined long-term outcomes of a single acute kidney injury
(AKI) event in hospitalized patients. We examined the effects of AKI episodes during multiple hospitaliza-
tions on the risk of chronic kidney disease (CKD) in a cohort with diabetes mellitus (DM).

Design, setting, participants, & measurements A total of 4082 diabetics were followed from January 1999 un-
til December 2008. The primary outcome was reaching stage 4 CKD (GFR of !30 ml/min per 1.73 m2). AKI
during hospitalization was defined as "0.3 mg/dl or a 1.5-fold increase in creatinine relative to admission.
Cox survival models examined the effect of first AKI episode and up to three episodes as time-dependent
covariates, on the risk of stage 4 CKD. Covariates included demographic variables, baseline creatinine, and
diagnoses of comorbidities including proteinuria.

Results Of the 3679 patients who met eligibility criteria (mean age # 61.7 years [SD, 11.2]; mean baseline
creatinine # 1.10 mg/dl [SD, 0.3]), 1822 required at least one hospitalization during the time under obser-
vation (mean # 61.2 months [SD, 25]). Five hundred thirty of 1822 patients experienced one AKI episode;
157 of 530 experienced !2 AKI episodes. In multivariable Cox proportional hazards models, any AKI versus
no AKI was a risk factor for stage 4 CKD (hazard ratio [HR], 3.56; 95% confidence interval [CI], 2.76, 4.61);
each AKI episode doubled that risk (HR, 2.02; 95% CI, 1.78, 2.30).

Conclusions AKI episodes are associated with a cumulative risk for developing advanced CKD in diabetes
mellitus, independent of other major risk factors of progression.

Clin J Am Soc Nephrol 6: 2567–2572, 2011. doi: 10.2215/CJN.01120211

Introduction
According to the National Diabetes Fact Sheet (www.
cdc.gov), 23.1% of all adults in the United States 60
years and older have diabetes mellitus (DM), and
between 1996 and 2007 (www.meps.ahrq.gov), the
number of adults treated for diabetes in the United
States has doubled (9.1 to 19 million). DM is the single
largest contributor to the growing prevalence of
chronic kidney disease (CKD); 35% of adults who
have diabetes also have CKD (1,2). When associated
with kidney disease, diabetes poses a triple threat. It
not only leads to ESRD, but also increases the risk for
hospitalization, and is one of the major risk factors for
development of acute kidney injury (AKI) in hospi-
talized patients (1,3–6). There is limited information
regarding the effect of AKI on the risk of advanced
kidney disease in the setting of DM. Specifically, the
effect of episodes of AKI on CKD has not been stud-
ied, independent of other risk factors such as age,
proteinuria, hypertension, or other comorbid condi-
tions.

AKI is usually a “hospital-acquired” condition that
is associated with high morbidity and mortality dur-
ing acute care (7–12). AKI also has long-lasting detri-

mental effects on a patient’s health (13). Patients with
severe AKI (usually requiring dialysis) are at an in-
creased risk of death or ESRD after hospital discharge
(14–17). It should be noted, however, that only a small
proportion of AKI patients (!5%) sustain severe AKI
or require dialysis, whereas the majority of AKI pa-
tients experience milder degrees of kidney injury (11).
Although some studies have examined the associa-
tion between non-dialysis-requiring AKI and the
risk of ESRD, these observations are limited be-
cause of ICD-9-based determination of AKI and
lack information on either baseline or intermediary
assessment of renal function (18 –20). Furthermore,
patients who are discharged after suffering from
AKI may face a high risk of rehospitalization and
may also sustain repeated episodes of kidney in-
jury. To our knowledge, published studies have not
examined the effect of multiple episodes of AKI on
advanced CKD.

We proposed to examine whether AKI episodes
increased the risk of progressive kidney disease in
patients with DM, independent of other risk factors.
We conducted a longitudinal follow-up of a large
sample of patients with DM from a Veterans Affairs
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tients who did not develop AKI, compared with 23.4% in
hospitalized patients who developed AKI (P ! 0.0001).
Table 1 shows a comparison of patient characteristics
across those who reached the primary end point versus
those who did not. Patients reaching stage 4 CKD were
older and had a lower baseline level of GFR.

In a multivariable Cox proportional hazards model, AKI
during hospitalization was a risk factor for stage 4 CKD
(HR, 3.56; 95% CI, 2.76, 4.61) compared with those without
AKI. Additional risk factors included higher baseline level
of creatinine, presence of proteinuria, presence of hyper-
tension, and female gender (Table 2). Figure 2A represents
predicted survival (to stage 4 CKD) curves for patients
with and without AKI, censored for death and any other

loss to follow-up, adjusted for significant covariates. In a
separate Cox model, which examined the effect of multiple
AKI episodes (counting up to three episodes), each episode
doubled the risk of stage 4 CKD (HR, 2.02; 95% CI, 1.78,
2.30), independent of other covariates (Table 2). Figure 2B
represents adjusted survival (to stage 4 CKD) for patients
without AKI and those with multiple episodes of AKI,
censored for death and any other loss to follow-up.

There was a significant interaction between baseline se-
rum creatinine level and AKI episodes in the Cox model
predictions of the primary end point (P " 0.002). Figure 3
shows the effect of AKI versus no AKI on the primary end
point, stratified into three groups of baseline GFR; of note,
the magnitude of hazards associated with AKI were
greater in patients with relatively preserved baseline renal
function. Table 3 shows that AKI episodes increased the
risk of reaching primary end point across all categories of
baseline levels of GFR.

Figure 4 shows all-cause mortality during the time under
observation for different patient groups. Overall mortality
was 22% for the entire cohort. It was 24% in those who
were hospitalized but did not develop AKI and 38% in
patients who were hospitalized and experienced at least
one episode of AKI (P ! 0.0001).

In subgroup and sensitivity analyses in 473 AKI patients
(90% of AKI patients), there were multiple creatinine val-
ues available (median, 7) between the baseline determina-
tion and the date of the first AKI episode. The median time
between the baseline creatinine and first AKI episode was
30 months. We constructed new survival models with any
versus no AKI and multiple episodes of AKI by replacing
baseline creatinine values (mean, 1.12 mg/dl; SD, 0.29)

Figure 1. | Frequency of reaching stage 4 chronic kidney disease
(CKD) by patient groups.

Table 1. Patient characteristics by primary end point

Patient Characteristics All Study Participants
(n " 3679, 100%)

Reached Stage 4 CKD
(n " 530, 13.6%)

No Stage 4 CKD
(n " 3176, 86.4%) P

Gender 0.41
male 97.7% 97.2% 97.8%
female 2.3% 2.8% 2.2%

Age, yearsa 61.7 (11.2) 65 (10.9) 61.2 (11.1) !0.01
Race 0.02

black 18.8% 22.6% 18.1%
other 81.2% 77.3% 81.9%

Baseline GFRa 81.1 ml/min per
1.73 m2 (25.9)

61 ml/min per
1.73 m2 (23)

84.3 ml/min per
1.73 m2 (25)

!0.01

Baseline creatininea 1.10 mg/dl (0.3) 1.44 mg/dl (0.42) 1.05 mg/dl (0.26) !0.01
Obesity 35% 17% 37.9% !0.01
Peripheral vascular disease 22.5% 23.2% 22.3% 0.64
Ischemic heart disease 41.9% 36.6% 42.8% 0.08
Congestive heart failure 17.4% 14.7% 17.8% 0.09
Hypertension 64% 41.7% 67.5% !0.01
Valvular heart disease 5.1% 6.2% 4.9% 0.27
Chronic viral infections 6% 4.6% 6.2% 0.16
Proteinuria 62% 76% 59.8% !0.01
Any hospitalization 49.5% 51.3% 49.2% 0.41
Any acute kidney injury 14.4% 24.6% 12.8% !0.01

The values represent the presence of chronic comorbid conditions including proteinuria counted up to last eligible creatinine or
reaching primary end point, whichever occurred earlier; demographic data and renal function were assessed at the beginning of
the study.
aContinuous variables expressed as means and SD.

Clin J Am Soc Nephrol 6: 2567–2572, November, 2011 AKI Episodes and CKD in Diabetes, Thakar et al. 2569

with those preceding and closest to the first AKI episode
(mean, 1.22 mg/dl; SD, 0.28). The results from these mod-
els were essentially similar to the original models.

We also conducted sensitivity analysis by changing the
threshold of change in creatinine level used to define AKI.
The first set of analyses used a definition of AKI that
required a !1.5 times increase in creatinine during hospi-
talization, and the second set of analyses defined AKI as

Figure 2. | (A) Survival to stage 4 CKD in no AKI versus AKI groups.
(B) Survival to stage 4 CKD in no AKI versus multiple AKI episode
group. CKD, chronic kidney disease; AKI, acute kidney injury.

Table 2. Association between AKI and stage 4 CKD in diabetes
mellitus

Risk Factors Hazard
Ratio

95% Confidence
Interval

Age (in years) 1.01 0.99, 1.02
Sex (female versus male) 2.65 1.40, 5.03
Race (black versus

non-black)
0.91 0.71, 1.24

Baseline creatinine (per
unit increase)

8.59 6.07, 12.15

Obesity 0.72 0.52, 0.98
Hypertension 1.82 1.41, 2.37
Proteinuria 3.54 2.47, 5.08
AKI 3.56 2.76, 4.61
Number of episodes

AKI (each episode,
up to three)

2.02 1.78, 2.30

Final models included covariates. The table shows
multivariable Cox regression models in hospitalized patients
predicting stage 4 CKD, including time-dependent comorbid
conditions occurring up to the last eligible creatinine or end
point. AKI, acute kidney injury; CKD, chronic kidney disease.

Figure 3. | Survival to stage 4 chronic kidney disease (CKD) in AKI
versus no AKI groups, by strata of baseline level of estimated GFR.
CKD, chronic kidney disease; AKI, acute kidney injury.

2570 Clinical Journal of the American Society of Nephrology

severe AKI.9 Although it is seemingly intuitive that the
severity of AKI would be associated with progression to
advanced CKD, these three studies are the first to show this
link.9,22,23 These findings suggest that when the severity of
AKI reaches a certain threshold the course of AKI is altered,
initiating a chronic, progressive disease.

In addition to severity, the duration of AKI has been
linked to mortality but not to CKD progression. Coca et al.24

assessed a large cohort of patients with diabetes mellitus
undergoing cardiac surgery in the Veterans Administration
system. Both severity and duration of AKI were linked to
long-term mortality. However, the duration of AKI was not
linked to CKD progression.24 Consistent with these findings,
Brown et al.25 assessed a separate cohort of US Veterans after
cardiac surgery and confirmed that the duration of AKI was
linked to worse long-term survival.

Not surprisingly, patients who sustain multiple episodes of
AKI as compared with a single episode of AKI have higher
likelihoods of CKD progression. Thakar et al.26 have shown,
in a cohort of US Veterans with diabetes, that those who
experienced two or more episodes of AKI were much more
likely to progress to stage 4 CKD than patients who
experienced only one episode of AKI (Figure 2).26

These data are consistent with the hypothesis that for some
patients a single episode of AKI has biologic ramifications
beyond the acute event, engendering an ongoing state that
predisposes to the development of further injury, manifested
differentially in time as worsened AKI (short-term) or the
development or worsening of CKD over longer periods
(Figure 3). Some patients can fully recover from their initial
AKI, but subsets of AKI survivors appear to go on to
experience vicious cycles of intertwined AKI and CKD.26 It is
likely that the severity of renal injury along with other clinical,
treatment, and host risk factors mediate such processes.

AKI AS AN ACCELERANT OF CKD
Hsu et al.27 showed that the incident growth of the ESRD
population exceeded the prevalent CKD population. The

authors hypothesized that physician-related decisions
to start chronic dialysis earlier might account for this
discrepancy. We believe that the more likely explanation is
the marked effect of AKI on the development and progres-
sion of CKD.

CKD has consistently been shown to be a significant risk
factor for the development of AKI.28,29 Probable explanations
include the hemodynamic instability and failure of auto-
regulation30 in CKD patients, the ease of detection of small
changes in GFR when renal function is impaired, and a
predisposition to further injury in patients with diminished
renal function.31,32 These consist of at least susceptibility to
nephrotoxic agents, and the effects of ongoing humoral and
renal pathologic mechanisms in the setting of CKD.
Unfortunately, this risk appears to be bidirectional. Ishani
et al.10 showed that patients with CKD who experienced an
episode of AKI were 41 times more likely to develop ESRD
than patients without kidney disease, whereas patients with
CKD and no episodes of AKI had an 8.4-fold higher risk
compared with patients without kidney disease. The risk of
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Figure 2. | Renal recovery after AKI is associatedwith improved patient and renal survival. (A) Adjusted curves for survival in AKI survivors by
recovery status (recovery defined as within 25% of baseline). (B) Adjusted curves for renal survival in AKI survivors by recovery status (recovery
defined as within 25% of baseline). Adjusted for age, sex, myocardial infarction, peripheral vascular disease, cerebrovascular disease, con-
gestive heart failure, uncomplicated diabetes, complicated diabetes, nondermatologic malignancy, baseline estimated GFR (by 5 ml/min per
1.73 m2 increments), acute dialysis during hospitalization, primary diagnostic code for hospitalization, and Canadian Institute for Health
Information resource intensity weight.

Clin J Am Soc Nephrol 8: 194–202, February, 2013 Impact of Renal Recovery after AKI, Pannu et al. 199
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Association between AKI, Recovery of Renal Function,
and Long-Term Outcomes after Hospital Discharge
Neesh Pannu,*† Matthew James,‡§ Brenda Hemmelgarn,‡§ and Scott Klarenbach,*| for the Alberta Kidney Disease
Network

Summary
Background and objectives This study aimed to determine if recovery of kidney function after AKI modifies the
association between AKI during hospitalization and adverse outcomes after discharge.

Design, setting, participants, & measurements The effect of renal recovery after AKI was evaluated in a
population-based cohort study (n=190,714) with participants identified from a provincial claims registry in
Alberta, Canada, between November 1, 2002 and December 31, 2007. AKI was identified by a two-fold increase
betweenprehospital and peak in-hospital serum creatinine (SCr). Recoverywas assessed using SCr drawn closest
to 90 days after the AKI event. All-causemortality and a combined renal outcome of sustained doubling of SCr or
progression to kidney failure were evaluated.

ResultsOverall, 3.7% of the participants (n=7014) hadAKI, 62.7% ofwhom (n=4400) survived 90 days. In the 3231
patients in whom recovery could be assessed over a median follow-up of 34 months, 30.8% (n=1268) of AKI
survivors died and 2.1% (n=85) progressed to kidney failure. Participants who did not recover kidney function
had a higher risk for mortality and adverse renal outcomes when AKI participants who recovered to within 25%
of baseline SCr were used as the reference group (adjusted mortality hazard ratio (HR), 1.26; 95% confidence
interval, 1.10, 1.43) (adjusted renal outcomes HR, 4.13; 95% confidence interval, 3.38, 5.04). Mortality HR was
notably higher when participants failed to recover within 55% of baseline.

Conclusions Renal recovery after AKI is associated with a lower risk of death or adverse renal outcomes after
hospital discharge.

Clin J Am Soc Nephrol 8: 194–202, 2013. doi: 10.2215/CJN.06480612

Introduction
CKD is a strong predictor of future hospitalization,
cardiovascular events, and death as well as consider-
able health care costs (1–4). AKI is also recognized
as a potent predictor of long-term morbidity and
mortality, although the mechanism underlying this
association remains poorly understood. There are
emerging data that lack of recovery of renal function
after AKI is an important contributor to the preva-
lence and progression of CKD (5,6). It remains uncer-
tain to what extent the association between AKI and
adverse outcomes is mediated by the AKI event itself,
or via the development of de novo or progressive CKD
as a result of nonrecovery from AKI.

Recovery of renal function after AKI has been
primarily described in patients who required renal
replacement therapy, and largely defined as subse-
quent independence from dialysis. The decision to
initiate and discontinue renal replacement therapy
for AKI is highly variable, and currently there is lack
of consensus for defining renal recovery. In addition,
it is established that milder forms of AKI not requir-
ing dialysis are associated with both short-term and
long-term mortality; however, little is known about

renal recovery and its influence on outcomes in these
patients.
Using a population-based cohort of adults with a

hospitalization episode, we sought to characterize
renal recovery in participants with AKI using the
percentage change from the baseline prehospitaliza-
tion serum creatinine (SCr). Furthermore, we aimed to
determine whether recovery to prehospitalization
level of kidney function mediates the risk of long-
term outcomes associated with AKI, specifically sur-
vival, doubling of SCr, and ESRD.

Materials and Methods
Study Population
The study cohort included all adults (aged$18 years)

residing in Alberta who were admitted to the hospital
between November 1, 2002 and December 31, 2007,
with at least one outpatient SCr measurement within
180 days before hospitalization, $1 measurement dur-
ing the hospitalization, and $1 measurement in the
follow-up period. Inclusion also required that the par-
ticipants survived at least 90 days after hospitalization
(non-AKI participants) or the AKI event. If participants
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Original Investigation

Acute Kidney Injury Recovery Pattern and Subsequent Risk
of CKD: An Analysis of Veterans Health Administration Data

Michael Heung, MD, MS,1 Diane E. Steffick, PhD,1 Kara Zivin, PhD,2,3

Brenda W. Gillespie, PhD,1 Tanushree Banerjee, PhD,4 Chi-yuan Hsu, MD, MSc,4

Neil R. Powe, MD,4 Meda E. Pavkov, MD, PhD,5 Desmond E. Williams, MD, PhD,5

Rajiv Saran, MD,1,* and Vahakn B. Shahinian, MD,1,* on behalf of the Centers for
Disease Control and Prevention CKD Surveillance Teamy

Background: Studies suggest an association between acute kidney injury (AKI) and long-term risk for
chronic kidney disease (CKD), even following apparent renal recovery. Whether the pattern of renal recovery
predicts kidney risk following AKI is unknown.
Study Design: Retrospective cohort.
Setting & Participants: Patients in the Veterans Health Administration in 2011 hospitalized (.24 hours) with

at least 2 inpatient serum creatinine measurements, baseline estimated glomerular filtration rate . 60 mL/min/
1.73 m2, and no diagnosis of end-stage renal disease or non2dialysis-dependent CKD: 17,049 (16.3%) with
and 87,715 without AKI.
Predictor: Pattern of recovery to creatinine level within 0.3 mg/dL of baseline after AKI: within 2 days (fast),

in 3 to 10 days (intermediate), and no recovery by 10 days (slow or unknown).
Outcome: CKD stage 3 or higher, defined as 2 outpatient estimated glomerular filtration rates, 60 mL/min/

1.73 m2 at least 90 days apart or CKD diagnosis, dialysis therapy, or transplantation.
Measurements: Risk for CKD was modeled using modified Poisson regression and time to death-censored

CKD was modeled using Cox proportional hazards regression, both stratified by AKI stage.
Results:Most patients’ AKI episodes were stage 1 (91%) and 71% recovered within 2 days. At 1 year, 18.2%

had developed CKD (AKI, 31.8%; non-AKI, 15.5%; P , 0.001). In stage 1, the adjusted relative risk ratios
for CKD stage 3 or higher were 1.43 (95% CI, 1.39-1.48), 2.00 (95% CI, 1.88-2.12), and 2.65 (95% CI, 2.51-
2.80) for fast, intermediate, and slow/unknown recovery. A similar pattern was observed in subgroup
analyses incorporating albuminuria and sensitivity analysis of death-censored time to CKD.
Limitations: Variable timing of follow-up and mostly male veteran cohort may limit generalizability.
Conclusions: Patients who develop AKI during a hospitalization are at substantial risk for the development

of CKD by 1 year following hospitalization and timing of AKI recovery is a strong predictor, even for the mildest
forms of AKI.
Am J Kidney Dis. -(-):---. ª 2015 by the National Kidney Foundation, Inc. Published by Elsevier Inc.
All rights reserved.

INDEX WORDS: Renal recovery; acute kidney injury (AKI); AKI outcomes; chronic kidney disease (CKD);
acute on chronic kidney disease; kidney function; serum creatinine; renal complications; recovery speed;
Veterans Administration (VA).

Acute kidney injury (AKI) is a common and
frequently devastating clinical syndrome asso-

ciated with hospital mortality rates approaching 25%
overall and .50% in severe cases.1-3 Among survi-
vors, severe AKI requiring dialysis can result in non-
recovery or incomplete recovery of kidney function; in
other words, end-stage renal disease (ESRD) or non2
dialysis-dependent chronic kidney disease (CKD),
respectively.4 Recently, there has been increasing

recognition that even patients with AKI with apparent
complete recovery remain at risk for long-term renal
complications.5-7

Although studies have demonstrated an association
between moderate to severe forms of AKI and sub-
sequent renal complications, less is known about the
prognostic implications of milder forms of AKI,
including those with relatively rapid recovery of
kidney function.8 However, mild AKI makes up the
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Perhaps one of the most surprising findings of this
study was the observation that rapidly recovering
stage 1 AKI (resolving within 2 days) was associated
with a .40% increased risk for CKD stage 3 or
higher compared with patients without AKI. Such
fluctuations in Scr levels are frequently encountered
in the clinical setting and are unlikely to prompt
formal involvement of a nephrologist in most cases.

However, our findings are consistent with recent data
suggesting that fast recovering mild AKI may have
clinical consequences. Nejat et al37 demonstrated a
release of urinary AKI biomarkers in the setting of
clinically determined “prerenal” AKI, suggesting that
injury is occurring and not simply physiologic com-
pensation. Similarly, studies in the cardiac literature
demonstrate worse long-term survival with even

Table 4. Adjusted Hazard Ratios for the Effect of AKI Recovery Pattern on Death-Censored Time to Development of Stage 3 or Higher
CKD by 1 Year After Discharge From the Index Hospitalization

AKI by Recovery Patterna

Stage 1 AKIa Stage 2 AKIa Stage 3 AKIa

HR (95% CI) P HR (95% CI) P HR (95% CI) P

No AKI 1.00 (reference) — 1.00 (reference) — 1.00 (reference) —
#2 d 1.49 (1.43-1.54) ,0.001 1.32 (1.01-1.72) 0.04 1.52 (1.23-1.89) ,0.001
3-10 d 2.32 (2.16-2.49) ,0.001 1.66 (1.24-2.23) 0.001 1.61 (1.31-1.97) ,0.001
Still elevated after 10 d 3.25 (3.02-3.50) ,0.001 3.81 (3.09-4.68) ,0.001 2.97 (2.55-3.46) ,0.001
No Scr measure in 10-d postpeak period 1.78 (1.60-2.00) ,0.001 2.28 (0.57-9.13) 0.2 2.01 (1.00-4.03) 0.05

Note: This analysis included all patients discharged alive from the index hospitalization (n 5 121,123). Separate Cox proportional
hazards regression models were used to model time to the development of stage 3 or higher CKD (defined as the earliest of first
physician diagnosis of CKD, indication of dialysis [diagnosis, procedure, or clinic stop code], transplantation [diagnosis], or the first of 2
follow-up Scr results yielding eGFRs, 60 mL/min/1.73 m2 at least 90 days apart) for each stage of AKI compared to no AKI. Follow-up
started at day of discharge. Each model also included baseline eGFR, age, race, sex, preadmission diabetes mellitus (defined as in
Table 1 notes), preadmission hypertension (defined as in Table 1 notes), sepsis diagnosis, mechanical ventilation, length of stay during
index admission, and Charlson comorbidity scores, excluding diabetes mellitus and CKD and including cancer, HIV, and AIDS.

Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; CI, confidence interval; eGFR, estimated glomerular filtration
rate (using CKD Epidemiology Collaboration equation); HIV, human immunodeficiency virus; HR, hazard ratio; KDIGO, Kidney Dis-
ease: Improving Global Outcomes; Scr, serum creatinine.

aDefined as in Table 1 notes.

Table 5. Adjusted Relative Risk Ratios for the Effect of AKI Recovery Pattern and Baseline Albuminuria on the Development of Stage
3 or Higher CKD by 1 Year After Discharge From the Index Hospitalization, Among Those With Baseline Albuminuria Measurement

Stage 1 AKIa Stage 2 AKIa Stage 3 AKIa

RR (95% CI) P RR (95% CI) P RR (95% CI) P

AKI by recovery patterna

No AKI 1.00 (reference) — 1.00 (reference) — 1.00 (reference) —
#2 d 1.40 (1.32-1.48) ,0.001 1.85 (1.30-2.64) ,0.001 1.80 (1.33-2.45) ,0.001
3-10 d 2.05 (1.86-2.27) ,0.001 1.58 (1.02-2.44) 0.04 1.83 (1.41-2.37) ,0.001
Still elevated after 10 d 2.33 (2.10-2.59) ,0.001 3.00 (2.32-3.88) ,0.001 3.48 (2.96-4.10) ,0.001
No Scr measure in 10-d postpeak period — — — — — —

Baseline albuminuria
0-,30 mg/g 1.00 (reference) — 1.00 (reference) — 1.00 (reference) —
30-300 mg/g 1.11 (1.09-1.13) ,0.001 1.40 (1.30-1.50) ,0.001 1.39 (1.30-1.49) ,0.001
.300 mg/g 1.35 (1.28-1.43) ,0.001 1.71 (1.50-1.95) ,0.001 1.72 (1.51-1.95) ,0.001

Note: This analysis included all patients who survived 365 days following discharge from the index hospitalization who had at least 1
outpatient measurement of urine albumin in the 365 days before the index admission. Because there were too few observations with no
Scr measurements within the 10 days following inpatient Scr peak to estimate RRs, these observations were excluded (final sample
size 5 22,432). Separate modified Poisson regression models were used to model the development of stage 3 or higher CKD (defined
as in Table 4 notes) for each stage of AKI compared to no AKI. Each model also included baseline eGFR, age, race, sex, preadmission
diabetes mellitus (defined as in Table 1 notes), preadmission hypertension (defined as in Table 1 notes), sepsis diagnosis, mechanical
ventilation, length of stay during index admission, and Charlson comorbidity scores, excluding diabetes mellitus and CKD and including
cancer, HIV, and AIDS.

Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; CI, confidence interval; eGFR, estimated glomerular filtration
rate (using CKD Epidemiology Collaboration equation); HIV, human immunodeficiency virus; KDIGO, Kidney Disease: Improving
Global Outcomes; RR, relative risk ratio; Scr, serum creatinine.

aDefined as in Table 1 notes.
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CKD stage 3 or higher, including 1.2% with
eGFRs , 15 mL/min/1.73 m2, dialysis, or trans-
plantation. Development of CKD stage 3 or higher was
significantly more common among patients who had
AKI during hospitalization than those without AKI
(31.8% vs 15.5%; P , 0.001). Table 2 presents the
percentage of patients who developed CKD by 1 year
following AKI hospitalization, stratified by both AKI
severity and pattern of recovery.
When examining patterns of renal recovery, risk for

the development of CKD stage 3 or higher increased
progressively with duration of AKI before recovery,
and this relationship was consistent across all AKI
stages (Table 3). Notably, even fast recovering AKI
(within 2 days) remained an independent risk factor
for CKD stage 3 or higher compared with patients
without AKI, with a relative risk (RR) ranging from
1.43 (95% confidence interval [CI], 1.39-1.48) to 1.96
(95% CI, 1.64-2.34) for AKI stages 1 and 3, respec-
tively. Patients with unknown recovery had an inter-
mediate RR of this CKD compared with the more
specific renal recovery patterns (RRs of 1.48 [95% CI,
1.34-1.64], 2.08 [95% CI, 0.70-6.22], and 2.21 [95%
CI, 1.17-4.17] for stages 1, 2, and 3, respectively).

Subgroup and Sensitivity Analyses

In the time to CKD model censoring for death,
slower AKI recovery remained independently
associated with increased risk for the development
of CKD stage 3 or higher within each stage of AKI,
similar to the relationship observed in the modified
Poisson regression models. In patients with stage 1
AKI, hazard ratios were increased compared to
the primary analysis, whereas they were slightly
attenuated for patients with stages 2 and 3 AKI
(Table 4).
Among the study cohort, 22,646 (21.6% of cohort)

patients had available baseline urine albumin mea-
surements. More patients with any abnormal degree
of albuminuria (urine albumin-creatinine ratio .
30 mg/g; 16.5% of those with urine data) developed
AKI compared with those who were tested and had
no albuminuria (25.7% vs 19.1%; P , 0.001). When
incorporating albuminuria into the regression models,
compared to no albuminuria, the RR for CKD among
patients with mild albuminuria (30-300 mg/g) ranged
from 1.11 (95% CI, 1.09-1.13) in stage 1 AKI to 1.39
(95% CI, 1.30-1.49) in stage 3. For those with

Table 1 (Cont’d). Patient Characteristics, Overall and by Presence of AKI During Index Hospitalization

Variable Total (N 5 104,764 [100%]) No AKI (n 5 87,715 [83.7%]) With AKI (n 5 17,049 [16.3%]) P

Nonmetastatic cancer 18,387 (17.6) 15,153 (17.3) 3,234 (19.0) ,0.001
HIV, not AIDS 572 (0.5) 493 (0.6) 79 (0.5) 0.1

No. of outpatient Scr measures in y
after discharge

5.1 6 5.9 5.0 6 5.7 5.76 7.0 ,0.001

AKI by severitye

No AKI 87,715 (83.7) 87,715 (100.0) —
Stage 1 15,566 (14.9) — 15,566 (91.3)
Stage 2 561 (0.5) — 561(3.3)
Stage 3 922 (0.9) — 922 (5.4)

AKI by recovery patternf

No AKI 87,715 (83.7) 87,715 (100.0) —
#2 d 12,072 (11.5) — 12,072 (70.8)
3-10 d 2,072 (2.0) — 2,072 (12.2)
Still elevated after 10 d 1,874 (1.8) — 1,874 (11.0)
No Scr measure in 10-d postpeak

period
1,031 (1.0) — 1,031 (6.0)

Note: Values given as number (percentage) or mean 6 standard deviation. Sample includes patients who survived 365 days
following discharge from index admission. Conversion factor for Scr in mg/dL to mmol/L, 388.4.

Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; CPT, Current Procedural Terminology; DRG, diagnosis-
related group; Dx, diagnosis code; eGFR, estimated glomerular filtration rate; HIV, human immunodeficiency virus; KDIGO, Kidney
Disease: Improving Global Outcomes; MI, myocardial infarction; PVD, peripheral vascular disease; Scr, serum creatinine.

aDefined by the presence of a Dx, hemoglobin A1c . 6.5%, serum glucose . 200 mg/dL, or prescription of a diabetes medication in
365 days before index admission.

bDefined by the presence of a Dx or prescription for an antihypertensive medication in 365 days before index admission.
cCharlson comorbidity score excludes diabetes mellitus and CKD but includes cancer, HIV, and AIDS.
dCondition not included in Charlson score due to separate inclusion in models.
eAKI severity is defined by KDIGO criteria: stage 1 is increase in inpatient Scr . 0.3 mg/dL but less than twice baseline Scr (or an

increase of 1.5 times baseline even if ,0.3 mg/dL); stage 2 is an increase of 2 to 3 times baseline; and stage 3 is an increase greater
than 3 times baseline or an increase to $4.0 mg/dL.

fAKI recovery is return of Scr to ,0.3 mg/dL above baseline; peak refers to peak Scr. Both inpatient and outpatient Scr results were
used when patients were discharged prior to 10 days following peak.
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model for mortality as a time-dependent covariate, the HR
(95% CI) for death associated with AKI was nonsignificant:
1.18 (0.95, 1.46; P¼ 0.13; Table 4). Further, within the sub-
group of patients who experienced AKI, those who subse-
quently developed CKD had a 3.6-fold increased incidence
of death compared with the group not developing CKD:
mortality rate ratio (95% CI) 3.65 (2.42, 5.52, Po0.0001;
Table 5). A sensitivity analysis was completed using the full,
unmatched cohort (n¼ 20,028). A multivariable Cox pro-
portional hazard regression model was fit, which included
all variables used in the propensity score model, as well as
the development of CKD during follow-up. The mortality
hazard associated with AKI in the multivariable regression
was consistent with that observed in the primary analysis
(HR¼ 1.15, 95% CI: 0.95, 1.39, P¼ 0.16). The results of the
sensitivity analyses for definitions of AKI based on the
baseline serum creatinine occurring 90 days before AKI or 30
days after AKI were similarly consistent with the primary
analysis (data not shown).

The association between AKI and mortality was consistent
in population subgroups (age X65 years vs. younger, diabetic

status, requirement for critical care services, and Charlson
Co-morbidity Index score of X2, vs. 0 or 1). Figure 3 shows
the results of individual Cox proportional hazard survival
models for each subgroup of the final, matched cohort.
In each case, the model is adjusted for hospital length of stay,
as well as for the development of de novo CKD during follow-
up, in a time-dependent manner. Tests of interactions of
the each subgroup and the mortality outcome were not
significant (data not shown).
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Figure 1 | Unadjusted survival by exposure status (recovered
acute kidney injury (AKI) group vs. controls) among patients
with normal baseline kidney function.
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Figure 2 | Cumulative incidence of chronic kidney disease
(CKD) by exposure status (recovered acute kidney injury (AKI)
group vs. controls) among patients with normal baseline
kidney function.

Table 4 | Cox proportional hazard for time to death and
de novo CKD (recovered AKI vs. controls)

Death HR
(95% CI)

De novo
CKD HR (95% CI)

Adjusted for index hospital
length-of-stay

1.48 (1.19, 1.82)
P=0.0003

1.91 (1.75, 2.09)
Po0.0001

Adjusted for index hospital
length-of-stay and de novo CKD

1.18 (0.95, 1.46)
P=0.13

NA

Abbreviations: AKI, hospital-associated acute kidney injury; CI, confidence interval;
CKD, chronic kidney disease; HR, hazard ratio.

Table 5 | Mortality rates among long-term hospital survivors,
by AKIa and de novo CKD status

No AKI,
No CKD

(n=2434)

No AKI,
CKD

(n=1218)

AKI,
No CKD
(n=769)

AKI,
CKD

(n=841)

No. of deaths 102 131 28 116
Person years follow-up 8155.2 4287.4 2429.8 2756.0
Mortality rate, no. of
deaths/1000 person years

12.5 30.6 11.5 42.1

Abbreviations: AKI, hospital-associated acute kidney injury; CKD, chronic kidney
disease.
aPatients with and without AKI were matched across a broad range of covariates for
the propensity to develop AKI. All patients had no evidence of CKD at baseline;
‘CKD’ in this table refers to the development of CKD during follow-up after recovery
from AKI.

Diabetes - yes

Diabetes - no

Critical care - yes

Critical care - no

CCI - ! 2

CCI - " 1

Age - ! 65

Age - < 65

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Hazard ratio

Figure 3 | Cox proportional hazard survival (recovered acute
kidney injury vs. controls) by cohort subgroups. These models
were developed for each specified subgroup from the final
matched cohort (n¼ 1610 and 3652 cases and controls,
respectively). Each model is adjusted for index hospital length
of stay, as well as for the development of chronic kidney disease
during follow-up, as in the primary analysis. CCI, Charlson
Co-morbidity Index.
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Increased risk of death and de novo chronic kidney
disease following reversible acute kidney injury
Ion D. Bucaloiu1, H. Lester Kirchner2, Evan R. Norfolk1, James E. Hartle II1 and Robert M. Perkins1,3

1Department of Nephrology, Geisinger Medical Center, Danville, Pennsylvania, USA; 2Biostatistics and Research Data Core, Center for
Health Research, Geisinger Medical Center, Danville, Pennsylvania, USA and 3Center for Health Research, Geisinger Medical Center,
Danville, Pennsylvania, USA

Acute kidney injury increases mortality risk among those with
established chronic kidney disease. In this study we used a
propensity score-matched cohort method to retrospectively
evaluate the risks of death and de novo chronic kidney
disease after reversible, hospital-associated acute kidney
injury among patients with normal pre-hospitalization kidney
function. Of 30,207 discharged patients alive at 90 days,
1610 with reversible acute kidney injury that resolved within
the 90 days were successfully matched across multiple
parameters with 3652 control patients who had not
experienced acute kidney injury. Median follow-up was 3.3
and 3.4 years (injured and control groups, respectively).
In Cox proportional hazard models, the risk of death
associated with reversible acute kidney injury was significant
(hazard ratio 1.50); however, adjustment for the
development of chronic kidney injury during follow-up
attenuated this risk (hazard ratio 1.18). Reversible acute
kidney injury was associated with a significant risk of
de novo chronic kidney disease (hazard ratio 1.91). Thus,
a resolved episode of hospital-associated acute kidney injury
has important implications for the longitudinal surveillance
of patients without preexisting, clinically evident
kidney disease.

Kidney International (2012) 81, 477–485; doi:10.1038/ki.2011.405;
published online 7 December 2011

KEYWORDS: acute kidney injury; chronic kidney disease; death; hospitaliza-
tion; propensity score

Hospital-associated acute kidney injury (AKI) is common,
affecting up to 1% of the general population and 15% of all
hospitalized patients.1–4 In the United States alone, more than
3 million hospitalized individuals annually are at risk.5

AKI is not benign; the risk of in-hospital death after
such an event is increased 2.5-fold compared with similar
patients without AKI,6 and the long-term risk of death
is similarly increased for subpopulations of patients with
preexisting chronic kidney disease (CKD).7 A causative
relationship between AKI and these long-term risks has not
been established, although it has been postulated that AKI
may result in a number of systemic vascular endothelial
alterations that impact cardiovascular health.8 Whether
reversible episodes of AKI represent a risk for long-term
mortality in patients without underlying CKD is unknown,
although these patients are not traditionally considered an
at-risk population.9

We hypothesized that reversible changes in kidney
function among hospitalized patients without preexisting,
clinically evident kidney disease would increase the long-
term risk of death and CKD. We assembled a cohort of
hospitalized adults without evidence of kidney disease before
admission, and who survived at least 90 days after discharge.
Patients were stratified by AKI status, matched across a broad
range of variables previously associated with AKI, and
followed for the outcomes of interest.

RESULTS
Of 39,477 individuals admitted to Geisinger Medical Center
between 1 January 2004 and 31 December 2007, 30,207
patients were alive 90 days after discharge. Of these, 10,179
met at least one exclusion criterion or failed to recover kidney
function after AKI. Of the remaining 20,028 individuals, 1997
met criteria for recovered AKI; 18,031 patients not experi-
encing AKI served as potential controls. Of the 1997 with
recovered AKI, 1610 (80.6%) were successfully matched with
up to 3 (n¼ 3652) controls using a 5-1 digit ‘greedy’ match
algorithm. This served as the final study cohort.

The baseline characteristics of the two groups prior to
propensity score matching are shown in Table 1. In brief,
compared with controls, patients who developed AKI were
older, had more comorbid conditions, lower serum albumin
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Acute Kidney Injury Increases Risk of ESRD among
Elderly
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Medical School, Minneapolis, Minnesota; †Division of Nephrology, Maine Medical Center, Portland, Maine;
‡National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda,
Maryland; §Division of Renal Diseases and Hypertension, Department of Medicine, George Washington University
Medical Center, Washington, DC; and !Division of Nephrology, Indiana University School of Medicine, Indianapolis,
Indiana

ABSTRACT
Risk for ESRD among elderly patients with acute kidney injury (AKI) has not been studied in a large,
representative sample. This study aimed to determine incidence rates and hazard ratios for developing
ESRD in elderly individuals, with and without chronic kidney disease (CKD), who had AKI. In the 2000 5%
random sample of Medicare beneficiaries, clinical conditions were identified using Medicare claims;
ESRD treatment information was obtained from ESRD registration during 2 yr of follow-up. Our cohort
of 233,803 patients were hospitalized in 2000, were aged !67 yr on discharge, did not have previous
ESRD or AKI, and were Medicare-entitled for !2 yr before discharge. In this cohort, 3.1% survived to
discharge with a diagnosis of AKI, and 5.3 per 1000 developed ESRD. Among patients who received
treatment for ESRD, 25.2% had a previous history of AKI. After adjustment for age, gender, race,
diabetes, and hypertension, the hazard ratio for developing ESRD was 41.2 (95% confidence interval [CI]
34.6 to 49.1) for patients with AKI and CKD relative to those without kidney disease, 13.0 (95% CI 10.6
to 16.0) for patients with AKI and without previous CKD, and 8.4 (95% CI 7.4 to 9.6) for patients with CKD
and without AKI. In summary, elderly individuals with AKI, particularly those with previously diagnosed
CKD, are at significantly increased risk for ESRD, suggesting that episodes of AKI may accelerate
progression of renal disease.

J Am Soc Nephrol 20: 223–228, 2009. doi: 10.1681/ASN.2007080837

Although short-term consequences of acute kidney
injury (AKI) have been extensively studied,1–4 the rate
of development of end-stage renal disease (ESRD) af-
ter AKI has been poorly defined in a representative
sample. Moreover, the potential linkage between pa-
tients with AKI, chronic kidney disease (CKD), and
ESRD has been poorly studied and remains ill defined,
particularly among elderly individuals, who represent
the fastest growing segment of the ESRD population.
Since 1972, all patients who have ESRD and are eligi-
ble for Social Security in the United States have been
entitled to all Medicare benefits, regardless of age. All
US renal dialysis units and transplant facilities are re-
quired to complete the Centers for Medicare & Med-
icaid Services (CMS) End-Stage Renal Disease Medi-

cal Evidence Report (CMS-2728) for each patient
receiving initial treatment at that site. The Medical Ev-
idence Report registers all patients who have ESRD
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with the US Renal Data System (USRDS), which maintains the
data. Thus, patients entitled to ESRD therapy after AKI can be
found in the USRDS database.

The primary objective of our study was to determine the
postdischarge incidence rates and hazard ratios (HR) for de-
veloping ESRD in elderly individuals who sustain AKI. A sec-
ondary objective was to assess the difference in developing
ESRD between elderly individuals with and without CKD.

RESULTS

The incidence of AKI was 3.1% and baseline CKD was present
in 12.0% of the cohort in 2000 (Table 1). Among patients with
AKI, the proportion with baseline CKD was 34.3%. Of patients

who survived their index hospitalizations, those with AKI and
CKD had higher 2-yr mortality than those with AKI alone (Ta-
ble 2). This may represent survivor bias; of the patients who
had AKI and died during the hospitalization, 64% had AKI
alone, and 36% had AKI and CKD (data not shown).

The likelihood of initiating ESRD treatment among patients
with AKI increased steadily after discharge (Figure 1). Consid-
ering patients with AKI only (Figure 1, top), the likelihood of
initiating ESRD treatment after AKI was 0.96% within 30 d,
2.69% within 180 d, 4.08% within 365 d, and 6.96% at the end
of 2 yr of follow-up. The corresponding likelihoods for patients
without AKI were 0.04, 0.14, 0.25, and 0.49%, respectively.
Considering patients with both AKI and CKD (Figure 1, bot-
tom), the likelihood of initiating ESRD treatment after AKI
was 1.61% within 30 d, 4.76% within 180 d, 7.91% within
365 d, and 14.29% at the end of 2 yr of follow-up. Corresponding
likelihoods were 0.63, 1.68, 2.28, and 3.68% for those with AKI
only; 0.26, 0.86, 1.43, and 2.54% for those with CKD only; and
0.01, 0.05, 0.11, and 0.25% for those with neither AKI nor CKD.

Table 3 shows the number of ESRD cases and HR for devel-
opment of ESRD by patient demographics and clinical condi-
tions. When AKI and CKD were considered independently,
patients with AKI were 6.74 times more likely to develop ESRD
than those without injury, after adjustment for age, gender,
race, diabetes, hypertension, and CKD. When AKI and CKD
were considered simultaneously, patients with AKI only (HR
13.00) were approximately 54% more likely to develop ESRD
than those with CKD only (HR 8.43). Patients who had CKD
and sustained AKI showed a striking multiplicative effect of the
interaction between the two conditions on the development of
ESRD (HR 41.19), compared with patients with neither diag-
nosis.

In patients who had CKD and had AKI coded as the princi-
pal diagnosis, the rate of developing ESRD was 101.5 per 1000
patients (Figure 2). After adjustment for age, gender, race, di-

Table 1. Patient characteristics: Medicare beneficiaries
discharged alive from hospitals, 2000

Characteristic Value

N 233,803
Age (yr; mean) 79.2
Men (%) 38.8
Race (%)

white 89.0
black 7.7
other 3.3

Baseline condition (%)
diabetes 27.2
hypertension 64.9
heart disease 69.3
CKD 12.0

AKI (%) 3.1
prior CKD 34.3

ESRD per 1000 patients 5.3
discharged with AKI (%) 25.2

2-yr mortality (%) 29.1

Table 2. Incidence of AKI overall and among patients with previous CKD: Medicare patients discharged alive from
hospitals, 2000

Characteristic
AKI AKI and CKD

AKI No AKI AKI and CKD AKI Only CKD Only No AKI or CKD

n 7197 226,606 2467 4730 25,653 200,953
Age (yr; mean) 80.1 79.2 79.9 80.2 79.3 79.1
Men (%) 47.6 38.5 52.0 45.3 47.1 37.4
Race (%)

white 83.6 89.2 81.8 84.5 86.7 89.5
black 12.5 7.5 13.9 11.7 9.5 7.3
other 4.0 3.3 4.3 3.8 3.8 3.2

Baseline condition (%)
diabetes 41.6 26.8 50.3 37.0 37.7 25.4
hypertension 78.0 64.5 84.9 74.3 77.3 62.9
heart disease 84.1 68.9 91.1 80.5 83.0 67.1

Mortality
rate (%) 57.7 28.2 64.3 54.3 37.9 26.9
HR (95% CI)a 2.38 (2.31 to 2.46) 1.00 3.24 (3.08 to 3.40) 2.48 (2.38 to 2.58) 1.45 (1.42 to 1.48) 1.00

aObtained using Cox proportional models with adjustment for age, gender, race, diabetes, and heart disease (CKD was included in the model for AKI).
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abetes, and hypertension, these patients were 55.36 times more
likely to develop ESRD than those with neither condition. Risk
for ESRD in patients with AKI coded as the principal diagnosis
and without CKD (HR 15.04) was approximately 42% of the
risk of those with both AKI coded as a secondary diagnosis and
CKD (HR 36.24).

DISCUSSION

This study demonstrates for the first time the impact of AKI on
the hazard for developing ESRD in a representative sample of
Medicare beneficiaries. Initiation of ESRD treatment increased
steadily after AKI occurred. Patients with both AKI and preex-
isting or concurrent CKD showed a multiplicative effect on
risk for the development of ESRD.

AKI has generally been considered self-limiting, with a
good prognosis when recovery is noted in hospital.5 Results
from our study suggest that among patients who had AKI
and did not have recognized preexisting CKD (n ! 4730),
CKD was documented within 2 yr of the AKI occurrence in
72.1%. These findings suggest that CKD may be unrecog-
nized or that AKI can initiate CKD. Several early studies in
which renal clearance measures were carefully performed
demonstrate that survivors of AKI may experience consid-
erable decline in kidney function.6 – 8 Results from several
more recent studies support these findings.9,10 A greater
likelihood of initiating ESRD treatment among patients
who sustain AKI has also been noted in single-center studies
in which 8 to 10% of patients with AKI received long-term
dialysis ("90 d).10 –15 Recently, two studies using the Coop-
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Figure 1. Estimated probability of initiating treatment of ESRD,
using the Kaplan-Meier method. (Top) Curves by AKI status.
(Bottom) Curves by AKI and CKD status. DF, degrees of freedom.
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Figure 2. Number of cases per 1000 persons (top) and HR
(bottom) for ESRD by AKI and CKD status. AKIP, AKI coded
as principal diagnosis; AKIS, AKI coded as secondary diag-
nosis.

Table 3. Risk for ESRD in 2 yr after live hospital
discharge, Medicare patients hospitalized in 2000

Characteristic
Cases per

1000 Patients
HR (95% CI)a

Age (yr)
67 to 70 8.00 1.00
71 to 75 6.90 0.87 (0.74 to 1.02)
76 to 80 5.65 0.72 (0.61 to 0.85)
81 to 85 4.27 0.63 (0.52 to 0.76)
!86 1.93 0.36 (0.28 to 0.46)

Gender
male 6.57 1.24 (1.11 to 1.39)
female 4.50 1.00

Race
white 4.35 1.00
black 14.23 2.23 (1.93 to 2.56)
other 10.13 1.66 (1.31 to 2.09)

Baseline diabetes
yes 11.48 2.24 (1.99 to 2.52)
no 2.99 1.00

Baseline hypertension
yes 7.07 1.91 (1.62 to 2.27)
no 2.04 1.00

Baseline CKD
yes 25.11 6.82 (6.05 to 7.67)
no 2.60 1.00

AKI
yes 43.35 6.74 (5.90 to 7.71)
no 4.10 1.00

AKI and CKD
both AKI and CKD 79.45 41.19 (34.58 to 49.08)
AKI only 24.52 13.00 (10.57 to 15.99)
CKD only 19.88 8.43 (7.39 to 9.61)
no AKI or CKD 2.08 1.00

aObtained using Cox proportional models with adjustment for age, gender,
race, diabetes, and hypertension.
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abetes, and hypertension, these patients were 55.36 times more
likely to develop ESRD than those with neither condition. Risk
for ESRD in patients with AKI coded as the principal diagnosis
and without CKD (HR 15.04) was approximately 42% of the
risk of those with both AKI coded as a secondary diagnosis and
CKD (HR 36.24).

DISCUSSION

This study demonstrates for the first time the impact of AKI on
the hazard for developing ESRD in a representative sample of
Medicare beneficiaries. Initiation of ESRD treatment increased
steadily after AKI occurred. Patients with both AKI and preex-
isting or concurrent CKD showed a multiplicative effect on
risk for the development of ESRD.

AKI has generally been considered self-limiting, with a
good prognosis when recovery is noted in hospital.5 Results
from our study suggest that among patients who had AKI
and did not have recognized preexisting CKD (n ! 4730),
CKD was documented within 2 yr of the AKI occurrence in
72.1%. These findings suggest that CKD may be unrecog-
nized or that AKI can initiate CKD. Several early studies in
which renal clearance measures were carefully performed
demonstrate that survivors of AKI may experience consid-
erable decline in kidney function.6 – 8 Results from several
more recent studies support these findings.9,10 A greater
likelihood of initiating ESRD treatment among patients
who sustain AKI has also been noted in single-center studies
in which 8 to 10% of patients with AKI received long-term
dialysis ("90 d).10 –15 Recently, two studies using the Coop-
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Figure 2. Number of cases per 1000 persons (top) and HR
(bottom) for ESRD by AKI and CKD status. AKIP, AKI coded
as principal diagnosis; AKIS, AKI coded as secondary diag-
nosis.

Table 3. Risk for ESRD in 2 yr after live hospital
discharge, Medicare patients hospitalized in 2000

Characteristic
Cases per

1000 Patients
HR (95% CI)a

Age (yr)
67 to 70 8.00 1.00
71 to 75 6.90 0.87 (0.74 to 1.02)
76 to 80 5.65 0.72 (0.61 to 0.85)
81 to 85 4.27 0.63 (0.52 to 0.76)
!86 1.93 0.36 (0.28 to 0.46)

Gender
male 6.57 1.24 (1.11 to 1.39)
female 4.50 1.00

Race
white 4.35 1.00
black 14.23 2.23 (1.93 to 2.56)
other 10.13 1.66 (1.31 to 2.09)

Baseline diabetes
yes 11.48 2.24 (1.99 to 2.52)
no 2.99 1.00

Baseline hypertension
yes 7.07 1.91 (1.62 to 2.27)
no 2.04 1.00

Baseline CKD
yes 25.11 6.82 (6.05 to 7.67)
no 2.60 1.00

AKI
yes 43.35 6.74 (5.90 to 7.71)
no 4.10 1.00

AKI and CKD
both AKI and CKD 79.45 41.19 (34.58 to 49.08)
AKI only 24.52 13.00 (10.57 to 15.99)
CKD only 19.88 8.43 (7.39 to 9.61)
no AKI or CKD 2.08 1.00

aObtained using Cox proportional models with adjustment for age, gender,
race, diabetes, and hypertension.
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Need for Chronic Dialysis
After a median (IQR) follow-up of 3
(1-5) years, the incidence rates of
chronic dialysis were 2.63 and 0.91 per
100 person-years among those with and
without acute kidney injury and dialy-
sis in the index hospitalization, respec-
tively, corresponding to a crude HR of
3.26 (95% CI, 2.73-3.89) (TABLE 2;
FIGURE 2A). After adjusting for age
and the propensity score, the HR
changed little (3.23; 95% CI, 2.70-
3.86; Table 2).

The increased risk of chronic di-
alysis following a hospitalization com-
plicated by acute kidney injury and
dialysis was consistent across patient
subgroups (FIGURE 3). This was espe-
cially so among patients without a pre-
existing diagnosis of chronic kidney
disease (adjusted HR, 15.54; 95% CI,
9.65-25.03).

All-Cause Mortality
The incidence rate for all-cause mortal-
ity was 10.10 per 100 person-years
among patients with acute kidney in-
jury and dialysis, which was slightly
lower than among those without in-
hospital acute kidney injury (Figure 2B).
After adjusting for age and the propen-
sity score, the future risk of death was
not significantly different between
groups (HR, 0.95; 95% CI, 0.89-1.02;
Table 2).

Unmatched Participants
There were 297 (7.3%) participants
with acute kidney injury and dialysis
who could not be matched to a suit-
able control. Their respective inci-
dence rates of chronic dialysis and all-
cause mortality were 4.89 per 100
person-years and 14.18 per 100 person-
years, which were higher than rates for

the 3769 patients who were success-
fully matched (Table 2).

COMMENT
We analyzed all patients admitted to
Ontario hospitals over a 10-year pe-
riod and found that survivors of a hos-
pitalization complicated by acute kid-
ney injury requiring dialysis were
approximately 3 times more likely to
require chronic dialysis compared with
those without acute kidney injury.
However, no difference was observed
between these groups for long-term
mortality.

This study was designed to evaluate
long-term renal health among survi-
vors of acute kidney injury receiving di-
alysis in a large population with univer-
sal access to health care. Patients with
acute kidney injury have a high acuity
level during their hospitalization and a

Table 2. Risk of Chronic Dialysis and All-Cause Mortality by Group

Outcome

Acute Kidney Injury and Dialysis at
Index Hospitalization (n = 3769)

Without Acute Kidney Injury or Dialysis
at Index Hospitalization (n = 13 598)

Hazard Ratio
(95% Confidence Interval)

No. of Events (%)

Incidence
Rate Per 100
Person-Years No. of Events (%)

Incidence
Rate Per 100
Person-Years Crudea Adjustedb

Chronic dialysis 322 (8.5) 2.63 403 (3.0) 0.91 3.26 (2.73-3.89) 3.23 (2.70-3.86)
All-cause mortality 1311 (34.8) 10.10 4884 (35.9) 10.83 0.95 (0.88-1.02) 0.95 (0.89-1.02)
aReflects the effect of acute kidney injury and dialysis vs matched individuals without acute kidney injury.
bFurther adjusted for age (continuous in years) and the propensity score for acute kidney injury and dialysis.

Figure 2. Risk of Chronic Dialysis in Association With Acute Kidney Injury and Dialysis During Index Hospitalization
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ACUTE KIDNEY INJURY, WHICH
leads to a sudden decline in
kidney function, is a com-
mon and serious complica-

tion of hospitalization in the adult
population.1-4 Many patients with se-
vere acute kidney injury require initia-
tion of hemodialysis or hemofiltration
(termed dialysis throughout), and their
in-hospital mortality rate ranges from
45% to 70%.5-12 Among those who sur-
vive, as many as 15% require dialysis
at the time of discharge.6,9

Little is known about the long-term
outcomes of patients with acute kid-
ney injury requiring in-hospital dialy-
sis, especially once they leave the hos-
pital and recover enough kidney
function to be free of dialysis in the
short term. Prior studies were con-
ducted in single centers or within re-
stricted geographic regions,5,8,10,13,14 and
few studies observed patients for more
than 1 year.8,14,15 Accordingly, little is
known about a common clinical sce-
nario in which prognostic implica-
tions include resource allocation, spe-
cialist follow-up, and dialysis planning.

The universal health care system in
the Canadian province of Ontario pro-
vides a unique opportunity to study
long-term outcomes and health care use
across multiple study centers and
among an entire population. We evalu-
ated the long-term risk of chronic di-
alysis and death among hospitalized pa-
tients who sustained acute kidney
injury requiring acute dialysis.

METHODS
Design and Participants
We completed a retrospective matched
cohort study using linked administra-
tive health databases for all of On-
tario. We identified all adults aged 19

years and older admitted to an acute
care hospital between July 1, 1996, and
December 31, 2006, for whom length
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Context Severe acute kidney injury among hospitalized patients often necessitates
initiation of short-term dialysis. Little is known about the long-term outcome of those
who survive to hospital discharge.

Objective To assess the risk of chronic dialysis and all-cause mortality in individuals
who experience an episode of acute kidney injury requiring dialysis.

Design, Setting, and Participants We conducted a population-based cohort study
of all adult patients in Ontario, Canada, with acute kidney injury who required in-
hospital dialysis and survived free of dialysis for at least 30 days after discharge between
July 1, 1996, and December 31, 2006. These individuals were matched with patients with-
out acute kidney injury or dialysis during their index hospitalization. Matching was by
age plus or minus 5 years, sex, history of chronic kidney disease, receipt of mechanical
ventilation during the index hospitalization, and a propensity score for developing acute
kidney injury requiring dialysis. Patients were followed up until March 31, 2007.

Main Outcome Measures The primary end point was the need for chronic dialy-
sis and the secondary outcome was all-cause mortality.

Results We identified 3769 adults with acute kidney injury requiring in-hospital di-
alysis and 13 598 matched controls. The mean age was 62 years and median fol-
low-up was 3 years. The incidence rate of chronic dialysis was 2.63 per 100 person-
years among individuals with acute kidney injury requiring dialysis, and 0.91 per 100
person-years among control participants (adjusted hazard ratio, 3.23; 95% confi-
dence interval, 2.70-3.86). All-cause mortality rates were 10.10 and 10.85 per 100
person-years, respectively (adjusted hazard ratio, 0.95; 95% confidence interval, 0.89-
1.02).

Conclusions Acute kidney injury necessitating in-hospital dialysis was associated with
an increased risk of chronic dialysis but not all-cause mortality.
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Need for Chronic Dialysis
After a median (IQR) follow-up of 3
(1-5) years, the incidence rates of
chronic dialysis were 2.63 and 0.91 per
100 person-years among those with and
without acute kidney injury and dialy-
sis in the index hospitalization, respec-
tively, corresponding to a crude HR of
3.26 (95% CI, 2.73-3.89) (TABLE 2;
FIGURE 2A). After adjusting for age
and the propensity score, the HR
changed little (3.23; 95% CI, 2.70-
3.86; Table 2).

The increased risk of chronic di-
alysis following a hospitalization com-
plicated by acute kidney injury and
dialysis was consistent across patient
subgroups (FIGURE 3). This was espe-
cially so among patients without a pre-
existing diagnosis of chronic kidney
disease (adjusted HR, 15.54; 95% CI,
9.65-25.03).

All-Cause Mortality
The incidence rate for all-cause mortal-
ity was 10.10 per 100 person-years
among patients with acute kidney in-
jury and dialysis, which was slightly
lower than among those without in-
hospital acute kidney injury (Figure 2B).
After adjusting for age and the propen-
sity score, the future risk of death was
not significantly different between
groups (HR, 0.95; 95% CI, 0.89-1.02;
Table 2).

Unmatched Participants
There were 297 (7.3%) participants
with acute kidney injury and dialysis
who could not be matched to a suit-
able control. Their respective inci-
dence rates of chronic dialysis and all-
cause mortality were 4.89 per 100
person-years and 14.18 per 100 person-
years, which were higher than rates for

the 3769 patients who were success-
fully matched (Table 2).

COMMENT
We analyzed all patients admitted to
Ontario hospitals over a 10-year pe-
riod and found that survivors of a hos-
pitalization complicated by acute kid-
ney injury requiring dialysis were
approximately 3 times more likely to
require chronic dialysis compared with
those without acute kidney injury.
However, no difference was observed
between these groups for long-term
mortality.

This study was designed to evaluate
long-term renal health among survi-
vors of acute kidney injury receiving di-
alysis in a large population with univer-
sal access to health care. Patients with
acute kidney injury have a high acuity
level during their hospitalization and a

Table 2. Risk of Chronic Dialysis and All-Cause Mortality by Group

Outcome

Acute Kidney Injury and Dialysis at
Index Hospitalization (n = 3769)

Without Acute Kidney Injury or Dialysis
at Index Hospitalization (n = 13 598)

Hazard Ratio
(95% Confidence Interval)

No. of Events (%)

Incidence
Rate Per 100
Person-Years No. of Events (%)

Incidence
Rate Per 100
Person-Years Crudea Adjustedb

Chronic dialysis 322 (8.5) 2.63 403 (3.0) 0.91 3.26 (2.73-3.89) 3.23 (2.70-3.86)
All-cause mortality 1311 (34.8) 10.10 4884 (35.9) 10.83 0.95 (0.88-1.02) 0.95 (0.89-1.02)
aReflects the effect of acute kidney injury and dialysis vs matched individuals without acute kidney injury.
bFurther adjusted for age (continuous in years) and the propensity score for acute kidney injury and dialysis.
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wide array of preexisting illness.11 Ac-
cordingly, we identified matched con-
trols based on a series of key character-
istics including the propensity to
experience an episode of acute kidney
injury requiring dialysis. Because we
sought to evaluate long-term outcomes
among survivors of severe acute kidney
injury, and to reduce the possibility of
survivor-treatment bias, we required a
30-day period following hospital dis-
charge in which a participant survived
and was free of dialysis.

We completed our study using ad-
ministrative data, so there may have been
a misclassification of the study expo-
sure (acute kidney injury and dialysis)
or other adjustment variables. In a re-
cent validation study, the combination
of a diagnostic code for acute kidney in-
jury and a procedure code for dialysis
had both sensitivity and specificity of
more than 90% for capturing the com-
bination of acute kidney injury and di-
alysis.21 However, given the low sensi-
tivity of an acute kidney injury diagnosis
code in isolation (28%-35%), it is pos-
sible that some participants classified as
not having acute kidney injury actually
did, leading to an underestimation of
outcome differences between groups. In
addition, we could not match approxi-
mately 7% of study patients with acute
kidney injury and dialysis to unaf-
fected controls. Since unmatched indi-
viduals had higher rates of chronic di-
alysis and mortality than those with at
least 1 match, their exclusion attenu-
ated the reported effect sizes. Finally, we
cannot exclude the possibility of re-
sidual confounding despite our rigor-
ous matching and adjustment on im-
portant variables.

We could not obtain measures of kid-
ney function, such as serum creati-
nine or urinary protein excretion,
neither at discharge nor during post-
discharge follow-up, and were limited
to measuring the outcome of chronic
dialysis, for which reliable claims-
based data exist. Indeed, many pa-
tients who survived acute kidney in-
jury and dialysis may have had
persistent or worsening renal dysfunc-
tion after hospital discharge, but not so

severe as to warrant dialysis. We also
used a widely accepted definition for
chronic dialysis—the receipt of dialy-
sis for at least 90 days. A shortcoming
of this approach is that it misclassifies
individuals who truly developed end-
stage renal disease, but who died in the
first 90 days after commencing chronic
dialysis. However, since the risk of
death was not significantly higher in in-

dividuals with acute kidney injury and
dialysis than matched patients with no
acute kidney injury, it is unlikely that
this potential misclassification had an
effect on the risk of chronic dialysis.

Small studies have previously evalu-
ated the outcomes of survivors of acute
kidney injury requiring dialysis. Schiffl
studied 425 patients with acute tubu-
lar necrosis who required acute dialy-

Figure 3. Risk of Chronic Dialysis Associated With Acute Kidney Injury and Dialysis at Index
Hospitalization by Participant Characteristics

0.5 50.010.01.0

Adjusted Hazard Ratio
(95% Confidence Interval)

No. of Events/No. at Riska

No Acute
Kidney Injury

Acute Kidney Injury
and Dialysis

All participants 322/3769 403/13 598

Age
≥65 y 186/1941 198/7146

136/1828 205/6452<65 y

Sex
Men 192/2265 250/8122

130/1504 153/5476Women

Chronic kidney disease
Yes 195/1059 362/3684

127/2710 41/9914No

Diabetes mellitus
Yes 159/1548 278/5741

163/2221 125/7857No

Myocardial infarction
Yes 167/1692 208/5947

155/2077 195/7651No

Heart failure
Yes 166/1437 223/5168

156/2332 180/8430No

Cerebrovascular disease
Yes 53/682 60/2515

269/3087 343/11 083No

Peripheral arterial disease
Yes 21/147 33/513

301/3622 370/13 085No

Cancer
Yes 137/1566 145/5775

185/2203 258/7823No

Liver disease
Yes 24/510 50/2019

298/3259 353/11 579No

Mechanical ventilation
Yes 98/1761 84/5700

224/2008 319/7898No

Sepsis
Yes 29/579 24/2045

293/3190 379/11 553No

Cardiac surgery
Yes 35/435 20/1365

287/3334 383/12 233No

Aortic aneurysm repair
Yes 9/153 8/458

313/3616 395/13 140No

aThe numerator denotes the number of events (requirement for chronic dialysis) and the denominator de-
notes the number of patients at risk within that subgroup.
Hazard ratios are adjusted for the propensity score for acute kidney injury and dialysis and participant age.
Effect estimates are not shown; models did not converge.
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Acute Skeletal Muscle Wasting in Critical Illness
Zudin A. Puthucheary, MRCP; Jaikitry Rawal, MRCS; Mark McPhail, PhD; Bronwen Connolly, BSc;
Gamunu Ratnayake, MRCP; Pearl Chan, MBBS; Nicholas S. Hopkinson, PhD; Rahul Padhke, PhD; Tracy Dew, MSc;
Paul S. Sidhu, PhD; Cristiana Velloso, PhD; John Seymour, PhD; Chibeza C. Agley, MSc; Anna Selby, PhD;
Marie Limb, PhD; Lindsay M. Edwards, PhD; Kenneth Smith, PhD; Anthea Rowlerson, PhD;
Michael John Rennie, PhD; John Moxham, PhD; Stephen D. R. Harridge, PhD; Nicholas Hart, PhD;
Hugh E. Montgomery, MD

IMPORTANCE Survivors of critical illness demonstrate skeletal muscle wasting with associated
functional impairment.

OBJECTIVE To perform a comprehensive prospective characterization of skeletal muscle
wasting, defining the pathogenic roles of altered protein synthesis and breakdown.

DESIGN, SETTING, AND PARTICIPANTS Sixty-three critically ill patients (59% male; mean age:
54.7 years [95% CI, 50.0-59.6 years]) with an Acute Physiology and Chronic Health
Evaluation II score of 23.5 (95% CI, 21.9-25.2) were prospectively recruited within 24 hours
following intensive care unit (ICU) admission from August 2009 to April 2011 at a university
teaching and a community hospital in England. Patients were recruited if older than 18 years
and were anticipated to be intubated for longer than 48 hours, to spend more than 7 days in
critical care, and to survive ICU stay.

MAIN OUTCOMES AND MEASURES Muscle loss was determined through serial ultrasound
measurement of the rectus femoris cross-sectional area (CSA) on days 1, 3, 7, and 10. In a
subset of patients, the fiber CSA area was quantified along with the ratio of protein to DNA on
days 1 and 7. Histopathological analysis was performed. In addition, muscle protein synthesis,
breakdown rates, and respective signaling pathways were characterized.

RESULTS There were significant reductions in the rectus femoris CSA observed at day 10
(−17.7% [95% CI, −25.9% to 8.1%]; P < .001). In the 28 patients assessed by all 3
measurement methods on days 1 and 7, the rectus femoris CSA decreased by 10.3% (95% CI,
6.1% to 14.5%), the fiber CSA by 17.5% (95% CI, 5.8% to 29.3%), and the ratio of protein to
DNA by 29.5% (95% CI, 13.4% to 45.6%). Decrease in the rectus femoris CSA was greater in
patients who experienced multiorgan failure by day 7 (−15.7%; 95% CI, −27.7% to 11.4%)
compared with single organ failure (−3.0%; 95% CI, −5.3% to 2.1%) (P < .001), even by day 3
(−8.7% [95% CI, −59.3% to 50.6%] vs −1.8% [95% CI, −12.3% to 10.5%], respectively;
P = .03). Myofiber necrosis occurred in 20 of 37 patients (54.1%). Protein synthesis measured
by the muscle protein fractional synthetic rate was depressed in patients on day 1
(0.035%/hour; 95% CI, 0.023% to 0.047%/hour) compared with rates observed in fasted
healthy controls (0.039%/hour; 95% CI, 0.029% to 0.048%/hour) (P = .57) and increased
by day 7 (0.076% [95% CI, 0.032%-0.120%/hour]; P = .03) to rates associated with fed
controls (0.065%/hour [95% CI, 0.049% to 0.080%/hour]; P = .30), independent of
nutritional load. Leg protein breakdown remained elevated throughout the study (8.5 [95%
CI, 4.7 to 12.3] to 10.6 [95% CI, 6.8 to 14.4] μmol of phenylalanine/min/ideal body
weight × 100; P = .40). The pattern of intracellular signaling supported increased breakdown
(n = 9, r = −0.83, P = .005) and decreased synthesis (n = 9, r = −0.69, P = .04).

CONCLUSIONS AND RELEVANCE Among these critically ill patients, muscle wasting occurred
early and rapidly during the first week of critical illness and was more severe among those
with multiorgan failure compared with single organ failure. These findings may provide
insights into skeletal muscle wasting in critical illness.

JAMA. 2013;310(15):1591-1600. doi:10.1001/jama.2013.278481
Published online October 9, 2013.
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necrosis, all other myopathic changes reported on days 7
through 10 were present on day 1 of ICU admission. No clini-
cal variables correlated with the development of necrosis
(all r 2<0.10, P > .05).

Clinical Correlates, Patient Stratification, and Risk Factors
for Muscle Wasting
Increasing organ failure score correlated with change in rec-
tus femoris cross-sectional area (r2 = 0.23, P < .001). Change
in rectus femoris cross-sectional area differed between pa-
tients with multiorgan failure vs single organ failure (day 3:
−8.7% [95% CI, −59.3% to 50.6%] vs −1.8% [95% CI, −12.3% to
10.5%], respectively, P = .03; day 7: −15.7% [95% CI, −27.7% to
11.4%] vs −3.0% [95% CI, −5.3% to 2.1%, P < .001). Change in
rectus femoris cross-sectional area was greater in those with
4 or more failed organs (−20.3%; 95% CI, −34.7% to 17.5%) than
in those with 2 to 3 failed organs (−13.9%; 95% CI, −25.7% to
−9.8%) (P < .001). The differential effect of organ failure be-
came more pronounced by day 10 (Figure 5).

When the cohort was examined by tertiles, no associa-
tion was seen between change in rectus femoris cross-
sectional area and age. A significant association was seen
between change in rectus femoris cross-sectional area and
ICU length of stay (P < .001). In a bivariable analysis, change
in rectus femoris cross-sectional area was weakly associated
with length of stay (r2 = 0.09, P = .02). In a multivariable lin-
ear analysis, change in rectus femoris cross-sectional area at
day 10 was negatively associated with serum bicarbonate,
ratio of PaO2 to fraction of inspired oxygen (FIO2), and hemo-
globin concentration at ICU admission (r2 = 0.51, P < .001)
and positively associated with the degree of organ failure,

mean C-reactive protein level, and total protein delivered
during the study period.

A logistic multivariable regression analysis demon-
strated age (odds ratio [OR], 1.05/y; 95% CI, 1.01-1.07/y), bicar-
bonate level at admission (OR, 0.72 mmol; 95% CI, 0.65-1.00
mmol), and ratio of PaO2 to FiO2 (OR, 0.88; 95% CI, 0.87-0.97)
to be associated with greater than 10% loss in rectus femoris
cross-sectional area at day 10 (P < .001); (Hosmer and
Lemeshow, P = .67, c statistic = 0.89 [95% CI, 0.79-0.96]). More
details about the methods and results appear in the Supple-
ment. Specifically, the regression and model appears in the
eTable 5.2 in the Supplement.

Discussion
In this study, skeletal muscle wasting, which occurred early
and rapidly in critical illness, was characterized for the first
time, to our knowledge, in a longitudinal cohort using 3 inde-
pendent measures. Specifically, ultrasound-derived rectus
femoris cross-sectional area, histologically determined vas-
tus lateralis muscle fiber cross-sectional area, and ratio of pro-
tein to DNA decreased over the first week. This was shown to
be a consequence of both depressed muscle protein synthe-
sis and an elevation in leg protein breakdown relative to pro-
tein synthesis, resulting in a net catabolic state.

Muscle protein synthesis was depressed to levels equiva-
lent to the healthy fasted state on day 1, but increased to rates
similar to the healthy fed state by day 7; however, the net bal-
ance remained catabolic. Importantly, these overall effects oc-
curred despite the administration of enteral nutrition. Unex-

Figure 5. Measurements of Muscle Wasting During Critical Illness by Organ Failure

–30

0

–10

10

–20

Single organ failure
No. of patients No. of patients

Single organ failure

Multiorgan failure

Multiorgan failure

Pe
rc

en
ta

ge
 C

ha
ng

e 
in

 R
ec

tu
s F

em
or

is
Cr

os
s-

Se
ct

io
na

l A
re

a

Time From Admission, d

Single vs multiorgan failureA

15
47

a

14
43

b

15
45

1 2 3 4 5 6 7 8 9 10

b

15
47

–40

0

–10

10

–20

–30

Multiorgan failure
(4-6 organs)

Multiorgan failure
(2-3 organs)

Single organ failure
Multiorgan failure

2-3 Organs
4-6 Organs

Pe
rc

en
ta

ge
 C

ha
ng

e 
in

 R
ec

tu
s F

em
or

is
Cr

os
s S

ec
tio

na
l A

re
a

Time From Admission, d

Single vs multiorgan failureB

15

33

14

14

31

12

c

15

32

13

1 2 3 4 5 6 7 8 9 10

c

15

33

14

Single organ failure

Data are expressed as medians and 95% confidence intervals.
a P=.03 for change from day 1 to day 3 in multiorgan failure vs single organ failure.
b P<.001 for change from day 1 to day 7 and day 1 to day 10 in multiorgan failure

vs single organ failure.

c P<.001 for difference between failure of 2-3 organs and 4-6 organs from day 1
to day 7 and day 10.

Acute Skeletal Muscle Wasting in Critical Illness Original Investigation Research

jama.com JAMA October 16, 2013 Volume 310, Number 15 1597

Downloaded From: http://jama.jamanetwork.com/ by a UB-Universitaets Landesbibliothek Dusseldorf User  on 12/06/2013



Article

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 hospi-
talization 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).

ConclusionCritical illness is associatedwith 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 rec-
ommendations of international guidelines (6), survi-
vors 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, calcula-
tion 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 Lon-
don Hospital ICU in 2009–2011. We hypothesized
that, in critically ill patients who did not experience

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 hypothe-
sized that the same processes causing decrease in cre-
atinine 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

*Adult Critical Care
Unit and †Department
of Renal Medicine and
Transplantation, The
Royal London
Hospital, Barts Health
NHS Trust, London,
United Kingdom; and
‡William Harvey
Research Institute,
Queen Mary
University of London,
London, United
Kingdom

Correspondence:
Dr. John R. Prowle,
Adult Critical Care
Unit, The Royal
London Hospital,
Whitechapel Road,
London E1 1BB,
United Kingdom.
Email: john.prowle@
bartshealth.nhs.uk

www.cjasn.org Vol 9 June, 2014 Copyright © 2014 by the American Society of Nephrology 1015

Using this regression model, we generated adjusted
hospital discharge creatinine in all 700 patients, correct-
ing 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 m2 [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% in-
crease; 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).

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

Covariates or Factors
Included in Model

Dependent Variable

Log(Hospital Discharge
Creatinine)

Log(Baseline to Hospital Discharge
Creatinine)

Model 1 Model 2 Model 3

Log(baseline creatinine) 0.746a (0.073)
Log(hospital length of stay) 20.107a (0.037) 0.077b (0.038) 0.075b (0.033)
Sex 0.088 (0.061) 0.068 (0.055)
Log(age) 0.135 (0.091) 0.112 (0.081)
Trauma Reference Reference Reference
Surgical 20.005 (0.140) 0.021 (0.144) 0.039 (0.129)
Medical 0.166 (0.135) 20.154 (0.140) 20.133 (0.126)
No AKI Reference Reference
AKI-1 20.040 (0.092) 0.071 (0.094)
AKI-2 0.086 (0.099) 20.055 (0.101)
AKI-3 0.254a (0.079) 20.191b (0.079)
Log(peak to baseline
creatinine)

20.290a (0.042)

Constant 0.019 (0.185) 20.566 (0.384) 20.335 (0.344)

Observations 160 160 160
R2 0.53 0.16 0.31
Adjusted R2 0.51 0.12 0.28

Regression coefficients for covariates and factors (SEM in parentheses).
aP,0.01.
bP,0.05.
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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 dura-
tion 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 diag-
nosis of renal dysfunction after AKI. In patients with mea-
sured 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 sur-
vivors of critical illness without AKI, an unchanged creat-
inine in AKI survivors might, in fact, suggest a persistent

decline in renal function, which was suggested by the in-
dependent effect of AKI-3 on hospital discharge creatinine
after accounting for the effect of duration of hospitaliza-
tion 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 sug-
gests 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 dis-
charge to follow-up, irrespective of AKI category (Figure 4,
Table 2). Use of follow-up creatinine to classify eGFR re-
sulted 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 signif-
icantly associated with lower follow-up creatinine in mul-
tivariable analysis, the influence of critical illness on serum

Table 4. Potential CKD diagnoses at hospital discharge by AKI category

AKI Category Number
Number with eGFR,60 Number with eGFR,30

Measured Adjusted P Value Measured Adjusted P Value

All patients 700 63 (9.0%) 148 (21%) ,0.001 16 (2.3%) 40 (5.7%) ,0.001
No AKI 241 2 (0.8%) 20 (8.3%) ,0.001 0 (0.0%) 0 (0.0%) —
AKI-1 218 11 (5.0%) 36 (17%) ,0.001 1 (0.5%) 8 (3.7%) 0.02
AKI-2 75 6 (8.0%) 16 (21%) 0.004 0 (0.0%) 2 (2.7%) 0.5
AKI-3 166 44 (27%) 76 (46%) ,0.001 15 (9.0%) 30 (18%) ,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.
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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 rec-
ommendations of international guidelines (6), survi-
vors 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, calcula-
tion 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 Lon-
don Hospital ICU in 2009–2011. We hypothesized
that, in critically ill patients who did not experience

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 hypothe-
sized that the same processes causing decrease in cre-
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risk for CKD in these patients at hospital discharge.
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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 dura-
tion 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 diag-
nosis of renal dysfunction after AKI. In patients with mea-
sured 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 sur-
vivors of critical illness without AKI, an unchanged creat-
inine in AKI survivors might, in fact, suggest a persistent

decline in renal function, which was suggested by the in-
dependent effect of AKI-3 on hospital discharge creatinine
after accounting for the effect of duration of hospitaliza-
tion 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 sug-
gests 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 dis-
charge to follow-up, irrespective of AKI category (Figure 4,
Table 2). Use of follow-up creatinine to classify eGFR re-
sulted 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 signif-
icantly associated with lower follow-up creatinine in mul-
tivariable analysis, the influence of critical illness on serum

Table 4. Potential CKD diagnoses at hospital discharge by AKI category

AKI Category Number
Number with eGFR,60 Number with eGFR,30

Measured Adjusted P Value Measured Adjusted P Value

All patients 700 63 (9.0%) 148 (21%) ,0.001 16 (2.3%) 40 (5.7%) ,0.001
No AKI 241 2 (0.8%) 20 (8.3%) ,0.001 0 (0.0%) 0 (0.0%) —
AKI-1 218 11 (5.0%) 36 (17%) ,0.001 1 (0.5%) 8 (3.7%) 0.02
AKI-2 75 6 (8.0%) 16 (21%) 0.004 0 (0.0%) 2 (2.7%) 0.5
AKI-3 166 44 (27%) 76 (46%) ,0.001 15 (9.0%) 30 (18%) ,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.

Clin J Am Soc Nephrol 9: 1015–1023, June, 2014 Creatinine Changes after Critical Illness, Prowle et al. 1021



E-Mail karger@karger.com

 Clinical Practice: Original Paper 

 Nephron 2015;129:164–170 
 DOI: 10.1159/000371448 

 Critically Ill Patients Requiring Acute Renal 
Replacement Therapy Are at an Increased Risk of 
Long-Term Renal Dysfunction, but Rarely Receive 
Specialist Nephrology Follow-Up 

 Christopher J. Kirwan    a–c     Mark J. Blunden    b, d     Hamish Dobbie    b, e     Ajith James    b, f     
Ambika Nedungadi    f     John R. Prowle    a–c  

  a    Adult Critical Care Unit,  b    Department of Renal and Transplant Medicine, The Royal London Hospital, Barts 
Health NHS Trust,  c    William Harvey Institute, Barts and The London School of Medicine and Dentistry, Queen Mary 
University of London,  d    Newham University Hospital, Barts Health NHS Trust,  e    Whipps Cross University Hospital, 
Barts Health NHS Trust and  f    Barking, Havering and Redbridge University Hospitals NHS Trust,  London , UK
 

having a pre-morbid baseline for comparison. Only 26 pa-
tients (12%) received specialist nephrology follow-up. At 
3–6 months follow-up, the estimated glomerular filtration 
rate was significantly lower than baseline (48 vs. 60 ml/
min/1.73 m 2;  p < 0.001), with the prevalence of CKD stage 
III–V rising from 49 to 70% (p < 0.001).  Conclusions:  Follow-
up of patients who required RRT for AKI in ICU is inconsistent 
despite evidence of a significant increase in the prevalence 
of CKD. There is strong justification for the development of 
robust pathways to identify survivors of AKI in order to de-
tect and manage CKD and its complications. 

 © 2015 S. Karger AG, Basel 

 Introduction 

 Acute kidney injury (AKI) is a common and serious 
complication of critical illness  [1]  highly associated with 
hospital mortality  [2] . Recovery of pre-morbid renal 
function had traditionally been thought to occur in most 
of those who survive critical illness. However, when ac-
curate determinations are made, reductions in renal func-
tion can be shown to persist long after the acute injury; as 
a consequence, longer-term outcomes of patients who 

 Key Words 
 Acute kidney injury · Long-term outcomes · Chronic kidney 
disease · Critical illness 

 Abstract 
  Background:    Episodes of acute kidney injury (AKI) have 
been associated with the development of chronic kidney 
disease (CKD). However, follow-up pathways for patients 
who have survived AKI complicating critical illness are not 
well established. We hypothesised that patients who had AKI 
requiring renal replacement therapy (RRT) in intensive care 
are at risk of CKD, but are rarely referred for nephrology fol-
low-up at hospital discharge.  Methods:    We performed a ret-
rospective analysis of all patients who survived AKI requiring 
renal replacement therapy in intensive care units (ICUs) in 
the East London region, examining renal function at base-
line, hospital discharge and 3–6 months follow-up. We ex-
cluded patients who were known to renal services prior to 
index admission.  Results:    From 5,544 critical care admis-
sions, we identified 219 patients who survived to be dis-
charged, having undergone RRT for AKI, that were not previ-
ously known to renal services. Of these, 124 (57%) had cre-
atinine measured within 3–6 months after discharge, 104 
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regression equation suggested that eGFR values higher 
than 49 ml/min/1.73 m 2  tended to decrease during fol-
low-up, while values lower than this tended to increase; 
this effect was larger than the predicted regression to the 
mean effect from repeated eGFR measurements, suggest-
ing that actual changes in eGFR were occurring during 
the follow-up period ( fig. 1 ).

  In the sub-group of 104 patients who had baseline, hos-
pital discharge and follow-up creatinine measurements, 
baseline creatinine was significantly lower than the cre-
atinine at both hospital discharge and 3–6 months later 
(99 (51–398) vs. 120 (27–617) or 126 (40–641) µmol/l, re-
spectively, p < 0.0001 for both). Similarly, eGFR was high-
er at baseline than at discharge or follow-up (60 (12–141) 
vs. 45 (5–142) and 48 (2–128) ml/min/1.73 m 2,  respec-
tively, p < 0.0001 for both). Consequently, the prevalence 
of CKD (eGFR <60) rose significantly from 49% at base-
line to 70% at 3–6 months ( table 2 ). There was a tendency 
for eGFR to decrease from baseline to follow-up across the 
whole range of baseline renal function, with a regression 
line lying consistently below the line of identity ( fig. 2 ).

  Discussion 

 Summary of Findings 
 We focused on a cohort of patients who were not previ-

ously known to renal services who survived to hospital dis-

Table 1.  Baseline demographics of all 261 patients with AKI re-
quiring RRT who were not previously known to nephrology ser-
vices

Patients with 
AKI requiring 
RRT who 
had a Cr 
measurement 
3–6 months 
post discharge

Patients with 
AKI requiring 
RRT but did 
not have a Cr 
measurement 
3–6 months 
post discharge

p value

Number 124 137
Age, range 66 (21–88) 64 (18–90) NS
Male, % 78 (69) 82 (60) NS
Ethnicity, %

White British 85 (69) 93 (68) NS
White other 7 (6) 7 (5) NS
Black 7 (6) 13 (9) NS
South Asian 22 (17) 23 (17) NS
Other 3 (2) 1 (1) NS

Reason for admission, %
Medical 73 (58) 73 (53) NS
Emergency surgery 25 (20) 33 (24) NS
Elective surgery 25 (20) 24 (18) NS
Trauma 2 (2) 7 (5) <0.001

Baseline renal function
N available, % 104 (84) 98 (72) 0.007
N of those with CKD, % 53 (51) 38 (38) <0.001
Creatinine, mmol/l 99 (51–398) 91 (43–546) NS
eGFR, ml/min/1.73 m2 60 (12–>90) 67 (36–>90) 0.04

Discharge renal function
Creatinine, mmol/l 121 (27–617) 94 (33–806) 0.03
eGFR, ml/min/1.73 m2 47 (5–>90) 62 (5–>90) 0.03

Presumed cause of AKI, %
Autoimmune 0 (0) 3 (1.5) NS
Cardiogenic 24 (19) 25 (18) NS
Contrast induced 2 (1.5) 2 (1.5) NS
Hemodynamic 17 (14) 14 (10) NS
Ischaemic 0 (0) 2 (1.5) NS
Metabolic 512 (10) 14 (10) NS
Obstruction 12 (10) 1 (1) <0.001
Rhabdomyolysis 0 (0) 6 (4) NS
Sepsis 55 (44) 67 (49) NS
Unable to determine 2 (1.5) 2 (1.5) NS

 CKD is defined by eGFR <60 by the CKD-EPI equation. Medi-
ans with ranges presented. Between group comparisons by Mann-
Whitney U test of Fisher’s Exact test as appropriate.
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  Fig. 1.  Relationship between eGFR at discharge and at 3–6 month 
follow-up after RRT-requiring AKI in 124 patients. Higher eGFRs 
at discharge tended to decline at follow-up, while lower eGFRs 
tended to increase, but the extent was highly variable between pa-
tients. Linear regression (LR) line is shown with 95% confidence 
interval (CI). Regression equation: Follow-up = 0.68 × baseline + 
16, r 2  = 0.59. Line of identity and predicted  regression to the mean  
(RTM) effect with repeated observations are also shown; changes 
in eGFR above and below the mean are larger than that effected 
from RTM alone. 
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2008 with impaired kidney function up to 30 days after peak
injury.

RESULTS

Patient Characteristics
The study cohort was identified initially from 14,474 first
patient hospitalizations complicated by AKI (Figure 1). AKI
was defined as a 0.3 mg/dl or 50% increase in serum creatinine
from a preadmission outpatient serum creatinine to the peak
inpatient serum creatinine and was staged according to the
Acute Kidney Injury Network (AKIN) classification sys-
tem.16 After excluding patients with a history of ESRD or
chronic dialysis (n=505), renal transplant (n=98), and those
already receiving preadmission nephrology care (n=1825), we
further excluded 772 patients with a hospitalization lasting
.30 days and 324 patients with no VA encounter during
our posthospitalization surveillance period.

To allow for initial recovery and to enrich the cohort with
patients at high risk for subsequent decline in kidney function,
we selected survivors from the remaining 11,606 patients with
persistent kidney impairment (eGFR,60 ml/min per 1.73 m2)
up to 30 days after peak injury (i.e., peak serum creatinine
during hospitalization). During this initial 30-day interval,
we excluded patients who died or had been referred for hospice
(n=1516), recovered kidney function to eGFR.60ml/min per
1.73 m2 (n=6041), or were receiving ongoing dialysis near the
end of the 30-day interval (n=30). Finally, 506 (11.4%) of 4435

remaining survivors were referred for outpatient nephrology
care during this early interval.

Table 1 shows the demographic and baseline characteristics
of the remaining 3929 AKI patients included in the primary
study cohort. The median age of patients in the study was 73
years (interquartile range, 62–79) with the following comor-
bidity rates: diabetes mellitus at 58%, hypertension at 90%,
and coronary artery disease at 62%. In addition, approxi-
mately 60% of patients had evidence of preadmission kidney
dysfunction as indicated by an outpatient baseline eGFR,60
ml/min per 1.73 m2. As shown in Figure 1, 3402 (87%) pa-
tients experienced AKIN stage I, 366 (9%) experienced AKIN
stage II, and 161 (4%) experienced AKIN stage III injury.

Competing Risk Analysis for Renal Referral, Dialysis
Initiation, Death, and Improvement in Kidney Function
The 3929 patients comprising the primary study cohort were
followed for 12 months to assess improvement in kidney
function (eGFR $60 ml/min per 1.73 m2), referral for ne-
phrology care, dialysis initiation, and mortality (30–395 days
after peak injury). The overall rate of mortality during the
surveillance period was 22%. Figure 2 and Table 2 show the
cumulative incidences for the prespecified outcomes of ne-
phrology referral, dialysis initiation, death, and improvement
of kidney function to an eGFR of$60 ml/min per 1.73 m2 as
competing risks. We chose a competing risk analysis to ac-
count for improvements in kidney function or patients who
experience imminent death who may not benefit from out-
patient referral. The choice of 60 ml/min per 1.73 m2 as a

defined threshold was based on National
Kidney Foundation Disease Outcomes
Quality Initiative (K/DOQI) practice
guidelines, which advise co-management
or consultation by a nephrologist in pa-
tients with stage III CKD and referral to a
nephrologist at the onset of stage IV
CKD.17 The cumulative incidence of first
receiving nephrology referral before dying,
initiating dialysis, or experiencing an im-
provement in kidney function within the
entire cohort was 5.9% (95% CI, 5.2–6.6)
at 6 months and 8.5% (95%CI, 7.6–9.4) by
the end of the 12-month surveillance pe-
riod. Finally, referral rates using a compet-
ing risk approach continued to be low as
the severity of AKI increased: 8.6% (95%
CI, 7.7–9.6) for patients with stage I injury
(n=3402), 6.3% (95%CI, 4.1–9.1) for stage
II injury (n=366), and 10.6% (95%CI, 6.4–
15.9) for stage III injury (n=161).

We also repeated our competing risk
analysis in a higher-risk subgroup of 1606
patients whose eGFR was ,45 ml/min
per 1.73 m2 up to 30 days after peak in-
jury. Using $45 ml/min per 1.73 m2 as a

Figure 1. Study population flowchart. *Patients can have more than one exclusion
criterion.
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Outpatient Nephrology Referral Rates after Acute
Kidney Injury
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ABSTRACT
AKI associates with an increased risk for the development and progression of CKD and mortality.
Processes of care after an episode of AKI are not well described. Here, we examined the likelihood
of nephrology referral among survivors of AKI at risk for subsequent decline in kidney function in a US
Department of Veterans Affairs database. We identified 3929 survivors of AKI hospitalized between
January 2003 andDecember 2008who had an estimatedGFR (eGFR),60ml/min per 1.73m2 30 days after
peak injury. We analyzed time to referral considering improvement in kidney function (eGFR $60 ml/min
per 1.73 m2), dialysis initiation, and death as competing risks over a 12-month surveillance period. Median
agewas 73 years (interquartile range, 62–79 years) and the prevalence of preadmission kidney dysfunction
(baseline eGFR ,60 ml/min per 1.73 m2) was 60%. Overall mortality during the surveillance period was
22%. The cumulative incidence of nephrology referral before dying, initiating dialysis, or experiencing an
improvement in kidney function was 8.5% (95% confidence interval, 7.6–9.4). Severity of AKI did not affect
referral rates. These data demonstrate that a minority of at-risk survivors are referred for nephrology care
after an episode of AKI. Determining how to best identify survivors of AKI who are at highest risk for
complications and progression of CKD could facilitate early nephrology-based interventions.

J Am Soc Nephrol 23: 305–312, 2012. doi: 10.1681/ASN.2011030315

Despite improving sophistication in the provision
of hospital care, AKI is increasingly common and
remains closely associated with increases in short-
termmortality andhealth care utilization.1–3Recent
observational studies link the progression of CKD,
including the development of ESRD, to previous
AKI among those who survive to hospital dis-
charge.4–6 As the interaction between AKI and
CKD becomes better characterized,7–12 improving
care among its survivors will depend on identifying
high-risk individuals and facilitating interventions
to prevent progression of disease and its complica-
tions. One quality of care indicator for patients with
persistent CKD after an episode of AKI is the rate of
nephrology referral.

Data from the CKD literature suggest that early
nephrology referral can reduce morbidity and
mortality in patients with advanced kidney dis-
ease.13–15 Little is known about the care patterns of

patients surviving an episode of AKI. We hypothe-
sized that nephrology referral rates among survivors
of AKI would be low even in a high-risk subgroup
in which kidney dysfunction persists. To test this
hypothesis, we examined nephrology referral rates
among a multicenter cohort of patients within the
Veterans Administration (VA) Integrated Service
Network Health Care system who survived an epi-
sode of AKI between January 2003 and December
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threshold to define improvement in kidney function, the cu-
mulative incidence of first receiving nephrology referral before
dying, receiving dialysis, or experiencing an improvement
in kidney function using these criteria was 11.4% (95% CI,
9.9–13.0) at the end of the 12-month surveillance period. The

cumulative incidences of the competing risks in this higher-
risk subgroup were similar to the parent analysis including
51.8% (95% CI, 49.3–54.2) for improvement in kidney func-
tion, 11.7% (95% CI, 10.2–13.3) for death, and 0.4% (95% CI,
0.2–0.9) for dialysis.

Kidney Function During the Surveillance Period
Table 3 summarizes the pattern of eGFR progression for the
study cohort stratified by baseline eGFR status during the
12-month surveillance period. Of the 1254 survivors with an
initial baseline eGFR$60ml/min per 1.73m2, 50.2% (n=629)
recovered to an eGFR $60 ml/min per 1.73 m2 by the end of
the 12-month surveillance period. The remainder demon-
strated persistent kidney dysfunction, with a final eGFR mea-
sured at between 30 and 59 ml/min per 1.73 m2 for 48.1%
(n=603) and 15 and 29 ml/min per 1.73 m2 for 1.4% (n=18),
and ESRD or dialysis in ,1% (n=4). Among 1824 survivors
with an initial baseline eGFR,60 ml/min per 1.73 m2, 50.3%
(n=917) had a last eGFR $45 ml/min per 1.73 m2, 40.2%
(n=734) had an eGFR between 30 and 44 ml/min per 1.73 m2,
8.7% (n=158) had an eGFR between 15 and 29 ml/min per
1.73 m2, and ,1% (n=15) had ESRD or were on dialysis at
the end of the 12-month surveillance period.

Sensitivity Analyses
In addition to using fee-basis data to capture referrals made to
physicians outside theVA system,weperformed twoadditional
sensitivity analyses. The first involved extensive manual chart
review of 100 Medicare patients selected randomly from our
study cohort who survived the surveillance period without
receiving dialysis or improving kidney function to an eGFR to
$60 ml/min per 1.73 m2. The rationale was to conduct an
intensive investigation among patients with resources to po-
tentially pursue nephrology care outside of the VA system. The
medical chart including consultation orders, text of clinic
notes, relevant consultations (e.g., urology), discharge sum-
maries, and relevant scanned documents from outside insti-
tutions was reviewed. Of note, the majority of these patients
(93%) had either a primary care physician or a specialist
serving a primary care role (e.g., hematologist, heart trans-
plant), indicating regular usage of the VA system. Among these
100 patients, we found only one patient who was identified as
being referred for outpatient nephrology referral before
achieving peak injury. Discussion of outpatient VA nephrol-
ogy referral was noted during the index hospitalization in
three other patients, yet no evidence for a consultation order,
appointment scheduling, or actual nephrology visit were
found. We also performed an analysis in the subcohort of
277 non-Medicare eligible patients (i.e., aged ,65 years)
known to be 100% VA service–connected at the time of hos-
pitalization. The goal of this analysis was to examine referral
rates in patients with a higher likelihood of obtaining their
medical care exclusively within the VA healthcare system. At
the end of the 12-month surveillance period, the cumulative
incidence of nephrology referral in patients not already

Figure 2. Cumulative incidences of nephrology referral, dialysis
initiation, improvement in kidney function, and death analyzed as
competing risks. Thisfigure summarizes thecumulative incidences
of the prespecified outcomes as competing risks during the 12-
month surveillance period (30–395 days following peak injury).
Beginning at 30 days after peak injury, the cumulative incidences
of first improving kidney function to an eGFR .60 ml/min per
1.73 m2, dying, being referred to nephrology, or receiving dialysis
were 44.0% (95% CI, 42.4–45.5), 11.5% (95% CI, 10.5–12.5), 8.5%
(95% CI, 7.6–9.4), and 0.2% (95% CI, 0.1–0.4), respectively.

Table 1. Baseline demographic and admission
characteristics

Variable Value

Age (yr) 73 (62–79)
Men 3827 (97)
White 3510 (89)
Diabetes mellitus 2269 (58)
CKD 2371 (60)
CKD IIIa (eGFR 45–59 ml/min per 1.73 m2) 1460 (37)
CKD IIIb (eGFR 30–44 ml/min per 1.73 m2) 786 (20)
CKD IV (eGFR 15–29 ml/min per 1.73 m2) 125 (3)

Hypertension 3543 (90)
Coronary artery disease 2432 (62)
Congestive heart failure 1387 (35)
Peripheral vascular disease 870 (22)
Median creatinine (mg/dl) 1.3 (1.2–1.6)
Median baseline estimated GFR (ml/min per 1.73 m2) 56 (46–68)
Continuous variables presented as median (interquartile range). Other data
presented as n (%).
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