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ABSTRACT

Acute kidney injury (AKI) is increasingly common and a significant contributor to excess death in
hospitalized patients. CKD is an established risk factor for AKI; however, the independent graded
association of urine albumin excretion with AKl is unknown. We analyzed a prospective cohort of 11,200
participants in the Atherosclerosis Risk in Communities (ARIC) study for the association between baseline
urine albumin-to-creatinine ratio and estimated GFR (eGFR) with hospitalizations or death with AKI. The
incidence of AKI events was 4.0 per 1000 person-years of follow-up. Using participants with urine
albumin-to-creatinine ratios <10 mg/g as a reference, the relative hazards of AKI, adjusted for age,
gender, race, cardiovascular risk factors, and categories of eGFR were 1.9 (95% Cl, 1.4 to 2.6), 2.2 (95%
Cl, 1.6 to 3.0), and 4.8 (95% Cl, 3.2 to 7.2) for urine albumin-to-creatinine ratio groups of 11 to 29 mg/g,
30 to 299 mg/g, and =300 mg/g, respectively. Similarly, the overall adjusted relative hazard of AKI
increased with decreasing eGFR. Patterns persisted within subgroups of age, race, and gender. In

summary, albuminuria and eGFR have strong, independent associations with incident AKI.
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It has long been recognized that an episode of acute
kidney injury (AKI) can have serious health conse-
quences.'~* Even a relatively small degree of renal
injury increases a patient’s risk of a prolonged hospital
stay, chronic kidney disease (CKD), ESRD, and
death.25-10 Over the last 2 decades, the incidence of
hospitalized AKI has increased dramatically.!'-14 Pre-
cise estimations vary depending on population and
method of case identification, but a recent commu-
nity-based study of AKI estimated the incidence of
nondialysis requiring AKI at 522 per 100,000 pop-
ulation per year and dialysis-requiring AKI at 30 per
100,000,'* which is well over that of ESRD.'* This
increase in the burden of disease, taken with the
associated poor long-term outcomes, has estab-
lished AKI as a major public health issue.

Beyond routine supportive care, there exists little
established medical therapy for AKI.'> Many current
lines of research are focused on the prevention of AKI.
However, few prospective, population-based studies
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have evaluated the development of AKI.>!31¢ Hsu et
al.,'>17 along with multiple observational series in var-
ious clinical settings, have clearly established older age
and CKD as risk factors for AKIL.'8-24 Other observed
associations with AKI include black race and male
gender.!1:18:25 Proteinuria, an established risk factor in
the development of cardiovascular disease, 2627
ESRD,?® and death,? is less studied in its role in the
development of AKI. Hsu and colleagues demon-
strated the prospective association of proteinuria with
dialysis-requiring AKI; however, the proteinuria clas-
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sification was binary and based on dipstick measurement.'” To
our knowledge, no study has quantified the independent dose
response of albuminuria with AKI hospitalization, including less
severe AKI. Our study’s objective was thus to characterize pro-
spectively the association between baseline urine albumin-to-cre-
atinine ratio (UACR) and hospitalizations for AKI, controlling for
established and potential risk factors such as CKD, age, and car-
diovascular comorbidities.

RESULTS

AKI Incidence

Among 11,200 cohort participants with nonmissing baseline data,
the average follow-up was 8.0 years. There were 17,265 hospital-
izations during the follow-up period, including 492 (2.8% of the
total) with an International Classification of Diseases (ICD) code
indicating AKI. These 492 AKI hospitalizations occurred among
356 participants. Most events were captured from the discharge
diagnosis ICD code; the associated death certificate solely identi-
fied <1% percent of AKI hospitalizations. Using only a partici-
pant’s first AKI event, the incidence rate of AKI was 4.0 events per
1000 person-years. This rate increased significantly over time.
Over the first 4 years after baseline visit, the incidence of AKI was
2.2 events per 1000 person-years (95% confidence interval [CI]
1.8 to 2.6) compared with 5.7 events per 1000 person-years (95%
CI, 5.1 to 6.5) in the subsequent years of follow-up. The overall
incidence of hospitalization with AKI as the first discharge diag-
nosis (and thus possibly a hospitalization for AKI) was 0.8 events
per 1000 person-years. The mortality rate in the cohort was 13.2
deaths per 1000 person-years.

Characteristics of Participants

Baseline characteristics of participants with an AKI event were
markedly different from those without an AKI event (Table 1).
The AKI group was slightly older at baseline, with a higher
percentage of men and black participants. They were more
likely to have diabetes, hypertension, obesity, cardiovascular
disease, CKD, and albuminuria than their counterparts with-
out an AKI event. A significantly greater proportion of the AKI
group used an angiotensin-converting enzyme inhibitor
(ACEI) or angiotensin II receptor blocker (ARB) at baseline
visit. The mean estimated GFR (eGFR) was lower in the AKI
group, irrespective of whether the Modification of Diet in Re-
nal Disease (MDRD) or CKD-EPI was used as the method of
estimation. The proportion of smokers was not significantly
different. The proportion with a known previous AKI hospi-
talization also did not significantly differ between the groups,
although only 20 participants fit this category.

During the follow-up period, individuals with an AKI hos-
pitalization had more hospitalizations for any cause (6.0 hos-
pitalizations over 7.0 years) than their counterparts without an
AKT hospitalization (1.3 hospitalizations over 8.1 years). They
also were less likely to survive the follow-up period, with over
half of those participants with at least one hospital discharge
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Table 1. Baseline characteristics among ARIC participants
stratified by any occurrence of AKI hospitalization®

Total Cohort

Characteristics No AKI AKI
Hospitalization Hospitalization

n 10844 356

Percent 96.8% 3.2%
Age (mean) 62.8 64.7
Female (%) 56.0 48.3
Race (% black) 21.7 34.6
Diabetes (%) 16.0 39.9
Hypertension (%) 46.7 70.4
Obese (%) 34.6 48.7
Current smoking (%) 14.7 18.2
Baseline ACEI/ARB (%) 12.1 27.5
Prior cardiovascular event (%) 8.1 24.7
Prior AKI event (%)° 0.2 0.6
MDRD GFR (median) 81.0 72.2
CKD-EPI GFR (median) 86.4 75.4
Stage 3 to 4 CKD by MDRD (%) 7.6 27.5
Stage 3 to 4 CKD by 5.9 25.0

CKD-EPI (%)

UACR (mean) 23.2 2071
Microalbuminuria (%) 6.2 16.9
Macroalbuminuria (%) 1.3 13.2
Mean follow-up, years 8.1 7.0
Number of admissions, mean 1.3 6.0
Deaths (%) 9.3 52.8

2All P values <0.001 with the exception of % female (P = 0.004), % current
smoking (P = 0.1), % prior known AKI event (P = 0.1).

PPrior AKI event defined as an AKI hospitalization since enrollment in the
ARIC study but before study visit 4.

code for AKI dying during follow-up, compared with 9.3% in
the non-AKI group.

Characteristics of Hospitalizations

Hospitalizations with a discharge diagnosis code for AKI were
quite different from hospitalizations without such a code (Table 2).
Opverall, hospitalizations with AKI made up 2.8% of the 17,265
cohort hospitalizations. Mean length of stay for an AKI hospital-
ization was longer, at 14.6 days versus 5.5 days. On average, AKI
hospitalizations happened later during the follow-up period than
non-AKI hospitalizations (5.6 years versus 4.5 years).

There was no significant difference in proportion of hospi-
talizations for open heart surgery or percutaneous coronary
intervention (“high-risk” hospitalizations) between the non-
AKI and AKI hospitalizations. Nearly one-quarter of the AKI
hospitalizations listed AKI as the first discharge diagnosis, and
12.8% required dialysis during the hospital stay. In-hospital
mortality was much higher during AKI hospitalizations than
non-AKI hospitalizations, at 18.9% versus 2.5%. For the sub-
group of hospitalizations with AKI listed as the first discharge
diagnosis, the proportion receiving dialysis was 23.2%. Com-
pared with other AKI hospitalizations, those with AKI as the
first discharge diagnosis had a shorter average length of stay
and a lower in-hospital mortality rate at 4.5%.

J Am Soc Nephrol 21: eee —eee , 2010



Table 2. Characteristics of hospitalizations, for non-AKI hospitalizations, all
AKI hospitalizations, and hospitalizations with AKI listed as the first

discharge diagnosis®
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1.6 to 3.0), and 4.8 (95% CI, 3.2 to 7.2) in
participants with subclinical, micro-, and
macroalbuminuria, respectively, using par-

AKI by ICD Code in

ticipants with no albuminuria as a refer-

Total Cohort N.cm-.AKI. Any First ence. This association persisted within age

Hospitalizations Position Position (<65 years and =65 years), gender, and

(all AKI) (for AKl) race subgroups and when evaluating the

n 16,773 492 112 risk of hospitalization with AKI as the first
Percent of total hospitalizations 97.2% 2.8% 0.6%  discharge diagnosis (results not shown).

Mean length of stay, days 5.5 14.6 9.7 Associations between continuous UACR

Mean time since visit 4, days 1647.7 2047 1 2096.6 and AKI incidence were consistent with the

High-risk hospitalization (%) 5.4 5.7 0.0 results of the stratified UACR (Figure 2). Ad-

AKI first diagnosis code (%) 0.0 22.8 100.0 justing for continuous eGFR, demograph-

Received dialysis in hospital (%) 1.9 12.8 23.2 s, and cardiovascular risk factors and us-

In-hospital death (%) 2.5 18.9 4.5

2For the comparison of non-AKI hospitalizations to AKI hospitalizations, all P values <0.001 with the
exception of % high-risk hospitalization (P = 0.8). For the comparison of AKI hospitalizations defined
by ICD code in the first position to those defined by an ICD in any other position (not shown), all P
values <0.001 with the exception of mean length of stay (P = 0.04) and mean time since visit 4 (P = 0.8).
PHigh-risk hospitalization defined as a hospitalization with an ICD-9 code for open heart surgery

(including coronary bypass surgery) or percutaneous coronary intervention.

AKI Incidence Stratified by Category of Albuminuria
The crude risk of AKI was greater with greater levels of albu-
minuria. When stratified into groups of UACR =10 mg/g (no
albuminuria), 10 to 29 mg/g (subclinical albuminuria), 30 to
299 mg/g (microalbuminuria), and =300 mg/g (macroalbu-
minuria), there was a stepwise increase in incidence of AKI,
from 2.6 events in the no albuminuria group, to 6.0 events in
the subclinical albuminuria group, to 11.1 and 41.2 events per
1000 person years in the micro- and macroalbuminuria
groups, respectively. As shown in Table 3, this effect persisted
after stratification by eGFR; except within stage 4 (which en-
compassed only 25 participants), the incidence rate of AKI was
consistently higher at higher levels of albuminuria. The trend
was consistent when stratified by subgroups of age, gender,
race, and presence of CKD (Figure 1).

Adjusted Association between Baseline Renal Disease
and AKI Hospitalization

Table 4 demonstrates the stepwise increase in adjusted hazard
ratio of AKI by level of albuminuria overall and within each
category of eGFR. After adjustment for categories of eGFR, the
adjusted hazard ratio was 1.9 (95% CI, 1.4 t0 2.6), 2.2 (95% CI,

ing a reference UACR of 5 mg/g and knots
at 10, 30, and 300 mg/g, a spline approach
to model the relationship between UACR
and adjusted hazard ratios for AKI resulted
in a nearly linear relationship.

Opverall, there was a graded association
in the adjusted hazard ratio of AKI hospi-
talization with worsened eGFR (Table 4). After adjustment for
categories of UACR, there was no significant difference be-
tween eGFR > 105 ml/min per 1.73 m?, eGFR between 90 and
104 ml/min per 1.73 m?* (the reference group), and eGFR be-
tween 75 and 89 ml/min per 1.73 m?; thereafter, 15 ml/min per
1.73 m* decrements in eGFR were associated with adjusted
hazard ratios of 1.5 (95% CI, 1.1 to 2.1), 2.5 (95% CI, 1.7 to
3.7), 7.0 (95% CI, 4.4 to 11.0), and 5.6 (95% CI, 2.6 to 12.1).
This association was also consistent when eGFR was analyzed
as a continuous variable. Figure 3 demonstrates the relation-
ship between eGFR and adjusted risk of AKI using a linear
spline approach.

Sensitivity Analysis

To take into account the possible confounding by high-risk med-
ications and procedures on the association between baseline renal
function and the risk of AKI, two separate analyses were per-
formed. First, all multivariate analyses were repeated adjusting for
baseline ACEI and ARB use. Although baseline ACE-I or ARB
therapy was significantly associated with AKI (adjusted hazard
ratio, 1.42, 95% CI, 1.10 to 1.83), the adjusted hazard ratios were

Table 3. Incidence rate of AKI per 1000 person-years and total number of participants among categories of UACR

and eGFR

Albumin:Creatinine Ratio (mg/g)

eGFR (ml/min per 1.73 m?)

<10 10 to 29 30 to 299 =300 All
=105 2.9 (955) 2.5 (201) 8.1 (117) 37.8 (21) 3.7 (1294)
90 to 104 2.1 (2124) 3.6 (325) 7.0 (155) 27.8 (27) 2.8 (2631)
75 to 89 1.7 (2822) 4.7 (379) 7.4 (158) 20.4 (28) 2.4 (3387)
60to 74 2.7 (2427) 8.2 (328) 8.7 (166) 41.6 (43) 4.0 (2964)
45 to 59 5.7 (535) 14.6 (96) 23.1(105) 26.2 (25) 9.5(761)
30 to 44 25.8 (63) 37.2(17) 43.0 (31) 83.1(27) 39.2 (138)
15 to 29 56.6 (5) -(0) 116.5 (3) 105.2 (17) 97.0 (25)
All 2.6 (8931) 6.0 (1346) 11.1(735) 41.2 (188) 4.0 (11200)
J Am Soc Nephrol 21: eee —eee , 2010 Albuminuria and AKI 3
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higher by strata of UACR and eGFR in the
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1.4 to 4.8) to 2.8 (95% CI, 1.5 to 5.4) to
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seen by strata of eGFR: the adjusted hazard
for AKI was 3.5 (95% CI, 1.7 to 7.3), 12.9
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(95% CI,5.9t028.1),and 10.7 (95% CI, 3.6
to 31.9), in participants with a baseline
eGFR between 45 and 59, 30 and 44, and 15
and 29 ml/min per 1.73 m?, respectively.
Interactions between UACR and age,
race, gender, and eGFR were tested using
afully adjusted Cox proportional hazards
ﬁ model. The interactions were NS between

eGFR>60 {»

UACR and gender (P = 0.8), UACR and

Categories of UACR: <10 mg/g, 10 — 29 mg/g, 30 — 299 mg/g, 300+ mg/g

Figure 1. AKl incidence per 1000 person-years (with 95% Cl) increases with increasing
UACR (<10, 10 to 29, 30 to 299, and =300 mg/g) by subgroups of gender, race, age,

and presence of CKD.

essentially unchanged within strata of UACR and eGFR. Sec-
ond, analyses were repeated modeling AKI occurring only
during non-high-risk hospitalizations. In this approach, the
25 AKI events that occurred during hospitalizations for
open heart surgery or percutaneous coronary intervention
were censored. Again, the hazard ratios of AKI associated
with baseline UACR and eGFR were largely unchanged. Us-
ing participants with no albuminuria as the reference, the
tully adjusted hazard ratio of AKI in a non-high-risk hospi-
talization was 1.9 (95% CI, 1.4 to 2.6), 2.3 (95% CI, 1.6 to
3.2), and 5.0 (95% CI, 3.3 to 7.5) in participants with sub-
clinical, micro-, and macroalbuminuria, respectively.

To determine the effect of time on the association be-
tween renal function and AKI risk, adjusted hazard ratios
over the full follow-up period were compared with those
estimated during the first 4 years after baseline visit. The

eGFR (P = 0.1), and UACR and age (P =
0.08); they were statistically significant
between UACR and race (P = 0.046). All
significant and borderline significant in-
teractions were further explored by sub-
group analysis. Overall, the trends re-
mained the same. For instance, in fully adjusted analyses using the
participants with no albuminuria within the respective race as a
reference, the hazard ratio for an AKI event was 1.8 (95% CI,
1.3t02.6),2.2(95% CI, 1.5t03.4),and 4.5 (95% CI, 2.7 to 7.4)
in the white participants with subclinical, micro-, and mac-
roalbuminuria, respectively, and 2.2 (95% CI, 1.3 to 3.8), 2.3
(95% CI, 1.4 to 3.9), and 6.2 (95% CI, 3.2 to 12.0) in black
participants within the same respective UACR categories.
Finally, all analyses were repeated using eGFR calculated by
the CKD-EPI equation. The hazard ratios of AKI, adjusted for
age, gender, race, cardiovascular risk factors, and categories of
UACR, were 1.8 (95% CI, 1.1 to 2.8), 1.2 (95% CI, 0.9 to 1.7),
2.0 (95% CI, 1.4 t0 2.8), 3.2 (95% CI, 2.1 to 4.7), 8.2 (95% CI,
7.3 to 18.3), and 7.0 (95% CI, 3.2 to 15.0) in the categories
=105, 75 to 89, 60 to 74, 45 to 59, 30 to 44, and 15 to 29 ml/min
per 1.73 m?, respectively, using 90 to 104 ml/min per 1.73 m” as

Table 4. Hazard ratio of AKI (95% CI) during follow-up by categories of UACR and eGFR adjusted for age, gender, race,

and cardiovascular risk factors?®

Albumin-to-Creatinine Ratio (mg/g)

eGFR (ml/min per 1.73 m?)

<10 10 to 29 30 to 299 =300 Total Adjusted
=105 1.2(0.7,2.1) O 7(0.2,2.2) 1 8 (0.7, 4.3) 6(3.3,22.4) 1.1(0.7, 1.6) 1.1 (0.7, 1.6)
90 to 104 Reference 6(0.7,3.2) 8 (0.8, 4.0) 5(2.5, 16.8) Reference Reference
75 to 89 0.8 (0.5, 1.3) 1(1.1,4.0) 4(1.1,4.9 6 (2.0, 15.8) O 9(0.7,1.3) O 9(0.7,1.3)
60to 74 1.3(0.9, 2.0) 4(2.0,5.8) 9(1.5,5.7) 7(4.7,19.9) 5(1.1,2.1) 5(1.1,2.1)
45 to 59 2.6(1.5,4.3) 5(2.2,9.2) 2(3.4,11.5) 8 (2.0, 16.6) 9(2.0,4.2) 5(1.7,3.7)
30to 44 9.3(4.7,18.5) 16 1(5.6,46.3) 2 2(5.3,28.1) 26 4 (13.1,53.2) 10 0(6.4,15.6) 0(4.4,11.0)
15 to 29 11.3 (1.5, 83.0) - 177(24 131.0) 30(10.0, 52.8)  14.5(7.1,29.7) 6(2.6,12.1)
Total Reference 1.9(1.4, 2.6) 6(1.9,3.5) 0(5.6,11.6) - -
Adjusted Reference 1.9(1.4, 2.6) 2.2 (1.6, 3.0) 4.8 (3.2,7.2) - -

2"Total” refers to adjustment by age, gender, race, and cardiovascular risk factors but not the corresponding column or row category (e.g., not eGFR category

for UACR category estimates).

4 Journal of the American Society of Nephrology

“Adjusted” includes adjustment for age, gender, race, cardiovascular risk factors, and corresponding column or row category.

J Am Soc Nephrol 21: eee —eee , 2010
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Figure 2. Relative hazard of AKI increases with increasing con-
tinuous UACR, adjusted for eGFR, age, gender, race, and cardio-
vascular risk factors. Linear spline model with a reference UACR of
5 mg/g and knots at 10, 30, and 300 mg/g UACR. The shaded
area represents 95% Cl. Cardiovascular risk factors include total
cholesterol, presence of diabetes, prevalent cardiovascular dis-
ease, smoking status, and measured systolic BP.
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1
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Estimated GFR (ml/min/1.73m2)
Figure 3. Relative hazard of AKI decreases with increasing con-
tinuous eGFR adjusted for UACR, age, gender, race, and cardio-
vascular risk factors. Linear spline model with a reference eGFR of
95 ml/min per 1.73 m? and knots at 45, 60, 75, 90, and 105
ml/min per 1.73 m?. The shaded area represents 95% Cl. Cardio-
vascular risk factors include total cholesterol, presence of diabe-
tes, prevalent cardiovascular disease, smoking status, and mea-
sured systolic BP.

a reference. In all cases, these were larger than the adjusted
hazard ratios seen with the corresponding MDRD-calculated
eGFR category.

DISCUSSION

To our knowledge, this is the first population-based study to
demonstrate a continuous association between baseline albu-

J Am Soc Nephrol 21: eee —eee , 2010
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minuria and incidence of AKI, independent of eGFR. We show
that levels of albuminuria even below those typically consid-
ered pathologic are associated with a higher risk of AKI events,
and this risk increases nearly linearly with increasing UACRs.
This adds weight to the growing body of evidence that the
presence of albuminuria should be considered a high-risk con-
dition and that this risk is in addition to any risk attributable to
reduced eGFR.28

In our study, baseline characteristics associated with AKI
events were consistent with previous reports.!’»17-2325 Study
participants with an AKI hospitalization or death were more
often older, male, and black and more likely to be diabetic,
hypertensive, obese, and suffer from CKD and cardiovascular
disease. They were also significantly more likely to be on ACEI
or ARB therapy. Participants with a known history of AKI were
not significantly more likely to experience AKI during our fol-
low-up period; however, there were so few participants fitting
this category (n = 20) that definitive conclusions cannot be
made.

Study participants who experienced AKI were much more
likely to die than those who did not, consistent with previous
reports.>71130 Not only was in-hospital mortality higher, at
18.9% versus 2.5%, but follow-up mortality was also higher,
with over half of the participants who had an episode of AKI
dying during follow-up. As noted by Xue and colleagues,'! the
crude rate of in-hospital mortality was lower for those partic-
ipants experiencing hospitalization with AKI as the first dis-
charge diagnosis (thus, theoretically, hospitalized for AKI
rather than with AKI). In our study, this is unadjusted for
severity of underlying illness or comorbidities; more severe
disease and/or more comorbidities likely results in longer hos-
pitalizations and a greater likelihood of AKI and death. If our
classification of hospitalizations with versus for AKI is correct,
this finding is consistent with reports that much of the excess
mortality associated with AKI stems from AKI that is a com-
plication of hospitalization rather than a cause for hospitaliza-
tion.3132

Our results expand on Hsu and colleagues’ findings that the
presence of dipstick proteinuria (as a binary measure) is asso-
ciated with dialysis-requiring AKI.'” In their population-based
study, baseline dipstick proteinuria (roughly corresponding to
=30 mg per 100 ml of urine) conferred an adjusted odds ratio
of dialysis-requiring AKI of 2.79. Here, we have extended this
association across the full range of albuminuria and to all AKI
hospitalizations, including those that did not require dialytic
support. In addition, using a standardized measure of serum
creatinine, we estimated the risk of AKI not only for partici-
pants with CKD, but also for those with an eGFR in the normal
range. Our results indicate that the presence of albuminuria,
even at a level below that which would be consistently detected
by dipstick, is associated with an increased risk of AKI, even in
patients with an eGFR >60 ml/min per 1.73 m°.

Furthermore, we demonstrate that the risks of AKI associ-
ated with albuminuria and reductions in eGFR are present
even after accounting for certain possible confounders, such as

Albuminuria and AKI 5



CLINICAL EPIDEMIOLOGY | www.jasn.org

cardiovascular procedures and ACEI and ARB therapy. Pa-
tients with albuminuria and CKD are at increased risk for car-
diovascular events.?7-3334 Open heart surgery and percutane-
ous coronary intervention are associated with increased risk of
AKI."-21 By censoring the episodes of AKI occurring during
these high-risk hospitalizations, we show that the association
of AKI with impaired renal function is not mediated solely by
increased high-risk operations and procedures. Similarly, pa-
tients with albuminuria and CKD are often prescribed ACEI or
ARB therapy, which in turn has been linked to increased risk of
AKI.*> Any association between ACEI and ARB therapy and
AKI risk should be interpreted cautiously given the probable
confounding by indication (e.g., those with a higher risk of AKI
are more likely to be on ACEI or ARB medications); however,
our analysis provides evidence that the risk associated with
impaired renal function is independent of baseline renin-an-
giotensin blockade.

There are several unique strengths to our data. First, the
cohort was followed prospectively for AKI events. Unlike our
cohort, studies in AKI often rely on nephrology consultations
to identify cases of AKI,?® which can introduce selection bias.
Second, the baseline measurements of albuminuria and creat-
inine were undertaken in a standardized manner, and the tem-
poral association between UACR and eGFR measurement and
AKI is clear. Third, our study’s follow-up is relatively long
(mean of 8.0 years) with little attrition, and the active surveil-
lance of hospitalizations likely results in few missed hospital-
izations.

The major limitation of our study is the reliance on billing
codes for identification of AKI episodes. We used a validated al-
gorithm?” with an estimated sensitivity and specificity of 35.4%
and 97.7%, respectively, to identify AKI hospitalizations; how-
ever, because the rate of AKI events is relatively low, the positive
predictive value of ICD-9-coded AKI may be as low as 30% to
40%.% Our identification strategy may have missed cases of AKI,
which may differ systematically from identified cases (e.g., in
terms of disease severity). In addition, we cannot discern whether
the increased incidence of AKI over time reflects trends in disease
coding patterns (“code creep”),? misclassification of progressive
CKD, an aging population with increased exposure to AKI pre-
cipitants, or simply increasing trends in AKI. Future studies are
needed to examine the association of albuminuria and eGFR with
AKI events identified by a laboratory-based method, such as
change in serum creatinine.

Given our reliance on ICD codes, any interpretation of our
classification of hospitalizations for AKI versus with AKI is
fraught with potential bias given the imperfect translation of
clinical situations to medical charts to diagnosis codes. Inter-
pretations of these results should be measured given our un-
certainty in classification. Finally, because of random variation
in serum creatinine and UACR (e.g., the variation in UACR
with respect to time of day),** and the fact that we rely on only
one baseline measure of UACR and serum creatinine, our anal-
ysis likely underestimates the true association between renal
function and AKI risk.

6 Journal of the American Society of Nephrology

In conclusion, our data from a large, prospectively followed
population-based cohort demonstrate a strong and graded as-
sociation between higher UACR and AKI events. This effect is
independent of eGFR, which also exhibits a strong and graded
association with incidence of AKI. Patients with even low levels
of albuminuria should be considered at increased risk for the
development of AKI. As therapy for AKI prevention is refined,
preventative measures extended to high-risk groups (e.g., older
persons and those with more advanced CKD) should also be
considered for those with albuminuria.*!-46

CONCISE METHODS

Data Sources and Study Population
Data were collected via the ARIC study, a prospective, population-

based cohort of black and white individuals between the ages of 45 and
64 years from four U.S. sites (Forsyth County, NC; Jackson, MS; sub-
urban Minneapolis, MN; and Washington County, MD). The original
sample size was 15,792 men and women, identified by probability
sampling techniques. Initial enrollment began between 1987 and
1989. Follow-up clinical examinations occurred at approximately
3-year intervals, and individuals participated in annual follow-up
telephone interviews. Hospitalizations were captured prospectively
from the study inception through December 31, 2005.

Because urine was first assessed at the fourth study visit, our anal-
yses were limited to those who were alive and not lost to follow-up at
that time (1996 to 1998), a population with a slightly higher percent-
age of whites and women than the original cohort.*” A total of 11,216
participants had complete data at the fourth visit, including UACR,
serum creatinine, and cardiovascular risk factors. Of these, 16 had an
eGFR <15 ml/min per 1.73 m* (CKD stage 5) and were excluded from
subsequent analyses.

Data Measurement
Serum creatinine was measured using a modified kinetic Jaffe method

and subsequently corrected for interlaboratory differences by the ad-
dition of 0.18 mg/dl to calibrate to the Cleveland Clinic standard.
Standard creatinine was then obtained by multiplying by 0.95. eGFR
was calculated using this standard value in the four-variable MDRD
and CKD-EPI equations.*®*° Urinary albumin excretion was mea-
sured as the ratio of albumin to creatinine (UACR, in milligrams per
gram). As reported previously,>® samples were collected in a standard-
ized fashion, and quality assurance analysis on 516 of these samples
showed a correlation coefficient of 0.95.

Diabetes was classified as a single fasting serum glucose of =126
mg/dl or the use of antidiabetic medication; hypertension was defined
as a systolic blood pressure (BP) =140 mmHg and/or diastolic BP
=90 mmHg and/or the use of antihypertensive drugs. ACEI and ARB
therapy was determined at the baseline visit by review of all medica-
tions taken within the previous 2 weeks.

Vital status and intervening hospitalizations were abstracted dur-
ing the annual phone interviews, which had a response rate of 96% in
study year 10 and 92% in study year 20. In addition, study personnel
prospectively tracked discharges at community hospitals and ab-
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stracted the corresponding discharge diagnosis codes (up to 26 dis-
crete codes, length of stay, and in-hospital mortality) for ARIC par-
ticipants. Hospitalizations outside of the catchment area were
ascertained during the follow-up telephone interviews, and discharge
records from these outside hospitals were requested and successfully
obtained in >95% of cases. Between annual interviews, incident
deaths were tracked via regular review of local newspaper obituaries,
state death lists, community hospital discharge lists, and death certif-
icates from the Department of Vital Statistics.

Data Definitions
AKI was defined as the presence of one of the following labels in the

diagnosis coding: International Classification of Diseases, 9th Revi-
sion, Clinical Modification (ICD-9-CM) codes 584.5 to 584.9 or 10th
Revision, Clinical Modification (ICD-10-CM) codes N17.0 to 17.9.
Our definition of AKI encompassed patients who were hospitalized
with AKI, by abstracting the candidate ICD codes from the listed
discharge diagnoses, as well as those who died with AKI, by abstract-
ing ICD codes from listed causes of death on the death certificate.
Patients were classified as hospitalized with AKT if the discharge diag-
nosis contained an AKI-defining code or if the patient died during
hospitalization and the associated death certificate listed AKI as a
cause of death. Patients were classified as hospitalized for AKI if the
first discharge diagnosis contained an AKI-defining code. We identi-
fied the subset of patients with AKI who received dialysis during
their hospitalization using the following ICD-9 and ICD-10 codes:
39.95, 38.95, V39.95, V45.1, V56.0, V56.1, Z49.0, Z49.1, and
799.2.37 High-risk hospitalizations were defined to be any hospi-
talization with a billing code for open heart surgery or percutane-
ous coronary intervention.

Data Analysis
Baseline characteristics of the sample population and hospitalization

characteristics were compared using x> and ¢ tests. The association of
albuminuria and eGFR with AKI hospitalization was analyzed using
Cox proportional hazards regression, expressing albuminuria and
eGFR as categorical and continuous variables and adjusted for age,
gender, race, and cardiovascular risk factors (total cholesterol, diabe-
tes, prevalent cardiovascular disease, current smoking, and systolic
BP). A linear spline approach was used to model the continuous re-
lationship between albuminuria and risk of AKI (adjusted for eGFR)
and eGFR and risk of AKI (adjusted for albuminuria). For sensitivity
analysis, all adjusted hazard ratios were calculated with the inclusion
of an interaction variable with UACR to assess for effect modification
by age, eGFR, race, and gender. Variables that were noted to have
a significant interaction with UACR were then stratified for sub-
group analysis. All analyses were performed using Stata 11.0/MP
(StataCorp, College Station, TX) and SAS version 9.2 (SAS Insti-
tute, Inc., Cary, NC).
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