




and the outcome of interest, which is a particularly intrigu-
ing feature for testing combinations of biomarkers (26).
The CHAID classification tree identified patients with con-
comitant elevation of both angiotensinogen and renin as
the group with the highest risk for the outcome of AKIN
stage 3 or death. We interpret these results as an indication
that activation of the renin-angiotensin system could mod-
ulate AKI severity. Importantly, this analysis found that
angiotensinogen was a stronger predictor than renin, and

renin was not a useful predictor when angiotensinogen
was ,337.89 ng/mg. This is congruent with our hypothe-
sis that renin improves the predictive accuracy of angio-
tensinogen based on the biologic relationship between the
two proteins. Angiotensinogen is the only known natural
substrate for renin (21). The CHAID model is also an in-
formative guide for the potential use of the combination of
these biomarkers in the event of discordance between the
two. A limitation of the results of the CHAID model is that
it identified only 30.8% of patients who met the outcome.
Thus, if used to direct clinical decision-making, it would
miss many patients who might benefit from intervention.
However, it ruled out patients who did not meet the out-
come with high accuracy, which could be clinically valu-
able. By identifying patients who will not develop the
outcome and therefore do not require intervention, this
test could reduce unnecessary exposure of low-risk pa-
tients to therapies that could have adverse effects.
Our findings suggest a role for the RAS in the pathobi-

ology of AKI, which is in agreement with data from animal
models of AKI. Angiotensin II increases and angiotensin
1–7 decreases in kidney tissue after ischemia reperfusion
injury in rats (28,29). Interestingly, intrarenal angiotensin
II concentration strongly correlates with urinary angioten-
sinogen concentration but is not correlated with plasma
angiotensinogen, which implies that elevated urinary an-
giotensinogen reflects activation of the intrarenal RAS (30).
Increased amounts of renin would also contribute to RAS
activation because the conversion of angiotensinogen to
angiotensin I by renin is the rate-limiting step of the RAS.
Inhibition of angiotensin-converting enzyme and the angio-
tensin II type 1 receptor with captopril and losartan, respec-
tively, reduce renal inflammation and mitigate the severity
of AKI in rats subjected to renal ischemia-reperfusion in-
jury (31–37). Therefore, patients with higher concentrations
of urinary angiotensinogen and renin could have a more
severe inflammatory response during AKI. Importantly,
the source of urinary angiotensinogen and renin during
AKI remains unclear. However, both of these genes are
expressed in both the proximal and distal tubule, and
both proteins have been detected in the proximal tubule
(38,39).
Urinary angiotensinogen and renin appear to be elevated

during the early extension phase of AKI (most patients in
our cohort were classified as having AKIN stage 1 but not

Figure 4. | Receiver-operating characteristic curves (ROCs) for
prediction of Acute Kidney Injury Network stage 3 AKI or death. The
ROC curves of two multivariate models, a chi-squared automatic
interaction detection (CHAID) classification tree, and a multivariate
logistic regression model are shown. Both models included four
variables: Cleveland clinic score, percentage increase in serum cre-
atinine from baseline that had occurred, urinary angiotensinogen-to-
creatinine ratio, and urinary renin-to-creatinine ratio. The ROC curve
for the multivariate logistic regression (MLR) is also displayed in
Figure 2A, where it is titled clinical model plus uAnCR plus uRenCR.
The CHAID classification tree model was the best predictor (P=0.02
compared with the multivariate logistic regression model).

Table 4. Comparison of multivariate logistic regression model and chi-squared automatic interaction detection classification tree

Model AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Multivariate logistic regressiona 0.85 (0.77 to 0.92) 76.9 79.1 35.0 76.5
CHAIDb 0.91 (0.87 to 0.96)c 30.8 98.9 80.4 90.7

Multivariate logistic regression and CHAID models were generated using the following variables: Cleveland Clinic score, percentage
increase in serum creatinine at the time of sample collection, urinary angiotensinogen-to-creatinine ratio (uAnCR), and urinary renin-
to-creatinine ratio (uRenCR). AUC, area under the receiver-operating characteristic curve; CI, confidence interval; PPV, positive
predictive value; NPV, negative predictive value; CHAID, chi-squared automatic interaction detection.
aCutoff specific performance characteristics shown are from the point on the receiver-operating characteristic curve closest to the point
of 100% sensitivity and specificity.
bCutoff specific performance characteristics shownare for the node representing uAnCR.337.89 ng/mganduRenCR.893.41 pg/mg.
cP=0.02 compared with multivariate logistic regression model.
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as meeting RIFLE-R criteria), and this biomarker combi-
nation could be used to guide clinical trial enrollment.
Although therapies that prevent or mitigate injury, and
those that reverse early injury, would be unlikely to be
effective at this time point, interventions that prevent
extension of the injury by attenuating inflammation and
those that promote renal recovery could still be useful.
Indeed, angiotensinogen and renin could be ideal for se-
lectively enriching the study population in patients who
could potentially benefit from these types of therapies.
Although it correctly identified only 30.8% of the patients
who met the outcome of AKIN stage 3 or death, the com-
bination of uAnCR .337.89 ng/mg and uRenCR .893.41
pg/mg had a PPV of 80.4%, a 6.3-fold enrichment for the
endpoint of stage 3 AKI or death (compared with 12.8%
prevalence). The large PPV relative to sensitivity was due
to the combination of a low prevalence of the outcome in
our cohort and a high specificity (98.9%), which resulted in a
test that ruled out low-risk patients with high accuracy. Us-
ing the combination of uAnCR and uRenCR to screen pa-
tients for enrollment in a clinical trial would increase the
effect size of an intervention and result in an improved sta-
tistical power and a reduction in the number of patients who
would need to be enrolled. However, the tradeoff is that a
large number of patients would need to be screened. Using
our cohort as an example, the ratio of enrolled to screened
patients would be approximately 1:19 if the results from the
CHAID model were used as inclusion criteria enrollment
because only 4.9% of patients had uAnCR and uRenCR val-
ues above these cutoffs. Therefore, the cost of screening
would need to be weighed against the potential benefits of
enrichment (increased power and reduced enrollment), tak-
ing into account the assumed effect size of the intervention.
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 Supplemental Figure 1. Complete classification tree for the outcome AKIN 3 or death.  Chi-
squared automated interaction detection (CHAID) was used to grow the classification tree using 
the following covariates: Cleveland Clinic score, percent increase in sCr at the time of sample 
collection, urinary angiotensinogen/creatinine ratio (uAnCR), and urinary renin/creatinine ratio 
(uRenCR).  Statistical significance was determined using the χ2 test. Interactions between 
covariates and the outcome were deemed statistically significant if p< 0.05 with Bonferroni 
correction.  Pie charts represent the proportion of patients who met the outcome (events) or not 
(nonevents) at each node of the tree 


