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Abstract

Background—Diabetes mellitus and hypertension are risk factors for acute kidney injury (AKI). 

Whether estimated glomerular filtration rate (eGFR) and urine albumin creatinine ratio (ACR) 

remain risk factors for AKI in the presence and absence of these conditions is uncertain.
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Study Design—Meta-analysis of cohort studies.

Setting & Population—8 general population (1,285,045 participants) and 5 CKD (79,519 

participants) cohorts.

Selection Criteria for Studies—Cohorts participating in the CKD Prognosis Consortium.

Predictors—Diabetes and hypertension status, eGFR by the CKD Epidemiology Collaboration 

2009 creatinine equation, urine ACR, and interactions.

Outcome—Hospitalization with AKI, using Cox proportional hazards models to estimate hazard 

ratios (HR) of AKI and random effects meta-analysis to pool results.

Results—Over a mean follow-up period of 4 years, there were 16,480 episodes of AKI in the 

general population and 2,087 episodes in the CKD cohorts. Low eGFR and high ACR were 

associated with higher risks of AKI in individuals with or without diabetes and with or without 

hypertension. When compared to a common reference of eGFR 80 mL/min/1.73m2 in non-

diabetic patients, HRs for AKI were generally higher in diabetic patients at any level of eGFR. 

The same was true for diabetic patients at all levels of ACR compared to non-diabetic patients. 

The risk gradient for AKI with lower eGFR was greater in those without diabetes than with 

diabetes, but similar with higher ACR in those without versus with diabetes. Those with 

hypertension had a higher risk of AKI at eGFR greater than 60 ml/min/1.73m2 than those without 

hypertension. However, the risk gradients for AKI with both lower eGFR and higher ACR were 

greater for those without than with hypertension.

Limitations—AKI identified by diagnostic code.

Conclusions—Lower eGFR and higher ACR are associated with higher risks of AKI among 

individuals with or without either diabetes or hypertension.
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Introduction

Acute kidney injury (AKI) is common and its incidence has risen over the last two 

decades.1–3 AKI has been consistently associated with lengthy hospitalization, kidney 

failure requiring dialysis, development and progression of chronic kidney disease (CKD) 

and death.4–6 Pre-existing reduced estimated glomerular filtration rate (eGFR) and 

albuminuria, two key measures of CKD, are strong risk factors for AKI.7–10 Although they 

may be used to identify individuals at high risk of AKI, it is not known whether these 

measures remain consistently associated with the risks of AKI in the presence and absence 

of comorbid conditions that are prevalent in CKD.

Diabetes and hypertension frequently co-exist with CKD, and can modify kidney disease 

outcomes.11–16 Importantly, both of these conditions have been associated with heightened 

risks of AKI in several clinical settings.7–9,17 Despite the overlap among these conditions 

with CKD, estimates of the strength and consistency of the association between pre-existing 

reduced eGFR or albuminuria with AKI in the presence or absence of diabetes or 
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hypertension are lacking. The relevance of eGFR and albuminuria as predictors of AKI risk 

in combination with diabetes and hypertension is thus uncertain.

To address this knowledge gap, we performed a collaborative meta-analysis to assess the 

risks of AKI according to eGFR, albuminuria, and the presence or absence of diabetes or 

hypertension, and to determine whether these conditions modified the associations between 

eGFR and albuminuria with AKI.

Methods

Study selection criteria

Studies were selected according to the criteria of the Chronic Kidney Disease Prognosis 

Consortium, as previously described.15 We included studies of general population and CKD 

cohorts with baseline information about eGFR and albuminuria, and at least 50 AKI events. 

We restricted all analyses to adults ≥18 years of age. Data transfer and analyses were done 

between October 2013 and January 2014. The institutional review board at the Johns 

Hopkins Bloomberg School of Public Health approved the study (IRB Number: 3324).

Exposure variables

We estimated GFR from age, sex, race, and serum creatinine concentration using the 

Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.18,19 For studies 

in which serum creatinine concentration was not previously standardized to isotope dilution 

mass spectrometry, we used an established calibration factor to reduce creatinine 

concentrations by 5%.20 Albuminuria was ascertained by albumin-to-creatinine ratio (ACR), 

or quantitative dipstick. In categorical analyses, we considered dipstick test results of 

negative, trace, 1+, and 2+, ≥3+, to be equivalent to ACR of <10, 10–29, 30–299, 300–999, 

and ≥1000 mg/g, respectively.11,12,21,22

Effect modification variables

We defined diabetes as fasting glucose of ≥7.0 mmol/L, non-fasting glucose of ≥11.1 

mmol/L, glycated haemoglobin (HbA1c) of ≥6.5%, use of glucose-lowering drugs, self-

reported diabetes, or using administrative data coding algorithms (Supplemental Material, 

Appendix 2).23 We defined hypertension as systolic blood pressure of ≥140 mm Hg, 

diastolic blood pressure of ≥ 90 mm Hg, use of antihypertensive drugs, or based on 

administrative data codes.24 In sensitivity analyses, we identified hypertension based only 

on systolic and diastolic blood pressure values, recognizing that antihypertensive drugs may 

be used for heart failure or CKD with proteinuria in the absence of hypertension.

Outcome

The outcome of the study was AKI, identified using administrative data codes. We used 
International Classification of Disease, 9th Revision, Clinical Modification (ICD-9-CM) 

code 584.x or International Classification of Disease, 10th Revision, Clinical Modification 

(ICD-10-CM) code N17.0 with a hospitalization.25
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Statistical analysis

Individual-level data from each study were analyzed according to a common analytical plan, 

based on previously published methodology.11,12 Participants with missing values for eGFR, 

albuminuria, or the potential effect modifiers of interest (diabetes or hypertension) were 

excluded from the respective analyses. We imputed cohort-specific means for all other 

missing values of baseline covariates. Covariates missing more than 50% of values within a 

cohort were not included in study level analyses. For each study, we fitted Cox proportional 

hazards models to estimate hazard ratios (HR) for AKI associated with eGFR and 

albuminuria in participants with and without diabetes and hypertension. Models included 

terms for age, sex, race (black versus non-black), systolic blood pressure (continuous), 

diabetes, cardiovascular disease, total cholesterol (continuous), body mass index 

(continuous), smoking (present versus former or never), and albuminuria (log-transformed 

ACR as continuous variables and dipstick proteinuria as a categorical variable) for eGFR 

analyses, and eGFR splines for ACR analysis. Models fit using eGFR linear splines 

employed knots placed at each 15 mL/min/1.73m2 interval from 30 to 105 mL/min/1.73m2, 

and product terms with each potential effect modifier of interest. This approach provided 

HRs for eGFR (relative to an eGFR of 80 mL/min/1.73m2 in general population cohorts, and 

50 mL/min/1.73m2 in CKD cohorts) in those with and without diabetes or hypertension. 

From these models, we then assessed for interaction by determining the ratio of HRs for 

participants with versus without diabetes or hypertension, at each 1 mL/min/1.73m2 

increment of eGFR (point-wise interaction), and obtained HRs and their standard errors at 

each eGFR value from each cohort. We applied a similar approach to assess associations 

with ACR within each study, based on knots at 10 mg/g, 30 mg/g and 300 mg/g and a 

reference at ACR 5 mg/g in the general population cohorts, and knots at 30mg/g 300 mg/g 

and 1000 mg/g with a reference at ACR 50 mg/g in the CKD cohorts. We assessed point-

wise interactions of potential effect modifiers at 8% increments of ACR.

To assess the effects of diabetes and hypertension on the risk of AKI in the general 

population cohorts, we also compared risk estimates of participants with and without each of 

these comorbidities to common reference groups of eGFR 80 mL/min/1.73m2 (50 mL/min/

1.73m2 in CKD cohorts) and ACR 5 mg/g (50 mg/g in CKD cohorts) of individuals without 

diabetes or hypertension.26 In order to explore whether the modifying effects of diabetes or 

hypertension could be explained by cardiovascular disease, we also repeated all analyses 

stratified by a history of cardiovascular disease. We also performed categorical analyses, 

comparing the risk of AKI based on 28 categories of eGFR (15–29, 30–44, 45–59, 60–74, 

75–89, 90–104, ≥105 mL/min/1.73m2) and albuminuria (ACR <10, 10–29, 30–299, ≥300 

mg/g) in general population cohorts, and 20 categories of eGFR (15–29, 30–44, 45–59, 60–

74, ≥75 mL/min/1.73m2) and albuminuria (<30, 30–299, 300–999, ≥1000 mg/g) in CKD 

cohorts, based on the presence or absence of diabetes and hypertension.

Random effects meta-analysis was used to pool HRs at each eGFR and ACR value from all 

studies, with weighting according to the inverse of the within and between study variance of 

each study. Heterogeneity was estimated using the I2 statistic. To assess for overall 

multiplicative interaction, we pooled the average coefficients of the product terms of eGFR 

or log-ACR splines and diabetes or hypertension from each study using inverse variance 
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weighting. All analyses were done in Stata version 13.1, using code developed at the data 

coordination center (Johns Hopkins University, Baltimore, MD, USA).

Results

We included 1,285,045 participants from eight general population cohorts, with mean 

follow-up ranging from 4 to 12 years, and 79,519 participants from five CKD cohorts 

followed for a mean of 1 to 5 years (Table 1). The prevalence of diabetes and hypertension 

ranged from 4 to 34%, and 20 to 82%, respectively, in the general population cohorts, and 

14 to 89% and 42 to 93%, respectively, in the CKD cohorts. Among the general population 

cohorts, there were 16 480 AKI events, and 0.2 to 6% of the individual study populations 

developed AKI. There were 2,087 AKI events recorded in CKD cohorts, and 2 to 25% of 

CKD study populations developed AKI during follow-up.

Associations in individuals with and without diabetes

Lower eGFR and higher ACR were associated with greater risk of AKI in both those with 

and without diabetes in the general population cohorts (Figure 1). When compared to a 

common reference of eGFR 80 mL/min/1.73m2 in individuals without diabetes, HRs for 

AKI were generally higher in participants with diabetes at any levels of eGFR; however, a 

steeper relative risk increase associated with lower eGFR in those without diabetes than 

those with diabetes attenuated the risk difference at eGFR <60 mL/min/1.73m2 (Figure 1 left 

panel). When we compared HRs based on separate references groups in diabetic and non-

diabetic individuals, we confirmed a significant multiplicative point-wise interaction 

between diabetes and eGFR (Figure 2 left panel). The overall interaction of diabetes with 

eGFR was also significant (average relative HR for 15 mL/min/1.73m2 lower eGFR between 

individuals with diabetes versus those without diabetes 0.85; 95% CI 0.83–0.87). We 

identified no heterogeneity of the overall interaction between eGFR and diabetes between 

individual studies (I2=0%), with all cohorts exhibiting a weaker association for low eGFR in 

individuals with diabetes compared to those without diabetes (Figure S1).

When compared to a common reference point of ACR 5 mg/g in individual without diabetes, 

individuals with diabetes generally had a higher risk of AKI than those without diabetes at 

all levels of ACR (Figure 1, right panel). In analyses using separate references at ACR 5 

mg/g for those with and without diabetes, we identified no significant multiplicative point-

wise interaction across the range of ACR (Figure 2, right panel). There was also no 

significant overall interaction of diabetes with ACR (average relative HR for 2.7 fold 

increase in ACR between individuals with diabetes versus those without diabetes 0.98; 95% 

CI 0.97–1.00), with no heterogeneity of the overall interaction between ACR and diabetes 

between individual studies (I2=0%) (Figure S2).

In the CKD cohorts, lower eGFR and higher albuminuria were also associated with greater 

risk of AKI in both those with and without diabetes (Figure 3). The risks of AKI did not 

significantly differ between those with and without diabetes across ranges of eGFR < 60 

mL/min/1.73m2 or across ACR ranges > 10 mg/g in the CKD cohorts (Figures 3 and 4).
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When further stratified according to history of cardiovascular disease, significant 

multiplicative interaction between diabetes and eGFR at eGFR < 75 ml/min/1.73m2, but not 

diabetes and ACR, was seen in general population cohorts for both those with and without a 

history of cardiovascular disease (Figure S3).

The findings from the categorical analyses were consistent with the findings from the 

continuous analysis (Tables 2 and 3). The risk of AKI was greater at lower eGFR and higher 

albuminuria in both those with and without diabetes, but the risk gradient was greater in 

those without diabetes than those with diabetes, in most categories.

Associations in individuals with and without hypertension

Lower eGFR and higher ACR were associated with greater risk of AKI in both individuals 

with and without hypertension in the general population cohorts (Figure 5). Compared to a 

common reference of eGFR 80 mL/min/1.73m2 in individuals without hypertension, 

individuals with hypertension had a higher risk of AKI at eGFR >60 mL/min/1.73m2 

(Figure 5, left panel). However, individuals without hypertension had a steeper relative risk 

increase associated with lower eGFR at eGFR <75 mL/min/1.73m2 than those with 

hypertension, such that the risk of AKI became similar or even slightly lower in 

hypertensive than non-hypertensive individuals at eGFR <60 mL/min/1.73m2. When 

separate references were set at eGFR 80 mL/min/1.73m2 for hypertensive and non-

hypertensive individuals to assess for multiplicative interaction, we identified a significant 

point-wise interaction at eGFR <70 mL/min/1.73m2 (Figure 6, left panel). The overall 

interaction of hypertension with eGFR was significant (average relative HR for 15 mL/min/

1.73m2 lower eGFR between individuals with hypertension versus those without 

hypertension 0.86; 95% CI 0.77–0.96). Although we found substantial heterogeneity of the 

overall interaction between individual studies (I2=79.9%), all cohorts showed a similar 

qualitative pattern with a weaker association for low eGFR in individuals with hypertension 

compared to those without hypertension (Figure S4).

When compared to a common reference point of ACR 5 mg/g in individuals without 

hypertension, individuals with hypertension had a higher risk of AKI than those without 

hypertension at ACR < 30 mg/g (Figure 5, right panel). However, individuals without 

hypertension had a steeper increase in relative risk in the range in ACR of 10–30 mg/g, such 

that the risks of AKI became similar at and above ACR 30 mg/g for individuals with and 

without hypertension. In analyses using separate references at ACR 5 mg/g for the 

hypertensive and non-hypertensive groups, we identified a significant multiplicative point-

wise interaction when ACR exceeded 14 mg/g (Figure 6, right panel). The overall 

interaction of hypertension with ACR was not significant (average relative HR for 2.7 fold 

increase in ACR between individuals with hypertension versus those without hypertension 

0.94; 95% CI 0.85–1.04), although there was high overall heterogeneity of the interaction 

between ACR and hypertension between individual studies (I2=80.7%). Five of six general 

population cohorts showed a weaker association between greater ACR and AKI in 

individuals with hypertension compared to those without hypertension (Figure S5).

Lower eGFR and higher albuminuria were also associated with increased risk of AKI in 

both hypertensive and non-hypertensive individuals in the CKD cohorts (Figure 7). Similar 
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to findings at comparable ranges of eGFR and ACR in the general population cohorts, the 

risks of AKI were similar in hypertensive and non-hypertensive individuals across ranges of 

eGFR < 60 mL/min/1.73m2, and ACR > 10 mg/g in CKD cohorts (Figures 7 and 8).

When hypertensive status was defined by blood pressure values alone (systolic/diastolic 

blood pressure ≥140/90 mm Hg), we observed similar findings to the primary analysis 

(Figures S6 and S7). Results were also fundamentally the same in individuals with and 

without a history of cardiovascular disease (Figure S8). Categorical analyses were consistent 

with the findings of the continuous analysis (Tables 4 and 5).

Discussion

In this meta-analysis, lower eGFR and higher levels of albuminuria were independently 

associated with increased risks of AKI in individuals with and without diabetes and 

hypertension, with the highest risks of AKI consistently observed in individuals with low 

eGFR and high albuminuria, regardless of the presence of absence of these conditions. 

Individuals with diabetes generally had higher risks of AKI compared to individuals without 

diabetes at any levels of eGFR, but this difference was attenuated in the lower range of 

eGFR. In contrast, there was no interaction between diabetes, ACR, and risk of AKI. 

Although the risks of AKI were increased in individuals with hypertension compared to 

those without hypertension at higher eGFR and lower ACR, larger relative risk increases at 

lower levels of eGFR led to comparable risks of AKI at eGFR < 60 mL/min/1.73m2 and 

ACR >30 mg/g in the presence and absence of hypertension. These findings demonstrate 

that although diabetes and hypertension are associated with heightened risks of AKI in the 

absence of measures of kidney disease, low eGFR and high ACR remain powerful 

prognostic markers for AKI in the presence or absence of these conditions.

The strengths of our study include the use of several international cohorts, including 

participants from the general population and with pre-existing CKD, thereby increasing the 

generalizability of our findings to other settings. All cohorts included comprehensive data on 

eGFR, ACR, diabetes, and hypertension, and continuous analyses using splines allowed us 

to perform a detailed characterization of the associations with AKI across a wide range of 

eGFR and ACR. There are limitations to our study. First, measurement of serum creatinine 

and albuminuria was not standardized across all studies, with collection performed 

prospectively for some cohorts and occurring as part of routine clinical care in others. As a 

result, the interpretation of eGFR and albuminuria thresholds where risk gradients appear to 

change should be made with some caution, although reassuringly the gradients of risk with 

lower eGFR and higher ACR were consistent between studies. Second, the presence of 

diabetes and hypertension was ascertained prospectively in some studies and from 

administrative codes in other cohorts. Variability in ascertainment of hypertension may 

explain between-study heterogeneity observed in the magnitude of the interaction terms 

between kidney markers and hypertension, although the point estimates from most 

individual studies included in the meta-analysis showed stronger relative risks in the absence 

of hypertension. As there was no heterogeneity of the interactions between kidney measures 

and diabetes, any differences in ascertainment of diabetes between studies are unlikely to 

have influenced our findings. Finally, we used administrative codes to identify AKI, which 
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have low sensitivity but high specificity for AKI, and which may vary by baseline kidney 

function.25 Reassuringly, past work has shown that risk gradients for eGFR and albuminuria 

with AKI follow similar relationships for AKI treated with dialysis, which has high 

sensitivity for identification using administrative codes.10 While our findings are likely to be 

representative of risk for severe forms of AKI, they may not be generalizable to all forms of 

AKI, including milder events defined by smaller changes in creatinine.

Other studies have reported associations between reduced eGFR and albuminuria with the 

risk of AKI. Both eGFR and albuminuria have been previously associated with risk of AKI 

in three community-based cohorts from North America,7,9,10 as confirmed in an earlier 

analysis by the CKD Prognosis Consortium that was limited to 4 cohorts that examined the 

risk of AKI.27 Mild and heavy dipstick proteinuria, in addition to eGFR, has also been 

associated with higher odds of AKI in adults undergoing coronary artery bypass surgery.8 

Several studies have also identified independent associations between diabetes and 

hypertension with the risk of AKI across a range of settings including sepsis, cardiovascular 

surgery, and coronary angiography.4,17,28,29 Our study builds on this prior work, providing 

new information about associations between kidney disease markers in both the presence 

and absence of these common conditions. Although many of the individual studies included 

in our analyses lacked power to detect significant interactions between diabetes and 

hypertension and eGFR or albuminuria, our meta-analysis allowed us to evaluate 

interactions across multiple cohorts and identify how these conditions modified the risk of 

AKI.

A possible reason for the higher risk of AKI in individuals with diabetes and hypertension at 

high eGFR and low ACR, is the frequent occurrence of complications of these conditions 

that may lead to AKI even in the absence of CKD.11 These include cardiovascular disease, 

heart failure, exposure to medications such as antihypertensive agents, diuretics, and 

potentially nephrotoxic drugs, episodes of sepsis, and increased exposure to surgical 

procedures or iodinated contrast agents. The attenuation of risk differences between 

individuals with hypertension, versus those without hypertension, with lower eGFR and 

higher ACR may be because these kidney measures incorporate the risks conferred by 

hypertension at low eGFR and high ACR. This may also explain the similarly observed 

attenuation of differences in risk of AKI between individuals with diabetes, versus those 

without diabetes, at low eGFR. In contrast, the absence of an interaction between ACR and 

diabetes on risk of AKI, suggest that additional features of diabetes may confer risk of AKI 

regardless of the level of ACR. Importantly, the observation that lower eGFR and higher 

ACR are associated with markedly elevated risks of AKI underscores the importance of 

kidney measures as risk factors for AKI, regardless of the presence of absence of these 

conditions.

In conclusion, this meta-analysis demonstrates that low eGFR and high albuminuria are 

associated with higher risks of AKI among people with or without either diabetes or 

hypertension. In non-diabetic patients the risk gradients for AKI with lower eGFR were 

stronger than in diabetic patients, but this was not true for higher ACR. For those without 

hypertension, there was a steeper risk gradient with both lower eGFR and higher ACR, 

compared to hypertensive persons. These findings suggest that future research on strategies 
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to identify individuals at risk of AKI should incorporate measures of eGFR and albuminuria 

regardless of the presence of diabetes and hypertension, in order to target AKI prevention 

and care strategies to the highest risk individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hazard ratios (with 95% confidence intervals) of AKI, using common referent groupwithout 

diabetes, according to eGFR (left, reference eGFR 80 without diabetes) and ACR (right, 

reference ACR 5 without diabetes) in individuals with and without diabetes in general 

population cohorts.
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Figure 2. 
Hazard ratios (with 95% confidence intervals) of AKI, using separate reference groups by 

diabetes status, according to eGFR (left, reference eGFR 80) and ACR (right, reference 

ACR 5) in individuals with and without diabetes in general population cohorts. Triangles 

indicate significant (P<0.05) multiplicative pointwise interactions.
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Figure 3. 
Hazard ratios (with 95% confidence intervals) of AKI, using common referent group 

without diabetes, according to eGFR (left, reference eGFR 50 without diabetes) and ACR 

(right, reference ACR 50 without diabetes) in individuals with and without diabetes in CKD 

cohorts.
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Figure 4. 
Hazard ratios (with 95% confidence intervals) of AKI, using separate reference groups by 

diabetes status, according to eGFR (left, reference eGFR 50) and ACR (right, reference 

ACR 50) in individuals with and without diabetes in CKD cohorts.
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Figure 5. 
Hazard ratios (with 95% confidence intervals) of AKI, using common referent group 

without hypertension, according to eGFR (left, reference eGFR 80 without hypertension) 

and ACR (right, reference ACR 5 without hypertension) in individuals with and without 

hypertension in general population cohorts.

James et al. Page 15

Am J Kidney Dis. Author manuscript; available in PMC 2015 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Hazard ratios (with 95% confidence intervals) of AKI, using seperate reference groups by 

hypertensive status, according to eGFR (left, reference eGFR 80) and ACR (right, reference 

ACR 5) in individuals with and without hypertension in general population cohorts.

James et al. Page 16

Am J Kidney Dis. Author manuscript; available in PMC 2015 October 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Hazard ratios (with 95% confidence intervals) of AKI, using common referent group 

without hypertension, according to eGFR (left, reference eGFR 50 without hypertension) 

and ACR (right, reference ACR 50 without hypertension) in individuals with and without 

hypertension in CKD cohorts.
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Figure 8. 
Hazard ratios (with 95% confidence intervals) of AKI, using, separate reference groups by 

hypertensive status, according to eGFR (left, reference eGFR 50) and ACR (right, reference 

ACR 50) in individuals with and without hypertension in CKD cohorts.
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