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Abstract

Background: Serum creatinine and cystatin C are used as markers of glomerular filtration rate (GFR). The performance of
these GFR markers relative to exogenously measured GFR (mGFR) in HIV-positive individuals is not well established.

Methods: We assessed the performance of the chronic kidney disease epidemiology collaboration equations based on
serum concentrations of creatinine (eGFRcr), cystatin C (eGFRcys) and both biomarkers combined (eGFRcr-cys) in 187 HIV-
positive and 98 HIV-negative participants. Measured GFR was calculated by plasma iohexol clearance. Bias and accuracy
were defined as the difference between eGFR and mGFR and the percentage of eGFR observations within 30% of mGFR,
respectively. Activated CD4 and CD8 T-cells (CD38+ HLA-DR+) were measured by flow cytometry.

Results: The median mGFR was .100 ml/min/1.73 m2 in both groups. All equations tended to be less accurate in HIV-
positive than in HIV-negative subjects, with eGFRcr-cys being the most accurate overall. In the HIV-positive group, eGFRcys

was significantly less accurate and more biased than eGFRcr and eGFRcr_cys. Additionally eGFRcys bias and accuracy were
strongly associated with use of antiretroviral therapy, HIV RNA suppression, and percentages of activated CD4 or CD8 T-
cells. Hepatitis C seropositivity was associated with larger eGFRcys bias in both HIV-positive and HIV-negative groups. In
contrast, eGFRcr accuracy and bias were not associated with HIV-related factors, T-cell activation, or hepatitis C.

Conclusions: The performance of eGFRcys relative to mGFR was strongly correlated with HIV treatment factors and markers
of T-cell activation, which may limit its usefulness as a GFR marker in this population.
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Introduction

Early detection of renal disease is important in HIV-positive

individuals to implement appropriate interventions and remove

potentially nephrotoxic drugs. In clinical practice, serum creati-

nine is widely used as an intrinsic glomerular filtration rate (GFR)

marker. Cystatin C, a constitutively-produced cysteine proteinase,

has been proposed as an alternative and potentially superior GFR

marker [1,2]. However, cystatin C concentrations may be affected

by inflammation [3], which could be relevant in HIV-infected

persons. The Chronic Kidney Disease Epidemiology Collabora-

tion (CKD-EPI) equations (one based on creatinine, one based on

cystatin C, and one based on both biomarkers) have been shown to

be more accurate than the Modification of Diet in Renal Disease

(MDRD) equation (which uses creatinine), particularly in persons

with GFR .60 ml/min/1.73 m2 [4,5].

Two recent studies that measured GFR with an exogenous

marker in HIV-infected individuals found no evidence that

cystatin C-based estimates were more accurate or precise than

creatinine-based estimates [6,7]. Additional data are needed to

elucidate the strengths and limitations of GFR equations based on

creatinine, cystatin C, or both biomarkers in this population,

considering HIV-related immune activation. Using iohexol

clearance from plasma to exogenously measure GFR, we assessed

the performance of the CKD-EPI equations and clinical factors

affecting performance, in HIV-positive participants and a demo-

graphically similar HIV-negative comparison group.
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Methods

Study design and population
We recruited HIV-positive subjects from the Johns Hopkins

HIV Clinic and HIV-negative subjects from the community and

from the AIDS Link to IntraVenous Experience (ALIVE) cohort

[8], the latter to oversample HIV-negative individuals with a

history of injection drug use and hepatitis C infection. Participants

were screened for eligibility at two screening visits. Inclusion

criteria were age 18 years or older and estimated GFR $60 ml/

min/1.73 m2 (by MDRD equation [9]), the latter because the

primary objective of the cohort was to assess measured GFR

change over time in subjects with initially normal estimated kidney

function. Exclusion criteria included history of radiocontrast

allergy, pregnancy, diabetes mellitus (history of diabetes diagnosis

or treatment for diabetes, or random serum glucose .130 mg/dL

or glycosylated hemoglobin .6.5% at screening), uncontrolled

hypertension (systolic blood pressure .160 mm Hg or diastolic

blood pressure .100 mm Hg), collagen vascular disease, and

severe or life-threatening comorbid conditions.

Ethics statement
Participants provided written informed consent and the study

was approved by the Johns Hopkins Medicine Institutional Review

Board.

Data collection and laboratory measurements
We collected demographic, behavioral, and pharmacologic data

by interview and medical record review, and measured height,

weight, and blood pressure. Laboratory data included hepatitis C

serostatus and plasma concentrations of creatinine, cystatin C, and

high-sensitivity C-reactive protein (hsCRP). Creatinine was

measured with an enzymatic assay (Creatinine Plus, Roche

Diagnostics, Basel, Switzerland) that was traceable to an isotope

dilution mass spectrometry reference method [10]. Cystatin C was

measured using a particle enhanced turbidimetric immunoassay

(Gentian AS, Norway), with values standardized to a certified

reference material from the Institute for Reference Materials and

Measurements [11]. We used flow cytometry to measure the

percentages of activated CD4 and CD8 cells, defined by the

presence of CD38 and HLA-DR surface markers [12,13]. We also

measured urine concentrations of albumin and creatinine. In the

HIV-positive group we measured CD4 cell count by flow

cytometry and HIV RNA level with Amplicor HIV-1 MONIOTR

Test, v1.5 (Roche Molecular Diagnostics), which had a lower limit

of detection of 400 copies/mL.

Iohexol clearance was measured by placing two peripheral

intravenous catheters and infusing a weighed dose of iohexol

(5 mL; GE Healthcare, Amersham Division, Princeton, NJ) into

one catheter. Blood samples were drawn at 10, 30, 120, and

240 minutes from the second catheter. Serum iohexol concentra-

tions were measured by high performance liquid chromatography.

Measured GFR (mGFR) was calculated using a 2-compartment

model described by Schwartz and colleagues [14].

Definitions and statistical analysis
Estimated GFR was calculated using CKD-EPI equations based

on plasma creatinine (eGFRcr), cystatin C (eGFRcys), or both

markers (eGFRcr-cys) [15]. We used three parameters to assess the

performance of GFR estimating equations relative to mGFR.

Accuracy was defined as the percent of eGFR observations within

30% of mGFR, with 95% confidence intervals (CI) determined by

exact methods. Supplemental accuracy estimates were calculated

for percent of values within 10% of mGFR. Bias was defined as the

difference between eGFR and mGFR, where values above and

below 0 corresponded to overestimation and underestimation of

mGFR, respectively. Precision was defined as the interquartile

range (IQR) for bias, with 95% CI determined by bootstrapping.

We compared the accuracy, bias and precision of each

estimating equation between the HIV-positive and HIV-negative

groups, and compared the performance of the equations with one

another, separately in the HIV-positive and HIV-negative groups.

We used Fisher’s exact and Wilcoxon rank sum tests to compare

categorical and continuous variables between groups, respectively.

We determined the statistical significance of differences between

equations in each group with McNemar’s test for accuracy,

Wilcoxon sign rank test for bias, and bootstrapping for precision.

We assessed the association of clinical factors with accuracy and

bias of the single biomarker equations, eGFRcr and eGFRcys. We

stratified age, body mass index (BMI), and hsCRP at the median

values for the complete study sample, and used group-specific

medians for activated CD4 and CD8 cells, due to large differences

in these variables between HIV-positive and HIV-negative

subjects. There were too few non-African American subjects for

meaningful comparisons by race.

Because our analysis included a large number of statistical

comparisons, we used the method of Benjamini and Hochberg to

reduce the likelihood of making type-1 errors [16]. In this method,

the P value thresholds for rejecting null hypotheses are adjusted

downward (e.g., ,0.05) according to the total number of

comparisons and the position of a given test in the ascending

rank order of all test-based P values. We adjusted P values to

maintain a false discovery rate of 0.05, meaning that of the tests

deemed to be statistically significant by the revised P value

thresholds, only 5% would be anticipated to be ‘false discoveries’.

P value thresholds for baseline comparisons between HIV-positive

and HIV-negative subjects (Table 1) were not modified for false

discovery. However, in Tables 2,3, 4, actual P values are shown

and bold font was used to indicate statistical significance using the

false discovery approach.

As a supplemental analysis, we evaluated HIV-related factors

associated with eGFRcys accuracy in HIV-positive subjects in a

multivariate logistic regression model. Factors significantly associ-

ated with eGFRcys accuracy in univariate analysis were selected for

inclusion in the multivariate model by stepwise backward

selection, where factors with P.0.05 were removed from the

model, with the covariate for use of antiretroviral therapy forced

into the final model. Additionally, we explored the association

between activated CD8 cells and bias for eGFRcr and eGFRcys

using scatterplots, Spearman correlation coefficients, and linear

regression. We used REDCap for data collection and management

[17] and Stata version 10 (Stata Corp, College Station, TX) for the

statistical analysis.

Results

Table 1 summarizes the clinical characteristics of the study

participants. HIV-positive and HIV-negative groups were similar

in age, BMI, race, and smoking status. The HIV-positive group

had higher proportions of women and hepatitis C seropositive

subjects. HIV-positive subjects were more likely HIV-negative

subjects to have a history of hypertension and cardiovascular

disease, although systolic blood pressure and glycosylated hemo-

globin levels were higher in HIV-negative subjects. There was no

significant difference in hsCRP between the two groups, although

levels of activated CD4 and CD8 cells were substantially higher in

the HIV-positive participants. The median urine albumin-

creatinine ratio was similar in the two groups, although HIV-

HIV Factors and GFR Estimation
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positive subjects were significantly more likely to have an albumin-

creatinine ratio .30 mg/g. mGFR was significantly lower in

HIV-positive than HIV-negative subjects. Creatinine and eGFRcr

were similar in the two groups. In contrast, cystatin C was

significantly higher and eGFRcys and eGFRcr-cys were significantly

lower in HIV-positive subjects.

Most HIV-positive subjects were taking antiretroviral therapy

and had HIV RNA ,400 copies/mL. Sixty eight percent of HIV-

positive subjects were taking tenofovir, but no participant was

taking a cobicistat-containing preparation. CD4 and CD8

activation in HIV- positive participants was strongly associated

with HIV RNA suppression, as has been reported previously

[18,19]. In HIV-positive participants with HIV RNA .400

copies/mL the median value for activated CD4 T-cells was 18%

compared with 7% in those with HIV RNA #400 copies/mL

(P,0.0001). Similarly, the median values of activated CD8 T-cells

were 54% and 27% in HIV-positive subjects with HIV RNA

.400 or #400 copies/mL, respectively (P,0.0001).

Table 2 shows performance measures of the three estimating

equations. All three equations tended to be less accurate in HIV-

positive than HIV-negative subjects, although differences were not

statistically significant when accounting for multiple comparisons.

Additionally, all three equations tended to underestimate mGFR.

The eGFRcr equation was significantly less biased in HIV-positive

than HIV-negative subjects. The precision of the three equations

was similar in both groups. Bland-Altman plots of the three

equations in HIV-positive and HIV-negative subjects are shown in

Figures 1 and 2.

Comparing equations with one another in the subgroups,

eGFRcys was significantly less accurate within 30% of mGFR than

both eGFRcr and eGFRcr-cys in the HIV-positive group (accuracy

of 79% compared to 89% and 91%, respectively), and eGFRcys

was significantly less accurate than eGFRcr-cys in the HIV-negative

group. Assessment of accuracy within 10% of mGFR showed a

similar pattern. Specifically, among HIV-positive subjects accura-

cies within 10% were 31%, 45%, and 42% for eGFRcys, eGFRcr,

Table 1. Clinical characteristics of HIV-positive and HIV-negative participants.

Clinical characteristics HIV-positive (n = 187) HIV-negative (n = 98) P value

Age, years, median (P25, P75) 49 (45, 53) 49 (45, 54) 0.58

Body mass index, kg/m2, median (P25, P75) 26 (23, 31) 27 (23, 33) 0.21

Sex Female, n (%) 66 (35) 18 (18) 0.0027

Male, n (%) 121 (65) 80 (82)

Race White, n (%) 11 (6) 8 (8) 0.46

Black, n (%) 176 (94) 90 (92)

Current smoker, n (%) 124 (66) 60 (61) 0.44

History of hypertension, n (%) 65 (35) 21 (21) 0.021

History of cardiovascular disease, n (%) 21 (11) 4 (4) 0.048

Hepatitis C seropositive, n (%) 100 (54) 28 (29) 0.0001

Systolic blood pressure, mm Hg, median (P25, P75) 120 (108, 131) 126 (113, 135) 0.0074

Diastolic blood pressure, mm Hg, median (P25, P75) 71 (65, 77) 73 (66, 82) 0.058

Glycosylated hemoglobin, %, median (P25, P75) 5.4 (5.1, 5.7) 5.5 (5.3, 5.8) 0.038

High-sensitivity C-reactive protein, mg/dL, median (P25, P75) 1.7 (0.6, 4.2) 1.9 (0.7, 5.5) 0.43

Percentage activateda CD4 cells, median (P25, P75) 8.3 (5.4, 14.1) 3.8 (3.1–5.9) ,0.0001

Percentage activateda CD8 cells, median (P25, P75) 30.7 (19.2, 46.9) 10.8 (7.7, 20.5) ,0.0001

Urine albumin-creatinine ratio, mg/g, median (P25, P75) 7 (3, 19) 5 (3,11) 0.18

Urine albumin-creatinine ratio .30 mg/g, n (%) 36 (19) 9 (9) 0.027

Serum creatinine, mg/dL, median (P25, P75) 0.9 (0.8, 1.1) 1.0 (0.8, 1.1) 0.19

Serum cystatin C, mg/L, median (P25, P75) 0.93 (0.82,1.10) 0.84 (0.76, 1.10) 0.0002

Measured glomerular filtration rate, ml/min/1.73 m2, median (P25, P75) 101 (85, 116) 109 (95, 125) 0.0034

eGFRcr, ml/min/1.73 m2, median (P25, P75) 103 (85, 118) 103 (92, 114) 0.84

eGFRcys, ml/min/1.73 m2, median (P25, P75) 87 (70,103) 101 (81, 112) 0.0001

eGFRcr-cys, ml/min/1.73 m2, median (P25, P75) 95 (81, 109) 100 (89, 114) 0.012

Taking antiretroviral therapy, n (%) 171 (91) - -

Taking tenofovir, n (%) 127 (68) - -

Nadir CD4 count, cells/mm3, median (P25, P75) 145 (42, 301) - -

Current CD4 count, cells/mm3, median (P25, P75) 464 (248, 627) - -

HIV RNA .400 copies/mL, n (%) 38 (20) - -

HIV RNA in subjects with values .400 copies/mL, median (P25, P75) 11,680 (4,562, 62,084) - -

P25 and P75, 25th and 75th percentiles, respectively; eGFRcr, eGFRcys, and eGFRcr-cys are glomerular filtration rates estimated by CKD-EPI equations using plasma creatinine,
cystatin C, and both biomarkers, respectively.
aActivated CD4 or CD8 T-cells defined as expressing both CD38 and HLA-DR surface markers.
doi:10.1371/journal.pone.0082028.t001
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and eGFRcr-cys. Among HIV-negative subjects, accuracies within

10% were 31%, 41%, and 43% for eGFRcys, eGFRcr, and

eGFRcr-cys, respectively.

In the HIV-positive group eGFRcys was significantly more

biased than both eGFRcr and eGFRcr-cys (median bias of 216.3

compared to 21.1 and 27.2 mL/min/1.73 m2, respectively), and

eGFRcr-cys was significantly more biased than eGFRcr. In the

HIV-negative group, eGFRcys was significantly more biased than

eGFRcr-cys. eGFRcys tended to be the least precise of the

estimating equations however, there were no statistically signifi-

cant differences between equations in either group.

Table 3 shows the associations of clinical factors with the

accuracy of eGFRcr and eGFRcys in the HIV-positive and HIV-

negative groups. In the HIV-positive group, lower eGFRcys

accuracy was significantly associated with activated CD4 and

CD8 percentages above the medians, not taking antiretroviral

therapy, current CD4 count ,450 cells/mm3, and HIV RNA

.400 copies/mL. eGFRcys accuracy was not significantly associ-

ated with age, BMI, sex, mGFR strata, hepatitis C serostatus,

hsCRP, or nadir CD4 count. No factors were significantly

associated with the accuracy of eGFRcr in either group and no

factors were significantly associated with eGFRcys accuracy in the

HIV-negative group, accounting for multiple comparisons.

Table 4 shows the associations of clinical factors with eGFRcr

and eGFRcys bias. Sex was significantly associated with eGFRcr

bias in both groups. mGFR stratum was significantly associated

with eGFRcr and eGFRcys bias in both groups, with larger

underestimation at mGFR $90 versus ,90 mL/min/1.73 m2.

Hepatitis C serostatus was associated with eGFRcys bias in both

the HIV-positive and HIV-negative groups, with larger underes-

timation in hepatitis C seropositive than seronegative subjects. In

the HIV-positive group, eGFRcys bias was significantly associated

with not taking antiretroviral therapy, activated CD4 and CD8

percentages above the medians, and HIV RNA .400 copies/mL.

Finally, nadir CD4 count was significantly associated with eGFRcr

bias, with modest underestimation and overestimation at nadir

CD4 counts .150 and #150 cells/mm3, respectively. Age, BMI,

hsCRP, and current CD4 cell count were not significantly

associated with eGFRcr or eGFRcys bias in either group,

accounting for multiple comparisons.

In a supplemental analysis, we assessed factors associated with

eGFRcys accuracy in a multivariate logistic regression model, in

which the covariate for antiretroviral therapy use was forced into

the model and other candidate variables (HIV RNA .400 copies/

mL, current CD4 count, activated CD8 cells, and activated CD4

cells) were selected by backward stepwise selection. Current CD4

count and activated CD4 were dropped from the model. Use of

antiretroviral therapy, which was significantly associated with an

increased odds of eGFRcys accuracy in unadjusted analysis (odds

ratio [OR], 4.5; 95% confidence interval [CI] 1.6, 13.0), was not

significantly associated with accuracy in the multivariate model

(OR, 1.2; 95% CI 0.3, 4.2). Both HIV RNA .400 copies/mL

(OR, 0.2; 95% CI 0.1, 0.7) and activated CD8 percentage above

the median (OR, 0.3, 95% CI 0.1, 0.9) were significantly

associated with lower likelihood of eGFRcys accuracy in the

multivariate model.

Table 2. Performance of glomerular filtration rate estimating equations in HIV-positive and HIV-negative participants.

Performance measure HIV-positive HIV-negative P valuea

Accuracyb (95% CI) eGFRcr 89 (83, 93) 96 (90, 99) 0.048

eGFRcys 79 (72, 85) 88 (80, 94) 0.075

eGFRcr-cys 91 (85, 94) 97 (91, 99) 0.055

P valuec eGFRcr vs. eGFRcys 0.0044 0.046 -

eGFRcr vs. eGFRcr-cys 0.51 0.71 -

eGFRcys vs eGFRcr-cys ,0.0001 0.0027 -

Biasd (P25, P75) eGFRcr 21.1 (212.4, 10.4) 28.8 (218.0, 2.9) 0.0013

eGFRcys 216.3 (227.8, 21.8) 212.9 (223.8, 0.8) 0.19

eGFRcr-cys 27.2 (219.8, 2.2) 29.7 (219.1, 0.7) 0.56

P valuec eGFRcr vs. eGFRcys ,0.0001 0.014 -

eGFRcr vs. eGFRcr-cys ,0.0001 0.23 -

eGFRcys vs eGFRcr-cys ,0.0001 0.0002 -

Precisione (95% CI) eGFRcr 22.8 (18.4, 27.3) 20.9 (15.1, 26.7) 0.50

eGFRcys 25.9 (22.1, 29.7) 24.5 (18.9, 30.2) 0.61

eGFRcr-cys 22.0 (18.1, 25.9) 19.8 (13.2, 26.4) 0.49

P valuec eGFRcr vs. eGFRcys 0.43 0.65 -

eGFRcr vs. eGFRcr-cys 0.43 0.27 -

eGFRcys vs eGFRcr-cys 0.12 0.10 -

CI, confidence interval; eGFRcr, eGFRcys, and eGFRcr-cys are glomerular filtration rates estimated by CKD-EPI equations using plasma creatinine, cystatin C, and both
biomarkers, respectively; P25 and P75, 25th and 75th percentiles, respectively.
aComparisons of a single equation between the HIV-positive and HIV-negative groups. P values in bold font indicate difference is statistically significant accounting for
multiple comparisons (see text).
bAccuracy defined as percentage of estimated GFR values within 30% of measured GFR.
cComparisons of a different equations within the HIV-positive or HIV-negative group. P values in bold font indicate difference is statistically significant accounting for
multiple comparisons (see text).
dBias defined as difference between estimated GFR and measured GFR (mL/min/1.73 m2).
ePrecision defined as interquartile range of bias.
doi:10.1371/journal.pone.0082028.t002
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Figure 3 shows the relationships between activated CD8 T-cells

and the bias of eGFRcr and eGFRcys in HIV-positive and HIV-

negative participants. The percentage activated CD8 T-cells was

not significantly correlated with eGFRcr bias in either group. In

contrast, activated CD8 T-cells were significantly negatively

correlated with eGFRcys bias in HIV-positive (rho = 20.35,

P,0.0001) but not HIV-negative subjects. In HIV-positive

subjects, each 20% increase in activated CD8 cells was associated

a significant bias difference of 27.5 mL/min/1.73 m2 (95% CI,

210.6, 24.5) for eGFRcys, but no significant bias difference for

eGFRcr (1.5 mL/min/1.73 m2; 95% CI 21.5, 4.5). In HIV-

negative subjects, each 20% increase in activated CD8 cells was

Table 3. Factors associated with glomerular filtration rate estimating equation accuracya in HIV-positive and HIV-negative
participants.

Factor HIV-positive HIV-negative

eGFRcr eGFRcys eGFRcr eGFRcys

Age, years #49 87 (79, 93) 80 (70, 87) 92 (81, 98) 94 (84, 99)

.49 90 (82, 95) 79 (69, 87) 100 (92, 100) 81 (67, 91)

P valueb 0.64 1.00 0.12 0.064

Body mass index, kg/m2 #26 88 (79, 93) 77 (67, 85) 96 (85, 99) 84 (70, 93)

.26 90 (82, 95) 82 (72, 89) 96 (87, 99) 91 (79, 97)

P valueb 0.65 0.47 1.00 0.38

Sex Female 83 (72, 91) 78 (66, 87) 89 (65, 99) 100 (81, 100)

Male 92 (85, 96) 80 (71, 86) 97 (91, 100) 85 (75, 92)

P valueb 0.093 0.85 0.15 0.12

mGFR, mL/min/1.73 m2 ,90 80 (68, 89) 70 (57, 82) 94 (71, 99) 88 (64, 99)

$90 93 (87, 97) 83 (75, 89) 96 (90, 99) 88 (78, 94)

P valueb 0.014 0.051 0.54 1.00

Hepatitis C serostatus Negative 88 (80, 94) 85 (76, 92) 94 (86, 98) 91 (82, 97)

Positive 89 (81, 94) 73 (64, 82) 100 (88, 100) 79 (59, 92)

P valueb 1.00 0.066 0.32 0.10

High-sensitivity C-reactive protein, mg/dL #1.8 91 (83, 96) 79 (70, 87) 98 (89, 100) 82 (68, 91)

.1.8 88 (79, 94) 80 (70, 88) 94 (83, 99) 94 (83, 99)

P valueb 0.64 0.86 0.62 0.12

Percentage activated CD4 cells #Medianc 90 (82, 95) 92 (84, 97) 92 (80, 98) 90 (78, 97)

.Medianc 88 (79, 94) 69 (58, 78) 100 (93,100) 86 (73, 94)

P valueb 0.81 0.0001 0.12 0.76

Percentage activated CD8 cells #Mediand 91 (83, 96) 92 (84, 97) 94 (83, 99) 87 (75, 95)

.Mediand 87 (78, 93) 69 (58, 78) 98 (89, 100) 88 (76, 95)

P valueb 0.48 0.0001 0.36 1.00

Taking antiretroviral therapy Yes 89 (84, 94) 82 (75, 87)

No 81 (54, 96) 50 (25, 75)

P valueb 0.40 0.0064

Nadir CD4, cells/mm3 .150 86 (77, 92) 80 (71, 88)

#150 92 (84, 96) 78 (68, 86)

P valueb 0.25 0.72

Current CD4, cells/mm3 .450 89 (81, 94) 88 (80, 94)

#450 89 (80, 94) 70 (59, 79)

P valueb 1.00 0.0032

HIV RNA, copies/ml #400 91 (85, 95) 87 (80, 92)

.400 79 (63, 90) 50 (33, 67)

P valueb 0.043 ,0.0001

eGFRcr and eGFRcys are glomerular filtration rates estimated by CKD-EPI equations using plasma creatinine and cystatin C, respectively; mGFR, measured glomerular
filtration rate by iohexol clearance.
aAccuracy shown as percent of estimated GFR values within 30% of measured GFR values (95% confidence interval).
bP values in bold font indicate difference is statistically significant accounting for multiple comparisons (see text).
cMedians 8.3% and 3.8% in HIV-positive and HIV-negative groups, respectively.
dMedians 30.7% and 10.7% in HIV-positive and HIV-negative groups, respectively.
doi:10.1371/journal.pone.0082028.t003
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associated a borderline significant bias difference of 25.7 mL/

min/1.73 m2 (95% CI, 212.2, 0.6) for eGFRcys, but no bias

difference for eGFRcr (0.4 mL/min/1.73 m2; 95% CI 25.4, 6.2).

Discussion

Our first objective in this analysis was to compare the

performance of CKD-EPI GFR equations in HIV-positive and

HIV-negative participants. All equations tended to be less accurate

in the HIV-positive group, although no differences were statisti-

cally significant when accounting for multiple comparisons. Our

second objective was to compare the performance of equations

with one another, with a focus on the HIV-positive group. We

found that eGFRcys was significantly less accurate than eGFRcr or

eGFRcr-cys in HIV-positive subjects, and that eGFRcys underesti-

mated mGFR by a median of 16.3 ml/min/1.73 m2 in HIV-

Table 4. Factors associated with glomerular filtration rate equation biasa in HIV-positive and HIV-negative participants.

Factor HIV-positive HIV-negative

eGFRcr eGFRcys eGFRcr eGFRcys

Age, years #49 21.9 (216.2, 10.7) 216.4 (224.9, 1.3) 29.9 (223.2, 3.8) 212.6 (221.6, 2.0)

.49 0.7 (27.9, 9.5) 214.2 (229.2, 2.0) 25.8 (217.6, 1.6) 213.9 (225.9, 0.7)

P valueb 0.30 0.76 0.50 0.44

Body mass index, kg/m2 #26 22.6 (212.6, 10.4) 217.7 (230.7, 21.8) 28.9 (223.0, 1.4) 213.0 (221.6, 0.1)

.26 0.9 (211.3, 10.3) 212.3 (224.3, 21.6) 28.0 (215.6, 3.8) 212.6 (225.9, 1.9)

P valueb 0.61 0.33 0.18 0.84

Sex Female 6.5 (25.3, 17.5) 212.8 (226.2, 21.6) 21.4 (28.0, 13.2) 213.3 (217.8, 24.5)

Male 24.6 (214.5, 7.0) 217.1 (228.8, 21.9) 210.3 (220.4, 21.4) 212.3 (224.5, 3.1)

P valueb 0.0011 0.66 0.0049 0.78

mGFR, mL/min/1.73 m2 ,90 4.5 (25.0, 18.7) 27.9 (221.7, 0.4) 6.0 (25.2, 16.3) 27.5 (213.9, 8.0)

$90 24.5 (216.2, 7.5) 219.9 (230.9, 23.4) 210.3 (220.6, 21.0) 213.5 (226.0, 22.5)

P valueb 0.0001 0.0039 0.0002 0.0080

Hepatitis C serostatus Negative 20.9 (212.4, 13.8) 26.8 (224.2, 2.1) 29.9 (219.6, 4.2) 28.0 (220.3, 5.0)

Positive 21.7 (211.7, 9.1) 221.1 (228.8, 26.0) 28.8 (215.9, 1.2) 221.6 (233.4, 212.9)

P valueb 0.67 0.0012 0.97 0.0006

High-sensitivity C-reactive protein, mg/dl #1.8 21.4 (210.3, 10.3) 216.3 (230.2, 2.0) 29.7 (220.2, 1.6) 213.5 (225.0, 1.9)

.1.8 20.2 (212.6, 10.7) 215.9 (225.0, 1.1) 27.0 (215.8, 3.8) 210.4 (222.4, 23.3)

P valueb 0.96 0.72 0.48 0.79

Percentage activated CD4 cells #Medianc 22.0 (213.5, 8.0) 26.4 (222.6, 0.3) 28.8 (218.9, 5.5) 211.1 (218.3, 1.9)

.Medianc 21.1 (211.0, 13.0) 221.6 (233.6, 28.4) 28.9 (216.7, 0.6) 216.3 (225.2, 2.5)

P valueb 0.53 ,0.0001 0.87 0.12

Percentage activated CD8 cells #Medianc 23.9 (214.5, 9.2) 27.6 (221.7, 0.7) 26.1 (219.0, 5.3) 211.4 (222.6, 4.5)

.Medianc 1.0 (29.7, 12.8) 221.7 (231.9, 25.9) 210.0 (217.6, 21.2) 213.0 (225.2, 3.3)

P valueb 0.20 0.0003 0.34 0.25

Taking antiretroviral therapy Yes 21.0 (212.4, 10.7) 214.2 (227.4, 21.1)

No 23.0 (216.5, 8.3) 225.7 (247.0, 221.0)

P valueb 0.61 0.0014

Nadir CD4 count, cells/mm3 .150 25.3 (219.8, 7.0) 220.3 (230.7, 23.3)

#150 4.0 (27.2, 12.9) 211.5 (225.0, 0)

P valueb 0.0009 0.056

CD4 count, cells/mm3 .450 22.0 (214.5, 8.0) 212.2 (224.2, 20.4)

#450 20.1 (29.5, 13.6) 219.8 (231.6, 24.8)

P valueb 0.20 0.032

HIV RNA, copies/ml #400 20.2 (212.0, 9.5) 210.0 (224.1, 20.6)

.400 23.6 (212.4, 12.9) 228.0 (245.4, 218.7)

P valueb 0.63 ,0.0001

eGFRcr and eGFRcys are glomerular filtration rates estimated by CKD-EPI equations using plasma creatinine and cystatin C, respectively; mGFR, measured glomerular
filtration rate by iohexol clearance.
aBias defined as median difference between estimated glomerular filtration rate (GFR) and measured GFR (25th percentile, 75th percentile).
bP values in bold font indicate difference is statistically significant accounting for multiple comparisons (see text).
cMedians 8.3% and 3.8% in HIV-positive and HIV-negative groups, respectively.
dMedians 30.7% and 10.7% in HIV-positive and HIV-negative groups, respectively.
doi:10.1371/journal.pone.0082028.t004
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positive subjects, a significantly larger bias than either eGFRcr or

eGFRcr-cys.

Our third objective was to assess factors associated with the

accuracy and bias of eGFRcr and eGFRcys, in order to identify

factors that might differentially affect the performance of these

intrinsic GFR biomarkers. Markers of uncontrolled HIV-infection

(non-use of antiretroviral therapy, lower current CD4 cell count,

HIV RNA .400 copies/mL, and higher T-cell activation) were

strongly associated with lower accuracy and larger bias of

eGFRcys. In a multivariate model, the association between use of

antiretroviral therapy and eGFRcys accuracy appeared to be

completely explained by HIV RNA suppression and percentage of

activated CD8 cells. Additionally, we found that hepatitis C

seropositivity was associated with a larger eGFRcys bias in both

HIV-positive and HIV-negative subjects. In contrast, none of

these HIV-related factors was significantly associated with eGFRcr

performance.

Our results should be considered in context of other studies that

have examined the performance of GFR estimating equations in

HIV-positive individuals. First, we found that all three CKD-EPI

equations tended to be less accurate in HIV- positive than in HIV-

negative subjects. To date there are few published data directly

comparing equation performance in HIV-positive and HIV-

negative subjects, although two studies [6,7] noted lower CKD-

EPI equation accuracy in HIV-positive subjects compared to

historical data from the general population [15].

Second, among HIV-positive subjects, we found that the

eGFRcr and eGFRcr-cys equations had similar accuracy and were

both significantly more accurate than eGFRcys. Additionally,

eGFRcr was significantly less biased than both eGFRcys and

eGFRcr-cys. A study of 203 HIV-positive European subjects, in

with mGFR measurements by iohexol clearance, found that

eGFRcys accuracy was slightly lower than eGFRcr or eGFRcr-cys,

although differences were not statistically significant, and bias was

similar in the three equations. In contrast, Inker and colleagues

evaluated CKD-EPI equations in 200 HIV-positive participants

[6] and found that eGFRcr and eGFRcys had similar accuracy and

bias, while eGFRcr-cys was significantly more accurate than

eGFRcys and non-significantly more accurate than eGFRcr. Two

other studies that used earlier cystatin C equations variably found

cystatin C-based GFR to be more accurate [20] and less accurate

[21] than creatinine-based equations. In aggregate, these studies

provide little support for the use of cystatin C to improve GFR

estimation in HIV-positive individuals, particularly when used

alone. Our study and that of Inker and colleagues found eGFRcr-

cys to have the highest accuracy, although the differences between

eGFRcr-cys and eGFRcr were small and not statistically significant

in either study.

Figure 1. Bland-Altman plots for estimated and measured glomerular filtration rate (GFR) in HIV-positive participants using the
CKD-EPI equations for serum creatinine (A), cystatin C (B), or both biomarkers (C). The average GFR (measured and estimated) is shown
on the X axes. Bias, defined as the difference between estimated and measured GFR, is displayed on the Y axes. The average biases are represented
by the horizontal solid lines and the horizontal dashed lines represent 2 standard deviations above and below the averages.
doi:10.1371/journal.pone.0082028.g001
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Third, a substantive finding in our study was that accuracy and

bias of eGFRcys were strongly associated with HIV-related factors,

notably HIV RNA suppression, while eGFRcr performance had

no association with these factors. Prior studies have described

correlations between cystatin C and antiretroviral therapy, HIV

RNA, and CD4 counts [22–25]. For example, in the Strategies for

Management of Antiretroviral Therapy (SMART) study, subjects

randomized to discontinue or defer antiretroviral therapy were

significantly more likely to have an increase in serum cystatin C

from baseline than those randomized to continuous therapy, while

creatinine changes were not significantly different in the two arms

[24]. However, it has been uncertain if cystatin C was reflecting

true reductions in GFR, or if cystatin C was confounded by HIV-

related non-GFR factors. Our results support the latter hypothesis.

A recent European study also observed a trend for higher accuracy

with eGFRcr as compared to eGFRcys in subjects with a detectable

HIV RNA, lending support to our findings [7]. However, Inker

and colleagues reported no significant differences in eGFRcys

accuracy or bias according to HIV RNA strata, although this

study had only 14 HIV-positive subjects with HIV RNA .1,000

copies/mL, limiting their ability to detect a difference in the subset

without viral suppression [6].

A novel finding in our study was the strong association between

markers of T-cell activation and eGFRcys accuracy and bias.

Compared to HIV-negative persons, HIV-positive individuals

have a higher prevailing state of immune activation - as measured

by the percentages of activated CD4 and CD8 cells - which may

be driven by microbial translocation resulting from disruption of

the gut-associated lymphoid tissue in HIV infection [13]. T-cell

activation markers have long been recognized as predictors of HIV

disease progression and mortality, independent of CD4 and viral

load [26]. Levels of T-cell activation has been found to decline

markedly with antiretroviral therapy and viral suppression,

although not to levels seen in HIV-negative persons.

Our results imply a strong positive correlation between levels of

activated CD4 and CD8 cells and cystatin C that was independent

of GFR. In particular, we found that underestimation bias of

eGFRcys increased linearly with increasing percentage of activated

CD8 cells in HIV-positive subjects. To our knowledge, no prior

studies have assessed associations between T-cell activation

markers and cystatin C or eGFRcys performance. The association

between cystatin C and inflammation or immune activations in

HIV-positive individuals may explain the stronger observed

association of cystatin C and mortality than creatinine and

mortality in HIV-positive persons [27,28], and in the general

population [29]. In contrast, we found no association between the

inflammation marker, hsCRP, and eGFRcys performance. This

suggests that the mechanism by which HIV-related T-cell

Figure 2. Bland-Altman plots for estimated and measured glomerular filtration rate (GFR) in HIV-negative participants using the
CKD-EPI equations for serum creatinine (A), cystatin C (B), or both biomarkers (C). The average GFR (measured and estimated) is shown
on the X axes. Bias, defined as the difference between estimated and measured GFR, is displayed on the Y axes. The average biases are represented
by the horizontal solid lines and the horizontal dashed lines represent 2 standard deviations above and below the averages.
doi:10.1371/journal.pone.0082028.g002
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activation affects plasma cystatin C is distinct from inflammatory

pathways reflected by hsCRP.

Our results have clinical implications. First, all three CKD-EPI

equations tended to be less accurate in HIV-positive than HIV-

negative subjects. Although these differences were not statistically

significant when accounting for multiple comparisons, they may be

clinically relevant and evaluation in larger comparative studies is

indicated. Second, among the CKD-EPI equations, there was no

evidence that cystatin C, either alone or in combination with

creatinine, appreciably improved GFR estimation compared to

using creatinine alone. Third, we found that antiretroviral therapy

use, detectable HIV RNA, and lower CD4 counts were strongly

associated with the accuracy and bias of eGFRcys, but not with

eGFRcr. Moreover, these associations may be mediated by T-cell

activation, although additional research is needed to confirm this

association. This implies that cystatin C may be a suboptimal GFR

index in HIV-positive persons, particularly in those not taking

antiretroviral therapy or with uncontrolled viremia.

The strengths of our study include use of iohexol clearance – an

exogenous gold-standard GFR measurement method, use of

standardized plasma creatinine and cystatin C measurements,

and inclusion of a demographically similar HIV-negative com-

parison group. Our study also has limitations. First, the sample size

was relatively small, and we may have insufficient power to detect

potentially clinically significant differences. Second, over 90% of

our study population was African American, which precluded

comparisons by racial groups. Our results may not be generaliz-

able to HIV-positive individuals of other racial backgrounds.

Third, our cohort was restricted to individuals with MDRD GFR

.60 ml/min/1.73 m2 and equation performance could not be

assessed in persons with poorer kidney function.

In conclusion, we found that CKD-EPI equations based on

creatinine and cystatin C tended to be less accurate in HIV-

positive than HIV-negative subjects. eGFRcys was significantly less

accurate and more biased than both the widely-used eGFRcr

equation and the combined eGFRcr-cys equation in HIV-positive

individuals. Moreover, eGFRcys performance was strongly affected

by uncontrolled HIV disease and T-cell activation indices. In

contrast, eGFRcr performance was not modified by HIV-related

factors or T-cell activation.
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and HIV-positive (B) subjects, and the cystatin C-based CKD-EPI equation in HIV negative (C) and HIV-positive (D) subjects. The
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