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Whereas much research has investigated equations for obtaining estimated GFR (eGFR) from serum creatinine in crosssectional settings, little attention has been given to validating these equations as outcomes in longitudinal studies of chronic
kidney disease. A common objective of chronic kidney disease studies is to identify risk factors for progression, characterized
by slope (rate of change over time) or time to event (time until a designated decline in kidney function or ESRD). The
relationships of 35 baseline factors with eGFR-based outcomes were compared with the relationships of the same factors with
iothalamate GFR (iGFR)-based outcomes in the African American Study of Kidney Disease and Hypertension (AASK; n ⴝ
1094). With the use of the AASK equation to calculate eGFR, results were compared between time to halving of eGFR or ESRD
and time to halving of iGFR or ESRD (with effect sizes expressed per 1 SD) and between eGFR and iGFR slopes starting 3
mo after randomization. The effects of the baseline factors were similar between the eGFR- and iGFR-based time-to-event
outcomes (Pearson R ⴝ 0.99, concordance R ⴝ 0.98). Small but statistically significant differences (P < 0.05, without
adjustment for multiple analyses) were observed for seven of the 35 factors. Agreement between eGFR and iGFR was
somewhat weaker, although still relatively high for slope-based outcomes (Pearson R ⴝ 0.93, concordance R ⴝ 0.92). Effects
of covariate adjustment for age, gender, baseline GFR, and urine proteinuria also were similar between the eGFR and iGFR
outcomes. Sensitivity analyses including death in the composite time-to-event outcomes or using the Modification of Diet in
Renal Disease equation instead of the AASK equation provided similar results. In conclusion, the data from the AASK
provide tentative support for use of outcomes that are based on an established eGFR formula using serum creatinine as a
surrogate for measured iGFR-based outcomes in analyses of risk factors for the progression of kidney disease.
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T

he GFR is regarded as the best overall index of renal
function in patients with chronic kidney disease (CKD)
(1). However, because measurement of GFR is expensive and logistically difficult, serum creatinine (SCr) often is
used as an alternative (2,3). SCr is an imperfect indicator of GFR
because it is influenced by creatinine generation and tubular
secretion, both of which vary between individuals and within
individuals over time. In an attempt to overcome this draw-
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back, several equations have been developed to estimate GFR
from SCr in conjunction with demographic factors (4 –7). The
most widely used is the Modification of Diet in Renal Disease
(MDRD) equation, which was developed by applying linear
regression to enrollees in the MDRD Study (5,6). A related
equation was developed specifically for black individuals by
applying similar methods to relate measured GFR, estimated
by the clearance of I125-iothalamate, to SCr, gender, and age at
the baseline evaluation of the African American Study of Kidney Disease and Hypertension (AASK) (7).
To date, estimating equations for GFR have been derived and
validated almost exclusively using cross-sectional data sets (4 –
18). Whereas limited work has been done to evaluate the association between longitudinal changes in creatinine-based estimates of GFR and contemporaneous longitudinal changes in
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iothalamate GFR (iGFR), including studies in lung transplant
recipients (19) and Pima Indians with type 2 diabetes (20), the
validity of creatinine-based outcomes to identify risk factors in
longitudinal studies has not been examined comprehensively.
Nonetheless, longitudinal changes in creatinine-based estimates of GFR are used routinely as outcomes in randomized,
clinical trials and cohort studies (7,21–24).
We previously reported that despite subtle differences, the
main conclusions of the randomized treatment group comparisons of the AASK were similar between outcomes that were
based on estimated GFR (eGFR) using the AASK equation and
outcomes that were based on iGFR (25). This report extends this
work by examining the concordance of the relationships of 35
potential risk factors with eGFR-based outcomes versus the
corresponding relationships of the same factors with iGFRbased outcomes. When iGFR is viewed as a reference standard,
this analysis can be viewed as evaluating the validity of eGFRbased outcomes as surrogate end points in longitudinal studies
in which the research objective is to identify risk factors for the
progression of renal disease.
Both slope-based and time-to-event outcomes have been
used in studies of renal disease progression. Slope-based analyses evaluate the average progression rate in all patients,
whereas time-to-event analyses are more sensitive to large,
clinically important declines in renal function (26). Because the
suitability of eGFR as a surrogate for iGFR may differ between
these approaches, we investigated the validity of eGFR for both
slope and the time-to-event end points.

Materials and Methods
Patients and Renal Function Measurements
The AASK was a randomized clinical trial of black individuals who
had hypertension (n ⫽ 1094), were aged 18 to 70 yr, and had a GFR
between 20 and 65 ml/min per 1.73 m2. Participants were randomly
assigned according to a 3 ⫻ 2 factorial design to one of three antihypertensive drug regimens (first-line therapy with a calcium channel
blocker [amlodipine], ␤ blocker [metoprolol], or an angiotensin-converting enzyme inhibitor [ramipril]) and to two levels of BP control
(mean arterial pressure ⱕ92 versus 102 to 107 mmHg). On the recommendation of the Data Safety and Monitoring Board, the amlodipine
intervention was terminated approximately 1 yr before the end of the
trial.
The GFR was assessed by renal clearance of 125I-iothalamate twice at
baseline, at 3 and 6 mo, then every 6 mo thereafter. For this report, iGFR
was standardized to body surface area by multiplication by 1.73/(body
surface area), where body surface area was computed using the patient’s weight at the time of the GFR measurement. SCr was measured
centrally using the rate-Jaffe method with an alkaline picrate assay
(normal range 0.7 to 1.4 mg/dl) twice during baseline, at 3 and 6 mo,
then at 6-mo intervals during follow-up. A total of 10,679 iGFR and
11,130 SCr measurements were obtained during the trial (excluding
those in the amlodipine group after September 2000). To facilitate
comparisons between analyses that were based on iGFR and SCr, the
data set was restricted to 9742 matched pairs of iGFR and SCr measurements that were obtained within 8 wk of each other when evaluating time-to-event outcomes and to 8529 of these matched pairs that
remained after exclusion of the second baseline measurement. Each of
the SCr measurements was used to compute eGFR using the AASK
equation (7) eGFR ⫽ 329 ⫻ SCr⫺1.096 ⫻ age⫺0.294 ⫻ (0.736 if female).
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The mean follow-up period from randomization to the final iGFR–
SCr pair was 3.6 yr. The protocol and procedures were approved by the
institutional review board at each center, and all participants gave
written informed consent. Additional details regarding the trial have
been presented elsewhere (27–29).

Outcomes
For time-to-event analyses, we compared the effects of the baseline
risk factors on the time from randomization to the two composite
outcomes defined by (1) a 50% reduction in iGFR from the mean of two
baseline values or ESRD or (2) a 50% reduction in eGFR from the mean
of two baseline eGFR measurement or ESRD. For slope-based analyses,
the statistical models evaluated the rate of change in iGFR and eGFR
separately in the first 3 mo (acute phase) and the subsequent period
after 3 mo (chronic phase) because the study interventions were known
to lead to hemodynamic changes in renal function that differed from
their hypothesized long-term effects. The data presentation of this
report is limited to the chronic phase, which may reflect long-term
disease progression better.

Potential Baseline Risk Factors
A total of 38 potential baseline variables were selected by the investigators before the analyses of the data for examination as potential risk
factors for the progression of renal disease (30). Two of the selected
factors, pulse pressure and mean arterial pressure, were excluded from
this report because they are mathematical functions of systolic and
diastolic BP, which also were selected. A third factor, baseline iGFR,
was excluded because it is a component of the outcome variable in
analyses of iGFR slope. The remaining 35 factors are listed in Table 1.
For categorical factors, the reference group was defined by consensus of
the investigators as the category that best represents the absence of the
potential risk factor. With the exception of hematocrit, which was
obtained locally, the remaining serum and urine biochemistry measurements were obtained at a central laboratory (Cleveland Clinic Research
Laboratory, Cleveland, OH). BP measurements were taken as the average of two seated values by a random zero sphygmomanometer.
Demographic information and medical histories were obtained by patient interview and chart review.

Statistical Analyses
Assessment of Agreement on a Patient Basis. The eGFR- and
iGFR-based time-to-event outcomes were compared using two-way
contingency tables and the  statistic for time-to-event outcomes (31).
The eGFR and iGFR slopes were compared for individual patients
using the following measures:
1. Mean eGFR slope ⫺ mean iGFR slope (to assess bias)
2. Pearson correlation of eGFR slope with iGFR slope (to assess precision)
3. Concordance correlation of eGFR slope with iGFR slope (to assess
agreement)
4. Root mean square error (rMSE) of iGFR slope that cannot be accounted for by a linear regression of iGFR slope on eGFR slope (to
assess precision)
The concordance correlation (32) is a measure of agreement that
adjusts the Pearson correlation downward if there is a systematic bias
between the measures being compared. The rMSE is an estimate of the
variability in the iGFR slopes that cannot be explained by the eGFR
slopes. Measures 2 through 4 were adjusted for randomized treatment
group. For patient-level analyses the chronic eGFR and iGFR slopes
were computed using least squares regressions of each patient’s eGFR
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Table 1. Patient characteristics of 35 selected baseline risk factorsa
Baseline Factor
(n ⫽ 1094 unless indicated otherwise)

Urine protein/creatinine (n ⫽ 1090)
Age at randomization (yr)
Female gender
Income ⬍$15,000
Not a high school graduate (n ⫽ 1092)
Current smoker
History of heart disease
Familial diagnosis of ESRD
Parental diagnosis of hypertension
Duration of hypertension (yr; n ⫽ 1084)
Height (cm)
Body weight (kg)
Body mass index (kg/m2)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Evidence of left ventricular hypertrophy
Abnormal electrocardiogram
Serum urea nitrogen (mg/dl)
Serum creatinine (mg/dl)
Hematocrit (%; n ⫽ 1092)
Albumin (g/dl)
Glucose (mg/dl)
Total cholesterol (mg/dl; n ⫽ 1084)
HDL (mg/dl; n ⫽ 1084)
Total ⫺ HDL cholesterol (mg/dl; n ⫽ 1081)
Triglycerides (mg/dl; n ⫽ 843)
Uric acid (mg/dl)
Calcium ⫻ phosphorus (mg2/dl2)
Phosphorus (mg/dl)
Urine total volume (L; n ⫽ 1093)
Urine creatinine (g/d; n ⫽ 1090)
Urine creatinine/wt (mg/d per kg; n ⫽ 1090)
Urine urea nitrogen (g/d; n ⫽ 1093)
Urine sodium (g/d; n ⫽ 1093)
Urine sodium/potassium (n ⫽ 1093)

Label for Figures

up/cr
age
fem
inc
edu
smoke
hrt
fesrd
prhtn
hyp
ht
wt
bmi
sys
dia
lvh
ekg
sun
scr
hct
alb
glu
chol
hdl
ldl
trig
uric
ca_p
phos
uvol
ucr
ucrwt
uun
una
unak

Mean ⫾ SD
or n (%)

0.33 ⫾ 0.52
54.6 ⫾ 10.7
424 (38.8)
521 (58.5)
444 (40.7)
321 (41.0)
564 (51.6)
140 (12.8)
756 (69.1)
14.2 ⫾ 10.1
171 ⫾ 10
89.5 ⫾ 20.7
30.6 ⫾ 6.6
150 ⫾ 24
96 ⫾ 14
420 (38.4)
880 (80.4)
24.2 ⫾ 9.7
2.00 ⫾ 0.70
39.4 ⫾ 4.9
4.23 ⫾ 0.32
94.0 ⫾ 15.8
212 ⫾ 45
48 ⫾ 16
163 ⫾ 45
140 ⫾ 81
8.3 ⫾ 1.9
31.9 ⫾ 5.2
3.52 ⫾ 0.56
2.21 ⫾ 0.94
1.61 ⫾ 0.64
18 ⫾ 6
8.29 ⫾ 3.79
3.68 ⫾ 1.98
2.27 ⫾ 1.19

a
Data are means ⫾ SD for continuous variables and n (%) for categorical variables. The percentage with income ⬍$15,000
was based on 891 participants who provided information. The percentage of current smokers was based on 782 participants
who either were current smokers or never smoked.

or iGFR measurements versus follow-up time under a two-slope segmented model, with separate slopes in months 0 through 3 and in the
remainder of follow-up.
Assessment of Agreement between Effects of Covariates. The 35
baseline risk factors were scaled to have unit SD to facilitate comparisons of effects for different regression coefficients. For the time-to-event
outcomes, separate Cox proportional hazards analyses were applied to
relate the eGFR and iGFR composite outcomes to each baseline factor,
and robust sandwich variance-covariance estimators were used to account for the dependence of the outcomes in the same patient (33). For
the slope-based outcomes, iGFR and eGFR were analyzed separately
using the two-slope mixed-effects models (34,35) with fixed-effects
terms to estimate the mean effects of baseline factors and randomized
treatment group on the intercept and acute and chronic slopes and with
random intercepts and acute and chronic slopes to represent deviations
of individual patients around the group means. A two-band Toepolitz
error structure was used to account for autocorrelation in neighboring

GFR measurements (36). Robust sandwich estimates were used to
estimate SE and the correlation between the regression coefficients
linking the eGFR and iGFR slopes to the respective baseline covariates
(37).
These analytic methods first were used to relate the time-to-event
and slope outcomes individually to each of the 35 standardized baseline covariates, with adjustment for randomized treatment assignment.
The effects of the baseline factors on the eGFR and iGFR outcomes were
compared by (1) plotting the regression coefficients (transformed to
hazard ratios (HR) for the time-to-event outcomes) for the eGFR outcome versus the iGFR outcome, with the line of identity indicating
perfect agreement; (2) presenting the Pearson and concordance correlations between the effects of the 35 covariates on the eGFR and iGFR
outcomes; and (3) presenting the rMSE of the effects of the 35 covariates
on iGFR that cannot be accounted for by a linear regression on the
effects on eGFR. Because observational analyses usually are performed
with adjustment for major nonmodifiable demographic factors and
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previously identified risk factors, these analyses were repeated with
gender, age, baseline iGFR, and baseline proteinuria (defined as the
log-transformed urine protein-to-creatinine ratio) as covariates.
Several sensitivity analyses were conducted to evaluate the robustness of the results. First, because death is a competing risk for the
occurrence of the renal events, the comparisons of the time-to-event
outcomes were repeated after addition of death as an component of the
eGFR and iGFR composites. Second, because SCr is a component of
eGFR, summary statistics that evaluated the agreement of the eGFRand iGFR-based outcomes were recomputed after deletion of baseline
SCr from the baseline risk factors. Third, the analyses that compared
the effects of the baseline factors on the eGFR and iGFR outcomes were
repeated using the MDRD formula in place of the AASK equation to
calculate eGFR. Fourth, the comparisons of the time-to-event outcomes
were repeated for doubling of SCr in places of 50% reduction in GFR.

Results
Patient Characteristics at Baseline
The 35 potential baseline risk factors are summarized in
Table 1. The mean (⫾SD) age was 54.6 ⫾ 10.7 yr, and 61% were
male. Average prestudy duration of hypertension was 14.2 ⫾
10.1 yr, and baseline systolic and diastolic BP were 150 ⫾ 24
and 96 ⫾ 14 mmHg, respectively. Mean GFR was 46 ⫾ 13
ml/min per 1.73 m2.

Patient-Level Association for Time-to-Event and Slope
Outcomes
Of 1094 AASK participants, 280 experienced a halving of
iGFR or ESRD, and 240 experienced a halving of eGFR or ESRD.
The two event outcomes agreed for 1020 (93%) of the participants ( ⫽ 0.81). A total of 74 (7%) participants reached one
outcome but not the other (Table 2). The greater rate of iGFR
events compared with eGFR events may reflect, in part, a
higher variability of iGFR measurements (3).
A total of 1012 patients with at least two follow-up GFR
measurements were included in patient-level slope analyses.
There were only minimal biases in the eGFR slope estimates
(0.10 ml/min per 1.73 m2/yr for the chronic slopes). The Pearson R and concordance R between chronic eGFR and iGFR
slopes were 0.62 and 0.60, respectively. Because of a greater
precision of slopes that were estimated over a longer follow-up
period, participants with ⬎18 mo of follow-up time had a better
patient-level agreement between chronic eGFR and iGFR slopes
than did patients with shorter follow-up (Figure 1, Table 3).

Figure 1. Agreement of chronic slopes on a patient basis. Shown
is the association between the estimated GFR (eGFR) and the
iothalamate GFR (iGFR) slopes during the chronic phase of the
study starting 3 mo after randomization. Slopes are expressed
in ml/min per 1.73 m2/yr and computed by the least squares
method. The areas of the plot symbols are proportional to the
SE of the slope estimates.

Association of Estimated Effects of Baseline Risk Factors
without Covariate Adjustment
Figure 2 plots the effects of the 35 baseline factors on the
eGFR time-to-event outcome versus the effects of the same
factors on the iGFR-based time-to-event outcome. The abbreviations of each factor are defined in Table 1. The proximity of the
plotted points to the line of identify indicates that the observed
effects of the factors were similar between the iGFR- and eGFRbased outcomes, with Pearson R ⫽ 0.99 and concordance R ⫽ 0.98.
Twelve factors were statistically significant predictors of both
the iGFR and eGFR time-to-event outcomes. Four factors had a
significant effect on eGFR but not on iGFR; none had a significant effect on iGFR but not eGFR. Statistically significant (but
generally small) differences between the two time-to-event outcomes were observed for seven of the 35 factors: Years of
hypertension, age, diastolic BP, SCr, triglycerides, no high
school education, and proteinuria. The largest discrepancies

Table 2. Patient-level association for time-to-event outcomesa
eGFR-Based Outcome
iGFR-Based Outcome

Halving of iGFR or ESRD event
No event
Total

Halving of eGFR
or ESRD Event

223 (20.4%)
17 (1.6%)
240 (21.9%)

No Event

57 (5.2%)
797 (72.9%)
854 (78.1%)

Total

280 (25.6%)
814 (74.4%)
1094 (100%)

a
Shown is the relationship between the numbers (overall percentages) of patients who reached the composite end points of
halving of estimated GFR (eGFR) or ESRD or of having of iothalamate GFR (iGFR) or ESRD during the follow-up period of the
African American Study of Kidney Disease and Hypertension (AASK). The  statistic relating the composite outcomes was 0.81.
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Table 3. Patient-level association of chronic slopes between eGFR and iGFRa
Chronic Slope
Parameter

Mean chronic iGFR slope (SD; ml/min per 1.73 m2/yr)
Mean chronic eGFR slope (SD; ml/min per 1.73 m2/yr)
Mean biasb (ml/min per 1.73 m2/yr)
Pearson R
Concordance R
rMSE (ml/min per 1.73 m2/yr)c

Overall
(n ⫽ 1012)

⬎18 Mo
(n ⫽ 959)

ⱕ18 Mo
(n ⫽ 53)

⫺2.57 (6.91)
⫺2.47 (5.32)
0.10
0.62
0.60
5.40

⫺2.41 (4.87)
⫺2.34 (4.40)
0.07
0.77
0.76
3.12

⫺5.54 (21.91)
⫺4.86 (13.70)
0.68
0.46
0.41
19.09

a
Patients with at least two follow-up GFR were included. Chronic slopes were computed by the least squares method.
rMSE, root mean square error.
b
Mean chronic eGFR slope ⫺ mean iGFR slope.
c
rMSE of iGFR slope that cannot be accounted for by a linear regression of iGFR slope on eGFR slope.

Figure 2. Agreement of effects of baseline factors on eGFR- and iGFR-based composite end points. Plotted are the hazard ratios
(HR) of the eGFR composite outcome (vertical axis) versus the HR of the iGFR composite outcome (horizontal axis) associated with
each of the 35 baseline factors. The line of identity indicates perfect agreement. HR are expressed per 1-SD increases in each factor.
The color of the symbols indicates which factors were significantly related to the respective composite end points at the 5% level;
triangles indicate factors whose effects on the eGFR and iGFR composites differ at the 5% level. Pearson R ⫽ 0.99, concordance
R ⫽ 0.98, and root mean square error (rMSE) ⫽ 0.039 (log HR per 1 SD).

(with a ⬎15% difference in the HR [per 1-SD increase]) occurred for proteinuria and age. Expressed in units that are
relevant to each factor, doubling of proteinuria had an HR of
1.60 (95% confidence interval [CI] 1.51 to 1.70) for iGFR versus
1.73 (95% CI 1.62 to 1.84) for eGFR and a 10-yr increase in age
with an HR of 0.78 (95% CI 0.70 to 0.87) for iGFR versus 0.67
(95% CI 0.60 to 0.75) for eGFR.
During the chronic phase, the Pearson and concordance R

relating the eGFR and iGFR slope outcomes were 0.93 and 0.92,
respectively (Figure 3). Eight factors were observed to be significant predictors of both chronic slope outcomes, and four
factors each had significant effects on eGFR but not on iGFR or
iGFR but not eGFR. Six of the 35 factors had significantly
different effects on the chronic iGFR and eGFR slopes, including SCr, diastolic BP, gender, height, urine volume, and triglyceride level. The largest discrepancy was observed for gender,
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Figure 3. Agreement of effects of baseline factors on eGFR and iGFR slopes. Plotted are the effects of each of the 35 baseline risk
factors on the chronic eGFR slope (vertical axis) and on the chronic iGFR slope (horizontal axis). Effects are expressed per 1-SD
increases in the baseline factors. Plot symbols are defined as in Figure 2. Pearson R ⫽ 0.93, concordance R ⫽ 0.92, and rMSE ⫽
0.105 ml/min per 1.73 m2/yr per 1 SD.

with female gender associated with a 0.40 ⫾ 0.22 ml/min per
1.73 m2/yr steeper iGFR slope but a 0.087 ⫾ 0.20 ml/min per
1.73 m2/yr less steep eGFR slope.

from 0.87 to 0.86, and the rMSE changed from 0.095 to 0.093
ml/min per 1.73 m2/yr per 1-SD change in the predictor variables.

Effect of Covariate Adjustment on Agreement between the
Effects of Baseline Factors on iGFR- and eGFR-Based
Outcomes

Sensitivity Analyses

Figure 4 plots the effects of the baseline factors on the eGFRbased time-to-event outcome versus the effects of the same
factors on the iGFR-based time-to-event outcome without and
with adjustment for age, gender, baseline GFR, and proteinuria.
The interconnecting black lines describe the effect of covariate
adjustment; lines that are parallel to the line of identity indicate
similar effects of adjustment on the two outcomes. Covariate
adjustment had similar effects on the two time-to-event outcomes, in both cases reducing the variation in estimated effects
among the risk factors. As a result of this reduced variation,
The Pearson and concordance R declined from 0.99 to 0.95 and
from 0.98 to 0.93, respectively, after covariate adjustment. However, the stable rMSE indicate that covariate adjustment did not
reduce the precision with which estimates of effects on the
iGFR composite could be estimated from the eGFR composite.
The effect of covariate adjustment was smaller for slopebased outcomes (Figure 5). With covariate adjustment, the
Pearson R remained unchanged at 0.89, concordance R changed

Of 1094 AASK participants, 354 had an event of halving of
iGFR, ESRD, or death, and 317 had an event of halving of eGFR,
ESRD, or death. The two event outcomes agreed for 1025 (94%)
of the patients. The Pearson and concordance R of observed
effects of the 35 factors relating the expanded iGFR and eGFR
composites were both equal to 0.99.
Deleting SCr from the analyses had only minimal effects on
the results, with relative changes in the Pearson and concordance R of ⬍1% in all analyses.
The agreement of the eGFR-based outcomes with iGFR-based
outcomes was similar when the MDRD equation was used in
place of the AASK equation. When eGFR was computed by the
MDRD equation, the Pearson and the concordance R between
the effects of the 35 baseline factors on the eGFR and iGFR
time-to-event composites were 0.99 and 0.98 and were 0.91 and
0.90, respectively, between the chronic eGFR and iGFR slopes.
The Pearson and concordance R were 0.99 and 0.98, respectively, between the composite of doubling of SCr or ESRD and
the composite of halving of iGFR or ESRD.
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Figure 4. Effect of covariate adjustment on estimated effects of baseline factors on eGFR- and iGFR-based composite end points.
Plotted are the HR of the eGFR composite outcome (vertical axis) versus the HR of the iGFR composite outcome (horizontal axis)
associated with each of 32 baseline factors. HR are expressed per 1-SD increases in the indicated baseline factors. HR are displayed
without (red circles) and with (green circles) adjustment for age, gender, baseline GFR, and baseline proteinuria. The solid black
lines indicate the effect of covariate adjustment on the HR associated with the two outcomes. The Pearson and concordance R
declined from 0.99 to 0.95 and from 0.98 to 0.93, respectively, after covariate adjustment. rMSE changed from 0.036 to 0.045 (log HR per
1 SD). Labels are provided for factors significantly associated (P ⬍ 0.05) with one or both outcomes without covariate adjustment.

Discussion
Using the AASK equation (7) to obtain eGFR from SCr, the
estimated effects of 35 potential baseline risk factors on
eGFR-based outcomes were found to have good overall
agreement with the estimated effects of the same factors on
iGFR-based outcomes. This was especially true for time-toevent outcomes, defined as composites of ESRD with a 50%
reduction in either iGFR or eGFR (Figure 2). The Pearson and
concordance correlations relating the effects of the 35 factors
on the eGFR and iGFR composites were equal to 0.99 and
0.98, indicating that 96 to 98% of the variance of the effects of
the 35 factors on iGFR could be accounted for by the effects
of these factors on eGFR. Both outcomes identified the same
factors as the strongest predictors of faster progression
(higher urine proteinuria, SCr, serum urea nitrogen, serum
phosphorus, and serum triglycerides) and the same predictors of slower progression (higher serum albumin and serum
hematocrit and greater age). Agreement was somewhat
weaker, although still relatively high, for the mean slope
after 3 mo, with Pearson and concordance correlations of 0.93
and 0.92, respectively. For both slope-based outcomes,
higher proteinuria and SCr were the strongest predictors of
faster progression, and higher serum albumin and greater
age were the strongest indicators of slower progression.
The identification of proteinuria as the strongest predictor of

progression for both eGFR- and iGFR-based outcomes is consistent with previous reports from the AASK describing the
dominant role of proteinuria in predicting progression despite
a low baseline median urine protein/creatinine ratio of 0.08
(30,38). The inverse relationship of age with progression may
reflect that for a given entry GFR, older patients, on average,
may have had their disease progress over a longer time period,
in which case younger age would act as a marker for more
rapidly progressive disease.
Although there generally was good agreement between the
eGFR- and iGFR-based outcomes, discordant results were observed in specific cases. At the 5% significance level, seven of
the 35 factors exhibited differences in their effects on the eGFR
and iGFR time-to-event outcomes, and six factors exhibited
differences for the slope outcomes. As shown in Figures 2 and
3, most of these differences were small compared with the
magnitudes of the treatment effects, and some may be spurious
as a result of the number of factors considered.
The predictor variables of commonly used equations for
estimation of GFR include a term approximating the reciprocal
of SCr (SCr⫺1.096 for the AASK equation), age, gender, and, in
some cases, race and weight. Among these factors, race and
gender are constant over time, and in adults, changes in age
and weight usually are too small during a follow-up period of
several years to have a large effect on the computed eGFR.
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Figure 5. Effect of covariate adjustment on estimated effects of baseline factors on eGFR and iGFR slopes. Plotted are the effects
of each of the 32 baseline risk factors on the chronic eGFR slope (vertical axis) and on the chronic iGFR slope (horizontal axis).
Effects are expressed per 1-SD increases in the baseline factors. Estimated effects are displayed without (red circles) and with
(green circles) adjustment for age, gender, baseline GFR, and baseline proteinuria. The solid black lines indicate the effect of
covariate adjustment. With covariate adjustment, Pearson R changed from 0.89 to 0.89, concordance R changed from 0.87 to 0.86,
and rMSE changed from 0.095 to 0.093 ml/min per 1.73 m2/yr per 1 SD. Labels are provided for factors significantly associated
(P ⬍ 0.05) with one or both outcomes without covariate adjustment.

Hence, when assessing longitudinal change, similar results
would be expected irrespective of which equation is used. In
sensitivity analyses, the estimated effects of the 35 baseline
factors on the eGFR slope and time-to-event outcomes were
similar for the AASK and MDRD equations. In addition, the
estimated effects on doubling of SCr, which often is used as an
end point in randomized, clinical trials, were similar to the
estimated effects on the halving of eGFR with the AASK equation. Hence, the results of this report apply also to time-to-event
outcomes that are based on the doubling of SCr and to other
equations for eGFR that stipulate an approximately reciprocal
relationship of GFR with SCr.
Although the focus of this article is the agreement between
results that are given by eGFR- and iGFR-based outcomes, it
also is of interest to compare results between the slope-based
and time-to-event outcomes. Some differences are notable; for
example, a comparison of Figures 2 and 3 indicates that higher
values of baseline weight and baseline body mass index were
associated with steeper iGFR and eGFR slope but were not significantly associated with the iGFR or eGFR time-to-event outcomes.
Because the effects of potential risk factors usually are evaluated in observational studies after adjustment for key covariates, we also examined the effect of covariate adjustment for
age, gender, and baseline proteinuria and GFR. Adjustment for

these factors reduced the variation in the estimated effects of
the remaining factors on both the eGFR and iGFR time-to-event
outcomes (Figure 4). However, the changes in the estimated
effects that resulted from covariate adjustment were similar for
the eGFR- and iGFR-based slope outcomes. In contrast to the
time-to-event analyses, covariate adjustment resulted in only
minimal changes in the estimated effects on GFR slope (Figure
5). Covariate adjustment seems to have had a greater effect on
time-to-event than slope-based outcomes because a number of
the baseline factors were strongly associated with the baseline
GFR, which was more strongly related to the time-to-event
outcomes than to the slope outcomes.
The analytic criteria that were used in this report are in some
respects analogous to individual- and trial-level criteria that
were proposed recently in the statistical literature on the validation of surrogate end points for randomized, clinical trials
(39 – 41). An intermediate end point is regarded as a good
surrogate on the individual level when the surrogate is strongly
associated with the true clinical end point for individual patients and on the trial level when the treatment effects on the
true end point can be predicted accurately from the treatment
effects on the intermediate end point. Similarly, the analyses of
Figure 1 and Table 2 examine the validity of eGFR-based outcomes as surrogates for iGFR-based outcomes at the individual
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level. The analyses of Figures 2 through 5 evaluate whether
effects of baseline factors on the iGFR-based outcomes can be
predicted accurately from the effects of the same factors in the
eGFR-based outcomes and are analogous to the trial-level criterion in that both approaches evaluate whether effects on the
target clinical end point can be predicted accurately from effects on the surrogate.
The consideration of large numbers of potential risk factors
in the longitudinal cohort setting increases the burden of proof
for validation of a surrogate end point, because one has to
consider, for each factor, whether that factor may affect the
surrogate independent of the target outcome. In this study, we
have addressed this issue by including a wide range of potential risk factors that cover as many domains as possible in our
assessment of validity. Nonetheless, it is impossible to eliminate completely the risk that new potential risk factors that
were not included in previous validation studies may behave
differently with respect to the difference between eGFR and
iGFR than those considered in previous validation studies.
There are several limitations in the scope of our analyses.
First, because relationships of potential risk factors with progression may differ between populations, the results from this
report of a single study should be interpreted cautiously until
confirmed in other studies. Second, we have considered the
validity of eGFR-based outcomes for identification of baseline
risk factors that are measured before the follow-up period; it
remains to be seen whether eGFR performs similarly well for
evaluation of the effects of changes in risk during the follow-up
period. Third, although the iothalamate-based estimate of GFR
used as the target end point in this study is regarded as a
rigorous method for estimating GFR in practice, iothalamate
clearance may differ from inulin clearance, which is regarded
as a truer “gold standard.” It has been estimated that up to 10%
of iothalamate is secreted, and it is possible that new risk
factors could alter iGFR by altering iothalamate handling by the
kidney. We have not addressed in this article the association of
iGFR- and eGFR-based outcomes with the occurrence of renal
failure, which is the clinical end point of greatest interest.
Fourth, we have limited the slope-based analyses to GFR itself,
without log transformation. The log transformation expresses
change in GFR on a percentage basis, which accords more
closely with the time-to-event outcomes that are based on halving of GFR. However, because mean GFR declined faster at
lower GFR levels in the AASK (25), the log transformation
introduces other analytic complications that are beyond the
scope of this article. Finally, the measures of agreement that are
presented in association with Figures 2 through 5 pertain to the
estimated effects of the baseline factors on eGFR- and iGFRbased outcomes that were observed in the study cohort rather
than to the true effects in the target population. Methods for
evaluating the relationships among the true effects are the
subject of a separate statistical manuscript in preparation.

Conclusion
The data from the AASK provide tentative support for the
use of outcomes that are based on eGFR, as determined by
standard equations from SCr, as surrogates for corresponding
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outcomes that are based on measured GFR for analyses of risk
factors in longitudinal studies of the progression of kidney
disease. As with other applications of surrogate end points, the
use of eGFR-based outcomes to investigate new risk factors that
have not been previously studied requires an extrapolation beyond existing data and should be done with appropriate caution.
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