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ABSTRACT
Although many assume that measurement of glomerular filtration rate (GFR) using a marker such as
iothalamate (iGFR) is superior to equation-estimated GFR (eGFR), each of these methods has distinct
disadvantages. Because physicians often use renal function to guide the screening for various
CKD-associated complications, one method to compare the clinical utility of iGFR and eGFR is to
determine the strength of their association with CKD-associated comorbidities. Using a subset of
1214 participants in the Chronic Renal Insufficiency Cohort (CRIC) Study, we determined the
cross-sectional associations between known complications of CKD and iGFR, eGFR estimated from
serum creatinine (eGFR_Cr), and eGFR estimated from cystatin C (eGFR_cysC). We found that none
of the measures of renal function strongly associated with CKD complications and that the relative
strengths of associations varied according to the outcome of interest. For example, iGFR demonstrated better discrimination than eGFR_Cr and eGFR_cysC for outcomes of anemia and hemoglobin
concentration; however, both eGFR_Cr and eGFR_cysC demonstrated better discrimination than
iGFR for outcomes of hyperphosphatemia and phosphorus level. iGFR and eGFR had similar
strengths of association with hyperkalemia/potassium level and with metabolic acidosis/bicarbonate
level. In conclusion, iothalamate measurement of GFR is not consistently superior to equation-based
estimations of GFR in explaining CKD-related comorbidities. These results raise questions regarding
the conventional view that iGFR is the “gold standard” measure of kidney function.
J Am Soc Nephrol 22: 1931–1937, 2011. doi: 10.1681/ASN.2010101077

Kidney function is multifaceted, spanning clearance (via both filtration and secretion) as well as
hormonal (e.g., production of erythropoietin) and
metabolic (e.g., participation in gluconeogenesis)
functions. But most quantifications of kidney function have focused on glomerular filtration rate
(GFR) as decrements in GFR largely (although imperfectly) correlate with deteriorations in the hormonal, metabolic and other functions of the kidney. It is widely assumed that the measured GFR
using a filtration marker such as iothalamate
(iGFR) provides the best assessment of renal funcJ Am Soc Nephrol 22: 1931–1937, 2011

tion and is superior to equation-estimated GFR
(eGFR).1 iGFR has therefore been measured in numerous high-profile randomized clinical trials and
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Table 1. Clinical and demographic characteristics of study
population (n ⫽ 1214) at baseline
Characteristics
Age, years
Women
Caucasians/African Americans
Diabetes mellitus
Serum creatinine, mg/dl
Cystatin C, mg/L
iGFR, ml/min/1.73m2
eGFR_Cr, ml/min/1.73m2
eGFR_Cys, ml/min/1.73m2
Hemoglobin level, g/dl
Anemia (hemoglobin ⬍13 g/dl in men
and ⬍12 g/dl in women), n (%)
Potassium level, mmol/L
Hyperkalemia (potassium ⬎5.3 mmol/L),
n (%)
Bicarbonate level, mmol/L
Metabolic acidosis (bicarbonate ⬍22
mmol/L), n (%)
Phosphate level, mg/dl
Hyperphosphatemia
(phosphate ⬎5 mg/dl), n (%)

Mean ⴞ SD or
number (%)
56 ⫾ 13
535 (44%)
604 (50%)/498 (41%)
558 (46%)
1.68 ⫾ 0.57
1.43 ⫾ 0.51
49.2 ⫾ 20.2
45.2 ⫾ 14.1
56.9 ⫾ 22.9
12.7 ⫾ 1.7
566 (47%)
4.3 ⫾ 0.5
44 (3.6%)
24 ⫾ 3
214 (18%)
3.7 ⫾ 0.7
36 (3.0%)

outcomes of interest. Although eGFR_Cr was constrained by
study design, some enrollees had baseline eGFR_Cr values
higher than their screening/entry eGFR_Cr values. A few CRIC
participants had much higher baseline iGFR or eGFR_cysC
values. As expected, in this cross-sectional analysis, CRIC participants with worse renal function in general had lower levels
of hemoglobin and bicarbonate, and higher levels of potassium
and phosphorus, and were more likely to suffer anemia, hyperkalemia, metabolic acidosis, and hyperphosphatemia (Table
3). However, as the scatterplots illustrate, at any level of measured or estimated GFR, there was a wide variation in the levels
of hemoglobin, potassium, bicarbonate, and phosphorus.
Results of linear regression and logistic regression are
shown in Table 2. None of the measures of renal function
were strongly associated with complications of renal insufficiency, as most of the R2 values were around 0.10. We
found that the relative strengths of the associations varied
according to the outcome examined. For example, when
examining the outcomes of anemia and hemoglobin concentration, the C-statistic and R2 were larger for iGFR than
eGFR_Cr or eGFR_cysC (C-statistic 0.72 versus 0.67 and
0.70, respectively; R2 0.13 versus 0.09 and 0.11, respectively).
But when examining the outcomes of hyperphosphatemia

observational studies,2– 4 although this method is costly and
imposes a significant burden on study participants.
The disadvantages of serum-creatinine-based estimations of GFR
are well known and include nonfiltration clearance of creatinine and
confounding by differences in rates of creatinine production. It is
now appreciated that there are also numerous nonkidney function
determinants of serum cystatin C level. But there are several disadvantages to iGFR measurements as well. This technique usually measuresrenalfunctionoverarelativelyshortdurationoftime—typically
several hours. There is also known diurnal variation in GFR among
both normal individuals5 and those with parenchymal kidney disease.6 In addition, GFR changes with posture and acute changes in
diet.7,8 Estimates of renal function using endogenous filtration markers such as creatinine may provide a better measure of average renal
function over a period of days to weeks, which is conceptually the
underlying physiologic parameter of interest.9 Finally, iGFR is subject
to unique sources of measurement errors, such as the timed collectionofurineandbloodsamples.Inotherwords,iGFRandeGFRmay
have different sources of bias.
We evaluated the performance of iGFR versus eGFR as a
measure of renal function by determining whether, compared
with eGFR, iGFR was more strongly associated with wellknown sequelae of chronic renal insufficiency.
RESULTS

Baseline characteristics of the 1214 participants are shown in
Table 1. Figure 1 shows, graphically, the association (scatterplot) between different measures of renal function and the four
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Figure 1. Scatterplot showing levels of hemoglobin, potassium,
bicarbonate, and phosphate versus GFR directly measured using
urinary clearance of iothalamate (iGFR), serum creatinine estimated GFR (eGFR_Cr), and serum cystatin C estimated GFR
(eGFR_cysC).
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Table 2. Associations between three measures of renal function and four
outcomes: Univariable linear and logistic regression results
Outcome
Anemia

Hyperkalemia

Metabolic acidosis

Hyperphosphatemia

Measure
of renal
function

C-statistic

Outcome

iGFR
eGFR_Cr
eGFR_cysC
iGFR
eGFR_Cr
eGFR_cysC
iGFR
eGFR_Cr
eGFR_cysC
iGFR
eGFR_Cr
eGFR_cysC

0.72
0.67
0.70
0.73
0.72
0.72
0.73
0.73
0.74
0.69
0.71
0.72

Hemoglobin level

Potassium level

Bicarbonate level

Phosphate level

and phosphorus level, the C-statistic and R2 were smaller for
iGFR than eGFR_Cr or eGFR_cysC (C-statistic 0.69 versus
0.71 and 0.72, respectively; R2 0.07 versus 0.08 and 0.08,
respectively). iGFR and eGFR has similar strengths of association with hyperkalemia/potassium level and with metabolic acidosis/bicarbonate level.
In sensitivity analyses, the relationships noted above were
very similar when the scale of GFR measures were changed to
standard deviation (SD) units rather than per change in 10
ml/min/1.73m2 on their natural scales (data not shown). Results were also similar when all iGFR periods were included in
the analysis (data not shown).
Results were unchanged when we excluded patients who
were on erythropoiesis stimulating agents (3% of the cohort); patients on sodium polystyrene sulfonate (0.6% of
the cohort); patients on alkali therapy (2% of the cohort);
patients on phosphorus binders (6% of the cohort). Diabetes status did not consistently modify the relationships between eGFR or iGFR and comorbidities related to renal insufficiency. When we examined subgroups defined by age
(above or below 60 yr), sex, race (African American versus
non-African American), or iGFR (above or below 45 ml/
min/1.73m2), in no subgroup was iGFR consistently superior to eGFR_Cr or eGFR_cysC. Similar results were seen
after adjustment for age, sex, and race. Results were unchanged when the CKD-EPI equation was used instead of
the MDRD equation to estimate eGFR_Cr (data not
shown).
The results of the bivariable analyses were also consistent
(Table 3). For example, in the case of anemia or hemoglobin level,
eGFR_Cr contributed no further information once iGFR was
known (P ⫽ 0.45 and 0.65, respectively). In contrast, for hyperphosphatemia or phosphorus level, iGFR was no longer independently associated with outcome once eGFR_cysC was known
(P ⫽ 0.96 and 0.10, respectively). Models examining hyperkalemia/potassium level and metabolic acidosis/bicarbonate level
gave results that were intermediate.
J Am Soc Nephrol 22: 1931–1937, 2011
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DISCUSSION

It is widely assumed that measured GFR using a filtration marker such as iothalamate
(iGFR) provides the best measurement of
renal function and is superior to creatiiGFR
0.13
eGFR_Cr
0.09
nine-based or cystatin-based equation-eseGFR_cysC 0.11
timated GFR (eGFR). However, few studies
iGFR
0.08
have tested this assumption. In fact, it can
eGFR_Cr
0.08
be argued that this assertion is a tautology,
eGFR_cysC 0.07
since many investigators define directly
iGFR
0.08
measured GFR as the “gold standard” meaeGFR_Cr
0.09
surement of renal function.
eGFR_cysC 0.08
The principal clinical purpose of assessiGFR
0.07
ing
a patient’s renal function is to anticieGFR_Cr
0.08
pate
complications, enabling better screeneGFR_cysC 0.08
ing and treatment decisions. Determining
with great accuracy a certain physiologic
parameter—actual GFR—is a clinically less important goal.
Measurement of iGFR is more cumbersome and invasive than
measurements of eGFR. But this may be worthwhile if iGFR
were more strongly and consistently associated with known
sequelae of chronic kidney disease (CKD), such as anemia,
hyperkalemia, metabolic acidosis, and hyperphosphatemia.
Finding that iGFR is more strongly and consistently associated
with these known sequelae of CKD would provide empiric
evidence to support the commonly held belief that it is a better
measure of renal function than eGFR.
The key finding of this study is that iGFR was not consistently superior to either measure of eGFR in explaining comorbidities related to renal insufficiency. Another finding was that
iGFR explained a relatively small proportion the observed variation in severity of CKD sequelae (e.g., on the order of only
10% since correlations were approximately 0.1). We are not
able to determine the exact reason for the relatively disappointing performance of iGFR. One possibility may be that measurement errors associated with iGFR are greater than generally appreciated.
There have been few prior rigorous examinations of the
relative performance of iGFR versus eGFR addressing their associations with adverse consequences of CKD. Menon et al.
analyzed the Modification of Diet in Renal Disease trial data
and compared the strengths of association between four measures of renal function: 1/serum creatinine, 1/serum cystatin C,
MDRD equation eGFR, and measured iGFR and four outcomes: all-cause mortality, cardiovascular disease mortality,
kidney failure, and a composite outcome of kidney failure and
all-cause mortality. They found that iGFR was not the strongest predictor in any of the four outcomes. For example, in
adjusted models for cardiovascular disease mortality, the hazard ratio (per 1 SD decrease) for iGFR was 1.28 but was 1.64 for
1/cystatin C. In adjusted models for kidney failure, the hazard
ratio for iGFR was 2.41 compared with 2.81 for 1/creatinine.10
Although it can be argued that clinicians use serum creatinine,
in part, to determine when to initiate maintenance renal reMeasure
of renal
function

R2
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Table 3. Associations between three measures of renal function and four outcomes: Bivariable linear and logistic
regression results
Odds Ratio
(95% CI; per 10
ml/min/1.73m2
decrease)

P-value

C-statistic

Change in Level
(95% CI; per 10
ml/min/1.73m2
decrease)

P-value

R2

iGFR

Anemia
1.53 (1.43, 1.65)

⬍0.0001

0.72

iGFR

Hemoglobin level (g/dl)
⫺0.31 (⫺0.27, ⫺0.36)
⬍0.0001

0.13

eGFR_Cr

1.57 (1.43, 1.72)

⬍0.0001

0.67

eGFR_Cr

⫺0.38 (⫺0.31, ⫺0.44)

⬍0.0001

0.09

eGFR_cysC

1.43 (1.34, 1.52)

⬍0.0001

0.70

eGFR_cysC

⫺0.26 (⫺0.22, ⫺0.30)

⬍0.0001

0.11

iGFR
eGFR_Cr

1.59 (1.41, 1.79)
0.94 (0.81, 1.10)

⬍0.0001
0.45

0.72

iGFR
eGFR_Cr

⫺0.30 (⫺0.22, ⫺0.38)
⫺0.03 (0.09, ⫺0.14)

⬍0.0001
0.65

0.13

iGFR
eGFR_cysC

1.35 (1.20, 1.53)
⬍0.0001
1.14 (1.03, 1.27)
0.01
Hyperkalemia
1.67 (1.35, 2.07)
⬍0.0001

0.72

iGFR
eGFR_cysC

0.14

0.73

iGFR

⫺0.24 (⫺0.16, ⫺0.33)
⬍0.0001
⫺0.08 (⫺0.00, ⫺0.15)
0.0497
Potassium level (mmol/L)
0.08 (0.06, 0.09)
⬍0.0001

iGFR

0.08

eGFR_Cr

1.86 (1.43, 2.42)

⬍0.0001

0.72

eGFR_Cr

0.10 (0.08, 0.13)

⬍0.0001

0.08

eGFR_cysC

1.58 (1.29, 1.94)

⬍0.0001

0.72

eGFR_cysC

0.06 (0.05, 0.08)

⬍0.0001

0.07

iGFR
eGFR_Cr

1.45 (1.03, 2.06)
1.25 (0.81, 1.93)

0.04
0.32

0.73

iGFR
eGFR_Cr

0.05 (0.02, 0.07)
0.05 (0.02, 0.09)

0.0002
0.005

0.09

iGFR
eGFR_cysC

0.73

iGFR
eGFR_cysC

0.73

iGFR

0.05 (0.02, 0.08)
0.0002
0.02 (0.00, 0.05)
0.04
Bicarbonate level (mmol/L)
⫺0.43 (⫺0.35, ⫺0.51)
⬍0.0001

0.08

iGFR

1.39 (0.97, 2.00)
0.07
1.22 (0.88, 1.71)
0.24
Metabolic Acidosis
1.65 (1.49, 1.83)
⬍0.0001

0.08

eGFR_Cr

1.92 (1.68, 2.19)

⬍0.0001

0.73

eGFR_Cr

⫺0.65 (⫺0.53, ⫺0.76)

⬍0.0001

0.09

eGFR_cysC

1.62 (1.46, 1.79)

⬍0.0001

0.73

eGFR_cysC

⫺0.37 (⫺0.29, ⫺0.44)

⬍0.0001

0.08

iGFR
eGFR_Cr

1.36 (1.15, 1.60)
1.38 (1.11, 1.71)

0.0003
0.004

0.74

iGFR
eGFR_Cr

⫺0.18 (⫺0.04, ⫺0.32)
⫺0.44 (⫺0.24, ⫺0.64)

0.01
⬍0.0001

0.09

iGFR
eGFR_cysC

1.27 (1.07, 1.51)
0.006
1.34 (1.14, 1.58)
0.0004
Hyperphosphatemia
1.45 (1.17, 1.79)
0.0007

0.74

iGFR
eGFR_cysC

0.09

0.69

iGFR

⫺0.27 (⫺0.12, ⫺0.43)
0.0004
⫺0.16 (⫺0.02, ⫺0.29)
0.02
Phosphate level (mg/dl)
0.09 (0.07, 0.10)
⬍0.0001

0.07

iGFR
eGFR_Cr

1.81 (1.36, 2.42)

⬍0.0001

0.71

eGFR_Cr

0.13 (0.11, 0.16)

⬍0.0001

0.08

eGFR_cysC

1.53 (1.23, 1.90)

0.0001

0.72

eGFR_cysC

0.08 (0.07, 0.10)

⬍0.0001

0.08

iGFR
eGFR_Cr

1.02 (0.71, 1.46)
1.77 (1.08, 2.93)

0.92
0.02

0.71

iGFR
eGFR_Cr

0.03 (0.00, 0.06)
0.09 (0.05, 0.14)

0.04
⬍0.0001

0.08

iGFR
eGFR_cysC

0.99 (0.69, 1.42)
1.54 (1.07, 2.21)

0.96
0.02

0.72

iGFR
eGFR_cysC

0.03 (⫺0.01, 0.06)
0.06 (0.03, 0.09)

0.10
⬍0.0001

0.08

placement therapy (the operational definition of “kidney failure”), and cystatin C may be independently associated with
cardiovascular disease as a reflection of inflammation11,12 (and
not GFR), these results are consistent with our analysis of outcomes that are more immediate consequences of CKD. Moranne et al. studied 1030 adult patients from a hospital-based
cohort with CKD stages 2 through 5 who had GFR directly
measured using urinary clearance of injected 51Cr-EDTA as
well as estimated using the MDRD equation. Although comparing these two measures of GFR was not the focus of that
study, there was no evidence from the data presented that measured GFR was more strongly associated than estimated GFR
1934
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with sequelae of CKD (hyperparathyroidism, anemia, metabolic acidosis, hyperkalemia, and hyperphosphatemia).13
Our findings raise a few interesting questions. First, they do
not support the conventional view that iGFR is in fact the “gold
standard” measure of renal function. Much research effort in
CKD recently has been directed at deriving ever better equations to estimate GFR. But if the current equations produce
eGFR values that already perform very similar to measured
iGFR, perhaps future research effort can be directed elsewhere.
Second, many large clinical studies have devoted considerable
resources and effort to measure GFR directly.14 Some future
studies may not need to adopt the same approach if iGFR is not
J Am Soc Nephrol 22: 1931–1937, 2011
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superior to eGFR in explaining CKD comorbidities. Third, if
iGFR explains a relatively small proportion, the observed variation of the consequences of CKD, perhaps we should reassess
the expectation that a single parameter can serve as a sufficient
“overall index” of renal function. It may be more appropriate
to adopt a more multidimensional concept of “kidney function,” incorporating other key physiologic parameters such as
proteinuria, metabolic activities, or degree of perturbation of
the “milieu intérieur” (reflecting, perhaps, imbalance between
“demand” of and “supply” for renal function).
Several aspects of the study design should be mentioned. A
cross-sectional study design was selected because our goal was
to analyze how iGFR or eGFR are associated with concurrent
rather than future metabolic abnormalities. We decided, a priori, not to examine hyperparathyroidism and PTH level as an
outcome because some individuals with CKD will have lowturnover bone disease and low PTH levels, even at relatively
low GFR levels. Thus, the association between PTH and GFR
may be U-shaped and unsuitable for linear regression analysis
(although when this was later examined as an outcome, iGFR
was also not superior to eGFR_Cr or eGFR_cysC). We chose, a
priori, not to examine the association between decreased GFR
and other outcomes that have been previously shown to be
associated with CKD, such as indices of physical health status,
cognitive function, or cardiovascular disease. This is because
the pathophysiological links between CKD and these indices or
cardiovascular disease are not entirely clear and confounding
may bias any observed associations. Hence, we thought these
outcomes were less compelling to use as a proxy of renal function. In contrast, few will dispute that the four outcomes we
considered—anemia, hyperkalemia, metabolic acidosis, and
hyperphosphatemia—are consequences of reduced renal
function. There is a large body of pathophysiological literature
mechanistically linking reduced renal function to each one.
The limitations of this study include the fact that the mean
coefficient of variation for our iGFR measurements was 13.8%.
However, given that this is the precision achievable in a research study, the errors in the clinical setting would likely be
even greater. Since GFR is known to vary with dietary protein
intake, time of day, and posture, efforts were made in CRIC to
decrease variability in 125I-iothalamate clearance results by
performing all measurements after consumption of only a low
protein (⬍10 g) meal, in the supine or sitting position, and at
approximately the same time of day. Nonsteroidal anti-inflammatory agents taken on an as-needed basis (i.e., not taken daily
as a maintenance medication) were withheld for at least 48 h
before each iGFR test. The intrinsic complexity of the iGFR
measurement introduces opportunities for errors. Some may
argue that average of multiple iGFR measurements is the actual
“gold standard,” although this would make this an even less
practical measurement to implement, and a single iGFR has
been considered the “gold standard” in almost all prior studies.
The CRIC Study did not enroll patients with normal renal
function, so our results do not apply to other situations when
direct measures of renal function are undertaken (e.g., in the
J Am Soc Nephrol 22: 1931–1937, 2011
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evaluation of potential kidney donors). There clearly will be
circumstances in which iGFR is indicated as a better measurement of kidney function than eGFR, especially creatininebased eGFR, such as in a patient with an amputation or other
substantial alterations in body composition/creatinine generation. CRIC enrollees are not representative of all CKD patients, so our results may not be generalizable to all subgroups.
We acknowledge that there are numerous potential metrics for
evaluating the strengths and limitations of iGFR, and our study
is limited to a cross-sectional analysis of four surrogate outcomes. More studies are needed to refute or support, more
definitively, the notion that iGFR is the “gold standard” measure of kidney function.
In conclusion, we found, in this large rigorous cross-sectional study of CKD patients, that direct iothalamate measured
GFR (iGFR) was not consistently superior to serum Cr-based
or cystatin C-bsaed estimated GFR (eGFR) in its association
with four common CKD comorbid conditions. In addition,
iGFR explained a small proportion the observed variation in
severity of CKD sequelae. These results raise questions regarding the conventional view that iGFR is the “gold standard”
measure of kidney function.

CONCISE METHODS

Study Population
This analysis used data from the baseline visit of Chronic Renal Insufficiency Cohort (CRIC) Study. The CRIC Study is a NIH-sponsored
multicenter observational cohort that enrolled patients from seven
clinical centers located throughout the United States.4 Men and
women with reduced eGFR, based on the Modification of Diet in
Renal Disease (MDRD) equation, between the ages of 21 and 74 were
eligible for the study. Entry criteria for CRIC varied by age: an estimated GFR of 20 to 70 ml/min/1.73m2 for those aged 21 to 44 yr old;
20 to 60 ml/min/1.73m2 for those aged 45 to 64 yr old; and 20 to 50
ml/min/1.73m2 for those aged 65 to 74 yr old. Persons with polycystic
kidney disease, multiple myeloma, or glomerulonephritis on active
immunosuppression, and kidney transplant recipients were excluded.
Also excluded were those with severe comorbid conditions (such as
advanced heart failure, cirrhosis, HIV infection) that diminish ability
to participate in a longitudinal study.
Enrollment started July 2003 and ended March 2007. (Additional
enrollment of Hispanic participants continued through August 2008
in one center.)
By design, a random, weighted subsample (n ⫽ 1288) of approximately one third of original CRIC enrollees (n ⫽ 3612) was selected
to undergo direct measurements of GFR by iothalomate clearance
(with the additional exclusion criteria of known iodine allergy and
impaired urinary voiding). The present analyses are based on this
subcohort. In the current cross-sectional study, only the baseline
measurements in CRIC were considered. We excluded 66 enrollees
who were missing one renal function measurement (e.g., cystatin C)
or outcome measurements (e.g., serum potassium) of interest, and
Is iGFR Better Than eGFR?
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eight who only had one iGFR period, resulting in a final study population of 1214. The same study population was used for all analyses.

acidosis as serum bicarbonate ⬍22 mol/L, and hyperphosphatemia as
serum phosphorus ⬎5 mg/dl.

Measures of Renal Function

Statistical Analysis

Three measures of renal function were compared. First, we examined
GFR measured directly by urinary clearance of iothalamate (iGFR).
iGFR was conducted using a protocol similar to that in prior studies.15
Briefly, after a water load and administration of saturated solution of
potassium iodine (SSKI), 125I-iothalamate was injected subcutaneously. After a 60- to 90-min waiting period, timed collections of urine
and serum were performed. Urine flow rate was maintained above 1
ml/min. The goal was to obtain four timed urine collection periods
bracketed by blood draws to measure plasma iothalamate levels (P).
Concurrent urine counts (U) and urine volumes (V) for each period
were determined. GFR was calculated as weighted average UV/P and
corrected for body surface area. In CRIC, 88% of subcohort enrollees
had four or more urine collection periods, 6% had three, and 5% had
two or fewer. It was noted that, among CRIC enrollees, iGFR measures from the first period of the test were systematically higher than
the time-weighted average of all testing periods, which could be explained by a lack of equilibrium reached in a substantial number of
125
I-iothalamate GFR tests. Therefore, the CRIC Steering Committee
decided to eliminate the first period of the iGFR measure in all primary CRIC analyses involving iGFR data. The mean coefficient of
variation (CV) for the iGFR was 13.8%, excluding the first period. In
sensitivity analysis, first period values were included.
Second, we examined eGFR based on serum creatinine (Cr) calculated from the 4-variable MDRD equation (eGFR_Cr) as follows: 186*serum Cr⫺1.154*age⫺0.203* (0.742 if female)*(1.212 if black).16,17 Serum Cr
measurements were done in the CRIC central laboratory at University of
Pennsylvania on the Hitachi Vitros 950 AT (CV 1.1%) and calibrated to
the MDRD central laboratory at the Cleveland Clinic.18
Third, we examined eGFR based on a cystatin C (cysC) equation
(eGFR_cysC): 127.7 * cysC⫺1.17 * age⫺0.13 (*0.91 if female)(*1.06 if
black).19 Cystatin C was measured using a Siemens BNII machine at
the CRIC Central laboratory with a CV 4.9%. An internal standardization was implemented to correct for a drift over time when using
different calibrator lots and reagent lots manufactured by Siemens.
Specifically, all Cystatin C values were calibrated to the combination
of calibrator lot 51 and reagent lot 40.

Before analysis, we specified the three renal function measurements
and four outcome measurements, as well as the dichotomous cut-offs,
as described above. When the outcomes were considered as continuous variables, we used linear regression to examine the relative contributions of the three GFR measures. Initial exploratory analyses,
including smoothing methods and residual analysis, suggested that
linear associations were adequate to capture primary predictions, and
these relationships were used for the remainder of the evaluations.
(Formal analysis using spline models did not yield any material improvement in fit of the models or alter our main results.) When the
outcomes were dichotomized, we used logistic regression. R-squared
values and C-statistics were used to assess adequacy of the models,
respectively. The C-statistic is the area under the curve (AUC) for the
receiver operating characteristic (ROC) curve. Since the absolute GFR
values and distributions are not identical across the three GFR measurements, in a sensitivity analysis, we repeated the models using per
change in SD of measure rather than per change in 10 ml/min/1.73m.2
Because medications may impact some of the clinical outcomes,
we repeated the analysis involving hemoglobin/anemia as outcome
after eliminating those patients on erythropoiesis stimulating agents
(including epoetin alpha, epoetin beta, and darbepoetin alpha); we
repeated the analysis involving potassium/hyperkalemia as outcome
after eliminating those patients on sodium polystyrene sulfonate
(kayexalate); we repeated the analysis involving bicarbonate/metabolic acidosis as outcome after eliminating those patients on alkali
therapy, which can be used to treat metabolic acidosis (including
sodium bicarbonate, potassium citrate, sodium citrate); and we repeated the analysis involving phosphorus level/hyperphosphatemia as
outcome after eliminating those patients on phosphorus binders (including calcium acetate, calcium carbonate, lanthanum, and
sevelamer). We also performed subgroup analyses stratified by age,
sex, race, and iGFR range, and we explored the effect of adjusting for
age, sex, and race on our results.
In addition to univariable models, including the GFR measures
singly, we also examined bivariable models to evaluate whether the
two eGFR measurements significantly contributed independent information once iGFR was known.

Outcomes Evaluated
We, a priori, chose to examine four parameters that are well known to
be altered by reduced renal function: levels of hemoglobin, potassium,
bicarbonate, and phosphorus.20 –23
Hemoglobin was measured locally at each CRIC clinical center.
Electrolytes were measured at the CRIC Central Laboratory at the
University of Pennsylvania. Specifically, serum potassium (CV 1.2%)
and phosphorus (CV 0.9%) were measured on Hitachi Vitros 950 AT
and serum bicarbonate (CV 4.5%) on Beckman Coulter CxC.
Outcomes were analyzed both as continuous and as dichotomous
variables. For the latter, we chose, a priori, the upper and lower limits
reported by the University of Pennsylvania central laboratory. Thus,
anemia was defined as hemoglobin ⬍13 g/dl in men and ⬍12 g/dl in
women, hyperkalemia as serum potassium ⬎5.3 mmol/L, metabolic
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