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Background and objectives: Measurement of GFR is important for the management of chronic kidney disease (CKD).
Although bolus administration of radiocontrast agents is commonly used to measure GFR, the optimal duration of sampling
to assess their plasma clearance is unknown. The purpose of this study was to evaluate whether the duration of plasma
sampling influences precision and estimation of GFR.

Design, setting, participants, & measurements: GFR was measured by sampling plasma 12 times over 5 h in 56 patients with
CKD (mean age 64 yr, 98% men, 79% Caucasian, 34% diabetics, estimated GFR 31.8 � 14.2 ml/min/1.73 m2). In a subset of 12
patients we measured GFR by sampling plasma 17 times over 10 h.

Results: Short sampling intervals considerably overestimated GFR measured using total plasma iothalamate clearance,
especially in larger patients. In the higher estimated GFR group (>30 ml/min/1.73m2), the 5-h GFR was 17% higher and 2-h
GFR 54% higher compared with the 10-h GFR, which averaged 40.3 ml/min/1.73 m2. In the lower estimated GFR group (<30
ml/min/1.73m2), the 5-h GFR was 36% higher and 2-h GFR 126% higher compared with the 10-h GFR, which averaged 22.2
ml/min/1.73 m2. Short sampling duration also reduced the precision of the estimated GFR from 1.67% for 10-h GFR, to 3.48%
for 5-h GFR, and to 7.07% for 2-h GFR.

Conclusions: GFR measured over a longer duration with multiple plasma samples spanning the distribution and elimina-
tion phases may improve precision and provide a better measure of renal function.
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T he clinical manifestations of chronic kidney disease
(CKD) are heterogenous, but it is generally accepted
that the staging of CKD rests upon an accurate knowl-

edge of GFR (1). Although urinary clearance of radioactive
iothalamate has been used as the reference method to measure
GFR (2), many clinical and research laboratories now use
plasma clearance of nonradioactive radiocontrast dyes instead
(3–7). Plasma clearance of iothalamate can be measured either
after continuous infusion of iothalamate to achieve steady state
and measuring plasma iothalamate (4,5,7), or after an intrave-
nous bolus (3,6,8). The latter technique involves administering
a bolus dose of iothalamate or another radiocontrast dye and
sampling blood at timed intervals to study its pharmacokinet-
ics. We and others have reported that plasma iothalamate clear-
ance provides improved precision over urinary clearances (8,9).
Because of improved precision, the plasma iothalamate clear-
ance technique appears attractive for longitudinal studies in
which sample size can be reduced to detect a given change in
GFR (9).

The optimal duration of plasma sampling to best ascertain
GFR remains undefined—no minimum duration of sampling

is recommended. Accordingly, uncertainty exists when plan-
ning the optimal duration of GFR studies for the long-term
follow-up renal function. Review of published work reveals
that the duration of plasma iothalamate clearances measure-
ment has varied anywhere between 2 to 10 h (8,10 –12). In a
study that measured plasma iothalamate concentration time
profile over 10 h (12), plasma clearance was noted to be
log-linear in all instances after 120 min, whereas another
study reported that a 2-h time frame was perfectly adequate
(10). A more recent multicenter study in children in the
United States suggested 5 h as an adequate time frame for
sampling (6).

We sought to evaluate the optimal duration of measurement
of plasma iothalamate clearance in a cohort of patients with
CKD. We hypothesized that short studies would overestimate
GFR and that longer studies would reduce this error. We rea-
soned that short studies in patients with lower GFR would be
associated with greater discrepancy compared with studies
with longer sampling duration and tested the hypothesis that
shorter duration studies would sacrifice precision compared
with longer studies.

Materials and Methods
Between March 14, 2008 and July 16, 2008 we enrolled 60 veterans

attending the Renal Clinic at the Veterans Administration hospital,
Indianapolis, Indiana. Our recruitment goal was to enroll 30 patients
each in stage 3 and stage 4 CKD. However, we made 3 exceptions to the
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protocol. To better estimate the GFR, we enrolled one patient with
nephrotic proteinuria due to membranous GN on cyclosporine and
metformin with an estimated GFR (eGFR) of 68 ml/min/1.73 m2. Two
other patients with eGFR of 8 and 11 ml/min/1.73 m2 were completely
free of uremic symptoms and were recruited at the request of their
treating physicians. Those with allergy to radiocontrast or iodine or
those with organ transplants were excluded from the study.

The study protocol was approved by the institutional review boards
and the Veterans Administration Research and Development Commit-
tee and all patients provided written informed consent.

GFR Measurement Protocol
Patients generally reported to the clinical research laboratory in the

morning. The patients voided on arrival to the laboratory. This sample
was used to estimate the spot urine protein/creatinine ratio. Anthro-
pometric measurements were made and blood pressure was obtained
in the seated position in triplicate in each arm after a 5-min rest.

After placing an intravenous catheter in the arm, blood was drawn
for analysis of routine chemistries, including serum creatinine using an

isotope dilution mass spectroscopy traceable method that utilizes a
modified Jaffe method (Roche Diagnostics, Indianapolis, Indiana). A
5-ml syringe was weighted on an analytic balance with an accuracy of
1 mg. Using this syringe, 5 ml (3000 mg) of iothalamate meglumine
(Conray 60, Malinckrodt, St Louis, Missouri) was drawn and re-
weighed. Iothalamate was injected over 15 s and the catheter flushed
with 10 to 15 ml of saline. The iothalamate syringe was weighted again
to calculate the difference between the full and empty syringe. The
exact volume of iothalamate injected was then calculated from the
density of iothalamate for GFR calculations.

The subjects were asked to drink 750 ml of water over 10 to 15 min
and blood was obtained 12 times using a stop watch at 5, 10, 20, 30, 45,
60, 90, 120, 150, 180, 240, and 300 min after the end of injection. In a
subset of 12 patients we carried out plasma sampling at hourly inter-
vals beyond 300 min until 10 h. All samples were stored on ice and
plasma separated in a refrigerated centrifuge. Plasma was aliquoted
and stored at �86°C until analyzed using a previously published HPLC
method (13). Plasma from each patient obtained before iothalamate
injection was analyzed for a detectable iothalamate peak. Despite the
intake of many medications in these patients with CKD, in no instance
did we observe interfering peaks. A total of 934 plasma iothalamate
HPLC analyses were performed.

Modeling Methods
The plasma iothalamate concentration versus time curve was mod-

eled using a two-compartment model. Specifically, the plasma concen-
tration versus time data after bolus injection were analyzed using the
equation Ct � Ae��t � Be��t, where Ct is the iothalamate concentration
at time t, A and B are y-intercepts, and � and � are disposition rate
constants. The initial rapid disappearance, measured by �, reflects the
distribution of iothalamate in the extravascular compartment followed
by a slow disappearance � that represents the renal elimination. The
�-phase half-life was measured by ln(2)/� and �-phase half-life by
ln(2)/�. The area under the plasma concentration time curve (AUC0to�)
was calculated as A/� � B/�, in which A/� represents the area under
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Figure 1. Pharmacokinetic profile of plasma iothalamate con-
centration versus time curves in 12 patients with chronic kidney
disease (CKD) who had measurements over 10 h. An exponen-
tial decline is visible although the data are plotted on a loga-
rithmic ordinate. Thus, a two-compartment pharmacokinetic
model was fitted. Symbols are the actual plasma iothalamate
concentration in each patient, whereas the lines are the model
fitted curves.

Table 1. Baseline characteristics of the study
populationa

Characteristic Result

Number of subjects 56
Age (yr) 64.3 � 10.7
Men 55 (98%)
Height (in) 68.3 � 3.5
Weight (kg) 99.3 � 24.2
Hip/waist ratio 1.01 � 0.08
Body mass index (kg/m2) 32.8 � 6.9
Body surface area (m2) 2.12 � 0.27
Race

White 44 (79%)
Black 10 (18%)
American Indian 2 (4%)

Etiology of CKDb

diabetes 19 (34%)
hypertension 20 (36%)
GN 9 (16%)
other 8 (14%)

Hemoglobin (g/dl) 12.3 � 1.6
Albumin (g/dl) 4.1 � 0.3
Plasma creatinine (mg/dl) 2.6 � 1.2
Blood urea nitrogen (mg/dl) 44.7 � 25.5
Estimated GFR (ml/min/1.73 m2) 31.8 � 14.2

stage 2 3 (5%)
stage 3 24 (43%)
stage 4 25 (45%)
stage 5 4 (7%)

Median urine protein/creatinine
(g/g) (interquartile range) 0.40 (0.11–1.36)

a� indicates SD, parentheses indicate percent of patients.
bChronic kidney disease (CKD) stage is based on estimated

GFR by Modification of Diet in Renal Disease formula.
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the “fast curve” and B/� the area under the “slow curve.” The plasma
clearance of iothalamate was calculated as Dose/AUC0to�. A higher
order three-compartment model that has been described in normal,
healthy volunteers could not be fitted to the data (14).

An iterative least-square model minimized the square of the residual
to fit the best curve using the WinNonLin computer program version
2.0 (PharSight Corporation, Palo Alto, California). We first fitted a
model that included all 12 samples over 300 min. We then dropped the
last sample and refitted the model to obtain plasma iothalamate clear-
ance over 240 min. We repeated the model fitting until we reached
eight samples spanning 120 min. Thus each patient had a 5-, 4-, 3-, 2.5-,
and 2-h GFR estimates. In the subset of 12 patients who had measure-
ments over 10 h, we performed a similar analysis such that we had 10-,
9-, 8-, 7-, and 6-h plasma iothalamate clearances in addition to the above
GFR estimates.

Statistical Methods
Plasma clearances of iothalamate obtained using the various time

intervals were compared using a nominal mixed model (15). On visual
examination of the plasma iothalamate clearances, the magnitude of
overestimation was noted to diminish exponentially with increasing
sampling duration. Thus, clearances were log-transformed before
model fitting. The repeated measurement on each subject is accounted
for by this statistical model. A second model was created in which we
tested the effect of Modification of Diet in Renal Disease study-eGFR on
the magnitude of overestimation of iothalamate plasma clearances. For
this model we created a nominal variable with eGFR � 30 or 30
ml/min/1.73 m2 or more and interacted this variable with the five
durations of plasma iothalamate measurements. Because this model
was nested within the first, we tested the significance of the two model
fits with a likelihood ratio test.

Table 2. Pharmacokinetic characteristics of iothalamatea

Pharmacokinetic Parameter Median Q1 Q3

Plasma iothalamate clearance (ml/min) 47.8 33.9 65.6
Plasma iothalamate clearance (ml/min/1.73m2) 37.7 30.1 50.6
Volume of distribution central (ml) 4797 2275 6266
Volume of distribution (ml/kg) 50.1 20.0 67.4
Volume of distribution, steady state (ml) 15908 13822 18827
Volume of distribution, steady state (ml/kg) 172.4 147.1 190.6
Elimination half-life (min) 66 24 115
Area under curve (�g � min/ml) 62856 45847 89286
Fast component

intercept A (�g/ml) 452 320 1207
half-life ln(2)/� (min) 4.83 2.39 7.18
area A/� (�g�min/ml) 5335 2843 3624

Slow component
intercept B (�g/ml) 161 136 183
half-life ln(2)/� (min) 271 199 336
area B/� (�g�min/ml) 57615 40924 81973

aQ1, first quartile; Q3, third quartile.

Table 3. Sampling duration and GFR estimates stratified by estimated GFR (eGFR)a

Sampling Duration Mean GFR
(ml/min/1.73 m2) 95% CIb Ratio Compared

to 5-h GFR 95% CI of Ratio P

eGFR stratum �30 ml/min/1.73m2

5 h 49.3 44.4 to 54.8
4 h 52.5 47.2 to 58.3 1.06 0.99 to 1.14 0.084
3 h 57.2 51.5 to 63.5 1.16 1.08 to 1.25 �0.001
2.5 h 60.4 54.4 to 67.2 1.23 1.14 to 1.32 �0.001
2 h 66.1 59.5 to 73.4 1.34 1.25 to 1.44 �0.001

eGFR stratum �30 ml/min/1.73m2

5 h 29.1 26.3 to 32.2
4 h 32.0 28.9 to 35.4 1.10 1.03 to 1.18 0.007
3 h 34.5 31.2 to 38.2 1.19 1.11 to 1.27 �0.001
2.5 h 38.2 34.6 to 42.3 1.31 1.23 to 1.41 �0.001
2 h 44.4 40.1 to 49.1 1.53 1.42 to 1.63 �0.001

aMean GFR calculated using a nominal mixed model with maximal likelihood estimates.
bCI, confidence interval.
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A linear mixed model was then created using random slopes for each
subject. In this model each subject had a random intercept and random
slope. We also tested the time-dependency of the overestimation in
clearances by introducing a quadratic term for time.

To test the hypothesis that shorter studies can reduce the precision of
the measurement, we used a two-stage approach. We first calculated
the coefficient of variation as the ratio of standard error of the estimate
and plasma iothalamate clearance for each individual expressed as a
percent. A nominal mixed model was then used to test the significance
of differences between various durations of sampling on the precision
of the results after log transforming the coefficient of variation. All
statistical analyses were performed with Stata 10.0 (Stata Corp, College
Station, Texas).

Results
Of the 60 patients who participated, all but one had adequate

iothalamate clearances measured. The latter patient had leak-
age of iothalamate due to dislodged intravenous catheter. In the
first 9 participants, we measured only 2 h plasma clearances.
However, when we discovered a large discrepancy between
estimated and measured iothalamate clearances, we modified
the protocol to measure iothalamate clearances over 5 h in the
subsequent participants. We were able to repeat the plasma
iothalamate clearances in all but 3 of the initial 9 participants.

Demographic and clinical characteristics of the 56 partici-
pants who had at least 5 h iothalamate clearances are shown in
Table 1. Participants were typically older men as would be
expected of the veteran population. The racial mix was typical
of the CKD population and the median eGFR was 31.8 ml/
min/1.73m2. In addition to the three protocol exceptions, there
were four patients outside the range of our CKD stage because
of variation in serum creatinine from screening visit to the
measurement visit. Slightly fewer participants (48%) had earlier
stages of CKD (stage 2 and 3) than later stages of CKD (stage 4
and 5). Two patients complained of slight burning at the injec-
tion site and two vomited within 2 min of the injection. No
other adverse events due to iothalamate were noted.

Results of 5-h Studies
The pharmacokinetics of iothalamate in blood is best de-

scribed by a double exponential curve (Figure 1). Nonlinear
modeling of these plasma concentration time profiles in 56
patients yielded pharmacokinetic parameters that are shown in
Table 2. The initial disappearance of iothalamate from plasma
was rapid (�5 min median half-life) compared with the slower
later removal. The elimination half-life from the central com-
partment was typically 66 min.

We next calculated the GFR from plasma iothalamate clear-
ances using the two-compartment model. First, all of the 12
plasma iothalamate concentrations collected over 300 min were
used for curve fitting and plasma clearance was calculated.
Next, the last point was dropped and the curve was refitted to
obtain another GFR. This yielded the GFR as if it was measured
over 240 min. The process was repeated until we reached 2-h
GFR. Table 3 shows the results of the GFR thus calculated and
the magnitude of overestimation with shortened studies. For
the higher GFR category, (eGFR � 30 ml/min/1.73m2) the
magnitude of overestimation increased from 6% for 4-h study
to 34% for 2-h study when each was compared with 5-h study
as the reference category. For the lower GFR category, this
overestimation was even more and increased from 10% for the
4-h study to 53% for the 2-h study. Figure 2 shows the results
for each individual patient.

Results of 10-h Studies
From the above study, it was not clear if 5 h was sufficient to

accurately measure GFR. To further characterize the nature of
this overestimation, we studied iothalamate pharmacokinetics
in a subset of 12 patients over 10 h. Thus, each patient now had
17 plasma samples for curve fitting and the effect of longer
duration sampling on GFR estimation could be evaluated. Ta-
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Figure 2. Body surface area-corrected GFR as measured by
plasma iothalamate clearance are overestimated if shorter
sampling times are used. The individual changes in plasma
iothalamate clearance are denoted by arrows. As the sam-
pling time shortens, the plasma iothalamate clearance is
overestimated. Some individuals have large changes in mea-
sured GFR.
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ble 4 shows the magnitude of overestimation with shorter
studies. The modeled relationship of GFR thus obtained plotted
against the sampling interval demonstrates that plasma

iothalamate clearances are dependent on the duration of the
study (Figure 3). The regression model that describes the rela-
tionship of GFR with sampling interval and the baseline level of
GFR is shown in Table 5. The quadratic term has a positive
coefficient reflecting the time-dependent reduction in overesti-
mation of GFR.

We fitted another model to describe the relationship of body
surface area with overestimation of iothalamate clearance with
short sampling intervals and found that the overestimation was
greater in those with greater body surface area and the qua-
dratic component was also more positive (data not shown).

Mechanism of Underestimation
The provenance of overestimation of GFR with shorter du-

ration studies was analyzed by calculating the AUC estimates
with shorter duration studies. Given that plasma iothalamate
clearance is calculated by dividing the dose administered by
the AUC, it follows that AUC may be underestimated. If so, the
resulting plasma clearance will be overestimated. Shorter du-
ration GFR indeed underestimate the AUC and this underesti-
mation relates to the slow phase of the curve (Table 6). For
those with higher GFR, the 2-h clearance underestimated AUC
by 45% compared with the 10-h clearance study. For those with
lower GFR, the 2-h clearance underestimated the AUC by 56%
compared with the full study.

Figure 4 illustrates the kinetics of iothalamate in the plasma
compartment and curve fits when GFR was analyzed over 10 h
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Figure 3. The overestimation in GFR plateaus at about 6 to 7 h in
people with estimated GFR (eGFR) of 30 ml/min/1.73 m2. How-
ever, this plateau may not occur until a later time point in those
with lower kidney function. The solid lines are modeled relation-
ships between iothalamate clearances and sampling times in those
with lower eGFR (�30 ml/min/1.73 m2) whereas the dashed lines
are relationships in those with higher eGFR (�30 ml/min/1.73
m2). Open triangles are measured plasma iothalamate clearances
in those with higher eGFR and circles in those with lower eGFR.

Table 4. Sampling duration and GFR estimates stratified by eGFR for 10-h GFRa

Sampling Duration Mean GFR
(ml/min/1.73 m2) 95% CI Ratio Compared

to 10-h GFR 95% CI of Ratio P

eGFR stratum �30 ml/min/1.73m2

10 h 40.3 33.2 to 48.9
9 h 41.2 34.1 to 49.8 1.02 0.92 to 1.14 �0.2
8 h 42.1 34.8 to 50.9 1.04 0.94 to 1.16 �0.2
7 h 43.7 36.1 to 52.8 1.08 0.97 to 1.21 0.15
6 h 45.2 37.4 to 54.7 1.12 1.01 to 1.25 0.037
5 h 47.2 39.0 to 57.1 1.17 1.05 to 1.31 0.004
4 h 49.3 40.7 to 59.6 1.22 1.10 to 1.36 �0.001
3 h 53.1 43.8 to 64.4 1.32 1.18 to 1.48 �0.001
2.5 h 56.7 46.9 to 68.6 1.41 1.26 to 1.57 �0.001
2 h 62.3 51.5 to 75.3 1.54 1.39 to 1.72 �0.001

eGFR stratum �30 ml/min/1.73m2

10 h 22.2 18.4 to 26.9
9 h 23.6 19.5 to 28.6 1.06 0.96 to 1.18 �0.2
8 h 24.8 20.5 to 30.0 1.12 1.01 to 1.24 0.037
7 h 25.9 21.4 to 31.3 1.16 1.05 to 1.29 0.004
6 h 27.5 22.7 to 33.3 1.24 1.12 to 1.37 �0.001
5 h 30.3 25.0 to 36.6 1.36 1.23 to 1.51 �0.001
4 h 33.4 27.6 to 40.4 1.50 1.36 to 1.67 �0.001
3 h 39.4 32.5 to 47.8 1.77 1.59 to 1.98 �0.001
2.5 h 44.6 36.9 to 54.0 2.01 1.81 to 2.23 �0.001
2 h 50.2 41.5 to 60.7 2.26 2.04 to 2.51 �0.001

aMean GFR calculated using a nominal mixed model with maximal likelihood estimates.
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(full data) and by progressively fitting curves by censoring the last
data point until only 2-h data remained in one representative
patient. The slow-phase distribution constant (�) was overesti-
mated (steeper slopes), with short studies resulting in lower AUC.

Effect of Short Studies on Precision of GFR Measurement
Each plasma iothalamate clearance is measured with some

error because of technical issues or biologic variation. The
standard error in measurement divided by the mean GFR when

expressed as a percent yields the coefficient of variation. The
mean coefficient of variation decreased with increasing sam-
pling duration from 7.07% for 2-h studies to 1.67% for 10-h
studies (Table 7). Thus, the precision increased more than four-
fold by increasing the duration of the studies.

Discussion
The standard method to measure GFR as developed by

Homer Smith involved maintenance of an intravenous infusion

Table 5. Regression model for GFR estimation: 10-h studiesa

Parameter Coefficient 95% CI P

Fixed effects
constant (ml/min/1.73 m2) 58.6 46.4 to 70.8 �0.001
sampling time (h) �11.7 �14.2 to �9.2 �0.001
sampling time2 (h2) 0.676 0.48 to 0.87 �0.001
eGFR (ml/min/1.73 m2) 0.369 �0.01 to 0.75 0.057
eGFR � sampling time 0.119 0.04 to 0.20 0.003
eGFR � sampling time2 �0.007 �0.013 to �0.001 0.021

Random effects
intercept SD 7.66 5.01 to 11.72
sampling time SD 0.624 0.380 to 1.027
correlation (time, intercept) �0.85 �0.96 to �0.53
residual SD 2.56 2.22 to 2.96

aRandom coefficient model with maximal likelihood estimates.

Table 6. Sampling duration and area under the curve (AUC) estimates stratified by eGFRa

Sampling Duration Mean AUC
(�g � min/ml) 95% CI Ratio compared to

10-h AUC 95% CI of Ratio P

eGFR stratum �30 ml/min/1.73m2

10 h 65,427 51,731 to 82,749
9 h 63,968 50,707 to 80,697 0.98 0.88 to 1.09 �0.2
8 h 62,603 49,625 to 78,975 0.96 0.86 to 1.07 �0.2
7 h 60,365 47,851 to 76,151 0.92 0.83 to 1.03 0.15
6 h 58,271 46,191 to 73,510 0.89 0.80 to 0.99 0.037
5 h 55,796 44,229 to 70,388 0.85 0.76 to 0.95 0.004
4 h 53,466 42,382 to 67,449 0.82 073 to 0.91 �0.001
3 h 49,628 39,240 to 62,768 0.76 0.68 to 0.85 �0.001
2.5 h 46,464 36,831 to 58,615 0.71 0.64 to 0.79 �0.001
2 h 42,330 33,555 to 53,400 0.65 0.58 to 0.72 �0.001

eGFR stratum �30 ml/min/1.73m2

10 h 105,432 83,576 to 133,005
9 h 99,198 78,633 to 125,140 0.94 0.85 to 1.04 �0.2
8 h 94,490 74,901 to 119,201 0.90 0.81 to 0.99 0.037
7 h 90,584 71,805 to 114,273 0.86 0.77 to 0.95 0.004
6 h 85,141 67,491 to 107,407 0.81 0.73 to 0.90 �0.001
5 h 77,359 61,322 to 97,590 0.73 0.66 to 0.81 �0.001
4 h 70,104 55,571 to 88,438 0.66 0.60 to 0.74 �0.001
3 h 59,402 46,968 to 75,126 0.56 0.51 to 0.63 �0.001
2.5 h 52,466 41,589 to 66,187 0.50 0.45 to 0.55 �0.001
2 h 46,656 36,984 to 58,857 0.44 0.40 to 0.49 �0.001

aAUC calculated using a nominal mixed model with maximal likelihood estimates.
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of inulin at a constant rate, the collection of frequent blood
samples, and bladder catheterization to accurately measure
urinary flow rate (16). Emphasizing the importance of this
technique, Dr. Smith in a subsequent paper commented, “the
use of constant, slow infusions gives reliable blood curves of
inulin and phenol red, and catheterization of the bladder fol-
lowed by a careful washing with saline eliminates what is
perhaps the largest source of error. This last precaution is
obviously necessary if single clearance determinations are to be
given any physiologic significance.” (17) Recognizing this lim-
itation of GFR measurement, many investigators, almost since
Smith published his clearance technique, have sought to de-
velop a measurement method that is devoid of urine collections
(8,11,18–21). It is generally reported that compared with the

standard clearance method, the bolus plasma clearance tech-
nique is more precise but slightly overestimates the GFR
(8,11,21). However, the effect of duration of the study to mea-
sure the precision of plasma clearance or compare the GFR
estimates resulting from different durations have not been rig-
orously analyzed although several investigators have pointed
to the need for longer sampling intervals when measuring GFR
(22–24). For example, Groth et al. suggested frequent and pro-
longed sampling for reliable estimates of GFR from curve-
fitting techniques after a single intravenous bolus of radiola-
beled iothalamate (24). Frennby et al. suggested a 24-h sample
of iohexol in patients with low GFR (22). Sterner et al. recom-
mended that the sampling duration should be inversely pro-
portional to the GFR (23). In children, for GFR below 20 ml/
min/1.73m2, GFR was overestimated by 50% from plasma
iohexol sampled 3.5 h after injection when compared with
plasma sampled at 24 h (25).

Our data demonstrate that short studies spanning just a few
hours overestimate plasma iothalamate clearance by a clinically
and statistically significant amount. This overestimation is
greater when the GFR is more severely impaired and more
likely to occur in patients with larger body surface areas. Not
only does the short sampling duration overestimate GFR, it also
reduces the precision of the estimate. Thus, GFR measured over
a longer duration improves precision and provides a better
measure of renal function.

The optimal timing to measure GFR using a two-component
pharmacokinetic model requires knowledge of � and � distri-
bution constants. An ideal study informed by sampling theory
would be one in which measurements of plasma iothalamate
would be made at times 1/� and 1/� (26). Because � is depen-
dent on GFR, it follows that the duration of sampling should
follow the degree of impairment of renal function—those with
more impaired GFR would require longer sampling periods.
On the basis of the � observed in our study, 5-h GFR would be
adequate for those with eGFR of 50 ml/min/1.73 m2 or more.
But those with eGFR of 10 ml/min/1.73 m2 would require 15-h
sampling, for 20 ml/min/1.73 m2 12-h sampling, for 30 ml/
min/1.73 m2 9-h sampling, and for 40 ml/min/1.73 m2 6-h
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Figure 4. Measured plasma iothalamate concentrations versus
time are shown on a logarithmic ordinate in one patient. The
lines represent modeled curves when various durations of sam-
pling are considered. When GFR was analyzed over 10 h (full
data) the topmost curve was obtained, which yielded a GFR of
37 ml/min. The bottom solid line shows a modeled curve when
only 2 h of data were considered. GFR using the 2-h data were
72 ml/min. Overestimation of the terminal elimination constant
by short studies is why GFR appear to be overestimated with
short durations of measurement.

Table 7. Precision of GFR as a function of sampling durationa

Sampling Duration Mean GFR CV
(%) 95% CI Difference from

10-h GFR 95% CI of Difference P

10 h 1.67 1.38 to 2.01
9 h 1.81 1.50 to 2.18 1.09 0.93 to 1.27 �0.2
8 h 2.06 1.71 to 2.48 1.24 1.06 to 1.44 0.007
7 h 2.38 1.98 to 2.87 1.43 1.23 to 1.67 �0.001
6 h 2.85 2.37 to 3.43 1.71 1.47 to 1.99 �0.001
5 h 3.48 2.89 to 4.19 2.09 1.79 to 2.44 �0.001
4 h 4.31 3.58 to 5.19 2.59 2.22 to 3.02 �0.001
3 h 4.86 4.01 to 5.89 2.91 2.48 to 3.42 �0.001
2.5 h 6.11 5.08 to 7.36 3.67 3.15 to 4.28 �0.001
2 h 7.07 5.87 to 8.51 4.24 3.63 to 4.95 �0.001

aMean GFR coefficient of variation (CV) calculated using a nominal mixed model with log-transformed CV using maximal
likelihood estimates.
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sampling, a strategy similar to that suggested by Sterner et al.
(23). However, if such a strategy is followed, in many patients
with stage 4 CKD the sampling duration can extend well be-
yond 9 h, which would make the technique of plasma
iothalamate clearance to measure GFR cumbersome. For such
patients a continuous infusion technique may be useful but
then this would require two visits to the hospital (7). Thus,
frequent sampling over 5 to 7 h appears to be an adequate
compromise between scientific theory and feasibility of long-
term GFR measurements.

The mechanism of overestimation of GFR with short-term
studies can be understood by analyzing Figure 4, which shows
the curve fits when various sampling intervals are used to
model the pharmacokinetic profile. In this patient, using the
two-compartment model, the 2-h GFR was calculated as 72
ml/min, 2.5-h as 59 ml/min, 5-h as 49 ml/min, and 10-h as 37
ml/min, illustrating the progressive overestimation of GFR
with shorter duration studies. It is clear that the AUC with 2-h
study is less than that obtained with 10-h study. Because of the
difficulty in describing the terminal kinetics with short studies,
it is evident that it is the slow component of the AUC that is
underestimated with shorter duration studies that leads to the
overestimation of GFR.

Several studies have suggested limited plasma sampling af-
ter bolus clearance techniques to make the procedure less cum-
bersome (27–31). The scientific rationale offered by these stud-
ies is that limited sampling technique and full study are highly
correlated, therefore limited sampling technique provides good
information. Whereas the mean level of GFR may well be stable
with limited sampling, our data suggest that shorter duration
studies reduce precision of the measurements. Figure 2 shows
that in some individuals large errors in GFR may occur with
limited sampling. Thus, whenever possible, a longer duration
and a richer sampling method for GFR measurement are rec-
ommended. We suggest an eight-sample technique to ade-
quately capture the entire plasma pharmacokinetic profile.
Sampling at 5, 15, 30, 45, 60, 120, 240, and 360 (or longer) min
after bolus iothalamate should adequately capture the distribu-
tion and elimination phase of this drug. Others have suggested
a similar approach (8,30).

A limitation of the study is that it included mostly older men.
Whether the results would be applicable in women is a not
clear although prior studies have not revealed gender differ-
ence in iothalamate pharmacokinetics (10).

Our data have clinical and research implications. Because the
overestimation in GFR is greater in those with lower GFR, it
follows that patients who progress to a lower GFR are more
likely to be missed with shorter studies. Such patients would
most benefit with longer studies. In clinical trials designed to
assess progression of CKD, power estimates are dependent on
the precision of the measurement. Short-duration studies re-
duce the precision of GFR measurements as much as fourfold.
This may increase sample size requirements in contrast to more
precise measurements with longer duration studies. Thus
longer studies are likely to increase both precision and accuracy
when measuring GFR via plasma iothalamate clearances.
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