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Glomerular filtration rate (GFR) measurements are critical in
patients with hepatic cirrhosis but potentially erroneous when
based on serum creatinine. New equations for estimated GFR
(eGFR) have shown variable performance in cirrhotics, possibly
because of inaccuracies in reference methods for measured
GFR (mGFR). The primary objective was to compare the
performance of 4 improved eGFR equations with a 1-compartment,
2-sample plasma slope intercept ®*™Tc-DTPA mGFR method to
determine whether any of the eGFR calculations could replace
plasma %°mMTc-DTPA mGFR in patients with cirrhosis. The second-
ary objective was to test the hypothesis that mGFR using voluntary
voided urine collections introduces error compared with plasma-
only methods. Methods: Fifty-four patients with hepatic cirrhosis
underwent mGFR determinations from 2 plasma samples at 1 and
3 h after intravenous administration of 185 MBq of 9™Tc-DTPA.
GFR was also generated by a UV/P calculation derived from blood
and urine samples. These MGFRs were compared with the eGFRs
generated by 4 estimating equations: MDRD (Modified Diet in Renal
Disease), CKD-EPI (Chronic Kidney Disease-Epidemiology Collab-
oration) (serum creatinine [SCr]), CKD-EPI (cystatin [CysC]), and
CKD-EPI (CysC+SCr). eGFRs were compared with mGFRs by
Pearson correlation, precision, bias, percentage bias, and accuracy
(eGFRs varying by <10% [p10], <20% [p20] or <30% [p30] from
the corresponding mGFR). Results: All eGFRs showed poorer per-
formance when the UV/P ®¥mTc-DTPA mGFR was used as the
reference than when the plasma 9mTc-DTPA mGFR was used.
When compared with the plasma %™ Tc-DTPA mGFR method, the
performance of all eGFR equations was superior to most published
reports. There was a moderately good positive correlation between
eGFRs and mGFRs. When compared with plasma %™Tc-DTPA
mGFR, precision of eGFRs was in the range of 14-20 mL/min
and showed a negligible bias. Compared with the plasma
9mTc-DTPA mGFR, CKD-EPI (CysC+SCr) showed the best
overall performance and accuracy, at 85.19% (p30), 75.93%
(p20), and 42.59% (p10). Conclusion: Estimating equations for
measuring eGFR performed better than in most published re-
ports, attributable to use of the plasma 9°™Tc-DTPA mGFR
method as a reference. CKD-EPI (CysC+SCr) eGFR showed
the best overall performance. However, more discriminating
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methods may be required when accurate GFR measurements
are necessary. mGFR measurements using urine collections
may introduce error compared with plasma-only methods.

Key Words: °°mTc-DTPA; glomerular filtration rate; MDRD;
CKD-EPI; cirrhosis; creatinine; Cr; GFR

J Nucl Med Technol 2017; 45:42-49
DOI: 10.2967/jnmt.116.180851

Glomerular filtration rate (GFR) is an important param-
eter of renal function in patients with acute and chronic
kidney disease. Patients with hepatic cirrhosis are susceptible
to reversible as well as chronic kidney dysfunction because of
altered hemodynamics, volume shifts, and comorbidities (/—
3). Accurate measurements of GFR are critical in these pa-
tients and affect both management and outcome. Many drugs
with kidney clearance and liver metabolism or clearance
require adjustments in the face of renal and hepatic insuffi-
ciency. Renal insufficiency portends a poor prognosis in cir-
rhosis (4,5). Renal function, typically measured by serum
creatinine (SCr), also plays an important component in the
Model for End-Stage Liver Disease score, which is used in
prioritizing patients being considered for liver transplantation.

The most common clinical estimates of GFR are based on
SCr, often by the Cockcroft—Gault formula (6), and on 24-h
urinary creatinine clearance. It is widely recognized that the
use of these creatinine-based estimates may significantly
overestimate GFR in patients with hepatic cirrhosis. This is
due to decreased hepatic production of creatinine, decreased
muscle mass, and malnutrition. These factors often coexist in
patients with cirrhosis. Serum cystatin C (CysC) has been
proposed as a novel biomarker of renal function. It is found
in nearly all tissues and body fluids; it undergoes clearance
by glomerular filtration; and its levels are unaffected by race,
age, muscle mass, or liver disease (7). In recent years, im-
proved equations have been developed for estimating GFR.
These include MDRD (from the Modified Diet in Renal
Disease Study) and 3 formulas developed by the Chronic
Kidney Disease-Epidemiology Collaboration (CKD-EPI)
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that use both SCr and CysC. These include CKD-EPI (SCr),
CKD-EPI (CysC), and CKD-EPI (CysC+SCr) (8,9). These
improved equations for determining estimated GFR (eGFR)
have gained popularity and acceptance in the general popu-
lation (/0). In a limited number of studies in patients with
cirrhosis, the CysC equations tend to show better results than
methods based solely on SCr. However, the published per-
formance of the equations is variable, creating uncertainty as
to whether these equations may obviate the need for more
accurate methods for measuring GFR in cirrhotics (/7-15).

The most accurate test for determining GFR in the United
States has traditionally been plasma or urinary clearance
of inulin. This method represents a significant technical
challenge to routine clinical use. **™Tc-diethylenetriamine-
pentaacetic acid (DTPA) is a renal imaging agent that is
excreted entirely by glomerular filtration and has been used
clinically to measure GFR both by camera-based and by
plasma clearance methods. Camera-based methods are ham-
pered by attenuation factors, leading to a general preference
for plasma clearance methods. Methods for measuring GFR
have been developed using a single intravenous injection of
99mTc_DTPA, followed either by single or by multiple
plasma samples (/6,17). The single-injection, 1-compartment,
2-sample slope-intercept clearance method is widely used. A
correction factor, such as that described by Brochner-Mortensen,
is often applied to recover the early compartment area
under the curve (16,18,19). The plasma °°™Tc-DTPA
clearance method requires 2 venous access lines, several
hours to complete, and careful attention to laboratory
technique. Nonetheless, it is easier to implement than inulin
clearance. In many centers throughout the United States and
Europe, plasma **™Tc¢c-DTPA clearance has become a com-
monly used method for GFR determinations when accurate
measurements are required.

Several publications have addressed the value of improved
prediction equations for estimating GFR in patients with
hepatic cirrhosis (/1-15,20). However, these reports have
compared the performance of the eGFR equations with very
disparate reference methods for measured GFR (mGFR).
None of these studies used the l-compartment, 2-sample
99mT¢c.DTPA plasma clearance method as a reference. The
performance of the estimating equations was quite variable
in many of these studies and, in most cases, less than opti-
mal. Technical problems with the reference mGFR methods
could compromise assessments of the value of the improved
estimating equations for eGFR. This is particularly true when
single-injection GFR determinations involve timed, volun-
tary urine collections (27). The purpose of this study was
to compare the performance of the MDRD, CKD-EPI (SCr),
CKD-EPI (CysC), and CKD-EPI (CysC+SCr) estimating
equations with that of the 2-sample plasma °°™Tc-DTPA
clearance method for mGFR to determine whether any of
the eGFR equations perform sufficiently well as to replace
plasma *°™Tc¢c-DTPA methods in patients with hepatic cir-
rhosis. A secondary objective was to test the hypothesis that
performance of the eGFR equations will be less favorable
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when compared with mGFR derived from a conventional
methodology that incorporates voluntary timed voiding urine
collections.

MATERIALS AND METHODS

Subjects

Fifty-four adult patients with hepatic cirrhosis were enrolled
under a research protocol approved by the Investigational Review
Board of the University of Utah, Salt Lake City, Utah, and were able
to complete all portions of the study. Of these, 17 were women
and 37 were men, all Caucasian. The mean age was 57 y (range,
37-72 y).

Measured (Reference) GFR Methods

The reference, or mGFR, was determined by 2 separate methods
after a single injection of 185 MBq (5.0 mCi) of **™Tc-DTPA. The
plasma **™Tc-DTPA method used 2 plasma samples obtained at 1 and
3 h after the intravenous administration of 2 Tc-DTPA (16,17). Each
sample was ultrafiltered to remove plasma proteins by a described
method (21). The single-injection, 2-sample plasma °°™Tc-DTPA
mGFR is a monoexponential slope-intercept method that neglects
the early (fast) exponential phase of what is, in reality, a biexponential
clearance curve (16,18). To correct for this, the final GFR was cor-
rected by the Brochner—Mortensen quadratic formula, which is appli-
cable to both adults and children (/6,18,20). For this method, the
Haycock method was used for estimating body surface area (BSA)
from height and weight (22). However, the final plasma *™Tc-DTPA
mGFR was reported as gross GFR (mL/min, not BSA corrected).

As described by Vivier et al., mGFR was also measured by a
method that used both urine and plasma samples (UV/P method)
(23). After injection of *™Tc-DTPA (the same dose as above) and
observance of a 1-h equilibrium period, two 90-min voluntary
voided urine collections were obtained at 150 and 240 min after
injection. Blood samples were collected 60, 150, and 240 min
after the injection. Urinary clearance was computed as follows:
mGFR = UV/P, where U is the cpm/mL of urine sample, V is the
urine flow rate in mL/min, and P is the log average of cpm in
serum samples bracketing each urine collection. UV/P mGFR was
expressed as gross GFR (mL/min, not BSA corrected).

eGFR Equations

mGFR generated by both DTPA methods was compared with
the eGFR values generated by 4 different prediction formulas
recommended by the National Kidney Foundation that use SCr or
CysC (8,9). These include MDRD (from the Modified Diet in
Renal Disease Study), which was calculated using 6 variables
(SCr, age, race, sex, albumin, and urea nitrogen) and 3 formulas
developed by the CKD-EPI including CKD-EPI (SCr), CKD-EPI
(CysC), and CKD-EPI (CysC+SCr). Blood tests for the eGFR
prediction formulas were obtained on the same day as the mGFR
procedures were performed. The eGFR values were expressed as
gross GFR (mL/min, not BSA corrected).

Statistical Analysis

The parameters for assessment of the performance of an eGFR
test in comparison to mGFR were based on Kidney Disease:
Improving Global Outcomes (KDIGO) and National Kidney
Foundation Kidney Disease Outcome Quality Initiative (K/DOQI)
practice guidelines (/0,24). Pearson correlation was used to gen-
erate the correlation coefficient (r statistic) between mGFR and
eGFR values. Precision of eGFR tests was defined as the root mean
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square error between the eGFR and mGFR values as determined by
linear regression. Bias (mean mGFR-eGFR) and percentage bias
(mean of absolute value of [mMGFR-eGFR]/[mGFR]) were deter-
mined by the Altman Bland agreement test. Accuracy was mea-
sured as the percentage of eGFRs varying by <10% (p10), <20%
(p20), or <30% (p30) from the corresponding mGFR value.

RESULTS

The descriptive statistics (mean, SD, range) for the GFR
values derived from the 2 mGFR measurements (plasma and
UV/P 2°Tc-DTPA methods) as well as from the eGFRs de-
rived from the 4 estimating equations are shown in Table 1.
Results for performance of the estimating equations in com-
parison to the 2 mGFR methods are summarized in Table 2.
Plots of mGFR versus eGFR values are shown in Figures 1
and 2.

Comparison of Plasma %°mTc-DTPA mGFR
with eGFRs

The mGFR and each of the eGFR measurements was first
confirmed to assume a roughly normal distribution, based on
a frequency plot with a normal histogram overlay. There was
a moderately strong positive correlation between each of the
eGFR and the plasma **™Tc¢c-DTPA mGFR values, but stron-
gest for CKD-EPI (CysC+SCr), at +0.79 (95% confidence
interval, 0.66-0.87). When compared with the *°™Tc-DTPA
mGFR, the precision of eGFR-estimating formulas ranged from
14.18 mL/min (CKD-EPI [CysC+SCr]) to 19.59 mL/min
(CKD-EPI [CysC]). Precision was most favorable for
CKD-EPI (CysC+SCr). The bias was negligible (< —2.69
to 1.54 mL/min) for the eGFR values when compared with
9mTc-DTPA mGFR. The percentage bias was least for
MDRD (2.53%). Accuracy was measured at 3 levels, as the
percentage of eGFR values that differ by <30% (p30),
<20% (p20), or <10% (p10) of the corresponding mGFR
values. The CKD-EPI (CysC+SCr) showed the best overall
accuracy, at 85.19% (p30), 75.93% (p20), and 42.59% (p10),
respectively. MDRD eGFR showed slightly higher accuracy
than CKD-EPI (CysC+SCr), at p30 (88.89%), but slightly
lower accuracy at p20 (68.52%) and p10 (35.19%). Accuracy
was lower for both CKD-EPI (SCr), at 83.33% (p30), and
CKD-EPI (CysC), at 77.78% (p30).

Comparison of UV/P 2°mTc-DTPA mGFR with eGFR
For each of the estimating equations, performance was
less favorable when the UV/P ®Tc-DTPA mGFR was used

as the reference method than when the plasma *°™Tc-DTPA
mGFR was used (Table 1). When compared with the UV/P
99mTc.DTPA mGFR method, precision of the eGFR mea-
surements ranged from 16.45 to 25.55 mL/min. The eGFR
equations gave higher GFR values than the UV/P °™Tc-
DTPA, with a bias ranging from —6.23 (MDRD) to —10.46
(CKD-EPI [SCr]). Accuracy was also considerably poorer
when the UV/P ®"T¢c-DTPA mGFR method was used as a
reference than when the plasma “°Tc-DTPA mGFR was
used. For the least discriminating measurement (p30), eGFR
accuracies ranged from 55.56% (for CKD-EPI [SCr]) to
61.11% (for CKD-EPI [CysC+SCr]) when compared with
the UV/P as a reference method.

DISCUSSION

Patients with hepatic cirrhosis present a particular chal-
lenge in accurately measuring GFR. Renal function is often
impaired in this population because of a combination of
factors, including hypovolemia caused by hypoalbuminemia
and large-volume ascites, renal ischemia caused by bleeding
varices, drug toxicity, and hepatorenal syndrome (/-3). In
this population, factors other than renal function can falsely
lower the SCr. These factors include impaired production of
creatinine by the liver, reduced muscle mass, and malnutri-
tion. This results in an overestimation of glomerular filtration
with methods that use creatinine alone. Accurate measure-
ments of renal function are particularly critical in patients
with hepatic cirrhosis. First, renal functional has substantial
prognostic significance in these patients (4,5), with a 7-fold
increase in mortality in cirrhotic patients who have reduced
renal function (25). Pharmacokinetics can be altered both by
hepatic and by renal disease. Adjustments in dosing of med-
ications require an accurate knowledge of the magnitude of
renal dysfunction. The Model of End Stage Liver Disease
score is an important determinant in prioritizing patients for
liver transplantation but has been criticized in that it uses
SCr. Improved and more accurate methods to measure GFR
in patients with hepatic cirrhosis would greatly facilitate
their medical management and may provide a more informed
methodology for the allocation of liver transplants.

It is recognized that improved estimating equations for
GFR offer significant theoretic advantages over SCr or
urinary creatinine clearance estimators (/0). These include
MDRD and CKD-EPI equations that use both SCr and CysC.

TABLE 1
Descriptive Statistics for 2 99mTc-DTPA Methods for mGFR and 4 Equations for eGFR in 54 Patients with Hepatic Cirrhosis
GFR method Mean (mL/min) SD Range
Plasma DTPA mGFR 96.40 31.89 52.45-189.78
UV/P DTPA mGFR 88.63 43.33 34.95-262.60
MDRD 94.86 23.95 47.42-169.56
CKD-EPI (SCr) 99.09 20.86 51.35-138.38
CKD-EPI (CysC) 95.24 27.49 42.97-165.04
CKD-EPI (CysC+SCr) 97.25 22.82 45.96-154.79
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TABLE 2
Comparison of Performance of Equations for eGFR to 2 9°mTc-DTPA Reference Methods for mGFR in Patients with Hepatic
Cirrhosis

Estimating equation Parameter

Reference GFR method
UV/P DTPA mGFR Plasma DTPA mGFR

MDRD

CKD-EPI (SCr)

CKD-EPI (CysC)

CKD-EPI (CysC+SCr)

Accuracy p10
Accuracy p20
Accuracy p30
Precision

Mean bias

Mean percentage bias
Correlation

Accuracy p10
Accuracy p20
Accuracy p30
Precision

Mean bias

Mean percentage bias
Correlation

Accuracy p10
Accuracy p20
Accuracy p30
Precision

Mean bias

Mean percentage bias
Correlation

Accuracy p10
Accuracy p20
Accuracy p30
Precision

Mean bias

Mean percentage bias
Correlation

29.63% 35.19%
48.15% 68.52%
57.41% 88.89%
16.45 17.50

-6.23 (-14.70 to 2.23) 1.54 (-4.73 to 7.86)
19.32% 2.53%

0.72 (0.56-0.83) 0.69 (0.52-0.81)
20.37% 35.19%
38.89% 64.81%
55.56% 83.33%
17.28 15.06

-10.46 (-20.22 to —0.70) -2.69 (-8.93 to 3.55)
26.03% 17.90%

0.57 (0.36-0.73) 0.70 (0.53-0.81)
22.22% 31.48%
44.44% 61.11%
59.26% 77.78%
25.55 19.59

-6.61 (-16.73 to 3.50) 1.16 (-5.13 to 7.44)
34.84% 19.51%

0.53 (0.30-0.70) 0.71 (0.54-0.82)
16.67% 42.59%
50.00% 75.93%
61.11% 85.19%
18.13 14.18

-8.63 (-17.99 to 0.74) -0.85 (-6.25 to 4.54)
23.21% 15.04%

0.62 (0.42-0.76)

0.79 (0.66-0.87)

Data in parentheses are 95% confidence intervals.

However, whether the performance of these improved estimat-
ing formulas is sufficiently accurate in patients with cirrhosis
as to obviate the necessity for more accurate but laborious
methods for measuring GFR remains debatable. In accurately
evaluating the performance of the estimating equations, it is
critical that the reference method used for mGFR be scrupu-
lously accurate. Single-injection GFR methods that use vol-
untary timed voided urine collections are potentially fraught
with inaccuracy unless exceptional steps are taken to ensure
complete emptying of the bladder. Patients at risk for, or with
a history of, urinary retention may require bladder catheteri-
zation. Ultrasound conducted after each episode of voiding
can ensure complete emptying of the bladder. However, these
maneuvers are rarely used, and technical details regarding
assurances of bladder emptying are seldom discussed in the
published reports using reference GFR methods.

In the current report, we tested and confirmed the
hypothesis that inaccuracies are introduced by the addition
of voluntary timed voiding urine collection (without ultra-
sound or bladder catheterization) as a component of a single-
injection **™T¢c-DTPA mGFR method. The performance of
the eGFR equations was considerably poorer when the UV/P
99mTc DTPA method was used as a reference for mGFR than

when the plasma **™Tc-DTPA method was used. Because the
eGFR measurements were the same and plasma samples sim-
ilar for both sets of comparisons, the source of error was likely
the urine collections. We therefore conclude that if scrupulous
urine collection methods cannot be used, then plasma-only
methods for measuring GFR should be used, such as the
1-compartment, 2-sample plasma %°™Tc-DTPA method. If
long continuous infusion techniques are used with extended
intervals of urine or plasma collection, plasma clearance
methods should equal urinary clearance. However, this would
require a substantially greater investment of time and effort in
performing these studies than the methods performed herein.

At the time of preparation of the current report, we are
aware of several other publications evaluating the performance
of improved equations for eGFR in patients with hepatic
cirrhosis. In each of these reports, different reference methods
were used to establish mGFR. One small study of 14 subjects
used inulin clearance, presumably with urine and plasma
collections, but did not include comparisons with the MDRD
formula nor was there a discussion of methods used to ensure
complete urine collection (/3). Another report used Sinistrin
clearance for mGFR (/4). A report by Mindikoglu et al. used
iohexol (nonradioactive iothalamate iodinated contrast

GFR MEASUREMENTS IN PATIENTS wITH CIRRHOSIS ¢ Haddadin et al. 45



UV/P #*mTc-DTPA mGFR Plasma #*mTc-DTPA mGFR
200 -
250
180 4
200 | 160 -
&
140 -
% § 150 E
E é éuo
[m] a a
= = 100 4 2100 g
80
50 -
60 -
0 : : - : . 40 . ‘ ‘
0 50 100 150 200 250 40 20 140 190
UVIP #*mT¢c DTPA mGFR Plasma %*mT¢c DTPA mGFR
200
250 -
180 -
&
T} 200 190
® g
= Q @ 140 -
Q = -
" 5 150 5
= & 120
o T b
TR i
[a) 2 100 2100 -
¥ & 5
o 80
50 4
60
0 : - . : - 40 ; : :
0 50 100 150 200 250 40 90 140 190
UVIP *mTc DTPA mGFR Plasma %*"T¢c DTPA mGFR
FIGURE 1. Scatterplots of mGFR vs. eGFR values for MDRD and CKD-EPI (SCr), CKD-EPI (CysC), and CKD-EPI (CysC+SCir).

Graphs in left-hand column use UV/P 9°MTc-DTPA method for mGFR as reference. Corresponding graphs in right-hand column use
plasma %®mTc-DTPA method. Line of identity (dashed line), linear line fit (solid line), and 95% confidence intervals (thin dotted lines) are

shown for each set of comparisons.

medium), which requires high-performance liquid chroma-
tography (/5). Another study (/2) used a camera-based
99mTc-DTPA method for measuring GFR. Although the
camera-based method can be useful in following patients
over time, we and others have shown that this method cor-
relates poorly with more traditional reference methods for
measuring GFR (/2). An additional study used urinary ex-
cretion of *°MTc-DTPA but did not include details regard-
ing methods to ensure complete urine collections (/7).
There are similarities and differences between the results
of the current study and those of the other publications that
evaluate the performance of the MDRD and EKD-EPI
estimating equations in measuring GFR in patients with
hepatic cirrhosis. In all of the reports, including ours, the
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CKD-EPI (CysC+SCr) equation, which incorporates both
SCr and CysC, outperformed the other estimating equations
based on SCr or CysC alone. All the referenced publications,
including the current, show a moderately good positive cor-
relation between the mGFR and each of the eGFR estimating
equations. However, this value can be misleading if it con-
sidered in isolation, as it does not provide an assessment of
the precision, bias, or accuracy of the tests.

A parameter that is commonly used in the literature to
describe accuracy of the estimating GFR equations is the
percentage of patients in whom the eGFR varies by less
than 30% from the mGFR (p30). This cutoff value has been
criticized as insufficiently rigorous. More discriminating
targets of accuracy (p20, p10) are more clinically justifiable
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UV/P 99mTc-DTPA method for mGFR as reference. Corresponding graphs in right-hand column use plasma 9°™Tc-DTPA method. Line
of identity (dashed line), linear line fit (solid line), and 95% confidence intervals (thin dotted lines) are shown for each set of comparisons.

but less frequently reported. In the current study, using the
plasma °°™Tc-DTPA method for mGFR, the estimating
equations show better performance in terms of accuracy
than most of the published reports, with a p30 of 88.89%
for MDRD and 85.19% for CKD-EPI (CysC+SCr). The p30
for CKD-EPI (CysC+SCr) was reported as 60.4% for the
Torre report (/1), 64.3% for the Adlachi report (/3), and
76.39% for the Mindikoglu report (/5). These values are to
the performance of the eGFRs in comparison to the UV/P
plasma °°"Tc-DTPA mGFR in the current report (p30,
55.56% to 61.11%). This further calls into question the rigor
of the reference methods for mGFR in these prior reports.
There were no major differences identified in the overall
renal function between the subjects examined in these
reports from the current study. In 1 published report, the
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Krones article (/1), accuracy of CKD-EPI (CysC+SCr)
resulted in a p30 of 84% and a pl0 of 49%, which are
similar to our results with plasma °°™Tc-DTPA mGFR.
The Krones study used a very conscientious methodology
for establishing mGFR, Sinistrin (Inutest) clearance. This
is laborious, with 12 serially drawn blood samples obtained
over an interval of 4.5 h following injection. Sinestrin is not
Food and Drug Administration approved for use in the United
States. The plasma *°™Tc-DTPA method used in the current
report is simpler, involving 2 blood samples, and gives results
similar to a reference for eGFR performance.

Absolute bias, percentage bias, and precision are less
consistently reported in the literature in evaluating the
performance of estimating equations for measuring GFR in
patients with hepatic cirrhosis. As was true for measurements
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regarding accuracy, bias and precision were better in the
current study, as well as in the literature when reported, for
CKD-EPI (CysC+SCr) than for the other estimating equa-
tions. Precision for CKD-EPI (CysC+SCr) for the current
study was 14.18 mL/min when compared with plasma
PmTc-DTPA mGFR. This was slightly better than values reported
in other articles, which ranged from 17.9 to 23.49 mL/min
(11,13,15). Measurements of bias of eGFR values vary
somewhat in the literature, but are generally fairly small, both as a
raw value and as a percentage of the mGFR. For the current
study, bias of eGFR values, when compared with plasma
99mTc-DTPA mGFR, ranged from approximately —2.69
to 1.54 mL/min and were lower for CKD-EPI (CysC+SCr)
than for the other estimating equations. Inaccurate eGFR
values that are similarly distributed both above and below
the mGFR could result in a small mean bias. Therefore, bias
should be carefully considered in conjunction with the other
measures of test performance.

There are several potential limitations of the current
study that should be acknowledged. Although the bias was
low for the plasma °°™Tc-DTPA mGFR method, when
compared with the estimating equation eGFR methods,
there is the theoretic potential that the plasma method could
overestimate GFR in patients with hepatic cirrhosis. The
volume of distribution and elimination of radiometal-DTPA
varies as a function of extracellular fluid volume (26). In
the case of cirrhosis, a third space/compartment is created
by ascites as well as edema due to decreased serum
albumin/protein. ?°Tc-DTPA could diffuse into this
fluid space, artifactually appearing as enhanced renal
clearance from the blood. This could result in an over-
estimation of GFR by plasma °°™Tc-DTPA clearance
methods in patients with cirrhosis. In this study, few patients
had more than trace ascites and a distinction was not made
between the patients with and those without ascites. None-
theless, in patients with significant ascites, consideration for
measurement of GFR by a more rigorous method that uses a
constant infusion and both plasma and urine sampling should
be considered.

In the past, *™Tc-DTPA showed variable degrees of pro-
tein binding. We have traditionally performed plasma *°™Tc-
DTPA clearance methods using ultrafiltered plasma samples
to eliminate protein binding as a variable in GFR measure-
ments (27). However, current **™Tc-DTPA formulations are
quite stable and there is no current evidence that filtration of
plasma samples is required any longer.

In the study design of the current report, the timing of the
plasma samples for the single-injection, 1-compartment,
2-sample *°™Tc-DTPA plasma clearance method for measur-
ing GFR was at 60 and 180 min after injection, which is
consistent with our previously reported methodology (27).
However, more recent recommendations support that longer
intervals from injection to plasma sampling, for example, at
either 90 or 120 min and again at 240 min, may be preferable
(16,27). It is possible that sampling of plasma at later inter-
vals could further improve performance of the *°™Tc-DTPA

plasma clearance mGFR and of comparisons with the eGFR
derived from estimating equations.

GFR values are often indexed (normalized) to a standard
BSA, typically 1.73 m?, allowing a comparison to be made
between the GFR of different patients. It has long been rec-
ognized that there is not a constant relationship between BSA,
weight, and height (28). There is considerable controversy
regarding the necessity or preferable methodology for index-
ing GFR by BSA (29). Scaling GFR to BSA may be fraught
with inaccuracy in children and obese and very thin patients.
This is especially true when using BSA calculations based on
height and weight. In the current report, mGFR and eGFR
values are reported as mL/min (not BSA corrected). However,
this could slightly affect direct comparisons eGFR perfor-
mance between the current and previous published reports.

CONCLUSION

In this report, the CKD-EPI (CysC+SCr) showed the best
overall performance of the various estimating equations for
GFR. The performance of all of the equations was generally
better in the current report than in most of the published
comparisons. The published reports have used inconsistent
reference methods for mGFR determination. Inaccuracies in-
herent in many of the reference methods, particularly those
that use camera-based or urinary excretion, may have contrib-
uted to the less favorable performance of the estimating equa-
tions in many of the other reports. The single-injection,
1-compartment, 2-sample ultrafiltered plasma °*°™Tc-DTPA
clearance, which is widely used as an accurate method for
measuring GFR in the United States and Europe, avoids many
of the sources of inaccuracy. Despite these improved results,
and using the best performing eGFR formula (CKD-EPI
[CysC+SCr]), 14% of subjects in the current study demon-
strated an eGFR of 30% or more of the mGFR, 24% demon-
strated an eGFR of 20% or more of the mGFR, and
approximately 57% had an eGFR of 10% or more of the
mGFR. These results support that the estimating equations,
particularly CKD-EPI (CysC+SCr), may be adequate in fol-
lowing renal function under routine circumstances. However,
when highly accurate assessments of renal function are re-
quired for management of patients with hepatic cirrhosis, or
when significant ascites is present, more rigorous procedures
should be considered. Methods for measuring GFR that used
voluntary timed voiding urine collections after a single injec-
tion of ®*™Tc-DTPA should be regarded as potentially inaccu-
rate and are not recommended unless conscientious measures
can be taken to ensure completeness of the urine collections,
that continuous infusion techniques are used, and that more
extended intervals of sample collection can be observed.

DISCLOSURE

This research was supported by a grant from the National
Institutes of Health (RO1DKO088375) and by the National
Center for Research Resources and the National Center for
Advancing Translational Sciences, National Institutes of

48 JoURNAL OF NUCLEAR MEDICINE TECHNOLOGY ¢ Vol. 45 ¢ No. 1 ¢ March 2017



Health, through grant SUL1TR001067-02. No other poten-
tial conflict of interest relevant to this article was reported.

REFERENCES

. Lee JS. Albumin for end-stage liver disease. Korean J Intern Med. 2012;27:13-19.
. Garcia-Pagan JC, Reverter E, Abraldes J, Bosch J. Acute variceal bleeding.

Semin Respir Crit Care Med. 2012;33:46-54.

. Gerbes AL. Liver cirrhosis and kidney. Dig Dis. 2016;34:387-390.
. Slack A, Yeoman A, Wendon J. Renal dysfunction in chronic liver disease. Crit

Care. 2010;14:214.

. Ginés P, Schrier RW. Renal failure in cirrhosis. N Engl J Med. 2009;361:1279—

1290.

. Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum creat-

inine. Nephron. 1976;16:31-41.

. White CA, Akbari A, Doucette S, et al. Effect of clinical variables and immu-

nosuppression on serum cystatin C and betatrace protein in kidney transplant
recipients. Am J Kidney Dis. 2009;54:922-930.

. Levey AS, Coresh J, Greene T, et al. Chronic Kidney Disease Epidemiology

Collaboration. Using standardized serum creatinine values in the modification of
diet in renal disease study equation for estimating glomerular filtration rate. Ann
Intern Med. 2006;145:247-254.

. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomerular filtration rate

from serum creatinine and cystatin C. N Engl J Med. 2012;367:20-29.

. Earley A, Miskulin D, Lamb EJ, Levey AS, Uhlig K. Estimating equations for

glomerular filtration rate in the era of creatinine standardization: a systematic
review. Ann Intern Med. 2012;156:785-795.

. Torre A, Aguirre-Valadez JM, Arreola-Guerra JM, et al. Creatinine versus cys-

tatin C for estimating GFR in patients with liver cirrhosis. Am J Kidney Dis.
2016;67:342-344.

. Omar M, Abdel-Razek W, Abo-Raia G, Assem M, El-Azab G. Evaluation of

serum cystatin C as a marker of early renal impairment in patients with liver
cirrhosis. Int J Hepatol. 2015;2015:309042.

. Adachi M, Tanaka A, Aiso M, Takamori Y, Takikawa H. Benefit of cystatin C in

evaluation of renal function and prediction of survival in patients with cirrhosis.
Hepatol Res. 2015;45:1299-1306.

. Krones E, Fickert P, Zitta S, et al. The chronic kidney disease epidemiology

collaboration equation combining creatinine and cystatin C accurately assesses
renal function in patients with cirrhosis. BMC Nephrol. 2015;16:196.

GFR MEASUREMENTS IN PATIENTS WITH CIRRHOSIS ®

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

. Mindikoglu AL, Dowling TC, Weir MR, et al. Performance of chronic kidney

disease epidemiology collaboration creatinine-cystatin C equation for estimating
kidney function in cirrhosis. Hepatology. 2014;59:1532—1542.

. Fleming JS, Zivanovic MA, Blake GM, et al. Guidelines for the measurement of

glomerular filtration rate using plasma sampling. Nucl Med Commun. 2004;25:759-769.

. Murray AW, Barnfield MC, Waller ML, Telford T, Peters AM. Assessment of

glomerular filtration rate measurement with plasma sampling: a technical review.
J Nucl Med Technol. 2013;41:67-75.

. Blake GM, Barnfield MC, Burniston MT, et al. Correction of the slope-intercept

method for the measurement of glomerular filtration rate. Nucl Med Commun.
2014;35:1277-1283.

. Rognant N, Lemoine S. Evaluation of renal function in patients with cirrhosis:

where are we now? World J Gastroenterol. 2014;20:2533-2541.

Kwong YT, Stevens LA, Selvin E, et al. Imprecision of urinary iothalamate
clearance as a gold-standard measure of GFR decreases the diagnostic accuracy
of kidney function estimating equations. Am J Kidney Dis. 2010;56:39—49.
Morton KA, Pisani DE, Whiting JH Jr, et al. Determination of glomerular fil-
tration rate using technetium-99m-DTPA with differing degrees of renal func-
tion. J Nucl Med Technol. 1997;25:110-114.

Haycock GB, Schwartz GJ, Wisotsky DH. Geometric method for measuring
body surface area: a height-weight formula validated in infants, children, and
adults. J Pediatr. 1978;93:62-66.

Vivier PH, Storey P, Rusinek H, et al. Kidney function: glomerular filtration rate
measurement with MR renography in patients with cirrhosis. Radiology. 2011;259:462—
470.

National Kidney Foundation. K/DOQI clinical practice guidelines for chronic
kidney disease: evaluation, classification, and stratification. Am J Kidney Dis.
2002;39:S1-S266.

Fede G, D’Amico G, Arvaniti V, et al. Renal failure and cirrhosis: a systematic
review of mortality and prognosis. J Hepatol. 2012;56:810-818.

Wesolowski CA, Wesolowski MJ, Babyn PS, Wanasundara SN. Time varying
apparent volume of distribution and drug half-lives following intravenous bolus
injections. PLoS One. 2016;11:¢0158798.

Blaufox MD, Aurell M, Bubeck B, et al. Report of the Radionuclides in Neph-
rourology Committee on renal clearance. J Nucl Med. 1996;37:1883-1890.
Adolph EF. Quantitative relations in the physiological constituents of animals.
Science. 1949;109:579-585.

Hoste L, Pottel H. Is body surface area the appropriate index for glomerular
filtration rate? In Manisha I, ed. Basic Nephrology and Acute Kidney Injury.
Rijeka, Croatia: InTech; 2012:1-20. http://cdn.intechopen.com/pdfs/29473.pdf.
Last accessed January 25, 2017.

Haddadin et al. 49


http://cdn.intechopen.com/pdfs/29473.pdf

