
at the time of the first clinical studies with this agent, but
its extent was considered too small to prejudice a GFR

measurement (1). Since binding of the commercially
available agents could differ from that of the prepara
tions originally described, we began to measure in vivo
protein binding routinely as part of the GFR measure
ment. This revealed that protein binding was often cx
tensive, and that it increased with time after injection.
The protein binding measured for each patient was used
to correct the GFR calculation for that patient. Such
correction was found to eliminate most of the discrep
ancy between Tc-99m DTPA and Yb- I69 DTPA mea
surements.

MATERIALS AND METHODS

Preparationsstudied.Kits from three commercial
sources of Tc-99m (Sn)DTPA (diethylenetetraminep
enta-acetic acid) were studied. These were designated
A, B, and C. Their compositions when reconstituted for
chromatographic and biodistnibution studies were:

A. Lyophilized kit containing 20.6 mg CaNa3DTPA,
0. I I-0.2 1mg SnC12,adjusted to pH 4.0 with HCI.
Reconstituted volume I ml.

Numerous investigators have proposed Tc-99m
DTPA as an agent to measure renal glomeruiar filtration
rate (GFR), either by blood clearance (1â€”10)or by cx
ternal detection (4,1 1â€”17). However, it has been shown
that the accuracy depends, at least in Europe, on the
supplier of the radiopharmaceutical (6). To assess use
of this agent for clinical G FR measurements, we there
fore conducted simple screening experiments to compare
the products available in the United States. Chroma
tography and biodistribution studies in mice showed
differences that were small but statistically significant.
At that time, it seemed doubtful whether these differ
ences were of clinical significance.

For initial studies in patients, we nevertheless took the
precaution of checking results simultaneously against
another tracer, Yb- I69 DTPA, that is also cleared by
glomerular filtration (18â€”20).We were surprised to
discover a substantial discrepancy, which was tentatively
attributed to partial binding of the Tc-99m DTPA by
plasma proteins. Protein binding had been recognized
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When technetium-99m DTPA is used to measure glomerular filtration rate
(GFR), the accuracy dependson the supplierof the radiopharmaceutical.The
error in GFR is due to proteinbinding,as we have shownby direct measurement.
In 19 patients, GFR measured with Tc-DTPA and corrected for protein binding
agreedwith that measuredsimultaneouslyusingYb-169 DTPA(correlationcoeffi
cient 0.991). Withoutcorrection,Tc-DTPAgave falsely low valuesin patientshay
inggoodrenal function,in whomunboundactivftycleared rapidlywhile boundac
tivity remainedin the circulation.When Tc-DTPA is usedto measureGFR, the in
vlvoproteinbindingshouldbe measuredand usedto correctthe data.
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protein-bound fraction amounted to only a few percent
of the total activity, it was critical to avoid even slight
contamination of the void-volume fraction by later
fractions. To cut as sharply as possible after the void
volume, the minimum visibleamount of blue dextran was
added to the sample before application, and elution was
terminated as soon as the blue band had left the column.
(If one elutes the fixed volume specified by the manu
facturer, more is included in the eluate than just the
void-volume peak.)

To calculate the GFR, the membrane-filtration data
were used, since these more closely simulate glomerular
ultrafiltration. In principle, ultrafiltration measures both
irreversibly and reversibly bound activity, whereas gel
filtration measures only the component that is irrevers
ibly bound and cannot dissociate while on the column.
In practice, the two methods gave very similar results,
and it appears that either can be used to correct the
GFR.

Chromatography. The method used for ion-exchange
paper chromatography was derived from a method of
column ion-exchange chromatography described pre
viously (2! ). Anion-exchange papers was equilibrated
by means of continuous overnight development with
aqueous 0.15 M NaCI, 0.01 M NaH2PO4, adjusted to
pH 7.0 with NaOH. One-microliter samples (containing
about I @iCiTc-99m) were applied to the wet paper
without stopping eluent flow, and development was
continued in the descending direction for 2 hr. In that
time, Tc-99m DTPA migrated 9 cm and pertechnetate
4cm.

The amount of activity in each chromatographic
fraction was determined by cutting out the corresponding
segment of the paper strip and counting it in a scintilla
tion well counter. The results were expressed as fractions
of total activity on the strip. Since migration distances
were sensitive to minor changes in operating conditions,
the locations of the Tc-99m DTPA spot and of a control
pertechnetate spot were determined on each strip by
autoradiography. One segment was cut to include the
Tc-99m DTPA spot, one to include the pertechnetate
spot, and one to include the point ofsample application.
The remainder of the strip was also counted, but con
tamed little activity; it was included in total activity to
calculate percentages.

Distributionof activityinmice.Maleoutbredalbino
mice, weighing 25â€”35gm, were injected by tail vein with
0. I ml of the sample. Three hours later the animals were
killed and tissue specimens obtained for determination
of activity in a scintillation counter. Specimens of whole
blood, liver, and spleen were obtained. The stomach was
counted intact, including contents. The tail was also
counted in order to exclude animals in which there was
significant extravasation of the dose; the criterion for
rejection was a tail count differing by three or more
standard deviations from the mean tail count.

B. Lyophilized kit containing 10 mg CaNa3DTPA,
0.50 mg SnCl2, adjusted to pH 4 with HC1. Re
constituted volume 3 ml.

C. Lyophilized kit containing 5 mg â€œNasalt of
DTPA,â€•0.25 mg SnCl2. Reconstituted volume 2
ml.

When reconstituted for human use, 20 mCi of pertech
netate was added in 5-7 ml physiologicsaline, and 5 mCi
of this was administered to the patient.

Calculation ofgiomerular filtration rate. The GFR was
calculated from the formula:

GFR = dose/ 5@ aplasrnadt

(This equation is derived by writing the differential mass
balance equation for the kidney, and then integrating,
with the assumption that the entire dose is excreted by
glomerular filtration.) The integral in the denominator
was obtained by least-squares fit of the plasma time
activity curve to a sum of exponentials. Eight points were
measured on the time-activity curve, at intervals from
I0 to 240 mm after injection, by drawing blood through
a hepanin lock. The same method was used both for
Tc-99m DTPA and Yb-i 69 DTPA, but to correct the
Tc-99m DTPA data for binding by plasma proteins,
unbound plasma activity was substituted for total plasma
activity in the above equation to obtain the â€œcorrected
GFR.â€•

The same method can be derived by assuming a linear
compartmental model. However, as shown by the above
derivation, the validity of the method does not depend
on assuminga compartmental model,only that (a) the
plasma disappearance curve is well fitted by a sum of
exponentials, (b) that there is no extrarenal site of ex
cretion or binding, and (c) that the agent is truly excreted
by glomerular filtration alone. In practice, the curve
from I0 to 240 mm was well fitted by a sum of two ex
ponentials except for patients with very low renal func
tion, in which a single exponential better described the

curve. (This meant using a single exponential fit when
ever the Gauss-Newton iterative two-exponential fit
failed to converge.)

Measurement of in vivoprotein binding. Two methods
were used to measure protein binding. The first was
based on ultrafiltration, using a centrifugal micropar
tition system* with membrane filterst at room temper
ature. These were used exactly according to the manu
facturer's instructions.

The other method was gel filtration, using mini-col
umnst prepacked with Sephadex G-25 M. These col
umns were eluted with 0.15 M NaC1, 0.002 M
NaH2PO4, with 0.002% chlorhexidine added as bac
teriostat, and pH adjusted to 7.4 with NaOH. The
samples were counted both for Tc-99m and, after ade
quate decay, for Yb-169 (T112 = 32 days). Since the
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TABLE 1. CHROMATOGRAPHYOF THREE DIFFERENT Tc-DTPA PREPARATIONS:
PERCENTAGEOF TOTALACTIVITYIN INDIVIDUALFRACTIONS(MEAN Â±STANDARD
ERRORS OF N REPLICATES). REPLICATES ARE DIFFERENT VIALS FROM SINGLE LOT

A 97.3 Â±0.6 0.5 Â±0.1 1.5 Â±0.5
B 93.0 Â±1.2 2.3 Â±0.6 3.7 Â±0.5
C 93.9 Â±0.5 3.2 Â±0.4 2.4 Â±0.4

TcO4 0.17Â±0.05 0.11Â±0.05 99.71Â±0.06

, The differences among A, B, and C are statistically significant (one-way analysis of variance, p <0.05).

RESULTS

Autoradiograms of the chromatographic strips
showed Tc-99m DTPA to migrate as a discrete spot,
neither bound at the point of application nor moving with
the solvent front, and well separated from pertechnetate.
The results of cutting the strips into segments and
measuring activity in a well counter are presented in
Table I . Ninety percent or more of the applied activity
was found in the Tc-99m DTPA fraction. These data
indicated that material from supplier A was of higher
purity than that from either B or C; analysis of variance
showed this difference to be significant at the 95% con
fidence level.

The tissue distributions of all three preparations in
mice are shown in Table 2. The blood clearance of
preparation A was more rapid than those of the other
two. Analysis ofvariance again confirmed that the dif
ference was significant at the 95% confidence level. The
preparation found to be of the highest purity by ion
exchange chromatography was thus found to have the
most rapid blood clearance in mice.

Initial clinicalstudieswereperformedwithkitsfrom
supplier B. Results from the first eight patients are shown
inFig.I.FalselylowvaluesforGFR wereobtainedwith
Tc-99m DTPA, especially when the GFR was high.

These findings were contrary to what we had expected
after the animal studies, but agreed with previous clinical
findings by Carlsen and others (6).

To ascertain whether protein binding could account
for this error, the binding was measured directly in
subsequent clinical studies (Fig. 2). The binding was
substantial, and increased with time after administration.
Similar results were obtained with either membrane
filtration or gel filtration. After finding extensive protein
binding with preparation B in four patients, and with
preparation C in one patient, preparation A was tried
and found to have considerably less protein binding. On
the basis of these few clinical measurements (which
should not be construed as any sort of valid clinical
comparison between suppliers), preparation A was
chosen for subsequent GFR measurements in patients.
All datawerecorrectedforproteinbinding,eventhough
the correction was small for this agent. The pooled results
are shown in Fig. 3, which involves kits from all three
suppliers. After correction, the Tc-99m DTPA clearance
correlated closely (correlation coefficient 0.991 ) with
that of Yb- I69 DTPA. The difference between the re
gression line and the line of identity was small, though
statistically significant (Student's t-test: p <0.05). The
four measurements made with preparation B, and one
made with preparation C, also agreed with Yb-l69

TABLE2. TISSUEDISTRIBUTIONSOF ThREE DIFFERENTTc-DTPAPREPARATIONSIN MICE AT 3
HR AFTERINJECTION(1% DOSE/1% BODYWEIGHT,MEAN Â±STANDARDERROROF N

REPLICATES).REPLICATESAREDIFFERENTANIMALSANDINCLUDEAT LEASTThREEDIFFERENT
VIALS,ALL FROMA SINGLELOT

A
B
C

6 0.0047Â±0.0014
6 0.0117Â±0.0007
8 0.0098 Â±0.0007

0.029 Â±0.002
0.044 Â±0.005
0.032 Â±0.002

0.011 Â±0.002
0.028 Â±0.014
0.0098 Â±0.0007

0.040 Â±0.021
0.030 Â±0.006
0.023 Â±0.006

.DifferencesbetweenA,B,andCarestatisticallysignificant(one-wayanalysisofvariance,p<0.05).
t % Dose/organ.
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FIG. 3. GFR calculated from free (unbound) Tc-DTPA plasma
clearance compared with that from ytterblum-DTPA plasma
clearance. Resultsare closely correlated (r 0.991) but not quite
identical. Kits from several different suppliers were used.

component in the plasma time-activity curve (23).
Kempi and Persson also identified a slow (I 7-hr) com
ponent in the plasma clearance curve, corresponding to
2% of the administered dose, which they attributed to
plasma-bound activity (24). They suggested that protein
binding was correlated with the amount of â€œhydrolyzed
reducedâ€•technetium found by gel-filtration chroma
tography. Recently, Canisen and others reported that the
accuracy of GFR measurements depended on which
manufacturer supplied the kits (6). They did not identify
the source of error, but mentioned variable protein
binding as one possibility. Moore and Rhodes, using
chromatographic quality-control procedures, raised the
question of whether the quality of commercial kits has
deteriorated in recent years (25).

Our findings show that protein binding can indeed
cause substantial error when Tc-99m DTPA is used to
measure GFR. The error can be nearly eliminated by
measuring protein binding separately for each patient
and making appropriate corrections; this is cumbersome
but not necessarily impractical. The fraction of total
plasma activity bound to protein increases with time
after injection, apparently because the unbound activity
is preferentially excreted by the kidneys. Since the un
bound activity is excreted more rapidly when GFR is
high, the residual bound activity increases more rapidly
and the error is greater at high GFR. This effect of
greater error at high GFR can be seen in Fig. 1, and also
insimilardatapublishedbyCarlsenandothers(6). That
the bound activity dissociates only slowly from the
plasma proteins is shown by quantitative agreement
between membrane-filtration and gel-filtration mea
surements (Fig. 2). The former measures total bound
activity whereas the latter measures only the portion of
the bound activity that dissociates from plasma protein

FIG. 1. Glomerular filtration rate In man calculated from Tc-DTPA
plasma clearance compared with that calculated from ytterbium
DiVA clearance (using eight samples from 10 to 240 mm after ad
ministration).Resultsfrom TC-OTPAae falsely low,especiallywhen
GFRis high. Similar findings have been reported by Carlsenet al.
(6). Tc-DTPA kits used for this figure were all from supplier B.

DTPA after correction, although the protein binding was
greater and the correction was consequently larger.

DISCUSSION

Hauser and others, in introducing Tc-99m DTPA,
reported that S to 10%of the dose was bound to plasma
proteins at 1 hr after administration to patients (22).
Similar results were reported by Klopper and others who
investigated its use for GFR measurements (1 ). They
concluded that Tc-99m DTPA gave results accurate
enough for clinical use, despite slight protein binding
(leading to 8% underestimation in their hands when
compared with iothalamate). Hosain found the kits to
deteriorate on storage, with appearance of a slow extra

FIG. 2. Free (unbound)Tc-DTPAin humanplasmacomparedwith
time after administration,as mea&wedby two different methodsIn
representativepatient. Proportionof free TC-DWAdecreaseswith
time, presumablybecauseof renal excretion. Kit from supplIerC.
Some Tc-DTPApreparations give much less protein bindingthan
this ( 1).

a,
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too slowly to separate during passage through the
column.

Yb-I 69 DTPA has been less studied than some other
GFR agents, though reports indicate that, like other
metal chelates, it is excreted solely by glomerular fil
tration (18â€”20).For purposes of this paper, it can be
regarded simply as a stable benchmark against which the
lot-to-lot variation in Tc-99m DTPA can be readily
measured. Cr-5 I EDTA would have been preferable for
this purpose, though unfortunately not available for in
travenous. use in the United States. Iodine- I25 iothala
mate falls in a different chemical class, so that observed
differences would be harder to interpret; they would be
apt to reflect genuine differences between agents rather
than impurities in the Tc-99m DTPA. No protein
binding by Yb- I 69 DTPA was detected in this study,
although for Yb-i69 DTPA the activity remaining in the
plasma after the first hour, in patients with normal renal
function, was too low for accurate measurement of
protein binding.

A quality-control method that correlates with human
in vivo protein binding would be very useful. Several

conventional methods were tried by Carlsen, but to no
avail (6). The 3-hr blood clearance in the mouse (Table
2) is clearly not a good model for three-hour blood
clearance in man. The 24-hr clearance in mice recom
mended by the USP is even less likely to be useful as an
index of short-term clearance in man (26). Clearance
in mice at shorter time intervals may be useful, but this
has not yet been investigated. Dual-tracer measurements
of plasma clearance in dogs, as performed by Hosain, are
most promising (23). The chromatographic methods of
Table 1are capable of distinguishing between different
commercial kits, but whether they can be relied upon to
predict clinical performance has not yet been deter
mined. We have laboratory evidence that the properties
ofTc-DTPA preparations change with time after prep
aration, and probably also with the source of the gener
ator and the amount of activity added. However, we have
not yet confirmed the laboratory data by measurement
of protein binding in humans. Until detailed studies
verify the validity ofsome test for the quality control of
Tc-99m DTPA, it is safer for clinical purposes to mea
sure the protein binding in each patient and then to
correct for it.
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Announcement

The Southern California Chapter of the Society of Nuclear Medicine and the Santa Barbara Cancer Foundation announce
a Cardiovascular Nuclear Medicine Symposium to be held December 2â€”4,1983@at the Santa Barbara Biltmore Hotel, Santa
Barbara, California (guaranteed rates $59.00 single or double effective December 1â€”5,1983).

Members of the Organizing Committee for the Symposium are James McClintock, MD, Ken Lyons, MD, Dennis O'Grady,
Alan Waxman, MD, and Daniel Berman, MD.

The Symposium is approved for 11 hours, CME, CMA Category 1 credit and Technologist VOICE credit.

The registration fee is $75.00(Includes Wine and Cheese Reception, Saturday Lunch, and Coffee Breaks).

For information contact:

Justine J. Parker
P0 Box 40279

San Francisco, California 94140
Tel: (415)647-0722or 647-1668
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