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Abstract A study was carried out to determine the
spatial-temporal distribution of the radiopharmaceuti-
cal, ™Tc-DTPA in the kidney and its compartments
during renography and the use of compartmental anal-
ysis to improve the diagnostic capability of renography.
A total of 60 individuals formed three groups: group A
consisted of 30 normals taken as controls, group B
consisted of 15 patients with unilateral nephropathy,
and group C consisted of 15 patients with unilateral
obstructive uropathy. This retrospective study was per-
formed by processing of the frames acquired in the
various stages of renography and determination of the
time distribution of radioactivity in the aorta, the renal
parenchyma and the renal pelvis. The data acquired
were used to produce three curves instead of one for
each kidney and to study renal function as a system of
six compartments (aorta, left and right renal parenchy-
ma, left and right renal pelvis, and bladder). In all the
above compartments the differences among the three
groups were significant and were quantified using the
flow coefficients of the aortorenal compartments. The
differences between the aortic flow coefficients (k) were
statistically significant not only between normal controls
and patients, but also between individuals with paren-
chymatic dysfunction and patients with pelvocalyceal
obstruction. The same differences were seen comparing
the pelvocalyceal coefficients (k3) of all three groups. The
parenchymatic coefficient (k,) presented statistically
significant differences between normals and patients
which were not observed between the two groups of
patients (B and C). Compartmental analysis thus
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increases the sensitivity of renography, is objective by
utilizing quantitative parameters, enables the separate
analysis of the functional behavior of the various renal
compartments, and improves the differential diagnosis
between parenchymatic dysfunction and pelvocalyceal
obstruction.
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Introduction

The renogram is very useful in the diagnosis of renal
dysfunction and obstructive uropathy. In classic reno-
graphy the kidney is considered as a one-compartment
system with the radionuclide presenting a uniform
distribution throughout this compartment (isotropic
model). However, calculating the parameters derived
from the renal curve results in unclear and confusing
information about the origin of the disorders. Indeed
there are borderline cases where obstructive uropathy
can be confused with parenchymatic dysfunction.
Current progress in both the gamma-camera hardware
and software has set the scene for the generation of
time-activity graphs which can be further analyzed.
This analysis leads to the extraction of quantitative
parameters (slopes, peak times, integral activity, etc.),
and therefore the interpretation of the renogram gains in
objectivity [5].

Recently a successful approach in the diagnosis of
renal diseases was achieved using deconvolution analysis
of the renogram. Deconvolution is a mathematical
technique which overcomes the influence of the tracer
input curve on the renogram. This input curve depends
on physiologic parameters not related to renal function
and thus is considered as an unwanted component. The
results of deconvolution yield the retention function,
which represents the form of the renogram that would



be obtained if an injection were to be given directly into
the renal artery [7, 9, 12-14, 17, 20, 21]. Various pa-
rameters are derived from the retention function but the
most important is the mean transit time (MTT). These
parameters are used as diagnostic indices, and show high
sensitivity and specificity regarding abnormalities of
function for the entire kidney. However, their applica-
tion in the differential diagnosis between specific renal
compartment disorders is limited, and thus they cannot
be considered as definite differential diagnostic param-
eters. This may be due to the fact that these parameters
are calculated through integrations and are strongly
influenced by the renogram noise [10, 11, 15].

Several renal radionuclide techniques have been em-
ployed to estimate the radioisotope time-activity curves
over different regions of the kidney. These techniques
provide a more detailed study of the renal function
before the mathematical analysis of the data.

The aim of this work was to determine characteristic
and independent parameters related to the parenchyma
and the pelvocalyceal system. This was made possible
using compartmental analysis of tracer flow throughout
the whole aortorenal component [2, 16, 19, 22, 24]. A
specific tracer was selected, i.e., ™Tc-DTPA, for pro-
viding intrarenal kinetics allowing the implementation of
a compartmental mathematical model leading to an
analytically solvable system of differential equations.
A protocol was formulated allowing the definition of
regions of interest (ROIs) which were set over the
suprarenal aorta, the entire kidney and the pelvocalyceal
compartment [16]. The processing of the frames
acquired in the various stages of the renogram enabled
the determination of the flow coefficients of the
above-mentioned renal compartments.

Materials and methods

A total of 60 individuals who were examined and investigated in the
Department of Urology at the University of Patras formed three
groups: group A consisted of 30 normals taken as controls, group B
consisted of 15 patients with unilateral nephropathy (parenchymatic
dysfunction) and group C consisted of 15 patients with unilateral
obstructive uropathy (pelvocalyceal obstruction). All calculations
inherent to renograms with *™Tc-DTPA were performed at the
Department of Medical Physics. The mean age of the normal group
was 37.5 years (range 18—65 years) with an equal sex distribution. The
follow-up period ranged from 6 months to 2 years (mean 12 months)
and the specific determination of pathology was achieved by appro-
priate methods (clinical examinations, urine cultures, biopsies, etc.).

All subjects imbibed 1 1 of water 40 min before the onset of the
renogram to ensure adequate hydration. Immediately after voiding
they were placed supine with their back toward the scintillation
camera (General Electric Starcam 2000 fitted with a low-energy all-
purpose collimator) and positioned so that both kidneys and the
abdominal aorta were located within the camera’s useful field
of view. One milliliter of DTPA solution labeled with 370 MBq
of sodium pertechnetate (NaTcO,) was prepared according to
the manufacturer’s instructions and injected as a bolus into the
patient’s antecubital vein. This standard radiation activity was
administered to all subjects, regardless of their status, at the
beginning of the examination. The data set consisted of 31 frames
(1 frame/2 s) pertaining to the renal blood flow and 92 frames
(1 frame/20 s) corresponding to renal function.
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ROI were set up over the suprarenal aorta, the pelvocalyceal
compartment and the entire kidney. The flagged areas of interest
were selected by edge detection of the isotope concentration
interactively with a joystick. The ROI over the suprarenal aorta
was set up from early frames, and the ROI over the entire kidney
was set from an image formed in the second minute after bolus
administration [1, 18]. Finally the pelvocalyceal ROI was deter-
mined from the medial and last images of the renogram (separation
of parenchyma from dilated calyces was achieved by superposing
late pelvic pictures on the early views). The ROI over the bladder
was set up from an image formed from the last frames where the
volume of the bladder and the radioactivity concentration are at
maximum. ROIs over the renal and bladder background were
identified avoiding the region of the central vessels.

From the above ROIs, data regarding the radioisotope activity
versus time were obtained. Renal parenchymal activity was derived
by subtracting pelvocalyceal activity from that of the entire kidney
[24]. These radioisotopic activities were corrected by subtracting
ipsilateral background activity after size normalization of the ROIs
[19]. In all cases the data of the renogram were filtered using
smoothing spline functions in order to reduce both statistical noise
and certain physiologic variations in radioisotope time activity [8].

For the analytic description of these experimental data we de-
veloped a six-compartment model with time-invariant parameters
and variables (Fig. 1). It is assumed that our system follows linear
kinetics, and since the volume of the renal compartments can be
considered as constant, there is a steady flow and the mixing of the
tracer in blood and urine is uniform.

The solution of this system provides the analytic form of the
activity of the suprarenal aorta, the parenchyma and the pelvoca-
lyceal compartment: y(¢), y»(f) and y3(f), respectively. Fitting
the experimental data of each compartment to the corresponding
analytic expression we determined the flow coefficients for the
suprarenal aorta, parenchyma and pelvocalyceal compartment:
ki, k> and ks, respectively [16].

To resolve the system of differential equations we suppose that
the uniform mixing of the tracer in blood occurs instantly after the
bolus injection. The six compartments correspond to the suprarenal
aorta, left and right parenchyma, left and right pelvocalyceal
compartment and finally the bladder (Fig. 1). The mathematical
support of this model is given in the Appendix.

For further validation of the analysis we compared our data as
analyzed by the deconvolution technique.

Results

In Tables 1 and 2 the results of classic renography for all
patients are presented. The parameters used were the
peak time and the excretion half-time. The analysis

PA,

Fig. 1 Mathematical representation of the aortorenal system by
a six-compartment system. The six compartments correspond to the
suprarenal aorta (40), left and right parenchyma (PAy, PAg), left
and right pelvocalyceal compartment (PE;, PER) and finally the
bladder (BLD). The flow coefficients of the first four compartments
are denoted by ki, kap, kor, k3p and ks, respectively
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(unpaired r-test) showed a statistically significant
difference in peak time for both groups of patients
compared with the controls (P < 0.05). However, the
difference between the same parameters of the two
groups of patients is not statistically significant.

In Tables 3 to 6 the data are presented when the peak
time and the excretion half-time are calculated sepa-
rately in the parenchyma and the pelvocalyceal com-
partment. Following this approach the statistical
analysis (unpaired z-test) shows an even more significant
difference between patients and normals. Interestingly
the statistical difference found between the parameters

Table 1 The peak time (7}) and excretion half-time (77),) of the
whole kidney in normals, patients with parenchymatic dysfunction
and patients with pelvocalyceal obstruction

Group n T, (min) T/, (min)
(mean £+ SD) (mean + SD)

Normal 30 25 £ 1.1 119 £ 1.3

Parenchymatic 15 6.8 + 1.7 174 £ 19

dysfunction

Pelvocalyceal 15 6.0 £ 1.2 189 +£ 2.3

obstruction

Table 2 Statistical comparison of the peak time (7},) and excretion
half-time (7' 2) of the whole kidney between normals, patients with
parenchymatic dysfunction (PD) and patients with pelvocalyceal
obstruction (PO)

Time Normal-PD Normal-PO PD-PO

Z43 P [43 P t28 P
T, 10.26 <0.001 9.76 <0.001 1.49 0.148
T2 11.43 <0.001 13.08 <0.001 1.95 0.062

of the two groups of patients for both the parenchyma
and the pelvocalyceal compartment was not significant.
It is obvious that this approach cannot clearly distin-
guish between patients with parenchymatic dysfunction
and those with pelvocalyceal obstruction.

Table 7 summarizes the MTT (derived by deconvo-
lution analysis) of the parenchyma and the pelvocalyceal
compartment of the three groups. It can be seen again
that while there is very significant statistical difference in
MTT between normals and patients this is strongly re-
duced when we compare parenchymatic dysfunction
with pelvocalyceal obstruction. For brevity we have
presented the typical procedure of deconvolution anal-
ysis regarding only the whole kidney (Fig. 2).

In Fig. 2 the curve fittings of typical data sets
regarding the suprarenal aorta for (a) a normal subject,
(b) a patient with parenchymatic dysfunction and (c) a
patient with pelvocalyceal obstruction are presented.

In Figs. 3 and 4 the fittings of the parenchymatic and
the pelvocalyceal radioactivity are given for the three
groups. In all cases we used the parameter y° as an
estimator of the goodness of fit. We found that y* for the

Table 5 The peak time (7},) and excretion half-time (77,,) of the
pelvocalyceal compartment in normals, patients with parenchy-
matic dysfunction (PD) and patients with pelvocalyceal obstruction
(PO)

Group n T, (min) T/, (min)
(mean = SD) (mean + SD)

Normal 30 29 £ 0.8 123 £ 14

Parenchymatic 15 82 + 22 156 £ 24

dysfunction

Pelvocalyceal 15 6.4 £ 1.3 22.3 £ 3.6

obstruction

Table 3 The peak time (7},) and excretion half-time (77,,) of the
parenchyma in normals, patients with parenchymatic dysfunction
and patients with pelvocalyceal obstruction

Group n T}, (min) Ty)> (min)
(mean = SD) (mean + SD)

Normal 30 2.1 £09 11.5 £ 1.3

Parenchymatic 15 64 + 1.1 18.8 + 3.9

dysfunction

Pelvocalyceal 15 53 £ 1.2 164 + 2.8

obstruction

Table 4 Statistical comparison of the peak time (7},) and excretion
half-time (7' ,) of the parenchyma between normals, patients with
parenchymatic dysfunction (PD) and patients with pelvocalyceal
obstruction (PO)

Time Normal-PD Normal-PO PD-PO

143 P 143 p I8 P
T, 14.02 <0.001 10.04 <0.001 2.617 <0.05
T2 9.35 <0.001 8.06 <0.001 1.936 0.063

Table 6 Statistical comparison of the peak time (7},) and excretion
half-time (77;,) of the pelvocalyceal compartment between nor-
mals, patients with parenchymatic dysfunction (PD) and patients
with pelvocalyceal obstruction (PO)

Time Normal-PD Normal-PO PD-PO

143 P 143 P I P
T, 11.83 <0.001 11.17 <0.001 2.73 <0.05
T 5.84 <0.001 1343 <0.001 5.99 <0.001

Table 7 Deconvolution analysis: mean transit times (MTT) of the
parenchyma and the pelvocalyceal compartment of the three
groups

Group n  Parenchyma Pelvocalyceal component
(mean = SD) (mean + SD)

Normal 30 150 + 48 80 + 28

Parenchymatic 15 414 + 149 152 + 59

dysfunction

Pelvocalyceal 15 374 + 118 248 + 108

obstruction
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Fig. 2 Curve fittings of typical data sets regarding the suprarenal
aorta for: a a normal subject, b a patient with parenchymatic
dysfunction and ¢ a patient with pelvocalyceal obstruction

fittings of the suprarenal aorta curve are lower than that
for the parenchymatic and pelvocalyceal radioisotope
curve. [ (ranging between 1.2 and 3.0) indicates a good
fit.] The fittings were performed using the software
package Mathematica [8, 23].

Tables 8§ and 9 summarize the mean values and
standard deviations of the flow coefficients for the su-
prarenal aorta, the parenchyma and the pelvocalyceal
compartment of the three groups. The differences be-
tween the aorta flow coefficients (k;) are statistically
significant not only between normals and patients but
also between patients with parenchymatic dysfunction
and those with pelvocalyceal obstruction. The same
differences are observed comparing the pelvocalyceal
coefficients (k3) of all three groups. As regards the pa-
renchymal coefficients (k,) we found significant differ-
ences (P < 0.05) between normals and patients which
were not significant when the two groups of patients
were compared.

Discussion

The kidney is a system composed of more than one
component and it follows that its radioactivity curve

465

-
O
@
3
c
=]
o
(3]
0 ) D D 2 ) )
b time (sec)
D+
[4]
[}
2
-
c
>
o
(3]
c time (sec)

contains overlapping information from both the paren-
chyma and the pelvocalyceal compartments [5, 15, 24].
Calculating the parameters derived from the whole
kidney curve results in unclear information about the
origin of disorders, and furthermore there are cases
where obstructive uropathy can be confused with
parenchymatic dysfunction [11, 15].

According to many researchers there is no ‘“‘gold
standard” in the diagnosis of obstruction [3]. Each of the
three best known alternative methods — the Whitaker
test, diuresis renography and measurement of MTT —
has certain disadvantages. Pressure flow studies are
invasive and employ infusion rates well in excess of
physiologic rates of urine production, and falsely low
pressures may also occur [4]. In diuresis renography
some kidneys with poor function may fail to respond to
the diuretic and a further limitation of this method is
that in grossly dilated kidneys results may be equivocal
[15]. The furosemide administration in diuresis reno-
graphy influences the renography curve from one point
of the curve onward. In compartmental analysis,
though, furosemide administration has further conse-
quences in the mathematical evaluation and calculations
of the parameters concerning all the renal compart-
ments. Another point against using a diuretic has to do
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Fig. 3 Curve fittings of typical data sets regarding the parenchymatic
radioactivity for: a a normal subject, b a patient with parenchymatic
dysfunction and ¢ a patient with pelvocalyceal obstruction

with the definition of ROIs, which becomes even more
problematic. Recently several studies have emphasized
MTT estimation, using deconvolution analysis. These
studies indicate that the use of MTT, Tgo, T»o, €tc., in the
distinction between the normal and abnormal kidney is
of great value [7, 9, 14, 17], but so far the role of MTT in
the differentiation of obstructive uropathy from paren-
chymatic dysfunction has not been adequately eluci-
dated [11, 15].

Our results, when compared with those of classic
renography, deconvolution analysis and those from the
empirical analysis of tracer time activities over the
parenchyma and the pelvocalyceal compartment, taken
separately, clearly show a distinct improvement. This
improvement underlines an increase in the differential
diagnosis potential of this methodology between
parenchymatic and obstructive dysfunction.

Using the standard deviation (SD) of the random
value of our samples, and as cutoff values the points
x + 2 SD, the sensitivity of the methodology can be
determined (positive test given that the examined
individual is a patient) when its specificity (negative test
given that the examined individual is not a patient) is
95%.

Analyzing the results we conclude that the sensitivity
of the four different methods (classic renography, em-
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pirical analysis, deconvolution analysis, compartmental
analysis) regarding the differentiation between normals
and patients is 90%, 95%, 99% and more than 99%,
respectively. The differential diagnosis potential between
parenchymatic dysfunction and obstructive uropathy,
given by previous methodologies of classic renography,
empirical analysis and deconvolution analysis, proved to
be low compared with that provided by our proposed
methodology (reaching 90%). This improved differenti-
ation ability of compartmental analysis is due exclu-
sively to the mathematical model used, since a similar
technique of data acquisition was used as in the alter-
native radionuclide methods.

Indeed, the parameters derived from the empirical
analysis of the corresponding curves of the parenchy-
matic and the pelvocalyceal component (peak time,
transit time, etc.) are not purely characteristic of the
function of each compartment and still continue to
present a significant overlap in their function. Thus, it is
obvious that a dysfunctional problem of the pelvocaly-
ceal compartment will interfere with the parenchymatic
time activity and, conversely, a parenchymatic defect
will be reflected in the time activity of the pelvocalyceal
compartment.

On the contrary, applying compartmental analysis
and following a stepwise technique we are able to
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Fig. 4 Curve fittings of typical data sets regarding the pelvocalyceal
radioactivity for: a a normal subject, b a patient with parenchymatic
dysfunction and ¢ a patient with pelvocalyceal obstruction

Table 8 Mean values and standard deviations of the flow coeffi-
cients of the suprarenal aorta (k;), the parenchyma (k,) and the
pelvocalyceal compartment (k;) in normals, patients with par-
enchymatic dysfunction and patients with pelvocalyceal obstruc-
tion

Group n o kyx10* K x 10* ks x 10*
(mean + SD) (mean + SD) (mean + SD)

Normal 30 773.0 £ 43.0 30.0 £ 4.0 442.0 + 137.0

Parenchymatic 15 42.0 £ 2.8 10.1 £ 1.5 46.8 + 11.1

dysfunction

Pelvocalyceal 15 308.0 £ 103.0 11.6 + 3.1 57 £20

obstruction

determine the flow coefficients of each compartment
(suprarenal aorta, parenchymatic and pelvocalyceal
compartments) which are compartment-characteristic
parameters. All the above parameters are independent,
and can be used in combination for the differential
diagnosis related to each compartment. Furthermore,
applying multivariate analysis the overall sensitivity of
our method could be further improved.

We chose to use *™Tc-DTPA in this study since it is
known that dynamic renal studies with this radionuclide
yield results that are amenable to analysis by the method
of mathematical compartmental analysis, as the DTPA
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Table 9 Statistical comparison of the flow coefficients of the su-
prarenal aorta (k;), parenchyma (k) and pelvocalyceal compart-
ment (k3) in normals, patients with parenchymatic dysfunction
(PD) and patients with pelvocalyceal obstruction (PO)

Flow Normal-PD Normal-PO PD-PO
coefficient P value

ky <0.001 <0.001 <0.001
ks> <0.001 <0.001 0.103
ks <0.001 <0.001 <0.001

is cleared in a truly glomerular manner by the kidneys. It
is pointed out that there are various alternative
compartmental models for the radionuclide kinetics that
can lead to large differences. Considering the renal
system as a model of six compartments is appropriate
for the analytical description of DTPA metabolism. This
choice is dictated not only by the anatomic and
functional substrate of the kidney but also by the
technical limitations inherent to the gamma-camera.

It should be noted that the real biologic system is
complex and the physiologic correspondence with our
model should be considered an approximation. Addi-
tionally there are measurement limitations which need to
be considered. With the scintillation camera the kidney
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can be delineated in its coronal plane, where regional
separation of the organ may be attempted. However,
since the resolution of the scintillation camera is of the
order of 1 cm at best, the cortical and medullary func-
tions cannot be separated. Analysis of the regional
physiology of the kidney has been attempted from time-
activity curves of the renal parenchyma and renal pelvis,
but satisfactory separation of these areas is sometimes
questionable. As described above we selected ROIs on
the frame corresponding to the maximum activity of the
renal compartments. The late onset of activity in the
renal pelvis makes the setting up of a ROI over the pelvis
much easier but the separation of the parenchyma from
the renal pelvis may be difficult, since ROI determina-
tion is based on a subjective visual assessment. It is also
known that the pelvis may be intrarenal and the radia-
tion from the pelvis may overlap the parenchymatic area
especially in the dilated upper urinary tract [6]. Also,
high count rate activity originating in the renal pelvis
may contribute to activity seen in the parenchyma.
The dynamic pattern of tracer activity over the kid-
ney may be influenced by many factors other than the
function of this organ. Quality of bolus injection, sys-
tematic recirculation of the tracer and multicompart-
mental removal of blood pool activity are factors that
may potentially alter or distort the temporal pattern of
renal activity. Nevertheless the errors introduced by the
aforementioned limitations are small and should there-
fore be considered negligible in clinical applications.

Conclusion

The proposed method attempts to clarify the informa-
tion given by renography, utilizing the basic mechanisms
that govern renal function and applying relatively simple
mathematics. This investigation may be useful to es-
tablish or confirm the diagnosis of obstruction, to as-
certain its localization or to determine its extent and
severity.

Furthermore, our data indicate that this methodolo-
gy increases the sensitivity of renography, is objective by
utilizing quantitative parameters, enables the separate
analysis of the functional behavior of the renal com-
partments and finally improves the differential diagnosis
between parenchymatic dysfunction and pelvocalyceal
obstruction.

Appendix

The appropriate differential equations that describe the
model are as follows [2, 19, 24]:

dy

B 1
s i (1)
d

% = kiyr — koo (2)

d

% = kiry1 — kor)yoR (3)
t

d

% = koL — ks (4)
t

d

? = kory2R — k3rY3R (5)
t

dyy

3 =k (6)

where y;(y;(¢)) are the decay-corrected radioactivity in
the various compartments, and &; are flow constants for
the transport of tracer between compartments.

It is assumed that at zero time ¢ = 0, y; = )y, where yy
is the maximum radioactivity in the suprarenal aorta.
This is a good approximation for normal and abnormal
cases with normal uptake.

Resolving the system we obtained respectively
the renal input, the parenchymal, pelvic and bladder
activity/time functions:

yi(t) =yoe ™ (7)
it oL — ki )yaL0 — kiLyiLo
t)=¢
yall) { (koL — ki)
KILVILO (e —k ),}
+ ) e 2L 1L 8
(kar — kip) )
ot J (2R = kiR) 2R 0 — kIR VIR 0
t)=¢
yar(l) { (kar — kiRr)
KiRYVIR 0 (kor—k )z}
+ 2 e 2R 1R 9
(kar — kir) ©)
ko1 A
— ot 2LAL (ksL—kaL )t
e
yL(t) =e {ysL,o - e
koL BL, [ kap —k }
—— = |1 = e( 3L lL)t:| 10
kL — ko (10)
yir (1) = ekmt{ySR,O _ kszA;: [1 B e(k3R—k2R)t:|
3R — kor
kar Br [ (ksr—kiR )t }
- 1 —e 3R 1R :| 1 1
kar — kir (11)
where
4 — (koL — kiL)yaL0 — kiyvivo B — kiLyviLo
T koL — k e
(koL — ki) (koL — ki)
o — (kor — kir)y2r,0 — kKiRVIR 0 Bo — K1RVIR,0
R (kar — kiRr) roR (kar — kir)
ya(t) = yaLoe™ + yup o™ (12)
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