
CLINICAL APPLICATIONS OF A

Measurements of effective renal plasma flow
and urine flow fractions have been obtained by
the application of a new kinetic model of o-iodo
hippurate distribution and renal clearance.
Good agreement was obtained between these
estimates and those of comparable parameters
obtained by conventional split-function tech
niques using p-aminohippurate and inuliii@ Also,
examples have been presented of the use of this
test for the evaluation of patients suffering from

well-documented renal diseases. These uses have
included serial testing in patients with major
renal artery occlusion, bilateral renal vein

thrombosis, obstruction due to stone, or trans
plant rejection. It was concluded that this test

can be of considerable value for the diagnosis
of acute and chronic disorders of renal func
lion and for evaluation of the therapeutic re
sponse. In addition, these studies have demon
strated the potential of large computers for
parameter estimation in the interpretation of
nuclear medicine procedures.

The radiohippurate renogram is a time-dependent
composite presentation of isotope turnover in blood,

renal, and extrarenal tissues. Unfortunately, the

clinical evaluation of this test in the past has been
both subjective and qualitative since there has been

no determinationof the relativecontributionof the
exchanges in each of these tissues to the final result
(1â€”4).Consequently, the renogram does not have
desired diagnostic precision. As a result, investigators
have sought to improve it by developing more ob
jective criteria for its interpretation (5â€”9). In gen
eral, these newer techniques have not gained wide
spread use since, like the renogram, they still do not

yield the basic parameters of renal physiology of
interest to the clinician.

Recent advances in nuclear medicine instrumenta
tion and computing have made it possible to further
develop the radiohippurate method so that it is a
quantitative measure of specific kidney functions
(10â€”15). In general, these methods have used a

computer to aid in the adjustment of the variable
parameters of a mathematical description of hip
purate turnover in the body to extract quantitative

clinically useful data not usually obtained from the
conventional renogram.

In this paper we report the first clinical applica
tion of a new split-function renal test using an ex
tension of earlier approaches ( 14â€”16). The model
used is a hydraulic analog that considers the dis
tribution and rates of exchange of isotope into red

cells, plasma, and extravascular compartments as
well as the tubular cells of each kidney. Also included
is the clearance of isotope from the tubular cells

and the transport time of isotope in urine to the
bladder. The results obtained are very similar to
those obtained in conventional split-function renal
testing using p-aminohippurate (PAH) and inulin

(1 7) . The results are thus familiar to the physician

interested in renal diseases. The new test is not in

vasive and is easy to perform. To avoid confusion
with the ordinary renogram, we have named this

test the â€œrenalperfusion/excretion determinationâ€•
(RP/ED).
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METHODS

Selection of patients. Eighty studies were per
formed on a total of 49 patients. Included are : 25
normal subjects; I 4 patients in whom renal trans
plants had been performed; 6 patients with surgically
confirmed unilateral, main renal artery occlusion; 1
patient with essential hypertension; 1 patient each
with renal vein thrombosis, urinary obstruction due
to stones, and hydronephrosis. The diagnoses of renal
vein thrombosis and hydronephrosis were confirmed
surgically. A hydroxyapatite stone was recovered in
the patient with urinary obstruction. Renal transplant
patients were additionally studied with serial meas
urements of creatinine clearance, 24-hr urine flow,
and, when clinically indicated, a renal biopsy.

RP/ED procedure. Ambulatory patients were stud
ied in a specially designed chair that permitted them
to recline against the face of the gamma camera at
an angle of 45 deg. The patient was given 500 @Ci
of 99â€•Tc-DTPA (RENOTECÂ®) and was then posi
tioned so that one kidney was located in each field
of the gamma camera (operated in the split-field
mode ) . Effort was made to reduce the amount of
bladder in the field of view although some contribu
tion (usually less than 5% ) was felt to be accept
able. An additional probe was then placed over the
precordium while another was placed over the en

tire bladder. Care was taken to avoid viewing the

kidney with these probes. Next, 300 @@Ciof â€˜@â€˜I
orthoiodohippurate (OIH) was given intravenously.
Data from each of the four detectors was then re
corded at 10-sec intervals for 5 mm and at 30-sec
intervals thereafter using a teletypewriter with paper
tape punch. Transplant patients were studied with
the gamma camera directly over the abdomen so
that the transplant kidney was positioned in the first
half of the gamma camera field and the bladder in
the second. A probe was then placed over the pre
cordium. Gamma camera scintiphotos were also
obtained during localization with 1@@'Tc-DTPAand at
3- to 5-mm intervals after injection of OIH.

Patient preparation included adjustment of water
intake when necessary to achieve a steady state of
normal hydration and a urine flow rate of 0.5â€”3ml/
mm. Also, Lugol's solution (5â€”10drops) was given
to reduce thyroid gland uptake of free iodine. When
ever possible, the plasma volume was measured with
10 @@Ciof â€˜25I-albuminusing blood samples obtained
at 10- and 20-mm intervals. Timed total urine flow
during the study was also recorded. When the study
was completed, the data were transmitted to an S-R
Univac 1 108 computer for processing. Results were
returned to the medical facility by teletypewriter in
the format shown in Fig. 1.
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FIG. 1. RP/EDreport:Includesestimatesfor eachparameter,
standard error, and normal (95%) parameter range. Report is aug.
mented to include description of scintiphotos when sent to referring
physician.

COMPUTATIONS

Physiological assumptions. Following injection,
OH-I is distributed between free OIH in plasma, the
red cells, plasma proteins, as well as interstitial and
extracellular spaces ( 18â€”21) . Exchange between
the free and bound state in plasma and the extra
vascular spaces is rapid (22,23) . Glomerular flow

of OIH is small ( m.@6%of tubular cell plasma clear
ance) (19,20). Once in the kidney, OIH is actively
pumped into the proximal tubular cells creating an
interstitial concentration gradient that promotes flow
out of the plasma and across the interstitial space
(24â€”26). Nearly the entire plasma flow of OIH is
cleared before it is efferent to the proximal tubular

cells. OIH then diffuses passively from the tubular
cells into the collecting system and is not reabsorbed.

The hydraulic model. A seven-compartment hy
draulic model incorporating the features discussed
above is shown in Fig. 2; a mathematical description
is provided in the Appendix. The model also ac
counts for the fact that appreciable OIH has been
deposited in extraplasma pools at the time that
intrapool mixing has been accomplished (40â€”100
sec postinjection) . Flow rates are everywhere as
sumed to be proportional to the quantity of tracer

PRIMARY DETERMINATIONS.

RENAL PERFUSION
COEFFICIENT (PER MIN)

RILATERAL PERFUSION LEFT
FRACTION RIGHT

TURULAR CELL CLEARANCE LEFT
COEFFICIENT (PER MIN) RIGHT

TURULAR TRANSPORT LEFT
TIME (IN MINUTES) RIGHT
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A 6000 FIT TO THE FOUR DATA CHANNELS (LEFT. RIGHT KIDNEY
â€˜ILADDER, AND PRECORDIAL).
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PRECORDIAL
â€˜)â€˜-DETECTOR

FIG. 2. Diagrammaticpresentationof
relationship of regions seen by four
gamma detectors to compartments de
scribed by mathematical model. Shaded
areas represent four gamma detector
viewing fields.

material in the anatomic pool (27). Each flow rate
between compartments is thus described by a con
stant rate coefficient (a) multiplied by a quantity
of material (q) contained in any one of the com
partments used in the model. The first compartment
represents the extrarenal pools that participate in
OIH exchange from the vascular system into proxi
mal tubular cells. Practically, this compartment rep
resents the plasma pool since there is limited avail
ability of OIH from extravascular, interstitial, or
extracellular spaces. Two coefficients (a, and a.1)
describe the rate at which q1 in Compartment I emp
ties into other related compartments. The first of
these, a1 , i5 the plasma clearance of OIH into the

right and left proximal tubular cells (Compartments
2 and 3, respectively) . a@is called the bilateral renal
perfusion coefficient (RPC) on the RP/ED report.
When al @5multiplied by the plasma volume, the
volume of plasma completely cleared of OIH in 1
mm is obtained. Although this product is more accu
rately viewed as a measure of the efficiency of tubu
lar cell function, it is commonly called the effective
renal plasma flow rate ( ERPF) in split-function
tests. This name reflects the fact that OIH uptake is
normally primarily limited by blood flow to the
tubular cells rather than by the very efficient 0TH
transport process (25). The values of /3 and 1-/3 are
are the fraction of isotope flow in blood to the left
and right kidneys, respectively. These are reported
as the left and right bilateral perfusion fraction in the
RP/ED report. a2 and a:: are the rate coefficients for

the flow of OIH from the tubular cells into the tubu
lar lumen of the right and left kidney, respectively.
They are called the tubular cell clearance coefficient
(TCCC) on the RP/ED report. aa and a:: will in
crease as GFR, cell permeability, or intracellular
osmolarity increases (and conversely) (28).

Once 0TH enters the tubule and collecting system,
it is assumed that it is carried to the bladder by

laminar flow with little mixing (29) * , Consequently,
the collecting duct outflow is simply a delayed replica
of the tubular cell outflow as well as an inflow into
the bladder compartment (Compartment 4) . The
time delay (r1 and r@) between tubular cell outflow
and renal pelvic outflow is reported as tubular trans
port time (TTT) on the RP/ED report. Fluid flow
in the collecting system is dependent upon the de
gree of hydration and varies from 0.5 to 15 % of

glomerular filtration rate. Since OIH is not reab
sorbed, most of its TTT is spent in the distal col
lecting system of the kidney along with nonreab
sorbed water. Variation in water reabsorption will
thus significantly influence isotope transport through

the collecting system; the TTT will be directly re
lated to changes in water reabsorption for each kid
ney and inversely related to changes in the urine flow
rate.

If it is also assumed that the effective number of

C The length-to-radius ratio of the tubular lumen is large

(about 10,000), and flow is slow with a maximum Reynold's
number of less than unity.
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Left tubular cell clearance coefficient' Left glomerular filtration fraction

PAH clearance for one kidney

Urine flow rate for one kidney

APPLICATIONS OF HIPPURATE KINETIC MODELS

functioning nephrons in each kidney is proportional
to the ERPF, it is possible to estimate the fraction of
total urine flow produced by each kidney. The values
of TTT can also be directly related to the urine 0TH
concentration ratio for each kidney ( 10,28,30) . The

urine flow fraction and urine OIH concentration ratio
are reported on the RP/ED report as shown in Fig.
I . These are calculated as follows:

With 1k = fraction of total ERPF, left kidney
/3R fraction of total ERPF, right kidney

TL left TTT

nt = right TTT

Total urine flow, left kidney (fly,) X ( 1/rr,)
Total urine flow, right kidney @â€˜(f3R) X ( 1/TR).

Hence, the fraction of total urine flow for the left
kidney may be determined by

/3un. or 1@LTlt
i@ +@ /3LTII + /3IITL

TI, Tj@

Similarly, the right renal flow fraction is

/3RTL

I3LTR + $RTL

The urine OIH concentration ratio is derived from
the equation

Left 0TH concentration Tr@
Right 0TH concentration

Not all of the OIH flowing through the kidney is
extracted. Some is retained mainly in red cells. This
pool is represented by the fifth model compartment
of the RP/ED. a.1 and a5 are the coefficients for flow

of isotope into and out of this compartment, respec

tively. These coefficients are determined but not re
ported. Values of a.1 and a@from our studies of nor
ma! patients are in agreement with measurements
by others (18).

Finally, full account is made of the cross-coupling
between the fields of the gamma camera and the fact
that different combinations of compartments are seen
by the detectors.

Error analysis. Each RP/ED output form (Fig. 1)
has a column labeled â€œstandarderrorâ€• that gives the
square root of variance of each parameter. This error
is determined by standard covariance calculations
(31 ) described in the Appendix. The coefficient of
variation (standard error divided by the parameter

value) , expressed as a percent, is also included in
this column. The errors result primarily from statis
tical fluctuations in counting rate during the data
collection process.

Normal ranges and RP/ED relationships to con
stant-infusion tests. Several measurements are theo
retically common to both the RP/ED and to con
stant-infusion studies of PAH and inulin clearance
[Stamey-Howard test (32 )]. They are compared in
Table 1. Since our series of patients is so small, nor
ma! RP/ED ranges have been derived from reports
of constant-infusion tests ( 17,32â€”38) . These in

elude: 0. 13â€”0.31 per minute for the RPC (34,35),
0.42â€”0.58 for the bilateral perfusion fraction (17,36â€”

38), and 0.36â€”0.64 for the urine flow fraction (37).

The normal TTT is estimated to range from 1 to 5
mm, using published values for the size, number of tu
bules, reabsorption scheme of the tubules, and nor
mal urine flow rates (39,40). Since the TCCC has
no published counterpart, normal ranges are deter
mined from RP/ED studies in our series. These

TABLE 1. RP/ED CORRESPONDENCEWITH CONSTANT-INFUSION SPLIT-FUNCTION MEASUREMENTS

Parameters obtained by the RP/ED Parameters obtained by the constant-infusion test

For total function

Renal perfusion coefficient Total PAH clearance (ERPE)-@-Plasma volume

Left tubular transport time
= OIH urine concentration ratio (L/R) Left urine PAH concentration â€” Right urine PAH concentration

Right tubular transport time

Right tubular cell clearance coefficient Right glomerular filtration fraction

For each kidney

Perfusion fractions

Total PAH clearance

Urine flow fractions

Totalurineflow rate

* Requires additional assumptions of similar OIH tubular cell permeabilities and osmolority gradients in both kidneys to have

equality of expressionsin the two columns.
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3/22/724/14/72JV 8/21/728/23/72C 8/11/72P 8/15/72RB10/13/7210/20/72DA 3/29/723/31/72Renal

perfusion
coefficient
(per mm)0.24 (Â±0.02)0.230(Â±0.008)0.18(Â±0.02)0.127(Â±0.004)0.073(Â±0.006)0.093(Â±0.007)0.129(Â±0.007)0.144(Â±0.008)0.373

0.37

(Â±0.012)(Â±0.02)Bilateral

perfu
sian coefficient
(left)0.53 (Â±0.03)051(Â±0.03)0.44(Â±0.04)0.44(Â±0.02)0.314(Â±0.013)0.33(Â±0.02)0.27(Â±0.05)0.35(Â±0.10)Not

applicableTubular

cell clear
once coefficient
(per mm) (left)1

.5

(Â±0.4)0.32(Â±0.14)034 (Â±0.13)1

.03

(Â±0.14)0.022(Â±0.007)0.030(Â±0.004)<0.03<0.030.06

0.06

(Â±0.02)(Â±0.02)Tubular

transport
time (left)

(mm)2.21 (Â±0.12)2.1(Â±0.3)1.4 (Â±0.3)3.01(Â±0.13)14.0(Â±4.0)9.7 (Â±0.8)>18>203.2

0.4

(Â±0.8)(Â±4.9)Urine

flow
fraction
(left)0.40 (Â±0.04)0.50(Â±0.07)0.50 (Â±0.09)0.45(Â±0.02)0.25(Â±0.06)0.1

3

(Â±0.01)<0.08<0.06Not
applicable
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ranges appear in the last column of each RP/ED
output form (Fig. 1).

The hypotheses presented above were tested by
comparing estimates of renal function obtained by
RP/ED and by constant-infusion studies with PAH
and/or inulin in a small series of subjects. These
include five uneventful, complete split-function tests
by the method of Stamey, four tests in which only
flow fractions and concentration ratios were ob
tained*, one test in which only urine flow fraction
(creatinine split-function) was obtained, and three
tests with only measurements of total PAH clearance
(bladder catheter only) . These are reported in the
results section below.

RESULTS

Normal range and duplicate variation. The ranges
for a series of 25 normal subjects have been deter
mined. The mean values and standard deviation for

this series are as follows : renal perfusion coefficient

* Values of plasma PAH concentration approaching the

tubular maximum (27) were obtained in these four tests;
concentrations from 4.6 to I I .8 mg/100 ml were reported.
Since these high concentrations may alter the total clear
ance (41 ) , the only total clearance data we have used is
from the remaining tests. The remaining PAH tests, of
which all were used for total clearance, had plasma PAH
concentrations less than 2.5 mg/lOO ml with laboratory
chemistry done as suggested by Stamey (42).

(RPC) is 0.22 Â± 0.04, left bilateral perfusion frac
tion is 0.52 Â±0.08, tubular cell clearance coefficient
(TCCC) is 0.44 Â± 0.21, tubular transport time
(TTT) is 2.3 Â± 1.0, and urine flow fraction is 0.51
Â± 0. 1 1. The results of paired tests of control sub

jects in patients whose clinical status remained con
stant during the observation period appear in Table
2. In each of these series of studies the variation in
test results is narrower for determination of param
eters reflecting perfusion than it is for those measur
ing urine outflow. This dispersion is smallest for those
patients with a measured urine flow rate between
0.5 and 2 mi/mm (urine flow fraction was 0.50 Â±

0.08 for flow rates between 0.5 and 2 mI/mm).
Correlation with constant-infusion test results.

Renal plasma flow fractions and urine flow fractions
obtained by the RP/ED are compared in Fig. 3 to
the fractions obtained by PAH constant-infusion
tests with bilateral catheterization. Urine concentra
tion ratios by both methods are compared in Fig. 4.
The ERPF determinations are compared with PAH
clearances in Fig. 5. A linear regression was done
for each set of parameters; the sample correlation
coefficient, p, is greater than 0.92 for the comparison
of flow fractions, p is greater than 0.91 for compari

son of PAH concentration ratios, and p is greater
than 0.91 for the comparison of the total ERPF.

TABLE 2. A COMPARISON OF DUPLICATE RP/ED RESULTSIN CLINICALLY STABLEPATIENTS6

Left
pyelonephritis

Low left ERPF&
urine flow fraction

Leftureter
obstructed

Reduced left ERPF
left sideobstruction

Clinical status

RP/EDconclusion

Normal

Normal

Normal

Normal

Stable transplant

Acute rejection

A Only the left values of bilateral determinations are given for brevity and clarity. Similar agreement is

values.
noted with the right
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obstruction due to stones, acute renal vein throm
bosis, and rejection of the transplanted kidney. Se
lected cases are presented to show possible clinical
applications and to illustrate the sensitivity of this

test for the evaluation of the response to therapy or

@ progress of renal disease.
@ Renal hypertension. Six patients with surgically

)- proven unilateral major renal artery stenosis have: beenstudied.Ofthese,six(100%)hadanabnormal
@ RP/ED that was characterized by a decrease in
@ ischemic-to-contralateral ratio of ERPF (range is
@ 0.30â€”0.97) . Each had delayed TTT on the ischemic
@ side; the ischemic-to-contralateral urine 0TH con

2 centration ratio was elevated (range 1.8â€”7.2)andU- theischemic-to-contralateralurineflowratiowas
reduced (range 0.05â€”0.39).

1.0 Serial studies (Fig. 6) of one patient (AM) dem

onstrates the reproducibility of this determination

and its sensitivity to progressive loss of renal func
tion. The first abnormal study was performed before

the initiation of therapy in November when there
was marked reduction of the left urine flow fraction
(to 8 % ) and a less striking reduction in left per

fusion fraction (23 % ) . An arteriogram performed

shortly thereafter showed a probably significant ste

nosis of the left main renal artery. Other medical
complications forced the use of conservative therapy,
and the patient's course was followed with additional
studies. The studies from January through May show
a progressive loss in left ERPF and reduction in left
urine flow fraction. The TCCC fell for both the in

. R PAH CONC. BY CONSTANT INFUSION

I PAH CONC.

F1G.4. Comparisonsofurineconcentrationratios,obtainedby
RP/ED and constant-infusionsplit-function tests. Diagonal line is
identity for reference. Darkened symbols represent cases of surgi
cally proven unilateral main renal artery disease.

Thus there is a high degree of correlation between
these measurements even though they are obtained
by different methods.

Clinical applications. The RP/ED has been used
to evaluate differential function in a small series of
patients with well-documented abnormalities of the
kidney. These include renal vascular hypertension,

QO 0.2 0.4 0.6 0.8
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F1G. 3. Comparisonsof renalplasmaflowfractionsand urine
flow fractions obtained by RP/ED and constant-infusion split
function tests. Diagonal line is identity for reference. Darkened
symbolsrepresent cases of surgically proven unilateral main renal
artery disease.

a
â€˜U

zz
00

II

00
@ -I

LU â€˜U

@- I-

Iâ€”
&

00
a. o.
@,) 4/)

z
4
4- 4.-

<4

4-. 4-
@ -I

0.1
0.1 1.0

_0 100 200 300 400 500 600 700

PAH CLEARANCEBYCONSTANTINFUSION(mI/mm)

FIG.5. Comparisonsof totalERPFobtainedby RP/EDand
constant-infusion split-function tests. Diagonal line is identity for
reference. Darkened symbols represent cases of surgically proven
unilateral main renal artery disease.

Volume 15, Number 2 107



DE GRAZIA, SCHEIBE, JACKSON, LUCAS, FAIR, VOGEL, AND BLUMIN

been associated with production of urine. Two days
later the patient began to pass urine, and a dramatic

clinical improvement ensued. By the third RP/ED
study, ERPF was normal (696 ml/min) . An ar

teriogram performed immediately thereafter showed
mild bilateral fibromuscular hyperplasia and no other
abnormalities. Serial scintiphotos performed in the
OIH studies showed significant accumulation of hip
purate in the kidneys but it was impossible to de
termine the course and degree of therapeutic re
sponse of renal function from the pictures alone.

Also of interest was the relative increase of function
___________________________________fortheleftkidneyasthepatientimproved.The

cause of this is uncertain; however, a large avascular
mass displacing the right kidney was apparent on

both the IVP and renal scintiphotos.
Urinary obstruction: serial studies before and

after passage of a ureteral stone are presented in
Fig. 8. This patient (NG) experienced sudden onset
of renal colic and had abundant microscopic hema
tuna 12 hr before the first RP/ED. This test is inter
esting because it demonstrates the degree to which

FIG.6. RP/EDseriesshowingprogressivelossof renalfunc
tion in Patient AM with proven left main renal artery stenosis. Left
nephrectomy was performed in June 1972; hence only right kidney
data are available thereafter. Antihypertensive medication is repre
sented by R@and retinal hemorrhages by H. (- - - - left, â€” right, .E
. . . . total).

a

volved and uninvolved kidneys (left TCCC from

0. 13 to 0.07/mm and right TCCC from 1.6 to 0.86/
mm) . This fall was coincident with a reduction in
creatinine clearance from 58 to 26 ml/min.

Acute renal failure. Often it is not possible to per
form an arteriogram or an IVP in the oliguric or
anuric patient. We have found that the RP/ED is
helpful in such cases. Three examples are presented.

Renal vein thrombosis : Fig. 7 shows serial stud
ies of a patient (MC) who had a surgically proven
diagnosis of inferior vena caval and bilateral renal
vein thrombosis. At the time of the first radiohip
purate study, she had been anuric and was main
tamed on renal dialysis for a period of 9 days.
Accordingly, neither an IVP nor arteriogram were
possible; hence, it was not known if there were any
functioning renal parenchyma. The first RP/ED in
dicated that ERPF was 219 mI/mm. Some recovery
was predicted since an ERPF of this magnitude has

ERPF

600@@ â€”1:-...-....

0 C' â€”K I I I @f4-â€”â€”4 â€”.1â€”--.â€”Ii I I
. I@ Creatinin. Clearanc.

804@Ã· 0 0

::@ UrineHowFraction

0.0@ NDJFMAM I I
I@â€”197l â€¢4.@ 1972

C

E

E

M J J A

C

E

FIG. 7. RP/EDseriesshowingrecoveryof renal functionin
Patient MC with inferior vena caval and bilateral renal vein occlu
sion (. - - - left, â€” right total).
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blood flow can be separated from urine outflow.
The ERPF for the left kidney was normal (325
ml/min), while the TCCC, TTT, and urine flow
fractions were strikingly abnormal (TCCC less than

0.02, TTT greater than 18 mm, urine flow frac
tion less than 8 % ) . All measurements were normal
for the right kidney. Subsequent tests showed step
wise return of the abnormal parameters to normal
(last TCCC was 0.37 per mm, TTT was 1.3 mm,
urine flow fraction was 35 % ) coincident with pas
sage of the stone and subsidence of symptoms.

Transplantations : fourteen patients have been

followed with serial studies to determine the possible
use of the RP/ED for the determination of trans
plant rejection, acute tubular necrosis, and for the
evaluation of the therapeutic response. Of these, 11
patients experienced a clinical syndrome of trans
plant rejection within the first 3 months. Histologic
confirmation of this diagnosis was obtained in nine
cases. The RP/ED results obtained at the time of
early rejection were characterized by a modest re
duction of RPC to 0.9 Â±0.2 of its prerejection value
a sharp drop in TCCC to 0.3 Â± 0.2 of its prerejec
tion value (usually the first sign of rejection) , and
little change in TIT unless the rejection process was
far advanced.

Serial studies on one patient (DA) are presented
in Fig. 9. The initial RP/ED was done on the first
postoperative day because the patient had experi
enced a period of hypotension. Renal perfusion was
low though adequate (RPC = 0.084 per mm,
as seen with acute tubular necrosis, and the excretory
parameters were normal (TCCC = 0.20 per mm,

TTT = 1.5 mm) . Four days post-transplant the
RPC had risen to 0.20 and on Day 6 to 0.37. TCCC
fell precipitously from 0.23 on Day 4 to an abnor
mally low value of 0.06 on Day 6. No abnormalities
of TTT were noted, however. Based on these find
ings, diagnosis of acute transplant rejection was
made. The patient was clinically stable although she
was hypertensive and had a streptococcal wound in
fection. The RP/ED was repeated on Day 6 and the
findings confirmed. Appropriate additional therapy
was initiated. On Day 12 the RPC had declined to
0.235 and the creatinine clearance had declined to
34 mI/mm from 45 ml/min. These findings were
interpreted as indicating progression of rejection in
spite of additional therapy. By Day I 5, the RPC
had fallen to 0.04 and the TCCC was 0.35. The re
duced RPC indicated very little effective perfusion
although some nephrons (presumably medullary) did
have relatively good function. Severe cortical necro
sis was predicted from the low value of RPC and
was confirmed by open renal biopsy the next day.
Subsequently, the RPC rose to 0. 14 on Day 18
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FIG. 8. RP/EDseriesin PatientNG beforeand after (Day0)
passage of left renal stone. (. - - - left, â€” right, . . . . total).

although the patient was anuric, and was 0. 11 on
Day 22 when the patient was passing approximately
0.6 liters of urine per day. Initial recovery from
transplant rejection was indicated by the increased

RPC on Day 18. Unfortunately, persistent wound
infection forced removal of the kidney. Pathologic
examination showed healing of the rejection process

with no active necrosis.

DISCUSSION

Qualitative observations of the clearance of OIH

from the kidney do not permit quantitative state
ments about renal physiology unless there is an
abnormality such as complete loss of blood supply
or a complete obstruction to urine flow. Quantita
tive clinical estimates of renal function are possible,

however, by the application of parameter estimation
techniques to multicompartmental models of renal

physiology, yielding information not obtainable from
the conventional renogram. This includes quantita
tive determination of total and unilateral ERPF, the

rate of accumulation and clearance of isotope from
the kidney tubules, and the time of transit of isotope
in urine through the collecting system into the blad
der. The gamma camera scintiphotos are an integral
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part of the test and RP/ED report; the photos give
important, although gross, detail about renal size,
the presence of ureteral dilation, and the location of
an obstruction and/or fistula.

The RP/ED is thus a renal split-function test
which has many similarities to constant-infusion tests

with PAH and inulin but does not suffer many of
its procedural disadvantages. The latter requires ap
proximately 3 hr of operating-room time since both
ureteral catheterization and saddle anesthesia are

used. Additional hours or days are needed for pa
tient observation after the removal of the ureteral

catheters. Consequently, the test cannot be done on
an outpatient basis and it has never gained broad
application (43) . One important difference between
these tests is that the RP/ED does not determine
GFR. This could be overcome by the addition of a
second isotope, such as iothalamate, to the study.

Several other models of the physiology of 0TH
clearance from the body have been reported (10â€”14).
To our knowledge, all of these are distinctly differ
ent from the present work and none can be so corn
pletely related to split-function renal studies. For
example, Comyn, et al (10) have not used a gamma
camera probe system and they do not explicitly
describe the exchanges of 0TH in other than kidney
pools. The work of Meldolesi, et al ( 11 ) does not
model the exchange of extra-renal distribution of
isotope. Comyn, Horgan, and Knudsen (10,12,13)

use model simulation only. Meldolesi ( 1 1 ) and Heis
kanen ( 14) either do not provide an error analysis
of the observational data or do not describe the
parameter estimation techniques they use.

Although our normal series is still small, the data
do support the hypothesis that approximately the
same normal ranges apply to both the split-function
test and the RP/ED. Our studies show that in a
series of normal patients there is a rather broad
range of individual parameters; similar variation has
been observed in studies with constant-infusion tech
niques (34,36,44,45). The full significance of these
variations is not known although it is clear that the
patient's state of hydration must be regulated within
the suggested boundaries to optimize urine flow rates
and RP/ED results. As in the constant-infusion test,
however, the high degree of individual variation is

often unimportant since even greater differences are
seen in renal diseases.

The pathological cases presented suggest that this
new test has broad clinical application. When applied

to the study of patients with unilateral renal artery
stenosis, observed values of renal perfusion and urine
flow fraction are reduced ipsilaterally as expected.

These findings are analogous to those obtained in

constant-infusion testing of similar or the same pa
tients; the findings reflect reduced tubular cell func
tion and increased water reabsorption by the affected
kidney (1 7) . Patients with essential hypertension,
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who do not have advanced renal demage, do not
have similar asymmetrical abnormalities. When renal
damage is severe, however, the RPC, ERPF, and
TCCC may be significantly reduced for both kidneys;
the urine flow fractions, on the other hand, will usu
ally be consistent with estimates of relative renal size
and will usually be within the normal range (32).

A major use for this test should be the determina
tion of the contribution of each kidney to total renal
function (32). While it is true that the RP/ED
often correlates well with the results of arteriography,
we have encountered instances (not presented)

where this is not the case. For example, severe uni
lateral renal disease has been overlooked because the
arteriogram only showed renal artery stenosis of the
opposite kidney (RP/ED and Stamey tests were
normal for this kidney). Remarkably, the split
function test and RP/ED both showed severe dis
ease of the arteriographically normal kidney. This
information was of extreme importance for the sur

geon who had to choose between ablative, recon
structive, or no surgery for correction of the renal
artery stenosis.

Estimates of renal function were also possible in
oliguric or anuric patients when GFR was too low to
permit sufficient concentration of contrast material
used in the usual x-ray procedures. The studies of
transplant rejection are a most interesting example
of this. OIH extraction is not GFR dependent and
will concentrate in the kidney as long as there is
plasma flow and proximal tubular cell function. The

cases presented illustrate these applications. The first
sign of rejection appears to be a reduction in the
TCCC. We have seen this change precede (by sev
eral days) changes in other tests, such as creatinine
clearance and tests of cellular-immunocompetence.
ERPF may actually rise when the TCCC clearly
indicates that rejection is probable. We recognize
that reduced cortical perfusion is an early finding
in rejection (46), and we are puzzled that an earlier

effect on tubular cell accumulation of 0TH is not

observed. Perhaps this is related to the redistribution

of blood flow that precedes a reduction of total flow
in such cases (47). Ultimately, ERPF is reduced and
it indicates extensive damage to the kidney. Also,
an increase in ERPF is the first indication of recov
ery while the TCCC is rather slow to respond.

Finally, it is estimated that the radiation exposure
from a single RP/ED is approximately 300 mrads
to the kidney, 6 mrads to the bladder and ureter, I 20

mrads to the thyroid, and 90 mrads to the whole
body (48â€”50) . Thus, there is a small but very real
radiation hazard associated with these tests. In serial
studies one must weigh the risks against the poten

tial value of the data obtained. Where the test is used

to determine the dose of an immunosuppressive agent
or the timing of a surgical procedure, we feel that the
relative hazard of the test is small.

In conclusion, we have presented a series of cases
that illustrate our experience with the use of the
RP/ED for the clinical evaluation of renal function.
Our results indicate that the information provided
will be useful for the evaluation of therapeutic re
sponse and for the diagnosis of a number of dis
orders of the kidney. Serial studies indicate that in
some well-defined cases, the test may also permit a
prediction of the patient's course. It is our belief
that these studies demonstrate the potential value of
this relatively new approach in which a large com
puter is used in the interpretation of nuclear medi
cine procedures, and that they are useful models for
the development of other tests using different radio
nuclides. We believe that additional investigative
effort in this direction is clearly justified by the data
presented.
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APPENDIX: MATHEMATICAL MODEL SUMMARY

A mathematical model of the renovascular system
which includes just the pathways for 0TH clearance
is summarized here. This model is composed of:

I . A dynamic flow model describing the 0TH dis
tribution and clearance in body compartments.

2. An observational model that relates the dy

namic flow model to the observations made
by the scintillation detectors, and

3. A statistical model of the counting errors.
The model is summarized here.
Mathematical description of the hydraulic model.

The following conservation equations describe the
flows depicted in Fig. 2. The net rate of change,

@l,of quantity of OIH, q1, in Compartment 1 at any
time (t) is

@1(t)= â€”(as+ a4)q1(t) + a5q5(t)

with q1(O) = (1 â€”fi â€”f2)A (1)

where A is the total radioactivity injected and f1 and
f2 are the fractions of isotope deposited in the kid
neys and Compartment 5 at the beginning of the
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modeling operation. A negative sign preceding a
term indicates an outflow rate.

The right tubular cell compartment has

@2(t)= (1 â€”/3)a,q1(t) â€”a2qz(t)

withq2(0) = (1 â€”6)f1A. (2)

A fraction ( I â€” @)of the total effective renal flow
appears as input to the right kidney. Similarly, the
left proximal tubular cell compartment has

4:,(t) /@a1q,(t) â€”a:tq:@(t)withq:4(0) f@f1A (3)

since the remaining fraction, f.@,of the total effective

renal flow is input to the left kidney. The rate of
change of OIH in the bladder is

cj4(t)= a2q@(tâ€”r2)+ a:4q:t(tT,)

withq4(0)=O. (4)

The inflow to the bladder is the outflow from each
kidney's tubular cell compartment delayed by the
transport time along the tubules. No outflow from
the bladder is assumed to occur over the course of
the examination. If bladder catheterization is pres
ent, the bladder detector is not used and the observa
tion relations are appropriately modified.

Compartment 5 has

@5(t)= a4q1(t)â€”a@q5(t)withq@(0) = f2A. (5)

Compartment r, has an inflow of a:3q:t(t) and an out
flow of a:4q:4(t _ Ti) at a time, t; hence

q@1(t)= a3[q3(t)â€”q:t(t_ T,)}

withqT1(t) =Ofor â€”r1@t@0; (6)

the value of q71(t) is the quantity of OIH present in

compartment@ at a time, t. Similarly,

@@2(t)= a2[q2(t)â€”q2(tâ€”T2)1

-â€˜@t@0 (7)with q@(t) = 0 for @T2

for Compartment r2.

The gamma detector positioned over the left kid

ney would observe

p1(t) =-y,[q1(t) +q5(t)]

+ y3q4(t)+ q:1(t)+ q@1(t) (8)
if background and gamma camera split-field cross
coupling were neglected. In Eq. 8 the radioactivity

observed by the detector is given unity coefficient for
the kidney contribution, q3 + q@1while the extra

renal contribution is -y@(q1 + q5) where@ is the
observation fraction of the extra-renal compartments.
Similarly, y@ is the contribution of scattering or
direct view of the bladder compartment with @:tthe
fraction of the bladder compartment observed by the
left kidney detector.

In the same manner one obtains

f2(t)= y2[q1(t)+ q5(t)]+ 74q4(t)

+ q2(t) + q@,(t), (9)

+ y6[q3(t) + q@1(t)] + y7[q2(t) + q@2(t)}

+y@q4(t), (10)

f4(t)= .y9[q1(t)+ q5(t)]

+ yio[q:3(t) + q@,(t)] + -y11[q2(t)+ q@2(t)]

+y12q4(t) (11)

for the observations without cross-coupling or back
ground for the right kidney, bladder, and precordial
gamma detectors, respectively. The y@are the obser

vation fractions (of the quantities on which they

appear as multipliers) associated with the observa
tions on the left of the equations. The expected ob

servations from gamma detectors over left kidney,

right kidney, bladder and precordium, respectively,
including backgrounds and cross-coupling, are then

r1(t) = f1(t) + 62i2(t) + b, (12)

r2(t) =621I@1(t) +f2(t) +b2 (13)

r:4(t) i'3(t) + b3 (14)

r4(t) = i@4(t)+ b4 (15)

where 812 is the cross-coupling coefficient (usually

measured at the end of the test procedure) from right
to left, 821 is the cross-coupling coefficient measured
from left to right, and the b are background counting
rates with the subject in position.

Certain of the observation fractions, the -yr, in
Eqs. 8â€”11 may be known to be zero; for example,
@Yl2 is typically zero since the bladder is usually not

viewed by the@ precordial gamma detector.

Parameter estimation and error propagation. The
mathematical model of the dynamic system and ob
servations as outlined in the previous section includes
a number of unknown parameters pertinent to each
individual subject. These include a1 to a-@$, f1, f2,
Ti, T2, and A of Eqs. 1â€”7; also included are a large

subset of the y@of Eqs. 8â€”11. These unknown pa
rameters are denoted by a parameter vector, p, for
convenience in what follows.

Suppose K data sets (typically, K = 4 ) are avail
able; the k-th data set has Mk data points. The time

of occurrence of the m-th point from the k-th set with
the value Prnk is tIlik. The calculated value of the ob

servation is rk-(tI11k)as given in the previous section.
An iterative technique (a modified Gauss-Newton
iteration) is used to obtain estimates of the N ele

ments of the parameter vector, p. At the i-th itera

tion, the difference between the observed and calcu

lated data is

f3(t)= -y5[q1(t)+ q5(t)]
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4'trnk Pmk â€” rtk(tfl,k)

with parameter vector p'. Also, at the i-th iteration,
let

@r'k(tfl)k)

@pI

evaluated with p = p', be the (m,l) element of the

matrix A'k. The evaluation of the elements requires
the use of the chain rule and the observational equa
tion relating the states and observables as well as the

evaluation of the partial derivatives

@pj

at each time point of interest and each iteration.

The inverse of the covariance matrix of the observa
tional errors is Wk with elements wjJk for the k-th
data set and the errors in each data set assumed in
dependent. The error at the i-th iteration is then

K M@ M5

El = @:@ @: 4@'mkwmIIk4@'ssk.
k=1 m=1 n==1

The Gauss-Newton iteration scheme (31 ) then states
that

rKI @:AtkWkA'kI (pt+1â€”@1)
Lk=1 J

I E I
Lkâ€”1 J

where 4@k @Sthe residual vector for the i-th iteration
and the k-th data set, i.e., the vector with elements
4@Iflk, m = 1 , 2, . . . , Mk; the superscript: denotes

transpose. A modification of Eq. 18 useful in con

vergence control is

r/K \ @II (@ Aâ€•kWkA'k)+ AD1](pf+) pi)=
L\k@1

rKI @:Aâ€•@Wkq.'k@ (19)
LK=i J

where D' is the diagonal part of the sum in the
brackets on the left of Eq. 18 and @.is chosen to

appropriately bound the parameter changes. Equa
tion 19 is solved at each iteration to obtain p' +

which is then used to obtain Ak' + 1 and the 4k1@ I for
the next iteration. The initial parameter vector, pÂ°,
is an input to the iterative procedure. Since the un

derlying data noise is Poisson distributed and usually

independent from observation to observation, Wk is
a diagonal matrix with elements w111flk= I /AII,kwhere
A111k is the mean ( and also variance ) of the process.

In practice, the Arnkare replaced by an estimate of
the mean obtained directly from the data. The esti
mated parameters obtained by the above procedure

(1 6) have a covariance matrix for small deviations given
by the inverse of the matrix in brackets to the left
of the equal sign in Eq. 18. This covariance matrix
is nearly the smallest possible (31 ) . The square root

of the diagonal elements of the covariance matrix
(standard error of the parameter determinations) is
made available on the clinical report. A subset of
the matrix is used to calculate the standard errors
presented in the â€œDerivedResultsâ€• section of the
RP/ED output form. Further, goodness-of-fit tests
are applied to the error @Iexisting at the final itera

tion to judge the correctness of the dynamic model

and observational relations.
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