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Exiract

Thirty ¥¥Xe determinations of renal blood flow were made in 20 children ranging in
age from 16{, to 1094, years. In six normal kidneys average blood flows to the outer
and inner cortex were 374 and 44 ml/min/100 g, respectively. Mean fractional flows
to these areas were 84 and 15 ml/min/100 g, respectively. In nine children with con-
genital heart disease (CHD) who were not in congestive heart failure and who were
evaluated before angiography, a defect in outer cortical flow was demonstrated.
Average blood flows to the outer and inner cortex were 250 ml/min/100 g (P 0.0005)
and 27 ml/min/100 g (P 0.22). Mean fractional flows were 769, (P 0.03) and 249,
(P 0.015), respectively.

After cardiac angiography, a decrease in outer coriical flow occurred. The second
flow study was performed 8-30 min after injection of contrast media (Hypaque-M,
759%,) in amounts which ranged from 1.2 to 3.5 ml/kg body wt. After angiography,
blood flows to the outer and inner cortex were 186 ml/min/100 g (P 0.001) and
24.5 ml/min/100 g (P 0.68). Average fractional flow to the outer, 749, and inner,
269, cortex, did not change (P 0.71).

Speculation

Kidneys of children with CHD have decreased outer cortical flow, which may result
in increased renal renin production. Therefore, a child with CHD may suffer the long
term consequences of hyperreninemia. Furthermore, the balance of any metabolic
system whose metabolic pathways involve the outer cortex may be altered and
hemodynamic response to stressful clinical situations may be greater in the kidneys
of children.

congenital heart disease

Introduction

Although information of major importance relative to
renal blood flow (RBF) has been obtained using the
radionucleide of the inert gas, xenon ('¥3Xe), in ani-
mals and in human adult subjects, this technique has
not been used previously to investigate problems spe-
cifically related to pediatrics. The RBF is determined by
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injecting a bolus of 133Xe into the renal artery and
monitoring the rate of disappearance of the isotope by
means of external counting devices placed over the
kidney. Graphic analysis of the resultant data provides
information relative to both the rate of nutrient flow
and the fraction of total flow which perfuses the outer
and inner cortical regions of the kidney. That the
133X e technique provides useful hemodynamic data in
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humans has been shown by comparison of angio-
graphic findings [25, 48] or sequential y camera pic-
tures [8] with information derived by graphic analysis
of the washout curve.

Evaluation of remal hemodynamics by the 33Xe
method offers a number of technical and physiologic
advantages over other clinical techniques available to
measure intrarenal blood flow patterns. Technically,
neither renal vein blood nor urine needs to be col-
lected in contrast to the dye-dilution or p-aminohip-
purate clearance (Cp,y) renal extraction techniques
[5]. Only an end-hole catheter needs to be inserted
into the renal artery and can easily be accomplished
during aortography when the femoral artery is the site
of entry into the arterial system. Because pertinent
information can be obtained in less than 10 min, pro-
longed patient cooperation is not required. Physiologi-
cally, the 138Xe technique is the only clinically availa-
ble method capable of providing data relating to intra-
cortical blood flow patterns. Moreover, the units of
measurement of flow, in milliliters per minute per 100
g [54], and fraction of total flow, as a percentage [54],
are independent of body size. This permits direct com-
parison of data obtained in children of various ages.

Previous studies have found abnormalities in effec-
tive renal plasma flow in children with congenital
heart disease [24, 41, 45, 46], and found that medul-
lary necrosis in infants and changes in Cp,q in newly
born piglets may occur after administration of angio-
graphic media [23]; accordingly, investigations relative
to these problems were performed. In addition, meas-
urements of RBF were obtained in six kidneys judged
to be normal. This study reports the results of 80 133Xe
washout curves performed in 20 children. The data
obtained demonstrate that abnormalities in outer cor-
tical blood flow occur in CHD, and that significant
decreases in RBF may occur after angiography in chil-
dren.

Materials and Methods

The nature of the studies to be performed, the signifi-
cance of the administration of radionucleides, and the
risks involved in catheterizing the renal artery were
explained to the parents of each child and informed
consent obtained. The parents were advised that RBF
would be determined only if arterial catheterization
were part of the cardiac catheterization. The com-
puted quantity of y radiation to the whole body was
less than 0.5 millirads/mCi 133Xe administered, which
can be compared with an average whole body dose of
90 millirads for an IVP. No complications occurred

which could be attributed to the performance of the
xenon washout curve.

Pertinent clinical data are provided in Table I. The
children received their usual diets until 6-8 hr before
catheterization. The clinical status of the kidneys per-
mits their division into four groups: group I, kidneys
considered to be normal which were studied before
angiography; group II, kidneys considered to be nor-
mal which were studied only after angiography; group
111, kidneys in children with CHD evaluated before
angiography; and group IV, kidneys in children with
CHD evaluated after angiography.

The washout curves calculated before administra-
tion of contrast medium were performed after com-
pleting measurements of oxygen saturation and pres-
sures in the chambers on the right side of the heart
and in the pulmonary circulation and before similar
measurements of the left-sided cardiac chambers.
These curves were monitored for 5-6 min. The postan-
giographic studies were performed 8-30 min after in-
jecting the contrast material and were monitored for
30 min. Table I records the total dose of contrast
medium administered and the time interval after the
last injection of angiographic media to the start of the
flow study of the nine patients studied twice. In the
remaining children, only the quantities of contrast
media used in performing the angiograms were re-
corded. Although precise time intervals between the
last angiogram and the xenon study were not recorded
in the initial studies, patients 15-20, the time intervals
involved were similar to those of the other studies.
Hypaque-M 75% (sodium and meglumine diatrizoate)
was given to the patients with CHD. Hypaque 50%
(sodium diatrizoate) was given to the patients without
CHD.

The method used to determine RBF and its intra-
renal distribution was a modification of the krypton
method originally developed in dogs [54]. A no. 5 end-
hold catheter was inserted through a pursestring arte-
riotomy and fluoroscopically guided into the renal ar-
tery. Initially, cardiac catheters were used, but later,
special renal artery catheters were used. After position-
ing the catheter in the renal artery, 100 pCi 133Xe
dissolved in 0.9% NaCl solution (0.1-0.4 ml) were
rapidly injected through one side of a three-way stop-
cock and followed by a 2-ml 0.9% NaCl flush through
another side of the stopcock. The catheter was imme-
diately withdrawn into the descending aorta out of the
field of the radiation detection probe.

Three lines of evidence suggest that the injected
138X e entered only the renal circulation. First, the re-
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Table I. Clinical data!l

Time to flow

Contrast study after

Patient Age, yr Height, cm Weight, kg Hen;(}ﬁlobin Diagnosis mwi}‘;’f} gf;ven, angiography,
min
1 4212 94 13.4 10.8 Suspected renal mass 1.12 17
2 8849 126 .4 26.4 14 Unilateral hematuria
3 7% 2 119.4 22.6 12 Unilateral renal hypertension
4 9% 2 120.7 24.3 12.2  Unilateral hematuria 1.62 22
5 41149 101.6 15.6 12 .4 Left renal vascular hypertension 0.82
6 45{s 9.5 1.8 12.7  PDA, 2nd° block, AI, VSD 5.5 10
7 5412 95.3 12.7 12.5 M8, V8D 3.2 30
8 6312 118.1 20.8 10.9 Coronary artery to RV fistula 2.6 22
9 3549 97.8 12.7 10.7 VSD 3.0 10
10 5312 111.1 18.6 12.7 Pulmonary artery banding, closed VSD 2.6 14
11 52 125.1 23.1 12.8 VSD, PS 2.4 27
12 1349 88.9 13.1 11.3 Coarctation aorta 1.2 16
13 10949 120 24.5 19.9 A-V canal, R-L shunt 1.84 9
14 8619 130.2 26.8 13.4 Pulmonary stenosis 2.1 8
15 7542 118.7 19.1 13 ASD, MI, AI, VSD, postsurgical repair 3.0?
16 7 113.7 17.5 14.8  AS, VSD 1.32
17 2945 88.9 11.4 11.9  VSD 2.8
18 61912 109.2 17.7 11.6  AS 1.72
19 379 92.7 11.4 12.6 VSD, ASD 2.3
20 b 111.8 17.5 12.4  Post-TF correction 2.42

1 PDA: patent ductus arteriosus, AL: aortic insufficiency, VSD: ventricular septal defect, MS: mitral stenosis, RV : right ventricular,
PS: pulmonary stenosis, A-V: arteriovenous, R-L: right-left, ASD: atrial septal defect, MI: mitral insufficiency, AS: aortic stenosis

TF: tetralogy of Fallot.

2 These quantities of contrast medium are less than the total quantity by the amount of medium used in the various hand injections

to localize the position of the catheter.

sultant washout curve looked like a 33Xe washout
curve. Second, because injected xenon leaves the renal
vein and is almost entirely excreted by the lungs on its
first circulation, any 133Xe which fails to enter the
renal artery will travel down the aorta into the leg and
be detectable there. Although we did not monitor the
leg opposite the arteriotomy in every study, we did so
in a number of patients, and in no instance were we
able to detect any radioactivity within the initial 5-10
sec after injecting 133X e. Third, in those patients eval-
uated after angiography, 0.25-0.5 ml contrast medium
was injected into the renal artery and monitored on
videotape in order to verify the position of the cathe-
ter.

Monitoring of the rate of washout of 1¥3¥Xe was
accomplished by placing a 2-inch sodium iodide crys-
tal, which was recessed 3 inches into a conical lead
collimator, 1-2 inches above the anterior abdominal
wall and aimed toward the kidney and away from the
lung. The probe was powered by a Packard Selectronic
model 45-22 analyzer [60]. The washout data were
continuously recorded on a Gipher model 100x40 9-
track tape recorder [61]. The 9 tracks were electroni-

cally modified by Mr. John Whitney of the Cipher
Data Products Corporation [61] so that the Ist, 4th,
7th, etc., radioactive counts were recorded on track 1;
the 2nd, 5th, 8th, etc., on frack 2; and the 3rd, 6th,
9th, etc., on track 3. Tracks 4,5, and 6 and 7, 8, and 9
were modified in a similar fashion. Each group of
three tracks, i.c., channels I, 11, or 111 was now capable
of recording in a linear fashion 50,000 = 0.5% (sp) cps
generated from one probe. Standard 9-track Ampex
[62] magnetic tapes were used. Repeated playback of
the tape demonstrated that the tape stretched less than
0.003%.

The resultant data were subsequently fed at I-sec
intervals into consecutive channels of a 4096-channel
Hewlett-Packard [63] model 5401 multichannel analy-
zer. Each discrete channel was then used as a memory
unit for a finite interval of the washout curve. The
entire curve was displayed on the cathode ray tube of
the multichannel analyzer, and the initial rapid down-
ward defection of the curve identified and designated
as time zero.

The stored data were then manipulated by a series
of programs written for the Hewlett-Packard 9100A
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computer calculator and model 9101A extended mem-
ory which was in direct two-way communication with
the multichannel analyzer through a Hewlett-Packard
model 2570A coupler controller. Initially, the back-
ground count rate was subtracted. Next, a graphic plot
of the natural logarithm of the count rate was plotted
against time and printed out graphically on the Hew-
lett-Packard X-Y plotter model 9125A.,

The washout curves were monitored for either 5-6
min or 30 min. The resulting data were analyzed sub-
sequently by one or more of three procedures, hence-
forth referred to as the 80-min, 800-sec, and 750-sec
analytic methods. Thirty-minute curves were analyzed

the multichannel analyzer which corresponded to
these data points were identified. A least squares
regression line was computed automatically using the
stored data in these channels, and the data points
beyond #1.75 sp from the line were eliminated from
the appropriate memory channels. A second least
squares line was then computed and drawn by the
plotter. The values of the zero time intercept and
slope per channel [54], i.e., per second, were displayed
on the digital printer of the unit. The computed
straight line was then subtracted point by point from
the original curve and a new curve plotted and held in

memory. This process was repeated sequentially until
no further components could be identified. With one
exception, three components were identified in the 30-

after being plotted on the X-Y plotter by initially
determining the terminal straight component of the
curve by visual inspection. The memory channels in
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Fig. 1. Thirty-minute washout curve. The logarithm of the count rate per second is plotted against time in seconds. The terminal straight-
line portion of the curve is identified by visual inspection and a straight line computed and drawn from time zero. This line is then subt
tracted point by point from the original curve and a new curve obtained. The process is repeated sequentially. An original curve as drawn
on the X-Y plotter is shown. The straight lines have been darkened to permit reproduction.

Table I1. Analysis of washout curves by 30-min, 300-sec, and 750-sec methods!

300 Sec 750 Sec
Method
n r t P r t P
Flow outer cortex, component 1 14 0.99 19.8 <0.0001 0.92 8.37 <0.0001
Flow inner cortex, component I 14 —0.104 0.36 0.72 0.54 2.23 0.046
Flow outer cortex, component I, 9, 14 0.61 2.67 0.02 0.95 10.5 <0.0001
Flow inner cortex, component II, 9, 14 0.58 2.49 0.03 0.96 11.8 <0.0001

! Fourteen washout curves, some of which are not included in this report, were analyzed by the 30-min, 300-sec, and 750-sec analytic
methods. The results for components I and II, i.c., outer and inner cortex of the 300- and 750-sec methods were compared with similar
data obtained from 30-min curves. Identical data from the original washout curve after background subtraction was held in memory
in the multichannel analyzer and analyzed as described in the text. Linear regressions of the 300~ or 750-sec method zersus the 30-min
method were computed for both flow and fractional flow of both component I and II. The correlation coefficients and tests of signifi-
cance as shown demonstrate that the 750-sec method provides data which correlated significantly (P < 0.05) with similar data de-
rived from 30-min analyses. Data for component II obtained by the 300-sec analytic method does not correlate with that obtained by
the 30-min method.
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min curves. An example of a 30-min curve is shown in
Figure 1.

In the 300-sec method, the count rate corresponding
to 300 sec from the origin of the curve was taken as a
constant value representative of the third component
and subtracted from preceding count rates. The newly
generated curve was then analyzed as a two-component
curve in a manner similar to that described for the 30-
min curve. Curves analyzed in this fashion by others
[13, 38, 49] and as shown in Table II provide data
which are accurate for component I only.

The 750-sec method, which is a new approach to
analyzing 300-sec curves, consisted of starting with a
$00-sec curve. A least square regression line was fitted
to the data points between 250 and 300 sec. This line
was extrapolated beyond the end of the curve to ob-
tain the count rate at 750 sec. This value was then
used as a constant representative of the third compo-
nent and subtracted from the original curve. The re-
sultant curve was then analyzed as a two-component
curve. Figure 2 contains a representative example of the
750-sec method of analysis.

Fourteen curves were analyzed by all three methods.
Information contained in Table Il demonstrates that
when the results of the 300-sec method were compared
with those obtained by the 30-min method, the data is
valid for component I only. Other investigators have
obtained similar results [18, 39, 48]. Because flow and
fractional flow for components I and II, as derived
from the 750-sec method, were similar to those ob-
tained by the 30-min method, whenever results from 5-
min curves are given, only the numbers derived from
the 750-sec method of analysis will be presented.

Regional flow rates per 100 g kidney were calculated
from the slopes of each component [54]: F = (k x A X
100)/p where F is the flow in milliliters per minute per
100 g of renal tissue; k is the slope of the component;
is the partition coeflicient for xenon in the kidney and
was assumed to be 0.7; and p assumed to be 1.0, is the
specific gravity of the kidney. The fraction of flow
which perfuses these components was determined by
adding together the count rate at time zero of each
component and dividing the count rate of any given
component by the total number of counts. In the 5-
min curves, the contribution of the third component
was disregarded. In the studies performed after angiog-
raphy, although 30-min curves were obtained and ana-
lyzed, the initial 5-min portion of the curve was also
analyzed in order to permit comparisons to the 5-min
curves obtained before angiography. Conventional
graphic analysis permits separation of individual com-
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Fig. 2. Seven hundred fifty-second method of analysis. The
original 5-min curve is shown on the left. A straight line was
calculated using the data points between 250 and 300 sec and
the count rate corresponding in time to 750 sec was obtained.
This value was then subtracted from the original curve and the
curve on the right was obtained. The resultant curve was then
analyzed as a two-component curve. A curve as drawn on the
X-Y plotter is shown. The straight lines have been darkened to
permit reproduction.

ponents only if the t14 of the components difler by a
factor of 3 [47]. Tests of significance between mean
values were calculated by means of the student ¢ test
The sem follows the mean values for blood flow and
fractional flow.

Results

Individual patient values for RBF and fractional flow
are contained in Table I11I.

Studies of Kidneys Considered to be Normal

Patients I, 2, 3, 4, and 5 underwent aortography for
the purpose of evaluating primary renal disease. In
each patient the normal kidney was studied. The kid-
ney involved in the two patients being evaluated for
unilateral hematuria had been identified previously by
cystoscopy. Renal arteriography failed to reveal any
abnormalities. In the two children being evaluated for
hypertension, the involved kidney was shown in one to
have perirenal bleeding related to trauma and in the
other to have fibromuscular dysplasia. The child sus-
pected of having a renal mass was shown to have
normal kidneys bilaterally and both kidneys were stud-
ied.

As the data generated in these children before or
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Table ITI. Discrete flow data for individual patients derived by 30-min and 750-sec method of graphic analysis

30-Min analysis

750-Sec analysis

Flow, ml/min/100g Flow, % Flow, ml/min/100 g Flow, %
I I 111 1 11 11X I 11 I II
1. Pret? 401.1 27.3 84.8 15.2
la. Pre 429.9 2]1.1 84.8 15.2
2. Post? 341.96 61.72 16.82 86.95 6.97 9.74
3. Post 370.5 105.3 24.3 74 .64 22.6 2.76
4. Pre 324.6 23.2 87.28 12.72
5. Pre 376.7 25 85.06 14.94
6. Pre 267.6 23.5 69.61 30.39
Post 149.6 25.2 1.6 72.56 18.91 8.53 162.9 19.74 79.01 20.99
7. Pre 273.7 27.14 73.77 26.23
Post 169.9 27 1.7 73.39 18.01 8.6 190.8 22.9 69.03 30.97
8. Pre 252.9 31.12 80.96 19.54
Post 225.4 25.7 1.1 90.29 5.6 4.11 238.9 18.96 89.69 10.31
9. Pre 290.8 64.2 67.85 31.01
Post 167 23.1 1.7 87.71 7.87 4.42 168.6 15.71 91.69 8.31
10. Pre 289.7 12.21 89.87 10.13
Post 297.2 24.7 0.6 87.96 7.54 4.50 252.5 36.1 90.05 9.95
11. Pre 195.8 29.2 70.64 29.36
Post 174.2 39.1 1.3 69.73 26.22 4.05 180.8 35.2 70.03 29.97
12. Pre 255.8 28.95 82.38 17.62
Post 145.7 29.7 1.4 54.63 35.66 9.71 161.5 26.54 52.73 47.27
13. Pre 172.9 13.0 76.21 23.74
Post 119.0 14.9 71.9 28.1
14. Pre 252.5 16.9 69.5 30.5
Post 200.6 30.2 47.9 52.1
15. Post 274.9 72.1 20.7 80.95 14.91 4.14
16. Post 147.6 25.9 0.09 64.08 29.57 6.36
17. Post 184.8 21.7 1.3 78.84 14.88 6.27
18. Post 307.2 35.0 0.9 80.26 15.89 3.86
19. Post 195.2 29.3 1.3 79.34 23.38 1.27
20. Post 278.9 57.5 6.8 73.47 16.79 9.74

1 Pre: preangiocardiogram.
2 Post: postangiocardiogram.

after angiography (clinical groups I and II) revealed
similar values and also were within the known range
of values reported previously in normal adults, they
will be considered as a single group. The average flow
rates to the outer and inner cortex were 874 =+ 16 and
44 + 14 ml/min /100 g. The range of values for flow to
the outer cortex was 325 to 430 ml/min/100 g. Frac-
tional flow to the same regions was 83.9 = 1.9% and
14.6 =+ 4%, respectively; the remaining 1.5% belonged
to the third component as determined by the 30-min
method of analysis.

Studies of Kidneys after Angiography in Children with
CHD
Patients 6-20 had determinations of renal blood
flow performed at the conclusion of their cardiac cath-

eterization. Thirty-minute curves were obtained in 13
children, patients 6-12 and 15-20. One curve had four

components, the others contained only three compo-
nents. Patients 15 through 20 were the inijtial group of
patients whose kidney function was evaluated by xe-
non washout curves. When it became evident that
outer cortical flows were low, we started performing
our xenon studies before angiography. As might be
expected, the data obtained in this group did not
differ from those data from patients 6—12 who were
studied subsequently, and the two groups can be con-
sidered together.

Graphic analyses of these 30-min curves show that
the blood flow to the outer cortex averaged 209 =+ 17
ml/min/100 g and 33.5 = 4 ml/min/100 g to the inner
cortex. Fractional flows to the outer and inner cortical
regions were 76 = 3% and 18 = 2.5, respectively. As
the physiologic significance of the data generated from
component 111 is questionable, the results for this com-
ponent were not averaged.
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Table IV. Mean = sem for renal bloed flow and fractional flow in children with normal kidneys and congenital heart disease (CHD)!

Group 4, pormal subjects Group BOUB (0 =9, G © CHD 0 = 9 pvatues, 475 P vauss, B/C
Flow, ml/min/100 gm
Component 1 374.1 4 15.6 250.2 £+ 13.5 186.2 = 13.6 0.0005 0.001
Component I1 43.9 4+ 13.8 27.4 & 5.2 245 % 2.7 0.22 0.68
Fractional flow, %,
Component I 83.9 £ 1.9 75.6 £2.5 73.6 £ 5.3 0.03 0.71
Component I 14.6 = 2.1 24.4 4 2.5 264 4=.5.3 0.015 0.70
1 Statistical comparison, P values, between groups are shown in the last two columns.
Studies of Kidneys before and after Angiography in Discussion

Children with CHD

Renal blood flow in patients 6-14 was measured
twice. Five-minute curves were performed before an-
giography and both 5- and 30-min curves after angiog-
raphy. The results obtained from the injtial 5-min
segment of the 30-min washout curve after angiogra-
phy were used to compare with the preangiographic
study. The data and statistical analysis of these studies
are contained in Tables I1I and IV,

In the studies performed before angiography, blood
flow to the outer cortex using the 750-sec method of
analysis was 250 = 13.5 ml/min/100 g and 27 == 5 ml/
min /100 g to the inner cortex. Fractional flow was 76 ==
2.5% and 24 = 2.5% to the outer and inner cortex,
respectively.

As shown in Table IV, outer cortical flow in the
children with CHD was significantly lower than that
found in our normal control kidneys. The reduced
flow was associated with a redistribution of flow from
the outer to the inner cortex. The time elapsed after
angiocardiography to the performance of the second
xenon study ranged from 8 to 30 min. In no study did
the quantity of contrast medium injected for a given
angiogram exceed 1.0 ml/kg. The number of angio-
grams performed in an individual patient ranged from
one to four.

A decrease in outer cortical flow occurred in these
nine patients after angiography. Outer and inner corti-
cal flows after angiography were 186 = 14 and 24.5 = 3
ml/min/100 g. Fractional flows were 74 == 5% and 26 =
5%, respectively. A significant change occurred in
outer cortical flow. Both increases and decreases in
flow to the inner cortex and in fractional flow to both
the outer and inner cortex occurred. Therefore, no
statistical unidirectional changes in these variables was
found. The quantity of contrast medium injected was
not related to the change in blood flow which occurred
after angiography.

These studies in children provide renal hemodynamic
data which deal with three distinct problems which
require elaboration. The discussion to follow will com-
ment first on blood flow relating to normally function-
ing kidneys, then upon the site of abnormality of the
defect in renal blood flow in children with CHD, and,
finally, upon the effect of angiography on RBF in chil-
dren.

Renal Blood Flow in Normal Kidneys

The five patients considered to have normal kidneys
had values for both blood flow and fractional flow to
the superficial and inner cortical regions of the kidney
within the range of values reported for normal adult
patients ingesting unrestricted diets. All were in the
age range in which values both for glomerular filtra-
tion rate (GFR) and for renal plasma flow measured by
the clearance of inulin and PAH, if expressed in terms
of body surface area, are similar to adult values. Al-
though 133Xe studies were not performed in children
below 2 years of age, it is known that renal plasma
flow (Cpap) per gram of kidney is reduced in these
children [2].

Because changes in cardiac output [37] in relation to
body size after birth are not great enough to explain
increases in RBF, it follows that any increase in total
RBF with age in relation either to kidney weight or
surface area must occur as a result of an increase in
blood flow per gram of kidney tissue, for autopsy stud-
ies have shown that the ratio of kidney weight to body
weight in the human infant after birth remains con-
stant or decreases [44]. Once blood flow per gram of
kidney reaches adult levels, further increases in total
RBF can be expected to occur only in relation to an
increase in renal mass.

These data in children, together with that in nor-
mal adults, demonstrate that once blood flow per gram
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of tissue reaches adult values, it remains constant. In
addition, since the 13*Xe technique provides data for
flow directly in units of milliliters per gram of kidney,
the results provide direct support for the use of surface
area correction factors in attempting to normalize data
relating to renal plasma flow and probably GFR in
order to compare renal function studies in children
above 2 years of age to similar type studies in adult
patients. Data obtained in both infant piglets [22] and
puppies [29] by microsphere and/or gas washout tech-
niques and that available dealing with cardiac output,
Cpam, and blood pressure both in the animals and in
the growing child [22], have shown that this increase
in RBF with age occurs as a hemodynamic consequence
of a progressive fall in total renal vascular resistance,
with the principal increase in blood flow occurring in
the superficial cortical regions. It is also reasonable to
assume that the fraction of cardiac output which per-
fuses the kidney reaches adult values at the time in
maturation that renal blood flow per gram of kidney
obtains adult values.

Renal Blood Flow in CHD

Decreased renal plasma flow in children with both
cyanotic and acyanotic CHD has been demonstrated
by a number of investigators using the PAH clearance
technique [24, 41, 45, 46]. Although the GFR is usually
normal, some patients have had reduced levels of GFR
in the absence of heart failure. These abnormalities
persist beyond infancy when GFR and Cp,y, if cor-
rected for body surface, ought to be similar to adult
values. The finding that the renal extraction of PAH
in children with both cyanotic and acyanotic CHD is
within the range reported for normal adults provides
evidence that the decrease in renal plasma flow in
congenital heart disease is not caused by a shift of
blood flow from cortex to medulla, i.e., glomerular
versus nonglomerular flow, but must reflect an abnor-
mality in cortical flow [40]. That the decrease in renal
plasma flow is not an artifact resulting from an in-
creased hematocrit in patients with cyanotic heart dis-
ease is proven by the findings of a reduction in total
RBF in these patients. The resulting increase in filtra-
tion fraction in both cyanotic and acyanotic patients
with CHD suggests that an increase in cortical vascu-
lar resistance probably exists in children with CHD.
Moreover, these abnormalities often persist for years
after successful surgical correction of the cardiac defect
[24, 46], although some data exist which show that Cp iy
may increase toward normal values after surgery.

In addition to the functional changes noted, ana-
tomic abnormalities which consist of thickening and/
or destruction of capillary walls, dilatation of afferent
arterioles, prominence of the juxtaglomerular appara-
tus, the occurrence of enlarged glomeruli and mesan-
gial prominence have been described in children with
CHD [50-52, 56]. Spear feels that there may be a
tendency toward hyaline changes in the renal arter-
ioles in some patients [52]. The pathogenesis of these
changes remains unknown and can not be attributed to
either polycythemia or hypoxia alone.

The present studies extend our knowledge of renal
hemodynamics in CHD by documenting the decrease
in RBF in individuals with CHD by a more direct
technique than the Cp 5y method. With the exception of
a few measurements of total RBF by means of the Cy
extraction technique in children under 2 years of age,
no true measurements of RBF other than those re-
ported here are available in children. The use of the
133X e technique by measuring RBF directly eliminates
the possibility that the reduced Cp,y values reported
previously might reflect invalid surface area correction
factors attributable to abnormalities of growth in chil-
dren with CHD [42]. The defect in blood flow has
been shown to occur in the region of the outer cortex.
Patient 20, evaluated before angiography, the only pa-
tient who was studied 1.5 years after corrective cardiac
surgery, was shown to still have diminished outer corti-
cal flow, and this suggests that the defect is permanent
once it occurs.

Although our results are similar to those obtained
by the 138Xe technique in experimental heart failure
[31, 82], as well as in some adults being treated for
heart failure [18], none of our patients had ever been
in failure and the left ventricular end diastolic pres-
sure was normal in these patients. Since most of the
adult patients had either aortic or mitral valve disease,
it is probable that they had rheumatic heart disease
and not CHD. It may be that patterns of renal blood
flow are different in acquired as opposed to CHD, for
both blood flow and fractional flow in some adults
were within normal adult values. Although the patho-
physiology of the redistribution of blood flow in
congestive heart failure is not completely understood,
it may be related to changes in catecholamines and
effective arterial filling.

The clinical implication and pathogenesis of this
defect in renal blood flow must remain speculative;
however, a number of observations are of interest.
Inasmuch as abnormalities in outer cortical flow have
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been correlated with changes in the renin angiotensin
system [26, b5], it may be that with increasing age, the
individual with CHD is at risk for developing the
consequences of hyperreninemia. Indeed, plasma renin
activity has been reported to be higher in children
with CHD than in normal children of similar ages
[53]. Unpublished studies in our own laboratory have
shown similar findings [21]. Hyperreninemia associ-
ated with reduced outer cortical blood flow has been
noted in patients with either essential hypertension
and/or renal artery stenosis [26]. Moreover, reduced
outer cortical blood flow may persist after surgical
correction in children with CHD.

If it is assumed that the defect in outer cortical flow
persists in children with CHD, it may be that this
defect represents a failure of the normal develop-
mental processes. The rate of maturation of the kidney
is influenced by the dietary intake in the newborn
period. Premature infants fed a high solute, high pro-
tein diet increase both their GFR and G,y at a faster
rate than premature infants fed a “normal” diet [16].
The kidneys of newborn rats in whom caloric intake is
restricted have been shown to demonstrate both a mor-
phologic and functional lag when compared with con-
trols [59]. Studies of RBF in the developing kidney of
the puppy have shown a reduced outer cortical flow
and a greater fraction of RBF which perfuses the inner
cortex in contrast to the adult kidney which has a
high outer cortical flow and a large fraction of total
flow perfusing the outer cortex [29]. The patterns of
blood flow observed in our patients are similar to that
of the infant kidney. In addition, Solomon and Capek
[49] have demonstrated that the level of food intake
influences the rate of increase of superficial nephron
GFR in developing rats, which suggests that the availa-
bility of solute and/or calories not only influences the
rate of maturation of RBF, but its redistribution as
well. It may be that unless the stimuli which result in
renal maturation are operative during a critical period
of growth, a permanent and irreversible defect in renal
function occurs.

Chronic malnutrition [1], i.e., infantile protein ca-
loric malnutrition and kwashiorkor, is also known to
reduce renal plasma flow. Moreover, Cp,p returns
to normal values after malnutrition in children is
treated, in contradistinction to the persistence of the
defect in Cp,y after surgical correction of the cardiac
defect. Although many of our patients with CHD were
below the 3rd percentile for height, the defect in renal
blood flow was also present in the children who were

of normal height. It may be that growth and renal
maturation during infancy was retarded in these pa-
tients.

Another possibility which requires consideration
deals with the relation of catecholamines to intrarenal
blood flow patterns. Infusions of various catechola-
mines reduce outer cortical flow and the developing
kidney has been shown to be more sensitive to a given
level of circulating catecholamine than the adult kid-
ney [30]. Although catecholamine excretion is in-
creased in congestive heart failure [11] and might in-
fluence renal cortical flow, catecholamine excretion is
normal in children with CHD [10]. Thus, it is not
likely that catecholamine metabolism is causally re-
lated to the abnormality in RBF in children with CHD
who are not in heart failure.

Effect of Angiography on Kidney

The child undergoing angiocardiography, especially
the infant, may be more inclined to develop significant
renal toxicity following intravascular contrast adminis-
tration than the adult because of the relatively greater
quantities of contrast media given to children. Toxic
renal manifestations of contrast media in children in-
clude hematuria [23], hemoglobinuria [12], protein-
uria [83], and both transient and permanent renal
insufficiency. Renal medullary necrosis [23], a rare pe-
diatric problem, has been reported to follow angiocar-
diography in a number of infants. The findings of
marked decreases in Cp.y after contrast administra-
tion in newly born piglets suggest that renal hemody-
namic changes play a causal role in the development
of medullary necrosis. In human infants, a single injec-
tion of contrast media (1 ml/kg) does not significantly
affect creatinine clearance [43].

Although contrast media are intended only for diag-
nostic use and ought ideally to exhibit neither phar-
macologic nor toxic effects, in actual practice they ex-
ert both effects [20]. Modern angiographic media are
excreted through the kidney by the process of glomer-
ular filtration and act as nonreabsorbable solutes. A
nonreabsorbable solute, if given in sufficiently large
quantities, may induce an osmotic diuresis and pro-
duce clinical dehydration. In a child with CHD with-
out fluid intake for a period of time before cardiac
catheterization, who may already have abnormal renal
function, the level of renal function may be further
compromised by worsening the state of hydration.

In considering the effect of contrast medium on
renal function in patients undergoing cardiac angiog-
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raphy, both the effect of contrast medium on cardiac
function with it secondary effect on renal function and
the effect of angiography media directly on the kidney
itself have to be considered. One type of response to
administration of contrast medium into cardiac cham-
bers or into the aorta is one of an increase in cardiac
output, a rise in heart rate and stroke volume, and an
elevation in blood pressure [4]. These changes proba-
bly reflect changes in blood volume rather than a
direct effect on the myocardium. The small quantities
of contrast used in coronary artery angiography do not
produce similar hemodynamic changes [34]. Con-
versely, decreases in myocardial contractility, eleva-
tions of left atrial pressure, and both pulmonary and
systemic hypotension have occurred after contrast ad-
ministration [19, 38]. Generally, these effects resolve
within a few minutes. Systemic hypotension after an-
giocardiography did not occur in any of the patients
evaluated in these studies. Unless the volume expan-
sion results in the development of heart failure, it
would appear that any drop in RBF after cardiac an-
giography is not related to changing cardiac hemody-
namics but to a more direct effect of contrast on the
renal circulation, although acute changes in left atrial
pressure may effect renal hemodynamics.

In regard to the effect of contrast media on renal
hemodynamics, three different responses of the renal
vascular bed have been reported in animals [6]. These
include vasodilatation, vasoconstriction, and a bi-
phasic response which consists of a transient vasodilata-
tion followed by a period of vasoconstriction. Some of
these differences may reflect differences in techniques
of the time period examined. Apparently, only the
kidney and lung [17] contain vasculature which re-
sponds to the administration of hypertonic solutions
with vasoconstriction, for the carotid, femoral, and
myocardial circulation respond by vasodilatation [6].

In a series of studies using an electromagnetic flow
meter, the drop in renal blood flow after contrast
administration was shown not to be related to changes
in catecholamine levels, for injection of contrast me-
dium still induced vasoconstriction when RBF was re-
duced either by hemorrhage, which increases catechol-
amine release, or by norepinephrine infusions [6, 7].
The vasoconstrictor effect of contrast medium did not
occur after continuous angiotensin infusion. It was sug-
gested that although the kidney generally responds to
acute infusions of angiotensin by decreasing outer corti-
cal flow [6, 8, 9, 28], once angiotensin tachyphylaxis oc-
curs [6], the kidney becomes insensitive to continuous
renin release.

Inasmuch as a similar response occurs after hyper-
tonic saline solution injection, it is the hypertonicity of
contrast medium and not its chemical composition
which produces vasoconstriction. A recent study in dogs
demonstrated that hypertonic solutions of sodium chlo-
ride, dextrose, or urea infused into the renal artery
increased renal renin release threefold [58]. Presum-
ably, local renin release is increased and intrarenal
vasoconstriction occurs. Angiograms obtained both be-
fore and after injection of contrast medium show
changes confined to the outer cortical region of the
kidney [6]. This suggests that the contrast medium
affects arteries less than 250 um in diameter, which are
known to respond to angiotensin.

The changes in RBF found in these studies are differ-
ent from those found after renal angiography in nor-
mal adults whose RBF was evaluated by the 133Xe
method. In the adults, repeated studies were not per-
formed in the same subject and groups of patients
were compared. Only 40 ml contrast medium was in-
jected into the descending aorta and, although the
weights of the patients were not given, it can be as-
sumed that the dose of contrast was less than 1 ml/kg,
a dose much less than that given to our patients. In
the adult group studied before angiography, blood
flow and fractional flow were similar to that obtained
in the group examined 30-120 min after angiography
[27]. Our repeat studies were performed within 30
min.

A number of possible explanations can be offered to
explain why children respond differently than adults.
If angiocardiography increases catecholamine release,
the kidney of the child may, like that of the develop-
ing puppy [80], be more likely to respond with de-
creasing RBF. If the renin angiotensin system is respon-
sible for the vasoconstriction after angiography, the
quantity of renin available in the kidney to induce the
vasoconstrictor response may be greater in the patients
with CHD. Plasma renin activity is increased in normal
neonates [36].

Moreover, the child undergoing cardiac catheteriza-
tion receives more contrast medium per unit of body
weight than the adult. As the glomerular filtration
rate is less in children than adults, injected contrast
media would remain in the extracellular space for a
proportionately longer time. The increase in serum
osmolality after injection is associated with expansion
of the vascular compartment [35], a drop in serum on-
cotic pressure and hematocrit [15], an osmotic diuresis
[14], and often an increase in blood pressure. These
five changes have been shown to decrease proximal
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tubular sodium reabsorption and to increase distal
tubular sodium delivery which may increase local
renin release. Perhaps the duration of the increase in
renin release determines the period of time of vascular
vasoconstriction.

Summary

Thirty measurements of renal blood flow and its in-
trarenal distribution were made in 20 children ranging
in age from 164, to 10%, years. In kidneys consid-
ered to be normal, average flow through outer and
inner cortex and fractional flow were similar to those
found in adults. Children with CHD were shown to
have reduced outer cortical flow. After angiography, a
significant fall in outer cortical {low occurred.
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