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Abstract. Ventricular dysfunction in patients after
Fontan-like operations (FLOs) is a serious compli-
cation that might contribute to poor long-term re-
sults. Ischemic heart disease will have debilitating
consequences on a Fontan heart. Ten patients
(15.8 £ 5.01 years) after FLO had transesophageal
echocardiography and cardiac catheterization
9.3 + 4.2 years after surgery. Myocardial perfusion
was assessed by NHj-positron emission tomography
(rest/adenosine) and compared with that of 10 heal-
thy adults (26.1 £ 6.3 years). Ventricular function
was normal in 4 and reduced in 6 patients; end sy-
stolic and end diastolic meridional wall stress was
significantly elevated in the FLO group. Coronary
angiography revealed no stenosis of the coronaries.
Compared to normals, myocardial blood flow (MBF)
at rest was higher in the FLO group (0.99 + 0.25 vs
0.77 £ 0.17 ml/g/min, p < 0.05), whereas MBF after
vasodilatation (2.12 + 0.78 vs 3.10 £ 0.85 ml/g/
min, p < 0.05) and coronary flow reserve (CFR) was
reduced (2.5 £ 0.88 vs 4.1 = 1.01, p < 0.05), espe-
cially in those with impaired ventricular function.
Coronary vascular resistance after vasodilatation was
elevated in the FLO group (38.2 £ 174 s
24.5 + 8.3 mmHg/ml/g/min, p < 0.05). Altered
MBF, increased meridional wall stress, and impaired
CFR are common findings in FLO. Attenuated CFR
and reduced ventricular function are significantly
correlated and may be risk factors for the long-term
outcome.
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Since the first report of a total atriopulmonary con-
nection by Fontan and Baudet [10], advances in op-
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erative techniques and postoperative management
have been accompanied by improvements in early
survival [2], despite application of the Fontan ap-
proach to patients with complex forms of single
ventricle and patients with less favorable hemody-
namics [19].

There is concern about the long-term outcome of
circulation driven by a single ventricular chamber
[11]. The long-term sequelac—namely thromboem-
bolic complications, suboptimal flow dynamics, ven-
tricular dysfunction, arrhythmias [9, 35], protein-
losing enteropathy [14], and reduced exercise capacity
[7]—are without doubt a complex and multifactorial
problem, resulting from subtle and continuous
changes in the various areas of circulation. The sys-
temic ventricle, the only power source of the Fontan
circulation, is bound to play a vital role in the long-
term outcome of these patients. Decreased ventricular
function, both systolic and diastolic, is known to
occur in many “Fontan’ patients. This feature has
been associated with increased ventricular mass, the
morphological type of the ventricle, and impaired
coronary artery flow [17]. One can expect that is-
chemic heart disease will have much more debilitating
consequences on a Fontan heart than on biventricu-
lar circulation, and this might be a major cause of
problems in the future.

We therefore studied, as a part of the routine
follow-up, the coronary pattern and myocardial
perfusion in patients after Fontan-like operations
(FLOs) and compared the results with hemodynamic
parameters obtained by cardiac catheterization and
echocardiography.

Methods
Patients

Six female and 4 male patients (15.8 + 5.01 years) who had a FLO
at a mean age of 5.9 £ 3.7 years were investigated 9.3 + 4.2 years
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after surgery. The systemic ventricle had the morphology of a right
one in 6 patients and that of a left one in 4 of the patients. Eight
patients had different modifications of the Fontan procedure
(atriopulmonary connection in 6 patients, and incorporation of the
residual right ventricular chamber and pulmonary valve in 2 pa-
tients); 2 patients had a total cavopulmonary anastomosis (TCPC)
with Kaye-Damus—Stansel operation due to a restrictive ven-
tricular septal defect. The patients were in good clinical condition
without signs of protein-losing enteropathy; 8 patients were in sinus
rhythm, and 2 had atrioventricular dissociation in form of a
junctional escape rhythm.

Ten healthy young adults (25.6 + 5.4 years) without cardio-
vascular disease on the basis of the absence of symptoms or risk
factors, normal resting electrocardiogram, and normal exercise test
were used as a control group for positron emission tomography
(PET) [22].

Study Protocol

All patients had a routine checkup including clinical examination,
electrocardiogram (ECG), transthoracic and transesophageal ul-
trasound (TEE), cardiac catheterization, and PET imaging with N-
13 ammonia at rest and after vasodilatation with adenosine.

TEE and cardiac catheterization with selective coronary
angiography were performed under general anesthesia using the
femoral artery approach. We used an electronic 7.5-MHz probe for
transesophageal imaging (Vingmed System 5) to assess ventricular
function, atrioventricular valve insufficiency, aortic valve insuffi-
ciency, and the presence of obstruction of the atriopulmonary or
cavopulmonary anastomosis.

Ventricular dimensions and myocardial thickness were cal-
culated by transesophageal imaging of the systemic ventricle (SV)
in a 60° to 90° craniocaudal long-axis projection. The anterior
and posterior ventricular endocardial borders and the epicardial
border of the ventricular posterior wall were manually digitized.
The ventricular dimensions were measured at end systole and end
diastole; ventricular dimensions at end diastole were measured at
the onset of the QRS complex; and the dimensions at end systole
were measured at the smallest vertical dimension between the
anterior and posterior wall endocardium. Systolic and end
diastolic pressures were obtained simultaneously by cardiac
catheterization.

From SV short-axis diameter (D), SV posterior wall thickness
(H) and systolic and end diastolic pressures (P), end systolic and
end diastolic meridional wall stress (ESS,, and ESD,,) were cal-
culated as follows according to Grossman et al. [12].

ESSy, = (Psysl)(Dsyst)(l~35)/(Hsysl)(1 + (HSysl/Dsysl)4)
ESI)m = (Pdiast)(Ddiasl)(l~35)/(Hdiast)(1 + (Hdiast/Ddiast)4)

Normal values for wall stress were obtained in 10 patients
(23.3 £ 6.2 years) with persistent foramen ovale (PFO) and
structural normal hearts, which had interventional PFO closure
because of paradoxical embolism.

For calculation of the hemodynamic parameters, oxygen
consumption was measured during cardiac catheterization (Delta-
trac II Metabolic monitor, Hoyer Bremen). Selective coronary
angiography was performed by manual injection of contrast me-
dium using 4- or 5-Fr coronary catheters. The angiograms were
interpreted by two experienced pediatric cardiologists blinded to
patient data and myocardial flow parameters. Ventricular function,

387

Table 1. Pressure, dimensions, and end systolic and end diastolic
wall stress

FLO PFO
Poyat 87.2 = 17.1 85.0 + 11.3
Dyyat 3.6+ 1.2 31+ 0.3
Hyyg 0.99 + 0.18 125 £ 0.13
Puiast 6.3 + 22 6.8 + 2.4
Diast 58 + 0.6 37 + 02
Hiinn 0.74 £ 0.13 1.01 £ 0.13
ESSim 812 + 18.1 542 + 2.4
ESD.. 154 + 5.8 6.6 + 2.1

FLO, Fontan line-operation; PFO, persistent foramen ovale; P,
pressure (mmHg); D, short-axis diameter (cm); H, posterior wall
thickness (cm); ESS,,/ESD,,, systolic/diastolic meridional wall
stress (g/cm?)

shape and course of the coronary arteries, and the site of the
drainage of the coronary sinus were analyzed visually.

Myocardial blood flow (MBF) was quantified noninvasively
at rest and during adenosine-induced vasodilatation by dynamic
PET with N-13 ammonia. The regions of interest for MBF quan-
tification were defined in the systemic ventricular free wall. After
positioning the patient, a transmission scan was acquired for cor-
rection of photon attenuation. Subsequently, N-13 ammonia (ap-
proximately 0.3 mCi/kg) was injected intravenously at rest, and a
dynamic sequence of 21 frames was acquired over 20 minutes. After
50 minutes to allow for decay of N-13 ammonia, adenosine (0.14
mg/g/min) was continuously infused for 5 minutes. Two minutes
after the onset of adenosine infusion, a second dose of N-13 am-
monia was administered, and a dynamic imaging sequence similar
to the rest study was started. Heart rate, blood pressure, and a 12-
lead ECG were monitored continuously during the procedure.
MBEF at rest and during hyperemia were quantified using a volu-
metric sampling approach and a validated three compartment
model [16].

Because of the relation of MBF at rest with the rate pressure
product (RPP) as an index of cardiac work [4], resting flow was
normalized to the corresponding RPP. In addition to quantifica-
tion of global MBF, regional myocardial perfusion was analyzed
visually. Summed images of tracer distribution in the last three
frames of the dynamic sequence were examined for the presence
of reversible or persistent defects in six myocardial segments
(apex, distal and proximal anterior, lateral, and inferior and
septal wall).

To obtain an index of coronary vascular resistance (CVR), the
difference between mean aortic blood pressure and coronary sinus
pressure (measured invasively in FLO and estimated in healthy
controls) as a measure of coronary perfusion pressure was divided
by blood flow values at rest and during adenosine infusion.

Statistics

Significance was defined as p < 0.05. Comparisons between values
of coronary flow dynamics of patients and the control group were
made using the Mann—Whitney test. Correlation between coronary
flow dynamics and hemodynamic data obtained by cardiac cathe-
terization and echocardiography was performed using Spearman’s
correlation coefficient.
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Table 2. Hemodynamic findings

Pediatric Cardiology Vol. 24, No. 4, 2003

FLOrcst FLOslrcss Normalrcst Normalstrcss
HR 67 £ 11.5 98 + 24.1* 66 £ 12.2 107 £ 15.1%*
Systolic BP 111.7 £ 6.4 122.5 + 8.1 120 + 18.1 121 + 18.6
Diastolic BP 732 £ 3.1 78.6 £ 12.8 63 £ 6.3 63 £ 7.3
RPP 6686 = 1104 10210 + 3546* 7821 + 1147 12961 + 2442%*

FLO, Fontan-line operation; HR, heart rate (beats/minute); BP, blood pressure (mmHg); RPP, rate pressure product

* p < 0.05 versus rest

Results
Echocardiography

Ventricular function was normal in four [ejection
faction (EF) > 0.50, fractional shortening (FS) >
0.30]) and reduced in six patients (EF > 0.45; FS >
0.25). Atrioventricular valve insufficiency was ap-
parent in all patients; in nine it was graded as trivial,
and in one it was graded as moderate. The systemic
ventricle had the morphology of a right ventricle in
six and the morphology of a left ventricle in four
patients.

Compared to normals, meridional end systolic
and end diastolic wall stress was significantly elevated
in the FLO group (ESS,;: 81.2 &+ 18.1 vs 54.2 + 2.4
g/em?, p < 0.05; ESD,,: 154 + 58 vs 6.6 + 2.1 g/
cm?, p < 0.05) (Table 1). Within the FLO group, no
significant correlation between wall stress and myo-
cardial flow parameters was found.

Positron Emission Tomography

PET imaging was performed at a mean of 6.6 + 5.9
days after cardiac catheterization. During hyperemia,
both groups demonstrated a significant increase in
heart rate and RPP whereas no statistically significant
change was observed in systolic and diastolic blood
pressure (Table 2).

MBF at rest, normalized to the corresponding
RPP, was significantly higher in the FLO group of
patients compared to the MBF of healthy young
adults (0.99 + 0.25 vs 0.77 £ 0.17 ml/g/min, p <
0.05). Adenosine-induced vasodilatation resulted in
significantly increased MBF in both groups, but
MBF was significantly attenuated in the patient
group (2.12 £ 0.78 vs 3.10 £ 0.85 ml/g/min, p <
0.05).

As a result of increased MBF at rest and reduced
MBF after vasodilatation, coronary flow reserve
(CFR) was markedly attenuated in the FLO group of
patients compared to the healthy adolescents
(2.50 £ 0.88 vs 4.09 £ 1.01, p < 0.05).

CVR at rest tended to be lower in the FLO group
without statistical significance (98.3 £ 41.3 vs

112.4 £ 24.2 mmHg/ml/g/min), whereas CVR after
vasodilatation by adenosine was significantly elevated
in patients after FLO (38.2 £ 17.4 vs 24.5 £ 8.3
mmHg/ml/g/min, p < 0.05).

Visual analysis of the PET images revealed no
persistent or adenosine-induced perfusion defects of
the systemic ventricle.

Cardiac Catheterization

No patient had an obstruction within the atriopul-
monary or cavopulmonary anastomosis. Seven pa-
tients had a dominant right coronary artery, two
patients had left coronary dominance, and one pa-
tient had an intermediate type. Two patients had
coronary venous drainage by an unroofed coronary
sinus into the pulmonary venous atrium, and in six
patients the coronary sinus drained into the systemic
venous atrium. Two patients had a mixed coronary
venous drainage into the pulmonary and systemic
venous atrium. Six patients had a tortuous course of
the distal coronary arteries (five in the right coronary
artery and one in the left coronary artery) and visible
intratrabecular communications to the systemic ven-
tricle. The cardiac index was significantly reduced in
all patients (2.34 L/min/m”> + 0.57); end diastolic
(6.3 £ 2.24 mmHg) and mean pulmonary artery
pressure (8.6 = 2.01 mmHg) were within the normal
range in all patients, as was pulmonary artery re-
sistance (2.02 + 1.2 Units x m ?). Systemic vascular
resistance was slightly elevated (26.8 + 8.2 Em?).
The mean systemic venous pressure (10.3 £ 1.85
mmHg) was significantly higher than the mean pres-
sure within the pulmonary venous atrium (5.6 £ 2.8
mmHg), resulting in a mean transthoracic gradient of
3.5 £ 1.1 mmHg (Table 3).

Comparison of MBF dynamics obtained by PET
and catheter findings as cardiac index, end diastolic,
pulmonary artery, systemic, and pulmonary venous
pressure did not show any trend or statistical corre-
lation. The site of venous drainage of the coronary
sinus, age at operation, and preoperative time inter-
val of cyanosis had no influence on MBF and CFR.

Patients with a tortuous course of the coronary
arteries tended to have a higher CVR after vasodil-
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Table 3. Hemodynamic and quantitative myocardial flow parameters

Parameter FLO Normals
Cardiac index (I/min/m?) 234 + 0.57

RA pressure (mmHg) 10.3 = 1.9

EDP (mmHg) 6.3 £ 22

RA saturation (%) 694 £ 52

PA mean pressure (mmHg) 8.6 £ 2.1

Aortic mean pressure (mmHg) 66.7 £ 10.6

Aortic saturation (%) 96.1 + 2.2

LA pressure (mmHg) 5.6 £ 2.8

MBF (ml/g/min) 091 + 0.32 0.73 £ 0.15%
MBFN (ml/g/min) 0.99 + 0.25 0.77 £ 0.17*
MBF ,denosine (ml/g/min) 2.12 +£ 0.78 3.10 £ 0.8*
CFR 2.5 + 0.88 4.1 = 1.01
CVR s (mmHg/ml/g/min) 98.3 £ 41.3 1124 + 243
CVR,genosine (mmHg/ml/g/min) 38.2 = 17.4 24.5 + 8.3

FLO, Fontan-line operation; RA, right atrium; EDP, end diastolic pressure; P4, pulmonary artery; LA, left atrium; M BF, myocardial blood
flow; MBFN, myocardial blood flow normalized to the rate pressure product; CFR, coronary flow reserve; CVR, coronary vascular

resistance
* Significant difference (Mann—Whitney test)

atation than those without this anomaly; however,
there was no statistical difference (49.4 + 18.5 vs
31.3 £ 10.4 mmHg/ml/g/min). All patients with im-
paired ventricular function belonged to the subgroup
of patients with a tortuous course of the coronary
arteries; five patients had right and one had a left
ventricular morphology of the systemic ventricle.

Hyperemic myocardial blood flow (MBF.css)
and CFR were more attenuated in patients with re-
duced systolic ventricular function (EF < 0.45) than
in those with normal function (EF > 0.50)
(MBFess: 1.7 = 0.5 vs 2.9 £ 0.3 ml/g/min, p <
0.05; CFR: 2.2 + 0.25vs 2.7 £ 0.3, p < 0.05). Ad-
ditionally, CFR was reduced more in patients with
right ventricular morphology of the systemic ventricle
than in those with left morphology (2.2 £ 0.87 vs
3.1 £ 0.55 ml/g/min, p < 0.05).

Despite having a restrictive ventricular septal
defect and a Kaye—Damus—Stansel anastomosis,
CFR was less attenuated in the two patients with
TCPC and left ventricular morphology compared to
those after Fontan modification (3.5 = 0.03 vs
2.2 £ 0.76).

Discussion

Quantitative assessment of coronary microcirculation
was compared with hemodynamic parameters in pa-
tients after FLO. MBF is regulated by hydrostatic
forces, anatomic factors, metabolic control, and
autoregulation [24]. It correlates well with myocardial
oxygen consumption [1], which is, in turn, mostly
determined by myocardial tension development, ex-
ternal work, heart rate, and contractility [17]. A de-

crease in MBF in the normal metabolic state results
in reduced ventricular performance [23, 30, 34].

Pulmonary vascular impedance and ventricular
systolic performance have been widely accepted as
important physiologic variables in determining out-
come after Fontan operation, providing the impetus
to perform the operation at an increasingly younger
age. However, recently attention has been focused on
ventricular diastolic performance. The observation of
Norwood [3], that in some patients the ventricular
wall thickness/diameter ratio markedly increases after
Fontan operation in temporal correlation with tach-
ycardia and low cardiac output state, suggested the
following hypothesis: Acute removal of a ventricular
volume overload in the presence of a relatively un-
changing ventricular muscle mass results in geometric
alterations that can impair diastolic performance af-
ter FLO [3, 25]. Wall stress is an important deter-
minant of myocardial oxygen consumption,
myocardial contractile state, and diastolic function
[29]. The increase in systolic wall stress, the measure
of afterload most closely related to systolic function,
results in a decline in ventricular performance, as seen
in our FLO patients.

High wall stress has been associated with less
favorable prognosis because of electrical instability
and myocardial hypoperfusion [29]. Thus, not only is
the oxygen supply reduced (decreased coronary flow
reserve) but also at the same time oxygen demand is
enhanced (increased wall stress). One can hypothesize
that this mismatch between supply and demand
might lead to the occurrence of potential subendo-
cardial ischemia. Patients with a single systemic
ventricle experience a significant age- and load-re-
lated deterioration in myocardial mechanics, charac-
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terized by progressive development of a more spher-
ical shape [28]. Wall stress that exceeds the passive
and tensile forces that normally maintain the prolate
ellipsoidal shape of the ventricle may play a role in
the transition to a more spherical configuration,
which provides a mechanical disadvantage for the
systemic function of the ventricle.

Coronary flow has been difficult to study in pa-
tients after correction or palliation of congenital
heart defects because of the lack of a reliable and
noninvasive means of measuring myocardial per-
fusion. However, PET has become an experimentally
validated and clinically accepted method of measur-
ing coronary flows in adults as well as children after
repair or palliation of congenital heart defects [5, 13,
27]. Our findings, in agreement with the findings of
Donnelly et al. [5], indicate that PET provides tech-
nically acceptable imaging of myocardial perfusion in
patients with single ventricular morphology. Our
study demonstrates a significant attenuation of
hyperemic MBF and CFR in comparison to healthy
volunteers. Is it possible to compare myocardial
blood flow parameters of a systemic ventricle of right
ventricular morphology with those of a normal
morphologic left systemic ventricle? Murray and co-
workers [20] demonstrated that chronic pressure
overload of the morphologic right ventricle by pul-
monary artery banding in conscious dogs is associ-
ated with significant hypertrophy of the right
ventricle. Right ventricle hypertrophy is characterized
by a substantial increase in blood flow per gram of
the right ventricular myocardium comparable with
myocardial flow dynamics of a normal left ventricle.
Several animal model studies have demonstrated that
hyperemic response and minimal coronary vascular
resistance are similar for the morphologic left ven-
tricle and hypertrophied systemic right ventricle [21].
Similar results have been obtained in human studies;
therefore, it should be feasible to compare the myo-
cardial flow dynamics of a morphologic right sys-
temic ventricle with the flow pattern of a normal left
ventricle [6].

Coronary blood flow is an important feature in
ventricular performance, and we demonstrated a
significant correlation between MBF, CFR, and
ventricular function in patients after FLO. In the
preoperative volume-overloaded, functionally uni-
ventricular heart, in which coronary perfusion may
be altered by increased ventricular wall stress result-
ing in impaired ventricular function, abnormal cor-
onary angiogenesis [31] and a pathologic expression
of contractile proteins [26] may occur as the first
negative effects, resulting in a poor outcome in the
postoperative period. The unloading operation may
counteract this process and improve the long-term
results in these patients when it is performed early.

Pediatric Cardiology Vol. 24, No. 4, 2003

The importance of coronary venous pressure as a
determinant of the pressure gradient across the cor-
onary vascular bed, and its influence on coronary
blood flow, is well-known [17].

Elevated pressures, secondary to systemic venous
hypertension after FLO, impair coronary perfusion
and thereby depress myocardial function. When
coronary sinus pressure is increased, there should be
no change in coronary arterial flow until venous
pressure becomes clevated to a threshold level; be-
yond this threshold, increasing the coronary sinus
venous pressure will cause a redistribution of venous
blood flow to noncoronary sinus channels, a change
in the perfusion pressure flow relationship, and a
resultant decrease in coronary blood flow [18].

Experimental data indicate that mean coronary
sinus pressure exceeding 15 mmHg significantly de-
creases coronary arterial flow, coronary sinus out-
flow, and concomitantly left ventricular ejection
fraction [33]. In our patient group, mean right atrium
and left atrium pressure did not exceed 15 mmHg.
This could be the reason why no correlation could be
demonstrated between MBF dynamics and the site of
coronary venous drainage into either the systemic
venous or pulmonary venous atrium. Nevertheless,
on the basis of well-documented experiments, every
attempt should be made intraoperatively to achieve
the lowest right atrial and coronary sinus pressure
after FLO.

Angiographically, a tortuous course of the distal
coronary arteries and ventriculoarterial communica-
tions most likely created by dilatated thebesian veins
was demonstrated, especially in those patients with
right coronary dominance and systemic right ven-
tricular morphology. These patients also had a
markedly attenuated ventricular function estimated
by echocardiography and a significantly decreased
MBEF assessed by PET imaging.

In the normal heart the majority of coronary
blood flow to the systemic left ventricle occurs during
diastole [1, 8, 32]. There is also a small amount of
antegrade flow that occurs throughout systole, with a
short period of flow reversal at the beginning and at
the end of systole [24]. However, in the normal mor-
phologic right ventricle, flow is continuous through-
out the cardiac cycle, with systolic flow somewhat
greater than diastolic flow [24]. This was demon-
strated to change to a more left ventricular profile
when the right ventricular pressure increases to sys-
temic pressure [15, 24], as would be the case in patients
with a Fontan circulation. In the case of double-outlet
right ventricle and mitral atresia, the morphologic
right ventricle becomes the systemic ventricle and the
coronary system should mimic the flow pattern of a
left ventricle. Could the tortuous course of the coro-
nary arteries and the demonstrated intratrabecular
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communications to the systemic ventricle be a reac-
tion to the high systemic pressure acting on the mor-
phologically right ventricular coronaries, especially
because this coronary pattern is seen in adults with
systemic arterial hypertension? Could it be explained
as a compensatory mechanism to achieve adequate
myocardial perfusion of a morphologic right ventricle
under the condition of systemic pressures? To answer
these questions, more detailed studies in patients with
a morphologic right systemic ventricle after Fontan
operation must be performed.

Conclusion

Abnormal coronary arteries, altered myocardial flow
dynamics, and impaired CFR are common findings in
patients after FLO; attenuated MBF and reduced
ventricular function, especially in right ventricular
morphology, are significantly correlated and seem to
progress with time. Because ischemic heart disease
will have negative effects on the Fontan heart, these
are important risk factors. No significant correlation
between the site of the coronary venous drainage and
the myocardial perfusion could be established.

Study Limitations

Limitations of this study are mainly derived from the
small number and the variety of underlying morphol-
ogies and from ethical constraints concerning radia-
tion exposure in children. From an ethical standpoint,
recruitment of age-matched control groups for any
radionuclide study is difficult in childhood. No pub-
lished blood flow data in normal children at any age
are available, and young adult volunteers > 18 years of
age were used in the current study as a normal control
group. Therefore, age-related influences on the results
cannot be ruled out completely.
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