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Abstract
Objective-To find how closely pres-

sure gradients across the aortic arch
derived from Doppler echocardiography
reflect gradients measured by catheter
after surgical repair of coarctation of the
aorta.
Design-Pressure drop across the aor-

tic arch was measured simultaneously
by continuous wave Doppler and double
lumen catheter in 20 patients with
repaired coarctation of the aorta.
Results-The peak pressure drop

estimated by Doppler was almost
invariably higher than the peak to peak
gradient measured by catheter, as might
be expected. Wide variation was seen
between the Doppler measured pressure

drop and instantaneous peak gradient
measured by catheter, ranging from + 22
to -17 mm Hg. The reasons for these
differences are unclear but are probably
related to a combination of complex flow
dynamics in the aortic arch, difficulty in
closely aligning the Doppler beam with
flow, and inability to measure flow
velocity immediately proximal to the
site of the surgical repair with contin-
uous wave Doppler.
Conclusions-Continuous wave Dop-

pler echocardiography may significantly
overestimate or underestimate the pres-
sure drop after repair of coarctation and
it should be interpreted with caution in
individual patients. Catheterisation with
angiography remains the reference stan-
dard for assessment of surgical repair of
the aortic arch.

(Br Heart 1992;68:192-4)

Bernoulli equation in patients who had under-
gone surgical repair of coarctation.

Patients and methods
We studied prospectively 20 patients aged
between 4-7 and 33 (mean (SD) 15-5 (5 3))
years with repaired coarctation of the aorta.
Catheterisation was carried out either as part
of routine late postoperative review of patch
aortoplasty or clinical suspicion of residual or
recurrent coarctation. At catheterisation, the
ascending and descending aortic pressures
were measured simultaneously with a fluid
filled, thin walled, French 8 double lumen
catheter. Before placing the catheter across
the aortic arch simultaneous pressures from
the two lumens in the descending aorta were
recorded to ensure that identical waveforms
were obtained. The pressure waveforms from
either side of the aortic arch were recorded at
100 mm/s paper speed and were digitised on a

graphics pad to compute the peak and peak to
peak pressure gradient. A total of five pressure
waveforms were digitised and the maximum
values taken for comparison with the Doppler
derived gradient.
During the recording of the pressures peak

flow velocity in the descending aorta was
measured with a dedicated continuous wave

Doppler transducer positioned in the supra-
sternal notch. The highest peak flow velocity
was recorded and the modified Bernoulli equa-
tion (four times the square of the peak
velocity) was used to calculate the peak pres-
sure drop for comparison with the catheter
measurements. The agreement between the
catheter and Doppler derived gradients was

compared by the method of Bland and Alt-
man.8
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Doppler ultrasound has become an estab-
lished technique for assessment of obstructive
lesions with the modified Bernoulli equation
(pressure drop = 4 x the square of peak flow
velocity).' Pressure gradients derived from
Doppler in untreated coarctation of the aorta
may be less reliable than similar calculations
for valve stenosis,24 particularly in the
presence of an arterial duct5 or collateral cir-
culation.6 Some doubt has also been cast on
the meaning of increased flow velocity across
the aortic arch after surgical repair.7
Having sometimes noted increased flow

velocities in the descending aorta after
apparently satisfactory repair of coarctation,
we undertook to investigate the accuracy of
continuous wave Doppler and the modified
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Figure 1 Scatter plot (with line of identity shown)
illustrating the differences between peak andpeak to peak
pressure drop measured by double lumen catheter.
Instantaneous peak values are all higher than peak to
peak measurements, but the difference between the two
measurements varies considerably in individual patients.
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Figure 2 Comparisons of
Doppler estimated peak
pressure drop and peak to
peak gradient measured by
catheter. (A) Scatter plot
suggests a similar relation
between the two
measurements to that
shown in fig 1. Line of
identity as in fig 1. (B)
Data expressed by the
methodof Bland and
Altman.' Mean of the two
measurements is plotted
against the difference
between Doppler estimated
gradient and catheter peak
to peak gradient. Doppler
gradient was on average
11 6 mm Hg (87) higher
than catheter peak to peak
gradient (range of
difference between the two
measurements + 2s to
-3 mm Hg).
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Figure 3 Comparisons of
Doppler measured gradient
and catheter peak
gradient. (A) Scatter plot
(with line of identity
shown) suggests a closer
overall relation between
these two measurements.
(B) Data expressed by the
methodo0Bland and
Altman. The closer
overall agreement between
these two measurements
(compared with those in fig
1) is confirmed, the
average difference between
Doppler and catheter
values being only
0-9(10) mm Hg. The data-
points, however, show that
in an individual patient
the Doppler may
overestimate the true peak
gradient by as much as

22mm Hg or

underestimate it by as

much as 17 mm Hg.
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eter instantaneous peak gradient. The mean
difference between these two measurements
was 0-9 (10) mm Hg, but the individual dif-
ferences ranged from + 22 to -17 mm Hg (fig
3).

/_1~0 Discussion
° ° 0 00° The inconsistent relation between instantan-

eous peak and peak to peak gradient seen in
ISI¢ I I| aortic stenosis9 appears equally important
0 30 40 50 60 70 80 when assessing pressure gradient across

Doppler peak (mm Hg) repaired coarctation of the aorta. Disappoin-
tingly, however, even when this is taken into
account, the use of continuous wave Doppler

+2SD and the modified Bernoulli equation may still
+2SD result in substantial overestimation or

0 underestimation of the peak pressure
Mean difference gradient.11-6 mm Hg The use of a dedicated continuous wave

0 ° Doppler transducer alone results in difficulty
0 in measuring flow velocity proximal to the site

-2SD of the aortic repair. In practice this velocity is
often less than 1 m/s and may be safely

30 40 50 60 70 80 90 100 ignored in the calculation of pressure drop but
Mean (mm Hg) if this proximal flow velocity is greater than

1 m/s, excluding it from the modified Ber-
noulli equation may result in some overes-
timation of the pressure gradient. Ideally,

trate the relations between the therefore, flow velocity in the proximal
measured by catheter and descending aorta should be measured

separately'2 although close alignment with

^s might be expected,instan- flow in this part of the arch may be difficult.'

theter gradient was invariably Underestimation of pressure drop is most

SD)ter gradient wasinvange2 likely to be due to poor alignment of theSD)12.6(76), range2to Doppler beam with the direction of blood
a catheter measured peak to flow, a problem that may be minimised but not
though the difference between eliminated by technical expertise during the
ments was inconsistent (fig 1). examination. Further sources of error may lie
nconsistent, relation was seen in the application of the modified Bernoulli
the mean difference between equation to potentially complex flow dynamics

h6 m87 anditherane +28to in an aortic arch distorted by surgical

2 g intervention, or scarring, or with long seg-2). ment stenosis.'0 Combined measurement of
overall agreement was seen
ppler gradient and the cath- other Doppler values such as diastolic velocity

decay4 i2 may enhance detection of important
aortic arch obstruction, but even this may be
unreliable when extensive collateral circula-
tion has developed.6

Previous reports of measurements of non-
simultaneous ultrasound and catheter pres-

0, sure have suggested that Doppler gradient
closely predicts catheter gradient.' 2 Our study

SZo ° of simultaneous catheter and Doppler
zO° measurements shows that continuous wave

o Doppler may considerably underestimate or
overestimate aortic arch pressure gradient

20 30 40 50 60 70 80 after surgical repair of the arch and that Dop-
Doppler peak (mm Hg) pler ultrasound should be interpreted with

caution in this setting. The clinical implica-
o +2SD tion of our findings is that modest increases of

0 flow velocity in the aortic arch after repair of
0 0 coarctation should not be acted upon without

Mean difference careful consideration of other factors such as
e -09 mm Hg the rate of the velocity decay" and the findings
> 0

on clinical examination at rest and, ideally,
> during exercise.'2 Our present practice is to

-2SD have a low threshold for invasive investigation
if the flow velocity in the descending aorta

30 40 50 60 70 80 90 100 exceeds 3 m/s with diminished femoral pulses,
&Mean (mm HU- with or without upper limb hypertension.
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Aortography remains the reference standard
for postoperative assessment of aortic arch
repair.
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