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Comparison of invasive and non-invasive pressure gradients
in aortic arch obstruction
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Abstract Background:Aortic arch obstruction can be evaluated by catheter peak-to-peak gradient or by Doppler peak
instantaneous pressure gradient. Previous studies have shownmoderate correlation in discrete coarctation, but few have
assessed correlation in patients with more complex aortic reconstruction. Methods: We carried out retrospective com-
parison of cardiac catheterisations and pre- and post-catheterisation echocardiograms in 60 patients with native/
recurrent coarctation or aortic reconstruction. Aortic arch obstruction was defined as peak-to-peak gradient
⩾25mmHg in patients with native/recurrent coarctation and ⩾10mmHg in aortic reconstruction. Results: Diastolic
continuation of flow was not associated with aortic arch obstruction in either group. Doppler peak instantaneous
pressure gradient, with and without the expanded Bernoulli equation, weakly correlated with peak-to-peak gradient
even in patients with a normal cardiac index (r=0.36, p=0.016, and r=0.49, p=0.001, respectively). Receiver
operating characteristic curve analysis identified an area under the curve of 0.61 for patients with all types of
obstruction, with a cut-off point of 45mmHg correctly classifying 64% of patients with arch obstruction (sensitivity
39%, specificity 89%). In patients with aortic arch reconstruction who had a cardiac index ⩾3 L/min/m2, a cut-off
point of 23mmHg correctly classified 69% of patients (71% sensitivity, 50% specificity) with an area under the curve
of 0.82. Conclusion: The non-invasive assessment of aortic obstruction remains challenging. The greatest correlation of
Doppler indices was noted in patients with aortic reconstruction and a normal cardiac index.
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COARCTATION OF THE AORTA IS A COMMON

congenital cardiac defect involving narrowing
of the aorta, which presents over a wide range

of ages and degrees of severity.1 Severity of arch
obstruction is most commonly assessed using two-
dimensional echocardiography and spectral Doppler
analysis, which calculates the peak instantaneous
pressure gradient across the narrowing using Bernoulli’s
principle.2,3 In contrast to Doppler measurements,
invasive cardiac catheterisation measures the

peak-to-peak gradient across the coarctation and is
the gold standard in the paediatric population.4

Several non-invasive methods have attempted to
predict catheter gradients before intervention or
identify residual obstruction after repair, but none of
them have gained universal acceptance.2,5–8 In most
cases, Doppler-measured pressure gradients over-
estimate catheter-measured pressure gradients.9,10

Various modifications to the Doppler calculations,
in both in vitro and in vivo models, have attempted
to improve these estimates. These include accounting
for pre-coarctation velocity, distal diastolic continuation
of flow, and the effect of pressure recovery.9–14

Existing studies primarily report correlation
of Doppler-measured pressure gradients with
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catheter-measured pressure gradients in patients
with native or recurrent coarctation of the aorta. Very
few studies include patients with more complex
aortic arch reconstructions or patients with a func-
tional single ventricle. The improved survival of
patients with complex arch reconstructions and the
high risk that residual aortic obstruction imposes
on these patients with functional single ventricles
necessitate additional examination of the ability of
non-invasive measurements to accurately diagnose resi-
dual obstruction.15,16 The purpose of this study was to
compare multiple, commonly performed, non-invasive
measurements with invasive catheter gradients, and to
define non-invasive predictors of haemodynamically
significant aortic arch obstruction.

Materials and methods

We performed a single-centre retrospective review
between the years 2005 and 2010 of the hospital
echocardiography and cardiac catheterisation data-
bases to identify patients with any of the following
diagnoses: native coarctation of the aorta, recurrent
coarctation of the aorta, hypoplastic left heart syndrome/
single ventricle with aortic arch reconstruction, and
interrupted aortic arch with ventricular septal defect
requiring aortic arch reconstruction. Patients with these
diagnoses who underwent cardiac catheterisation and
who had a pre- and post-procedure echocardiogram
within 4 weeks of the catheterisation were included in
the analysis. The study was approved by the Institu-
tional Review Board.
All catheterisations were performed under general

anaesthesia with femoral or jugular venous and
femoral arterial vascular access. Invasive pressure
measurements were carried out using calibrated
fluid-filled catheters. The peak-to-peak gradient was
measured in the majority of cases, 49 out of 60, using
the retrograde pull-back technique. Cardiac output
was calculated using the Fick equation and indexed
to the patient’s body surface area.10 Normal cardiac
index was defined a priori as a value ⩾3 L/min/m2.
Data were collected by the investigators from the
catheterisation reports that are stored in the electronic
medical record. Pre-catheterisation echocardiogram
pressure gradients were compared with the initial
pressure gradient obtained at catheterisation before
intervention. Post-catheterisation echocardiogram
pressure gradients were compared with the gradients
measured during catheterisation following intervention.
Echocardiograms were performed with patients

awake or under light sedation from standard transthor-
acic, subxiphoid, and suprasternal notch views using the
transducer appropriate for the patient’s size. All studies
were performed using models 5500, 7500, or IE33;
Philips Medical Systems, Eindhoven, The Netherlands.

Spectral Doppler measurements were guided by colour-
flow Doppler and optimised for the most parallel angle
of insonation to the direction of blood flow. Pulsed-wave
Doppler was performed for abdominal aortic velocities
and proximal aortic arch velocities. Continuous wave
Doppler was performed to detect the maximum velocity
across the aortic arch obstruction.
Echocardiographic measurements included the

presence of diastolic continuation of flow in the
abdominal aorta, aortic valve peak velocity, aortic
arch peak velocity, the abdominal aortic systolic/
diastolic ratio, and the abdominal aortic pulsatility
index. The presence or absence of diastolic con-
tinuation of flow was assessed qualitatively based on
the slope of the Doppler flow pattern and whether or
not it returned to baseline during diastole. The
abdominal aortic systolic/diastolic ratio was obtained
from the pulsed-wave Doppler tracing using the
velocity time integral. The abdominal aortic pulsa-
tility index was calculated by dividing the difference
of the maximum and minimum pulsed-wave Doppler
velocities by the mean Doppler velocity. The Doppler
peak instantaneous pressure gradient was calculated
using both the simplified Bernoulli equation – peak
instantaneous pressure gradient= 4v2 – and the
expanded Bernoulli equation – peak instantaneous
pressure gradient=4([v2− v1])2 – with v2 represent-
ing the peak velocity at the coarctation and v1 repre-
senting the peak velocity proximal to the aortic arch
obstruction.10 Significant aortic arch obstruction was
defined a priori as a peak-to-peak gradient ⩾25mmHg
in patients with native or recurrent coarctation and a
peak-to-peak gradient ⩾10mmHg in patients with
aortic reconstruction. All echocardiographic measure-
ments were performed directly by the investigators
using the images stored in the electronic medical record.

Statistical analysis

Echocardiographic measurements of pressure gradients
were compared with catheter measurements using
Spearman’s rank correlations. Receiver operating char-
acteristic curve analysis tested the ability of Doppler to
predict the presence of catheterisation-defined arch
obstruction. The association between diastolic con-
tinuation of flow and the presence of arch obstruction
was analysed using Fisher’s exact test. Data were ana-
lysed as all types of aortic arch obstructions and then
divided into two a priori-determined groups as follows:
native or recurrent coarctation and aortic arch recon-
struction. Finally, to account for the known effect of
cardiac index, we repeated our analysis dividing patients
into those with a cardiac index ⩾3 L/min/m2 and those
with a cardiac index<3 L/min/m2. All statistical ana-
lyses were conducted using Stata 12 (College Station,
Texas, United States of America), all r-values were
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reported as r2 values, and a two-sided p-value <0.05
was considered statistically significant.

Results

A total of 60 patients were identified with a diagnosis
of coarctation or aortic arch reconstruction who under-
went cardiac catheterisation and had echocardiograms
within the specified time frame for inclusion in
the study, resulting in 120 data points for analysis
(Fig 1). The summary of patients’ demographic,
catheterisation, and echocardiographic data is pre-
sented in Table 1. A total of 34 (57%) patients had a
diagnosis of native or recurrent coarctation, whereas
26 (43%) patients had a diagnosis of aortic recon-
struction, with all but four patients of the aortic
reconstruction group having a diagnosis of hypo-
plastic left heart syndrome. The majority of patients
in both the groups had discrete areas of coarctation
(85%), with the remaining noted to have tortuous

or longer tubular segments of coarctation (15%).
Representative angiograms are shown in Figure 2.
Presence of collateral vessels was noted during
catheterisation in 11 (18%), with seven of these
patients (27%) belonging to the aortic arch recon-
struction group. Among all, 51 (85%) patients were
male and 25 (42%) were ⩽6 months of age.
The median peak-to-peak gradient was 17 mmHg

(interquartile range 10, 24). Cardiac index was mea-
sured in 51 of the 60 patients. In the remaining
patients, a cardiac index was not calculated as only
arterial access was obtained during catheterisation.
The median cardiac index in all the patients was
3.12 L/min/m2 (interquartile range 2.9, 3.9), with
37 out of 51 patients calculated as having a normal
cardiac index of ⩾3 L/min/m2 at catheterisation.
The median cardiac index in patients with native/
recurrent coarctation was 3.4 L/min/m2 (interquartile
range 3.04, 3.93), and the median cardiac index in
patients with aortic arch reconstruction was 3.09 L/
min/m2 (interquartile range 2.6, 3.6). Significant
aortic arch obstruction as defined in this study was
present in 32 patients (53%), of which 22 (69%) had
aortic reconstruction.
Catheter intervention was common, occurring in

45 of 60 patients (75%). Of the patients who
underwent catheter intervention, only 27 (45%) met
the criteria for significant obstruction as defined in
this study. Haemoglobin values were recorded for
all the patients at the time of catheterisation with
a median value of 13.3 (interquartile range 11.5,
13.96). These values were not significantly correlated
with the presence of obstruction at cardiac catheter-
isation (p= 0.12).
Blood pressure gradients between the upper and

lower extremities were obtained for 20 (33%)
patients included in the analysis. Of these patients,

Figure 1.
Patient demographic data by type of aortic obstruction. Significant
obstruction defined as peak-to-peak gradient ⩾25 mmHg in patients
with native or recurrent coarctation and peak-to-peak gradient
⩾10 mmHg in patients with aortic reconstruction.

Table 1. Patient demographics and haemodynamic data.

Native/recurrent coarctation (n= 34) Arch reconstruction (n= 26)

Male 27 (79%) 24 (92%)
Age at catheterisation
⩽6 months 12 (35%) 13 (50%)

Discrete coarctation 30 (88%) 21 (81%)
Peak-to-peak gradient (mmHg) 19 (13, 26) 15 (10, 22)
Intervention at catheterisation 25 (74%) 20 (77%)
Cardiac index (L/min/m2) 3.4 (3.04, 3.93) 3.09 (2.6, 3.6)
Cardiac index ⩾3 L/min/m2 22 (64%) 15 (58%)
Cardiac index <3 L/min/m2 7 (21%) 7 (27%)
Cardiac index not recorded 5 (15%) 4 (15%)
Diastolic continuation of flow 15 (44%) 8 (31%)
Simplified Bernoulli PIPG (mmHg) 27 (18, 41) 30 (19, 40)
Expanded Bernoulli PIPG (mmHg) 14 (9, 30) 18 (8, 32)

PIPG= peak instantaneous pressure gradient.
Data presented as counts (percentages) or medians (interquartile range).
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eight (40%) were noted to have a blood pressure
gradient ⩾20 mmHg between their upper and lower
extremities; however, this was not significantly cor-
related with the presence of significant obstruction at
cardiac catheterisation, as defined in this study
(p= 0.55). Upper and lower blood pressure gradients
were also compared with the measured peak-to-peak
gradient obtained at catheterisation and did not show
significant correlation (r= 0.38, p= 0.11).
Diastolic continuation of flow, as demonstrated in

Figure 3, was observed to be present in both types of
aortic obstruction, and was noted in both patients

with and without significant obstruction (9/32, 28%,
and 14/28, 50%, p= 0.16). Abdominal aortic sys-
tolic/diastolic ratios did not significantly correlate
with the peak-to-peak gradient (r= 0.27, p= 0.08),
but they did correlate weakly with peak instantaneous
pressure gradient calculated using both the simplified
and expanded Bernoulli equation (r=0.47, p=0.002
and r=0.41, p=0.007, respectively). Pulsatility index
calculated in the abdominal aorta also did not sig-
nificantly correlate with the peak-to-peak gradient
(r=0.20, p=0.22), but it did correlate weakly with
peak instantaneous pressure gradient calculated using

Figure 2.
Representative angiograms. Left: aortic angiogram obtained at cardiac catheterisation in a patient belonging to the native/recurrent coarctation
group with a discrete coarctation. Right: aortic angiogram obtained at cardiac catheterisation in a patient with hypoplastic left heart syndrome
status after aortic arch reconstruction with residual obstruction.

Figure 3.
Diastolic continuation of flow. Left: Doppler view of the abdominal aorta with diastolic continuation of flow absent. Right: Doppler view of
the abdominal aorta with diastolic continuation of flow present.
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both the simplified or expanded Bernoulli equation
(r= 0.44, p= 0.003, and r= 0.37, p= 0.015,
respectively).
Correlation of Doppler measurements with catheter

measurements is shown in Table 2. Taken together, in
all forms of obstruction, the Doppler peak instantaneous
pressure gradient calculated using the simplified
Bernoulli equation correlated with the peak-to-peak
gradient measured at catheterisation (0.47, p=0.003).
This correlation was not significantly improved by
using peak instantaneous pressure gradient calculated
with the expanded Bernoulli equation (r=0.35,
p=0.007). Exclusion of patients with collaterals pre-
sent at catheterisation or presence of diastolic flow
reversal in their abdominal aorta did not significantly
affect these results calculated using either the simplified
or the expanded Bernoulli equation (r= 0.39,
p= 0.009, and r= 0.50, p= 0.0004, respectively).
When examined separately, the correlation

between the Doppler peak instantaneous pressure

gradient calculated using the simplified Bernoulli
equation and the catheter peak-to-peak gradient was
highest in patients with native/recurrent coarctation
and with no collaterals or diastolic flow reversal
(r= 0.64, p= 0.0002). This correlation was not
improved with the use of the expanded Bernoulli
equation.
In patients with aortic reconstruction, Doppler

peak instantaneous pressure gradient calculated using
the simplified and expanded Bernoulli equations
correlated with the peak-to-peak gradient (r= 0.54,
p= 0.007 and r= 0.49, p= 0.01, respectively). In
patients with aortic arch reconstruction and a cardiac
index ⩾3 L/min/m2, this association was improved
using both the simplified Bernoulli equation
(r= 0.61, p= 0.01) and the expanded Bernoulli
equation (r= 0.56, p= 0.02).
Receiver operating characteristic curve analysis

(Table 3, Fig 4) showed an area under the curve of
0.61 for patients with all types of aortic arch

Table 2. Summary of correlations between Doppler peak instantaneous pressure gradient and catheter peak-to-peak gradient using the
simplified and expanded Bernoulli equations.

All types obstruction Native/recurrent coarctation Arch reconstruction

Simplified Bernoulli
All r= 0.47 (p= 0.0003) r= 0.41 (p= 0.02) r= 0.54 (p= 0.007)
Cardiac index ⩾3 L/min/m2 r= 0.49 (p= 0.001) r= 0.41 (p= 0.04) r= 0.61 (p= 0.01)
No collaterals/no diastolic flow reversal r= 0.39 (p= 0.009) r= 0.64 (p= 0.0002) r= 0.54 (p= 0.022)

Expanded Bernoulli
All r= 0.35 (p= 0.007) r= 0.24 (p= 0.17) r= 0.49 (p= 0.01)
Cardiac index ⩾3 L/min/m2 r= 0.36 (p= 0.016) r= 0.21 (p= 0.29) r= 0.56 (p= 0.02)
No collaterals/no diastolic flow reversal r= 0.50 (p= 0.0004) r= 0.49 (p= 0.006) r= 0.46 (p= 0.057)

Table 3. ROC curve analysis.

Population
Area under
the curve

Doppler PIPG cut
point (mmHg)

Correctly
classified (%)

Sensitivity
(%)

Specificity
(%)

Likelihood
ratio +

All types obstruction
Simplified Bernoulli 0.6135 45 64 39 89 3.67
Expanded Bernoulli 0.5405 27 62 57 67 1.71

Native/recurrent coarctation
Simplified Bernoulli
All 0.6250 45 78 60 86 4.40
Cardiac index ⩾3 L/min/m2 0.6397 45 76 63 82 3.54

Expanded Bernoulli
All 0.5783 38 73 40 87 3.07
Cardiac index ⩾3 L/min/m2 0.5764 38 69 38 83 2.25

Arch reconstruction
Simplified Bernoulli
All 0.7222 26 71 67 83 4.00
Cardiac index ⩾3 L/min/m2 0.8214 23 69 71 50 1.43

Expanded Bernoulli
All 0.6825 13 68 67 71 2.33
Cardiac index ⩾3 L/min/m2 0.8214 10 75 79 50 1.57

PIPG= peak instantaneous pressure gradient; ROC= receiver operating characteristic
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obstruction, with a Doppler peak instantaneous pres-
sure gradient cut-off point of 45mmHg, correctly
classifying 64% of patients with significant arch
obstruction with a sensitivity of 39% and specificity of
89%. Use of the expanded Bernoulli equation in
patients with all types of aortic arch obstruction pro-
duced an area under the curve of 0.54, with a Doppler
peak instantaneous pressure gradient cut-off point of
27mmHg, correctly classifying 62% of patients with
57% sensitivity and 67% specificity. When this

analysis was performed in patients with native/recurrent
coarctation, the results were similar to those obtained in
all types of obstruction. The greatest area under the
curve of 0.82 was seen in patients with aortic arch
reconstruction who had a cardiac index ⩾3 L/min/m2

calculated using the simplified Bernoulli equation. In
these patients, with arch reconstruction and a normal
cardiac index ⩾3 L/min/m2, a Doppler peak instanta-
neous pressure gradient cut-off point of 23mmHg
correctly classified 69% of patients with 71% sensitivity

(a) (b)

(c) (d)

(e) (f)

Figure 4.
Receiver operating characteristic curves. (a) All types of obstruction using the simplified Bernoulli equation, (b) all types of obstruction using
the expanded Bernoulli equation, (c) native/recurrent coarctation using the simplified Bernoulli equation, (d) aortic arch reconstruction using
the simplified Bernoulli equation, (e) native/recurrent coarctation using the simplified Bernoulli equation in patients with cardiac index ⩾3 L/min/
m2, (f) aortic arch reconstruction using the simplified Bernoulli equation in patients with cardiac index ⩾3 L/min/m2.
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and 50% specificity. Use of the expanded Bernoulli
equation in patients with arch reconstruction and a
cardiac index ⩾3 L/min/m2 produced an area under the
curve of 0.82, with a Doppler peak instantaneous
pressure gradient cut-off point of 10mmHg, correctly
classifying 75% of patients with significant obstruction
with 79% sensitivity and 50% specificity.

Discussion

In the paediatric population, invasive cardiac cathe-
terisation is considered the gold standard measure-
ment for determining the severity of coarctation of
the aorta.4 Historically, a gradient of 20 mmHg
noted between the upper and lower extremity blood
pressure measurements in patients with coarctation
has been used to indicate the need for catheterisation
and possible intervention.16 Several previous studies
have shown the correlation of non-invasive Doppler-
derived peak instantaneous pressure gradient with
catheter peak-to-peak gradient, but most of them
have noted a tendency for overestimation of the
catheter pressure gradient by Doppler.2,5–10 A few
theories have been proposed to account for this dif-
ference: the stiffness of the proximal descending
aorta, or the pre-coarctation segment, can alter the
continuous wave-detected Doppler gradient,10 and
the usual method of calculating Doppler peak
instantaneous pressure gradient using the simplified
Bernoulli equation does not account for the velocity
proximal to the coarctation.10 Improved correlation
has been reported between Doppler peak instanta-
neous pressure gradient and catheter peak-to-peak
gradient when both the proximal and the distal velo-
cities were included in the Doppler calculation.11,13 In
addition, pressure recovery occurs downstream at the
site where a catheter is generally placed leading to a
different gradient than that measured by Doppler.17

This has been especially noted when the coarctation is
mild and the distal aorta is not dilated.9

In this retrospective study of children, a wide
range of conditions associated with narrowing of the
aorta were analysed, including native and recurrent
coarctation of the aorta as well as aortic arch recon-
struction associated with single ventricle pathology.
The latter group has not been extensively evaluated to
date with regard to measurement of pressure gradients
by Doppler versus catheterisation.16

Patients with single ventricle arch reconstructions
are at an increased risk of recurrent/residual arch
obstruction due to the complexity of the surgical
reconstruction, which often involves adaptation of a
severely hypoplastic segment. Residual or recurrent
aortic obstruction also constitutes a high-risk lesion
by imposing an increased afterload state that may

compromise systolic function or induce ventricular
hypertrophy, which compromises diastolic function
to the detriment of the passive pulmonary circula-
tion.18 It is, therefore, possible that intervention may
be performed in these patients at lower gradients
compared with patients with simpler coarctation or
without regard to the measured pressure gradient. To
account for these differences, we used the following
two distinct definitions for significant obstruction:
peak-to-peak gradient ⩾25 mmHg in patients with
native or recurrent coarctation and peak-to-peak
gradient ⩾10 mmHg in patients with aortic arch
reconstruction. These definitions for significant
obstruction are based on historical data alone, which
suggest that single ventricle patients are likely to
undergo catheter-based interventions for lower pres-
sure gradients and are, therefore, somewhat arbitrary,
but are necessary in distinguishing two different
patient populations. We also analysed our correlation
data separately in patients with a normal cardiac
index to attempt to account for differences in ven-
tricular function/cardiac output.
In this study, intervention for coarctation was

common and occurred at a wide range of pressure
gradients. One possible explanation for this finding
is that once a patient is undergoing an invasive
catheterisation procedure, the threshold for inter-
vention may be lower. This is especially true in
single ventricle patients who are at greater risk for
morbidity and mortality, both in the setting of arch
obstruction and with any invasive procedure. Our
data are consistent with published findings from
the Pediatric Heart Network Single Ventricle
Reconstruction trial, in which there were a wide
range of intervention rates as well as mean pressure
gradients amongst the 14 different centres included
in the trial.15

In all cases, the Doppler peak instantaneous pressure
gradient only weakly correlated with the catheter peak-
to-peak gradient. In patients with native or recurrent
coarctation, this correlation was not improved by
calculating the peak instantaneous pressure gradient
using the expanded Bernoulli equation to account for
proximal velocity, but it did improve when patients
with evidence of collateral vessels or diastolic flow
reversal were excluded. In patients with aortic
reconstruction, correlation was not significantly
improved by the use of the expanded Bernoulli
equation, but was improved when only those patients
with a normal cardiac index were considered.
In clinical practice, the presence of diastolic con-

tinuation of flow in the abdominal aorta as measured
by pulsed-wave Doppler is often used to confirm
proximal aortic obstruction; however, there was a
surprising lack of association between diastolic con-
tinuation of flow in the abdominal aorta and
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significant coarctation measured at catheterisation,
although there was a weak correlation with the
Doppler-measured gradients. This was true when
assessed qualitatively as a “yes” or “no” data point and
when more objectively calculated using the pulsati-
lity index and systolic/diastolic ratio. This held true
when patients were considered together and within
their separate sub-groups. It is possible that this
measurement may be confounded by variations in
exact placement of the Doppler pulsed-wave sample
volume in the abdominal aorta, and variations in the
angle of insonation, but these findings are similar to
the limited literature reporting the use of this mea-
surement.2,3,7,19–21 In a reported variation on this
technique, a longer peak diastolic velocity half-time
improved the specificity of Doppler measurements in
identifying obstruction.2 In that study, severe coarc-
tation was defined as an angiographic ratio or the
minimal diameter of the coarctation compared with
the diameter of the descending aorta at the level of
the diaphragm on angiography, of ⩽0.5.2
To gauge clinical utility, receiver operating

characteristic curves were used to test the ability of
Doppler measurements to predict the presence
of aortic arch obstruction. In patients with native or
recurrent coarctation, a Doppler peak instantaneous
pressure gradient of 45 mmHg calculated using the
simplified Bernoulli equation was the best predictor,
correctly predicting obstruction in 78% of patients.
There was no improvement when this group was
stratified by cardiac index and only a small decrease
was observed in the Doppler gradient predicting
obstruction when the expanded Bernoulli equation
was used, although inclusion of the proximal velo-
cities resulted in a decreased area under the curve.
Similarly, in patients with aortic arch reconstruction,
a Doppler peak instantaneous pressure gradient of
23 mmHg calculated using the simplified Bernoulli
equation correctly predicted arch obstruction in 69%
of patients with a cardiac index ⩾3 L/min/m2, and
with less accuracy when patients with lower cardiac
indices were included.
The different impact of proximal velocities or

cardiac index on the correlations between Doppler
and catheter gradients is intriguing and may have a
two-part explanation. First, patients with aortic arch
reconstructions may have a dilated proximal segment
due to the reconstruction technique, which results in
a loss of pressure recovery from the ventricle to the
ascending aorta, and therefore a proximal velocity
closer to zero, which would then minimise any effect
of proximal velocity on distal velocity. Second,
patients with aortic reconstruction are at a higher risk
of baseline decreased cardiac function when compared
with patients with native/recurrent coarctation; there-
fore, analysing the group with a normal cardiac index

separately from the group with a decreased cardiac index
may improve the similarity between these two groups.
In addition, previous studies have noted that Doppler-
derived pressure gradients are directly affected by flow
rate, which is a function of cardiac output, proximal
velocity, worsening severity of obstruction, and/or pre-
sence of downstream collaterals.22,23 This is especially
important in patients with single ventricle physiology,
as flow rate is directly related to cardiac output, which is
frequently reduced in this patient population.
The direct impact of pressure recovery both

proximal and distal to the obstruction on Doppler
gradients was not assessed in this study, but could be
an important area for further investigation. Pressure
recovery represents the increase in pressure distal to
an obstruction because of conversion of kinetic energy
into potential energy after the vena contracta.
Although Doppler measures the highest velocity flow
in the centre of the vena contracta and calculates the
resultant pressure gradient to produce that velocity,
fluid-filled catheters measure the pressure distal to
the vena contracta, in the region in which pressure
has recovered, resulting in a lower measured gra-
dient.24 In in vitro and in vivo studies of aortic valve
stenosis, pressure recovery may account for up to 50%
of the peak instantaneous pressure gradient, with the
largest effect seen in relatively small ascending aortas
in which the stenotic valve area is only half of the
ascending aorta vessel’s cross-sectional area.25 In
patients with dilated proximal segments, there may
be a loss of pressure recovery in the dilated segment
between the aortic valve and the coarctation, which
would result in a lower proximal velocity and pres-
sure, and would, therefore, negate any improvement
gained by the use of the expanded Bernoulli equa-
tion. Viewing the system as different levels of pres-
sure recovery – ventricle to proximal aorta and
proximal aorta to distal aorta – may also explain why
the greatest area under the curve was with aortic
arch reconstructions, in which there would be less
Doppler overestimation due to the lower proximal
velocities and decreased proximal pressure recovery,
and why there was greater overestimation with more
simple forms of single-level coarctation.
Aortic arch obstruction, characterised by moderate

narrowing with a descending aorta that is relatively
limited in size, perhaps represents the ideal clinical
setting for a maximal pressure recovery effect; however,
inclusion of this measurement requires precise mea-
surements of aortic diameters immediately proximal
and distal to any narrowing coupled with pulsed-wave
Doppler measurements in these same regions, which
were not part of the echo protocol used during the time
period of this study. Given the limitations of lateral
resolution when the descending thoracic aorta diameter
is imaged from the suprasternal notch window by
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echocardiography, cardiac MRI may be the best
modality to analyse the pressure recovery effect.

Limitations

Limitations of this study include the small sample
size, which is typical for single-centre studies exam-
ining even relatively common CHDs such as aortic
arch obstruction, and the retrospective nature of the
study. The overwhelming majority of patients who
met catheterisation and echocardiographic parameters
for inclusion in the study were male; however, this did
not differ significantly between groups. Cardiac index
was notmeasured in all patients, preventing inclusion of
this in the analysis of all patients. Similarly, upper and
lower extremity blood pressures were not measured in
all patients, and none of these measurements were
simultaneous with the catheterisation, limiting the
interpretation of this clinical measurement in this
analysis. Echocardiograms and catheterisation mea-
surements also did not occur simultaneously, creating
the potential for progression or recurrence of disease
between measurements. The absence of correlation
between qualitative indices suggests that any tem-
poral effect change was minimal. A more likely con-
founder is the difference in the level of sedation
between catheterisation and echocardiography. Agita-
tion that can be found in non-sedated patients makes
imaging more difficult, specifically with regard to
measurement of Doppler indices. Sedation or lack of
sedation can also affect cardiac output, which would
directly impact pressure gradients. Although not ideal
for research, this is almost always the situation in
clinical practice and highlights the importance of the
“real-world” comparison reported in this study.

Conclusions

The non-invasive evaluation of aortic arch obstruc-
tion in the clinical environment remains challenging.
Doppler peak instantaneous pressure gradient corre-
lated reasonably well with catheter peak-to-peak
gradient in patients with native or recurrent coarc-
tation and no collaterals or diastolic flow reversal, and
was not improved when the expanded Bernoulli
equation was used to account for proximal aortic
valve velocity. From receiver operating characteristic
curve analysis, a Doppler peak instantaneous pressure
gradient cut-off point of 45 mmHg can correctly
classify 78% of patients with native or recurrent
coarctation. In patients with aortic arch reconstruc-
tion and a normal cardiac index, a Doppler peak
instantaneous pressure gradient cut-off point of
23 mmHg can correctly classify 69% of patients with
significant arch obstruction. Additional indices and
models should be considered to improve correlation.
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