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Original Article

Doppler-Derived Flow Pattern in the
Descending Aorta Does Not Predict
Systemic to Pulmonary Arterial Collateral
Flow in Patients With Single Ventricle
Palliation: A Cross-Sectional Study

Michael V. Di Maria, MD1, Meryl S. Cohen, MD2,
Matthew A. Harris, MD2, Mark A. Fogel, MD2,
and Kevin K. Whitehead, MD, PhD2

Abstract
Background: Children with single ventricle heart disease are at risk for developing systemic to pulmonary arterial collateral
vessels that adversely impact short-term outcomes, although the effect on long-term outcomes remains unclear. Collateral flow
(CollF) can be quantified using cardiac magnetic resonance (CMR) flow quantification. The velocity–time integral (VTI), obtained
from spectral Doppler tracings, has been used in ‘‘runoff’’ lesions like aortic regurgitation to quantify insufficiency. We hypothe-
sized that the VTI ratio of the proximal descending aorta (DAo) after cavopulmonary anastomosis (CPA) would estimate CollF.
Methods: A retrospective cross-sectional study was conducted. Patients who had a superior CPA or total CPA and underwent
CMR between April 2008 and December 2012 were included. Those with greater than trivial semilunar valve insufficiency or aor-
tic arch obstruction were excluded. In a subset (n ¼ 88), spectral Doppler tracings of the DAo were analyzed to determine the
VTI ratio. In another subset (n ¼ 112), CMR was used to determine the ratio of retrograde to antegrade flow in the DAo.
Results: There was no linear correlation between VTI ratio and CollF (r2 ¼ .006, P ¼ .46). There was a weakly positive cor-
relation with CollF (r2 ¼ .07, P ¼ .007) and the CMR measured ratio of retrograde to antegrade flow. Holodiastolic flow reversal
by echo did not predict higher CollF (P ¼ .40), but those with holodiastolic flow reversal by CMR had significantly higher CollF
(P ¼ .04). Conclusions: The ratio of reverse to forward flow in the DAo as determined by Doppler echo does not accurately
reflect CollF in children with single ventricle after CPA.
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Background

The current paradigm for the management of single ventricle

heart disease consists of a series of three surgical palliations

in the first years of life. In the neonatal period, a surgery is typi-

cally performed that results in unobstructed blood flow from

the single ventricle to the aorta, along with a reliable source

of pulmonary blood flow, such as the Norwood operation. This

is then followed by a superior cavopulmonary anastomosis

(SCPA) and finally the Fontan operation or total CPA (TCPA).

Much effort has been directed toward optimizing the care of

infants directed along this pathway. A novel area of interest

involves the characterization of systemic to pulmonary arterial

collateral vessels. We have previously shown that these collat-

eral vessels are present in the vast majority of these patients.1

Systemic to pulmonary arterial collateral flow (CollF) can

increase pressure in the pulmonary arteries, impose a volume

load on the single ventricle, and force the ventricle to generate

an increased cardiac output. There is emerging evidence that
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Abbreviations and Acronyms

CMR cardiac magnetic resonance
CollF collateral flow
CPA cavopulmonary anastomosis
DAo descending aorta
ICC intraclass correlation coefficient
PC-MRI phase-contrast velocity mapping magnetic resonance

imaging
SCPA superior cavopulmonary anastomosis
TCPA total cavopulmonary anastomosis
VTI velocity–time integral

increased CollF is associated with adverse outcomes, particu-

larly increased pleural effusions and length of hospital stay fol-

lowing TCPA.2,3

Cardiac magnetic resonance (CMR) imaging has been used

to quantify CollF,1,4 by way of through-plane phase-contrast

velocity mapping. This can be accomplished in two ways (1)

subtraction of caval flow from aortic flow or (2) subtraction

of pulmonary arterial flow from pulmonary venous flow. The

two measures are then averaged for a single estimator of CollF.

In spite of this capability, CMR often requires deep sedation in

the age-group in which this technique is being applied and is

not portable. Therefore, it is less practical than echocardiogra-

phy for routine monitoring of patients with single ventricle

heart disease.

We hypothesized that pulsed-wave Doppler ultrasound of

the descending aorta (DAo) could be used to gauge the re-

lative amount of CollF by calculating the ratio of retrograde

to antegrade velocity–time integral (VTI) of the spectral

Doppler display. This technique has been used to determine the

volume of regurgitant flow in other ‘‘runoff’’ lesions, such as

aortic insufficiency.5,6

Methods

The present study was a retrospective cross-sectional review.

The study was approved by the Children’s Hospital of Philadel-

phia institutional review board. Patients with single ventricle

heart disease who had undergone SCPA or TCPA and CMR

between April 2008 and December 2012 were included in the

analysis. The reason for CMR referral was a combination of

routine preoperative and postoperative assessment, research

protocols for other studies, and assessment for clinical con-

cerns. Because of the potential effects on the spectral Doppler

waveform in the DAo, patients were not included in the analy-

sis if there was evidence of aortic arch obstruction (defined by a

‘‘runoff’’ pattern or acceleration to greater than 2.5 m/s) or if

there was greater than trivial systemic semilunar valve insuffi-

ciency, as determined by either echocardiogram or CMR.

Patients with inadequate echocardiographic images of the des-

cending neoaortic arch were also excluded from analysis.

Collateral flow was calculated in all patients as described

subsequently. An association between CollF and the ratio of

reverse to forward flow in the DAo was evaluated in two

groups: the first group in whom Doppler echocardiography was

used to calculate the ratio of retrograde to antegrade flow in the

proximal thoracic aorta and a second group in whom CMR was

used to determine the ratio of retrograde to antegrade flow at

the level of the diaphragm. To investigate the possibility that

patch material used in the arch reconstruction might affect

neoaortic compliance and confound the relationship between

flow pattern and CollF, patients who had not undergone arch

reconstruction were also evaluated as a separate group; this

group primarily consisted of patients with tricuspid atresia and

normally related great vessels, who did not undergo side-

to-side anastomosis of the aorta and main pulmonary artery

(Damus-Kaye-Stansel operation).

Echocardiograms

Patients underwent unsedated two-dimensional echocardiogra-

phy with color flow mapping and spectral Doppler using the

Philips iE33 ultrasound system (Philips, Andover, Massachu-

setts) as part of their clinical evaluation. The echocardiogram

performed nearest to the date of the CMR study was reviewed.

Parasagittal images of the neoaortic arch were obtained from

the suprasternal notch. From this vantage point, pulsed-wave

Doppler interrogation of aortic flow was performed distal to the

arch vessels in the proximal thoracic DAo. The spectral Dop-

pler display of three to five beats depicting retrograde (reverse)

flow and antegrade (forward) flow in the descending neoaorta

was measured by tracing the curves above and below the spec-

tral baseline, respectively (Figure 1). Measurements of the VTI

and the calculation of the ratio of retrograde to antegrade VTI

were made off-line using the SyngoDynamics workstation

(Siemens Healthcare, Ann Arbor, Michigan). The presence or

absence of holodiastolic flow reversal was noted as well.

Figure 1. Pulsed-wave spectral Doppler display of descending neoaor-
tic arch interrogation, showing holodiastolic flow reversal. Antegrade
flow is traced in green, as an example of how the velocity–time integral
(VTI) would be determined; retrograde flow is traced in red. The
ratio of the area under the red curve divided by the green curve is
the VTI ratio.

210 World Journal for Pediatric and Congenital Heart Surgery 6(2)

 by guest on April 14, 2015pch.sagepub.comDownloaded from 

http://pch.sagepub.com/


Two-dimensional and color Doppler parasagittal images of the

neoaortic arch were also reviewed to assess for residual arch

obstruction. Two-dimensional and color Doppler apical and

parasternal views of the semilunar valves were reviewed to

evaluate semilunar valve insufficiency.

Cardiac Magnetic Resonance

The CMR protocol used to determine CollF has been described

in detail previously.1 Briefly, all patients underwent CMR on a

Siemens Avanto 1.5-T scanner with the latest cardiac package.

The protocol consisted of balanced steady-state free precession

(bright blood) and half-Fourier single-shot turbo spin-echo

(dark blood) axial stacks, balanced steady-state free precession

cine imaging for anatomy and to quantify ventricular function,

gadolinium angiography, and through-plane phase-contrast

velocity mapping magnetic resonance imaging (PC-MRI) cines

as part of their routine clinical management. Multiplanar refor-

matting of the axial stacks was used to set the position and

angle of the imaging plane for anatomic and PC-MRI cines.

Retrospectively gated, through-plane PC-MRI cines were

performed in the aorta (native and/or neoaorta), superior and

inferior vena cava, right and left pulmonary arteries, and right

and left pulmonary veins. We have previously described

the typical parameters and positions that we use to obtain the

velocity mapping sequences.1 For a subset of patients, CMR-

derived forward and reverse flow in the DAo at the level of

the diaphragm was available and was used in order to obtain

a ratio of retrograde to antegrade flow. A graphical display of

flow versus time was also reviewed in order to determine the

presence or absence of holodiastolic flow reversal by CMR

(Figure 2).

Analysis and Statistics

Descriptive statistics reported for baseline variables include rates

for binary variables and either means (standard deviations) or

median (interquartile range) for continuous variables. Correlation

between the calculations of CollF and measures of flow reversal

was assessed by linear correlation, using the Pearson method.

Independent two-sample t tests were used for comparison of mean

values between groups, after verification of normal distribution.

Interobserver and intraobserver variability were assessed using

the Bland-Altman method; intraclass correlation coefficients

(ICCs) were also calculated.

Results

Demographic and clinical characteristics are summarized in

Table 1. Of those patients with SCPA physiology, 115 patients

were included in the analysis. Fifty-one patients met criteria for

inclusion in the Doppler echo arm of the study. The CMR-

derived flow data in the DAo were available in 47 patients.

In the patients with TCPA physiology, 135 patients were

included. Thirty-seven patients met criteria for inclusion in the

Doppler echo arm of the study. The CMR-derived flow data in

the DAo were available in 65 patients. Of note, the median time

Figure 2. Phase-contrast velocity mapping of the descending aorta at
the level of the diaphragm, showing holodiastolic flow reversal. During
systole, there is antegrade flow and the aorta in cross section
(encoded as shades of black), and during diastole, the flow in the aorta
is retrograde (encoded in shades of white).

Table 1. Demographic and Clinic Characteristics of Study Patients.

SCPA TCPA

Number of patients with CMR
data

115 135

Male gender 58 (50%) 79 (58%)
Body surface area, m2 0.53 + 0.1 1.16 + 0.5
Diagnosis

Hypoplastic left heart syndrome 56 (49%) 45 (33%)
Common atrioventricular canal 15 (13%) 13 (10%)
Tricuspid atresia 14 (12%) 21 (15%)
Double outlet right ventricle 8 (7%) 15 (11%)
Double inlet left ventricle 7 (6%) 11 (8%)
Other 15 (13%) 30 (22%)

Dominant ventricle
Right 87 (76%) 81 (60%)
Left 28 (24%) 54 (40%)

Stage 2 type
Bidirectional Glenn 69 (60%) 41 (30%)
Hemi-Fontan 21 (18%) 56 (41%)
Bilateral bidirectional Glenn 21 (18%) 19 (14%)
Kawashima 4 (3%) 1 (<1%)
Not performed 0 18 (13%)
Arch reconstruction/DKS

performed
69 (60%) 70 (52%)

Age at MRI, years 2.62 + 1.16 12.2 + 8.7
Number of patients with echo

data
51 37

Age at echo, years 2.81 + 1.26 10.44 + 7.39
Average days between echo and

MRI
92.33 + 109.4 117.67 + 108.8

Aortic flow, L/min 2.54 + 1.12 3.89 + 1.31
Ao-Cavae, L/min 0.85 + 0.42 0.96 + 0.59
PV-PA, L/min 0.86 + 0.37 0.97 + 0.60
Average collateral flow, L/min 0.85 + 0.38 0.96 + 0.58

Abbreviations: DKS, Damus-Kaye-Stansel operation; MRI, magnetic resonance
imaging; Ao, aortic; PV, pulmonary vein; PA, pulmonary artery; CMR, cardiac
magnetic resonance; SCPA, superior cavopulmonary anastomosis; TCPA, total
cavopulmonary anastomosis; echo, echocardiogram.
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between CMR and echocardiogram is listed in Table 1 for each

group. For the SCPA group, the mean number of days between

studies was 92.3 + 109. For the TCPA group, the mean number

of days between CMR and echocardiogram was 117 + 108.

Figure 3 is a scatterplot depicting CollF as a fraction of aor-

tic flow versus the flow pattern in the DAo as determined by

calculating the VTI ratio of the spectral Doppler signal. An

association was not present by linear regression (r2 ¼ .006,

P ¼ .46). Figure 4 is a scatterplot showing CollF as a fraction

of aortic flow versus CMR-derived pattern of reverse to for-

ward flow. There was a weakly positive but statistically signif-

icant linear correlation (r2 ¼ .07, P ¼ .007).

In patients who had not undergone a Norwood-type aortic arch

reconstruction, there was no linear correlation between CollF

indexed to aortic flow and VTI ratio (r2 ¼ .057, P ¼ .14). Simi-

larly, in this particular subset, there was no linear correlation

between average CollF indexed to aortic flow and CMR-

derived retrograde to antegrade flow ratio (r2 ¼ .036, P ¼ .19).

Holodiastolic flow reversal, as determined by Doppler echo-

cardiography, was analyzed as a marker of increased CollF

(Table 2). A mean CollF of 0.301 + 0.12 L/min in patients

without holodiastolic flow reversal was not different from the

mean of 0.323 + 0.11 L/min in those with holodiastolic flow

reversal (P¼ .40). Using CMR to determine holodiastolic flow

reversal, there was significantly increased mean CollF in those

patients with holodiastolic flow reversal compared to those

without it (0.315 + 0.14 vs 0.255 + 0.16 L/min, P ¼ .04).

Intraobserver and interobserver variability in measuring

VTI was assessed first by the Bland-Altman method. A single

observer (M.V.D.) made serial measurements as described pre-

viously, with excellent agreement as shown in Figure 5.

Similarly, measurements by a second echocardiographer

(MSC) were compared and showed good agreement. Intraclass

correlation coefficients were also calculated, and intraobserver

measurements had an ICC of 0.65, indicating good reproduci-

bility. Interobserver measurements had an ICC of 0.90, also

indicating that there was strong agreement.

Discussion

Systemic to pulmonary arterial collateral vessels are almost univer-

sally present in patients undergoing palliation of single ventricle

heart disease. Although some of the physiologic sequelae have

Figure 4. Collateral flow as a fraction of aortic flow versus CMR-
derived reverse/forward flow. A weakly positive but statistically signif-
icant linear correlation existed between collateral flow of a fraction of
aortic flow and the ratio of retrograde to antegrade flow measured at
the level of the descending thoracic aorta using CMR (P ¼ .007). CMR
indicates cardiac magnetic resonance.

Figure 3. Collateral flow as a fraction of aortic flow versus Doppler
echo-derived reverse/forward flow. There is no correlation between
collateral flow as a fraction of aortic flow and retrograde/antegrade
velocity–time integral (VTI) measured at the level of the descending
thoracic aorta using pulsed-wave Doppler echocardiography (P¼ .46).

Table 2. A Comparison of Collateral Flow (Mean + SD) by the
Presence of Holodiastolic Flow Reversal in the Aorta—Echo
Versus MRI.a

n Present n Absent P Value

Holodiastolic flow
reversal (echo)

30 0.323 + 0.11 57 0.301 + 0.12 .40

Holodiastolic flow
reversal (MRI)

56 0.315 + 0.14 53 0.255 + 0.16 .04b

Abbreviations: echo, echocardiogram; MRI, magnetic resonance imaging; CMR,
cardiac magnetic resonance; SD, standard deviation.
aThere was no statistically significant difference in collateral flow as a fraction of
aortic flow in patients with and without holodiastolic flow reversal, as detected
by pulsed wave Doppler echo interrogation of the proximal thoracic
descending aorta (P ¼ .4). When CMR was used to determine the presence of
holodiastolic flow reversal in the aorta using through-plane phase-contrast
velocity mapping at the level of the diaphragm, there was a statistically signifi-
cant difference (P ¼ .04).
bStatistical significance: P < .05.
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been elucidated, the clinical consequences are as yet not well

understood. The typical infant who is status-post SCPA diverts

approximately 30% of their systemic output through the low resis-

tance circuit of the pulmonary vascular bed.1 Assessment of this

abnormal flow is an area of investigation, with preliminary studies

suggesting an association between increased CollF and worse

short-term outcomes after TCPA.3,7,8 Because techniques to accu-

rately quantify CollF by CMR are relatively new, the conditions

that favor the development of collateral vessels also remain

unclear. The availability, portability, and relative low cost of echo-

cardiography would make it an ideal tool for the bedside estimation

of CollF, enabling practitioners to triage patients with elevated or

increasing CollF for more precise quantification by CMR.

The assessment of aortic valve regurgitant fraction using

Doppler ultrasound has been addressed in several studies.5,9 Pre-

vious studies in children with congenital heart disease have also

validated the use of Doppler echocardiography as a tool for the

assessment of semilunar valve regurgitation severity.10 In the

neonate who has undergone Norwood operation, the spectral

Doppler tracing can be used to assess the adequacy of pulmonary

blood flow through a Blalock-Taussig shunt and provide an

estimate of the ratio of pulmonary to systemic blood flow.11

Since collateral vessels are thought to primarily originate from

the head and neck vessels, our hypothesis was that the ratio of

retrograde to antegrade flow in the proximal DAo would also

be representative of CollF severity by the same mechanism.

One possible source of error with the technique being

employed, Doppler interrogation of descending aortic flow, is

the site of interrogation. In order for retrograde flow to be rep-

resentative of CollF, the site of interrogation needs to be distal

to the origin of the collateral vessels. Earlier studies of CollF in

patients with univentricular heart disease evaluated the origin

of collateral vessels angiographically. One retrospective study

of 196 patients with either Glenn or Fontan circulation identi-

fied 276 collateral vessels12; 70% (190 of 276) of the vessels

originated from proximal to the neoaortic isthmus, the site of

Doppler interrogation in the present study. With this substrate,

in the absence of other runoff lesions, and with the bulk of

CollF sourced from head and neck vessels proximal to the site

of interrogation, retrograde flow in the proximal DAo should

be representative of CollF.

In contrast, our study found no correlation between the

Doppler-derived VTI ratio and CollF. The lack of an associa-

tion between CollF and spectral Doppler pattern of the DAo

is likely multifactorial. One hypothesis is that the collateral

vessels that originate from the aorta are highly variable in ori-

gin from patient to patient. Indeed, by angiography, it is not

uncommon to find significant collateral vessels originating

below the diaphragm. Therefore, CollF may not result in the

same pattern of retrograde flow in the DAo as does semilunar

valve insufficiency.

Cardiac magnetic resonance was also used to quantify the

ratio of antegrade to retrograde flow in the DAo at the level

of the diaphragm. A weak but statistically significant linear

correlation was found between the ratio of retrograde to ante-

grade flow and CollF as a fraction of aortic flow; additionally,

those patients with holodiastolic flow reversal in the DAo did

have a higher CollF burden. It is possible that sampling more

distal in the DAo by MRI (at the diaphragm vs the proximal

DAo by echocardiography) may make it more representative

of CollF. However, the higher CollF in patients with holodias-

tolic flow reversal by CMR is probably clinically insignificant,

and it is clearly not useful in risk stratifying these patients.

We identified 39 patients in the Doppler echo cohort who

had not undergone aortic arch reconstruction. They were ana-

lyzed separately to eliminate compliance issues related to

homograft used to reconstruct the arch; we were not able to

demonstrate a correlation between VTI ratio and CollF in this

group without an arch reconstruction. Therefore, it appears

unlikely that prosthetic material in the neoaortic arch is signif-

icantly confounding the relationship between descending aortic

flow patterns and collateral burden.

Study Limitations

The retrospective nature of this study subjected it to the issues

associated with reviewing existing data, particularly the spectral

Figure 5. Bland-Altman analysis of intraobserver and interobserver
variability of velocity–time integral (VTI) measurements. A compari-
son of serial measurements of VTI ratio to assess intraobserver and
interobserver variability reveals good reproducibility using the
Bland-Altman method.
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Doppler images that were reviewed in order to measure the VTI.

Data quality in this setting depends upon patient cooperation,

which is at times suboptimal in the age-group being studied. The

Doppler signal is dependent on the angle of interrogation, which

could not be controlled for in a retrospective study. Most of the

MRI data were obtained under sedation, while the bulk of the

echocardiography studies were performed while patients were

awake. Therefore, there may be some differences in physiology

between the two studies. The correlation between flow ratio by

MRI and CollF supports this hypothesis, as they were performed

simultaneously under the same conditions and a weak correla-

tion was present. Changes in physiology between the time of the

echo and the MRI are possible and would confound the relation-

ship between the VTI ratio and CollF.

This cross-sectional study does not directly address the

assessment of serial changes in flow reversal in a single patient.

It is theoretically possible that although flow reversal by Dop-

pler does not correlate with CollF, that serial changes in flow

reversal in the same patient could reflect changes in CollF.

Conclusions

Accurate quantification of CollF in children with palliated

single ventricle heart disease can be made using CMR. There

appears to be no correlation between CollF and the spectral

Doppler pattern derived at the level of the proximal DAo, and

only a weak correlation was present between the CMR-derived

flow pattern and CollF. Flow patterns in the DAo may not be a

reliable method of assessing CollF burden and therefore should

not be used as such in the routine echocardiographic assess-

ment of patients with cavopulmonary connections.
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