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Abstract

Aims Myocardial perfusion impacts cardiac function following surgical repair of critical congenital heart disease (CCHD). 
Temporal variation assessment of myocardial blood volume throughout the cardiac cycle can be a surrogate for perfusion. 
Ultrafast power Doppler (UPD) is an ultrasound imaging technique capable of noninvasively quantifying myocardial blood 
volume changes. The objective of this study is to demonstrate the feasibility of perioperative transthoracic UPD assessment 
and to determine if UPD reflects physiologic changes in myocardial perfusion.

Methods 
and results

Five neonatal transposition of the great arteries (TGA) undergoing arterial switch operation (ASO), five hypoplastic left 
heart syndrome (HLHS) undergoing Stage 1 palliation (S1P), and five age/weight-matched controls were prospectively re
cruited. Transthoracic UPD acquisitions were performed before/after operations. Segmental perfusion in right/left ventri
cles (RV/LV) was assessed. The controls’ myocardial perfusion patterns are visually similar to published human references for 
both ventricles. Systolic/diastolic myocardial perfusion differences were modified by ASO in the RV (P = 0.03) but not for LV 
(P = 0.99). For HLHS patients, no difference after S1P was observed in either the RV (P = 0.16) nor the LV (P = 0.51).

Conclusion For TGA patients, the perfusion profile of the myocardium seems to be directly influenced by the intracavitary pressure 
(directly driving coronary perfusion pressure), namely if it was the systemic or sub-pulmonary ventricle. Our data suggests 
that UPD could noninvasively quantify myocardial perfusion variation. Myocardial perfusion patterns change in CCHD 
according to their haemodynamic and surgical status. Correlation with clinical outcomes requires further study.
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Graphical Abstract

Visualizing moving blood volumes using ultrafast power Doppler. An ultrafast ultrasound scanner was used to acquire transthoracic sequences in a pre- 
operative TGA patient. Power Doppler signals are extracted from a region of interest, and the mean power Doppler signal is plotted over time. TGA, 
transposition of the great arteries; RV, right ventricle; IVS, interventricular septum.

Keywords myocardial perfusion • critical congenital heart disease • ultrafast ultrasound

Introduction
Myocardial perfusion is a key mediator of morbidity and mortality 
in cardiac surgery, especially with coronary artery manipulation.1,2

Adequate coronary arterial function impacts outcomes, especially in 
neonates with transposition of the great arteries (TGA) undergoing 
an arterial switch operation (ASO), as adequacy of coronary transloca
tion is linked to adverse events in TGA.3 Additionally, inadequate myo
cardial perfusion is associated with poor outcomes in children with 
hypoplastic left heart syndrome (HLHS) undergoing stage 1 palliation 
(S1P).4,5

Current diagnostic modalities that assess myocardial perfusion often 
do so as a perfusion rate averaged over several heartbeats (i.e. millilitres 
per gram per minute).6 However, temporal variations of perfusion 
within a cardiac cycle are sensitive to physiologic changes both up
stream and downstream of the coronary vasculature. For example, cor
onary perfusion pressure (i.e. the difference between ventricular and 
arterial pressure) produces markedly different temporal perfusion 
patterns in a normal right vs. left ventricle.7 Furthermore, changes in 
autoregulation (e.g. vagal or adrenergic stimulation) can also significant
ly impact perfusion patterns.8 However, current noninvasive diagnostic 
modalities do not present temporal fluctuations in coronary perfusion 
patterns within one cardiac cycle, often due to issues in spatiotemporal 
resolution.6

Ultrafast ultrasound imaging permits this spatiotemporal detection 
with high sensitivity. Its ability to detect myocardial perfusion has 
been validated against perfusion rates with epicardial coronary flow 
metre techniques in animal studies.9–11 Ultrafast power Doppler 

(UPD) assessment could also be used to assess temporal variations 
in blood volume patterns. Blood volume assessment using power 
Doppler (PD), which is proportional to the density of red blood cells, 
has been shown to strongly associate with perfusion, the rate of moving 
blood through an organ, in conventional ultrasound studies.12–14

The aims of this study are (i) to demonstrate the feasibility of peri
operative transthoracic UPD assessment and (ii) to determine if UPD 
can describe the physiologic changes in coronary perfusion before 
and after surgery.

Methods
Study design
This was a single centre, prospective cohort study. We prospectively en
rolled neonates diagnosed with TGA with intact ventricular septum under
going ASO, those with HLHS undergoing S1P, and healthy volunteers 
(neonates with normal cardiac structure and function) at the Hospital for 
Sick Children in Toronto, Ontario, Canada. Ultrafast transthoracic echocar
diograms were performed during the first week of life and, if the patient was 
part of a congenital heart disease cohort, another acquisition was per
formed at least 7 days after cardiac surgery (Figure 1A and B). Children 
were followed for up to thirty days after surgery and assessed for major 
complications, including death, reintervention (surgical or catheter-based), 
and cardiac-related readmissions. The pre-operative clinical echocardio
gram and discharge echocardiogram were assessed. The study was ap
proved by the local review ethics board (REB number: 1000070089), and 
all parents gave written informed consent.
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General experimental approach
Conventional PD has been shown to strongly associate with perfusion 
rate.14 In vitro and in vivo studies have demonstrated that UPD could esti
mate blood volumes reliably.15 We have therefore elected to quantify 
blood volume patterns within a myocardial segment throughout the cardiac 
cycle using UPD. We compared our blood volume pattern assessments in 
healthy volunteers against reference perfusion patterns derived from epi
cardial coronary flow probe assessment, a gold standard perfusion diagnos
tic technique with high temporal resolution.7 We then compared our 
perfusion patterns amongst our three cohorts: healthy volunteers, TGA pa
tients, and HLHS patients. Finally, we explored if our perfusion patterns 
were coherent against the gold standard reference patterns and physiologic 
changes induced by cardiac surgery.

Image acquisition and reconstruction
The ultrasound methodology has been described in previous works by our 
team.16 An overview of the acquisition and reconstruction process is illu
strated in Supplementary data online, Figure S1. Additionally, the process 
is presented within the context of the full study in Figure 1. Briefly, ultrafast 
ultrasound imaging was performed on each patient using a programmable 
ultrafast ultrasound system (Vantage 256, Verasonics Inc., Kirkland, WA, 
USA) with a phase array probe (GE 6SD, 6.9 MHz, GE Healthcare, USA) 
(Figure 1D). The image depth was 60 mm and the sector width was 60°. 
We used coherent compounding of five diverging waves whose virtual 
sources were equally spread along the transducer aperture as in Correia 
et al.17 Each acquisition was triggered by the R wave while electrocardio
gram was recorded and lasted 842 ms with 1680 images at a framerate 
of 2000 Hz, secondly such that at least one full cardiac cycle was imaged.

Transthoracic echocardiography was performed by a trained cardiologist 
(Minh Bao Nguyen). Three parasternal short and three parasternal long-axis 
acquisitions were obtained for each patient. A conventional line-by-line 
B-mode view was utilized to allow the operator to identify the correct pos
ition and location in real time. A high framerate acquisition is then triggered 
by the operator. After each acquisition, image reconstruction was automat
ically performed on the cart to allow for a 2D/B-mode image to be review
able to the operator if necessary. The typical exam duration was 5 min with 
about 30 s needed for probe positioning using real-time B-mode imaging, 
2 s for data acquisition and storage, and 15 s for pre-processing steps 
(image reconstruction). The best clip was chosen for PD quantification 
by assessing the 2D image for visual quality and correct alignment as per 
paediatric transthoracic echocardiography guidelines.18

A region of interest (ROI) was placed on the anterior right ventricular 
free wall (RV perfusion) and the basal anteroseptal interventricular septum 
(LV perfusion), see Figure 1C. The depth of the ROIs was adjusted to match 
the unique anatomy of each patient, with a typical average depth of 
8–18 mm for the RV ROI and 20–30 mm for the LV ROI. For a given pa
tient, the size of the RV and LV ROIs were identical but varied across pa
tients depending on their anatomy, ranging typically from 20 to 30 mm2.

We applied singular value decomposition as an adaptive clutter filter with 
a sliding window approach that we previously developed.15 In brief, we di
vided the 842-ms-long acquisition into smaller temporal sliding windows 
with a 50% overlap. The duration of each sliding window was adapted 
such that the tissue motion during this period was kept below one wave
length (250 µm). The underlying idea is that longer windows ensure higher 
efficiency of the clutter filtering, provided that the tissue can be considered 
stationary during said window. Our approach optimizes the size of the slid
ing window along the cardiac cycle in such a manner that windows are 
shorter (typically 25 ms) in systole when the heart walls motion is high, 

Figure 1 The acquisition workflow for ultrafast PD myocardial perfusion approximation. (A) HV, TGA with intact ventricular septum, and HLHS 
were recruited. (B) An ultrafast ultrasound-enabled research scanner was used in all acquisitions. (C ) Three acquisitions were acquired in the short 
and long-axis views at the RV free wall and interventricular septum. (D) Ultrafast acquisitions were taken at 2000 frames per second, with coherent 
compounding of 5 diverging waves (top row), covering a sector of 60°, with an imaging depth of 60 mm. (E) After tissue signals were suppressed, ultra
fast ultrasound PD signals were extracted to quantify blood volumes of the coronary microvasculature. (F ) PD signals were plotted over time and, for 
visualization purposes, scaled by peak PD throughout the cardiac cycle and by maximal time duration. HV, healthy volunteer; TGA, transposition of the 
great arteries; HLHS, hypoplastic left heart syndrome; LAD, left anterior descending artery; RCA, right coronary artery; Cx, circumflex; IVS, interven
tricular septum; RV, right ventricle; PD, power Doppler.
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and longer in late diastole (typically 50 ms) when the walls are almost stea
dy. To extract the blood signal, the tissue signal was removed using an adap
tive singular value decomposition filter on each sliding window. The blood 
signal (i.e. the filtered complex IQ data) was averaged over overlapping win
dows and converted into PD by simply computing the square of its 
amplitude (Figure 1E). As a quantitative metric, we did not perform the con
ventional conversion of PD values to decibels (i.e. a technique that scales 
pixel intensity by the maximum pixel value in each frame and log- 
compressed). Instead, we used the raw PD value (i.e. the unadjusted blood 
signal intensity of a given pixel), which is proportional to the local concen
tration of red blood cells.19

PD visualization and quantification
We were interested in quantifying temporal changes in blood volume pat
terns throughout the cardiac cycle. To do so, for a given time point, we 
averaged the PD value of all pixels inside each ROI (Figure 1F), yielding a sin
gle averaged PD time trace for each region.

PD is sensitive to both technical settings (e.g. depth of the ROI, elevation 
width) and clinical parameters (e.g. haematocrit) making it difficult to be 
compared across events and between patients.12,14,19 To account for 
this, we scaled our PD values to the maximum PD value throughout the car
diac cycle since haematocrit and the depth of the myocardium are unlikely 
to change significantly within that time period (Figure 1F). Calculating the 
time integral of the scaled PD (power Doppler integral, PDI) values in sys
tole and in diastole allows for a comparison of relative blood volume 
changes within a single cardiac cycle. This permits the comparison of systolic 
and diastolic blood volume in different patient groups and physiologies (e.g. 
before and after surgery). As each patient had different durations of systole 
and diastole before and after surgery, the PD trace during each phase had a 
varying number of samples. To allow comparison across patients, we there
fore resampled each PD trace using cubic interpolation so that both systolic 
and diastolic signals had exactly 420 temporal samples, corresponding to 
210 ms (see Supplementary data online, Figure S1). It must be emphasized 
that the quantitative PDI values were computed before the temporal scaling 
of systole and diastole and therefore were unaffected by this resampling op
eration. The latter was performed to allow visual comparisons between dif
ferent perfusion patterns. We then fitted a generalized additive model to 
the median PD curve (across patients) as a function of time to provide a vis
ual summary of temporal changes throughout the cardiac cycle. We did this 
for each operative status and patient diagnosis (Figure 1F).

Statistical analysis
For univariate analysis, data for continuous variables were presented as 
mean and standard deviation or as median and interquartile range as appro
priate. Categorical variables were presented as frequencies and percen
tages. PDI was compared between systole and diastole across patients 
and operative states. To understand relative differences in PDI within a car
diac cycle, we converted PDI into percentages (e.g. systolic PDI percentage  
= systolic PDI/sum of systolic and diastolic PDI). The mean PDI difference in 
diastole compared with systole of each group was then obtained by calcu
lating the mean diastolic PDI percentage minus the mean systolic PDI per
centage and a two-sample Student’s t-test was applied to these groups. To 
compare the relative difference in blood volumes within cardiac cycles be
tween other groups, we performed a t-test on the mean PDI difference in 
diastole compared with systole between each group. For example, to com
pare relative changes of blood volumes within a cardiac cycle of a pre- 
operative TGA RV vs. a post-operative TGA RV, we assessed the mean 
PDI difference in diastole compared with systole of the pre- and post- 
operative RV. Statistical significance was assigned at P < 0.05. Image acqui
sition, PD extraction, and statistical analyses were performed using 
MATLAB (Release 2019a, The MathWorks, Inc., Natick, MA, United States).

Results
We recruited five neonates with TGA, five neonates with HLHS, and 
five healthy volunteers. Other than their diagnosis and timing of sur
gery, there was no significant difference between the three groups in 
terms of demographics (including gestational age, sex, and weight) 
(Table 1). The healthy volunteer postnatal age at the time of study 

mean is 14 days ± 11. There is no significant difference between groups’ 
ages by independent t-test (P-value >0.05). Of the HLHS patients, two 
had mitral atresia with aortic atresia, and three had mitral stenosis with 
aortic atresia. Four TGA patients underwent a pre-surgical balloon at
rial septostomy (Table 1). All five TGA patients had a moderate or large 
patent ductus arteriosus.

Intraoperative and post-operative 
characteristics
With respect to operative characteristics, one TGA had aortic arch hy
poplasia requiring ASO and arch reconstruction while the remaining 
TGA patients underwent ASO. All HLHS patients underwent the 
Norwood Sano modification.4 Bypass and cross-clamp times were simi
lar across the TGA and HLHS groups (Table 2). TGA patients were 
cooled to 34°C without deep cardiac hypothermic arrest (DCHA), 
while HLHS patients were cooled to 18°C and DCHA was implemen
ted for the aortic arch repair.

With respect to outcomes, most patients had no complications in 
the first 30 days after surgery. One TGA patient with a CHD7 mutation 
associated with CHARGE syndrome was terminally extubated due to 
poor respiratory drive, which was thought to be related to an asso
ciated neuromuscular disorder discovered post-operatively. From a 
cardiac standpoint, they had an uncomplicated ASO with signs of nor
mal ventricular function and cardiac output. One HLHS patient had 
persistent cyanosis after S1P related to bilateral pulmonary artery sten
osis requiring catheter intervention. This patient was admitted for 
more than 30 days post-operatively for feeding rehabilitation. On the 
discharge echocardiogram, all surviving patients (9/10) had good ven
tricular systolic function except for one TGA patient who had mildly 
reduced RV systolic function.

Temporal patterns for myocardial 
perfusion
Each individual patient’s temporal PD pattern is presented in 
Supplementary data online, Figure S2. The patient’s patterns are then 
summarized by diagnosis and presented in Figures 2–4. 

• Healthy volunteers (n = 5)

In the RV, the mean PDI difference in diastole compared with systole 
was −11% (95 confidence interval, CI: −19–2.5, P = 0.14). In the LV, the 
difference was 30% (95 CI: 22–38, P = 0.001). On visual comparison, 
the right ventricular blood volume pattern appeared similar to the ref
erence standard coronary perfusion pattern with a slightly higher peak 
in systole than diastole (Figure 2). Meanwhile, the left ventricular blood 
volume pattern had an early peak in diastole with a relatively sup
pressed systolic peak similar to the reference standard (Figure 2). 

• TGA (n = 5)

Before ASO, the RV perfusion in diastole was statistically higher than 
the systolic perfusion (mean PDI difference in diastole compared with 
systole = 47%, 95 CI 35–58, P = 0.003) (Figure 3). Visually, this ap
peared similar to the blood volume patterns of a healthy volunteer’s 
LV. After the ASO, where the RV is no longer pressurized by systemic 
afterload, the RV mean PDI difference in diastole compared with sys
tole was no longer statistically significantly different (13%, 95 CI 15– 
25, P = 0.43). Visually, there was a slightly higher peak in systole relative 
to diastole, which is similar to a healthy volunteer RV perfusion 
(Figure 3). The LV perfusion, which was pressurized via a patent ductus 
arteriosus, had a peak in diastole with a blunted curve in systole, and this 
pattern did not change post-operatively (Figure 3).

To quantify the impact of the ASO on coronary perfusion, we per
formed a t-test on the mean PDI difference in diastole compared with 
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systole before and after ASO. In the RV, it was 33% (95 CI: 9–57%, P =  
0.03), suggesting there was a change in perfusion patterns associated 
with the operation. In the LV it was −0.1% (95 CI: −12 to −13%, 
P = 0.99), suggesting no difference with respect to the operation. 

• HLHS (n = 5)

Before S1P, the RV perfusion was statistically identical between 
systole and diastole (mean PDI difference in diastole compared with 
systole = −19%, 95 CI −37 to −2, P = 0.11) (Figure 4). Visually, this ap
peared similar to the blood volume patterns of a healthy volunteer’s 
RV. After S1P, the RV perfusion continued to be almost identical be
tween diastole and systole (7%, 95 CI −8 to 22, P = 0.77). Visually, there 
was a slightly higher peak in systole relative to diastole, which is similar 
to a healthy volunteer RV (Figure 4). The LV perfusion had a slight peak 
in systole relative to diastole, and this pattern did not change post- 
operatively (Figure 4).

Similarly to the TGA group, we performed a t-test on the mean PDI 
difference in diastole compared with systole before and after S1P. In the 
RV, it was 26% (95 CI: −0.59 to 7%, P = 0.16). In the LV it was 0.13% (95 
CI: −17 to −42%, P = 0.51). Both tests suggest no difference in either 
ventricle with respect to the operation.

Discussion
In this study, we aim to evaluate the feasibility of myocardial blood vol
ume pattern assessment using UPD. We first found that blood volume 
patterns as detected by ultrasound are similar to normal reference cor
onary perfusion patterns found in the literature. Additionally, we found 
that myocardial blood volume patterns change significantly after ASO 
while they are not affected by the first stage Norwood procedure.

We have previously demonstrated that UPD detected changes in 
myocardial blood volume patterns before and after cardiac surgery 
using epicardial ultrasound acquisitions of the left ventricle.20 This cur
rent study builds directly on our prior work by testing UPD’s feasibility 
with transthoracic ultrasound. This is innovative both technically and 
clinically. From a technical standpoint, several enhancements were ne
cessary to use UPD on transthoracic ultrasound acquisitions, including 
transitioning from a high-frequency linear probe to a phased array 
probe and accommodating for reduction in spatial resolution due to 
the additional heterogenous tissue between the chest wall and the 
heart. Clinically, expanding UPD’s use to transthoracic probes greatly 
expands its use case beyond the operating room in situations where 
perfusion assessment is much needed, such as the clinic, the intensive 
care unit, and the catheterization laboratory. Additionally, we could 
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Table 1 Demographic and diagnostic characteristics

Characteristic TGA, N = 5 HLHS, N = 5 HV, N = 5 P

Gestational age (weeks) 38.00 (38.00, 38.25) 40.00 (38.75, 40.25) 39.00 (35.50, 41.00) 0.27

Sex

F 3 (60%) 2 (40%) 2 (40%)
M 2 (40%) 3 (60%) 3 (60%)

Birth weight (kg) 3.30 (2.91, 4.02) 3.30 (2.78, 3.53) 2.83 (2.46, 3.00) 0.50

Genetic abnormality
CHD7 1 (20%) 0 (0%) 0 (0%)

KMT2D 0 (0%) 1 (20%) 0 (0%)

Negative microarray 2 (40%) 4 (80%) 0 (0%)
Unknown 2 (40%) 0 0 (0%)

Timing of diagnosis

Prenatal 2 (40%) 5 (100%)
Postnatal 3 (60%) 0 (0%)

Age at surgery (days) 7.00 (5.50, 7.25) 3.00 (3.00, 4.25) 0.02

Preop Echo function
Good biventricular systolic function 4 (80%) 0 (0%)

Good right ventricular systolic function 0 (0%) 5 (100%)

Mildly reduced right ventricular function 1 (20%) 0 (0%)
PDA size

Large 4 (80%) 5 (100%)

Small 1 (20%) 0 (0%)
PGE given Preop 2 (40%) 5 (100%)

Coronary anatomy

1LC × 2R 5 (100%) 5 (100%)
Balloon atrial septostomy 4 (80%) 0 (0%)

HLHS morphology

MA/AA 0 (NA%) 2 (40%)
MS/AS 0 (NA%) 3 (60%)

Median (IQR); n (%); P-values derived from Kruskal–Wallis or Friedman tests.
Preop, pre-operative; PDA, patent ductus arteriosus; PGE, prostaglandin; 1LC × 2R, left anterior descending and circumflex off the left facing cusp, right coronary off the right facing cusp; 
HLHS, hypoplastic left heart syndrome; MA, mitral atresia; AA, aortic atresia; MS, mitral stenosis; AS, aortic stenosis; HV, healthy volunteer.
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Table 2 Operative characteristics

Characteristic TGA, N = 5 HLHS, N = 5 P

Pre-operative ultrasound age (days) 2.00 (1.75, 4.5) 1.00 (1.00, 2.25) 0.19

Age at surgery (days) 7.00 (5.50, 7.25) 3.00 (3.00, 4.25) 0.02

Post-operative ultrasound age (days) 12.00 (10.75, 16.00) 16.00 (13.50, 46.25) 0.14
Surgery type

ASO 4 (80%) 0 (0%)

Nor/Sano 0 (0%) 5 (100%)
ASO Arch 1 (20%) 0 (0%)

Cardioplegia type

Del Nido 4 (80%) 3 (60%)
CPB (m) 135 (111.50, 160.50) 139 (132.25, 151.75) 0.60

Cross-clamp (m) 86.00 (77.75, 96.25) 87 (77.25, 97.50) 0.91

DHCA (m) 20.00 (16.75, 21.00)
Not applicable 5 0

SACP (m) 41.00 (36.75, 49.25)

Not applicable 5 0
Minimal temp (°C) 18 (18, 18)

Not applicable 5 0

Median (IQR); n (%); P-values derived from Kruskal–Wallis tests.
ASO, arterial switch pperation; Nor/Sano, Norwood Sano; Arch, arch reconstruction; CPB, cardiopulmonary bypass, DHCA, deep hypothermic circulatory arrest; SACP, selective 
antegrade cerebral perfusion.

Figure 2 Temporal blood volume patterns of healthy volunteers. The right ventricular blood volume peaks slightly in systole compared with diastole. 
Meanwhile, the left ventricular blood volume pattern has a tall peak in diastole relative to systole. When compared with epicardial coronary perfusion 
data, the temporal patterns appear similar. The reference coronary perfusion pattern was scaled and superimposed onto the healthy volunteer blood 
volumes to assist with comparison. P-value derived from t-test comparing the difference of percentage of the integral of the PD values of systole com
pared with diastole. Adapted from Chatzizisis et al.7
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assess patients’ myocardial blood volumes over many days permitting a 
genuine prospective longitudinal cohort study to be performed. Finally, 
we included assessment of not only the left ventricle but the right ven
tricle as well, which provides additional clinical relevance to UPD 
assessments.

PD as a proxy for myocardial perfusion
In our study, myocardial blood volume patterns in healthy volunteers 
appear to correlate with epicardial coronary perfusion patterns. 
Myocardial perfusion is typically quantified as the volume of blood 

Figure 4 Temporal blood volume patterns in HLHS. The mean blood volume patterns of HLHS patients are presented. The blood volume patterns 
of HV are superimposed. P-value derived from t-test comparing the difference of percentage of the integral of the PD signals of systole compared with 
diastole.

Figure 3 Temporal blood volume patterns in transposition of the great arteries. The mean blood volume patterns of TGA patients are presented. 
The blood volume patterns of HV are superimposed. Of note, all TGA patients pre-operatively had a patent ductus arteriosus, thus exposing the LV to 
systemic pressures. P-value derived from t-test comparing the difference of percentage of the integral of the PD signals of systole compared with 
diastole.
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moving through myocardial tissue per minute (mL/g/min).8,21 PD tech
niques have been studied in conventional ultrasound to be highly sen
sitive to blood volume and proportional to hematocrit.12,19 and are 
often used in clinical practice to resolve moving blood volumes (e.g. pul
monary venous drainage to the left atrium in foetal echocardiog
raphy).22 Contrary to colour Doppler which is proportional to the 
local axial velocity of blood, PD is proportional to the local number 
of red blood cells. Therefore, it has the advantage over colour 
Doppler of being almost angle-independent and insensitive to aliasing 
effects. Using ultrasound contrast agents, Heinle et al.23 already showed 
a strong correlation between PD and Tc-99m sestamibi single-photon 
emission computed tomography for coronary perfusion assessment 
in humans. Senior et al.24 confirmed these data. In order to increase 
the sensitivity of the acoustic signal, the authors used a contrast agent 
(Sonovue; Bracco SpA, Milan, Italy), which can be avoided with UPD.6,25

Even though we used linear imaging in our work without contrast 
agents, harmonic PD with ultrafast frame rates should be feasible. 
Correia et al.17 already proposed ultrafast ultrasound sequences for 
harmonic imaging without contrast agents that could be readily applied 
to coronary perfusion imaging, potentially enhancing red blood cells 
backscattering and then improving blood detection. Moreover, this cor
relation between perfusion and blood volume assessed by PD has been 
explored and demonstrated in humans in multiple other organs such 
as the placenta, the brain, the kidneys, or the joints.26–29 For coronary 
perfusion, the specific difficulty for conventional ultrasound has always 
been the large and rapid movements during the cycle which prevented 
sufficient sensitivity to quantify the signal variation. Ultrafast ultrasound 
imaging changes this paradigm and opens up a new avenue for ultra
sound quantification.10,11 Our work adds evidence to the link between 
the quantification of the amount of blood volume and the rate of mov
ing blood volume: UPD blood volume patterns in both ventricles 
in healthy volunteers appear to coincide with patterns in perfusion 
rate seen in reference coronary perfusion studies in normal hearts 
(Figure 2). Therefore, we believe that assessing myocardial blood vol
ume patterns using UPD adds clinically relevant information to the 
standard of care and could be complementary to conventional clinical 
measures of perfusion.

Potential mediators of changes in 
myocardial perfusion
Temporal fluctuations are influenced by myocardial-coronary flow dis
tribution, transmural flow distribution, and myocardial vascular autore
gulation.8 In combination, this leads to an overall similar amount of 
perfusion (velocity of blood volume per gram of myocardial mass) in 
the RV and LV despite differences in coronary perfusion pressure.8 In 
this study, we compared temporal changes at a local level, a myocardial 
segment which more directly assesses the coronary microvasculature, 
to myocardial perfusion patterns at a more global level, the epicardial 
coronary artery. While these are two different tools examining differ
ent levels, they should in theory measure a similar quantity assuming 
there are no abnormalities in coronary perfusion and autoregulation, 
a reasonable assumption in a healthy volunteer.21 Indeed, on comparing 
our healthy volunteer perfusion patterns with reference values, we 
found them to be similar (Figure 2).

In congenital heart disease, many mediators of coronary blood per
fusion could potentially be altered. For example, in TGA with a large 
patent ductus arteriosus, both ventricles are pressurized to the sys
temic vasculature: the right ventricle gives rise to the aorta, and the 
left ventricle is exposed to the patent ductus arteriosus. In our pa
tients we see that both the RV and LV have a left ventricular refer
ence pattern with a large peak in diastole and relatively flat in 
systole (Figure 3). However, after the ASO, the RV now is exclusively 
exposed to the pulmonary vasculature and the LV to the systemic 
vasculature with subsequent changes seen in the UPD perfusion 

tracings. These findings suggest that our data could be explained by 
changes in pressure of the ventricular cavity (chamber pressure). In 
a review paper, Goodwill et al.8 describe the concept of a ‘vascular 
waterfall’ presented by Downey and Kirk in 1975, who stated that 
flow is dependent on the magnitude of the difference between arter
ial pressure and tissue pressure. Therefore, the pressure (systemic or 
sub-pulmonary) exerted on the myocardial tissue will have a direct 
impact on its perfusion and perfusion timing.8 Additionally, the im
pact of myocardial contraction on myocardial perfusion includes rec
ognition of variations in myocardial stiffness during the cardiac cycle 
(i.e. the varying elastance model). Knowing that myocardial stiffness 
varies during the cardiac cycle and is directly linked with the pressure 
generated by the chamber, it can be hypothesized that a higher- 
pressure cavity in systole will be less perfused than a lower-pressure 
cavity.30 There are several other mediators to coronary perfusion 
that should impact our results. For example, the post-operative state 
may be influenced by vasoplegia within the coronary vasculature. 
However, our data were collected typically more than 7 days after 
the operation where a significant amount of autoregulation should 
likely be restored. Finally, there was no evidence of suboptimal cor
onary artery transfer (e.g. normal post-operative systolic function 
on clinical echocardiogram and typical recovery course) which re
duces the likelihood that epicardial coronary stenosis impacted our 
findings.

In our HLHS cohort, we noted that there was no change in the RV or 
LV perfusion patterns after S1P. We could expect there to be no sig
nificant change with respect to coronary perfusion pressure since the 
RV continues to be the systemic ventricle. While there is a significant 
change in volume load, this may not be necessarily reflected in perfusion 
pattern changes within an intracardiac cycle. Surprisingly, the HLHS RV 
displays a perfusion pattern similar to a normal RV despite being pres
surized by the systemic vasculature. There may be pathophysiologic ex
planations for this phenomenon at multiple levels. Firstly, the coronary 
microvasculature is well-documented to be pathologically altered in 
HLHS with significant fibrosis seen in foetal and neonatal speci
mens.31–33 Additionally, angiographic studies of coronary perfusion is 
notable for a preference in blood flow during systole.34 We speculate 
that our findings of abnormal temporal patterns in HLHS blood vo
lumes potentially corroborate the evidence behind HLHS-related cor
onary microvascular dysfunction.

Clutter filtering of ultrafast ultrasound 
datasets
Blood and tissue signal separation, also known as clutter filtering, 
has experienced a significant evolution with ultrafast ultrasound com
pared with previous approaches. Traditional methods such as temporal 
high-pass filtering, linear regression, down-mixing of tissue velocity, and 
decorrelation algorithms were limited by the low number of temporal 
samples available for each spatial position due to the beam-scanning 
process of conventional ultrasound. The spatiotemporal continuity of 
samples provided by ultrafast ultrasound enables the differentiation 
of tissue and blood signals based on their distinct spatial and temporal 
coherence. Demené et al.35 demonstrated that singular value decom
position could effectively separate tissue and blood signals into orthog
onal subspaces, significantly improving the contrast-to-noise ratio as 
compared with previous methods, and revealing vessels with diameters 
as low as the ultrasound wavelength. This method was adapted to cor
onary imaging by Maresca et al.10 and validated against a gold standard 
invasive flow probe.

Clinical implications
Assessing temporal patterns of myocardial blood volumes could be a use
ful adjunct tool with overall perfusion modalities [epicardial, coronary 

8                                                                                                                                                                                             M.B. Nguyen et al.



blood flow, or cardiac magnetic resonance imaging (CMR), myocardial 
blood flow] to determine aetiologies of coronary artery-related cardiac 
dysfunction. To date, no non-invasive imaging technique allows quantifi
cation of temporal patterns of myocardial perfusion at the bedside, espe
cially in children and neonates.6 However, the evaluation of this 
parameter is important for the optimization of the management of cer
tain patients. Post-ASO myocardial perfusion influences cardiac morbid
ity in TGA.3,36,37 Effective myocardial perfusion is also thought to dictate 
adverse events in HLHS, especially the impact of diastolic runoff on early 
mortality when comparing modified Blalock-Taussig-Thomas to Sano 
shunts, but little research has been done to confirm these hypotheses.5,38

Evaluating the degree of perfusion within the cardiac cycle, in addition to 
the overall perfusion rate, may help provide stronger prognostic tools to 
help guide decision-making.

Beyond the patient population explored in our study, quantitative as
sessment of myocardial perfusion is a major issue in congenital and 
acquired heart disease. In adults and in children, multiple other applica
tions should be explored with this technique. Most clinical techniques 
assess this rate locally, either at a segment of the myocardium (e.g. myo
cardial blood perfusion via cardiac magnetic resonance imaging (CMR)] 
or at a more global level [e.g. epicardial coronary blood perfusion via 
cardiac conductance catheters), but these techniques are often expen
sive, time-consuming, and require contrast agents.6,8 Being able to visu
alize the variation in coronary blood perfusion in a local myocardial 
segment has been infeasible due to limitations in spatial resolution 
(e.g. epicardial coronary conductance catheters unable to resolve indi
vidual myocardial segments) or temporal resolution (e.g. CMR techni
ques unable to resolve variations of blood flow within a cardiac 
cycle) of current diagnostic techniques. UPD could provide a portable, 
non-invasive, complement to understanding perfusion patterns in myo
cardial segments.

Limitations of our study
Currently, our approach is unable to directly compare absolute blood 
volumes between patients and events. Namely, while we can determine 
the relative degree of perfusion variation within a cardiac cycle, tech
nical limitations prevent us from determining if there is relative ischae
mia or hyperaemia between acquisitions. This is primarily due to PD’s 
limitations, specifically ultrasound attenuation, which is impacted by the 
depth of ROI and tissue heterogeneity.39 That said, tools, such as image 
registration to track gross myocardial motion, are actively being devel
oped for UPD to facilitate the absolute quantification of myocardial 
blood volumes.15,19

A second technical limitation concerns our 2D approach. Maresca 
et al.10 already explored this limitation related to out-of-plane motion. 
Quantification of the Doppler signal during a complete cardiac cycle 
using a static acoustic plane cannot incorporate myocardial movements, 
and thus the displacement of coronary vessels outside the explored 
plane is not accounted for. Performing UPD using a 3-dimensional ap
proach with feature tracking of myocardial motion may circumvent 
this shortcoming.27 Acquiring volumetric ultrafast ultrasound datasets 
usually requires cumbersome and expensive programmable scanners 
with enough electrical channels to drive an ultrasound probe with a 
transducer matrix array. However, recent developments in toroidal 
row-column-addressed probes may help to lift this technological barrier 
by enabling 3D ultrafast ultrasound imaging of the heart while keeping 
low electronic requirements.40

Our study is limited by sample size given the low incidence of CHD in 
the general population. The next step in this project is to perform a 
multicentre study which is challenging as few clinical centres have the 
technical capabilities to perform this study (e.g. develop novel acquisi
tion sequences with an open programmable ultrasound system). We 
hope this study will motivate other teams to acquire this type of equip
ment to permit validation.

Lastly, while our imaging technique filters myocardial tissue from 
blood volume, acquiring an accurate assessment of hyperdynamic myo
cardial segments with a ROI deep to the probe continues to be challen
ging.16 Namely, the small left ventricle and its anatomical position in 
HLHS patients lead to the selection of ROI only at the bottom of the 
images, which leads to a great standard deviation and a high risk of im
precise PD variation (Figure 4). Motion correction, such as image regis
tration of the myocardium as mentioned previously, may help address 
this issue.

Conclusion
In this study, we quantitatively assessed myocardial blood volume var
iations using UPD and found them to be reflective of changes in 
haemodynamic and surgical status for neonates with congenital heart 
disease. This is the first step towards developing a portable and cost- 
effective method to quantify myocardial perfusion using transthor
acic echocardiography. Future studies should focus on optimizing 
UPD to diagnose hyperaemia and ischaemia between patients, ex
plore the correlation between blood volume variation and clinical 
outcomes, and validate the technique via a multicentre prospective 
study.

Supplementary data
Supplementary data are available at European Heart Journal - Imaging 
Methods and Practice online.
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