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Cognitive dysfunction is associated with abnormal responses
in cerebral blood flow in patients with single ventricular
physiology: Novel insights from transcranial Doppler
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Abstract
Objectives: Improvements in the management of complex congenital heart disease,
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portant. At present, little is known about the potential mechanisms of cognitive dys‐

As this population ages, the recognition of cognitive impairment is increasingly im‐
function. In this cross‐sectional study, we aimed to characterize the nature of
abnormalities in cerebral blood flow and the relationship to cognitive deficits in
adults with single ventricular physiology.
Patients: Ten adults with single ventricular physiology (age 18‐40 years) and 12 age‐
and gender‐matched controls underwent transcranial Doppler ultrasound and ac‐
companying cognitive assessment.
Outcome Measures: Patients underwent neuropsychological testing that assessed
differing cognitive domains, with subjective cognitive decline determined from a 24‐
question survey. Transcranial Doppler ultrasound was used to assess baseline cere‐
bral blood flow as well as change in cerebral blood flow velocities from baseline and
during cognitive testing. Age, ethnicity, individual, and parental education levels were
considered in the multivariate analyses.
Results: On assessment of cognitive function, the patient group performed more
poorly across each of the measured domains. The control group had a significantly
greater increase in cerebral blood flow in response to cognitive stimuli compared to
the patient cohort; these differences in response to cognitive stimuli were seen to a
similar extent across each of the measured cognitive domains.
Conclusion: Adults with Fontan physiology are underperforming in assessments of
executive function with associated abnormalities in cerebral perfusion potentially
contributing to cognitive deficits.
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testing at the level of the middle cerebral artery (MCA) in patients
with single ventricular physiology compared to controls. Participants

Patients born with congenital heart disease now can expect excel‐

underwent the transcranial Doppler ultrasound assessment of the

lent survival into adulthood, as the number of adults with congenital

MCA at baseline and then changes in blood flow velocities during

1

heart disease now exceeds the number of affected children. With

cognitive were continuously recorded.

the survival into adult life being excellent, there is increasing under‐

Secondary outcomes included comparison of cognitive function

standing of adverse sequelae complicating the complex forms of

between the patient and control groups, basal cerebrovascular he‐

congenital heart disease, which influence late morbidity and quality

modynamics, and gait speed.

of life. In particular, recognition of cognitive impairment is increas‐

Patients underwent 10 neuropsychological tests that assessed 6

ingly relevant, yet our understanding of the possible mechanisms is

cognitive domains (ie processing speed, language, attention, work‐

limited among various congenital cardiac diseases. 2 Patients under‐

ing memory, episodic memory and cognitive flexibility—Appendix

going Fontan palliation typically undergo multiple surgical proce‐

A). The overall cognitive performance was determined by averaging

dures resulting in the creation of single ventricular physiology. This

the composite Z‐scores from each domain. Subjective cognitive de‐

cohort is subject to the consequences of chronic hypoxemia, central

cline (SCD) was determined from a previously validated 24‐question

venous hypertension, arrhythmia, and a tendency to thromboem‐

survey,5 with SCD expressed as a percentage of the number of pos‐

bolic complications.3 This is reflected in patients with Fontan circu‐

itive responses (yes/no) to the list of 24‐item questions pertaining

lation who are noted to have more pronounced cognitive deficits in

to everyday memory complaints experienced in the last two years.

association with cerebral structural abnormalities when compared

Perceived mental fatigue and stress levels are determined by plac‐

to normal controls.4

ing a mark on a 10‐cm e‐Visual Analogue Scale, and expressed as a

Abnormalities of cerebral blood flow in response to cognitive

percentage. We present the pre–post difference in perceived fatigue

stimuli may potentially contribute to the increasingly recognized

and stress in response to the cognitive test battery. The higher the

impairment in cognitive function. Under normal conditions, local

percentage means, the greater the levels of fatigue and stress fol‐

cerebral blood flow is closely related to the metabolic activity of

lowing testing.

the local brain region (neurovascular coupling). This relationship

Basal cerebral hemodynamics included pulsatility and resistive

forms the basis of the signal changes used in functional magnetic

indices of the middle cerebral arteries which reflect the degree of ar‐

resonance imaging to localize brain activation regions associated

terial stiffness; previous studies have demonstrated these measures

with specific tasks. We hypothesized that adaptive cerebrovascu‐
lar responses in patients following Fontan procedure may impair

to be abnormal in patients with aortic coarctation,6 with deficits
similar to those seen in patients with established vascular disease.7

local neurovascular coupling, and that this may underlie some of

The measure of the gait speed requires volunteers walk at

the cognitive deficits observed in these patients. Furthermore,

a normal pace for 4 and 20 m which may reflect early cognitive

utilization of methods with the ability to detect subclinical abnor‐

dysfunction.

malities of cerebral blood flow may be important as these tools

Cognitive performance was fully adjusted for age, ethnicity, and

may allow for early intervention where appropriate, document

individual and parental education levels. Clinical characteristics were

changes after interventional procedures, and measure the efficacy

used as covariates if they were significantly correlated with the out‐

of the interventions designed to minimize cerebral injury during

come measures. A two‐sample t test was used to compare the group

complex cardiac surgical procedures.

differences in outcome measures. Linear regressions were used to
determine the relationships between gait speed and cerebrovascular

2 | AIMS

function and cognitive performance. Bonferroni adjustments were
made to allow for multiple comparisons of secondary outcomes,
where the adjusted level of significance was set at .017.

In this cross‐sectional study, we aimed to characterize the nature

The study was conducted according to International Conference

of the cognitive deficits in adults with single ventricular physiology

on Harmonization guidelines for Good Clinical Practice and national

(Fontan circulation) and document correlations with abnormalities

guidelines. The study was approved by the Human Ethics Committee

in cerebral blood flow using transcranial Doppler ultrasound. We

of University of Newcastle and Hunter New England Local Health

hypothesized that abnormalities in cognitive performance would be

District. After written informed consent, anthropometric measure‐

associated with impaired cerebrovascular responsiveness (neurovas‐

ments of height, weight, and waist circumference were obtained

cular coupling).

along with baseline blood pressure.

3 | M E TH O DS
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The primary end point was change in cerebral blood flow cerebrovas‐

A total of 12 patients with single ventricular physiology underwent

cular responsiveness (CVR) between baseline and during cognitive

assessment of cerebral blood flow at rest and during cognitive
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testing and were compared with 12 healthy control subjects. Two

On formal assessment of cognition, the patient group performed

patients had unreliable transcranial Doppler signals with ultrasound

more poorly across each of the six measured domains, with the

data excluded from the primary outcome. Baseline characteristics

differences in Z‐scores outlined in Figure 1. When comparing the

of the two groups are outlined in Table 1. The single ventricle group

change in blood flow during assessment, the control group had a sig‐

was more likely to describe SCD, mental fatigue, and mental stress

nificantly greater increase in cerebral blood flow compared to the

during cognitive testing. A summary of the relevant congenital heart

patient cohort (Figure 2); these differences in response to cognitive

disease diagnoses in the group with single ventricular physiology is

stimuli were seen to a similar extent across each of the measured

outlined in Table 2.

cognitive domains.
In addition to impaired cerebral blood flow responses to cog‐
nitive stimuli, the patient group demonstrated abnormal cerebral

TA B L E 1

blood flow parameters at baseline, with the patient group demon‐

Baseline characteristics

strating increasing vessel stiffness as measured by resistive and pul‐

Patient
(n = 12)

Control
(n = 12)

P value

Female/male

5/7

6/6

‐

Age (years)

28 ± 2

28 ± 2

.937

Years of completed
education (years)

15 ± 1

22 ± 0

<.001

BMI (kg/m2)

28.1 ± 1.6

25.1 ± 1.1

.133

Waist circumference (cm)

96.8 ± 4.2

80.6 ± 3.6

.008

Systolic BP (mm Hg)

126 ± 5

120 ± 4

.338

testing. Patients with single ventricular physiology were noted to

Diastolic BP (mm Hg)

73 ± 3

72 ± 3

.861

have abnormalities of resting cerebral blood flow with impairment

Mean BP (mm Hg)

91 ± 3

89 ± 3

.621

in cerebral perfusion at baseline. Furthermore, we note reduced cer‐

Pulse pressure (mm Hg)

53 ± 4

47 ± 3

.293

ebral blood flow in these patients compared to controls in response

Subjective cognitive
decline (%)

24 ± 7

2±1

.005

to cognitive stimuli. Reduced baseline perfusion and an inadequate

Perceived mental fatigue
(%)

20 ± 10

13 ± 6

.564

Perceived mental stress
(%)

10 ± 10

0 ± 10

.170

Gait speed from 4 m
track (m/s)

0.97 ± 0.10

1.20 ± 0.06

.104

Gait speed from 20 m
track (m/s)

1.05 ± 0.07

1.22 ± 0.04

.036

satility indices (Figure 3).

5 | D I S CU S S I O N
This study confirms the presence of deficits in cerebral blood flow
in patients with complex congenital heart disease as measured by
transcranial Doppler ultrasound at rest and in response to cognitive

response to appropriate cognitive stimuli may be potentially impor‐
tant mechanisms in the pathogenesis of cognitive dysfunction in this
patient cohort.
Cognitive dysfunction in patients with congenital heart disease
has been attributed to the effects of surgery, genetic abnormalities,
and the effect of the underlying cardiac lesions on neurodevelop‐
ment; however, poor cerebral perfusion has also been associated
with cognitive impairment.8 Neuronal activation promotes the en‐
dothelium to release nitric oxide, resulting in the dilatation of local
arterioles, which is reflected in increased blood flow in larger vessels

TA B L E 2

Summary of congenital heart disease diagnoses

Congenital heart disease diagnoses [N (%)]

(neurovascular coupling). Impaired vasodilation may reduce the nor‐
mal perfusion increase during neuronal activation potentially con‐
tributing to poor cognitive performance in patients with congenital

Double inlet left ventricle

3 (25%)

Ebstein's anomaly

1 (8.3%)

Mitral valve atresia

1 (8.3%)

cular coupling associated with cognitive deficits in patients with dia‐

Tricuspid atresia

5 (41.5%)

betes mellitus.10 Impaired cerebral blood flow response to cognitive

Ventricular septal defect

2 (16.6%)

stimulus has also been associated with abnormal gait patterns, in

heart disease; in healthy older women, early deficits in cerebral blood
responses predicted cognitive dysfunction,9 with altered neurovas‐

keeping with differences in gait speed observed between the two

Fontan type [N (%)]
Extracardiac conduit

9 (75%)

cohorts.11 Our previous cross‐sectional comparison between pa‐

Lateral tunnel

1 (8.3%)

tients with previous surgical repair of aortic coarctation and controls

Atrio‐pulmonary

0 (0%)

Glenn Shunt (hemi‐Fontan)

2 (16.6%)

Mean age at Fontan completion [years (SD)]

7 (8)

Abnormal systemic ventricular function [N (%)]

3 (25)

History arrhythmia [N (%)]

4 (33.3%)

Anticoagulation use [N (%)]

4 (33.3%)

has shown impairment of CVR, reflecting abnormal cerebral blood
flow.6 The detection of cognitive dysfunction and accompanying
perturbations in cerebral blood flow is an important insight into the
late morbidity associated with single ventricular physiology.
Patients with congenital heart disease are well documented to
have cognitive deficits,8 with deficits more notable in complex forms
of congenital heart disease, such as single ventricular physiology.12

|
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F I G U R E 1 Differences in cognitive
domains between patients with single
ventricular physiology compared to
normal controls fully adjusted for
education level, gender, ethnicity, and age.
Data are mean ± SEM

F I G U R E 2 Pooled analysis of cerebrovascular responsiveness expressed as an increase from baseline between groups according to
cognitive domains and overall neurovascular coupling capacity

In particular, cognitive limitation in areas essential for social and ac‐

to progress from childhood, with ultrasound measures to assess

ademic performance, referred to as executive function, are deficient

vascular function identified as an important modality.18 Abnormal

13

It is now recog‐

carotid artery resistance is associated with increased stroke risk19;

nized that impairment in cognitive function is an important influence

transcranial Doppler techniques have identified abnormal resis‐

on the quality of life and a target for treatment in this cohort. 2 Early

tance in cerebral arteries in patients with diabetes,7 a group prone

identification of patients with impaired executive function is critical

to adverse cerebral vascular events, as well as in adult patients with

to permit a focused approach to the initiation of strategies designed

a background of aortic coarctation repair, 6 similarly documented to

to facilitate neurodevelopment.14,15 Serial assessment is therefore

be at risk of adverse cerebral events. 20 This study demonstrates

in these patients with congenital heart disease.

16

suggested to identify the presence of cognitive impairment.

As

that similar abnormalities of measures of vascular resistance are

abnormal executive function is an area where neurocognitive func‐

seen in patients with single ventricular physiology. While there is

tion may be improved,15 objective imaging markers which parallel

a documented increased risk of stroke seen in adult patients with

cognitive function may serve to document the efficacy of such

severe congenital heart disease, this has been attributed to con‐

interventions.

sequences of previous surgery, arrhythmia, thrombosis risk, and

Patients with complex congenital heart disease are noted to be

ventricular dysfunction. 8,17 Increased carotid artery resistance is

17

with progressive risk compli‐

associated with an increased risk of incident stroke19 with cerebral

cating the development of traditional cardiovascular risk factors

vascular abnormalities, as seen in this study, potentially an import‐

with aging, resulting in ongoing risks to cognitive performance. 2

ant contributor to the increased risk of stroke seen in this patient

The development of atherosclerotic disease is now recognized

population.

prone to ischemic cerebral injury,
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|

FIGURE 3

WONG et al.

Baseline cerebral blood flow characteristics as measured by transcranial Doppler ultrasound

The study is limited by the small sample size, noting it does reflect
a well‐defined subset, and while corrected in multivariate analysis,
there was a difference in education level between the two groups.

6 | CO N C LU S I O N S
Patients with a history of complex congenital heart disease have de‐
monstrable abnormalities of cerebral blood flow using transcranial
Doppler ultrasound in response to cognitive stimuli. Changes in rest‐
ing cerebral blood flow and resistance, as noted in this cohort, are
consistent with previous observations of impaired cerebral perfusion
during development and increased stroke risk seen in this unique pa‐
tient population. An important novel observation is the impairment in
CVR, which may also be a contributing factor to cognitive dysfunction.
Aside from mechanistic insights, the results of the imaging modalities
that parallel cognitive performance may allow for the objective assess‐
ment of cerebral function, facilitate serial monitoring with develop‐
ment, and document responses to interventions designed to improve
executive and other cognitive functions in this complex patient group.

C O N FL I C T O F I N T E R E S T
The authors declare that they have no conflicts of interest with the
contents of this article.

AU T H O R C O N T R I B U T I O N S
All authors have made substantial contributions to the research de‐
sign, the acquisition, analysis, and interpretation of the data, drafting
the paper, and obtaining approval of the submitted and final versions.

ORCID
Nicholas Collins

https://orcid.org/0000-0003-4722-0214

REFERENCES
1. Marelli AJ, Ionescu‐Ittu R, Mackie AS, Guo L, Dendukuri N, Kaouache
M. Lifetime prevalence of congenital heart disease in the general
population from 2000 to 2010. Circulation. 2014;130(9):749‐756.
2. Lui GK, Saidi A, Bhatt AB, et al. Diagnosis and management of non‐
cardiac complications in adults with congenital heart disease: a sci‐
entific statement from the American Heart Association. Circulation.
2017;136(20):e348‐e392.
3. Fenton KN, Lessman K, Glogowski K, Fogg S, Duncan KF. Cerebral
oxygen saturation does not normalize until after stage 2 single ven‐
tricle palliation. Ann Thorac Surg. 2007;83(4):1431‐1436.
4. Sarajuuri A, Jokinen E, Mildh L, et al. Neurodevelopmental bur‐
den at age 5 years in patients with univentricular heart. Pediatrics.
2012;130(6):e1636‐e1646.
5. Rami L, Mollica MA, Garcia‐Sanchez C, et al. The Subjective
Cognitive Decline Questionnaire (SCD‐Q): a validation study. J
Alzheimers Dis. 2014;41(2):453‐466.
6. Wong R, Ahmad W, Davies A, et al. Assessment of cerebral blood
flow in adult patients with aortic coarctation. Cardiol Young.
2017;27(8):1606‐1613.
7. Wong RH, Nealon RS, Scholey A, Howe PR. Low dose resveratrol
improves cerebrovascular function in type 2 diabetes mellitus. Nutr
Metab Cardiovasc Dis. 2016;26(5):393‐399.
8. Marelli A, Miller SP, Marino BS, Jefferson AL, Newburger JW. Brain
in congenital heart disease across the lifespan: the cumulative bur‐
den of injury. Circulation. 2016;133(20):1951‐1962.
9. Wong R, Evans HM, Howe P. Poor cerebrovascular function is
an early marker of cognitive decline in healthy postmenopausal
women. Alzheimers Dement (N Y). 2016;2(3):162‐168.
10. Nealon RS, Howe PR, Jansen L, Garg M, Wong RH. Impaired cere‐
brovascular responsiveness and cognitive performance in adults
with type 2 diabetes. J Diabetes Complications. 2017;31(2):462‐467.

|

WONG et al.

11. Gatouillat A, Bleton H, VanSwearingen J, et al. Cognitive tasks
during walking affect cerebral blood flow signal features in middle
cerebral arteries and their correlation to gait characteristics. Behav
Brain Funct. 2015;11(1):29‐40.
12. Tyagi M, Fteropoulli T, Hurt CS, et al. Cognitive dysfunction in
adult CHD with different structural complexity. Cardiol Young.
2017;27(5):851‐859.
13. Sanz JH, Berl MM, Armour AC, Wang J, Cheng YI, Donofrio
MT. Prevalence and pattern of executive dysfunction in school
age children with congenital heart disease. Congenit Heart Dis.
2017;12(2):202‐209.
14. Cassidy AR, White MT, DeMaso DR, Newburger JW, Bellinger DC.
Executive function in children and adolescents with critical cyanotic
congenital heart disease. J Int Neuropsychol Soc. 2015;21(1):34‐49.
15. Calderon J, Bellinger DC. Executive function deficits in congen‐
ital heart disease: why is intervention important? Cardiol Young.
2015;25(7):1238‐1246.
16. Marino BS, Lipkin PH, Newburger JW, et al. Neurodevelopmental
outcomes in children with congenital heart disease: evaluation
and management: a scientific statement from the American Heart
Association. Circulation. 2012;126(9):1143‐1172.
17. Lanz J, Brophy JM, Therrien J, Kaouache M, Guo L, Marelli AJ.
Stroke in adults with congenital heart disease: incidence, cumula‐
tive risk, and predictors. Circulation. 2015;132(25):2385‐2394.
18. Panchangam C, Merrill ED, Raghuveer G. Utility of arterial stiffness
assessment in children. Cardiol Young. 2018;28(3):362‐376.
19. van Sloten TT, Sedaghat S, Laurent S, et al. Carotid stiffness is associ‐
ated with incident stroke: a systematic review and individual partic‐
ipant data meta‐analysis. J Am Coll Cardiol. 2015;66(19):2116‐2125.
20. Brickner ME, Hillis LD, Lange RA. Congenital heart disease in
adults. First of two parts. N Engl J Med. 2000;342(4):256‐263.

643

The specific words presented depend on the participants’ perfor‐
mance. For most participants, the measure will last approximately
five minutes and will contain 25 items. The iPad will administer each
item one by one, in an untimed fashion, until the test is completed.

FL A N K E R I N H I B I TO RY C O N T R O L A N D AT T E N T I O N
TEST
This test is a measure of inhibitory control and attention. The Flanker
requires the participant to focus on a particular stimulus while inhib‐
iting attention to the stimuli flanking it. Participants are instructed to
choose one of two buttons on the screen that corresponds to the
direction in which the middle arrow is pointing. On congruent trials,
all the arrows are pointing in the same direction. On incongruent tri‐
als, the flanking arrows are pointing in the opposite direction of the
middle arrow. Congruent and incongruent trials are mixed. The word
middle will appear on the screen. Participants will be instructed to
select the button that matches the way the MIDDLE arrow is point
and place their index finger on the Home Base after they have re‐
sponded. There will be 20 trials in this test.

L I S T S O R T I N G WO R K I N G M E M O RY T E S T
This task assesses working memory and will require participants to
recall and sequence differences to visually and orally presented
stimuli. Picture of different foods and animals are displayed with
both an accompanying audio recording and written text that names

How to cite this article: Wong R, Al‐Omary M, Baker D, et al.

the item. In the1‐list condition, the participant is asked to say the

Cognitive dysfunction is associated with abnormal responses

item back to the examiner in size order from smallest to largest. The

in cerebral blood flow in patients with single ventricular

test begins with two objects. The participant must succeed at one of

physiology: Novel insights from transcranial Doppler

the first two object items to continue. In the 2‐list condition, partici‐

ultrasound. Congenital Heart Disease. 2019;14:638–644.

pants are presented both food and animals and are first asked to say

https://doi.org/10.1111/chd.12763

the food objects in size order and then the animal objects in size
order.

APPENDIX A
The neuropsychological examination consisted of the National

DIMENSIONAL CHANGE CARD SORT TEST

Institute of Health (NIH) Toolbox battery of cognitive function, with

This task is a measure of cognitive flexibility and attention. Two tar‐

additional tests of the executive function (Trail Making Task) and

get pictures are presented that vary along two dimensions (e.g.

working memory (N‐back Test and Spatial Span Test).

shape and colour). Participants are asked to match a series of biva‐

The NIH test battery and Spatial Span Test was delivered via an

lent test pictures (e.g. yellow balls and blue trucks) to the target pic‐

iPad and assessed domains of language, attention, information pro‐

tures, first according to one dimension (e.g. colour) and then, after a

cessing speed, working and episodic memory. This test included the

number of trials, according to the other dimension (e.g. shapes). The

following components:

relevant dimension for sorting is indicated by a cue word (e.g. ‘shape’
or ‘colour’) that appears on the screen for all participants. Participants

P I C T U R E VO C A B U L A RY T E S T

must get at least three out of four practice trials correct to advance
to the test. There will be a total of 30 mixed items.

The participant is presented with four pictures on the iPad screen
and an audio recording saying a word. The participant is instructed
to touch the picture that most closely shows the meaning of the

PAT T E R N C O M PA R I S O N P R O C E S S I N G S P E E D T E S T

word. After the participant makes a choice, another set of pictures

This test is designed to measure processing speed. The test itself

automatically appears with the next item and associated audio files.

takes less than 9‐s and requires participants to discern whether two
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side‐by‐side pictures are the same or not by pressing ‘yes’ or ‘no’ on

a number and letters in sequence with speed and accuracy (e.g.

the buttons on the screen. There are a maximum of 130 items or a

1‐A‐2‐B‐3‐C…). Time taken to complete Parts B and A forms an inter‐

maximum response time of 85 seconds.

ference ratio score (B:A).
N‐Back task will be presented on a computer screen. Targets and

P I C T U R E S EQ U E N C E M E M O RY T E S T

non‐targets of digits will appear at a fast rate. The participant has to
press a button whenever they see the target. In the 1‐back condi‐

In this measure of episodic memory, sequences of pictured objects

tion, the target is any number identical to the trial preceding it. In the

and activities are presented in a particular order. The participants

2‐back condition, the target is any number identical to the one pre‐

are asked to reproduce the sequence of pictures that is shown on the

sented two trials back. In the 3‐back condition, the target is any

screen. Participants will respond by dragging the pictures from the

number identical to the one presented three trials back. The task will

yellow box on the screen to the grey boxes on the screen.

consist out of 6 randomized blocks, each condition has 2 blocks. The
blocks will last for 1.5 minutes and consist out of 30 trials. Errors and

ADDITIONAL TESTS OF COGNITIVE FUNC TION ARE

missed targets will be scored.

O U T L I N E D B E LOW
Trail Making Task will be assessed by pen‐paper modality and will

S PAT I A L S PA N T E S T

comprised of part A and part B. Trail Making Task, Part A, measures

This test assesses working memory capacity. A random number of

the ability to scan and to connect 25 numbers/letters consecutively

white squares are presented on the screen, some of which will briefly

that are placed randomly on a page (i.e. 1‐2‐3‐4… or A‐B‐C‐D…). This

change colour in a variable sequence. The participant must then

process requires both working memory and processing speed, which

touch the boxes, which changed colour, in the same order that they

is found to be less efficient with age. Part B of the task assesses

were displayed by the iPad. The number of boxes increases from two

cognitive flexibility and processing speed, a process generally re‐

at the start of the test to nine at the end. The longest sequence suc‐

ferred to as executive control, while alternating between connecting

cessfully recalled and time taken will be recorded.

