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Take Home Points:
· Disruption of cardiac sympathetic innervation occurs to a variable degree following the arterial switch operation.
· This small study sought to evaluate sympathetic innervation in young adults after the arterial switch procedure and assess myocardial blood flow at rest and during stress.
· The study group consisted of 12 patients (age 22.5 +/- 2.6 years) who previously underwent an arterial switch operation and 10 ‘normal’ control subjects (age 22 +/- 1.7 years).
· PET scanning assessed cardiac sympathetic innervation at rest and under stress.
· Patients with a previous arterial switch, compared to normal subjects had attenuated sympathetic innervation. Global myocardial blood flow during rest and stress was lower in ASO patients compared to control subjects.
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Commentary from Dr Damien Cullington (Liverpool, United Kingdom), section editor of ACHD Journal Watch:  The arterial switch operation (ASO) was first performed in 1975 by Jatene and superseded the atrial switch with ever increasing frequency from the 1980s. So far, outcomes are very good but, there are important issues which ever increasingly crop up, for example, the dimensional threshold at which to contemplate neo-aortic root replacement (where benefit >risk) and the risk stratification (how and with what frequency) of patients who have kinked re-implanted coronary arteries. Cardiac sympathetic fibres travel with the coronary arteries and the ASO often results in denervation which may consequently alter regulation of myocardial blood flow (MBF). Little has been studied about sympathetic innervation and MBF in adult patients who have undergone the ASO, hence the purpose of this study.

Assessment of sympathetic innervation and myocardial blood flow
On day one, myocardial blood flow was measured using [15O] H2O PET. Assessments were made at rest, after adenosine stress and following a cold pressor test. On day two, cardiac sympathetic innervation was measured using [11C] meta-hydroxyephedrine (mHED) PET. [11C] mHED is an analogue of norepinephrine – highly specific for pre-synaptic sympathetic nerve terminals. Coronary computed tomography angiography (using a 256 slice high resolution CT scanner) was performed in all patients after mHED PET. Full details of the analysis and calculation of MBF is found in the main text of the article.

Myocardial blood flow at rest and stress (Figure 1 and Table 1) and cardiac sympathetic innervation
MBF at rest and during adenosine stress was significantly lower in patients with ASO vs healthy controls. No difference in MBF was seen during the cold pressor test. Global [11C] mHED uptake was significantly lower in patients with ASO vs controls (p<0.001).

Table 1 – Myocardial blood flow at rest and during adenosine stimulation and during cold pressor test in patients and controls
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Figure 1 – Myocardial blood flow in healthy controls and patients after ASO at rest and during adenosine-induced hyperaemia (A) and at rest and during cold pressor test (B). Comparison of cold pressor test induced myocardial blood flow (C) and mHED uptake (D) between healthy controls and patients.
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Conclusions
[bookmark: _GoBack]The ASO procedure leads to attenuated cardiac sympathetic innervation. MBF response to cold pressor testing did not differ between ASO patients or controls. This is a small study which confirms similar findings in children. Further, large observational studies are needed to assess the natural history and long terms outcomes of patients who undergo the ASO.
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only had a limited sympathetic activation during the cold pressor test.
Previous studies suggested that patients with accentuated response to
a cold pressor test are at increased risk of developing hypertension
[23] and coronary artery disease [24] compared to patients with a
lower response. Whether a lower rate-pressure product and high CPT-
induced MBF response capacity is protective, both in healthy subjects
and in particular in patients after ASO, has to be determined in future
research.



Complete cardiac sympathetic denervation early after ASO
with partial re-innervation in children has been previously de-
scribed [9]. Kondo et al. assessed sympathetic innervation with
[123I]metaiodobenzylguanidine (MIBG) in four infants prior to
ASO and shortly (b1 month) after surgery [9]. While all patients
showed positive uptake prior to ASO, there was complete absence
shortly after surgery. A control group of patients who underwent
repair of an isolated ventricular septal defect had significant MIBG
uptake shortly after surgery. These findings suggest that ASO itself
results in complete sympathetic denervation. 47 patients showed
various degrees of MIBG uptake later after ASO (range 15 months
to 10.1 years), demonstrating partial re-innervation. In the pres-
ent study we demonstrate that cardiac sympathetic innervation
remains impaired after ASO into early adulthood. Whether re-
innervation will continue at an adult age and whether complete
re-innervation might occur, remains unclear and has to be
assessed in future research. Given the increased risk of coronary
artery events in the long-term course after re-implantation of
the coronary buttons during ASO [18] and the fact that ASO re-
sults in sympathetic denervation, there is ongoing concern
whether coronary ischemia would be experienced as classic an-
gina pectoris or whether ischemia would remain completely
asymptomatic. Previous case reports on patients after heart trans-
plantation demonstrate lack of ischemic symptoms in patients
with little or no evidence of sympathetic innervation [25]. How-
ever, patients with evidence of innervation reported classic symp-
toms of angina pectoris [25]. Thus, given the fact that re-
innervation occurs after ASO, ischemic symptoms might be recog-
nized as classic chest pain. However, there is no routine test to
quantify innervation after ASO and it remains unclear, which pa-
tients will be at risk of silent ischemia.



The incidence of coronary artery events after transfer of the
coronary vessels during ASO has a bimodal distribution with a
high incidence of early postoperative and a low incidence late
after ASO [18]. Until now, assessment of the coronary vessels



focused primarily on long-term complications at the insertion
side of the vessels after re-implantation into the neoaortic root.
In the present study, all patients demonstrated patent vessels
with no relevant stenosis at the insertion site. However, our find-
ings constitute a source of concern because eventual development
of atherosclerosis as a natural process of aging against the back-
ground of impaired cardiac sympathetic innervation and the com-
bination of reduced maximal hyperemic MBF, cold pressor-
induced MBF response capacity and – potentially also –
exercise-induced MBF response capacity, may pose an important
future problem in these patients. Hence, optimal cardiovascular
risk factor control for prevention of atherosclerosis while main-
taining a low threshold concerning further non-invasive func-
tional testing in such patients with suspected myocardial
ischemia seems advisable. The results of the present study sup-
port the current guidelines to assess the coronary arteries even
in asymptomatic patients late after ASO [26]. The next decades,
when patients after ASO will be reaching mid and late adulthood,
will show whether microvascular dysfunction will modify the risk
of morbid events in this patient population.



4.1. Limitations



It may be seen as a limitation that we did not assess sympa-
thetic cardiac innervation based on vessel territories. However,
due to variations in the coronary anatomy (i.e. coronary anoma-
lies) in some patients after ASO, a comparison between different
vessel territories was not possible. Furthermore, sympathetic
stimulation with cold pressor test results in a much weaker car-
diac adaption than true physical exercise. Hence, exercise-
induced MBF response capacity remains unclear and should be a
focus of future studies in this population.



Table 2
Systemic hemodynamics at rest, during adenosine stimulation and during cold pressor test.



Controls



Rest Adenosine p-Value⁎ Cold pressor test p-Value⁎



Heart rate (beats per minute) 57 ± 8 80 ± 12 b0.001 66 ± 10 b0.001
Blood pressure (mmHg)



systolic 114 ± 15 108 ± 6 0.207 118 ± 14 0.438
diastolic 62 ± 10 58 ± 5 0.165 66 ± 10 0.439



Rate-pressure product† 6493 ± 1627‡ 8696 ± 1277§ 0.006 7814 ± 1888‖ 0.007



Patients



Rest Adenosine p-Value# Cold pressor test p-Value#



Heart rate (beats per minute) 56 ± 7 73 ± 11 b0.001 75 ± 12 b0.001
Blood pressure (mmHg)



systolic 112 ± 11 114 ± 10 0.280 127 ± 13 b0.001
diastolic 52 ± 9 54 ± 9 0.304 63 ± 14 0.005



Rate-pressure product† 6314 ± 1137‡ 8390 ± 1701§ 0.001 9476 ± 1772‖ b0.001



Values are mean ± standard deviation.
⁎ p-Value for comparison of adenosine stimulation with rest and cold pressor test with rest, respectively.
† The rate-pressure product was calculated by multiplying the heart rate by the systolic blood pressure.
‡ p-Value for comparison of rate-pressure product at rest between controls and patients: p = 0.771.
§ p-Value for comparison of rate-pressure product during adenosine stimulation between controls and patients: p = 0.628.
‖ p-Value for comparison of rate-pressure product during cold pressor test between controls and patients: p = 0.030.



Table 3
Myocardial bloodflowat rest, during adenosine stimulation and during cold pressor test in
patients and controls.



MBF (ml/min/g) Controls Patients p-Value



Rest 0.82 ± 0.15 0.66 ± 0.08 0.005
Adenosine 3.36 ± 1.04 2.23 ± 1.19 0.030
Cold pressor test 1.07 ± 0.16 0.99 ± 0.20 0.330



MBF = myocardial blood flow.
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5. Conclusions



With only partial sympathetic re-innervation of the coronary arter-
ies, maximal dilator capacity of the coronary microvasculature and
cold pressor-induced MBF response capacity remain substantially im-
paired in young adults after ASO compared to healthy controls.



Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.07.041.
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Fig. 1. Myocardial blood in healthy controls and patients after ASO at rest and during adenosine-induced hyperemia (A) and at rest and during CPT (B). Comparison of CPT-induced
myocardial blood flow (C) and mHED uptake (D) between healthy controls and patients. ASO = arterial switch operation; CPT = cold pressor test; mHED = meta-hydroxyephedrine;
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