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A B S T R A C T

Introduction: The Ross procedure requires like the arterial switch operation (ASO) coronary artery reimplantation.
There is no information on coronary artery stenosis at the site of the reimplantation in Ross patients as has been
described for ASO patients. This study assessed therefore the prevalence of positive exercise tests (pETs) sug-
gesting myocardial ischemia in Ross and ASO patients in comparison to tetralogy of Fallot patients (TOF), the
latter not undergoing coronary artery reimplantation. The study evaluated further, whether a coronary artery
complication was confirmed by a supplementary non- and/or invasive evaluation.
Methods: Results of exercise tests, echocardiography, coronary computed tomography (CCT) and coronary angi-
ography (CA) were retrospectively reviewed in 30 Ross, 14 ASO and 30 TOF patients.
Results: Exercise capacity did not differ between groups. There was a trend to more frequent pETs in Ross patients
(Ross vs. ASO vs. TOF, N, %): 8 (27) vs. 1 (7) vs. 2 (7) p¼ 0.062. CCT was performed in 30% Ross, 21% ASO, 3%
TOF (p¼ 0.023); CA in 20% Ross, 21% ASO and 13% TOF patients (p¼ 0.727). None of these investigations
revealed a coronary artery stenosis. Patients with pET showed a higher right ventricular outflow tract (RVOT)
gradient (44� 30 vs. 22� 13mmHg, p¼ 0.004) and more frequently a severe RVOT stenosis (27 vs. 0%,
p< 0.006).
Conclusions: pETs are rather related to RVOT stenosis than to coronary artery complications after Ross procedure,
ASO and TOF repair. The role of exercise testing for detection of myocardial ischemia is limited and should be
restricted to evaluation of exercise capacity.
Introduction

Several congenital heart disease (CHD) defects require coronary ar-
tery reimplantation at the time of surgical correction e.g. arterial switch
operation (ASO) for transposition of great arteries (TGA) and Ross pro-
cedure for aortic valve diseases being the most frequent. The Ross
operation, introduced in 1967, consists of excision of the pulmonary
valve and its implantation in the aortic position [1,2]. A homograft or a
valved conduit replaces the excised pulmonary valve. This procedure
requires excision and consequently reimplantation of the coronary ar-
teries in the neo-aortic root. The operation offers the advantages of
avoidance of anticoagulation, potential for growth and excellent hemo-
dynamics [2,3]. Although the survival is excellent with 98% after 15
years, long-term complications include degeneration of the pulmonary
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homograft and neo-aortic root dilatation with consecutive regurgitation
requiring reintervention [3-9]. Little, however, is known with regard to
coronary artery stenosis after reimplantation in Ross procedure [10].
This type of complication has been described in ASO patients, in which
late coronary artery stenosis due to distortion at the reimplantation site
was found in up to 6–10% of patients [11,12].

Guidelines recommend regular exercise testing during follow-up for
CHD patients [13,14]. The aim of this study was therefore to define the
prevalence of positive exercise tests after Ross procedure and ASO in
comparison to a control group of patients with tetralogy of Fallot (TOF)
patients, who do not undergo coronary artery reimplantation during
repair.
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Table 1
Patient characteristics.

Ross (n¼ 30) ASO (n¼ 14) TOF (n¼ 30) p-value

Women, N (%) 14 (46.7) 3 (31.4) 12 (40) 0.277
Weight (kg) 72� 14 63� 15 69� 12 0.169
Height (cm) 171� 10 174� 7 174� 10 0.402
BMI (kg/m2) 23.3

(18.6–36.9)
19.4
(16.6–32.9)

23.4
(17.5–28.3)

0.052

Body surface area
(m2)

1.8 (1.4–2.3) 1.7 (1.5–2.2) 1.9 (1.4–2.4) 0.287

Age at latest follow-up
(years)

22 (17–47) 20 (14–32) 23 (17–48) 0.463

Age at the time of
surgery (years)

14 (2–31) 0 (0–1) 1 (0–9) <

0.001a

Time since surgical
repair (years)

8 (0–20) 18 (6–30) 20 (8–41) <

0.001b

Cardiovascular
treatment, N (%)

7 (23.3) 2 (14.3) 7 (23.3) 0.760

Type of treatment, N
(%)

0.276

a) Beta-blockers 2 (6.7) 0 (0) 3 (10)
b) ACEI/ARB 3 (10) 0 (0) 0 (0)
c) Diuretics 0 (0) 0 (0) 0 (0)
d) a) þ b) þ c) 1 (3.3) 2 (14.3) 1 (3.3)
e) Aspirin 0 (0) 0 (0) 1 (3.3)

Anticoagulation, N
(%)

0 (0) 1 (7.1) 1 (3.3) 0.381

Reintervention rate, N
(%)

7 (23.3) 6 (42.9) 17 (56.7) 0.031

Data are means� standard deviation or median and ranges where appropriate.
Abbreviations: ACEI¼ Angiotensin-converting enzyme inhibitors, ASO¼ atrial
switch operation, ARB¼Angiotensin II receptor blockers, TOF¼ tetralogy of
Fallot.

a p< 0.001 for Ross vs. TGA and Ross vs. TOF.
b p< 0.001 for Ross vs. TOF and p¼ 0.029 for Ross vs. TGA.

Table 2
Exercise testing.

Ross
(n¼ 30)

ASO
(n¼ 14)

TOF
(n¼ 30)

p-
value

Exercise test, N (%) 30 (100) 14 (100) 30 (100)
Percentage of predicted METs/
Watt

93� 22 105� 21 94� 29 0.653

Percentage of predicted
maximal heart rate

91
(68–103)

92
(80–100)

88
(59–98)

0.088

Resting ECG changes, N (%) 6 (20) 3 (21.4) 16 (53.3) 0.013
Retrosternal pain during
physical activity, N (%)

0 (0) 1 (7.1) 0 (0) 0.114

Positive test, N (%) 8 (26.7) 1 (7.1) 2 (6.7) 0.062
Consecutive investigation in
case of positive exercise test,
N (%)

6 (75) 1 (100) 1 (100) 0.632

Type of investigation 0.424
� CMR, N (%) 1 (16.7) 0 (0) 1 (100)
� Cardiac CT, N (%) 4 (66.7) 1 (100) 0 (0)
� Coronary angiography, N (%) 1 (16.7) 0 (0) 0 (0)

Data are means� standard deviation or median and ranges where appropriate.
Abbreviations: ASO¼ atrial switch operation, CMR¼ cardiac magnetic reso-
nance, Cardiac CT¼ cardiac computer tomography, ECG¼ electrocardiogram,
MET¼metabolic equivalent, TOF¼ tetralogy of Fallot.
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Methods

This is an observational and retrospective study including patients of
the University Hospitals of Lausanne and Geneva, Switzerland. The local
ethics committees approved the study and the need for informed consent
was waived. The study protocol conforms to the ethical guidelines of the
1975 Declaration of Helsinki.

Study population

Adult patients (>18 years) after Ross procedure, ASO and TOF repair
were included. Patients had performed at least one exercise test. Time
between surgical repair and last follow-up had to be more than one
month. The only exclusion criterion was the presence of surgery on
coronary arteries in TOF patients. Patient characteristics data were
collected from the last report on outpatient visit/hospitalization. For
each patient, the last available echocardiography, all cardiac computed
tomography (CCT), magnetic resonance (CMR), exercise tests and coro-
nary angiography reports were obtained.

For a comparative analysis, the control group (TOF) was subsequently
selected to obtain three comparable groups by age (�2 years) and sex.

Exercise testing

Treadmill exercise tests with a modified Bruce protocol or cardio-
pulmonary exercise tests were performed [15]. Data on maximal charge
(METS/Watt), blood pressure increase and heart rate was collected. The
percentage of the maximal predicted charge and heart rate was
calculated.

Exercise tests were considered positive in case of typical chest pain or
significant ECG changes i.e. horizontal or downsloping ST segment
depression of� 1mm at 80ms after the J point on the electrocardiogram
during or after exertion and/or development of a new negative T-wave
[16]. In case of pre-existing right bundle branch block (RBBB), chest ECG
leads without pre-existing changes were used for evaluation of new,
exercise-induced ECG changes [17].

Statistical analysis

Normality was tested by the Shapiro-Wilk test. Between-group com-
parisons of continuous variables were performed by student's t-test, the
factorial analysis of variance (ANOVA) with Bonferroni post-hoc analysis
or Kruskal-Wallis test, where appropriate. Categorical variables were
compared by Chi square test. Results are indicated in frequencies and
percentage, means� standard deviation or median and ranges, where
appropriate. Statistical significance was set to a p-value of <0.05. Ana-
lyses were performed using SPSS statistic software (version 24, IBM™
Chicago, USA).

Results

Patient characteristics

A total of 74 adult patients were included in the analysis, 30 in each
Ross and TOF group and 14 in the ASO group. The matching by age
extended to up to� 5 years in 2 TOF patients and 1 TOF patient did not
meet the criteria for the gender.

The indication for the Ross procedure was aortic stenosis in 15 pa-
tients (50%), aortic insufficiency in 7 patients (23.3%) and both, aortic
insufficiency and stenosis in 8 patients (26.7%).

Demographic and clinical patient characteristics are summarized in
Table 1. Age at last follow-up, gender, weight, height, BMI, body surface
and medical treatment did not differ between groups. Age at the initial
surgery and last follow-up since surgical repair were significantly higher
in the Ross compared to ASO and TOF groups. All reinterventions were
performed for stenosis of the right ventricular outflow tract in Ross
2

patients. Reinterventions were more frequently performed in ASO
patients.

Paraclinical exams at the last follow-up

Exercise testing
Results of last exercise tests are summarized in Table 2. Fifty-one

patients performed cardiopulmonary exercise tests (CPET) and 23
treadmill exercise tests. Percentages of maximal predicted charge and
heart rate did not differ between groups.

One exercise test was clinically and ten electrically positive as defined
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before. Ross patients showed a trend to higher number of positive exer-
cise test as compared to ASO and TOF patient. Among patients with
positive exercise tests, 6 Ross, one ASO and one TOF patient underwent
subsequent investigation to detect coronary stenosis. Four Ross patients
(66.7%) had a cardiac CT, 1 (16.7%) a CMR and 1 (16.7%) a coronary
angiography.

Echocardiography and cardiac magnetic resonance
Table 3 describes data from the last echocardiography and CMR for

all patients. Ross patients had a higher mean aortic valve gradient and a
Table 3
Echocardiography and cardiac magnetic resonance.

Ross
(n¼ 30)

ASO
(n¼ 14)

TOF
(n¼ 30)

p-value

Echocardiography, N
(%)

30 (100) 13 (92.9) 30 (100) 0.114

Dilatation of the aortic
root, N (%)

23 (76.7) 5 (35.7) 15 (50) 0.022

Aortic insufficiency, N (%) 26 (86.7) 8 (57.1) 6 (20) <0.001
Maximum aortic valve
gradient (mmHg)

6.9
(3.6–29.7)

4.6
(2.8–24.9)

4.4
(1.8–8.9)

0.008a

Maximum pulmonary
valve gradient (mmHg)

25
(9.5–108.7)

25.9
(2.7–35.5)

17.1
(5.5–54.3)

0.167

Right ventricular systolic
pressure due to
tricuspid insufficiency
(mmHg)

31.7
(18–86.8)

25.8
(12–68.4)

29.6
(15.2–82.5)

0.478

Pulmonary/RV-PA
conduit stenosis, N (%)

22 (73.3) 5 (35.7) 13 (59.1) 0.209

Degree of stenosis 0.614
� Mild, N (%) 12 (54.5) 3 (60) 8 (61.5)
� Moderate, N (%) 7 (31.8) 2 (40) 5 (38.5)
� Severe, N (%) 3 (13.6) 0 (0) 0 (0)
Pulmonary/RV-PA
conduit insufficiency, N
(%)

18 (60) 9 (64.3) 21 (70) 0.277

Degree of pulmonary
insufficiency

0.181

� Mild, N (%) 11 (61.1) 5 (55.6) 12 (57.1)
� Moderate, N (%) 7 (38.9) 4 (44.4) 5 (23.8)
� Severe, N (%) 0 (0) 0 (0) 4 (19)
Right ventricular systolic
function

0.033

� Good, N (%) 28 (93.3) 12 (92.3) 21 (70) 0.033
� Mild dysfunction, N (%) 2 (6.7) 1 (7.7) 9 (30) 0.033
� Moderate dysfunction,

N (%)
0 (0) 0 (0) 0 (0)

� Severe dysfunction, N
(%)

0 (0) 0 (0) 0 (0)

CMR, N (%) 28 (93.3) 10 (71.4) 28 (93.3) 0.059
LVEF (%) 60� 6 61� 7 56� 6 0.072
RVEF (%) 55� 7 55� 8 45� 8 <

0.001b

LV end-diastolic volume
(cc/m2)

87
(47–145)

84
(67–116)

83 (41–101) 0.360

RV end-diastolic volume
(cc/m2)

94� 26 101� 12 123� 25 <

0.001c

Pulmonary regurgitation
fraction (%)

9 (1–59) 29 (15–60) 30 (1.5–45) 0.007d

Wall motion
abnormalities disorder,
N (%)

2 (7.7) 0� 0 1 (3.7) 0.629

Myocardial fibrosis, N (%) 7 (33.3) 1 (14.3) 9 (33.3) 0.595
Type of fibrosis 0.624
� Transmural, N (%) 0 (0) 0 (0) 1 (11.1)
� Non-transmural, N (%) 7 (100) 1 (100) 8 (89.9)
� Ischemic, N (%) 3 (14.3) 0 (0) 2 (7.7)

Data are means� standard deviation or median and ranges where appropriate.
Abbreviations: ASO¼ atrial switch operation, LVEF¼ left ventricular ejection
fraction, RV¼ right ventricle, RVEF¼ right ventricular ejection fraction, RV-PA
conduit¼ right ventricle to pulmonary conduit, TOF¼ tetralogy of Fallot.

a p¼ 0.003 for Ross vs. TOF.
b p< 0.001 for Ross vs. TOF and ASO vs. TOF.
c p< 0.001 for Ross vs. TOF.
d p¼ 0.002 for Ross vs. TOF.
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trend towards a more severe right ventricular (RV) outflow tract (RVOT)/
pulmonary/RV to pulmonary artery (PA) conduit stenosis. RV ejection
fraction was lower and RV end-diastolic volume was larger in TOF
compared to Ross and ASO patients, probably due to the significantly
more severe degree of pulmonary regurgitation in the TOF group. Left
ventricular volumes and function did not differ significantly between
groups. There were no differences with regard to wall motion abnor-
malities or myocardial scar between groups. No patient presented
myocardial ischemia on CMR.

Cardiac computed tomography (CCT) and coronary angiography
A total of thirteen patients underwent a CCT or a coronary angiog-

raphy, respectively. CCT was performed in in 9 (30%) Ross patients, 3
(21%) ASO and 1 (3.3%) TOF patients (p¼ 0.023). Six (20%) Ross pa-
tients, 3 (21%) ASO and 3 (13%) TOF patients (p¼ 0.727) underwent
coronary angiography. No coronary artery stenosis was detected by any
of the exams.

Predictors of positive exercise tests
The clinical, echocardiographic and CMR parameters indicated in

Tables 1–3 were compared between both groups of patients with positive
and negative exercise tests. Patients with positive exercise tests showed a
significantly higher maximum RVOT/RV-PA/pulmonary valve gradient
and higher prevalence of a severe RVOT/RV-PA/pulmonary valve ste-
nosis than patients with normal exercise tests (Table 4, Figs. 1 and 2).
None of the other parameters differed significantly between groups with
positive and negative exercise tests (data not shown).

The prevalence of positive exercise tests did not differ between groups
of Ross patients when differentiating according to the indication for
surgery. Four (26%) patients with initial aortic stenosis, two (29%) with
aortic regurgitation and two (25%) with mixed aortic disease (both
regurgitation and stenosis) had a positive exercise test (p¼ 0.988).

Discussion

This study demonstrates in Ross patients a trend towards a higher
prevalence of positive exercise tests suggesting myocardial ischemia in
comparison to ASO and TOF patients. Nevertheless, no coronary artery
stenosis was detected by any complementary non- or invasive exam and
positive exercise tests were related to the presence of a stenosis of the
RVOT or pulmonary valve.

Since the introduction of the ASO for TGA concern raised with regard
to complications due to the, sometimes complex, transfer of coronary
arteries during the surgical intervention early in life. Some series
revealed frequent coronary artery lesions which were discussed to be
responsible for sudden cardiac deaths (SCD) observed in this population
[18-20]. The anatomic relationship between the coronary arteries and
the great arteries appears to play an important role for the development
of coronary obstructions late after repair [11].

Although the outcome after the Ross procedure is excellent, a recent
study including 793 patients, however, revealed a rate of unexplained
SCD of 0.015% [21]. Even if the reimplantation of coronary arteries
during the Ross procedure is less complex than during the ASO, one could
Table 4
Comparison between positive and negative exercise tests.

Positive exercise
tests (n¼ 11)

Negative exercise
tests (n¼ 63)

p-value

Pulmonary valve maximal
gradient (mmHg)

44� 30 22� 13 0.004

Pulmonary/RV-PA conduit
stenosis degree, N (%)

1.8 (1.4–2.3) 1.7 (1.5–2.2) <0.001

� Mild, N (%) 1 (9.1) 27 (42.8) 0.161
� Moderate, N (%) 4 (36.3) 11 (17.4) 0.301
� Severe, N (%) 3 (27.3) 0 (0) 0.006

Abbreviations: RV-PA conduit¼ right ventricular to pulmonary artery conduit.



Fig. 1. Comparison of maximum RV-PA gradient between patients with positive
and negative exercise tests.

Fig. 2. Comparison of distribution of RV-PA stenosis between groups with
positive and negative exercise tests. *p ¼ 0.006 for comparison of prevalence of
severe stenosis between both groups.
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speculate that coronary artery distortion with consecutive obstruction
could explain some of the observed SCD, in particular in patients who
underwent the procedure at very young age.

The good news is therefore that, in line with recent studies focussing
on ASO patients, our study did not find signs for relevant coronary artery
complications neither in Ross nor in ASO patients. E.g. Tobler et al. could
not demonstrate any signs of myocardial ischemia in adult TGA patients
after ASO [22]. A recent meta-analysis supports these observations. The
authors concluded that routine exercise testing or imaging of coronary
arteries does not appear to be necessary to prevent SCD in TGA patients
after ASO and more conservative management strategy by clinical eval-
uation and periodic echocardiography could be reasonable given the low
mortality rate [23].

Current guidelines for CHD recommend surveillance of exercise ca-
pacity by physiological exercise testing in all three patient groups (Ross,
ASO and TOF) included in this study [13]. Little is known, however, on
the relevance of, in particular electrically positive exercise tests which
could suggest myocardial ischemia. Our study provides therefore
important information and guidance for physicians for the interpretation
of positive exercise tests in these patients. The whole clinical picture of
the patient and in particular the presence of right-sided lesions have to be
taken into consideration. Based upon our results, even if coronary angi-
ography remains the gold standard for the detection of coronary artery
disease, the low prevalence of coronary artery complications in these
patients does not appear to justify the 2% risk of complication of such an
invasive investigation [18,24]. We usually opt for a non-invasive exam
such as CMR or CCT, if the clinical suspicion is high for myocardial
4

ischemia. As previously discussed, adenosine stress CMR has been used in
ASO patients not revealing any clinical relevant ischemia [22]. A further
recent study evaluated children after ASO with adenosine stress echo-
cardiography and technetium 99m-Sestamibi Myocardial Perfusion
without evidence of ischemia [25]. However, one could discuss whether
vasodilator stress testing is the appropriate technique to detect ischemia
in patients after coronary artery reimplantation. As ischemia could be the
result of dynamic changes during exercise due to e.g. coronary artery
distortion at the implantation site, the vasodilator technique, which is
highly reliable for detection of classical, atherosclerotic stenosis, might
miss such a complication [26]. To avoid ionizing radiation techniques in
this young population, the use of e.g. dobutamine or physical stress CMR
or echocardiography is an alternative allowing evaluation of stress
induced wall-motion abnormalities after coronary reimplantation
[27-29]. Interestingly, a study using dobutamine stress echocardiography
found wall motion abnormalities in young ASO [30]. As all patients had
normal coronary angiograms, the authors speculated that rather a global
left ventricular dysfunction than coronary artery complications explained
their findings. A physical stress echocardiography in children after Ross
procedure did not observe new pathological wall motion abnormalities
[31].

Our findings are also in line with the recent European Society of
Cardiology (ESC) Guidelines on Chronic Coronary Syndromes (CCS)
[26]. Exercise ECG testing is no longer recommended for the detection of
coronary artery stenosis due to its poor specificity and sensitivity [26,
32].

False positive exercise tests can be explained by several mechanisms.
First, pathologies of the pulmonary valve and/or the RVOT limit inter-
pretation of the electrocardiographic response to exercise. As shown in
our study, patients with positive exercise test had a significantly higher
prevalence of pulmonary valvular/RVOT/RV-PA conduit stenosis. In-
crease of the pulmonary valve gradient leads to a right ventricular
pressure overload, consecutive subendocardial hypoperfusion and finally
ischemia when maximal coronary vasodilation is achieved [33]. This
results in ECG modifications and ultimately false positive exercise test in
the absence of obstructive epicardial coronary artery disease.

One could also speculate that cardiac memoring of ECG changes
before the surgical intervention could play a role. Unfortunately, pre-
surgical exercise tests were available only for three Ross patients, how-
ever, two of these patients showed exercise-induced ECG changes in the
same territory before and after surgical correction.

Myocardial fibrosis and scar is frequently found in patients after
surgical repair of CHD [34]. Similarly to what has been previously
described, some of our patients presented myocardial fibrosis but only in
five patients typical for an ischemic origin. However, fibrosis was not
related to positive exercise tests.

Despite a successful correction of aortic stenosis during the Ross
procedure, one could expect that this condition would be associated with
more positive exercise tests due to risk of persistent pathological ven-
tricular hypertrophy [35]. Nevertheless, our results did not show a higher
prevalence of positive exercise tests in these patients compared to those
operated for aortic regurgitation or mixed aortic disease.

Unlike the Ross procedure and the ASO, the TOF correction does not
involve coronary artery reimplantation. Coronary events in this group of
patients are therefore poorly described [36]. No coronary artery disease
was found in this population in the present study. TOF patients presented
with larger RV with diminished systolic function compared to the both
other groups. These complications are frequent and explained by the
initial surgical correction often leading to significant pulmonary regur-
gitation [37-39]. The resulting chronic volume overload of the RV leads
to ventricular dilatation rather than to RV hypertrophy, which might
explain why TOF patients presented less frequently (false) positive ex-
ercise tests as exercise induced subendocardial ischemia is more likely to
be found in pathological hypertrophy due to e.g. RVOT stenosis.
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Limitations

This study is limited by its retrospective nature and relatively small
population size. Thus, the comparison of variables between patients is
sometimes inhomogeneous although we were able to match the Ross and
TOF groups. Even though patients received regular follow-up, individu-
alized management limited the availability of certain tests, such as CMR,
CCT and coronary angiography. Indeed, only symptomatic patients
benefited from invasive examination for coronary artery disease.

CHD patients often present with changes of resting ECGs limiting
their interpretation during exercise tests. Most often, RBBB are found in
patients with RV pathologies like the present patient population. How-
ever, the presence of a RBBB does not preclude the interpretation of ECG
leads not concerned from changes induced by the RBBB [40-42]. No
patient had left bundle brunch block.

Like the majority of studies on CHD, outcomes were evaluated at
medium term [3]. Extending this project on a larger number of in-
dividuals with long-term objectives would be interesting. However, this
study shall give an orientation about prevalence of positive exercise tests
in our patient population and could serve as a basis for standardizing
follow-up for future prospective studies.

Conclusion

Our study does not reveal any coronary artery complication after
coronary artery reimplantation during surgical correction for CHD. Ex-
ercise testing has a poor specificity in detection of coronary artery ste-
nosis and positive exams appear rather to be related to RVOT pathologies
than to coronary artery complications and its role should be restricted to
evaluation of exercise capacity. Given the low prevalence of coronary
artery complications, non-invasive investigations should be favoured
before proceeding to invasive procedures.
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