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Diagnosis of covert coarctation
of the aorta in adolescents

Luyao Wei, Shijun Hu, Xueyang Gong, Yiliya Ahemaiti
and Tianli Zhao*

Department of Cardiovascular Surgery, The Second Xiangya Hospital, Central South University, Changsha,
China

Objectives: By reviewing the diagnostic process for adolescents with coarctation
of the aorta (CoA) in our institution, we analyzed the reasons for delayed diagnosis
of CoA. We also proposed a diagnostic protocol to improve the detection rate of
CoA.

Methods: In this retrospective study, we included 48 patients aged 12-18 years
who were diagnosed with CoA in our hospital from January 2000 to November
2022. Clinical data from involved cases in local hospitals and our institution
were collected.

Results: All patients had blood pressure (BP) measurements in upper and lower
extremities in our institution. They all had hypertension, 29 (60.4%) of whom
had known histories of the same. BP in the upper limbs of 47 (97.9%) patients
was >20 mmHg higher than that in the lower limbs, and BP in the upper limb of
1 (2.1%) patient was greater than 0 and less than 20 mmHg than that in the
lower limb. Echocardiography (ECHO) was performed in all patients, computed
tomography (CT) or magnetic resonance imaging (MRI) was performed in 44
patients (91.7%). There were 38 (79.2%) patients who visited local hospitals.
Among them, a total of 20 (52.6%) patients had their right upper extremity BP
measured, 18 (47.4%) only had their left upper extremity BP measured, and 16
(42.1%) had their lower extremity BP measured. ECHO was performed in 27
(56.2%) patients and CT/MRI was performed in 18 (37.5%) patients. The
detection rate for CT/MRI was 100%, and those of ECHO were 72.9% and 18.5%
at our institution and a local hospital, respectively. Forty-eight (100%) and 23
(60.5%) patients were detected in our institution and local hospitals (P < 0.0001).
Conclusion: We recommend measuring BP in the bilateral upper extremities.
Measurement of BP in the lower extremities is recommended if hypertension is
diagnosed. MRI/CT is recommended when BP in the upper extremity is greater
than that in the lower extremity.
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Introduction

Coarctation of the aorta (CoA) occurs in 0.3 of every 1,000 live births (1) and makes up
5%-8% of all congenital heart diseases (2). It is likely to represent a spectrum of aortic
narrowing from a discrete entity to tubular hypoplasia, with many variations seen
between the two extremes (3). However, CoA usually manifests as a discrete constriction
of the aortic isthmus (4). CoA is also considered as an arteriopathy, given the abnormal
histology of the arterial wall close to the site of coarctation and its association with long-
term cardiovascular pathology (5). It is the fifth most common cardiovascular anomaly,
requiring surgical intervention in infants and children (6).
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According to the location of CoA, it is usually divided into the
following three types: (i) paraductus, the coarctation is located at
the attachment of the ductus arteriosus; (ii) postductus, the
constriction is located distal to the opening of the ductus arteriosus;
(iii) preductus, where the constriction segment is proximal to the
opening of the ductus arteriosus or in the aortic arch.

The main pathophysiological change of CoA is hypertension
proximal to coarctation, and the postulated mechanisms of
hypertension are mechanical obstruction and renin-angiotensin-
mediated humoral mechanisms (2). The increased afterload of
the left ventricle will cause left ventricular hypertrophy. Because
the cerebral blood vessels are in a state of hypertension for a
long time, it can lead to cerebral vascular sclerosis. These
conditions improve with the subsequent development of
collateral circulation.

The presentations of CoA depend on the severity of narrowing,
the relationship to arch vessels, the complexity of comorbidities,
and adequacy of collateral vessel formation (7). Therefore, severe
cases usually present and are diagnosed during the neonatal
period. CoA detected during adolescence and adulthood is often
accompanied only by upper extremity hypertension. Some
patients can remain asymptomatic until complications of
hypertension develop later in life (8).

According to the 2020 ESC Guidelines for the management of
adult congenital heart disease (9), upper extremity BP greater
than or equal to 20mmHg lower extremity BP indicates
significant CoA. Weak or absent pulses in the lower extremities
or radiofemoral pulse delay also indicate significant CoA. The
gold standard for the evaluation of significant CoA is cardiac
catheterization, which measures proximal and distal BP at the
coarctation site. A peak-to-peak gradient across the coarctation
site of >20 mmHg indicates significant CoA. However, studies
(10) had shown that the severity of CoA cannot be accurately
assessed by non-invasive measurements of upper and lower limbs
BP alone.

Previous studies have suggested that CoA can be safely repaired
until early adolescence, preferably before 5 years of age (11-13). As
the disease progresses, various vascular complications can occur,
such as heart failure, coronary disease, aortic dissection and
rupture, hemorrhagic cerebrovascular accident, or bacterial
endocarditis. Without correction, the mean life expectancy of
patients with CoA is around 35 years, and 90% die of vascular
complications before the age of 50 (14), making early diagnosis
and treatment of this condition very important.

According to the Practice Guideline for Screening and
Management of High Blood Pressure in Children and Adolescents
(15), the secondary causes of hypertension in adolescence are
mainly renal parenchyma and renal vascular diseases, followed
by cardiac diseases including CoA and endocrine diseases
including pheochromocytoma. At present, there are still many
CoA patients who are diagnosed in adolescence and adulthood
need surgical treatment (16, 17). Therefore, we suspect that CoA
is probably a major cause of hypertension in adolescence,
because of the current situation of low diagnostic accuracy.

Therefore, the purpose of this study was to analyze the reasons
for delayed diagnosis by reviewing the diagnostic procedures for
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adolescent patients with CoA in our institution. We also
proposed a diagnostic protocol for CoA to improve its diagnostic
rate.

Patients and methods

This study was approved by the Institutional Review Board of
the Second Xiangya Hospital (SXH). Informed consent was
obtained from all individuals’ legal guardian included in the study.

Study subjects

We queried patients who were first diagnosed with CoA at SXH
of Central South University (Changsha, China) from January 2000
to November 2022, aged 12-18 years, based on their diagnostic
codes. There were 48 patients in total, including 32 males
(66.7%) and 16 females (33.3%).

Median age at the time of diagnosis with this disease in our
institution was 14 years (range, 12-18 years). Diagnosis included
isolated CoA in 21 of 48 patients (43.7%). 27 (56.3%) patients
had at least one associated congenital cardiac anomaly; of these,
16 (33.3%) had bicuspid aortic valves. 13 (27.1%) patients had
previously received non-CoA surgical treatments. There were 5
(10.4%) patients had previously underwent repair of ventricular
septal defect (VSD), 3 (6.2%) patients had closure or ligation of
patent ductus arteriosus (PDA), and 1 (2.1%) patient had both
VSD repair and ligation of PDA. Associated anomalies and
previous surgeries are shown in Table 1. One patient (2.1%) had
previously undergone aneurysm clipping for an aneurysmal
rupture of the anterior cerebral artery.

Data acquisition

A retrospectively review of medical records was performed with
regard to symptoms, physical examinations, initial diagnosis,
echocardiogram (ECHO), computed tomography (CT) and
magnetic resonance imaging (MRI), as well as laboratory
examinations of patients in local hospitals and our institution.
The process of diagnosing these patients was retrospectively
analyzed by examination of their hospital admission data.
Diagnostic ~workflows and characteristics were assessed
retrospectively.

Our institutional recommendations for the definition of CoA
and indications for surgical repair were as follows: (i) increased
non-invasive gradient between upper and lower extremities
confirmed with invasive cardiac catheterization (peak-to-peak
>20 mmHg); (ii) hypertensive patients with >50% narrowing
relative to the aortic diameter at the diaphragm; (iii) patients
with normal BP but peak-to-peak >20 mmHg by catheterization;
or (iv) patients with normal BP but >50% narrowing relative to
the aortic diameter at the diaphragm.

BP was measured with mercury sphygmomanometer.

Hypertension was defined as systolic BP > 130 mmHg and/or
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TABLE 1 Associated anomalies and previous surgeries.

vaables N ercent
)

Median age (range) 14 (12-18

Sex (male, n) 32 66.7
Weight, kg 55.1+3.30

Height, m 1.64 +0.02

Body mass index 20.2+0.79

Symptoms at the time of admission

Hypertension 48 100
Shortness of breath 9 18.7
Dizziness 9 18.7
Chest tightness 8 16.7
Headache 6 12,5
Palpitation 4 83
Heart murmur 2 42
Lower extremity weakness 2 42
Associated anomalies

BAV 16 333
AR 6 12.5
PDA 6 12.5
ASD 4 8.3
VSD 3 6.2
PFO 1 2.1
QAV 1 2.1
Previous surgeries

Repair of VSD 5 10.4
Closure or ligation of PDA 3 6.2
Appendectomy 2 42
Repair of VSD and ligation of PDA 1 21
MVP 1 21
Aneurysm clipping of the anterior cerebral artery 1 21
Complications of hypertension 1

ICH 1 32

BAV, bicuspid aortic valve; AR, aortic regurgitation; PDA, patent ductus arteriosus;
ASD, atrial septal defect; VSD, ventricular septal defect; PFO, patent foramen ovale;
QAV, quadricuspid aortic valve; MVP, mitral valve plasty; ICH, intracerebral
hemorrhage.

diastolic BP > 80 mmHg on the right arm in accordance with the
Clinical Practice Guideline for Screening and Management of
High Blood Pressure in Children and Adolescents (15). Patients
with normal BP were also classified as hypertensives if they
were on antihypertensive medication at the time of BP
measurement.

Statistics

Descriptive statistics for categorical variables are reported
as frequencies and percentages, and continuous variables as
(SDs) or as
and ranges, as appropriate. We used Fisher’s exact test and the

x> test to assess differences between categorical variables.

either means * standard deviations medians

We performed all analyses using SPSS version 26 (IBM
Corp, Armonk, NY, United States). All statistical tests
were two sided, with the P-value set at 0.05 for statistical
significance.
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Results
Diagnostic workflow for CoA

Reasons for visit in our institution

Twenty-nine (60.4%) patients had previously been diagnosed
with hypertension (Figure 1), of whom 14 were admitted to the
hospital due to hypertension only; 13 were admitted for
hypertension accompanied by headache, dizziness, shortness of
breath, lower-extremity weakness, and other symptoms; and 2
was admitted for hypertension accompanied by diastolic murmur
in the
hypertension accompanied by headache and dizziness underwent

aortic valve. One patient with known previous
computed-tomography angiography (CTA) of the cranial vessels;
bleeding was found in the anterior cerebral artery, and this
patient underwent aneurysm clipping. For patients with known
previous hypertension, the median time from discovery of
hypertension to diagnosis of CoA was 2.5 (range, 0.2-16)
months. Nineteen patients had no previous diagnosis of
hypertension. Ten of these nineteen were referred to our
institution with symptoms such as chest tightness, shortness of
breath, headache, dizziness, and palpitations; five of the ten had
previously undergone repair of VSD, ligation or occlusion for
PDA, or appendectomy. Five of the nineteen aforementioned
patients were referred to our institution with systolic murmur at
the second and third intercostal spaces at the left sternal border,
or continuous mechanical murmur in the second intercostal
space at the left sternal border. CoA was found in four patients
by routine ECHO assessment at our institution after VSD repair
or mitral valve plasty (MVP).

We reviewed the clinical data of patients who had undergone
repair of VSD to analyze why CoA was not detected at the same
time. Four patients had normal BP in the left upper limb, but BP
in the right upper and lower limbs, as well as CT or MRI was
not measured. Two patients had normal right upper limb BP,
but lower limbs BP and CT or MRI were not measured. One
patient had hypertension in the right upper limb. Renal
ultrasound and ECHO indicated no abnormalities, and lower
extremities BP, CT and MRI were not measured. This patient
underwent antihypertensive therapy.

BP measurements and imaging examinations
performed by local hospitals and their diagnostic
rates

Of all 48 patients, 38 (79.2%) presented to local hospitals, but
10 (20.8%) were not. Of the patients who presented to the local
hospital, 20 had their BP measured in the right upper limb and
18 had their BP measured only in the left upper limb. Among
the patients who presented to the local hospital, 20 patients who
had their BP measured in the right upper extremity had
hypertension, and 18 who had their BP measured only in the left
upper extremity had hypertension in 9 patients. Lower extremity
BP was measured in 15 patients and 1 patient in the two groups.
18 (47.4%) underwent ECHO alone, 9 (23.7%) underwent CT/

MRIL, and 9 (23.7%) underwent both types of imaging
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48 patients
(2000-2022)

'

Patients with a history of known hypertension

(n=29)
I

'

Patients without a history of known hypertension

(n=19)
|

BP measurements in the bilateral upper limbs

Hypertension
(n=48)

BP measurements in the lower limbs

Upper limbs BP was >20 mmHg
higher than that in the lower limbs
(n=47)

ECHO (n=47)
(35 patients were detected)

CT/MRI (n=43)
(43 patients were detected)

Cardiac catheterization (n=16)
(16 patients were detected)

FIGURE 1

Preoperative diagnostic workflow at our institution, and detection rates of imaging examinations. CoA, coarctation of the aorta; BP, blood pressure;
ECHO, echocardiogram; CT, computed tomography; MRI, magnetic resonance imaging.

Upper limbs BP was greater than 0 and less than
20 mmHg higher than that in the lower limbs

(n=1)

:

ECHO (n=1)

:

CT/MRI (n=1)
(1 patients was detected)

Cardiac catheterization (n=1)
(1 patients was detected)

examination. Of 27 patients who underwent ECHO at the local
hospital, 5 were diagnosed with CoA (detection rate, 18.5%). All
18 patients who underwent CT/MRI were diagnosed with CoA
(detection rate, 100%). Twenty-three patients were diagnosed
with CoA at local hospitals (detection rate, 47.9%). The diagnosis
process of patients in local hospitals is shown in Figure 1.
Among the remaining 25 patients, 10 patients didn’t present to
local hospitals, and the remaining 15 patients were not diagnosed
accurately in local hospitals, and the causes of hypertension
require further examination (Figure 2).

BP measurements and imaging examinations
performed by our institution and their diagnostic
rates

All 48 patients (100%) had BP measurements in upper and
lower extremities. Twenty-six of the 48 hypertensive patients
received antihypertensive therapy. Three of the 26 patients had

Frontiers in Pediatrics

normal BP at our institution due to adequate medication. The
BP of 47 (97.9%) patients in the upper limb was >20 mmHg
higher than that in the lower limb, and the BP of 1 patient in
the upper limb was greater than 0 and less than 20 mmHg than
that in the lower limb. All patients underwent ECHO
evaluations, and CoA was detected in 35 (72.9%). CT/MRI was
performed in 44 patients and had a CoA detection rate of 100%
(Table 2).
catheterization with a median peak systolic pressure gradient of
34 (range, 20-85) mmHg. CT and 3D reconstruction of CoA are
shown in Figure 3. All patients were diagnosed at our institution

Seventeen (35.4%) patients underwent cardiac

(Figure 1).

Repair techniques

A total of 22 (45.8%) patients underwent open thoracotomy.
An extra-anatomic bypass was used in 13 of these patients;
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Patients(n=48)
|
Patients visited local Patients didn't visit local
hospitals(n=38) hospitals(n=10)
V |
X BP measurements were taken in
BP measurements were taken in the left upper the right upper limb(n=20)
limb only(n=18)
1
\ \/ _
Hypertension(n=9) Normal BP(n=9) Hypertension(n=20)
BP measurements were taken BP measurements were taken
in the lower limbs in the lower limbs
|
Yes(n=1) No(n=8) Yes(n=15) No(n=5)
The BP of the upper limbs is > The BP of the upper limbs is >
20mmHg higher than that of 20mmHg higher than that of
the lower limb (n=1) the lower limb (n=15)
\ \ v v
ECHO+CT ECHO ECHO ECHO ECHO+CT CT ECHO ECHO+CT CT/MRI
/ MRI(n=1) (n=8) (n=7) (n=2) /MRI (n=5) (n=8) (n=1) /MRI (n=3) (n=1)
CoA (n=1) CoA(n=2) CoA(n=1) CoA (n=2) CoA (n=5) CoA (n=8) CoA (n=3) CoA (n=1)
FIGURE 2
Preoperative diagnostic workflow at local hospitals, and detection rates of imaging examinations at local hospitals.

TABLE 2 The number of patients with upper and lower limb BP
measurement, ECHO and CT examination.

Local Our

Variables

hospital institution
BP measurement in right upper 20 48 <0.0001
extremity (1)
BP measurement in lower 16 48 <0.0001
extremities (1)
ECHO (n) 27 48 <0.0001
MRI/CT (n) 18 44 <0.0001
Catheterization 3 17 <0.004
Median peak systolic pressure 40 (25-60) 34 (20-85)
gradient (range), mm Hg

BP, blood pressure; ECHO, echocardiogram; CT, computed tomography; MRI,
magnetic resonance imaging.

surgical modalities included subclavian-artery-descending aortic-
bypass graft (4/13), aortic-arch-descending aortic-bypass graft (5/
13), and ascending-aorta-descending aortic-bypass graft (4/13).
Of the 22 patients, 4 underwent patch aortoplasty, 3 (3/22)
underwent end-to-end or extended end-to-end anastomosis, and
2 (2/22) underwent end-to-end anastomosis and subclavian-
artery—descending aortic-bypass graft.

A total of 17 (35.4%) patients underwent endovascular
(EV) interventions, all of which included an EV stent graft
balloon Cheatham-
Platinum (CP) stents and balloon-in-balloons (BIBs)
developed by NuMED (Orlando, FL, United States). A total of
nine (18.8%) patients did not undergo surgical treatment at

and dilation.  Patients  received

our hospital.
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Discussion

In the current era of increasingly sophisticated imaging
techniques and increasing number of nonthoracic surgical
interventions, we sought to assess the process of diagnosing CoA
in patients aged 12-18 years at our institution.

Even though most cases of CoA are detected in infancy and
childhood, CoA can remain undiagnosed for many years (11,
18). Hypertension is a common symptom of CoA (19), but it is
one of the most common symptoms of a wide variety of diseases
(20). For adolescents aged 12-18 years, the major etiologies of
secondary hypertension include renal diseases and renovascular
disease. Uncommon causes include CoA and endocrine causes of
primary (PA),
pheochromocytoma, and Cushing’s syndrome (15, 21). However,

hypertension, such as aldosteronism
it is reported in the literature that the overall incidence of
renovascular disease is 6.69 per 100,000 person-years, and its
incidence is 0.69 in patients aged <18 years (22). One study
indicated that the prevalence of congenital heart disease is 11.89
cases per 1,000 children (23). Therefore, it could be speculated
that CoA is probably a major cause of secondary hypertension
and that a diagnosis of CoA in the above-mentioned patients
might be missed. CoA should also be prioritized when
determining the etiology of hypertension in adolescents.

CoA requires early correction to avoid severe hypertension and
vascular complications (12). If not diagnosed early, it often
presents with uncontrolled hypertension or hypertension-related
complications in adolescence and adulthood (24). For example, a

patient with CoA and hypertension in our study developed a
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FIGURE 3

CT (A) and 3D reconstruction (B) of CoA. The precise location, diameter and length of the narrowing can be shown

ruptured anterior cerebral aneurysm due to the delay in diagnosis.
However, according to relevant studies, treatment of CoA in
adolescents and adults is common in developing countries due to
lack of early detection (25). The patients who did not undergo
surgery would suffer a further increase in the degree of
obstruction, gradual increases in BP and gradual deterioration of
collateral circulation. Operated CoA in adulthood tends to have a
poorer prognosis than in childhood and adolescence due to
complications of CoA (11). Early diagnosis and treatment of
CoA are therefore vital.

Diagnosing hypertension in adolescents is difficult for various
reasons, some of which are as follows. Cut-off values for normal BP
and hypertension vary by gender, age, and weight in adolescents
according to the 2017 Clinical Practice Guidelines for the
Screening and Management of Hypertension in Children and
Adolescents (15). Clinician awareness that non-obese adolescents
might be diagnosed with hypertension is not yet high (26).
Diagnosis of hypertension requires repeated measurement of BP
and bilateral BP (15). Of the 18 patients in the present study
who had only left arm BP measured at local hospitals, 9 had
hypertension, and only four patients were diagnosed with CoA;
of the 20 patients who had BP measured in the right arm, all
had hypertension, and 19 were diagnosed with CoA. Left upper
limb BP will decrease if the CoA is located proximal to the left

Frontiers in Pediatrics

subclavian artery. Therefore, BP measurements of bilateral upper
limbs in the primary hospital are recommended. BP
measurement tools are inherently variable (27). Therefore, at
present, hypertension in adolescents is highly underdiagnosed.
According to surveys, although prevalence rates of hypertension
are on the rise in developing countries, there have been no
improvements in awareness in these locations, in contrast with
developed countries (28, 29).

Normally, BP is 10-20 mmHg higher in the legs than in the
arms. Patients with CoA tend to have elevated BP in the upper
extremities and decreased BP in the lower ones. BP in the arms
is generally >20 mmHg higher than in the legs. Of the 23
patients who had the diagnosis of CoA at local hospitals, 16 had
their lower extremity BP measured, and seven did not. However,
as the disease progresses, collateral circulation gradually develops,
and the BP differential between the upper and lower extremities
can decrease (16). In our study, BP in the upper limbs of 47
(97.9%) patients was >20 mmHg higher than that in the lower
limbs, and BP in the upper limb of 1 (2.1%) patient was greater
than 0 and less than 20 mmHg higher than that in the lower
limb. Therefore, measurement of BP in the lower extremities is
with
hypertension, and CoA needs to be considered if the upper

recommended when adolescents are diagnosed

extremity BP is higher than the lower extremity.
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Normal BP - ExammaFlons for
other diseases
BP measurements in BP in the upper limbs is lower
bilateral upper limbs than that in the lower limbs
. BP mensurements in
— Hypertension —» .
lower limbs
BP in the upper limbs is l.ngher MRI/CT
than that in the lower limbs

FIGURE 4
Diagnosis protocol for CoA as per our recommendations

The main causes of hypertension in adolescents are kidney
disease and essential hypertension (30). Considering that all
patients with CoA had hypertension in this study, and
considering the high incidence of CoA, we speculate that this
condition is probably a major cause of hypertension in
adolescents and young adults. It is very likely that many other
patients with CoA have not yet been diagnosed.

The disease detection rate of ECHO is lower than that of CT/
MRI because physicians tend to ignore the condition of the aorta
(31, 32). Recently, CT/MRI has become a principal imaging
modality for the evaluation of cardiac and thoracic vascular
anomalies due to its short acquisition time and high spatial
resolution (33, 34). In our study, among the patients diagnosed
with CoA in the local hospital, 18 patients were diagnosed by CT
or MRI, and 5 patients were detected by ECHO. The detection
rate for ECHO in our institution was 72.9%, and the CoA
diagnosis rate for CT/MRI was 100%. However, CT must be
replaced by ECHO or MRI in certain patients, such as pregnant
women, due to radiation exposure from CT. Note that the
detection rate of ECHO depends on the ability of the diagnosing
physician. The diagnostic accuracy of ECHO in our institution
and local hospitals is not excellent. ECHO is sometimes a
priority because MRI is not widely distributed among hospitals
and is expensive in China. Moreover, the accuracy rate of ECHO
must be improved.

Ten patients did not visit local hospitals, mainly because of the
uneven distribution of medical resources between primary and
tertiary hospitals in developing countries and the limited medical
technology in primary hospitals (35). Patients tend to refer to
large hospitals, which also leads to overcrowding of large
hospitals and prolonged diagnosis time.

Given the importance of the timing of diagnosis and the
diagnostic process in adolescents with CoA in this manuscript, we
have presented a diagnostic protocol (Figure 4). First, bilateral
upper BP measurements are recommended in patients at their
clinical visit. Second, BP should be measured in lower extremities if
upper extremity BP is high (36, 37). Finally, MRI/CT is
recommended if the BP in upper limbs is greater than OmmHg
higher than that in lower limbs. We recommended that an ECHO
examination is needed if the patient exhibits comorbidities.

Frontiers in Pediatrics

Limitations

The relatively small sample size of this study results in some
uncertainty as to the reproducibility of our suggestions. This
study is also a single-center study and thus cannot represent the
conditions of whole of China or even the developing countries.

Conclusion

We recommend bilateral upper BP measurements in patients at
their clinical visit. If hypertension is diagnosed, we recommend
measuring BP in the lower extremities. MRI/CT is recommended
when BP in the upper extremity is greater than that in the lower
extremity.
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