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Abstract

Objective: To describe a group of children with co-incident pulmonary vein stenosis and Smith-
Lemli-Opitz syndrome and to generate hypotheses as to the shared pathogenesis of these
disorders.

Design: Retrospective case series.

Patients: Five subjects in a pulmonary vein stenosis cohort of 170 subjects were diagnosed with

Smith-Lemli-Opitz syndrome soon after birth.

Results: All five cases were diagnosed with Smith-Lemli-Opitz syndrome within 6 weeks of life,
with no family history of either disorder. All cases had pathologically elevated
7-dehydrocholesterol levels and two of the five cases had previously reported pathogenic
7-dehydrocholesterol reductase mutations. Smith-Lemli-Opitz syndrome severity scores ranged
from mild to classical (2-7). Gestational age at birth ranged from 35 to 39 weeks. Four of the cases
were male by karyotype. Pulmonary vein stenosis was diagnosed in all cases within 2 months of
life, earlier than most published cohorts. All cases progressed to bilateral disease and three cases
developed atresia of at least one vein. Despite catheter and surgical interventions, all subjects’
pulmonary vein stenosis rapidly recurred and progressed. Three of the subjects died, at 2 months,
3 months, and 11 months. Survival at 16 months after diagnosis was 43%.

Conclusions: Patients with pulmonary vein stenosis who have a suggestive syndromic presenta-
tion should be screened for Smith-Lemli-Opitz syndrome with easily obtainable serum sterol tests.
Echocardiograms should be obtained in all newly diagnosed patients with Smith-Lemli-Opitz syn-
drome, with a low threshold for repeating the study if new respiratory symptoms of uncertain
etiology arise. Further studies into the pathophysiology of pulmonary vein stenosis should con-

sider the role of cholesterol-based signaling pathways in the promotion of intimal proliferation.
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(BPD), intracardiac left-to-right shunt lesions, and chromosomal abnor-

malities.2® Pathologic specimens demonstrate neo-intimal proliferation

Primary pulmonary vein stenosis (PVS) is a rare and relentless disorder
that occurs in normally connected, surgically untouched pulmonary
veins, with an estimated incidence ranging from 1.7 per 100 000 in the
general population under 2 years old to 30 per 100 000 patients
undergoing congenital cardiac surgery or catheterization.? This condi-

tion is associated with preterm birth, bronchopulmonary dysplasia

of myofibroblasts as the primary etiology for the progressive luminal
stenosis and obliteration of the vessels,* with immunohistochemistry
demonstrating strong receptor tyrosine kinase expression, such as
VEGF.> In some children, obstruction to pulmonary venous flow can be
improved with surgical procedures such as sutureless marsupialization

repair or catheter-based interventions such as balloon dilation and
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FIGURE 1 Subject C, at 15 months, demonstrating the
characteristic SLOS facial features of bitemporal narrowing,
hypertelorism, short nasal root, broad nasal bridge and base,
anteverted nares, smooth long philtrum, and a small chin. Also
notable is the short, proximally placed thumb. Parental consent
was obtained for publication of this photograph.

stenting.®® More recently, drug therapies have been attempted to
delay disease progression and to treat the intimal proliferation within
the vessels.”'° Many of our more recent PVS patients have been
enrolled in a 48-week open-label FDA-regulated trial of imatinib
mesylate with or without bevacizumab.!! Despite intervention, many
patients experience both recurrence of disease (restenosis in a location
with prior disease) and progression of disease (stenosis in new vessels,
longer distal stenotic segments of previously diseased vessels, or com-
plete venous atresia).X? In many cases, PVS is an end-stage condition,
with mortality rates of up to 83% in patients with 3 or more stenosed
veins.'® Another study notes a 2-year survival rate from diagnosis of
43%, but only 25% survival in children who underwent transcatheter
interventions.

Smith-Lemli-Opitz syndrome (SLOS) is an autosomal recessive
disorder of cholesterol metabolism that is associated with multiple con-
genital anomalies such as hypotonia, growth delays, cleft palate, post-
axial polydactyly, thumb abnormalities, Y-shaped cutaneous 2/3 toe
syndactyly, hypospadias, and undervirilization of male genitalia. Prema-
turity and breech presentation are common gestational complications.
There are significant associated behavioral and intellectual deficits, in
addition to distinctive facial features (Figure 1). The incidence of SLOS
in the heterogeneous United States population is estimated at 2 in
100 000.** In SLOS, loss-of-function mutations in both copies of 7-
dehydrocholesterol reductase (DHCR7) prevent the final step of choles-
terol synthesis and result in the accumulation of the precursor mole-
cule 7-dehydrocholesterol (7-DHC).> The diagnosis is typically made
by serum analysis for total cholesterol (low or normal) and 7-DHC (ele-
vated).?® The clinical severity of the disorder is inversely correlated

with plasma cholesterol concentration and directly correlated with

plasma 7-DHC levels.*”*® Cardiac manifestations of SLOS are found in
approximately 50% of cases and most commonly include endocardial
cushion defect, secundum atrial septal defect (ASD), patent ductus
arteriosus (PDA), and anomalous pulmonary venous connection
(APVC).*? Lung manifestations include abnormal lobation, pulmonary
hypoplasia, pulmonary hypertension, and laryngo/tracheomalacia.?°-22
Cases of discrete pulmonary vein stenosis have not previously been
described in the SLOS literature, but SLOS has been infrequently
reported in limited case series of PVS outside of our institution’s
cohort.22®

Within our institutional cohort of 170 patients with PVS, we have
diagnosed five patients with SLOS and have appreciated that this rate
is notably different from the rate of SLOS in the general population
(P<.0001 by chi-square with Yates correction). We obtained institu-
tional IRB approval for this retrospective case series. Pertinent records
were reviewed for demographic and phenotypic information related to
both diagnoses and interventions. The SLOS severity score, as

described by Kelley and Hennekam,?*

was calculated in the typical
fashion, scoring for brain, oral, acral, cardiac, kidney, liver, lung, bowel,
and genital abnormalities. The clinical phenotypes of all subjects are

summarized in Table 1.

2 | CASES
2.1 | Case A

Patient A is currently 2 years 10 months old. He was conceived via
intrauterine insemination and a sperm donor, with no known family his-
tory of either congenital heart disease or SLOS. The clinical suspicion
of SLOS was raised at birth due to 2/3 syndactyly, facial dysmorphisms,
and poor oromotor coordination. The diagnosis was biochemically con-
firmed in the first week of life with a 7-DHC level of 78.69 pg/mL (ref-
erence range 0.04-0.36 pg/mL) and a total cholesterol level less than
50 mg/dL. His severity score>* was in the mild range at 2 out of a total
of 20 possible points (1 point for 2/3 syndactyly and 1 point for cryp-
torchidism/hypospadias).

Patient A’s initial echocardiogram after birth found normal anat-
omy with a PDA and patent foramen ovale (PFO). After an admission
for respiratory distress at the age of 2 months, an echocardiogram was
performed that demonstrated severe pulmonary artery hypertension
with right ventricular (RV) hypertrophy and RV pressure likely greater
than systemic pressure. The patient was transferred to our institution
and a follow-up echocardiogram noted bilateral upper pulmonary vein
stenosis, 20 mm Hg in the right upper vein (RUPV) and 15 mm Hg in
the left upper vein (LUPV). A catheterization revealed severe RUPV
stenosis, near atresia of the right lower pulmonary vein (RLPV), moder-
ate LUPV stenosis, and left lower pulmonary vein (LLPV) atresia. The
initial RV pressure was 54 mm Hg compared with an aortic pressure of
68 mm Hg. All patent veins were balloon dilated and the final PA pres-
sure was 71 mm Hg compared with an aortic pressure of 94 mm Hg.

Four days later, a sutureless repair of the pulmonary veins was per-
formed, along with a fenestrated closure of the PFO and ligation of the
PDA. At the time of surgery, the RV pressure was 30 mm Hg, com-

pared with an aortic pressure of 65 mm Hg. The operative course was
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TABLE 1 Clinical phenotype of the five PVS-SLOS subjects, including the SLOS severity score, as described by Kelley and Hennekam.2*

Prenatal and
neonatal
course

Karyotype
Severity score

Brain

Oral

Acral

Eye

Cardiac

(excluding

PVS)

Kidney

Liver

Lung

Bowel

Genitalia

Facial features

Endocrine

Cholesterol
replacement

SLOS severity
scoring criteria

Seizures, CNS
malformations,
gyral defects

Bifid uvula, cleft
palate

Y-shaped 2/3 toe
syndactyly, polydac-
tyly, club foot

Cataracts, micro-
phthalmia

Single chamber or
vessel defect, com-
plex cardiac malfor-
mation

Cystic kidney dis-
ease, renal agenesis

Structural abnormal-
ity, progressive he-
patic disease

Abnormal lobation,
hypoplasia, pulmon-
ary cysts

Pyloric stenosis,
Hirschsprung disease

Hypospadias, ambig-
uous genitalia

Case A

36-Week di-di twin
gestation

XY
2 (mild)

Hypotonia, poor
oromotor reflex

2/3 Syndactyly

Case B

39-Week gestation

XY (undervirilized)
7 (classical)

Hypotonia, poor
oromotor reflex,
cerebellar vermis
hypoplasia, promi-
nent 4th ventricle,
sacral pit, tethered
cord

Posterior cleft palate,
retrognathia

2/3 Syndactyly

Eyelid hemangioma ...

PFO, PDA at 2 mo

Pelvic kidney

GE reflux, gastric
dysmotility, failure
to thrive,
gastrostomy tube

Cryptorchidism,
hypospadias

Ptosis, short
upturned nose,
depressed nasal
bridge, low-set
posteriorly rotated
ears, bitemporal
hollowing

Adrenal
insufficiency

Yes

ASD, PDA

Horseshoe kidney,
hydronephrosis

Undervirilized
genitalia (XY),
cryptorchidism

Prominent nasal
bridge, short
anteverted nasal tip,
low-set ears

Adrenal insufficiency

Yes

Case C

35-Week gestation,
preterm labor, rup-
ture of membranes,
breech presentation,
small for gestational
age

XY
4 (classical)

Hypotonia, sacral
pit, tethered cord,
microcephaly

Retrognathia

2/3 Syndactyly

ASD, memVSD, mild
PPS, dilated aortic
root

Nephrocalcinosis, hy-
dronephrosis

Inguinal hernia,
gastrostomy tube

Hypospadias, bifid
scrotum,
cryptorchidism

Upturned nose

Adrenal insufficiency
(assumed)

Yes

Case D

39-Week gestation,
breech presentation,
fetal anomalies

XY
6 (classical)

Cerebral atrophy,
enlarged ventricles,
low occipital and
parietal lobe
volumes, hypotonia

Cleft soft palate,
micrognathia (Pierre
Robin)

2/3 Syndactyly, bilat-
eral finger polydac-
tyly

PFO, PDA at 3 mo

Urethral obstruction,
prostatic utricle

Complete tracheal
rings

Gastrostomy tube

Hypospadias

Small upturned nose

Yes

Case E

39-Week gestation,
intrauterine growth
restriction

XX
4 (classical)

Hypotonia,
polymicrogyria,
poor oromotor reflex

High palate

2/3 Syndactyly, club
foot

PFO, PDA

Low-set malrotated
kidneys, echogenic
cortex

Hypertelorism, large
low-set ears, smooth
philtrum, upturned
nose, ptosis,
bitemporal narrowing

Yes

Abbreviations: ASD, atrial septal defect; memVSD, membranous ventricular septal defect; PDA, patent ductus arteriosus; PFO, patent foramen ovale;
PPS, peripheral pulmonary stenosis.
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complicated by an MCA stroke and sepsis. Pathology from the resected
veins was notable for proliferative fibromyxoid tissue. Two weeks after
surgery, the patient began 1 year of medical PVS therapy with imatinib
mesylate and bevacizumab.

Two subsequent catheterizations were performed at 4 months and
24 months of age. At 4 months, 2 months from the sutureless repair,
there was significant proximal stenosis of all pulmonary veins, with
recurrence of the LLPV atresia. The patent veins were again balloon
dilated with improved pressure gradients and angiographic appearance.
At 24 months, there was stable LLPV atresia and stable mild proximal
narrowing of the LUPV. There was mild recurrence of RUPV stenosis
that was successfully balloon dilated. The most recent echocardiogram
at 25 months revealed a mean gradient of 3 mm Hg across the RUPV
with laminar flow from the RLPV. The left-sided veins were not eval-
uated. The RV pressure was estimated to be less than 50% systemic.

He has been followed for a total of 32 months.

2.2 | Case B

Patient B was born with ambiguous genitalia, facial dysmorphisms,
2/3 toe syndactyly, and hypotonia, and SLOS was suspected. The
7DHC level was obtained hours after birth and was 41.2 pg/mL
(reference range <2). There was no family history of SLOS, nor was
there any consanguinity. Subsequent genetic testing demonstrated
pathogenic gene mutations in the DHCR7 protein: IVS8-1 G>C
(intron 8 splice acceptor/frameshift) and C380R (exon 9 missense
mutation). This compound heterozygote combination has been previ-
ously described with a severe phenotype.'®?®> The SLOS severity
score®* was in the classical range at 7 (1 point for vermis hypopla-
sia, 2 for cleft palate, 1 for 2/3 syndactyly, 1 for horseshoe kidney,
and 2 for ambiguous genitalia).

An echocardiogram obtained at birth due to the dysmorphisms
and mild tachypnea noted a large ASD, a large PDA with bidirectional
flow, and PVS. Ten days later, there was worsening tachypnea and
bilateral PVS disease across stenotic membrane-like orifices. The right-
sided pulmonary vein gradient was 20-25 mm Hg and a left-sided gra-
dient was 5-8 mm Hg. At 2 weeks of life, the patient was taken to the
catheterization lab, which revealed an RV pressure that was 75% sys-
temic pressure. There was one nearly atretic and one stenosed LUPV.
The accessible vein had a gradient of 40 mm Hg that was unsuccess-
fully balloon dilated. There was a stenotic common right pulmonary
venous orifice that was balloon dilated, resulting in a decrease in gradi-
ent from 29 to 21 mm Hg. There was no significant change in the RV
pressure compared with the systemic pressure. The LLPV was found to
be widely patent. At 5 weeks of life, the patient acquired new tachyp-
nea and an oxygen requirement, so he was taken back to the catheteri-
zation lab. The RV pressure was equivalent to the systemic pressure
and increased to 150% of systemic pressure in the setting of a reactive
vascular bed. Angiography demonstrated severe and rapid progression
of PVS with new bilateral stenosis of the pulmonary veins. The previ-
ously nearly atretic LUPV was now completely atretic. The rewired
LUPV, the RLPV, and the newly stenosed LLPV were balloon dilated at
their insertions into the left atrium (LA). The RUPV could not be

accessed and was suspected of being atretic. After these findings were

discussed with the family, the decision was made to halt further inter-
ventions. The patient was transferred to a local hospital and passed

away 10 days later at 7 weeks of life.

23| Case C

Patient C is currently 16 months old. He was 1.87 kg at birth, small for
gestational age. Hypotonia, 2/3 syndactyly, hypospadias with a bifid
scrotum, microcephaly, and an upturned nose prompted an evaluation
(Figure 1) for SLOS. At 2 days of life, the 7-DHC level was 61 pg/mL
(reference range 0.04-0.36), while the total cholesterol level was
40 mg/dL, confirming the diagnosis. Chromosomal analysis revealed a
normal 46, XY karyotype. There was no family history of SLOS or PVS,
nor was there any reported consanguinity in the family. The patient’s
total SLOS severity score?* was in the classical category at 4 (1 point
for hypospadias and cryptorchidism, 1 for 2/3 syndactyly, 1 for micro-
cephaly, 1 for VSD).

Patient C was found to have a persistent murmur after birth
and was diagnosed with a membranous VSD, small ASD/PFO,
dilated aortic root, and mild peripheral pulmonary stenosis. There
was no pulmonary venous obstruction 3 weeks later, but at 6 weeks
of life, there was 6-8 mm Hg of obstruction at the RLPV, with nor-
mal RV pressure. At that time, the patient was without any respira-
tory symptoms but was experiencing slow weight gain. By 8 weeks
of life, there was bilateral involvement of all four pulmonary veins.
At 4 months of life, cardiac catheterization found proximal stenosis
of three vessels, but the RV pressure was less than 33% systemic
pressure. The stenosis of the RUPV was dilated down from 10 to
2 mm Hg, the RLPV from 8 to 2, and the LUPV down to 6. There
was no LLPV disease.

Six days later, the patient was taken to the operating room for a
VSD closure, tricuspid valvuloplasty, ASD closure with fenestration,
PDA ligation, and ostial resection of the RU/RL/LU pulmonary veins
with a sutureless repair of the right-sided veins, leaving no residual
VSD, a small patent atrial fenestration, and an RLPV gradient of 5 mm
Hg. Pathologic specimens were notable for intimal fibrosis and myxoid
change within the veins. The patient began medical therapy with imati-
nib mesylate and bevacizumab 1 week later. Two weeks after the
sutureless repair, a lung scan and echocardiogram suggested progres-
sion of disease, so he was taken back to the catheterization lab. There
was only mild recurrent disease after 21 days from the initial cath, with
unchanged RV pressure (33% systemic). The mild right middle pulmo-
nary vein (RMPV) ostial obstruction was dilated with a cutting balloon,
reducing the gradient from 6 to 2 mm Hg. In total, he has had 7 cathe-
terizations since diagnosis. All four vessels have demonstrated recur-
rence and progression, and the RV pressure peaked at 10 mm Hg
above the systemic pressure, which normalized to a degree when the
vessels were dilated. The RMPV has become atretic. At 13 months of
age, the RV pressure was 83% systemic at the start of the catheteriza-
tion with recurrence of proximal ostial atresia in all other pulmonary
veins. However, the LUPV had an 8-10 mm Hg gradient due to a tor-
tuous course, rather than intraluminal disease. All stenotic veins were
balloon dilated with angiographic improvement. After dilation, the RV

pressure fell to 50% of the systemic pressure. The patient remains
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under active surveillance (now 14 months since diagnosis) and has
completed the imatinib mesylate and bevacizumab therapeutic

protocol.

24 | Case D

Patient D was suspected of having SLOS at birth due to a small
upturned nose, cleft soft palate, 2/3 toe syndactyly, bilateral polydac-
tyly of his upper extremities, and hypospadias. At 1 month of life, the
7-DHC level was 155 pg/mL (reference range <2), and the final diag-
nosis was made. Genetic testing revealed that the patient was hetero-
zygous for IVS8-1 G>C (intron 8 splice acceptor/frameshift) and
V326L (exon 9 missense mutation in a highly conserved region) in the
DHCR7 gene.'® There was no family history of SLOS, PVS, or consan-
guinity. The total SLOS severity score?* was in the classical category at
6 (2 points for cleft palate, 2 for syndactyly and polydactyly, 1 for brain
atrophy, and 1 for hypospadias).

Due to his congenital anomalies, Patient D had a normal screening
echocardiogram after birth that noted a PDA and a PFO. One month
later, an echocardiogram was performed due to systemic hypertension
that demonstrated possible pulmonary venous obstruction. A post hoc
review of his initial study appreciated somewhat turbulent pulmonary
venous flows. One week later, additional imaging demonstrated a com-
mon, stenotic orifice of all four pulmonary veins, with a 9 mm Hg gradi-
ent into the LA. Later studies reported a common left pulmonary
venous confluence that drained into the right side of the LA and steno-
sis of the three right pulmonary veins as they entered the LA. By 3
months of life, there was a peak echocardiographic gradient of 12-
18 mm Hg on the left and 11 mm Hg on the right, so he was taken to
the catheterization lab. There, his RV pressure was 75% systemic, with
near-total occlusion of his left pulmonary venous confluence. This vein
was recanalized and after dilation, there was a 12 mm Hg gradient into
the LA. The distal left veins were markedly hypoplastic and much of
the pulmonary blood flow was decompressed by veno-venous collater-
als. The right-sided veins drained together into the LA through a tight
ring with a gradient of 6-8 mm Hg and intervention was not
attempted.

Five days later, he was taken to the operating room where he
received a debriding of the waist of the right-sided pulmonary venous
orifice and a sutureless repair of the nearly atretic common left PV,
leaving a 5 mm Hg gradient to the right veins and patent flow from the
left-sided vein by epicardial echocardiogram. Pathology from the sur-
gery noted increased elastic tissue fibers and mild intimal myxoid
changes in the right vein tissue. There was normal tissue in the LPV
stenosis excisional biopsy. On postoperative day 10, there was a 2-
3 mm Hg gradient across the bilateral lower veins, a patent RUPV, and
an atretic LUPV by echocardiogram.

On a routine echocardiogram 7 weeks after discharge, there was
significant recurrence of the stenosis with associated RV dilation and
dysfunction. Other than intermittent episodes of tachypnea, he was
generally asymptomatic. He returned to the catheterization lab 2
months after his first surgery and was found to have systemic RV pres-
sures, with mean PA pressures of 41 mm Hg, a PVR of 11 indexed
Wood units, and diffuse PVS. There was atresia of the RLPV orifice,
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peripheral hypoplasia of the LPVs and the RLPV, and stenosis of all
remaining orifices. The RLPV was recanalized and the other veins were
dilated as well, resulting in the RV pressure falling to 66% systemic. In
the days after the cath, additional studies were performed, including an
airway evaluation, lung scan, and repeat echocardiogram. The family
decided to defer additional interventions and brought their child home
with hospice care. The patient passed away 6 months later at the age
of 11 months.

25| Case E

Patient E was born full term, but remained in the NICU for 3 weeks
due to hypotonia and feeding issues. Features consistent with SLOS
were noted at 5 weeks of life when she was admitted with tachypnea.
Gene testing was not available at that time, but biochemical testing
demonstrated a 7-DHC level of 87 nug/mL (reference range <2) with
total cholesterol of 21 mg/dL. Her severity score?* was in the classical
range at 4 (2 points for gyral defects, 1 point for syndactyly, and 1
point for club foot).

During her admission for tachypnea, a chest x-ray revealed an
enlarged heart and pulmonary vascular congestion. An echocardiogram
was performed and demonstrated normal structural anatomy with a
PFO, a PDA, suprasystemic RV pressures with RV hypertrophy, and
significant PVS of all four veins. There was near atresia of the RPVs
and the common orifice of the LPVs was covered by a membrane, cre-
ating a peak gradient of at least 12 mm Hg. The LLPV was small in size
and the LUPV was normal to large. Three days after admission, the
patient was taken for catheterization. She was found to have RPV atre-
sia with severely hypoplastic veins and LPV osteal stenosis with a
mean pressure gradient of 4-5 mm Hg. The RV pressure was 135% of
the systemic pressure. No interventions were performed. Two days
later, she was taken to the operating room where a sutureless repair of
the bilateral pulmonary veins was performed. The ASD was patched
with a fenestration. After bypass, there was no left-sided obstruction
but the RPVs were very small with turbulent blood flow. Pathology
from the resected veins demonstrated intimal proliferation of spindle
cells in myxoid stroma that stained positive for smooth muscle actin
and negative for CD34.

Three weeks after discharge from her month-long admission, an
echocardiogram at a scheduled cardiology clinic visit demonstrated
re-stenosis of the LPVs with a mean gradient of 8-9 mm Hg and a
peak gradient of 13-14 mm Hg. Flow from the RPVs was not
visualized and the RV pressure was systemic. Within 24 hours, she
was admitted due to tachypnea and intubated 2 days later. At 3
months of age, nearly 2 months after her first surgery, Patient E
was taken back to the operating room for left-sided sutureless mar-
supialization. Postoperatively, the RV pressure was 75% systemic
and pathology demonstrated intimal spindle cell proliferation and
focal scarring. There was significant postoperative bleeding in the
first 24 hours. An EEG was performed on the second day after sur-
gery that demonstrated diffuse cortical dysfunction with encephalop-
athy. Two days later, she was found to have a severe thrombotic
SVC obstruction. Anti-thrombotics were initiated, but she died from
cardiogenic shock. She had been followed for PVS for 57 days.
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3 | DISCUSSION

Herein, we describe an unexpected association between children
with Smith-Lemli-Opitz syndrome and the development of pulmo-
nary vein stenosis. The five cases of PVS-SLOS were all diagnosed
with SLOS soon after birth with no prior family history of the syn-
drome. The diagnosis was made clinically with confirmatory lab val-
ues (high 7-DHC and low cholesterol). Two of the five cases were
genotyped, and those cases were compound heterozygous for previ-
ously reported pathogenic SLOS mutations. SLOS severity scores®*
ranged from mild to classical (2-7), with no severe cases. Gestational
age at birth ranged from 35 to 39 weeks, and none of the children
were diagnosed with BPD. Only one case had suspected fetal
anomalies. All but one of the five cases were male (confirmed by
karyotype).

These five cases were identified at a single institution which
has served as a referral center for aggressive PVS. Treatment proto-
cols have evolved from an early focus on surgical resection using
sutureless techniques®® coupled with catheter-based intervention.”
More recent attempts to suppress myofibroblast activity with bio-
logic agents,*® initially with antiproliferative drugs,’ and more
recently with agents targeted at receptor tyrosine kinases present
on the myofibroblasts.>*? Over time, there has been an increasing
emphasis on aggressive surveillance to identify and treat recurrences
with catheter-based interventions to maintain a healthy pulmonary
vascular bed.

Compared with several published groups of PVS subjects (Table 2),
our subjects were diagnosed with primary PVS earlier than the typical
mean age (birth to 2 months, versus mean ages greater than 7
months).1?2%2¢ Three of the diagnoses were incidental findings on
screening echocardiograms, but the other two children were diagnosed
in the setting of respiratory distress. Four cases had bilateral stenosis
at diagnosis, and the other rapidly progressed from a single stenotic
vein to bilateral disease in four vessels within 2 weeks. Three cases
developed atresia of at least one vein. Additional cardiac anomalies
included PDA, ASD, VSD, dilated aortic root, peripheral pulmonary ste-
nosis, and a possible cor triatriatum, but there were no cases of abnor-
mal pulmonary venous connections (ie, total or partial APVC),
heterotaxy, or single ventricle physiology. After diagnosis, all subjects
were taken to the catheterization lab within O to é weeks. Four of the
subjects underwent balloon dilation of the stenotic vessels. Soon after-
ward, four cases underwent sutureless repair of their PVS, but the ste-
nosis rapidly recurred and progressed 2 to 6 weeks after intervention
in all five cases. In total, the subjects were followed for 2 to 23 months,
having gone to the catheterization lab 1 to 7 times. Due to severe,
unrelenting PVS recurrence, three children died, at 2 months, 3
months, and 11 months. The other two subjects were enrolled in an
anti-proliferative drug trial** and are currently 16 and 34 months old.
The older child had recurrence of single vessel PVS 2 months after
completion of 48 weeks of imatinib mesylate/bevacizumab. Overall
survival after diagnosis of PVS was 64% at 6 months, and 43% at 16

months.

A pathophysiologic connection that explains the overrepresenta-
tion of patients with SLOS in our cohort of PVS has not yet been
established. Studies investigating the genetic basis for PVS are limited.
A single genome-wide linkage analysis study of a consanguineous Turk-
ish family with PVS found a locus that mapped to chromosome 2g35-
2g36.1. Although only 12 candidate genes of the 88 genes located in
the region were sequenced, no disease-causing mutations were identi-
fied. Despite this, several genes were related to angiogenesis, including
angio-associated migratory cell protein (AAMP), ephrin receptor A4
(EPHRAA4), sphingosine-1-phosphate phosphatase-2 (SGPP2), C-terminal
domain of small phosphatase 1 (CTDSP1), secretogranin Il (SCG2),
potassium voltage-gated channel, Isk-related family, member 4
(KCNE4), serine/threonine kinase 16 (STK16), serine/threonine protein
kinase 36 (STK36), and serine/threonine protein kinase 11 interacting
protein (STK11IP)2” An analysis of our institution’s PVS cohort
revealed chromosomal abnormalities or a genetic diagnosis in nearly
70% of the subjects.® To date, the genetic basis of PVS remains
unknown.

In contrast, there has been significant progress in explaining
how the metabolic derangement associated with SLOS translates
into structural malformations and cognitive disabilities.?> Elevated
levels of 7-DHC have been found to be cytotoxic to neurons due
to increased oxidative stress induced by 7-DHC peroxidation,?® and
to promote anti-proliferative effects.?’ The anti-proliferative effects
of 7-DHC are supported further by studies in a mouse model of
SLOS that demonstrated altered pulmonary alveolar vascular devel-
opment.®® 7-DHC can also affect cellular signaling pathways by
replacing cholesterol in lipid rafts, which contain a number of signal-
ing molecules and receptors that regulate endothelial homeostatic
functions and vascular smooth muscle cell/myofibroblast prolifera-
tion. These molecules and receptors include endothelial nitric oxide
synthase, NADPH oxidase, the VEGF receptor, and the TGF-8
receptor.®* TGF-B, in particular, has been shown to play a role in
the pathophysiology of “upstream” PVS, by modulating endothelial-
to-mesenchymal transformation and intimal thickening.3? In addition,
some of the genes related to PVS are known to interact with and
modulate these signaling intermediaries. It is also possible that one
or more 7-DHC-derived oxysterols may be involved in signaling
pathways that regulate myofibroblast proliferation and vascular
remodeling.>®

Intriguingly, many of the congenital malformations associated with
SLOS can be linked to altered sonic hedgehog (SHH)-Patched/Smooth-
ened-Gli signaling.3*®> SHH is a signaling molecule instrumental in
pattern formation within the developing embryo and relies on post-
translational modification with cholesterol to activate fully. SHH
expression regulates cardiopulmonary mesoderm progenitors, such as
the cardiac neural crest cells and second heart field cells, that are
required for connecting the pulmonary vasculature to the heart.%®
Alterations in the hedgehog signaling cascade could explain the associ-
ation between SLOS and anomalous pulmonary venous connection.
Genetic studies have identified STK36, which is a modifier of Gli func-

tion, in a PVS disease locus.?”
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Recent work using induced pluripotent stem cells derived from
patients with SLOS identified downregulation of the canonical Wnt/
B-catenin signaling pathway as a key mediator of neuronal abnormal-
ities. This study demonstrated that 7-DHC has a direct inhibitory effect
on formation of a functionally active Wnt receptor complex.®” Wnt sig-
naling has been shown to regulate ephrin receptor expression
(EPHRA4), which was identified as an important gene in the PVS dis-
ease locus. 2”38

Finally, the association between premature birth and primary PVS
may provide insight into the intimal proliferation seen in PVS. The pre-
mature infant is prone to diseases of inflammation, such as BPD and
retinopathy of prematurity (ROP), and inflammation is a known factor
in the initiation of vascular intimal proliferation.3 BPD is a neonatal
inflammatory condition of immature pulmonary capillary beds*® that is
also associated with abnormal pulmonary vasculature.** ROP is caused
by altered retinal vasculogenesis that can be incited by the inflamma-
tory state.*? Alterations in the mechanism of cell signaling and inflam-
mation regulation due to the low cholesterol and elevated 7-DHC
levels in SLOS may play a role in the predisposition of children with
SLOS for the development of the vascular intimal proliferation seen in
PVS. For example, cholesterol has been shown to play a role in VEGF-
related signaling, which could impact vascular proliferation.*® In addi-
tion, the oxidative stress that is caused by 7-DHC33 is likely at its peak
in the pulmonary venous bed, as the partial pressure of oxygen is high-
est in these vessels. This stress may promote intimal proliferation in
the pulmonary veins.

Ultimately, we can only propose hypotheses on the pathophysio-
logical and embryological connections between Smith-Lemli-Opitz syn-
drome and pulmonary vein stenosis. Despite ascertainment bias in our
unique cohort of children with PVS who present for further treatment
to our institution, the significantly increased incidence of SLOS in our
cohort suggests that there are possible connections between the two
conditions. Similar descriptive studies of PVS cohorts have also inci-
dentally included rare subjects with SLOS.2?® Further studies into the
pathophysiology of PVS should consider the role of cholesterol-based
signaling pathways in the promotion of intimal proliferation. There is
insufficient evidence at this time to suggest that the natural history of
PVS associated with SLOS is different than nonsyndromic PVS. Infants
newly diagnosed with PVS who have suggestive syndromic presenta-
tion should be screened for SLOS with easily obtainable serum sterol
tests (cholesterol and 7-DHC levels). Additionally, clinical providers
who care for children newly diagnosed with SLOS should be cognizant
that an initially normal echocardiogram does not rule out the potential
for rapid development and progression of pulmonary vein stenosis. As
with nonsyndromic PVS, early echocardiograms may be normal prior to
the development of a life-threatening cardiac condition. Development
of unexplained respiratory distress or poor growth should prompt
repeat echocardiographic investigation and consideration should be
made to repeat the study in children with SLOS at 2 to 3 months of life
even without symptoms of PVS. Upon diagnosis of this complication,
urgent referral to a PVS center will be necessary to initiate appropriate

therapies.
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