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Abstract

Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary kidney
disease. Relentless cyst growth substantially enlarges both kidneys and culminates in renal failure.
Patients with ADPKD also have vascular abnormalities; intracranial aneurysms (1As) are found in
~10% of asymptomatic patients during screening and in up to 25% of those with a family history
of 1A or subarachnoid haemorrhage. As the genes responsible for ADPKD—PKD1 and PKD2—
have complex integrative roles in mechanotransduction and intracellular calcium signalling, the
molecular basis of 1A formation might involve focal haemodynamic conditions exacerbated by
hypertension and altered flow sensing. 1A rupture results in substantial mortality, morbidity and
poor long-term outcomes. In this Review, we focus mainly on strategies for screening, diagnosis
and treatment of 1As in patients with ADPKD. Other vascular aneurysms and anomalies—
including aneurysms of the aorta and coronary arteries, cervicocephalic and thoracic aortic
dissections, aortic root dilatation and cerebral dolichoectasia—are less common in this population,
and the available data are insufficient to recommend screening strategies. Treatment decisions
should be made with expert consultation and be based on a risk—benefit analysis that takes into
account aneurysm location and morphology as well as patient age and comorbidities.

Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is the most common inherited
kidney disease, affecting 1 in 400 to 1 in 1,000 individuals.! In 2011, ADPKD accounted for
8% of incident and 4.8% of prevalent patients on dialysis in the USA.2 Mutations in either
PKD1 (located on chromosome 16p13.3) or PKDZ2 (located on chromosome 4¢22.1) account
for most cases of the disease.3 Expansion of multiple cysts scattered throughout the renal
parenchyma is characteristic of ADPKD. Cyst expansion produces a dramatic increase in
total kidney volume?* and commonly leads to the development of kidney failure requiring
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renal replacement therapy by the middle of the 6! decade of life. All of the kidney
complications of ADPKD (that is, haematuria, cyst infection, nephrolithiasis, pain,
abdominal distension and hypertension) are related to the growth of cysts.> Mutations in
PKD1and PKDZtrigger a cascade of cellular and molecular events that result in the
formation of cysts in the kidney and liver and lead to a multitude of extrarenal pathologies
affecting the vasculature, heart valves, seminal vesicles and other tissues. Our understanding
of the pathogenesis of the extra-renal manifestations of ADPKD is extremely limited.
Vascular abnormalities, particularly those associated with intracranial aneurysm (1A) rupture
or arterial dissection are among the most serious complications of ADPKD.

Here, we review the vascular complications of ADPKD, including the clinical
manifestations, management, and the relationship to pathophysiological mechanisms. Our
discussion focuses primarily on IAs, which are fairly common and have the potential for
devastating complications. Aneurysm rupture can result in permanent neurological
impairment and death. Other vascular complications are not as common, unpredictable in
their onset and less fully studied. Vascular complications are not generally associated with
autosomal recessive polycystic kidney disease although isolated case reports exist of 1As in a
child and in two young adults with this disease.6-8

Vascular phenotype

Dissections and aneurysms of almost every large artery—including the aorta (Figure 1),
coronary arteries, cervico-cephalic arteries, vertebral arteries (Figure 2) and cranial arteries
(Figure 3)—have been reported in patients with ADPKD (Tables 1 and 2). The presence of
this wide array of vascular abnormalities has led to the hypothesis that polycystins might be
required to maintain vascular integrity.® The expression patterns of polycystin-1 and
polycystin-2 are permissive; in mice genetic reporter studies have confirmed high levels of
Pkd1 expression throughout the embryonic and adult cardiovascular system, including in the
heart, aortic outflow tract and all major vessels.19 On a cellular level both proteins are
expressed in the endothelial cells and vascular smooth muscle cells (VSMCs) that make up
the vascular wall 11-13

Several lines of experimental data support the concept of a vascular phenotype in ADPKD.
In mice, targeted homozygous mutation of either PkdZ or Pkd2results in embryonic lethality
with subcutaneous oedema, focal vascular leaks and haemorrhage.914 Mice with a
hypomorphic PkdI allele that results in a significant reduction in polycystin-1 levels are
viable but develop extensive aneurysm formation of the descending thoracic and abdominal
aorta.15 The Cre-/ox system has been used to investigate the role of polycystins in individual
cell types. Deletion of either Pkd1 or Pkd2in endothelial cells partially recapitulates the
vascular phenotype observed in knockout mice with increased fetal demise, occasional
haemorrhage and defects in branching of placental vessels.13 Deletion of Pkd in VSMCs,
however, yields a surprisingly mild result with normal survival but a gradual degeneration of
elastic fibres in the ascending aorta.16 These partial vascular phenotypes might result from
incomplete activity of various Cre recombinases or could reflect a requirement for
polycystin inactivation in multiple cell types.
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Taken together, the available data suggest that polycystins have an important role in the
development and maintenance of the vascular system. The precise cellular pathways that are
disrupted by polycystin deficiency are now being investigated. Experimental evidence
suggests that the polycystin complex functions as a flow sensor in the primary cilia of renal
epithelium.2” Wild-type endothelial cells respond to fluid shear stress by increasing
cytosolic calcium and nitric oxide levels, whereas PkdZ™~ and Pkd2™~ fetal aortic
endothelial cells lack this response.18:19 Defective release of nitric oxide—a potent
vasodilator—in response to fluid shear stress has been hypothesized to contribute to
hypertension in ADPKD.18 Although loss of Pkd1 and Pkd?yield similar endothelial cell
phenotypes, a study has suggested that polycystin-1 and polycystin-2 have antagonistic
effects in vascular myocytes.20 Deletion of PkdZ in VSMCs reduced the activity of stretch-
activated channels and resulted in decreased arterial myogenic tone, whereas knockdown of
Pkd2in Pkdl™" arteries rescued the myogenic response. These results are counterintuitive
as inactivation of either PKD1 or PKDZ2Yyields identical phenotypes in most other systems.
More work is needed to define whether these cellular phenotypes contribute to aneurysm
formation /in vivo.

Genetics of aneurysm formation

Familial clustering of 1As in patients with ADPKD suggests that features of the germline
mutation in PKDI1 or PKDZ might predispose to this phenotype. Mutation analyses by two
independent groups have identified a recurrent two base pair deletion in PKD1 (5224del2) in
unrelated families with ADPKD and I1A.2122 Moreover some, but not all, investigators have
reported that the median position of the PKDI mutation is located closer to the N-terminal in
individuals with a vascular phenotype than in those without vascular abnormalities.22:23

The mechanism by which specific PKD mutations predispose to a vascular phenotype
remains unclear. Although certain mutations might increase the risk of developing an
aneurysm, not all individuals from high-risk families will experience vascular complications.
Several models might account for intrafamilial variability with respect to this phenotype.
Aneurysm formation could depend on focal, somatic and random loss of the wild-type PKD
allele in vascular tissue, as has been demonstrated in the cyst lining epithelium of the kidney
and liver.24-26 The finding that endothelial cells that are heterozygous for Pkd2 mutations
have a normal response to shear stress is consistent with the requirement for a two-hit
mechanism of aneurysm formation.1927 However, such a mechanism would be challenging
to prove in patients because of difficulty in isolating the target cell population from
aneurysmal vessels.

Another potential genetic mechanism of aneurysm formation was suggested by reports that
haploinsufficiency for Pkd2results in a variety of cellular and vascular defects in mice.28-31
VSMCs isolated from mice that were haploinsufficient for Pkd2 demonstrated altered
intracellular calcium homeostasis with decreased levels of resting calcium, decreased Ca2*
stores in the sarcoplasmic reticulum and a decrease in store-operated CaZ*channel activity.28
These fairly subtle abnormalities in intracellular calcium homeostasis had phenotypic
consequences. The haploinsufficient mice had more intracranial vascular abnormalities than
their littermate controls when subjected to severe haemodynamic stress including
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nephrectomy, carotid artery ligation and subcutaneous deoxycorticosterone acetate
administration. In addition, aortic rings and mesenteric resistance arteries from these animals
exhibited enhanced vascular reactivity in response to phenylephrine. These findings suggest
that loss of one Pkd2 allele creates a sensitized state that might be susceptible to genetic
modifiers of disease severity.

Genetic analysis of families with ADPKD and features of overlap connective tissue
disorders such as Marfan syndrome (MFS) might also provide some clues regarding
signalling pathways that could modify the propensity toward aneurysm formation in
ADPKD.32 Marfan syndrome is caused by autosomal dominant mutations in the extracelluar
matrix protein fibrillin-1 and is characterized by aortic root aneurysm and rupture.33 The
pathophysiologic basis of MFS involves up-regulation of TGF- and downstream
pathways.34-36 Data from murine models demonstrate that heterozygosity for PkdZ can
exacerbate the MFS phenotype.1® Both Pkd1?/~VSMCs and PkdZ~~ murine embryonic
fibroblasts exhibited a heightened response to TGF-B1, suggesting that this genetic
interaction results from further upregulation of TGF-f signalling caused by
haploinsufficiency for Pkd2.16 In addition, selective deletion of PkdZ from VSMCs in the
aorta resulted in upregulation of TGF-f signalling and gradual degeneration of elastic fibres
(Figure 4). Modifiers that increase the activity of TGF-f signalling might, therefore, increase
the risk of vascular complications in ADPKD. Genome-wide association studies (GWAS) in
large cohorts of individuals without ADPKD have identified numerous loci that might be
risk factors for the development of 1A.37 GWAS in the ADPKD population might be
similarly successful in identifying those at greatest risk, but will require the enrolment of
large numbers of families with ADPKD and aneurysms.38

Aysmptomatic intracranial aneurysms

Natural history

Limited information on the natural history of 1As in patients with ADPKD is available, and
is primarily from observational studies. 1As are more frequent in patients with ADPKD (~9-
12%)3%-42 than in the general population (~2—3%:; Table 1)*3 and are found in families with
PKDI or PKD2 mutations.224244 The difference in rates of IA rupture in patients with
ADPKD and the general population is consistent with the difference in prevalence,
suggesting a similar rupture risk in these populations. For example, in Rochester, MN, USA,
the rupture rate for patients with ADPKD is ~1 in 2,000 person years,*> compared with 1 in
10,000 person years in the general population.® The average age of IA rupture in patients
with ADPKD is 41 years, approximately 10 years earlier than in the general
population.45:47-49

A study by Belz and colleagues that included 20 patients with ADPKD and 1As—11 of
whom had ruptured 1As at the time of initial diagnosis—reported that the earliest change in
the size of an existing aneurysm or appearance of a new aneurysm occurred after 10.4 years
of follow-up.%° During a mean follow-up period of 15.2 years, five patients developed a new
IA in a different location from their initial 1A and two of these patients also experienced an
increase in the size of their existing IA. 10 patients underwent further 1A surgery at a mean
of 8.1 years (range 1.3-17 years) after their initial diagnosis, one patient experienced
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recurrent rupture, and no patients died during follow-up. Risk factors for the development of
anew IA or an increase in the size of an existing 1A were not identified.

The risk of 1A expansion and rupture in patients with ADPKD was also assessed in a study
of 38 patients with unruptured saccular 1As detected during pre-symptomatic screening.*2
No aneurysm ruptures were reported during a cumulative clinical follow-up period of 316
years (mean 7.9 £ 6.2 years). At diagnosis, the median diameter of the 45 detected 1As was 3
mm (range 2-10 mm); 84% of IAs were located in the anterior circulation. Two existing 1As
expanded in size during follow-up (4.5-5.9 mm over 69 months and 4.7-6.2 mm over 184
months) and one patient developed a new IA, which expanded from 2 mm to 4.4 mm over
144 months. Thus the risk of rapid expansion or rupture of small unruptured 1As detected by
presymptomatic screening in patients with ADPKD is quite low, although rapid expansion
might not equate to interval growth.

Imaging techniques—Screening for 1A can be performed using high-resolution CT
angiography (CTA) or time-of-flight magnetic resonance angiography (MRA) (Figures 3
and 5). A direct comparison of 3T time-of-flight MRA with 64 channel multi-detector CTA
showed that these techniques have comparable sensitivity and specificity for detection of 1A
and can detect IAs as small as 2-3 mm.51-53 MRA is, however, the screening method of
choice as gadolinium-based contrast agents are not required.

Strategy—IA rupture causing subarachnoid or intracerebral haemorrhage is the most
serious complication of ADPKD, resulting in grave neurological morbidity or mortality in
more than 50% of cases.>*2° As IA rupture is frequently catastrophic, early detection and
intervention in appropriate individuals is highly desirable. The only factor that predicts an
increased likelihood of 1A detection in patients with ADPKD, however, is a positive family
history of 1A or subarachnoid haemorrhage (SAH). Among patients with asymptomatic
ADPKD, the prevalence of unruptured IAs in those with such a family history ranges from
21-25% (Table 1), compared with 5-6% in those without a positive family history.39:42

As the prevalence of 1As and the risk of rupture of small 1As is low, screening of patients
with ADPKD has generally been advised only for those with a family history of ruptured 1A
or SAH, a previous IA rupture or SAH, a high risk occupation where rupture would place
the individual or others at high risk, those who require surgery that is associated with
haemodynamic instability and hypertension, and those who need the reassurance of a
negative result.8 Presymptomatic screening in these individuals should not be initiated
before the age of 18 years because rupture of IA in children is very rare. Initial screening
should, however, be performed by the age of 30 years, unless the family history of 1A is
particularly strong, in which case screening should be initiated earlier. If no 1A is found
during screening in a patient aged >30 years, rescreening at 5-10 year intervals has been
suggested based on the findings of Belz et a/°9 Those with known IA, previous rupture or
SAH should be screened at more frequent intervals.

Several decision analyses have been performed to evaluate the benefits of screening for 1As
in patients with ADPKD and in other populations.5”>8 Decision analyses performed for the
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general population are applicable to patients with ADPKD if assumptions regarding the
parameters used in the analyses are selected appropriately. Parameters that have been used in
these analyses include age, size and location of IA, prior probability of 1A, prior detection of
IA or SAH, and surgical or endovascular morbidity and mortality. Butler and colleagues
predicted that their strategy of screening all patients with ADPKD using MRA would
provide on average one additional year of life without neurological disability for a patient
with ADPKD aged 20 years, but an additional 10.8 years of life if an 1A was discovered and
treated.®® The benefit of screening decreased with increasing age. Their screening decision
model was most sensitive to the prevalence of IA, the annual rupture incidence, and the
morbidity and mortality rates associated with rupture.

The question of whether patients with ADPKD who are not deemed to be at high risk of 1A
rupture should undergo screening is controversial. Rozenfeld and colleagues recommend
screening for 1A using 3 T time-of-flight MRA in all patients with ADPKD at initial
diagnosis, and follow-up MRA imaging at intervals of 2-10 years, depending on patient-
specific risk factors including family history of IA or SAH, hypertension, smoking, alcohol
abuse, high risk professions or need for major elective surgery with potential haemodynamic
instability.>3 Other experts recommend initial screening only in patients with increased risk
of 1A rupture defined as those with a family history of 1A or SAH, a high-risk profession or
those undergoing major elective surgery with potential haemodynamic instability.#2 The
rationale for the latter, less-stringent screening strategy is that most detected 1As are small
with low risk of rupture. In view of the current uncertainty regarding the benefits of
screening and the lack of data from randomized prospective clinical trials, it is reasonable to
offer, but not necessarily recommend, screening for 1A to all adult patients with ADPKD,
including those without identified risk factors.

Screening for 1As prior to listing for kidney transplantation is performed in some centres,
but the impact of this screening has not yet been systematically addressed. Limited data are
available and do not demonstrate a high likelihood of IA rupture after transplantation,>®
although an increased likelihood of haemorrhagic stroke after kidney transplantation has
been reported in patients with ADPKD.0 As the average age of IA rupture (41 years)*’ is
well below the average age of progression to end-stage renal disease (55 years),5! little
benefit might be obtained from screening individuals aged =50 years before transplantation.
We do not recommend an absolute upper age limit for screening of patients with ADPKD in
those considered to be at high risk, but it seems reasonable to defer screening after the age of
60 years, particularly if multiple previous screenings have been negative.

Some of the screening recommendations listed above are not strictly evidence based. In
certain instances a consensus between experts might, therefore, be lacking. A reason able
approach is to perform screening if risk—benefit considerations including the vital status, age
and overall health of the patient are favourable and would dictate intervention if an 1A is
identified. For example, individuals aged >60 years on dialysis would be predicted to have
increased risks of complications associated with IA repair, which might outweigh the
benefits of intervention.
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Management

Decisions regarding the management of |A should involve multidisciplinary consultation
with neurosurgeons and neurointerventional radiologists. In general, both the decision to
intervene and the choice of intervention is determined by the size and location of the IA, the
general health and age of the affected individual, and the risk of rupture. No specific data on
outcomes of IA interventions in patients with ADPKD are available. In the general
population reported complications of IA interventions include in-hospital mortality,
requirement for discharge to a long-term facility, headache, aphasia, hemiplegia,
hemiparesis, hydrocephalus, cerebral artery occlusion, postoperative cardiac complications,
surgical complications, postoperative infections, neurologic complications, performance of
tracheostomy, placement of an endotracheal tube, performance of ventriculostomy and
ventriculoperitoneal shunt surgery.%2 In the USA, periprocedural morbidity and mortality is
lower after endovascular coiling than after clipping,52 and centres that preferentially perform
coiling have the best outcomes.53

Assessing rupture risk—The risk of 1A rupture has been extensively evaluated in non-
ADPKD populations. The prospective ISUIA study, which followed 1,692 patients with
unruptured 1As of =2 mm for a mean of 4.1 years, reported that increasing aneurysm size,
location in the posterior versus the anterior circulation and prior SAH were associated with
an increased rate of rupture.54 The 5-year cumulative rupture rate for IAs <7 mm in the
anterior circulation was 0% versus a rupture rate of 2.5% for IA <7 mm located in the
posterior circulation.54 By contrast the SUAVe prospective study from Japan, which
monitored 448 aneurysms of <5 mm over 41 months, reported an overall yearly rupture risk
of 0.54%. Age <50 years, IA size >4 mm, the presence of multiple 1As and comorbid
hypertension were associated with increased rupture risk.65:66

The UCAS study from Japan followed 5,720 patients aged >20 years with a total of 6,697
aneurysms measuring >3 mm (mean 5.7 + 3.6 mm) over a 3-year period.5” 91% of the
aneurysms were detected incidentally and most were located in the middle cerebral (36%) or
internal carotid arteries (34%). The overall rate of IA rupture was 0.95% per year.
Aneurysms in anterior communicating arteries (ACOM) or posterior communicating arteries
(PCOM) were nearly twice as likely to rupture as lesions in the middle cerebral artery. This
study confirmed an important role of aneurysm size in rupture risk and also identified shape
as a possible risk factor; the presence of an irregular surface protrusion or daughter sac on
the aneurysm conferred a 1.63-fold increased risk of rupture.

In contrast to the ISUIA study, which suggested that 1As of <7 mm located in the anterior
circulation were unlikely to rupture,84 UCAS reported that aneurysms in the ACOM have
non-negligible yearly rupture rates that increase with size: 0.9% at 3-4 mm, 0.75% at 5-6
mm, 1.97% at 7-9 mm, 5.24% at 10-24 mm and 39.77 at >25 mm.%7 Similarly aneurysms in
the internal carotid or PCOM had yearly rupture rates of 0.41% at 3-4 mm, 1.00% at 5-6
mm, 3.19% at 7-9 mm, 6.12% at 10-24 mm and >100% (reflecting multiple ruptures) at
>25 mm. Although the prevalence of ADPKD in the UCAS study was low (0.3%), the
findings confirmed an increased risk of A rupture in women and in patients with
hypertension, and a nonsignificant trend towards protection by hypercholesterolaemia.
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Unexpectedly, UCAS also showed that smoking, family history or presence of other
aneurysms did not increase rupture risk.

The results of the UCAS study suggest that the perception that aneurysms with a dome size
<7 mm do not require intervention might be unjustified, and point towards a shape and
location-dependent individualized care plan for 1A.%7 To develop a personalized risk score
for 1A rupture, the PHASES study pooled data from six international prospective cohort
studies on the natural history of unruptured aneurysms.58 The study reported 3.6-fold and
2.8-fold higher rates of 1A rupture in Finnish and Japanese patients, respectively, than in
other European and North American participants. The overall mean rupture rate was 1.4%
with a 5-year cumulative risk of 3.4%; age, hypertension, previous SAH and the size and
location of the 1A were significant predictors of rupture. The resulting PHASES risk score
assigns one point each for hypertension, age =70 years and prior SAH; three points for
Japanese and five points for Finnish nationality; up to four points for aneurysm location and
up to 10 points for size. The score enables estimation of a 5-year risk of rupture from 0.4%
for a score of two or less, 4.3% for a score of nine and 17.8 for a score 212.

Follow-up monitoring—No standardized criteria exist for the frequency of follow-up
imaging after 1A detection in patients with ADPKD.>3 Wiebers and colleagues propose that
aneurysms develop rapidly and either rupture soon after or are stabilized by the elastic
component of the aneurysm wall and further strengthened by deposition of collagen.5® When
the size of the IA exceeds 10 mm, however, the resulting high wall stress might promote
further growth. Thus, small aneurysms might rupture soon after formation and newly
detected 1As should be monitored frequently, at least yearly on initial presentation, to assure
stability. Follow-up can be less frequent once stability has been determined. Similarly,
Rozenfeld and colleagues recommend biannual screening for the first 2 years after detection
and every 2-5 years thereafter if the IA is stable.53 Lifestyle modifications should also be
implemented, including smoking cessation, blood pressure control and avoidance of heavy
alcohol consumption, stimulant medications, illicit drugs, excessive straining and Valsalva
maneuvers.>370 Anticoagulant and antiplatelet medications do not seem to increase the risk
of aneurysm rupture but might worsen the severity of SAH.”0

Although aspirin use has traditionally been avoided in patients with IA, some evidence
suggests that its anti-inflammatory effects might be beneficial in this population.
Inflammation is thought to be a critical contributor to the pathogenesis of aneurysm
rupture’? and inflammatory changes (increased uptake of ferumoxytol by macrophages and
upregulation of inflammatory mediators) have been demonstrated in the walls of unruptured
aneurysms.’273 n five patients with 1As, daily treatment with 81 mg of aspirin for 3 months
resulted in a decrease in inflammation in aneurysm tissues.”2 Moreover, a case-controlled
study in which 58 patients with ruptured 1As were matched to 213 patients with unruptured
IAs reported that those who used aspirin (3—7 times per week) had a significantly lower odds
of haemorrhage than those who did not take aspirin.”* These findings suggest that aspirin
avoidance in patients with 1A might need to be re-examined, but additional prospective data
on the prophylactic use of aspirin in patients with 1A is required.
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Intervention—Aneurysm treatment must balance the risk of continued observation with
the anticipated risk of medical, surgical or endovascular therapy. The method of treatment
should be determined using an individualized approach made by an expert team with
expertise in the various treatment modalities (Figure 6). Treatment decisions must take into
account patient age, medical risk factors, aneurysm location and shape as well as
accessibility by either surgical or endovascular routes.

Until the development of endovascular coiling in 1991,75:76 treatment of 1A involved a
craniotomy and use of microsurgical techniques under high-power magnification to enter the
subarachnoid space and carefully dissect the aneurysm after obtaining proximal control of
the parent vessel. The aneurysm would then be secured by applying a specially shaped
stainless steel or titanium clip to permanently close the neck of the aneurysm whilst
maintaining flow in the daughter branches of the parent vessel.

Improvements in microcatheter design and delivery methods as well as radiographic and
angiographic techniques enabled the use of size-matched, complex-shaped embolic coils to
fill the aneurysm from a percutaneous transfemoral endovascular route. These coils dampen
the forces in the artery wall, mitigate rupture and promote progressive clotting and hopefully
healing at the aneurysm neck via re-endothelialization.”6.77 Initially limited to narrow-
necked aneurysms, the use of adjunctive balloon-remodelling and stent-supported coiling
has further expanded the spectrum of aneurysms that are amenable to endovascular
treatment.

Finely-braided intracranial stent constructs known as flow-diverters are also now available
for the treatment of IA. Flow-diverters are deployed across side-wall aneurysms and
promote involution by slowing blood flow velocity in the dome, and progressive healing by
providing a scaffold for re-endothelialization at the aneurysm neck.’8

Symptomatic or ruptured intracranial aneurysm

The sudden onset of an extremely severe headache or new neurological symptoms in a
patient with ADPKD should prompt further evaluation for IA. Typically a non-contrast CT
scan is used to look for evidence of haemorrhage (Figure 5a). A full discussion of the
management of symptomatic or ruptured IA is beyond the scope of this Review, but expert
guidelines are available.”® Patients should be cared for in an intensive care setting with
continuous haemodynamic and neurological monitoring. Common complications include re-
bleeding, vasospasm, cerebral ischaemia, hydrocephalus, increased intracranial pressure,
seizures and cardiac complications. A good outcome is achieved in approximately one-third
of patients.”9-81

Other vascular abnormalities

Unfortunately, very few systematic studies of the incidence and prevalence of vascular
abnormalities other than IA in patients with ADPKD exist and validated recommendations
for screening and follow up cannot be made. However, in patients who have a strong family
history of a particular vascular complication (such as aortic root dilatation), intensive
evaluation and follow-up monitoring seems reasonable.
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Conclusions

The molecular basis of aneurysm formation in ADPKD is complex and remains to be fully
delineated. PKD1 or PKDZ2 haploinsufficiency, alterations in intracellular calcium signalling,
modifier genes and alterations in TGF-f signalling could contribute to aneurysm formation.
Upregulation of TGF-p signalling in the setting of PkdZ haploinsufficiency suggests a
potential mechanism that will require further exploration.

As A rupture results in substantial morbidity and mortality, patients at increased risk of
rupture should undergo screening. If an asymptomatic 1A is detected, decisions regarding
intervention should involve multidisciplinary consultations. Small aneurysms in the anterior
circulation have a low risk of rupture and can be monitored with repeated imaging. Lifestyle
interventions to decrease risk of rupture should also be implemented. The development of
acute onset, severe headache mandates urgent evaluation for intracranial haemorrhage with a
CT scan and neurosurgical consultation.

Other vascular complications of ADPKD are rare and cannot currently be predicted based on
clinical screening or genetic analysis. Thus, definitive recommendations for screening
cannot be provided. Association of particular mutations with a vascular phenotype or
familial clustering of vascular anomalies could, however, justify screening in affected
families.

Although substantial progress has been made in the diagnosis and treatment of vascular
anomalies—particularly 1As—in patients with ADPKD, important questions remain. More
research is required to define which patients are at risk of vascular anomalies and their
complications and to better understand the mechanisms of aneurysm formation and arterial
dissection, including the role of inflammation and the interactions of ADPKD genetic
mutations with TGF-f and other signalling pathways.
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Key points

Intracranial aneurysms (1As) are the most common vascular
manifestation of autosomal dominant polycystic kidney disease
(ADPKD)

Individuals with ADPKD and increased risk of IA—including
those with a family or personal history of IA or subarachnoid
haemorrhage—should undergo screening

Other vascular abnormalities in ADPKD include aneurysms and
dissections of the thoracic aorta, coronary arteries and
cervicocephalic arteries, aortic root dilatation and cerebral
dolichoectasia; screening is not usually indicated

Asymptomatic |As detected by screening are frequently small
and have a low risk of rupture

Intervention, either surgical or endovascular, is indicated based
on the size and location of the aneurysm

The relationship between PKD1 and PKDZ mutations and the
development of vascular abnormalities is undefined; modifier
genes that increase TGF-f signalling might increase the risk of
vascular complications in ADPKD
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Figurel.
An aortic aneurysm in a 19-year-old patient with ADPKD. 3D magnetic resonance

angiogram showing the ascending aortic aneurysm (arrow). Abbreviation: ADPKD,
autosomal dominant polycystic kidney disease. Permission obtained from the American
Society of Nephrology © Liu, D. etal. J. Am. Soc. Nephrol. 25, 81-91 (2014).
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Figure2.
Right vertebral artery dissection in a 47-year-old patient with ADPKD. a | Angiogram b | 3D

rotational angiogram and ¢ | 3T magnetic resonance angiogram showing a spontaneous
asymptomatic nontraumatic right vertebral artery dissection (dual arrows) and associated
pseudoaneurysm (single arrow) with non-haemodynamically significant stenosis. The patient
also had an unruptured intracranial aneurysm (shown in Figure 3). Abbreviation: ADPKD,
autosomal dominant polycystic kidney disease.
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Coronal

Figure 3.
An unruptured intracranial aneurysm in a 47-year-old patient with ADPKD and distant

smoking history. The patient underwent screening for assessment of suitability for
transplant. a | 3T magnetic resonance angiograms showing an unruptured 5 mm aneurysm in
the anterior communicating artery. b—c | 3D rotational angiograms confirming the presence
of the aneurysm. d | 3D rotational angiogram showing the aneurysm after treatment using
endovascular coiling. e | Magnetic resonance angiogram showing the stable aneurysm at 3-
year follow up. Arrows indicate the position of the aneurysm. Abbreviation: ADPKD,
autosomal dominant polycystic kidney disease.
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Figure 4.
Pkd1 deletion in VSMCs results in abnormal proximal ascending aortic architecture.

Ascending aortic sections from 6-month-old mice with (Pka7YSMC-) and without
(Pkd1VSMCHy selective deletion of PkdZ in VSMCs were stained with Verhoeff-Van Gieson.
a| Intact elastic fibre architecture in the aorta of a Pka7YSMC+ mouse. b—d | Aortic sections
from Pkd1VSMC~ mice demonstrate diffuse fragmentation of elastic fibres and increased
extracellular matrix deposition. e | Blinded quantitative histologic evaluation of aorta
architecture scored by three observers (7= 8). *£=0.001. Abbreviation: VSMC, vascular
smooth muscle cell. Permission obtained from the American Society of Nephrology © Liu,
D. etal. J. Am. Soc. Nephrol. 25, 81-91 (2014).
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Figure5.
A ruptured intracranial aneurysm in a 46-year-old patient with ADPKD. a | CT scan

showing diffuse subarachnoid haemorrhage and hydrocephalus. b | 3 T magnetic resonance
angiogram showing the ruptured basilar bifurcation. ¢ | 3D rotational angiography confirmed
the presence of a wide-necked aneurysm. d | The aneurysm following treatment using
endovascular coiling, which had an excellent result. Abbreviation; ADPKD, autosomal
dominant polycystic kidney disease.
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Figure®6.
Surgical and angiographic techniques for the treatment of intracranial aneurysms. a |

Microsurgical clipping. b | Endovascular coiling. ¢ | Stent-supported coiling. d | Flow-
diverter therapy.
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Table 2

Frequency of non-l1A vascular anomalies in patients with ADPKD
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Anomaly Frequency Evidence Reference(s)
Intracranial dolichoectasia 4.7% (2 of 43 patients) MRI screening 82

2.2% (7 of 316 patients)  MRI screening, angiography, autopsy 46
Coronary artery dissection Rare Case reports 8384
Cervicocephalic arterial dissection  Rare Case reports 83,85
Ascending aortic aneurysm Rare Case reports 16,86
Abdominal aortic aneurysm Probably not increased No increase in aortic diameter in 139 patients with ADPKD 87

versus 149 healthy family members

Abbreviations: ADPKD, autosomal dominant polycystic kidney disease; IA, intracranial aneurysm.

Nat Rev Nephrol. Author manuscript; available in PMC 2016 June 13.



	Abstract
	Introduction
	Vascular phenotype
	Genetics of aneurysm formation
	Aysmptomatic intracranial aneurysms
	Natural history
	Screening
	Imaging techniques
	Strategy

	Management
	Assessing rupture risk
	Follow-up monitoring
	Intervention


	Symptomatic or ruptured intracranial aneurysm
	Other vascular abnormalities
	Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2

