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Introduction

Autosomal dominant polycystic kidney disease
(ADPKD) is the most common Mendelian genetic
kidney disease, affecting 1 in 500-1000 births
worldwide [1]. Focal development of an increas-
ing number of renal cysts with age is a hallmark of
ADPKD, leading to the distortion of normal kid-
ney architecture and, ultimately, end-stage renal
disease (ESRD) in a majority of patients [2].
Mutations of two genes, PKDI and PKD?2, have
been, respectively, implicated for the disease in
85% and 15% of linkage-characterized European
families [3]. However, a more recent population-
based study has reported a higher prevalence of
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PKD2 of 26% [4]. Disease severity and progres-
sion is highly variable in ADPKD in part due to
strong effects from the gene locus and alleles
[5-11]. Adjusted for age, patients with PKD1 have
more renal cysts, larger kidneys, and earlier onset
of ESRD than patients with PKD2 (mean age at
ESRD: 53.4 vs. 72.7 years, respectively) [7, 8].
More recent studies have further demonstrated a
significant allelic effect in PKD1 with milder renal
disease associated with non-truncating mutations
and severe disease, with truncating mutations
[9-11]. Marked renal disease variability within
families has been well documented in ADPKD
and suggests a modifier effect from genetic and
environmental factors [12, 13].

Imaging-based testing is commonly per-
formed for presymptomatic screening or clinical
diagnosis of ADPKD. Conventional ultrasound,
which is inexpensive and widely available, is the
most common modality used for presymptomatic
screening of ADPKD. As simple cysts occur with
increasing age in the general [14] and hospital
patient [15] population, age-dependent ultra-
sound diagnostic criteria have been established
for PKD1 [16] and subsequently refined and
extended for evaluation of at-risk subjects of
unknown gene type (a.k.a. “unified diagnostic
criteria”) [17]. More recently, highly sensitive
and specific criteria based on magnetic resonance
imaging (MRI) have also been derived for earlier
diagnosis and exclusion of ADPKD in younger
at-risk subjects [18]. In general, presymptomatic

133

B. D. Cowley, Jr.,, J. J. Bissler (eds.), Polycystic Kidney Disease,

https://doi.org/10.1007/978-1-4939-7784-0_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-7784-0_7&domain=pdf
https://doi.org/10.1007/978-1-4939-7784-0_7
mailto:Moumita.Barua@uhn.ca
mailto:york.pei@uhn.ca
mailto:Anna.Mcnaught@health.nsw.gov.au
mailto:Korosh.Khalili@uhn.ca
mailto:Korosh.Khalili@uhn.ca

134

Y.-H. Hwang et al.

screening of at-risk children (under 18 years of
age) cannot be recommended at this time based
on the potential risks including adverse psycho-
logical consequences and denial of future insur-
ance coverage. Additionally, there is currently no
evidence that clinical management in this setting
would improve outcomes. The possible implica-
tions of all diagnostic screening should be dis-
cussed beforehand, and the results clearly
explained to the test subjects. Blood pressure
assessment should be performed routinely in at-
risk subjects of all age groups whether or not they
undergo the screening.

It is important to note that the diagnostic crite-
ria derived for US and MRI are applicable only to
test subjects with a definitive family history of
ADPKD who are born with a 50% risk of disease.
By contrast, the pretest probability of subjects
without a positive family history is that of the
population risk (i.e., 1 in 500-1000); thus, the
above criteria may not be valid. Moreover, the
possibility of other genetic and nongenetic causes
of PKD needs to be considered in the latter set-
ting [2]. In subjects without a positive family his-
tory, it is useful to screen their parents and older
first-degree relatives with ultrasound as mild dis-
ease associated with a PKD2 or non-truncating
PKDI mutation may not be apparent, especially
in small families [2]. If one or both parents are
deceased, review of their medical record for prior
renal imaging results may be helpful. The docu-
mentation of at least one affected first-degree
relative with bilaterally enlarged kidneys and
numerous cysts is sufficient evidence to support
the use of the imaging-based diagnostic criteria.
On the other hand, the presence of several cysts
without kidney enlargement in an elderly relative
may be due to simple cysts and should not be
considered as sufficient evidence for a positive
family history.

screening of at-risk subjects, age-dependent cri-
teria based on conventional ultrasound have been
derived for PKDI [16]. However, the utility of
these criteria is limited by the unknown gene type
of most test subjects in the clinical setting and the
negative impact on diagnostic performance by
the milder cases associated with PKD2. To over-
come these limitations, Pei et al. derived age-
dependent diagnostic criteria from a cohort of
948 at-risk subjects by comparing their molecu-
lar genetic results (for the presence or absence of
disease) and ultrasound findings, using a simu-
lated case mix of 85-15% for PKD1 and PKD2,
respectively [17]. Based on the “unified criteria”
derived from this study (Table 7.1), the presence
of “a total of three or more renal cysts” for at-risk
subjects aged 15-39 years and “two cysts or more
in each kidney” for at-risk subjects aged
40-59 years can be considered as sufficient for
diagnosis. Conversely, the “absence of any renal
cyst” can be considered sufficient for disease
exclusion only in at-risk subjects aged 40 years
or older. It should be noted that a resolution of
approximately 1 cm or more is required for con-
ventional ultrasound to detect most of the renal
cysts. Thus, the validity of the unified criteria
should not be extrapolated to high-resolution
ultrasound using modern scanners, which has
imaging resolution enabling routine detection of
very small renal cysts of 2—3 mm. It is also clear
that reduced diagnostic sensitivity (e.g., ~81%
for unknown gene type) is a limitation of conven-
tional ultrasound rendering early diagnosis of at-
risk subjects with milder disease suboptimal. A
corollary is that the “absence of any renal cyst”
cannot be used as definitive evidence for disease
exclusion in younger at-risk subjects of unknown
gene type, where their negative predictive values
are ~91% and 98 %, under 30 and between 30 and
39 years of age, respectively.

Diagnosis of ADPKD
by Conventional Ultrasound

The diagnosis of ADPKD is generally straight-
forward in patients with symptomatic disease and
a positive family history. For presymptomatic

Diagnosis of ADPKD by MRI
and High-Resolution Ultrasound

Given that younger subjects at risk for ADPKD
are increasingly being evaluated as potential liv-
ing kidney donors [19, 20], there is a need to
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Table 7.1 Ceriteria for diagnosis and exclusion of ADPKD using conventional ultrasound
Age (years) ‘ Criterion ‘ PKD1 ‘ PKD2 ‘ Unknown gene type
Performance of criteria for diagnostic confirmation
15-29 A total of three or more cysts* PPV = 100% PPV = 100% PPV = 100%
SEN =94.3% SEN =69.5% SEN =81.7%
30-39 A total of three or more cysts* PPV =100% PPV =100% PPV =100%
SEN = 96.6% SEN =94.9% SEN =95.5%
40-59 >2 cysts in each kidney PPV =100% PPV =100% PPV =100%
SEN =92.6% SEN = 88.8% SEN =90%
Performance of criteria for disease exclusion
15-29 No renal cyst NPV =99.1% NPV =83.5% NPV =90.8%
SPEC =97.6% SPEC =96.6% SPEC =97.1%
30-39 No renal cyst NPV = 100% NPV =96.8% NPV =98.3%
SPEC = 96% SPEC =93.8% SPEC = 94.8%
40-59 No renal cyst NPV = 100% NPV = 100% NPV = 100%
SPEC =93.9% SPEC =93.7% SPEC =93.9%
Unilateral or bilateral
develop highly sensitive and specific tests for dis- tion. Instead, a widely quoted study by

ease exclusion. While molecular diagnostics may
be used here for disease exclusion, it is expensive
and time-consuming and may not provide a
definitive diagnosis in up to one third of cases
[21]. With increased resolution for detecting very
small cysts by magnetic resonance imaging
(MRI) and contrast-enhanced computed tomog-
raphy (CT), many transplant centers have rou-
tinely included one of these imaging modalities
in their evaluation of subjects at risk of ADPKD.
However, until recently, validated diagnostic cri-
teria for these modalities were lacking [19, 20].
Thus, Huang et al. empirically proposed that CT
or MRI be used for screening in this setting, and
if there are at least three unilateral or bilateral
renal cysts, that the kidney donation be deferred
pending the results of molecular genetic testing
[19]. On the other hand, Niaudet proposes that
CT or MRI be used for detection of small renal
cysts in at-risk subjects under 30 years of age
and, if the scan is negative, molecular genetic
testing be considered for disease exclusion [20].
With improved resolution to detect smaller
cysts, there is a general concern that MRI or CT
may also detect more simple renal cysts.
However, until recently, there was no data on the
prevalence of simple renal cysts detected by these
imaging modalities in the heathy general popula-

Nascimento et al. [15] provides a retrospective
survey of the prevalence of renal cysts by MRI in
528 patients with various non-specified medical
conditions from a large university hospital in the
United States. In this study, 31% (i.e., 11/35) and
51% (i.e., 97/190) of the patients aged
18-29 years and 30-44 years, respectively, had at
least one renal cyst, and 11% (i.e., 4/35) and 12%
(i.e., 23/190) of the patients from the two respec-
tive age strata had a total of three or more renal
cysts. However, chronic renal disease (including
polycystic kidney disease), if not manifested as
renal atrophy, was not excluded in the study.
Furthermore, molecular genetic analysis was not
employed to ascertain whether those patients
with renal cysts had ADPKD. Thus, the preva-
lence estimates of renal cysts provided by this
study should not be taken to reflect those from a
healthy general population.

The Toronto Radiological Imaging Study of
Polycystic kidney disease (TRISP) has recently
shown that MRI and high-resolution ultrasound
provide improved performance for early diagno-
sis and exclusion of ADPKD compared to con-
ventional ultrasound [18]. In this study, we
prospectively enrolled 126 subjects at risk for
ADPKD aged 16-40 years to undergo renal MRI
and high-resolution ultrasound as well as com-
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prehensive mutation screening of PKDI and
PKD?2 (to define the disease status). Concurrently,
46 age-matched healthy controls without a fam-
ily history of ADPKD also underwent the same
imaging protocol to provide specificity data.
Using these imaging modalities, we were able to
detect very small renal cysts down to 3 mm in
diameter. Despite increased sensitivity for detect-
ing very small cysts by MRI, we only found 1/82
unaffected subject aged 1640 years with more
than three renal cysts. Thus, simple renal cysts in
this healthy population remain few in number
despite enhanced resolution for detecting very
small cysts. By contrast, all but one (i.e., 72/73)
of our genetically affected subjects had a total of
more than 20 renal cysts (left panel, Fig. 7.1).
These two features together enable MRI to pro-
vide highly discriminant diagnostics for
ADPKD. Thus, the presence of “a total of more
than 10 renal cysts” (with both positive predictive
value and sensitivity of 100%) can be considered
as sufficient for diagnosis in a subject at risk of
ADPKD. Conversely, “less than a total of 10
renal cysts” (with both negative predictive value
and specificity of 100%) can be considered as
sufficient for disease exclusion. For evaluation of
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Fig. 7.1 Distribution of total renal cyst counts by disease
status: MRI (left panel) versus high-resolution US (right
panel). Both MRI and HR-US provided highly discrimi-
nant diagnostics for ADPKD; however, HR-US is both
operator- and center-dependent and may be affected by
the body habitus of the test subject (Adapted from Pei
et al. JASN; [18]). "TOR190.1 is a genetically affected

living kidney donors, among whom the clinical
agenda is disease exclusion with high certainty,
we recommend using “less than a total of 5 renal
cysts” (with negative predictive value of 100%
and specificity of 98.3%) as a more stringent cri-
terion. Pending future studies demonstrating
diagnostic equivalence between the two modali-
ties, we do not recommend extrapolating the
MRI-specific criteria to contrast-enhanced CT.
Overall, we found improved diagnostic per-
formance by high-resolution ultrasound com-
pared to conventional ultrasound [18].
Specifically, we noted a significant increase in
sensitivity with a small decrease in specificity
across all the criteria tested, likely due to
increased imaging resolution in detecting cysts as
small as 3 mm with the modern scanners and
experienced operators attuned to detection of
small cysts. Using the unified criterion of “a total
of three or more renal cysts” in at-risk subjects
under 30 years of age, we found a significant
increase in sensitivity (i.e., 97.3% from 81.7%)
with a small decrease in positive predictive value
(i.e., 100-97.3%). To minimize false-positive
cases with high-resolution ultrasound, a more
stringent criterion such as “two or more cysts in

ek
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subject with a BMI of 35.6 kg/m? who had more than 20
renal cysts by MRI but no cyst detectable by a suboptimal
US. *TOR31.2 is a subject with six renal cysts on US and
ten renal cysts on MRI; he did not carry the familial PKD2
mutation and was considered as unaffected. “TOR404.1
and TOR208.5 were both unaffected but had three renal
cysts by US
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each kidney” (with positive predictive value of
100%) should be used. Conversely, the “absence
of any renal cyst” by high-resolution ultrasound
may be considered sufficient for disease exclu-
sion in at-risk subjects aged 30-40 years, but not
younger. An important caveat is that a suboptimal
scan (e.g., due to body habitus) should be inter-
preted as indeterminate, and this point was well
illustrated by patient TOR190.1 (right panel,
Fig. 7.1). Another limitation of ultrasound is that
its diagnostic performance is both operator- and
center-dependent, reflecting differences such as
imaging resolution of the scanners and experi-
ence of the technicians/radiologists. Thus, cur-
rent availability of ultrasound scanners with
different imaging resolution has important impli-
cation for diagnostic testing. Specifically, the
diagnostic criteria we derived here should be
applicable to experienced centers using high-
resolution ultrasound; otherwise, the unified cri-
teria [17] should be used for centers that utilize
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Fig.7.2 T2-weighted MRI images showing a spectrum of
autosomal dominant polycystic kidney disease. (a)
26-year-old female with a protein-truncating PKD I muta-
tion (TKV = 890 ml), (b) 22-year-old female with a
protein-truncating PKD2 mutation (TKV = 610 ml), (c)
26-year-old male with a hypomorphic PKDI mutation
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conventional ultrasound. While conventional
ultrasound will continue to be the first-line test
for presymptomatic screening of ADPKD, MRI
or high-resolution ultrasound will be useful for
diagnostic clarification in cases with equivocal
results and for disease exclusion in at-risk sub-
jects being evaluated as potential kidney donors.
Moreover, MRI also provides an assessment of
renal cystic burden and disease severity in
affected subjects (Fig. 7.2).

Diagnosis of ADPKD Without a
Positive Family History

The absence of a positive family history in
15-28% of patients with suspected ADPKD
poses a diagnostic challenge [2, 22, 23]. This
problem is well illustrated by our findings in the
Toronto Genetic Epidemiology Study of PKD
(TGESP) in which 28% (58/209) of our probands

EJ | _IJJ _'JJé_lJJ _'JJ 1]

(TKV = 310 ml), (d) 42-year-old male with protein-
truncating PKD 1| mutation (TKV = 1280 ml), (e) 40-year-
old male with a complete PKD2 deletion (TKV =470 ml),
and (f) 43-year-old male with a hypomorphic PKDI
mutation (TKV = 470 ml). Each small unit of the ruler
denotes 1 cm
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did not report a family history of ADPKD [22]. In
this subgroup of patients, we reviewed their
parental medical records and screened all avail-
able parents by renal imaging. We found that
15.3% (32/209) of them had de novo PKD, 2%
(4/209) had a positive family history in retrospect
due to mild disease from non-truncating PKD]
mutations in one of their parents, and 10.5%
(22/209) had an indeterminate family history due
to missing parental information. Of interest, no
pathogenic PKDI and PKD2 mutation could be
identified in ~16% (34/209) of our patients with
atypical (i.e. asymmetric, focal, or unilateral)
polycystic kidney disease on renal imaging.
In one family with both an affected mother (pro-
band) and daughter, we were able to prove that
the mother was a somatic mosaic harboring a
frameshift PKD/ mutation. Somatic mosaicism
of a dominantly inherited disease such as ADPKD
results from a pathogenic somatic mutation
affecting one of the pluripotent progenitor cells
during early embryo development [24]. The hall-
mark of somatic mosaicism is the presence of
two distinct cell populations (i.e., one with and
one without the pathogenic mutation) in the
affected subject whose disease is typically focal,
milder, and variably expressed due to dilution of
the mutant gene dosage at one or more disease
tissues [25]. This diagnosis should be considered
in patients with asymmetric polycystic kidney
disease of de novo onset (see molecular genetic
testing).

In the absence of a family history of ADPKD,
other causes of renal cystic diseases need to be
considered in the differential diagnosis
(Table 7.2). Autosomal dominant polycystic liver
disease (ADPLD) [MIM 174050] is caused by
mutations in at least two genes that are distinct
from PKD1 and PKD?2 [26]. In the classical form,
ADPLD presents as a late-onset disease with
liver cysts. However, patients with ADPLD may
have a few renal cysts which can be confused as
mild ADPKD. By contrast, patients with autoso-
mal recessive polycystic kidney disease
(ARPKD) [MIM 263200] can present with
enlarged echogenic kidneys in the prenatal period

as an incidental finding detected by screening
ultrasound. The presence of oligohydramnios
and respiratory failure at the perinatal period or
congenital hepatic fibrosis and renal failure dur-
ing childhood heralds more severe disease typi-
cally associated with two protein-truncating
mutations [27]. Two other syndromic forms of
PKD due to tuberous sclerosis complex (TSC)
[MIM 191100] [28] and Von Hippel-Lindau
(VHL) syndrome [MIM 193300] [29] should be
easily recognized by their extrarenal clinical fea-
tures (Table 7.2). However, when present atypi-
cally they can mimic ADPKD. Of note, the
characteristic renal angiomyolipomas or skin
lesions may be absent in up to 30% of patients
with mild disease, some of whom may harbor
TSC somatic mosaicism [28]. Glomerulocystic
kidney disease [MIM 137920] due to hepatocyte
nuclear factor 1-beta (HNF-1B) gene mutations
can mimic ADPKD. However, the association of
renal cysts with urogenital abnormalities, matu-
rity onset diabetes mellitus, as well as chronic
renal insufficiency that is discordant with the cys-
tic disease burden (i.e., renal insufficiency with-
out enlarged cystic kidneys) should raise a
suspicion for this disorder [30]. Autosomal domi-
nant medullary cystic kidney disease [OMIM
174000 and 603,860] typically presents as
chronic renal insufficiency with few or no renal
cysts and may be associated with hyperuricemia
and gout [31, 32]. Other non-syndromic causes
of PKD including simple renal cysts, acquired
renal cystic disease, medullary sponge kidney
[33], and somatic mosaicism of ADPKD should
also be considered in patients without a family
history of ADPKD. Examples of both syndromic
and non-syndromic forms of PKD are shown in
Fig. 7.3.

An Integrated Approach
for Diagnosis of Renal Cysts

We present in Fig. 7.4 an integrated approach
for the evaluation of patients with renal cysts.
The first step in the evaluation is a detailed
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Fig. 7.3 Examples of other cystic disorders. (a) Acquired
cystic kidney disease in a 63-year-old female with end-stage
renal failure due to diabetes mellitus, (b) simple renal cysts
in a 6l-year-old-male with normal eGFR and negative
PKDI and PKD2 mutation screen, (c¢) parapelvic cysts
(arrows) in a 64-year-old-male, (d) unilateral ureteropelvic
junction (UPJ) obstruction in a 44-year-old-male with mark-
edly distended left renal collecting system and abrupt transi-

family history including renal disease severity
(i.e., age at ESRD) in older affected family
members. For at-risk subjects with a definitive
family history of ADPKD, the unified criteria
based on conventional ultrasound can be used
for both diagnosis and disease exclusion
(Table 7.1). Specifically, the presence of “a total
of three or more renal cysts” for at-risk subjects
aged 15-39 years and “two cysts or more in
each kidney” for at-risk subjects aged
40-59 years can be considered as sufficient for
diagnosis. Conversely, the “absence of any renal
cyst” can be considered sufficient for disease
exclusion only in at-risk subjects aged 40 years
or older. In addition, the absence of any renal
cyst by 30 years of age (“Ravine criterion”) can
be used for disease exclusion in at-risk subjects
from families with one or more affected member
who developed ESRD before 50 years of age or

tion at UPJ (arrow), (e) multiple renal cysts (arrows) and
renal cell carcinomas (RCCs) (arrowheads) in a 44-year-old
male with Von-Hippel Lindau disease and a previous left
nephrectomy for RCC, and (f) kidney enlargement from
numerous cysts (asterisks) and angiomyolipomas (arrows)
in a 32-year-old female with tuberous sclerosis complex. All
figures are T2-weighted MRI images except for panels (d)
and (f) which are from contrast-enhanced CT scans

known truncating PKD1 mutations [4]. In at-risk
subjects with equivocal results, MRI may be
used for further diagnostic clarification [18].
Specifically, the presence of “a total of more
than 10 renal cysts” can be considered as suffi-
cient for diagnosis and “less than a total of 5
renal cysts” for disease exclusion with high
stringency. In patients without an apparent fam-
ily history of ADPKD, review of medical record
or ultrasound screening of other older first-
degree relatives may uncover one oOr more
affected but undiagnosed members with mild
disease due to PKD2 or non-truncating PKD]
mutations. In the absence of a definitive family
history of ADPKD, the differential diagnosis
will need to broaden to include other syndromic
and non-syndromic causes of renal cysts
(Table 7.2) with molecular genetic testing often
indicated for diagnostic clarification.
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Fig. 7.4 An integrated approach for evaluation of renal
cysts detected by conventional ultrasound (US). The doc-
umentation of a positive family history is a critical step
allowing the use of age-dependent imaging-based criteria
for both diagnosis and exclusion of ADPKD. In the
absence of a family history, the differential diagnosis
needs to include other syndromic and non-syndromic
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