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IntroductIon
von Hippel–Lindau disease (vHL) (OMIM number 193300) is 
an autosomal dominant predisposition to tumor development 
with an incidence of up to 1 in 36,000 individuals.1 It is caused by 
mutations in the tumor suppressor gene VHL on chromosome 
3p25.3.2. The most common vHL manifestations are heman-
gioblastomas in the central nervous system (CNS) and retina, 
renal cell carcinomas (RCCs), pheochromocytomas, pancre-
atic neuroendocrine tumors, and inner-ear endolymphatic sac 
tumors.2 The protein product pVHL functions in essential cel-
lular pathways such as hypoxia inducible factor (HIF) regula-
tion in the oxygen sensing pathway, assembly of the fibronectin 
extracellular matrix, cytokine signaling, cell-cycle exit, and 
various functions that are not yet fully clarified.3 Mutations in 
the VHL gene fall into two main groups: (i) mutations causing a 
truncated gene product, i.e., frame-shift, nonsense, and splice-
site mutations, as well as deletions, and (ii) nontruncating 
mutations, mainly missense mutations.3 Missense mutations 
are associated with pheochromocytoma development, which in 
contrast is rare among truncating mutation carriers.3

VHL mutation carriers may develop manifestations from 
early childhood and throughout their lifetime, but there is 
great variation in relation to when in life the first manifesta-
tion develops, which organs are involved, and how severely 
the individual patient is affected.2,3 Previously, focus has 
been on when and where vHL patients’ first manifestations 

typically occur.1,4–7 To date, little is known about how fast or 
when in life additional new manifestations typically develop 
once the first manifestation has been diagnosed. Prophylactic 
surveillance is essential to facilitate early diagnosis of the 
manifestations and to enable intervention, either surgical 
or individually intensified  follow-up measures of the organ 
in question.2,8,9 The unpredictable mode of disease progres-
sion, however, can cause uncertainty for patients and health 
professionals and complicates both genetic counseling and 
surveillance organization. Current surveillance guidelines 
are based on the notion that risk of tumor development is 
constant throughout a vHL patient’s entire lifetime. Apart 
from age-differentiated initiation of organ-specific surveil-
lance, identical surveillance guidelines are currently applied 
to all vHL patients and at-risk family members regardless 
of individual factors. More knowledge about which factors 
influence manifestation development is essential to improve 
future surveillance targeting and genetic counseling of vHL 
families. We hypothesize that the risk of new vHL manifesta-
tions in different organs is not constant throughout life, but, 
rather, varies with age and depends on individual factors such 
as the patient’s genotype. We aimed to assess how the rate 
of new vHL manifestation development varies across a typi-
cal VHL mutation carrier’s life span, to describe age-specific 
manifestation rates, and to evaluate whether the variation is 
organ-dependent and if it is influenced by genotype.
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Purpose: The von Hippel–Lindau (vHL) phenotype is variable, which 
complicates genetic counseling and surveillance. We describe how 
the rate of new tumor development varies through the lifetimes of 
vHL patients and how it is influenced by age and genotype.

Methods: In a national cohort study, we included 52 VHL muta-
tion carriers who were retrospectively followed for a total of 799 
 person-years.  From birth to current age, 581 manifestations were 
diagnosed during 2,583 examinations in the study subjects. Manifes-
tation rates were analyzed using Poisson regression and compared in 
groups of different ages, tumor sites, and genotypes.

results: The rate of new tumor development varied significantly 
with age and was highest at 30–34 years (0.4 new tumors/year). 
Tumor location further influenced the rate. The risk of retinal tumors 

was highest in subjects during the teenage years but was highest for 
cerebellar tumors in subjects during their 30s. Truncating VHL muta-
tion carriers had a significantly higher manifestation rate compared 
with missense mutation carriers (hazard ratio = 1.85, 95% confidence 
interval: 1.06–3.24, P value = 0.031).
conclusion: The rate of new manifestation development is not 
constant throughout the life span of vHL patients; instead, it varies 
significantly with age and genotype and depends on anatomical loca-
tion. Retinal surveillance is crucial during the teenage years, whereas 
cerebellar surveillance is especially important in adulthood.
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MaterIaLs and MetHods
study cohort
The study is a retrospective national cohort study. Eligible 
subjects were living individuals with a molecularly confirmed 
VHL mutation attending the Danish vHL surveillance pro-
gram at the time of study inclusion. Subjects were identified 
in the Danish vHL Database (Danish Data Protection Agency, 
no. 2009-41-3994) and the Civil Registration System in June 
2008. Twenty-six male and 26 female subjects consented to 
participate, corresponding to almost 90% (52 of 59) of all 
known live Danish VHL mutation carriers at the time of study 
inclusion. Of the remaining seven patients, five were not con-
tacted due to previous privacy requests and two were newly 
diagnosed and not yet enrolled in surveillance. We collected 
information about all vHL-related examinations performed 
and all manifestations diagnosed throughout each subject’s 
lifetime up to the time of study inclusion through detailed 
interviews and subsequent evaluation of each subject’s clini-
cal, radiographic, and histological records. All hospital visits 
for each patient were evaluated. We included all vHL-related 
examinations performed as part of the patients’ regular sur-
veillance, follow-up examinations if closer surveillance of a 
particular organ was required, or symptomatic examinations 
performed due to occurrence of symptoms in between sur-
veillance examinations.

Each vHL manifestation was recorded by type, date, and age 
at diagnosis. Forty-two subjects had manifestations, whereas 10 
were asymptomatic mutation carriers. In total, 581 manifesta-
tions were diagnosed during 2,583 examinations, all performed 
by medical specialists. Almost all of the reported manifestations 
(98% (571 of 581)) could be verified through medical records; the 
remaining 2% were solely reported by the subjects. The majority 
of the 106 retinal hemangioblastomas were treated by laser pho-
tocoagulation at diagnosis and no histological confirmation was 
possible. Of all other manifestations, not counting retinal heman-
gioblastomas, 153 had been surgically removed and a histologi-
cal verification of the diagnosis was obtainable for 92% (140 of 
153). The genetic background of this cohort has been previously 
described.10 Their clinical information has also been previously 
described.4 In brief, Table  1 describes the clinical characteris-
tics of the study cohort. Supplementary Table S1 online shows 
information about all examinations performed among the sub-
jects. The overall observation time spanned from 1971 to 2008. 
The mean observation time was 14.8 years/subject (range: 0.6–37 
years), and overall subjects contributed 799 person-years.

statistical methods
Age-dependent manifestation rates including all types 
of vHL manifestations. To determine how frequent new 
manifestations were diagnosed at different ages across the 
patients’ life spans, we used Poisson regression to calculate 
age-dependent manifestation rates in predefined 5-year age 
intervals from 0 to 60 years. Because surveillance examinations 
for each manifestation type were initiated at different ages, each 
subject was included in the analysis from birth to his/her age 

at study inclusion. All new manifestations diagnosed in each 
subject’s lifetime were counted as an event at the age when it 
was first diagnosed, regardless of whether it was symptomatic 
or asymptomatic at diagnosis. In each 5-year age interval, the 
rate was assumed constant but was allowed to vary across the 
different age intervals. Subsequently, due to the low number 
of new manifestations diagnosed in the age intervals younger 
than 14 and older than 40 years of age, age intervals 0–14 
years and 40–60 years were pooled after successful likelihood 
ratio testing of this. Robust SEs allowing for heterogeneity 
in the manifestation rates between the subjects were further 
calculated in Table 2. These rates are also depicted graphically 
in Supplementary Figure S1 online.

Comparison of the age-dependent manifestation rates 
at different tumor sites. To determine whether the rate of 

table 1 Characteristics of the 52 included VHL mutation 
carriers

Median age at study inclusion: 37.5 years (range: 2–64 years)

Number of unrelated families: 21 families (median two subjects/family 
(range: 1–8))

Median age at diagnosis of first vHL manifestation: 19.5 years 
(range: 7–57 years)

Surveillance attendancea

  Median number of months each subject has attended a surveillance 
program: 159 months (range: 7–384 months) Median age at first vHL-
related examination: 19 years (range: 0–57 years)

Number of manifestations diagnosed

  (% of all manifestations), N = number of subjects with the 
manifestation type

Retinal hemangioblastomas 106 (18.2%), N = 29

Cerebellar hemangioblastomas 154 (26.2%), N = 29

Spinal hemangioblastomas 70 (11.9%), N = 23

Supratentorial hemangioblastomas 2 (0.3%), N = 2

Brainstem hemangioblastomas 8 (1.4%), N = 7

RCC 45 (7.7%), N = 10

Renal cystsb 116 (19.7%), N = 25

Unspecified renal tumors 9 (1.5%), N = 6

Pancreatic cystsb 41 (7.0%), N = 19

Pancreatic NETs 1 (0.2%), N = 1

Unspecified pancreatic tumors 10 (1.7%), N = 4

Pheochromocytomas 10 (1.7%), N = 6

Paragangliomas 1 (0.2%), N = 1

Epididymal cystadenomas 7 (1.2%), N = 6

Cysts of the broad uterine ligament 1 (0.2%), N = 1

Total 581 (100%), N = 42

NET, neuroendocrine tumor; RCC, renal cell carcinoma; vHL, von Hippel–Lindau.
aThe ages at which the subjects received vHL diagnosis and started surveillance 
varied. Not all subjects were included in a vHL surveillance program from birth as 
recommended. bRenal and pancreatic cysts were included due to their malignant 
potential in vHL patients.2 When records described “multiple cysts” without further 
specification, these were counted as a single manifestation.
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new manifestation development varied for manifestations 
at different tumor sites, we chose to calculate age-related 
manifestation rates separately for cerebellar and retinal 
hemangioblastomas, because these two manifestations were 
the most common in our study population and among vHL 
patients in general.3 Each analysis included either only 
cerebellar or only retinal hemangioblastomas (Table  3). 
Subjects were included with delayed entry from the time of their 
first CNS imaging or ophthalmoscopy, respectively. All subjects 
underwent regular surveillance, and from the dates of each 
examination performed we assessed the age of development 
of each manifestation, because it must have developed within 
the time period between the patient’s last examination (when 
the manifestation could not be detected) and the date of the 
examination at which the manifestation was first diagnosed. 
It is impossible to determine when manifestations that are 
diagnosed at a person’s  first-ever examination have developed, 
because they can be either newly developed or asymptomatic 
for many years prior to the first examination. To avoid the 
potential bias of accumulated asymptomatic manifestations 

at the age of the first examination, we did not include 
manifestations diagnosed at subjects’  first-ever CNS imaging 
or ophthalmoscopy, respectively.

Comparison of the manifestation rates in different  age-
groups. In each of the three manifestation rate analyses, (i) all 
manifestations, (ii) only cerebellar hemangioblastomas, and 
(iii) only retinal hemangioblastomas, we used hazard ratios to 
compare the manifestation rate in each age group to the group 
with the highest rate in each analysis as the reference group 
(Tables 2 and 3).

Illustration of life-span variation of the manifestation 
rates. Additionally, to better illustrate how the patterns of the 
manifestation rates vary with age across patients’ life spans, 
we further used a restricted cubic spline function to produce 
smooth graphs (Figures 1 and 2 and Supplementary Figure S1 
online). In these functions, none of the 5-year age groups were 
pooled. We chose the smooth graphs instead of the curves in 
which the rates are held constant in each age interval, because 
the smooth rate across age intervals better supports the 
presumed gradual natural development of vHL tumors. The 
graphs with constant rates in each 5-year interval including 
cerebellar and retinal hemangioblastomas only are shown in 
the Supplementary Figures S2 and S3 online, respectively.

Effect of genotype on manifestation rates. To determine the 
effect of VHL mutation type on manifestation development, 
subjects were divided into two genotype groups: (i) carriers of 
missense mutations defined as a single nucleotide substitution 
leading to substitution of an amino acid and (ii) carriers 
of truncating mutations defined as mutations predicted to 
truncate the gene product (nonsense, frame-shift, and  splice-site 
mutations, along with exon deletions). We used two models to 
assess whether the genotype affects the manifestation rate. In the 
first model, we assumed that a genotype effect was constant at 
all ages, i.e., that the ratio between manifestation rates in the two 

table 2 Manifestation rates (new manifestations/year) for 
all vHL manifestations as a function of age and hazard 
ratios in relation to the reference interval of 30–34 years

age 
intervals N

Manifestation  
rates

Hazard ratio  
(95% cI) P value

0–14 52 0.040 (0.022–0.071) 0.045 (0.024–0.086) <0.0001

15–19 39 0.250 (0.126–0.497) 0.284 (0.122–0.661) 0.004

20–24 37 0.386 (0.221–0.676) 0.439 (0.225–0.854) 0.015

25–29 35 0.398 (0.174–0.911) 0.452 (0.181–1.133) 0.090

30–34 32 0.880 (0.570–1.360) 1 (–) —

35–39 29 0.863 (0.562–1.326) 0.981 (0.570–1.686) 0.944

40–60 24 0.611 (0.441–0.846) 0.694 (0.423–1.139) 0.148

We included all manifestation types (581 manifestations). Subjects were followed 
from birth.

CI, confidence interval; N, number of subjects included in the age interval; vHL, 
von Hippel–Lindau.

table 3. Manifestation rates (new manifestations/year) of cerebellar and retinal hemangioblastomas as a function of age 
and hazard ratios in relation to the age intervals with the highest manifestation rates

age 
intervals

cerebellar hemangioblastomas retinal hemangioblastomas

N
Manifestation rate 

(95% cI)
Hazard ratioa  

(95% cI) P value N
Manifestation rate 

(95% cI)
Hazard ratiob  

(95% cI)
P 

value

0–14 13 0.066 (0.023–0.192) 0.116 (0.035–0.388) 0.0005 20 0.080 (0.033–0.194) 0.156 (0.041–0.601) 0.0069

15–19 10 0.117 (0.035–0.393) 0.205 (0.068–0.616) 0.0048 11 0.513 (0.219–1.204) 1 (–) —

20–24 19 0.202 (0.086–0.476) 0.353 (0.131–0.952) 0.0397 19 0.307 (0.126–0.747) 0.599 (0.193–1.854) 0.3739

25–29 21 0.107 (0.044–0.259) 0.187 (0.065–0.539) 0.0019 22 0.032 (0.008–0.135) 0.062 (0.015–0.261) 0.0001

30–34 25 0.351 (0.200–0.615) 0.614 (0.282–1.338) 0.2197 25 0.101 (0.034–0.298) 0.196 (0.053–0.735) 0.0156

35–39 26 0.572 (0.329–0.993) 1 (–) — 27 0.099 (0.038–0.257) 0.193 (0.054–0.696) 0.0119

40–60 22 0.351 (0.236–0.521) 0.614 (0.306–1.232) 0.1696 22 0.092 (0.049–0.172) 0.176 (0.058–0.552) 0.0028

We included only cerebellar and retinal hemangioblastomas. Subjects were included with delayed entry from the time of their first central nervous system imaging or 
ophthalmoscopy, respectively.

CI, confidence interval; N, number of subjects included in the age interval.
aHazard ratios in relation to the reference interval of 35–39 years. bHazard ratios in relation to the reference interval of 15–19 years.
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genotype groups was the same in all age intervals. We therefore 
included the genotype variable along with the age covariate in 
the Poisson regression model with all manifestations. We then 
calculated this joint hazard ratio and its 95% confidence interval 
(CI). In the second model, we explored whether the difference in 
manifestation rates between the two genotype groups was actually 
related to age by also including an interaction term between age 
and genotype in the model and then comparing the profiles of 
the two genotype groups. Finally, we tested the hypothesis of 
a constant genotype effect by comparing models one and two 
using a likelihood ratio test. Figure 2 shows these age-dependent 
manifestation rate profiles in the two genotype groups (the second 
model) using smooth curves. Supplementary Figures S4 and 
S5 online depict the first and second model, respectively, using 
constant rates. Additionally, we explored the genotype effect of 
manifestation rates when only cerebellar hemangioblastomas or 
retinal hemangioblastomas were considered (Figure 2).

Statistical analysis was performed using SAS version 9.3 (SAS 
Institute, Cary, NC).

The study was approved by the Danish Regional Committees 
on Biomedical Research Ethics (H-2-2010-012) and the Data 
Protection Agency (2009-41-3994). All included subjects gave 
their written informed consent to participation.

resuLts
Overall, 581 manifestations were diagnosed throughout the life 
spans of the 52 VHL mutation carriers included. When con-
sidering all vHL manifestations diagnosed, new manifestations 
were most frequently diagnosed in patients in their 30s, cor-
responding to almost one new manifestation per year (Table 2, 
Supplementary Figure S1 online). The rate of new manifesta-
tions diagnosed varied markedly over the course of the patients’ 
lives, initially corresponding to 0.04 new manifestation per 
year until their teenage years; thereafter, it increased with age 
and peaked at the age interval of 30–34 years (Supplementary 
Figure S1 online). The manifestation rates of the younger age 
groups were significantly lower than at the reference interval of 
30–34 years (Table 2).

Figure 1 vHL manifestation rate as a function of age. (a) New cerebellar hemangioblastomas. (b) New retinal hemangioblastomas. Continuous line: 
the number of new manifestations diagnosed per year as a function of age. Dotted line: 95% confidence interval. Poisson regression was used to calculate 
 age-dependent manifestation rates in predefined 5-year age intervals. A restricted cubic spline function was used to depict the rates in smooth graphs. 
Subjects were included with delayed entry from the time of their first magnetic resonance imaging (MRI)/computed tomography (CT) of the central nervous 
system (a)/ophthalmoscopy (b). Figure 1a is based on 120 cerebellar hemangioblastomas. Figure 1b is based on 88 retinal hemangioblastomas.
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Figure 2 effect of genotype on age-dependent manifestation rates for (a) all vHL manifestations, (b) only cerebellar hemangioblastomas, and 
(c) only retinal hemangioblastomas. Poisson regression was used to calculate manifestation rates (the number of new manifestations diagnosed per year) 
in predefined 5-year age intervals. A restricted cubic spline function was used to depict the rates in smooth graphs. (a) Includes all vHL manifestation types 
(581 manifestations). Because surveillance examinations for the different manifestation types were initiated at different ages, each subject was included in 
the analysis from birth. (b) Includes only cerebellar hemangioblastomas (120 tumors) and (c) includes only retinal hemangioblastomas (88 tumors). In the 
analyses for (b) and (c), subjects were included with delayed entry from the time of their first central nervous system (CNS) imaging or ophthalmoscopy, 
respectively. Also, any cerebellar or retinal tumors diagnosed at either the first CNS imaging or ophthalmoscopy, respectively, were excluded. Continuous line: 
age-dependent manifestation rate based on new manifestations diagnosed in patients with truncating germline VHL mutations. Dotted line: manifestation 
rate based on new manifestations diagnosed in patients with missense germline mutations See supplementary table s2 online for a full list of the included 
subjects’ genotypes.
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When we calculated age-related manifestations rates for cer-
ebellar hemangioblastomas only, new lesions were diagnosed at 
the highest rate in subjects in their 30s, roughly corresponding 
to a diagnosis of approximately 0.5 new hemangioblastoma per 
year (Table 3, Figure 1a). Conversely, the rate corresponded to 
less than 0.1 new hemangioblastoma per year until the subjects 
were in their 20s, and was significantly lower at ages under 30 
when compared with the reference interval of 35–39 years.

When only retinal hemangioblastomas were included in the 
calculation of the age-related manifestation rate, the highest 
rate of new lesion diagnosis occurred between 15 and 19 years, 
corresponding to a diagnosis of approximately 0.5 new heman-
gioblastoma per year (Table 3, Figure 1b). At both younger and 
older ages, the rates were significantly lower compared with the 
reference interval of 15–19 years. This rate stabilized from the 
subjects’ 30s at a level of less than 0.1 new manifestation diag-
nosed per year.

Thirty subjects had a truncating mutation, whereas 22 had a 
missense mutation. When all manifestations were included and 
we assumed the same genotype effect in all age groups, truncat-
ing mutation carriers had a significantly higher overall manifes-
tation rate compared with missense mutation carriers (hazard 
ratio  =  1.85, 95% CI: 1.05–3.25, P value  =  0.033). When we 
included a genotype–age interaction, and thereby allowed the 
age-dependent manifestation rate to vary freely in the two gen-
otype groups, the profiles were similar until the second decade 
of life; thereafter, the rate for truncating mutation carriers 
increased markedly compared with those of missense mutation 
carriers (Figure 2). However, when the model allowing for an 
age–genotype interaction was compared with the model with-
out interaction (Supplementary Figures S4 and S5 online), 
they were not significantly different (P value = 0.42), meaning 
that the hypothesis of a constant effect of genotype throughout 
life that does not depend on age could not be rejected.

When including only cerebellar hemangioblastomas, trun-
cating mutation carriers had double the risk of developing a 
new manifestation (hazard ratio = 2.259, 95% CI: 1.005–5.077, 
P value = 0.049), but they had an overall lower risk of retinal 
hemangioblastomas (hazard ratio  =  0.391, 95% CI: 0.211–
0.727, P value = 0.003) compared with missense mutation car-
riers. The rates of variation with age are depicted using smooth 
graphs in (Figure 2a,b).

dIscussIon
The present study is the first to demonstrate that the number 
of new vHL manifestations diagnosed per year is not constant 
throughout the life span of a typical VHL mutation carrier, 
but actually varies significantly with age. It is also the first to 
describe how this pattern of manifestation development var-
ies with genotype and depends on the anatomical location of 
the lesions. Further, our results provide the basis for estimat-
ing the probability of developing new vHL manifestations at 
various ages. Previous studies of vHL manifestation develop-
ment have predominantly focused on either total or cumulative 
manifestation frequencies or on growth patterns of individual 

tumors.6,7,11–15 The few studies that have assessed growth pat-
terns of vHL tumors have mostly assessed growth rates of 
individual tumors in relation to observation time regardless of 
the patients’ ages.12,13 Furthermore, many of these studies have 
solely included patients with clinical vHL or a specific mani-
festation type and have not taken asymptomatic VHL muta-
tions carriers into account,6,12–14 which may bias the frequency 
estimates. This study uniquely includes a longitudinal life-span 
perspective in relation to manifestation development. No other 
study has previously included data from all examinations per-
formed during each patient’s entire life span or described how 
the natural occurrence of new manifestations progresses with 
age. Lonser et al.14 recently investigated the natural history of 
CNS hemangioblastoma development among vHL patients in 
a large prospective cohort. In contrast with our results, they 
found that patients between 12 and 20 years of age developed 
significantly more new tumors per year compared with older 
subjects. However, the results of the study by Lonser et al.14 are 
not directly comparable with our findings because they exclu-
sively included symptomatic patients who had already had at 
least one CNS hemangioblastoma diagnosed. Therefore, their 
results cannot necessarily be applied to all VHL mutation carri-
ers. Because we included almost all known Danish VHL muta-
tion carriers regardless of phenotype, our study population 
is assessed to be representative for vHL patients in general. It 
should, however, be noted that any study population selected 
based on a known diagnosis may overestimate the phenotype 
of a disease because it will not include any patients/families 
with mild phenotypes who have not been diagnosed or even 
misdiagnosed.

Owing to the retrospective study design, new manifesta-
tions were evaluated through medical records. The unique 
Danish national health registers on which the study is based 
have allowed us to include a substantial, well-documented, 
and almost complete material covering each patient’s entire 
life span. It has previously been suggested that vHL surveil-
lance might have been insufficient before guideline establish-
ment in approximately 1990,16 which could theoretically lead 
to an underestimation of new manifestations in the earlier time 
periods. However, according to our previous study of the same 
population, surveillance frequencies before 1993 were, on aver-
age, remarkably, consistent with present recommendations, 
although wider ranges were seen.4 Based on this, we assess that 
the included material provides a complete and accurate mani-
festation count in the entire observation period.

Variation in manifestation rate depends on the anatomical 
location of the tumor
We found a marked difference in how the manifestation rate 
varied with age for hemangioblastomas in the cerebellum and 
those in the retina. Consistent with our results, Lonser et al.14 
recently found that established CNS hemangioblastomas grew 
at significantly different rates depending on their anatomical 
location in the CNS. The contrasting manifestation rate pro-
files found in this study point toward two distinct development 
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patterns at the two anatomical locations, although tumors in 
both locations are identical in their histopathology and ori-
gin.2 Several studies have indicated that VHL deficient heman-
gioblastoma precursor cells, tumorlets, are established during 
embryonic development, although the exact tumorigenesis is 
still unknown.17–22 Thus, from birth, vHL patients may harbor 
numerous microscopic tumorlets in the CNS, including the ret-
ina, and similar growth patterns would be expected. Differing 
anatomical and diagnostic limitations may account for some of 
the observed disparity in tumor development at the two sites. 
Consistent with the present findings, a slighter growth in the 
anatomically restricted retina would result in detectable signs 
or symptoms compared with in the cerebellum, where longer 
asymptomatic growth periods are possible. The initiation and/
or promotion of tumor growth are likely affected by local fac-
tors acting independently at separate locations. Although no 
specific factors have been identified, several possible influ-
ences on vHL tumorigenesis have been suggested, includ-
ing local  micro-environmental stimuli and additional genetic 
alterations.13,17

In our analysis of manifestation rates for cerebellar or retinal 
hemangioblastomas, subjects were included with delayed entry 
from the time of their first examination of the organ in ques-
tion. Also, all the manifestations diagnosed at either the first 
CNS imaging or ophthalmoscopy, respectively, were excluded. 
This was done to eliminate the potential bias of overestimating 
manifestation count at the first examinations due to accumu-
lated asymptomatic manifestations that could have developed 
many years prior to the first examination. All manifestations 
diagnosed at subsequent examinations will have developed 
from the time of the last examination to the time of diagno-
sis, allowing for an accurate estimate of the patients’ ages at the 
time of each manifestation’s development. Because we exclude 
the manifestations diagnosed at the first examination, the true 
manifestation rates in the younger age groups when surveil-
lance is initiated may be even higher than demonstrated. The 
approach with delayed entry could not be applied in the analy-
sis including all manifestation types, because surveillance for 
each type was initiated at different ages. Thus, in that analysis 
the manifestation rates in the younger age groups may, by con-
trast, be overestimated because we risk the bias of a falsely high 
manifestation development burden at the time of a patient’s first 
examination.

Genotype influences rate of new tumor development in 
adulthood
The present study demonstrates that missense mutation car-
riers have a significantly lower overall new manifestation rate 
compared with truncating mutation carriers. Further, this dif-
ference for the two genotype groups may be age-related, so that 
the manifestation rate profiles for the two genotype groups par-
ticularly differ from the patients' 20s. Most germline missense 
mutations produce an altered pVHL that might have residual 
functionality, whereas truncating mutations generally lead to a 
lack of functional pVHL or possibly complete gene product loss 

due to nonsense mediated RNA decay.23,24 Even though missense 
mutation carriers are known to have a higher pheochromocy-
toma risk, their overall milder phenotype is most likely due to a 
resulting pVHL that is defective in fibronectin matrix assembly, 
associated with pheochromocytoma development,25 but retains 
some function in the HIF pathway. Because faulty HIF regulation 
is a key step in RCC and hemangioblastoma development,24,26–28 
missense mutation carriers are likely to have a slighter, possibly 
age-delayed, rate of new hemangioblastoma and RCC devel-
opment. The higher adulthood manifestation rate in truncat-
ing mutation carriers seems to result from higher rates of new 
CNS lesions. For cerebellar hemangioblastomas, the overall 
manifestation rate for truncating mutation carriers was signifi-
cantly higher than for missense mutation carriers. By contrast, 
the overall rate of retinal hemangioblastomas was significantly 
lower in truncating mutation carriers compared with missense 
mutation carriers. The milder retinal phenotype in truncating 
mutation carriers could, in part, be due to simultaneous loss of 
the VHL-adjacent BRK1 gene in patients with VHL exon-one 
deletions, which is associated with a significantly lower retinal 
hemangioblastoma risk.29,30 However, other unknown mecha-
nisms must also affect retinal hemangioblastoma development, 
because simultaneous BRK1 deletions were identified in only 
three of our eight subjects with VHL exon-one deletions.

The biological consequences of VHL mutations are likely to 
also depend on the total amount of functional protein prod-
uct remaining in the cell, and not only on the cellular path-
ways affected by a germline mutation. In line with Knudson’s 
 two-hit hypothesis, tumor development requires both an inher-
ited VHL germline mutation in one allele (first hit), present in 
all the patient’s cells, and a somatic loss or inactivation of the 
wild-type allele (second hit).31 However, studies of second hit in 
vHL lesions have so far been based on only a small number of 
tumors,32–36 and further studies are needed to elucidate the role 
the second hit in tumor development.

We broadly distinguished genotype into two main groups 
according to which mutations were assessed to have similar 
biological consequences. Our material was not large enough 
to make further distinctions, although some biological variety 
may exist in genotype subgroups, possibly influencing mani-
festation rates. It should be mentioned that the two largest 
included families each comprises eight individuals and each 
family belongs to a different genotype group. However, we did 
not assess that the overrepresentation of subjects with the same 
genotype biased the results because their phenotypes vary con-
siderably within each family, as do the phenotypes of the other 
included families.

surveillance recommendations
Because of the unpredictable phenotypic expression of vHL, 
it is difficult to find the balance between efficient surveil-
lance recommendations with minimal frequencies of missed 
 life-threatening or disabling manifestations as well as minimal 
psychological strain on the families. Two studies have system-
atically investigated vHL surveillance recommendations in 
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relation to optimal surveillance initiation and frequency.4,9 So 
far, individualized surveillance in relation to factors such as age 
or genotype has not been explored.

Our results show that regular retinal screening is especially 
important in vHL patients during their teenage years, when 
the rate of new manifestations diagnosed is highest. In line 
with the current surveillance guidelines, we recommend that 
annual ophthalmoscopy should start in early childhood.8 
This further corresponds with previous findings of annual 
examinations as the most optimal retinal surveillance fre-
quency.4 By contrast, Kurizinga et al.9 recently recommended 
that retinal surveillance should be performed every second 
year instead of yearly as currently recommended. However, 
both previous studies are based on overall manifestation 
frequencies that did not take into account that the risk of a 
new retinal manifestation may differ for children, teenagers, 
and adults. Based on this study, retinal surveillance could 
possibly be relaxed later in life, because the manifestation 
rates seem to decrease to less than one lesion every 10 years. 
Further knowledge is needed about the individual risk fac-
tors of the patients who do develop new retinal tumors in 
adulthood before such recommendations can be applied to 
clinical practice.

The CNS surveillance should be given particular attention 
once the patients are in their 30s because new tumors develop 
significantly faster than they do at younger ages. We recom-
mend CNS surveillance every 1–2 years, starting from the late 
teens, in compliance with current guidelines as well as the two 
previous surveillance studies.4,8,9 We stress that surveillance rec-
ommendations apply to asymptomatic patients without mani-
festations in the concerned organ system. Once a manifestation 
is diagnosed, individual follow-up should be assessed.

We have demonstrated that manifestation development 
rates in adults are highly related to genotype and provide a 
great potential for future surveillance targeting. However, 
due to our limited study population, only a crude division 
into two genotype groups was possible, and these results 
alone cannot form the basis of specific surveillance recom-
mendations. Longitudinal studies mapping genotypic age-
related manifestation rates in a more differential manner are 
necessary.

This study provides the initial basis for a targeted clinical 
assessment of lifelong vHL tumor development that is useful in 
surveillance planning as well as in genetic counseling.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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