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Abstract
Context: Carriers of germline pathogenic variants (PVs) in succinate dehydrogenase type B (SDHB) are at increased risk of developing 
pheochromocytomas and paragangliomas (PPGLs). Understanding their outcomes can guide recommendations for risk assessment and early 
detection.
Objective: We performed a systematic review and meta-analysis of the following outcomes in SDHB PV carriers: age-specific risk of developing 
tumors, metastatic progression, second primary tumor development, and mortality.
Methods: PubMed, MEDLINE, and EMBASE were searched. Sixteen studies met the inclusion criteria and were sorted into 4 outcome 
categories: age-specific penetrance, metastatic disease, risk of second tumor, and mortality. We assessed heterogeneity and performed a 
meta-analysis across studies using a random-effects model with the DerSimonian and Laird method.
Results: Penetrance of PPGLs for nonproband/nonindex SDHB PV carriers by age 20 was 4% (95% CI, 3%-6%), 11% (95% CI, 8%-15%) by age 
40, 24% (95% CI, 19%-31%) by age 60%, and 35% (95% CI, 25%-47%) by age 80. The overall risk of metastatic disease for nonproband/ 
nonindex carriers with PPGLs was 9% (95%, CI 5%-16%) per lifetime. In all affected cases (combining both proband/index and nonproband/ 
nonindex carriers with tumors), the risk of a second tumor was 24% (95% CI, 18%-31%) and all-cause 5-year mortality was 18% (95% CI, 
6%-40%).
Conclusion: Penetrance for PPGLs in SDHB PV carriers increases linearly with age. Affected carriers are at risk of developing and dying of 
metastatic disease, or of developing second tumors. Lifelong surveillance is appropriate.
Key Words: SDHB, succinate dehydrogenase, pheochromocytoma, paraganglioma
Abbreviations: HNPGL, head or neck paraganglioma; PV, pathogenic variant; PPGL, pheochromocytomas and paraganglioma; SDHB, succinate 
dehydrogenase type B; TAPPGL, thoracoabdominal paragangliomas and pheochromocytoma; VUS, variants of uncertain significance.
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Carriers of germline pathogenic variants (PVs) in succinate de-
hydrogenase type B (SDHB) are at increased risk of develop-
ing pheochromocytomas and paragangliomas (PPGLs) (1). 
Pheochromocytomas arise from chromaffin cells in the ad-
renal medulla, and paragangliomas arise from chromaffin 
cells in sympathetic, or chief cells in parasympathetic, ganglia 
(2). Overall, around 20% of all PPGL cases are attributed to 
germline PVs in genes encoding SDH subunits (SDHx), with 
the most frequent being SDHB (3). SDHB PV carriers are typ-
ically identified after a proband/index patient presents with 
PPGL and undergoes genetic testing, followed by family risk 
notification and predictive testing.

SDHB PV carriers have a significantly increased risk of 
metastatic progression and mortality. A recent analysis of 
448 proband cases from a registry data set noted that meta-
static disease affected 27% of SDHB PV carriers (4). In an-
other paper, proband patients were 4 times more likely to 
develop metastatic disease compared with nonproband cases 

(5). A recent analysis of PPGLs from the Cancer Genome 
Atlas found that patients with PPGLs associated with a germ-
line SDHB PV had significantly higher 15-year mortality 
(HR = 4.7), compared to non-SDHB cases (6).

Understanding the outcomes facing this group is clinically 
important, as it can help to inform patients, their families, 
and health-care providers regarding risk assessment, early de-
tection, and intervention strategies. Previous systematic reviews 
and meta-analyses (7-9) have not focused on outcomes facing 
nonproband/nonindex SDHB PV carriers. The risk of metastat-
ic progression for nonindex SDHB PV carriers was last assessed 
in a systematic review and meta-analysis more than a decade 
ago (10), and in light of subsequent studies deserves an update. 
The aim of this study was to assess the following outcomes in 
SDHB PV carriers by meta-analysis of published studies in 
the field: age-specific risk of developing tumors, risk of meta-
static progression, risk of developing a second primary tumor, 
and risk of death. An understanding of these risks is crucial 
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for optimizing patient management and improving clinical out-
comes, because these 4 risks are key factors in driving the high 
burden of disease facing SDHB PV carriers and health-care util-
ization. Tumor development is associated with symptoms of 
catecholamine excess and/or mass-effect symptoms to sur-
rounding structures (11); each subsequent tumor increases the 
likelihood of morbidity and mortality; metastatic progression 
is associated with morbidity from tumor symptoms (11) and 
is a risk factor for mortality (12, 13).

Materials and Methods
Eligibility Criteria
We searched for original retrospective and prospective obser-
vational studies reporting on outcomes for SDHB PV carriers 
whose carrier status was confirmed on genetic testing. Studies 
were included if they reported on any of the following out-
come measures: (1) age-specific penetrance (age 20, 40, 60, 
and/or 80 years), (2) number or proportion of SDHB PV car-
riers who developed metastatic disease, (3) number or propor-
tion of SDHB PV carriers who developed second tumor(s), 
and (4) mortality of SDHB PV carriers with metastatic dis-
ease. Penetrance was defined as the proportion of SDHB PV 
carriers who developed PPGL. Metastasis was defined by 
World Health Organization classification as the presence of 
chromaffin tissue in nonchromaffin organs such as lymph no-
des, liver, lungs, and bone (2). In the event a study reported 
metastasis on imaging without a biopsy diagnosis, we catego-
rized this as metastasis and not as a second tumor. We classi-
fied second tumor only when a study used the phrases “second 
tumor” or “multifocal” or provided individual patient data on 
the particular second tumor diagnoses (the type of head or 
neck paraganglioma [HNPGL] or thoracoabdominal para-
gangliomas and pheochromocytomas [TAPPGLs]). Mortality 
was defined as the number of patients who died of the disease. 
For mortality estimates we included studies that reported 
5-year mortality of SDHB PV carriers with metastatic disease 
to minimize bias from studies with unclear or short duration 
of follow-up. We did not exclude studies that reported on 
SDHB PV carriers who presented with symptomatic disease. 
We also did not exclude studies with probands, defined as the 
first individual in a family to be diagnosed with an SDHB PV 
after presenting with a tumor, nor did we exclude studies 
with index cases, defined as the first identified case of SDHB 
PV. However, if data on nonproband/nonindex SDHB PV car-
riers were available, we assessed these results preferentially to 
data on probands/index carriers. We only included results for 
nonproband/nonindex cases for the outcomes of age-specific 
penetrance and risk of metastatic progression. However, for 
risk of second tumor, we found only one study that reported 
nonproband/nonindex carrier data, so we could not assess 
nonproband/nonindex carrier data preferentially. Similarly 
for mortality risk, we found only one study that reported non-
proband/nonindex carrier 5-year mortality data, so we could 
not assess nonproband/nonindex carrier data preferentially.

As a systematic review and meta-analysis has been per-
formed looking at the risk of metastatic disease for the com-
bined group of proband/index and nonproband/nonindex 
SDHB PV carriers (9), we performed a meta-analysis of the 
risk of metastatic progression for nonproband/nonindex 
SDHB PV carriers with disease only. Studies with fewer 
than 10 SDHB PV carriers were excluded. Where studies re-
ported on the same cohort of patients, we assessed the study 

with the larger number of SDHB PV carriers addressing the 
outcome of interest.

Search Strategy
In March 2022 the databases PubMed, Ovid MEDLINE, and 
Ovid EMBASE were searched by D.F.D. Studies were limited 
to those in humans but there was no limit on language. 
Additional records were identified through primary article 
references. The PubMed search was as follows: ((paraganglio-
ma or pheochromocytoma) and (succinate or SDHB or SDH)) 
limited to humans. The Ovid MEDLINE search was as fol-
lows: (succinates/or succinate.mp. or SDHB.mp.) and (exp 
paraganglioma/or paraganglioma.mp.) limited to humans. 
The Ovid EMBASE search was as follows: (exp succinate de-
hydrogenase/or succinate.mp. or sdhb.mp. or sdh.mp) and 
(exp paraganglioma/or exp pheochromocytoma/or paragan-
glioma.mp or pheochromocytoma) limited to humans.

Data Selection
Studies from the search were entered into the reference man-
agement software (Endnote X9). Duplicates were removed 
and articles were screened for eligibility based on title and ab-
stract by D.F.D. Basic science reports, case reports, review ar-
ticles, editorials, conference abstracts with insufficient data, 
nonoriginal research, and unrelated articles (those that did 
not address the research questions or meet the inclusion cri-
teria) were removed. Once relevant full-text articles were ob-
tained, a full-text review of screened articles was conducted by 
authors D.F.D., D.E.B., V.H.M.T., and R.C.B. with disagree-
ments determined by group consensus with R.D.A.L. We per-
formed an analysis of the penetrance data from our cohort (5) 
(Appendix 1 (14)) and included the data in the pooled pene-
trance assessment.

Articles were separated into 4 categories according to pene-
trance for nonproband/nonindex SDHB PV carriers, risk of 
metastatic disease for SDHB PV carriers with disease, risk 
of a second tumor for SDHB PV carriers with disease, and 
5-year mortality for SDHB PV carriers with metastatic 
disease.

Data Extraction
The following data were extracted from eligible articles: first 
author, year of publication, observational study design, coun-
try, data collection, duration of follow-up, number of partic-
ipants who were nonproband/nonindex SDHB PV carriers, 
number of nonproband/nonindex SDHB PV carriers who de-
veloped disease by age 20, 40, 60, and/or 80 years based on 
reported age-specific penetrance, total number of SDHB PV 
carriers who developed disease, number of SDHB PV carriers 
who developed metastatic disease, number of SDHB PV car-
riers who developed a second tumor, and number of SDHB 
PV carriers with metastatic disease who died within 5 years. 
Studies were classified as either cohort studies (with follow-up 
of a cohort of SDHB PV carriers to observe who developed 
outcomes of interest (15)) or cross-sectional; as retrospective 
or prospective; and as single-center or multicenter.

Risk of Bias Assessment
The quality of the observational studies was assessed inde-
pendently by authors D.F.D., D.E.B., and R.C.B. using a 
modified Newcastle-Ottawa tool described by Hamidi et al 
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(8) and further adapted to this study. The following were de-
scribed: (1) how the sample represented the population of 
interest, (2) how genetic information was assessed, (3) how 
the outcome measures were assessed, (4) sufficient duration 
of follow-up and, (5) adequacy of follow-up. A detailed de-
scription of the tool is listed in the supplementary material 
(14). The tool used by Hamidi et al (8) was adapted by re-
placing their question “how the data on metastatic PPGL 
was collected” with “how genetic information was assessed” 
because we assessed SDHB PV carriers only and we assessed 
4 outcomes rather than the 1 outcome of metastatic disease 
risk.

Statistical Analyses
Penetrance in our cohort of SDHB PV carriers (5) was per-
formed using the Kaplan-Meier method. The outcome of the 
meta-analysis was the pooled penetrance of PPGL in SDHB 
PV carriers. The proportion of patients with PPGLs by age 
20, 40, 60, and 80 years was calculated as the number of pa-
tients with PPGLs at those ages divided by the total number of 
SDHB PV carriers. Probands/Index cases were excluded to re-
duce ascertainment bias (16). For all 4 outcomes of interest, a 
meta-analysis of proportions was performed by using a 
random-effects generalized linear mixed model due to ex-
pected differences in the populations from which data was 
pooled. The random-effects model was determined using the 
DerSimonian and Laird method (17), with the estimate of het-
erogeneity taken from the inverse variance method. CIs were 
obtained using the Jackson method. Prediction intervals 
were calculated to denote the penetrance that may be observed 
in future studies. Publication bias assessment was attempted 
but ultimately could not be assessed with Egger’s regression 
test, funnel plot asymmetry or the meta-regression “weightr” 
package in R, because there were too few studies and insuffi-
cient data to run these tests, defined as fewer than 10 studies 
for each pooled assessment (18). Analyses were performed 
with R version 4.2.2.

Results
Study Selection
The search of publications produced 4035 references. Duplicates 
were removed and abstracts reviewed, leaving 241 publications 
for assessment. The manuscripts were reviewed and a further 
224 publications were removed: A total of 12 publications 
were eliminated due to being review articles, 9 publications 
were conference abstracts, 29 studies were case reports, 13 
studies were case reports on SDHB PV carriers, 2 were path-
ology studies, 132 publications were unrelated, and 19 were 
basic science publications. One study was an identical cohort 
presented in another publication by the same authors. Two 
studies reported risk of metastatic disease but were not in-
cluded in the assessment because there were fewer than 10 
nonproband/nonindex SDHB PV carriers with disease. Five 
studies that reported risk of metastatic disease were excluded 
because there were insufficient data on nonproband/nonindex 
SDHB PV carriers. One study reported 5-year mortality but 
did not report the number of SDHB PV carriers with metastat-
ic disease. Altogether, 16 studies met the inclusion criteria 
(5,12, 13, 16, 19-30). The study inclusion flow diagram is 
shown in Fig. 1.

Study Characteristics
Of the 16 studies, 10 were cohort studies (5, 12, 13, 19-21, 23, 
26, 28, 30), and 6 were cross-sectional studies (16, 22, 24, 25, 
27, 29) (Table 1). The follow-up duration of cohort studies 
was variable and median follow-up ranged between 1 year 
and 5.9 years. Twelve studies were retrospective, 3 were pro-
spective, and 1 study was retrospective with ongoing pro-
spective follow-up. Nine were single-center and 7 were 
multicenter. Seven studies were suitable for the penetrance as-
sessment, 5 for assessing risk of metastatic disease assessment, 
5 for assessing risk of a second tumor, and 6 for the 5-year 
mortality of SDHB PV carriers with metastatic disease assess-
ment. The number of SDHB PV carriers in each study ranged 
from 11 to 317.

Risk of Bias Assessment
Risk of bias assessments were performed for each study, and 
results are summarized in Fig. 2. Patient selection assessment 
was assessed as having a low risk of bias for 10 studies and a 
high risk of bias for 6 studies. Genetic diagnosis (14/16) and 
clinical outcomes (15/16) were assessed by our authors as hav-
ing a low risk of bias. Follow-up duration (12/16 high or un-
clear risk) and follow-up completeness (15/16 high or unclear 
risk) were assessed as having high risk of bias.

Penetrance for Nonproband/Nonindex SDHB 
Pathogenic Variant Carriers: Meta-Analysis
Results for age-specific penetrance for nonproband/nonindex 
SDHB PV carriers are shown in Fig. 3. The pooled penetrance 
of PPGL by age 20 was 4% (95% CI, 3%-6%; prediction 
interval, 2%-7%; n = 761, 5 studies) with I2 of 0%. By age 
40 the pooled penetrance was 11% (95% CI, 8%-15%; pre-
diction interval, 5%-25%; n = 831, 6 studies). There was 
moderate variability between studies with I2 of 52%. By age 
60 pooled penetrance was 24% (95% CI, 19%-31%; predic-
tion interval, 9%-50%; n = 1202, 7 studies). There was high 
variability between studies with I2 of 83%. By age 80 pooled 
penetrance was 35% (95% CI, 25%-47%; prediction inter-
val, 5%-84%; n = 889, 4 studies). There was high variability 
between studies with I2 of 91%. The overall pooled pene-
trance is summarized in Fig. 4. Excluding the penetrance 
data from our cohort (5) produced similar results for pooled 
penetrance and heterogeneity at age 20, 40, and 60 years 
but gave a higher penetrance for age 80 years (Appendices 1 
and 2) (14).

Risk of Metastatic Disease for Nonproband/ 
Nonindex SDHB Pathogenic Variant Carriers With 
Disease: Meta-Analysis
Results for the risk of metastatic disease for SDHB PV carriers 
with disease, excluding proband/index cases, are shown in 
Fig. 5. The pooled risk of metastatic disease for nonpro-
band/nonindex SDHB PV carriers with tumors was 9% 
(95% CI, 5%-16%; prediction interval 2%-34%; n = 251, 5 
studies). There was mild variability between studies with I2 

of 33%. The subgroup analysis of risk of metastatic disease in 
nonproband/nonindex carriers with HNPGLs and TAPPGLs 
are provided in Supplementary Fig. S1 (14).
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Risk of a Second Tumor for SDHB Pathogenic 
Variant Carriers With Disease: Meta-Analysis
The risk of developing a second primary tumor could not be 
determined for nonindex carriers alone due to insufficient 
data in the literature. Considering outcomes for probands 
and nonprobands/nonindex cases with disease combined, 
the risk of a second primary tumor is shown in Fig. 6. The 
pooled risk of a second tumor was 24% (95% CI, 18%- 
31%; prediction interval 15%-37%; n = 156, 5 studies) 
with I2 of 0%.

Five-Year Mortality for SDHB Pathogenic Variant 
Carriers With Metastatic Disease: Meta-Analysis
Five-year mortality could not be determined for nonindex car-
riers alone due to insufficient data in the literature. Combining 
outcomes for probands and nonprobands/nonindex cases 
with metastatic disease is shown in Fig. 7. Five-year mortality 
of SDHB PV carriers with metastatic disease was 18% 
(95% CI, 6%-40%; prediction interval 1%-90%; n = 254, 
6 studies). There was high variability between studies 
with I2 of 86%.

Records excluded:

Unrelated n=1927

Records identified through 
database search (Pubmed, Ovid, 
Medline)

n=4035

Records after duplicates removed

n=2168

Records screened for title and 
abstract 

n=2168

Full-text articles assessed for 
eligibility

n=241

Full-text articles excluded:

Review articles
n=12

Conference abstracts with 
insufficient data n=9

Case report n=29

Single patient with SDHB
mutation (not a cohort of patients) 
n=13

Pathology study with nil germline 
mutation analysis n=2

Unrelated n=132

Basic science only n=19

Identical cohort presented in 
another publication by same 
authors n=1

Insufficient data on non-proband/ 
non-index carriers 

n=5

Fewer than 10 non-proband/ non-
index carriers with disease

n=2

Number with metastatic disease 
unknown n=1

Additional records identified 
through article references

n=26

Full-text articles reviewed

n=16

Figure 1. Study flow diagram.
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Discussion
In this systematic review and meta-analysis, we aimed to as-
sess 4 clinically relevant outcomes facing SDHB PV car-
riers, namely, penetrance of disease, risk of metastatic 
progression, risk of developing a second tumor, and mortal-
ity following a diagnosis of metastatic disease. These out-
comes were selected due to their relevance to patients, 
families, and health-care providers conducting surveillance 
and treatment.

To our knowledge, this is the first systematic review and 
meta-analysis to examine penetrance for SDHB PV carriers 
excluding proband/index cases, to assess the risk of develop-
ing second tumor, and to report on 5-year mortality of 
SDHB PV carriers with metastatic disease altogether.

We found penetrance of nonproband/nonindex SDHB 
PV carriers rose from 4% at age 20 to 24% by age 60 and 
to 35% by age 80. For nonproband/nonindex SDHB PV 
carriers who had developed PPGL, overall risk of metastatic 
progression was 9% per lifetime. Carriers with a history of 
tumors (proband/index carriers or nonproband/nonindex 
carriers) had a 24% risk of a second tumor. Finally, 
all cause 5-year mortality was 18% for both proband/ 
index and nonproband/nonindex carriers with metastatic 
disease.

Our meta-analysis updates the risk of metastatic progres-
sion for SDHB PV carriers excluding proband/index cases. 
The most recent systematic review and meta-analysis of meta-
static disease risk in SDHx PV carriers by Lee et al (9) differed 
from our assessment, as they included symptomatic and pro-
band/index cases whereas we excluded proband/index cases 
in the analysis of risk of metastatic progression for SDHB 
PV carriers who had developed PPGL. Lee et al (9) found a 
higher risk of 23% of metastatic progression compared to 
our estimate of 9% in nonproband/nonindex carriers with tu-
mors. We speculate finding a higher risk of metastatic progres-
sion when including proband/index cases is likely due to 
delayed diagnosis and therefore a longer period of “tumor in-
cubation.” In addition, symptomatic patients may have larger 
tumors, and tumor size is a risk factor for metastatic progres-
sion (5, 24, 31).

More than a decade ago, van Hulsteijn et al (10) reported 
on the risk of malignant (metastatic) paraganglioma in 
SDHB PV carriers and found the pooled risk in nonindex 
carriers to be 13%, broadly in keeping with our risk esti-
mate of 9%. In their systematic review and meta-analysis, 
the heterogeneity of studies was not stated and the investi-
gators cautioned the generalizability of applying the 

findings, citing the paucity of cohort studies and high risk 
of bias (10). Our meta-analysis was strengthened by finding 
only mild variability between studies reporting metastatic 
progression, with an I2 of 33%; and 4 of the 5 studies in 
our assessment were cohort studies, compared to 2 of 12 
studies in that by van Hulsteijn et al (10).

Hamidi et al (8) performed a systematic review and meta- 
analysis of overall mortality following a diagnosis of meta-
static disease with subgroup analysis of 2 studies reporting 
on SDHB PV carriers. In our updated analysis we assessed 
5-year mortality in 3 times more participants than this previ-
ous study (8). We found a lower pooled mortality of 18%, 
compared to their mortality estimate of 35% to 55% (8). 
Changes in surveillance practices and treatment options for 
patients with advanced disease might account for the de-
crease in mortality estimates.

There were several limitations of the evidence in the 
pooled analysis. The I2 result of 0% for the studies on 
pooled penetrance at age 20 years and risk of developing 
a second tumor suggests there was a potential sampling er-
ror (32). While some studies reported their surveillance pro-
tocols (5, 13, 20, 21, 24, 26, 28, 30), others did not and 
differences in follow-up across centers may have modified 
outcomes reported for SDHB PV carriers. Some of the var-
iants in earlier studies have subsequently been reclassified as 
variants of uncertain significance (VUS) or likely benign. Of 
344 SDHB PV carriers studied by Jochmanova et al (23), 2 
index cases in total might have been VUS and 1 index case 
and 1 nonindex carrier without disease might have been 
likely benign variants. Of 16 SDHB PV carriers with disease 
studied by Srirangalingam et al VUS, 1 might have been 
(28). There was high heterogeneity in the pooled penetrance 
at age 80 years. There was also high heterogeneity in the 
5-year mortality rate of SDHB PV carriers with metastatic 
disease, and given many of the studies did not describe 
treatment protocols for carriers with metastatic disease 
(5, 23, 25, 27, 29), potential treatment differences may 
have been a factor in variable mortality outcomes. The 
quality of individual studies included in the systematic re-
view and meta-analysis varied, as shown in the risk of 
bias assessment. For example, in some studies follow-up 
duration or completeness was unclear at an individual pa-
tient level. Therefore in the pooled analysis of age-specific 
penetrance, we assumed all nonproband/nonindex SDHB 
PV carriers were included in the age-specific penetrance 
proportions reported in each study. Similarly in the pooled 
analysis of 5-year mortality, we assumed all patients with 
metastatic disease were included in the 5-year mortality as-
sessment for each study. While these assumptions would 
not have affected the penetrance or 5-year mortality pro-
portions, the combined weighting of the studies may have 
been different. We tried to assess studies that reported on non-
proband/nonindex carriers, but there were limited eligible stud-
ies to assess risk of developing a second tumor and 5-year 
mortality for nonproband/nonindex carriers alone. Six studies 
included highly selected populations such as SDHB PV carriers 
with advanced or metastatic disease whereas a typical group of 
SDHB PV carriers undergoing surveillance often included 
asymptomatic or nonproband/index carriers. Therefore, while 
this was the first meta-analysis to assess risk of developing a se-
cond tumor and 5-year mortality, we acknowledge a risk of as-
certainment bias as we included proband/index cases in these 
analyses.

Figure 2. Risk of bias assessment.
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Limitations to this study included the potential that 
search terms missed articles that were not indexed under 
those terms or if they were published in sources not included 
in the search. To counter this possibility, we also included 
articles identified in references. Similarly, there was the pos-
sibility of language bias; while our search was not limited to 
the English language, it transpired the articles selected for 

eligibility were all in English. Inclusion and exclusion cri-
teria used in the review were narrow, but we felt this was 
appropriate given we were interested in outcomes of this 
specific cohort.

Surveillance for SDHB PV carriers aims to detect PPGLs be-
fore metastasis has occurred, to facilitate surgical cure (3). 
Our meta-analysis has potential implications for surveillance 

Figure 3. Penetrance of pheochromocytomas and paragangliomas for nonproband/nonindex SDHB pathogenic variant carriers. A, Age 20 years. B, Age 
40 years. C, Age 60 years. D, Age 80 years.
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approaches among SDHB PV carriers. We found that pene-
trance appears to increase linearly across the lifespan up to 
and including age 80 years, suggesting that there is utility in 
ongoing screening up to age 80 years. Current guidelines rec-
ommend less screening after age 70 years (3). SDHB PV car-
riers with a history of tumors (either proband/index or 
nonproband/nonindex carriers) have a 24% risk of a second 
tumor, so surveillance must continue even following surgical 
excision of the primary tumor. The frequency of such surveil-
lance requires further research. Moreover, the risk of metastatic 
progression for nonproband/nonindex carriers is 9%, which al-
though lower than previously estimated for index cases (4) still 
highlights the need for careful follow-up of these cases. Apart 
from tumor size (5, 24, 27, 31), risk factors for metastatic pro-
gression are not currently well known. As risk factors for meta-
static progression are identified in the future, health-care 

Figure 4. Overall pooled penetrance of pheochromocytomas and 
paragangliomas (PPGL) for SDHB pathogenic variant (PV) carriers, 
excluding proband/index cases.

Figure 6. Risk of a second tumor for SDHB pathogenic variant carriers with disease.

Figure 5. Risk of metastatic disease for SDHB pathogenic variant carriers with disease, excluding proband/index cases.

Figure 7. Five-year mortality of SDHB pathogenic variant carriers with metastatic disease.
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professionals may wish to consider more frequent surveillance 
for patients with these risk factors. Finally, our meta-analysis 
confirms a poor prognosis for SDHB PV carriers once metastat-
ic disease has occurred, with a 5-year mortality of 18%.

Conclusion
This review has clinical relevance for genetic counseling and 
surveillance of all SDHB PV carriers. Nonproband/nonindex 
carriers have a 4% chance of having developed PPGL by 
age 20 years, rising to 35% by age 80 years. For carriers who 
develop PPGL, there is a 9% chance of metastatic progression. 
Since SDHB PV carriers who have developed one tumor (pro-
bands and nonproband/nonindex cases combined) have a 
24% chance of developing a second tumor, follow-up surveil-
lance is important even when the first tumor is surgically re-
moved. In the setting of a lifelong risk of developing PPGLs 
and subsequent risks of metastatic progression, developing a 
second tumor and mortality from disease, our review supports 
lifelong surveillance as an important recommendation for all 
centers, as advocated by clinical practice guidelines (3).
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