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ABSTRACT

BACKGROUND AND PURPOSE: Head and neck paragangliomas have been reported to be associated with mutations of the succi-
nate dehydrogenase enzyme family. The aim of this study was to assess whether radiologic features could differentiate between
paragangliomas in the head and neck positive and negative for the succinate dehydrogenase mutation.

MATERIALS ANDMETHODS: This single-center retrospective review from January 2015 to January 2020 included 40 patients with 48
paragangliomas (30 tumors positive for succinate dehydrogenase mutation in 23 patients and 18 tumors negative for the succinate
dehydrogenase mutation in 17 patients). ADC values and tumor characteristics on CT and MR imaging were evaluated by 2 radiolog-
ists. Differences between the 2 cohorts in the diagnostic performance of ADC and normalized ADC (ratio to ADC in the medulla
oblongata) values were evaluated using the independent samples t test. P , .05 was considered significant.

RESULTS: ADCmean (1.07 [SD, 0.25]/1.04 [SD, 0.12] versus 1.31 [SD, 0.16]/1.30 [SD, 0.20]� 10�3 mm2/s by radiologists 1 and 2; P, .001),
ADCmaximum (1.49 [SD, 0.27]/1.49 [SD, 0.20] versus 2.01 [SD, 0.16]/1.87 [SD, 0.20]� 10�3 mm2/s; P, .001), normalized ADCmean (1.40 [SD,
0.33]/1.37 [SD, 0.16] versus 1.73 [SD, 0.22]/1.74 [SD, 0.27]; P, .001), and normalized ADCmaximum (1.95 [SD, 0.37]/1.97 [SD, 0.27] versus
2.64 [SD, 0.22]/2.48 [SD, 0.28]; P, .001) were significantly lower in succinate dehydrogenase mutation–positive than mutation–nega-
tive tumors. ADCminimum, normalized ADCminimum, and tumor characteristics were not statistically significant.

CONCLUSIONS: ADC is a promising imaging biomarker that can help differentiate succinate dehydrogenase mutation–positive
from mutation–negative paragangliomas in the head and neck.

ABBREVIATIONS: nADC ¼ normalized ADC; SDH ¼ succinate dehydrogenase

Paragangliomas are uncommon neuroendocrine tumors with
an estimated annual incidence of 3–8 cases per 1 million

people in the general population.1 They arise from the sympa-
thetic and parasympathetic autonomic system and occur
anywhere from the base of the skull to the pelvis, with 70% of
extra-adrenal paragangliomas arising in the head and neck
region. The typical clinical sites are the carotid artery bifurca-
tion, middle ear, and jugular fossa.1-3 Clinical manifestat-
ions include hypertension, palpitations, headache, excessive

sweating, and pallor, which vary depending on the tumor size,
location, and biochemical activity.1,4

There has been an increasing interest in the genetic basis for

paragangliomas. Although head and neck paragangliomas often

occur as sporadic tumors, it is now recognized that approximately

30%–40% of head and neck paragangliomas are associated with

autosomal dominant hereditary tumor syndromes.1,2,5 Succinate

dehydrogenase (SDH), a multiprotein complex composed of

SDH subunit A, B, C, and D proteins, is an important enzyme in

the Krebs cycle and electron transport chain in the mitochondria

for energy production. The loss of SDH function results in less ef-

ficiency of these processes. Moreover, these altered pathways

allow the tumor cells to grow even in a low-oxygen environ-

ment.6 Therefore, deactivation in any of the subunits will result

in tumors positive for the SDHmutation.
Familial paraganglioma syndromes associated with SDH gene

mutations have now been recognized as the primary cause of he-

reditary paragangliomas in the head and neck. Twenty-five per-

cent of all paragangliomas and pheochromocytomas are related
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to genetic mutations in different subunits of the SDH protein,

each with different tendencies toward different tumor locations,

different numbers of lesions, and different potentials for malig-

nancy.1 For example, familial paragangliomas with SDH subunit

D (SDHD) mutation are more likely to be multifocal in the head

and neck, and paragangliomas with SDH subunit B (SDHB)

mutations are prone to malignant transformation.1 Therefore,

establishment of genetic screening of individuals and life-long

surveillance of patients at high risk for developing paraganglio-

mas are important.
The typical imaging appearances of head and neck paragan-

gliomas on CT and MR imaging include well-circumscribed
lesions showing avid contrast enhancement.7-9 Prior studies have
demonstrated that DWI and ADC parameters can be used for di-
agnosis, staging, and follow-up of head and neck tumors.10 As for
paragangliomas, ADC values have been used in the past to differ-
entiate these tumors from other head and neck lesions, with
variable results.11 Because paragangliomas can have genetic muta-
tions and a variety of histologic patterns,12 the variability of ADC
values on MR imaging studies may be secondary to the heteroge-
neous genotype of these lesions. The aim of our study, therefore,
was to evaluate the differences in ADC values between SDH muta-
tion–positive and SDHmutation–negative head and neck paragan-
gliomas to assess the utility of ADC as an imaging biomarker.

MATERIALS AND METHODS
The institutional review board of University of Michigan
approved this retrospective single-center study and waived the
requirement for informed consent. Data were acquired in com-
pliance with all applicable Health Insurance Portability and
Accountability Act regulations.

Study Population
We retrospectively reviewed 579 consecutive patients from
January 2015 to January 2020 who were suspected of having head
and neck paragangliomas from head and neck CT/MR imaging
findings and clinical information. Among them, 94 patients had
been diagnosed with paragangliomas histopathologically or clini-
cally by elevated plasma fractionated metanephrines or elevated
24-hour urinary fractionated metanephrines, findings of head
and neck CT and MR imaging, and PET with 2-Deoxy-2-[18F]
fluoro-d-glucose integrated with CT or indium-111 (111In) pente-
treotide SPECT. We excluded patients who had previously
undergone an operation, had undergone radiation therapy, did
not have pretreatment CT/MR imaging (n ¼ 28), or did not have
prior genetic testing for SDH mutations (n ¼ 26). Forty patients
(49.3 [SD, 14.9] years of age; 9 men; 31 women) with 48 paragan-
gliomas constituted the final study cohort.

Genetic Testing
Genetic testing was by the PGLNext panel (Ambry Genetics),
which requires collecting blood or saliva samples by an appropriate
kit. PGLNext analyzes 12 genes including SDHA, SDH subunits
AF2 (SDHAF2), SDHB, SDHC, and SDHD. This test is designed
and validated to detect.99% of the gene mutations noted above.

This cohort was further divided into 2 groups: the SDHmuta-
tion–positive group and SDHmutation–negative group.

In the SDH mutation–positive group, there were 30 paragan-
gliomas in 23 patients (mutations of the SDH subunits A, B, C,
and D were n¼ 2, 8, 5 and 15, respectively). Nineteen lesions
were pathologically proved, and 11 lesions were clinically diag-
nosed. Three patients with the SDHD mutation had 2 lesions
each, 1 patient with an SDHD mutation had 4 lesions, and 1
patient with an SDHBmutation had 2 lesions.

In the SDH mutation–negative group, there were 18 paragan-
gliomas in 17 patients. Eleven lesions were pathologically proved,
and 7 lesions were clinically diagnosed. One patient had 2 lesions.

MR Imaging Acquisition
MR imaging studies were acquired on multiple scanners includ-
ing 1.5T scanners (Ingenia, n¼ 10, and Achieva, n¼ 10; Philips
Healthcare; Signa Excite, n¼ 4, and GoldSeal Signa HDxt, n¼ 4;
GE Healthcare) and 3T scanners (Magnetom Vida, n¼ 5;
Siemens; and Ingenia, n¼ 15; Philips Healthcare). MR imaging
sequences and parameters were summarized in the Online
Supplemental Data. These parameters were modified depending
on the field strength and manufacturers.

CT Acquisition
Contrast-enhanced CT neck examinations were acquired on a
multislice 64-detector CT scanners (HD 750; GE Healthcare)
with the following scan parameters: 120–140 kV(peak), 80–
295mA, skull base to thoracic inlet, 125mL of iopamidol
(Isovue 300; Bracco). The parameters of neck CT were as fol-
lows: plane ¼ axial, FOV¼ 96mm, section thickness¼
0.625mm, window level and width¼ 400 and 3200 HU,
phase¼ 45 seconds, delayed phase.

Image Analysis
Conventional Imaging Analysis. Two board-certified neuroradi-
ologists with 6 and 9 years of experience interpreted all radiologic
images independently. They were blinded to the mutation status
of the lesions. Both radiologists recorded the following metrics:

1. Maximum axial diameter of the tumor on postcontrast T1-
weighted images.

2. The presence of necrotic or cystic changes and salt-and-pep-
per appearance (flow voids) evaluated on T2-weighted and
pre- and postcontrast T1-weighted images. These were
recorded as binary variables (yes/no). Cystic changes were
defined as nonenhancing, predominantly T1-hypointense
and T2-hyperintense areas; necrotic changes, as nonenhanc-
ing, predominantly T1-hypointense and heterogeneously
T2-hyperintense areas; and salt-and-pepper appearance, as
nonenhancing T1-hypointense and T2-hypointense vessel
structures within the tumors.

3. Erosions of adjacent bony structures evaluated on CT. The
axial plane was used. These were recorded as binary variables
(yes/no).

4. Glomus jugulare and glomus jugulotympanicum were classi-
fied into head lesions; and carotid body tumors and glomus
vagale, into neck lesion as for location.

ADC Analysis. ADC maps were constructed by a monoexpo-
nential fitting model using the commercially available
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software Olea Sphere (Olea Medical). The 2 neuroradiolo-
gists independently outlined the tumors on an axial post-
contrast T1-weighted image and transposed the freehand
ROI to the ADC map. The axial images that predominantly
showed solid enhancing portions without cystic or necrotic
areas on postcontrast T1-weighted images were selected.
The ROIs spared the peripheral 2-mm margin of the lesions
to avoid volume averaging (Fig 1C).13 When geometric dis-
tortion was observed, the location and size were adjusted on
the ADC map so that the ROI could be included within the
tumor. A separate ROI was placed in the center of the me-
dulla oblongata at the level of the foramen of Lushcka as an
internal reference standard (Fig 1D).14 A normalized ADC
(nADC) ratio was calculated by dividing each ADC value of
the lesion by the mean ADC value of the medulla oblongata.

Statistical Analysis
Patient demographic characteristics including sex (ratio of male
to female) and age, number of lesions, tumor characteristics of
maximum diameter of tumor, presence or absence of salt-and-
pepper appearance, location (ratio of head/neck legion), adjacent
skull destructive changes, and necrotic changes were compared
between the 2 groups. Age was compared by t tests and was
described as mean (SD). The maximum diameter of the tumor

was compared using the Mann-
Whitney U test and described as median
(interquartile range). The categoric varia-
bles such as sex (ratio of male to female),
presence or absence of salt-and-pepper
appearance, adjacent skull destructive
change and necrotic change, and location
(ratio of head/neck legion) were com-
pared using the Fisher exact test.

The ADCmean, ADCmaximum, and
ADCminimum values and nADCmean,
nADCmaximum, and nADCminimum

ratios for the 2 readers were analyzed
separately using the independent sam-
ples t test. For the metrics that showed
a statistically significant difference,
diagnostic performances were calcu-
lated on the basis of receiver operating
characteristic curve analysis. The opti-
mal cutoff values in receiver operating
characteristic analysis were determined
as a value to maximize the Youden
index (sensitivity1 specificity –1).

As for tumor characteristics, inter-
reader agreement was assessed by k

analysis, which was interpreted as fol-
lows: ,0.40, poor-to-fair agreement;
0.41–0.60, moderate agreement; 0.61–
0.80, substantial agreement; and 0.81–
1.00, almost perfect agreement.15

All statistical calculations were
conducted with JMP Pro, Version
15.0.0 (SAS Institute). Variables with

P, .05 were considered statistically significant.

RESULTS
Patient demographics and tumor characteristics are shown in Table
1. Patients who were in the SDHmutation–positive group were sig-
nificantly younger than those in the SDHmutation–negative group
(43.9 [SD, 16.2] years versus 56.9 [SD, 10.7] years; P¼ .007).

In the SDH mutation–positive group, 4 patients with SDHD
mutations had multiple lesions in the head and neck (1 with 4
lesions, 1 with 3 lesions, and 2 with 2 lesions each) and 1 patient with
an SDHBmutation had 2 lesions. There were 13 head lesions (7 glo-
mus jugulare and 6 glomus jugulotympanicum lesions), and 17 neck
lesions (16 carotid body tumors and 1 glomus vagale) in this group.

In the SDH mutation–negative group, there were 13 head
lesions (12 glomus jugulare and 1 jugulotympanicum) and 5 neck
lesions (5 carotid body tumors).

There were no significant differences between the 2 groups in
the maximum diameter of tumor, the presence or absence of salt-
and-pepper appearance, adjacent skull erosions, necrotic changes,
or location (ratio of head/neck region).

Reader 1 Results
ADCmean (1.07 [SD, 0.25] versus 1.31 [SD, 0.16]� 10�3 mm2/s;
P, .001), ADCmaximum (1.49 [SD, 0.27] versus 2.01 [SD,

FIG 1. A 48-year-old woman positive for the SDHCmutation with a paraganglioma in the left jug-
ular foramen. A and B, Axial T2-weighted and contrast-enhanced T1-weighted images demon-
strate a heterogeneously enhancing, irregularly shaped tumor with flow voids in the left jugular
foramen. C, An ROI is placed on the lesion on the ADC map. The mean ADC, maximum ADC, and
minimum ADC values of reader 1 are 1.06, 1.47, and 0.53� 10–3 mm2/s, respectively. D, Another
ROI for an internal standard is placed on the medulla as an internal control (mean ADC, 0.75�
10–3 mm2/s). The mean nADC, maximum nADC, and minimum nADC are 1.41, 1.96, and 0.71� 10–3

mm2/s, respectively.
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0.16 ]� 10�3 mm2/s; P, .001), nADCmean (1.40 [SD, 0.33] versus
1.73 [SD, 0.22]; P, .001), and nADCmaximum (1.95 [SD, 0.37]
versus 2.64 [SD, 0.22]; P, .001) were significantly lower in the
SDH mutation–positive group than in SDH mutation–negative
group (Online Supplemental Data and Fig 2A, -C). The size of
the ROI was 313 (SD, 259) mm.

Reader 2 Results
ADCmean (1.04 [SD, 0.12] versus 1.30 [SD, 0.20]� 10�3 mm2/s;
P, .001), ADCmaximum (1.49 [SD, 0.20] versus 1.87 [SD,

0.20]� 10�3 mm2/s; P, .001), nADCmean (1.37 [SD, 0.16] versus
1.74 [SD, 0.27]; P, .001), and nADCmaximum (1.97 [SD, 0.27] ver-
sus 2.48 [SD, 0.28]; P, .001) were significantly lower in the SDH
mutation–positive group than in SDH mutation–negative group
(Online Supplemental Data and Fig 2B, -D). The size of the ROI
was 291 (SD, 229) mm.

There were no significant statistical differences in ADCminimum

and nADCminimum data for both readers. Representative cases of

an SDH mutation–positive paraganglioma and an SDH mutation–

negative paraganglioma are shown in Figs 3 and 4, respectively.

Table 1: Demographic and tumor characteristics patients with head and neck paragangliomas

SDH Mutation–Positive SDH Mutation–Negative P Value
No. of lesions 30 18 NA
Sex (male/female) 7:16 2:15 .37
Age (mean) (yr) 43.9 (SD, 16.2) (23 patients) 56.9 (SD, 10.7) (17 patients) .007
Maximum diameter (median) (IQR) (mm) 26.5 (20.6–33.0) 24.4 (21.2–36.0) .68
Salt-and-pepper appearance 24/30 13/18 .72
Ratio of head/neck region 13:17 13:5 .07
Adjacent osseous erosive changes of head region 13:13 12:13 1
Necrotic or cystic changes 18/30 10/18 .77

Note:—NA indicates not applicable; IQR, interquartile range.

FIG 2. Comparison of mean and maximum ADC values between the SDH mutation–negative group and the SDH mutation–positive group (A
and C, result of reader 1; B and D, result of reader 2).
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Table 2 depicts the areas under the curve and diagnostic per-
formances of the ADCmean, ADCmaximum, nADCmean, and
nADCmaximum for both readers.

Interreader agreement for tumor characteristics was substan-
tial-to-almost perfect (k ¼ 0.625–1).

DISCUSSION
Our study aimed to evaluate the utility of ADC values and tumor
characteristics on CT and MR imaging in differentiating SDH
mutation–positive versus mutation–negative head and neck para-
gangliomas. While the SDH mutation could not be identified by
tumor characteristics interpreted on the basis of conventional
imaging features, ADC values were significantly different
between the 2 cohorts, with the diagnostic performances of areas
under the curves from 0.87 to 0.94.

Prior studies focusing on ADC values in paraganglio-
mas11,16,17 showed mean ADC values ranging between
0.89� 10�3 and 1.30� 10�3 mm2/s.11,16 Our study revealed
mean ADC values of 1.07/1.04, 1.31/1.30, and 1.16/1.17� 10�3

mm2/s for SDH mutation–positive, mutation–negative, and
total paragangliomas; thus, the relatively wide range of ADC
values reported in past literature may be due to differences in
the proportion of SDHmutations in the study populations.

In our study, the mean and maximum ADC values of the
SDHmutation–positive group were significantly lower than those
of SDH mutation–negative group. It has been recognized that
paragangliomas show different tumor cell morphology and cellu-
larity and various histologic patterns, such as nests of tumor cells
separated by peripheral capillaries (zellballen pattern) or large
and irregular cell nest patterns.12 This histopathologic back-
ground may result in lower mean and maximum ADC values in
the SDH mutation–positive group. A histologic study suggested
that no difference is to be expected in benign and malignant para-
gangliomas,18 but to the best of our knowledge, there have not
been studies about pathologic differences based on SDH-muta-
tion status. In another study, SDH mutation–positive paragan-
gliomas have been reported to show prominent vascularization.6

Prominent signal voids from higher arterial vascularity can result
in T2 blackout on DWI and low ADC values within the high-
flow arteries, which could contribute to a decrease in the overall
ADC values.19 Therefore, differences in vascularity between the
SDH mutation–positive group and the SDH mutation–negative
group may also result in differences of mean and maximum
ADCs.

There was no significant difference in minimum ADC values
between the 2 groups. This can be because paragangliomas have

FIG 4. A 52-year-old woman positive for the SDHDmutation with a paraganglioma in the left carotid space. A, Axial T2-weighted image demon-
strates a heterogeneous tumor with flow voids. B, The freehand ROI is placed on this lesion on the ADC map. The mean ADC, maximum ADC,
and minimum ADC of reader 1 are 1.13, 1.57, and 0.51� 10–3 mm2/s, respectively. C, The resection specimen shows a large and irregular cell nest
and prominent vascularity (H&E,�40).

FIG 3. A 62-year-old woman negative for the SDHmutation with a paraganglioma in the right carotid space. A, Axial T2-weighted image demon-
strates a heterogeneous well-defined tumor with flow voids in the right carotid space. B, The freehand ROI is placed on the lesion on the ADC
map. Mean ADC, maximum ADC, and minimum ADC values of reader 1 are 1.31, 1.61, and 0.71� 10–3 mm2/s, respectively. C, The resection speci-
men shows chief cells forming variable-size clusters in the zellballen pattern (H&E, �40).
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abundant arterial supply. We postulate that the very fast arterial
flow in the lesion could show a signal void in both b ¼ 1000 and
b¼ 0 images, resulting in a very low value on the calculated ADC
map, which affects the minimum ADC values.19 Moreover, in
this study, there was no statistical difference in the presence of
flow voids between the SDH mutation–positive and SDH muta-
tion–negative groups.

Genetic testing is recommended for patients with paragan-
gliomas who are diagnosed at a young age, have a family history,
or demonstrate multifocal paragangliomas. Our results show that
ADC values have high sensitivity and specificity in predicting
SDH-mutation status, thereby suggesting that referring providers
may be able to suggest close follow-up based on the ADC when
genetic testing is not possible or feasible. Moreover, this result of
ADC values may be useful in the early detection of SDH muta-
tions when patients who are SDHmutation–positive do not show
the implication of the mutations such as young age, family his-
tory, and multiplicity. Early detection is important, especially in
the case of SDHBmutation, which is prone to malignant transfor-
mation. Clinicians can also suggest genetic testing to patients
whose mean ADC values are low.

We chose to evaluate the ADC values on a single axial section
instead of the entire tumor volume because prior studies using
volumetric ADC analyses showed no better ability than single-
axial-section evaluations.20,21 The consistency between the results
of both readers further supports the single-section method.
Additionally, we normalized the ADC values of the tumors to
those of the medulla oblongata to minimize variations due to dif-
ferences in scan techniques or imaging platforms. The medulla is
usually visualized within the FOV of head and neck imaging
studies, and it is less affected by intrinsic signal abnormalities due
to changes of chronic microvascular disease or direct tumor inva-
sion. Given our strategy for standardization with ADC values of
the medulla, we believe that our results are validated and robust.

Our study has several limitations. First, this was a retrospec-
tive study with a small cohort of patients from a single institution.
This small cohort was due not only to the low incidence rate but
also to the strict inclusion criteria of patients with genetic testing
results. In our institution, genetic testing is currently recom-
mended for patients who are suspected of hereditary paraganglio-
mas, so prior probability of genetic mutation in our study
population may be higher than that in the overall population of
paragangliomas that have been reported before. Second, we also
included the patients who were not evaluated histopathologically

but were diagnosed on the basis of
accepted and established diagnostic
tests such as elevated plasma or uri-
nary fractionated metanephrines and
findings of head and neck CT and MR
imaging and PET with 2-Deoxy-2-
[18F] fluoro-d-glucose integrated
with CT and 111In pentetreotide
SPECT.1,4,22,23 Therefore, we believe
that despite lack of histopathologic evi-
dence, the diagnosis of paraganglioma
was validated in all our patients. Last,
we included multiple lesions from the

same patients. We believe that this is reasonable according to a pre-
vious study indicating that the ADC value and vascularity of para-
gangliomas may depend on the location of tumor.16

CONCLUSIONS
Our study shows that ADC values can be promising as a noninva-
sive imaging biomarker to predict SDH mutation in head and
neck paragangliomas.
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