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Abstract

Purpose Brain herniation into arachnoid granulations (BHAG) of the dural venous sinuses is a recently described finding of
uncertain etiology. The purpose of this study was to investigate the prevalence of BHAG in a cohort of patients with pulsatile
tinnitus (PT) and to clarify the physiologic and clinical implications of these lesions.

Methods The imaging and charts of consecutive PT patients were retrospectively reviewed. All patients were examined with
MRI including pre- and post-contrast T1- and T2-weighted sequences. Images were reviewed separately by three blinded
neuroradiologists to identify the presence of BHAG. Their location, signal intensity, size, presence of arachnoid granula-
tion, and associated dural venous sinus stenosis were documented. Clinical records were further reviewed for idiopathic
intracranial hypertension, history of prior lumbar puncture, and opening pressure.

Results Two hundred sixty-two consecutive PT patients over a 4-year period met inclusion criteria. PT patients with BHAG
were significantly more likely to have idiopathic intracranial hypertension than PT patients without BHAG (OR 4.2, CI
1.5-12, p=0.006). Sixteen out of 262 (6%) patients were found to have 18 BHAG. Eleven out of 16 (69%) patients had
unilateral temporal or occipital lobe herniations located in the transverse sinus or the transverse-sigmoid junction. Three out
of 16 (19%) patients had unilateral cerebellar herniations and 2/16 (13%) patients had bilateral BHAG.

Conclusion In patients with PT, BHAG is a prevalent MRI finding that is strongly associated with the clinical diagnosis
of IIH. The pathogenesis of BHAG remains uncertain, but recognition should prompt comprehensive evaluation for ITH.

Keywords Brain herniation - Arachnoid granulation - Idiopathic intracranial hypertension - Pulsatile tinnitus - Magnetic
resonance imaging

Introduction

Pulsatile tinnitus (PT) is the sensation of a “whooshing”
sound that corresponds to one’s heartbeat, which affects
nearly 3 million Americans [1-4]. PT can be severely
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debilitating and has been associated with anxiety,
depression, and suicide. While there are numerous vascular
and nonvascular conditions associated with PT, idiopathic
intracranial hypertension (IIH) is common with significant
morbidity if left untreated. There are several classic imaging
findings of ITH, the commonest being transverse sinus (TS)
stenosis seen in 94% of patients with IIH on a recent study
by Morris et al. [5].

Increased scrutiny of these stenoses during imaging
workup has led to the increased recognition of associated
brain herniations into arachnoid granulations (BHAG) of
the dural venous sinuses. A previously underrecognized
entity, the pathophysiology of these herniations is unknown.
Previous literature has variably referred to this entity as
encephaloceles [6] or internal cephaloceles [5]. However,
as these herniations occur in stereotypical locations of
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arachnoid granulations, it is thought that brain herniations
occur within these outpouchings, and therefore the term
brain herniation into arachnoid granulations (BHAG) is the
favored terminology which will be used in this manuscript
[7]. BHAG are of unknown clinical significance, and their
incidence in the PT population remains unknown.

To further understand this phenomenon, we retrospec-
tively analyzed a cohort of patients seen at our institution’s
Pulsatile Tinnitus Clinic to identify the presence of BHAG
and explore correlations between the presence of BHAG
with clinical diagnosis of 1TH.

Methods
Patient selection

We retrospectively reviewed imaging and charts of consecu-
tive adult patients seen between January 2015 and May of
2019 in our Pulsatile Tinnitus Clinic using a study protocol
approved by our Institutional Review Board. Inclusion cri-
teria included age greater than 18, confirmed clinical diag-
nosis of PT, and complete T1 and T2 MR imaging with MR
venogram.

Imaging and image analysis

MR imaging was performed on 1.5 and 3.0 T scanners and
all examinations contained angiographic sequences (MR
venogram) in addition to standard morphologic sequences.
In most cases, post-contrast 3D SPGR (spoiled gradient
recalled acquisition in steady state) was available for evalua-
tion. Although MR imaging was a requisite for inclusion, all
available cross-sectional imaging of the brain was analyzed
in each patient. Examinations were reviewed separately by
three experienced neuroradiologists blinded to patient’s
clinical data JEV-M, LBE, VNS). Any discrepancies were
resolved by consensus with a fourth rater, an experienced
diagnostic and interventional neuroradiologist (MRA).

In each case, raters assessed (1) the presence of BHAG,
(2) the parenchymal origin of BHAG and continuity of the
lesion with adjacent gyral tissue, (3) the location of her-
niation into dural venous sinus, (4) degree of sinus stenosis
(>50%), and (5) the presence or absence of signal abnormal-
ity of the BHAG. For cases with multiple brain herniations,
each lesion was analyzed separately.

In addition, raters evaluated each case for the presence or
absence of conventional MR imaging signs of IIH including
empty sella, enlarged Meckel’s caves, optic nerve buckling
and sheath subarachnoid space prominence, flattening of
the posterior globe and optic disc protrusion, narrowing of
the dural venous sinuses, and thinning of the calvarium and
skull base. Laterality of the dominant dural venous sinus

@ Springer

pathway and any other possible causes of PT identified on
the imaging were also recorded (Table 1).

Clinical data review

Medical records of all patients from this cohort were
reviewed for age, sex, BMI, duration of PT, documented
clinical diagnosis of ITH using the modified Dandy Criteria
[8—11], history of prior lumbar puncture, and opening
pressure.

Statistical analysis

Patients from our PT cohort were divided amongst those
with MR imaging findings of BHAG and those without
BHAG. Within these two groups, further subdivision was
performed between patients with and without clinical diag-
nosis of IIH and comparison was made to identify the signif-
icance of BHAG in increasing the odds of ITH, specifically
for patients with PT. Statistical analysis was then performed
using chi square and odds ratio tests to assess for intergroup
differences. Significance was defined as p <0.05.

Results

Review of our Pulsatile Tinnitus Clinic database identi-
fied 262 patients over the 4-year inclusion period. The
overall prevalence of BHAG in this population was 6%
(16/262 patients, 18 total BHAG lesions). Median age was
44 years (range 25-79). 81% were females. Median time
to presentation from symptom onset was 12 months (range
1-70 months).

Of the 16 patients with BHAG, 11 (69%) had unilateral
temporal or occipital herniations into the transverse sinus or
the transverse-sigmoid junction, respectively. Three patients
(19%) had unilateral cerebellar BHAG. One patient (6%)
had bilateral temporal BHAG into the transverse-sigmoid
junctions, and another patient had left occipital and con-
tralateral right cerebellar BHAG into the transverse sinuses.
Of patients with unilateral BHAG, 7/14 (50%) occurred on
the same side as PT symptoms. The remaining 7/14 (50%)
patients had unilateral BHAG contralateral to side of symp-
tomatic PT.

Abnormal T2-hyperintense signal of the herniated brain
parenchyma was seen in 7/18 (39%) BHAG. No other MR
signal abnormality was noted, including enhancement or
reduced diffusion.

Twelve out of 16 (75%) patients with BHAG had a
unilateral dominant dural venous sinus. The dominant
venous sinus pathway was ipsilateral to PT symptoms in
11/12 (92%) patients. Eight out of 16 (50%) patients had
associated ipsilateral osseous thinning at the dominant
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transverse-sigmoid sinus junction, dolichoectasia, or high
riding jugular bulbs. Patient and imaging characteristics are
summarized in Table 1.

In PT patients with BHAG, 9/16 (56%) had clinical
diagnosis of IIH as determined by modified Dandy
Criteria with 7/9 (78%) confirmed by lumbar puncture
with a median opening pressure of 28 cm of water. All
9 IIH patients had focal stenoses in the dural venous

Fig. 1 Patient flowchart depict-
ing dural venous sinus stenosis
laterality and frequency of
associated BHAG in IIH and
non-IIH sub-cohorts

9 with IIH, all with
stenoses

sinuses. Of these patients with BHAG and IIH, 7/9 (78%)
had sinus stenosis ipsilateral to PT symptoms (Fig. 1).
Patient clinical findings, treatments, and outcomes for this
group are depicted in Table 2. In 246 PT patients without
BHAG, 55/246 (23%) had a clinical diagnosis of IIH per
the modified Dandy Criteria, with 39/55 (71%) confirmed
by lumbar puncture with a median opening pressure of
27 cm of water.

7 without IIH, only
3 with stenoses

7 with sinus

stenosis ipsilateral
to PT symptoms

1 without sinus
stenosis ipsilateral
to PT symptoms

2 with sinus
stenosis ipsilateral
to PT symptoms

2 without sinus
stenosis ipsilateral
to PT symptoms

4 with associated

BHAG at ipsilateral
stenosis

associated BHAG at
ipsilateral stenosis
(only AG)

3 without 1 without

1 with associated

associated BHAG at
ipsilateral stenosis
(only AG)

BHAG at ipsilateral
stenosis

Table 2 Patient clinical findings, treatment, and outcomes

Case  Ageat Sex BMI  Pulsatile tinni- Duration  OP Clinical Treatment Follow-up
diagnosis tus laterality (months)  (cm H20)  Diagnosis
IIH

1 44 F 34 Right 36 36 Yes Weight loss and Diamox Resolved

2 44 F 31 Right 70 28 Yes Right TS stenting Resolved

3 31 F 40 Right 12 40 Yes Diamox Improved
4 51 F 40 Right 24 28 Yes Diamox Improved

5 36 F 44 Right 12 Unknown  Yes Weight loss, low salt Unknown
6 69 M 40 Right 10 Unknown  No Dietary changes, cyclobenzaprine ~ Improved

7 25 F 18 Right 2 Unknown  No Unknown Unknown
8 60 F 26 Right 4 Unknown  No DAVF embolized Resolved

9 63 M 27 Left 1 Unknown  No AVF resected Resolved
10 42 M 49 Right 24 28 Yes Right TS stenting Resolved
11 79 M 22 Right 1 Unknown  No None Resolved
12 44 F 22 Left 12 No None Unchanged
13 41 F 40 Right 3 26 Yes Diamox Unchanged
14 28 F 36 Right 12 Unknown  Yes Unknown Unknown
15 71 F 23 Left 18 Unknown  No None Unchanged
16 26 F 51 Right 36 29 Yes Diamox Improved

@ Springer
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The overall frequency of ITH by modified Dandy Criteria
was significantly higher in patients with BHAG than in those
without BHAG (OR 4.2, CI 1.5-12, p=0.006).

Discussion

This study describes the prevalence and clinical and imag-
ing characteristics of BHAG in a large, consecutive cohort
of patients undergoing diagnostic evaluation for PT. We
identify two key observations in this analysis: First, BHAG
are a relatively common imaging finding in PT patients,
with a prevalence of 6% of this cohort. This suggests that
BHAG may be underreported and/or underrecognized by
neuroradiologists. Second, patients with PT and BHAG
are significantly more likely to have underlying ITH than
PT patients without BHAG (OR 4.2, CI 1.5-12, p=0.006).
The latter observation confirms the clinical importance of
diagnosing BHAG, which should prompt evaluation for
underlying ITH in this patient population. Radiologists,
neurologists, otorhinolaryngologists, and other clinicians

Fig.2 MR imaging example of
IIH in the setting of a left trans-
verse BHAG (patient 10 with
right-sided PT). A, B Coronal
T2 FLAIR and T1 post-contrast
MR images show a small
BHAG of the left posterior tem-
poral lobe into the transverse
sinus (dashed circle). C Axial
T2 MR image shows flatten-
ing of the posterior globes and
protrusion of the optic nerve
heads as well as prominent
optic nerve sheath subarachnoid
space, findings suggestive of
elevated intracranial pressure. D
MR venogram shows bilateral
transverse sinus stenoses, most
pronounced on the left side at
site of the BHAG (white arrow)

who care for patients with PT should be aware of this rela-
tionship to prevent blindness and other morbidity associ-
ated with untreated ITH.

The present data suggest that BHAG are likely an under-
recognized entity in neuroimaging. This observed preva-
lence of BHAG in PT patients was substantially higher than
a prior estimated prevalence of < 1% in the general popula-
tion in a study of over 6000 MRI studies [12]. Although
BHAG pathogenesis remains obscure, several theories exist
to explain their cause. Battal et al. recently described sev-
eral potential etiologies including: (1) weakness in arachnoid
granulations due to protruding veins; (2) transient increase
in intracranial pressure; or (3) spontaneous herniation [12].
Previous work has suggested an association between BHAG
and increased intracranial pressure, but the association of
BHAG in PT patients has not been reported [12]. Our study
also builds on prior investigations by showing, for the first
time, a strong association between MR findings of BHAG
and ITH (Fig. 2), which implies a pathophysiologic relation-
ship between these entities as has previously been hypoth-
esized [13].

@ Springer
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Although laterality of BHAG in our cohort did not co-
localize with PT symptom side, we did observe a strong rela-
tionship between laterality of dural venous sinus dominance
and PT symptoms, consistent with prior work [1]. It seems
that BHAG can form in enlarged arachnoid granulations in
either the dominant or non-dominant venous sinuses, and
as such the presence of them does not indicate laterality of
symptoms as much as help direct one to the underlying etiol-
ogy of IIH. Since BHAG location does not match symptom
laterality, they are also unlikely to be causing sound in these
PT patients. It is more likely that the enlarged arachnoid
granulations in the dominant venous sinus are causing PT,
and the underlying reason for the enlarged arachnoid granu-
lations is ITH (commonly described as an intrinsic stenosis).

BHAG occurred in typical locations of arachnoid granu-
lations, predominantly in the transverse, sigmoid, and supe-
rior sagittal sinuses (Fig. 3). While the majority of BHAG
demonstrate MRI signal characteristics equivalent to that
of normal brain parenchyma, a minority have abnormal T2/
FLAIR hyperintense signal of undetermined etiology. In
the current study, 39% of BHAG had associated abnormal
parenchymal signal, which is comparable to a prior reported
rate of 33% [7]. No other abnormal signal characteristics
were found, although abnormal enhancement and reduced
diffusion have been reported. It is incumbent on the radiolo-
gist to recognize and accurately describe BHAG because
these lesions have been documented as seizure foci which
may require urgent intervention [14].

Various nomenclature currently exists to describe brain
herniations into dural venous sinuses including internal
cephaloceles, encephaloceles, or simply “brain herniations”
[5-7, 12, 15, 16]. The classic definition of an encephalocele
is a brain herniation containing meninges that extends
through a defect in the skull base or calvarium. In contrast,
brain herniations into arachnoid granulations may occur at
the dural venous sinuses without true osseous dehiscence.
All instances in our cohort were associated with arachnoid

granulations. For these reasons, we advocate the term brain
herniations into arachnoid granulations or “BHAG.” None-
theless, there is question whether BHAG and encephaloceles
are interrelated [17]. While the fine analysis is outside the
scope of this study, previous pathology literature by Beneke
and Wolbach suggests similar CSF pulsation forces and pull-
ing of the arachnoid and pia mater, raising the possibility
of overlap in causation [16]. It is unknown whether this is
purely coincidental or in fact these are one and the same.
In the setting of PT, BHAG is important to distinguish from
other etiologies that result in a stenosis or focal defect of the
dural venous sinuses to appropriately guide patient manage-
ment and treatment. Differential considerations for BHAG
include simple arachnoid granulation, thrombus, tumor, and
vascular anomaly such as dural arteriovenous fistula [12]. It
is important to note that to our knowledge, BHAG have never
been reported into a thrombosed sinus. As such, identifying a
BHAG can help reassure thrombus is not present in that section
of vein and the stenotic lesion is an arachnoid granulation, thus
obviating the need for anticoagulation in these patients.
Understanding the relationship of BHAG with IIH in patients
with PT is of the upmost clinical interest as ITH is a serious
and debilitating condition associated with PT. Specifically, the
role of imaging to identify venous anatomy variants in patients
with both PT and IIH can hold significant value in diagnosing
these conditions. Prior work has demonstrated that venous sinus
stenosis is the most sensitive MR imaging finding in patients
with ITH, occurring in 94% [5]. This reported sensitivity is higher
than previous work, possibly due to continued improvements
in MRI technique, which will lead to increased recognition
and characterization of BHAG. While not all patients with
ITH will present with PT, prior studies have demonstrated that
sigmoid sinus wall dehiscence can be correlated with PT in ITH
patients [18]. Our results build upon these prior studies and
suggest that the presence of BHAG may increase the specificity
of diagnosing ITH. Future work will continue to clarify the
relationship between IIH and BHAG in the PT population.

Fig.3 MR imaging example of BHAG compared to “simple” arach-
noid granulation. A Sagittal T1 post-contrast MR images of patient
11 (right-sided PT) show left occipital BHAG into the transverse
sinus, as well as B right cerebellar BHAG into the transverse sinus in
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the absence of IIH. C Sagittal T1 post-contrast MR image of a sepa-
rate patient demonstrates an arachnoid granulation in a similar loca-
tion without brain herniation
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Pathologic flow patterns in the dural venous sinuses play
an important role in the pathogenesis of venous PT [19].
Prior studies have implicated hemodynamics as the causal
mechanism of PT in conditions including venous stenoses,
sigmoid diverticula, and high riding jugular bulb using com-
putational fluid dynamic, 4D MR velocimetry, and patient-
specific 3D printed models [19-25]. Future studies employ-
ing these techniques may clarify the venous flow dynamics
in PT patients with BHAG and further quantify the role that
BHAG play in altering intracranial venous drainage.

Arachnoid granulations without associated BHAG have
also been associated with IIH and have been implicated as
a compensatory mechanism [26]. In these cases, treatment
of the underlying ITH with weight loss and medical therapy
followed by CSF diversion is most appropriate [27, 28],
although venous sinus stenting (VSS) has successfully been
used to treat stenotic arachnoid granulations [29].

VSS across an encephalocele has been shown to be safe and
feasible [29]. Our current results corroborate this treatment
efficacy, with patients demonstrating improvement or resolution
of ITH and PT symptoms. Furthermore, a significant component
of these patients improved with medical management alone,
highlighting the efficacy of non-invasive treatment despite
symptomatic stenoses with BHAG. Given the significant
correlation of IIH with BHAG in PT patients, future work
should analyze stenting of sinuses with BHAG compared to
medical management of ITH and its efficacy in resolving PT.

Several limitations of this study merit additional discussion.
First, as a retrospective study, from a single quaternary-referral
center, these results may not extend to the general population.
Although our institution has significant experience with these
lesions, we did not investigate the diagnostic test characteristics
for BHAG detection on MRI nor did we evaluate inter-
radiologist agreement. Given the often-subtle appearance of
BHAG, these questions will be important to address in future
work. Finally, this retrospective study design is potentially
affected by confirmation bias as the study neuroradiologist
evaluated the presence of BHAG and neuroimaging features
of IIH during a single imaging review. However, the final
determination of IIH was independently adjudicated using
clinical criteria.

Conclusion

BHAG are an underrecognized entity and are prevalent in
patients with PT. The presence of BHAG is strongly associ-
ated with ITH, therefore, these lesions are an important neu-
roimaging finding which should prompt expedited clinical
workup. Future work is needed to clarify the mechanistic
relationship underlying this association.
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