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ORIGINAL RESEARCH
NEUROVASCULAR/STROKE IMAGING

Arterial Spin-Labeling MR Imaging in the Detection of
Intracranial Arteriovenous Malformations in Patients with

Hereditary Hemorrhagic Telangiectasia
Adam Alyafaie, Woody Han, Yi Li, Samuel A. Vydro, Maya Vella, Torianna L. Truong, Lindsay Park, Daniel Langston,

Helen Kim, Miles B. Conrad, and Steven W. Hetts

ABSTRACT

BACKGROUND AND PURPOSE: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant disease that causes vascular
malformations in a variety of organs and tissues, including brain AVMs. Because brain AVMs have the potential to cause disabling
or fatal intracranial hemorrhage, detection of these lesions before rupture is the goal of screening MR imaging/MRA examinations
in patients with HHT. Prior studies have demonstrated superior sensitivity for HHT-related brain AVMs by using postcontrast MR
imaging sequences as compared with MRA alone. We now present data regarding the incremental benefit of including arterial spin-
labeling (ASL) perfusion sequences as part of MR imaging/MRA screening in patients with this condition.

MATERIALS AND METHODS: We retrospectively analyzed 831 patients at the UCSF Hereditary Hemorrhagic Telangiectasia Center
of Excellence. Of these, 42 patients had complete MR imaging/MRA, ASL perfusion scans, and criterion-standard DSA data. Two
neuroradiologists reviewed imaging studies and a third provided adjudication when needed.

RESULTS: Eight patients had no brain AVMs detected on DSA. The remaining 34 patients had 57 brain AVMs on DSA. Of the 57
identified AVMs, 51 (89.5%) were detected on ASL and 43 (75.4%) were detected on conventional MR imaging/MRA sequences
(P¼ .049), with 8 lesions detected on ASL perfusion but not on conventional MR imaging.

CONCLUSIONS: ASL provides increased sensitivity for brain AVMs in patients with HHT. Inclusion of ASL should be considered as
part of comprehensive MR imaging/MRA screening protocols for institutions taking care of patients with HHT.

ABBREVIATIONS: ACVRL1 ¼ activin A receptor type II-like 1 gene; ASL ¼ arterial spin-labeling; ENG ¼ endoglin gene; HHT ¼ hereditary hemorrhagic telan-
giectasia; PCASL ¼ pseudocontinuous arterial spin-labeling

Hereditary hemorrhagic telangiectasia (HHT), also known as
Osler-Weber-Rendu disease, is an autosomal-dominant dis-

ease with a prevalence of 1/5000 and results in the formation of
dysplastic vessels.1 These vascular malformations can form on
mucocutaneous surfaces or within internal organs.2 Diagnosis of
HHT is established through either the clinical Curacao criteria
or genetic testing.3 The Curacao criteria, developed in 2000 at

the HHT Scientific Advisory Board Meeting to standardize clin-
ical diagnoses of HHT, include: recurrent epistaxis, multiple cu-
taneous or mucocutaneous telangiectasias in characteristic
locations, visceral AVMs, and a family history of HHT. HHT is
suspected when at least 2 criteria are met, though diagnosis
requires 3.4 Diagnosis can also be made if an individual tests
positive for a known causative mutation including those in the
endoglin (ENG), activin A receptor type II-like 1 (ACVRL1),
GDF2, and SMAD4 genes.3

While epistaxis is the most frequently presenting symptom of
HHT, complications secondary to pulmonary and cerebral vascu-
lar malformations can result in severe morbidity and mortality.5

Studies have shown that approximately 23% of individuals with
HHT develop cerebral vascular malformations, some of which,
including capillary telangiectasias, can be very small and missed
on MR imaging.3,6 AVMs are the most common cerebral lesions
and have a risk of rupture of 0.4%–1.3% per year per patient.7-10

The current criterion standard for diagnosing AVMs is via cathe-
ter DSA, an invasive test.11 Current guidelines recommend screen-
ing all adult patients with suspected or definite HHT for cerebral

Received January 22, 2024; accepted after revision March 7.

From the School of Medicine (A.A., S.A.V.), Departments of Radiology and
Biomedical Imaging (W.H., Y.L., M.V.), Anesthesia, and Perioperative Care (H.K.),
University of California, San Francisco, San Francisco, California; HHT Center of
Excellence, Department of Radiology and Biomedical Imaging (T.L.T., L.P., D.L.,
M.B.C.), University of California, San Francisco, San Francisco, California; and
HHT Center of Excellence, Departments of Radiology, Biomedical Imaging, and
Neurological Surgery (S.W.H.), University of California, San Francisco, San
Francisco, California.

This research was supported in part by grants to S.W.H., including NIH R01EB012031,
DoD W81XWH-22-1-0178, and HRSA-22-145.

Please address correspondence to Steven W. Hetts, MD, FACR, 505 Parnassus Ave,
L308, San Francisco, CA 94143-0628; e-mail: steven.hetts@ucsf.edu

Indicates article with online supplemental data.

http://dx.doi.org/10.3174/ajnr.A8281

AJNR Am J Neuroradiol �:� � 2024 www.ajnr.org 1

 Published July 11, 2024 as 10.3174/ajnr.A8281

 Copyright 2024 by American Society of Neuroradiology.

https://orcid.org/0000-0002-9773-8399
https://orcid.org/0000-0001-8535-2168
https://orcid.org/0009-0006-9315-9257
https://orcid.org/0000-0002-4816-5563
https://orcid.org/0000-0003-2270-5477
https://orcid.org/0000-0002-1937-354X
https://orcid.org/0000-0002-7583-0493
https://orcid.org/0000-0001-5885-7259
mailto:steven.hetts@ucsf.edu
http://dx.doi.org/10.3174/ajnr.A8281


vascular malformations by using MR imaging with and without
contrast administration with at least 1 sequence sensitive to the
presence of blood products.3,12,13 For children, recommendations
are for brain AVM screening as soon as possible after birth by
using MR imaging.3,13 Our prior study showed that the sensitivity
and specificity of MR imaging as a whole in detecting brain
AVMs in patients with HHT were 80.0% and 94.4%, respectively,
with 3D-T1 and 2D-T1 postgadolinium sequences being the
most sensitive, by using DSA as the criterion standard.14 Other
sequences evaluated in the study were T2, SWI, and MRA.

Arterial spin-labeling (ASL) MR perfusion imaging was con-
ceived nearly 30 years ago and relies on magnetically labeled ar-
terial blood water protons as an endogenous tracer to measure
tissue perfusion.15-17 This noninvasive noncontrast MR imaging
technique is particularly useful because it does not require radi-
oactive tracers or exogenous contrast agents, allowing it to be
performed on a broad range of patient populations that may
otherwise not tolerate contrast-enhanced studies.18 Further
expanding the clinical utility of ASL, slight alterations can be
made to the standard pseudocontinuous arterial spin-labeling
(PCASL) sequence protocol to optimize its sensitivity for differ-
ent pathologies, such as acute ischemic strokes, tumors, AVMs,
and others.19 One study found ASL to have a sensitivity of 95%
for detecting intracranial arteriovenous shunting.20 This sensi-
tivity arises from the high concentration of labeled protons
flowing through shunts as the protons bypass the microvascu-
lar/tissue network and are directly delivered to the draining
veins in AVMs. However, there are limited data demonstrating
the utility of ASL as a screening tool in the detection of intracra-
nial AVMs in patients with HHT. Because detection of AVMs is
essential in the prevention of intracranial hemorrhage in per-
sons with HHT, improvements in screening with noninvasive
imaging techniques may benefit to patients with HHT. This
study aims to evaluate the added value of ASL perfusion in the
HHT population by comparing the sensitivity of MR imaging
with ASL to that of conventional MR imaging without ASL.

MATERIALS AND METHODS
Subject Inclusion Criteria
All patients referred to the University of California, San Francisco
HHT Center of Excellence by November 2022 underwent screen-
ing for potential inclusion in this retrospective study (n ¼ 831).
Approval for this study was obtained from the University of
California, San Francisco Institutional Review Board. Patients
were further narrowed down to include those who subsequently
underwent brain imaging or had history that raised suspicion of
possible brain AVMs (n ¼ 154). Patient charts were reviewed,
and pertinent data recorded included sex, age, Curacao criteria,
genetic testing, and dates of cerebral imaging (including MR
imaging and DSA). Mean6 standard deviation and median age
for the cohort were calculated. Inclusion criteria for the study
included suspected or definite diagnosis of HHT via Curacao
criteria or genetic testing and at least 1 brain MR imaging with
ASL perfusion and 1 cerebral DSA within the same stage of the
patient’s initial evaluation or ongoing treatment/management.
Any patient whose MR imaging/ASL examinations were
obtained in a separate treatment/management stage as the DSA

examination were excluded to minimize the influence of treat-
ments (such as interval gamma knife or surgical resection) on
the sensitivity or specificity of MR imaging/ASL. This is a simi-
lar cohort as our prior study,14 updated with patients enrolled
since that time.

Image Analysis
A fellowship-trained neurointerventional radiologist (S.W.H.)
reviewed the cerebral DSA images for all 42 patients and recorded
the total number and specific locations of intracranial AVMs,
which served as the reference standard for this study. The first
MR with ASL imaging that occurred immediately before the DSA
was retrospectively reviewed by 2 fellowship-trained neuroradiol-
ogists (W.H. and Y.L.). For patients with multiple ASL imaging,
the one that was closest in time to the patient’s first DSA was
selected. A third fellowship-trained neuroradiologist (S.W.H.)
adjudicated any discrepancies between the 2 readings. The neuro-
radiologists first reviewed the MR imaging as a whole and
recorded the total number of cerebral AVMs detected on conven-
tional sequences only, as well as which individual sequences the
AVMs were visible on (SWI, T2-weighted, MRA, 2D-T1-weighted
postgadolinium, and 3D-T1-weighted postgadolinium). The read-
ers then reviewed the ASL perfusion images available for each of
these MR imaging examinations in the context of the MR imaging
as a whole and recorded their results for detection of cerebral
AVM in a binary fashion.

A number of these MR images were performed at different
institutions and on different scanners with varying field strengths
and other parameters. As a result, there was no standardized set
of sequences and parameters for the MR images and ASL perfu-
sion studies. All ASL sequences were performed with PCASL.
The standard postlabeling delay time for adults and pediatric
patients were 2025ms and 1500ms, respectively. No additional
postprocessing or adjustment was performed on ASL images
acquired at outside institutions. Using DSA as the reference
standard, true- and false-positives for ASL perfusion and conven-
tional MR imaging were calculated for each lesion. From there,
sensitivity for ASL and conventional MR imaging were calculated
and compared. Cohen k for interreader reliability between the 2
readers for both ASL perfusion and conventional MR imaging
sequences was also calculated. Statistical analyses were performed
by using Excel (Microsoft). The McNemar test was used to com-
pare MR imaging and ASL for only the DSA-positive AVMs to
determine whether there was a statistically significant difference
(P, .05) between conventional MR imaging alone and MR imag-
ing plus ASL.

RESULTS
Of the 343 patients reviewed, 38 patients met all inclusion crite-
ria. An additional 4 patients had a Curacao score of 1 and either
had no genetic testing available or tested negative for known
HHT-causing mutations. However, clinical suspicion for HHT
remained high for these 4 patients because some manifestations
of HHT, such as epistaxis and oral/dermal telangiectasias, may
not occur until later in life, rendering Curacao criteria less accu-
rate in young patients.21-23 Therefore, these 4 patients were
included in the study, resulting in 42 patients total.
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The study consisted of 42 patients ranging in age from
1.5months to 71 years. The mean age at the time of MR imaging
with ASL was 176 18 years and 60% of the patients were female
(Table 1). The median time between ASL and DSA was 151days
with an interquartile range of 617. Most patients had a Curacao
score of 2 (43%). Thirty-six patients (85%) underwent genetic
testing and 50% of them tested positive for mutations in the ENG
gene. Five patients had no genetic testing data available. Three
of these 5 patients had a Curacao score of 2, while the other
2 patients had a Curacao score of 1. These 2 patients were still
included because their ages were only 1.5 and 2.5months at the
time of ASL imaging and they were determined to have a high
likelihood of HHT despite their Curacao score.

A total of 8 patients had no brain AVMs detected on DSA.
The remaining 34 patients had a total of 57 intracranial AVMs
that were positive on DSA. These 57 AVMs were located in a va-
riety of locations, with the frontal lobe being the most common
(Online Supplemental Data). Of the 57 identified lesions, 51
(89.5%) were positive on ASL and 43 (75.4%) were positive on
conventional MR imaging (P¼ .0455, McNemar), with 8 lesions
detected on ASL perfusion but not on conventional MR imaging.

An example of these lesions can be seen in Fig 1, which demon-
strates small subcentimeter nidus “microAVMs,” which are oth-
erwise occult on conventional MR imaging sequences and are a
common cerebrovascular manifestation of patients with HHT
(see Online Supplemental Data for more examples). There were 3
lesions identified on ASL and 1 lesion on MR imaging that were
negative on DSA. One such example is seen in Fig 2, in which
postoperative changes such as pericavitary hyperemia and trunca-
tion of the arterial feeders were likely reflected on ASL perfusion
imaging as arterial transit artifact. Table 2 summarizes the total
lesions detected on ASL and conventional MR imaging, with
Cohen k interreader reliability coefficient displayed for both ASL
perfusion as well as conventional MR imaging. Of all the conven-
tional sequences, 3D-T1 postgadolinium had the highest sensitiv-
ity, with 41/56 (73%). Not every patient had each MR imaging
sequence available, thus the total number of lesions for each
sequence differed. The Online Supplemental Data present the
sensitivity, specificity, positive predictive value, and negative pre-
dictive value of ASL perfusion, conventional MR imaging, and
each individual sequence.

DISCUSSION
Whereas previous studies have investigated the utility of con-
ventional MR imaging/MRA sequences as a screening tool for
intracranial AVMs in patients with HHT,14 additional evidence
has emerged over the past few years suggesting that ASL may be
more sensitive than conventional MR imaging/MRA in the
detection of AVMs and other intracranial arteriovenous shunt-
ing lesions.19,24,25 Our study demonstrates that ASL perfusion,
when interpreted in conjunction with conventional MR imag-
ing/MRA, provides additional value in the detection of brain
AVMs in patients with HHT compared with conventional MR
imaging/MRA sequences alone, by using DSA as the criterion
standard. Of the 57 DSA-confirmed AVMs in this patient popu-
lation, the sensitivity of ASL perfusion (89.5%) in detecting
these lesions was significantly higher than that of other conven-
tional MR imaging/MRA sequences (28.1%–75.4%), with 8 of 57
DSA-confirmed AVMs detected on ASL but not on conventional
MR imaging/MRA sequences. These values are also concordant
with previously reported values in the literature regarding each
technique.19,24,25 Overall, our study provides support for the use

Table 1: Demographics of patients included in the study
Demographics

Total No. of patients n ¼ 42
Female sex 25/42 (60%)
Age (yr) at time of ASL imaging (mean 6 SD) 17 6 18
Age (yr) at time of ASL imaging (median) 25
Proportion of patients with 1 or more brain
AVMs

34/42 (81%)

Time between ASL and DSA image in days
(median, IQR)

151, 617

Curacao score
1 4/42 (10%)
2 18/42 (43%)
3 13/42 (31%)
4 7/42 (17%)

Genetic testing
HHT-causing mutation

ENG 21/37 (57%)
ACVRL1 2/37 (5%)

Family member positive 1/42 (3%)
Negative genetic testing 13/37 (35%)
No genetic testing available 5/42 (12%)

Note:—IQR indicates interquartile range; SD, standard deviation.

FIG 1. Adult patient with genetically confirmed HHT and mild epistaxis, presenting for a screening brain MR imaging and MRA. A, Postprocessed
ASL image with a focus of increased signal along the right superior frontal gyrus. B and C, Postgadolinium 3D BRAVO (3D brain volume) and non-
contrast time-of-flight MRA, respectively, with no corresponding vascular abnormality demonstrated on these conventional MR imaging
sequences. Frontal (D) and lateral (E) DSA images acquired from a selective right ICA injection in the late arterial phase demonstrating an ill-
defined compact 12-mm AVM nidus (blue arrows) associated with early filling of a superficial cortical vein (yellow arrows) along the right supe-
rior frontal gyrus draining into the superior sagittal sinus.
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of ASL in addition to conventional MR imaging as a screening
tool for brain AVMs in the HHT population, with strong inter-
reader reliability and statistically significant increase in sensitivity
for this cohort of patients.

Although this incremental value of ASL over conventional
MR imaging/MRA in the detection of brain AVMs is well sup-
ported by our study, we must caution that these findings are only
valid under the premise of ASL being a component sequence as
part of a comprehensive MR imaging/MRA evaluation for
patients with HHT. As previously mentioned, the blinded readers
and adjudicator individually reviewed the ASL images of each
study in the context of the MR imaging as a whole, which more

accurately reflects how these studies are interpreted in clinical
practice. As such, our data also support the essential role that
conventional MR imaging continues to play in the detection of
brain AVMs in the HHT population, with a sensitivity of 74.5%,
similar to a previous study.14

The limitations of our study must also be noted, foremost of
which is the heterogeneity of the MR imaging that was reviewed.
Because the studies for this cohort of patients were performed at
multiple different institutions, unavoidable variations existed in
selection of protocol, magnetic field strength, the types of
sequences obtained, the field of view for each sequence, and
whether gadolinium-based contrast was given. For instance, the

limited time-of-flight MRA field of
view on many studies as well as the
lack of postcontrast sequences in a few
studies may account for some of the
relatively decreased sensitivity of con-
ventional MR imaging. Although all
studies used the PCASL technique,
readout methods varied between scan-
ners and institutions. In ASL, images
are acquired downstream from the ini-
tial blood labeling following a specified
postlabeling delay, yielding a field of
view that generally includes the en-
tirety of the brain.26 Such whole-brain
coverage is particularly important for
this patient population, because AVMs
can be present at any location in the
brain, not just near the circle of Willis.

Another limitation of our study is
the nonrandomized, retrospective na-
ture of our study, in which a signifi-
cantly higher proportion of patients
in this cohort had one or multiple
AVMs (34/42, or 81%) than what has
traditionally been reported in the lit-
erature (up to 23%). This may be due
to the nature of our HHT practice to
perform DSA only on patients with
suspicious clinical or screening MR
imaging/MRA findings. It is unlikely
that a de novo brain AVM formed
between the time of MR imaging and
DSA; there are only a few case reports
of this phenomenon in the HHT pop-
ulation, predominantly in children.27

FIG 2. Teenage patient presenting with acute onset right hemiparesis and aphasia, found to have
a large left frontoparietal hematoma with an associated vascular malformation suspicious for a
ruptured AVM on noninvasive imaging. The patient was emergently taken to the operating room
for decompressive hemicraniectomy and AVM resection. No preoperative angiogram was per-
formed. Patient currently meets 1 of 4 Curacao criteria for HHT with genetic testing pending.
However, given young age at presentation, clinical suspicion remained high for underlying HHT,
because certain clinical manifestations such as epistaxis and oral/dermal telangiectasias, may not
occur until later in life. A, ASL acquired on postoperative day 1 demonstrating a focus of
increased signal along the left posterosuperior insula (blue arrow). Noncontrast time-of-flight
MRA (B) and SWI (C) with expected postoperative changes in the operative bed, with no abnor-
mality on MRA to suggest residual shunting. Frontal (D) and lateral (E) DSA images demonstrating
abrupt cutoff/truncation of a posterior insular left M3 MCA branch (likely feeding artery) associ-
ated with a surgical clip, compatible with expected postoperative change. This finding corre-
sponds to the focus of increased ASL signal and likely reflects arterial transit artifact as a result of
postsurgical change rather than residual arteriovenous shunting. No residual AVM nidus or shunt-
ing was demonstrated. F, Preoperative CT angiogram demonstrating the left frontal AVM nidus in
relation to the large acute left frontoparietal hematoma.

Table 2: Number and percentage of AVMs detected on ASL and conventional MR imaging, with j coefficient for interreader
reliability

Sequence
Total Number of
AVMs Detected

% of AVMs Detected
(n = 57)

Interreader Agreement
(Cohen j Coefficient)a

MR imaging with ASL 51 89.5% 0.801
Conventional MR imaging without ASL 43 75.4% 0.704

P value .046
a Strength of agreement based on Cohen k coefficient score: none to slight k , 0.20, fair k ¼ 0.21–0.40, moderate k ¼ 0.41–0.60, substantial k ¼ 0.61–0.80, near perfect
k ¼ 0.81–0.99. P-value derived from McNemar's test.
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Furthermore, this relatively low number of “control” patients
with HHT but negative DSA findings in our cohort limits our
evaluation of the true specificities and negative predictive values
of both ASL and conventional MR imaging, potentially account-
ing for the wider range of specificities and lower negative predic-
tive values when compared with our prior study.14

Finally, because ASL remains a relatively novel sequence com-
pared with conventional MR imaging/MRA sequences, standard-
ization of technical parameters related to the acquisition and
postprocessing of ASL may not be as widespread across different
institutions and imaging centers as with conventional sequences.
Our institution’s HHT brain AVM screening protocol is included
for readers’ reference (Online Supplemental Data). Although the
2015 consensus paper provided general guidelines for clinical
applications of ASL MR imaging,28 there remained a relative lack
of guidance on disease-specific parameters until the updated
guidelines published by the ISMRM Perfusion Study Group more
recently.19 As elucidated in the literature, variability in technical
parameters of ASL imaging such as the location of the labeling
plane, presence of susceptibility artifact in the labeling plane or
imaging plane, the postlabel delay time, and whether postprocess-
ing software was used, all may affect quality and interpretation of
the ASL images.19 The fact that interreader agreement remained
relatively high in our study further highlights the potential utility
of ASL with more standardized protocols across institutions as
well as possible quantitative data from ASL acquisition to reduce
“operator” dependence. Future studies evaluating a prospective
cohort of patients with HHT scanned with the same standardized
MR imaging protocols and newer ASL imaging techniques such
as multidelay ASL may help to confirm the true sensitivity of
each of these sequences in this population.

CONCLUSIONS
This study supports the use of ASL perfusion in conjunction
with conventional MR imaging/MRA sequences as a more sen-
sitive screening tool for cerebral AVMs in patients with HHT,
when compared with conventional MR imaging sequences
alone. The continued refinement of advanced MR imaging tech-
niques such as ASL may see their sensitivity at detecting AVMs
begin to approach that of the reference standard DSA, allowing
for more accurate and widespread noninvasive diagnosis and
risk stratification for patients with HHT.

ACKNOWLEDGMENTS
The authors acknowledge Cure HHT for its ongoing support of
the HHT patient and provider community.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Kjeldsen AD, Vase P, Green A. Hereditary haemorrhagic telangiec-

tasia: a population-based study of prevalence and mortality in
Danish patients. J Intern Med 1999;245:31–9 CrossRef

2. McDonald J, Bayrak-Toydemir P, Pyeritz RE. Hereditary hemor-
rhagic telangiectasia: an overview of diagnosis, management, and
pathogenesis. Genet Med 2011;13:607–16 CrossRef Medline

3. Faughnan ME, Palda VA, Garcia-Tsao G, et al; HHT Foundation
International-Guidelines Working Group. International guidelines
for the diagnosis and management of hereditary haemorrhagic
telangiectasia. J Med Genet 2011;48:73–87 CrossRef Medline

4. Shovlin CL, Guttmacher AE, Buscarini E, et al. Diagnostic criteria
for hereditary hemorrhagic telangiectasia (Rendu-Osler-Weber
syndrome). Am J Med Genet 2000;91:66–7 CrossRef Medline

5. Sautter NB, Smith TL. Hereditary hemorrhagic telangiectasia-
related epistaxis: innovations in understanding and management.
Int Forum Allergy Rhinol 2012;2:422–31 CrossRef Medline

6. Martín-Noguerol T, Concepción-Aramendia L, Lim CT, et al.
Conventional and advanced MRI evaluation of brain vascular mal-
formations. J Neuroimaging 2021;31:428–45 CrossRef Medline

7. Maher CO, Piepgras DG, Brown RD, et al. Cerebrovascular manifes-
tations in 321 cases of hereditary hemorrhagic telangiectasia.
Stroke 2001;32:877–82 CrossRef Medline

8. Fulbright RK, Chaloupka JC, Putman CM, et al. MR of hereditary
hemorrhagic telangiectasia: prevalence and spectrum of cerebro-
vascular malformations. AJNR Am J Neuroradiol 1998;19:477–84
Medline

9. Yang W, Liu A, Hung AL, et al. Lower risk of intracranial arteriove-
nous malformation hemorrhage in patients with hereditary hemor-
rhagic telangiectasia. Neurosurgery 2016;78:684–93 CrossRef Medline

10. Willemse RB, Mager JJ, Westermann CJ, et al. Bleeding risk of cere-
brovascular malformations in hereditary hemorrhagic telangiecta-
sia. J Neurosurg 2000;92:779–84 CrossRef Medline

11. Willinsky RA, Taylor SM, TerBrugge K, et al. Neurologic complica-
tions of cerebral angiography: prospective analysis of 2,899 pro-
cedures and review of the literature. Radiology 2003;227:522–28
CrossRef Medline

12. Hetts SW, Shieh JT, Ohliger MA, et al. Hereditary hemorrhagic
telangiectasia: the convergence of genotype, phenotype, and imag-
ing in modern diagnosis and management of a multisystem dis-
ease. Radiology 2021;300:17–30 CrossRef Medline

13. Faughnan ME, Mager JJ, Hetts SW, et al. Second International
Guidelines for the Diagnosis and Management of Hereditary
Hemorrhagic Telangiectasia. Ann Intern Med 2020;173:989–1001
CrossRef Medline

14. Vella M, Alexander MD, Mabray MC, et al. Comparison of MRI,
MRA, and DSA for detection of cerebral arteriovenous malforma-
tions in hereditary hemorrhagic telangiectasia. AJNR Am J
Neuroradiol 2020;41:969–75 CrossRef Medline

15. Petcharunpaisan S, Ramalho J, Castillo M. Arterial spin labeling in
neuroimaging.World J Radiology 2010;2:384–98 CrossRef Medline

16. Deibler AR, Pollock JM, Kraft RA, et al. Arterial spin-labeling in
routine clinical practice, part 1: technique and artifacts. AJNR Am
J Neuroradiol 2008;29:1228–34 CrossRef Medline

17. Wolf RL, Detre JA. Clinical neuroimaging using arterial spin-la-
beled perfusion magnetic resonance imaging. Neurotherapeutics
2007;4:346–59 CrossRef Medline

18. Petersen ET, Lim T, Golay X. Model-free arterial spin labeling
quantification approach for perfusion MRI. Magn Reson Med
2006;55:219–32 CrossRef Medline

19. Hodel J, Leclerc X, Kalsoum E, et al. Intracranial arteriovenous
shunting: detection with arterial spin-labeling and susceptibility-
weighted imaging combined. AJNR Am J Neuroradiol 2017;38:71–76
CrossRef Medline

20. Lindner T, Bolar DS, Achten E, et al; on behalf of the ISMRM
Perfusion Study Group. Current state and guidance on arterial spin
labeling perfusion MRI in clinical neuroimaging.Magn Reson Med
2023;89:2024–47 CrossRef Medline

21. Berg J, Porteous M, Reinhardt D, et al. Hereditary haemorrhagic
telangiectasia: a questionnaire based study to delineate the different
phenotypes caused by endoglin and ALK1 mutations. J Med Genet
2003;40:585–90 CrossRef Medline

22. Plauchu H, de Chadarévian JP, Bideau A, et al. Age-related clin-
ical profile of hereditary hemorrhagic telangiectasia in an

AJNR Am J Neuroradiol �:� � 2024 www.ajnr.org 5

https://www.ajnr.org/sites/default/files/additional-assets/Disclosures/August%202024/0074.pdf
http://www.ajnr.org
http://dx.doi.org/10.1046/j.1365-2796.1999.00398.x
http://dx.doi.org/10.1097/GIM.0b013e3182136d32
https://www.ncbi.nlm.nih.gov/pubmed/21546842
http://dx.doi.org/10.1136/jmg.2009.069013
https://www.ncbi.nlm.nih.gov/pubmed/19553198
http://dx.doi.org/10.1002/(SICI)1096-8628(20000306)91:1&hx003C;66::AID-AJMG12&hx003E;3.0.CO;2-P
https://www.ncbi.nlm.nih.gov/pubmed/10751092
http://dx.doi.org/10.1002/alr.21046
https://www.ncbi.nlm.nih.gov/pubmed/22566463
http://dx.doi.org/10.1111/jon.12853
https://www.ncbi.nlm.nih.gov/pubmed/33856735
http://dx.doi.org/10.1161/01.str.32.4.877
https://www.ncbi.nlm.nih.gov/pubmed/11283386
https://www.ncbi.nlm.nih.gov/pubmed/9541302
http://dx.doi.org/10.1227/NEU.0000000000001103
https://www.ncbi.nlm.nih.gov/pubmed/26540357
http://dx.doi.org/10.3171/jns.2000.92.5.0779
https://www.ncbi.nlm.nih.gov/pubmed/10794291
http://dx.doi.org/10.1148/radiol.2272012071
https://www.ncbi.nlm.nih.gov/pubmed/12637677
http://dx.doi.org/10.1148/radiol.2021203487
https://www.ncbi.nlm.nih.gov/pubmed/33973836
http://dx.doi.org/10.7326/M20-1443
https://www.ncbi.nlm.nih.gov/pubmed/32894695
http://dx.doi.org/10.3174/ajnr.A6549
https://www.ncbi.nlm.nih.gov/pubmed/32381546
http://dx.doi.org/10.4329/wjr.v2.i10.384
https://www.ncbi.nlm.nih.gov/pubmed/21161024
http://dx.doi.org/10.3174/ajnr.A1030
https://www.ncbi.nlm.nih.gov/pubmed/18372417
http://dx.doi.org/10.1016/j.nurt.2007.04.005
https://www.ncbi.nlm.nih.gov/pubmed/17599701
http://dx.doi.org/10.1002/mrm.20784
https://www.ncbi.nlm.nih.gov/pubmed/16416430
http://dx.doi.org/10.3174/ajnr.A4961
https://www.ncbi.nlm.nih.gov/pubmed/27789452
http://dx.doi.org/10.1002/mrm.29572
https://www.ncbi.nlm.nih.gov/pubmed/36695294
http://dx.doi.org/10.1136/jmg.40.8.585
https://www.ncbi.nlm.nih.gov/pubmed/12920067


epidemiologically recruited population. Am J Med Genet
1989;32:291–97 CrossRef Medline

23. Porteous ME, Burn J, Proctor SJ.Hereditary haemorrhagic telangiecta-
sia: a clinical analysis. J Med Genet 1992;29:527–30 CrossRef Medline

24. Le TT, Fischbein NJ, André JB, et al. Identification of venous signal
on arterial spin labeling improves diagnosis of dural arteriovenous
fistulas and small arteriovenous malformations. AJNR Am J
Neuroradiol 2012;33:61–68 CrossRef Medline

25. Mayercik V, Taiwo R, Marks M, et al. O-023 Arterial spin labeling
(ASL) MRI assists in identification of cerebral micro-arteriove-
nous malformations. J Neurointerv Surg 2021;13:A16

26. Grade M, Hernandez Tamames JA, Pizzini FB, et al. A neuroradiolo-
gist’s guide to arterial spin labeling MRI in clinical practice.
Neuroradiology 2015;57:1181–202 CrossRef Medline

27. Shimoda Y, Osanai T, Nakayama N, et al. De novo arteriovenous
malformation in a patient with hereditary hemorrhagic telangiec-
tasia. J Neurosurg Pediatr 2016;17:330–35 CrossRef Medline

28. Alsop DC, Detre JA, Golay X, et al. Recommended implementation
of arterial spin-labeled perfusion MRI for clinical applications: a
consensus of the ISMRM Perfusion Study Group and the European
Consortium for ASL in Dementia. Magn Reson Med 2015;73:102–16
CrossRef Medline

6 Alyafaie � 2024 www.ajnr.org

http://dx.doi.org/10.1002/ajmg.1320320302
https://www.ncbi.nlm.nih.gov/pubmed/2729347
http://dx.doi.org/10.1136/jmg.29.8.527
https://www.ncbi.nlm.nih.gov/pubmed/1518020
http://dx.doi.org/10.3174/ajnr.A2761
https://www.ncbi.nlm.nih.gov/pubmed/22158927
http://dx.doi.org/10.1007/s00234-015-1571-z
https://www.ncbi.nlm.nih.gov/pubmed/26351201
http://dx.doi.org/10.3171/2015.7.PEDS15245
https://www.ncbi.nlm.nih.gov/pubmed/26613274
http://dx.doi.org/10.1002/mrm.25197
https://www.ncbi.nlm.nih.gov/pubmed/24715426

	Arterial Spin-Labeling MR Imaging in the Detection of Intracranial Arteriovenous Malformations in Patients with Hereditary Hemorrhagic Telangiectasia
	MATERIALS AND METHODS
	SUBJECT INCLUSION CRITERIA
	IMAGE ANALYSIS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


