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Abstract
Background

Complex vascular anomalies (CVA) involve multiple tissue types across large anatomic regions, making
characterization with conventional MRI challenging and time intensive. Whole-body (WB) or limited WB-
MRI may enable more efficient assessment.

Objective

To retrospectively evaluate an abbreviated WB-MRI protocol using Ferumoxytol for comprehensive
characterization of CVA.

Methods

Clinical, imaging and management information from patients undergoing Ferumoxytol-enhanced WB-
MRI (July 2020-May 2025) was retrospectively reviewed following IRB approval. In the development
phase, sequences tested included 3D-RAVE, 3D-VIBE, axial SSFSE T2, and 3D-T2-SPACE. Scan duration,
technical image quality, and clinical grading of reporting elements for CVA were assessed by 2
radiologists. An abbreviated protocol was implemented using 3D-VIBE or RAVE, and axial SSFSE T2, with
an optional time-resolved MRA using gadolinium contrast for high-flow lesions. Descriptive statistics and
2-tailed t-tests were utilized for analysis.

Results

Protocol development phase included 32 patients (15M,17F) median age 11.8y (0.2-52.4), and scan
duration 57 min (17-134). Implementation phase involved 45 patients (17M, 28F) median age 10.6y
(0.01-42.3), and scan duration 32 min (9-77). Average number of stations were RAVE (2.4), VIBE (4.3),
SSFSE (3.6) and 3DT2 (2.6). Average technical image quality score was 4.3/5. Mean clinical grade of
reporting elements was 4.6/5. Additional TWIST sequence was used in 5 patients to assess suspected
high-flow component. All studies were diagnostic, with 3D VIBE/RAVE and SSFSE T2 mandatory for
assessment. After multidisciplinary discussion, management decisions were altered in 57% of cases.

Conclusions

We demonstrate feasibility of an abbreviated WB MRI protocol using Ferumoxytol contrast for CVA.

Introduction
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Vascular anomalies (VA) are classified into vascular tumors and vascular malformations (VMs) based
on a binary classification scheme initially proposed in 1982 by Mulliken and Glowacki [1], which has
since been regularly updated by the International Society for the Study of Vascular Anomalies (ISSVA)

[2].

Vascular malformations are further divided by vessel type into simple (capillary, lymphatic, venous and
arteriovenous malformations), combined (involving more than one type of blood vessel) and complex
(characterized by segmental or whole-body involvement, tissue overgrowth, and involvement of other
organ systems) [2]. Complex vascular anomalies (CVA) often have distinct histology and genetic drivers
essential to establishing a definitive diagnosis: for instance, RAS/MEK/ERK pathway mutations
(RASopathy) [3] are typically associated with high-flow lesions, while PIK3CA/Akt/mTOR pathway
mutations are linked to slow-flow venous malformations [4]. These features are incorporated into the
ISSVA classification and can further guide advanced imaging [5].

While the MRI protocol is well established in simple or combined high-flow or slow-flow lesions using a
combination of T1, T2 and post-contrast T1 imaging augmented with time-resolved MRA [6], MRl is
challenging with diffuse and/or complex malformations [7]. Diffuse VA frequently involve large anatomic
regions—an entire extremity, one side/half of the body, or the brain, spine, and body. Complex
malformations associated with PTEN Hamartoma Tumor Syndrome (PHTS) [8] and PIK3CA-related
overgrowth syndromes (PROS) [9] represent a subset of these lesions. These malformations can
combine high-flow and slow-flow vascular components or include overlapping slow-flow anomalies such
as capillary-veno-lymphatic malformations, which complicates imaging protocol decisions about
coverage, spatiotemporal resolution, and tissue characterization. Clinical presentation also varies widely,
ranging from isolated digit enlargement to segmental overgrowth across multiple anatomic regions.
Because these malformations often affect fat, muscle, vasculature, and bone, MRI must characterize
both vascular and nonvascular tissue components comprehensively. As a result, imaging protocols are
lengthy, requiring multiple sequences and stations to ensure tissue characterization and coverage.

The natural history of diffuse and complex VA is punctuated by complications related to the disease or
its treatment, such as thrombosis, hemorrhage, contractures, end-organ changes, or non-target
embolism, which can increase the risk of misdiagnosis, particularly outside of specialized
multidisciplinary settings [10]. Even with specialist referral, the full extent of the VA is frequently
underestimated, and syndromic involvement may be mischaracterized or only partially recognized—due
in part to the limitations of conventional MRI protocols, which are often incapable of delivering efficient,
whole-body coverage.

Two recent advances may improve imaging efficiency for complex VA. First, whole-body (WB) or limited
WB MRI (which uses multiple stations to cover large anatomical regions, but not head-toe) is
increasingly used for surveillance of malignancy and genetic cancer-predisposition syndromes [11, 12].
Second, Ferumoxytol—a nanoparticle iron agent is a blood-pool contrast agent that uniformly fills all
vascular channels, enabling rapid high-resolution 3D imaging of large regions with less need for sedation
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[13]. Although considered off-label by the FDA for MR, its safety profile in children and adults is well
established [14, 15].

As part of a quality initiative to improve imaging experience for our burgeoning referral population of
complex vascular anomalies, we developed an abbreviated protocol with Ferumoxytol contrast and
evaluated the performance of several WB sequences in characterizing these lesions. Therefore, the
objective for this study is to retrospectively evaluate our experience with an abbreviated, whole-body or
limited whole body MR imaging protocol using Ferumoxytol blood-pool contrast agent to characterize
complex vascular anomalies.

Materials and Methods
Study Design

Following IRB approval, we retrospectively identified patients who underwent imaging under an
institutional clinical development protocol using Ferumoxytol-enhanced WB or limited WB MRI for
evaluation of complex VA. At our institution, imaging approaches to support programmatic gowth of
multidisciplinary specialist referral pathways like CVA are governed by a quality improvement approach.
As part of such an approach, we developed an MRI protocol with Ferumoxytol contrast and evaluated the
performance of several WB sequences in characterizing these lesions. Based on this assessment, an
abbreviated protocol was implemented in our patients. A total of 77 patients were included: 32 during
protocol development and 45 in the protocol implementation phase. Protocol development occurred
from July 2020 to February 2022, with implementation data included from March 2022 up to May 2025,
with no exclusion criteria and participants forming a consecutive series.

Referral Pathway

Most patients were referred through our institutional multidisciplinary Vascular Anomalies Clinic (VAC),
which includes experts from interventional radiology, hematology-oncology, dermatology, and plastic
surgery. Suspected diffuse lymphatic channel or lymphatic conduction anomalies were excluded in this
series, due to the presence of a separate institutional pathway for MR lymphangiography and related
interventions. Referral indications for the WB or limited WB imaging protocol were assessed, including
screening for prior diagnosis of a syndromic or genetic VA, leg length discrepancy, or diffuse overgrowth,
varicosities, edema or capillary stain. Clinical photographs, physical examination findings, and prior
imaging were reviewed. When possible, targeted ultrasound performed by an interventional radiologist
was used to assess the lesion extent and screen for high-flow components. Most cases were reviewed
at the VAC, and a provisional complex VA diagnosis was assigned. Patients with concern for overgrowth,
syndromic or diffuse anomalies are referred for WB MRI. A small number of patients were independently
evaluated and referred from other services. After imaging and genetic testing (if applicable) was

Page 5/27



completed, a revised diagnosis was rendered by the VAC or by the referring clinical team where
indicated.

Data Collection

Clinical and imaging data were extracted from the electronic health records of all 77 patients.
Demographic information included age at the time of scan, sex, and weight. Clinical context variables
included the referring clinical service, referral diagnosis for WB imaging, and post-imaging diagnoses
assigned by the VAC or referring clinical team.

Scan-related parameters included scan coverage (whether the scan was WB or limited WB), total scan
duration, the number and type of sequences acquired, the number of stations used per sequence,
anatomic regions covered, MRI procedure codes, contrast type/dose administered, and whether a
composite whole-body image was generated during post-processing.

Imaging Protocol

MRI was performed on a 3T Siemens scanner (Prisma or Skyra, Siemens Healthineers, Forchheim,
Germany) after slow intravenous infusion of Ferumoxytol (Feraheme, AMAG Pharmaceuticals; generic:
Sandoz) according to our previously published institutional protocol [15]. All patients in this study were
distinct from those included in the previously published cohort. During the development phase, four core
MRI sequences and two optional sequences were used, with image grading limited to the core
sequences (Table 1, Figs. 1-3). Stacks from the images were stitched to provide a composite dataset,
which could be manipulated on a 3D workstation to obtain arbitrary planes (Figs. 2-4).
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MRI Sequences Used During Development Phase with Technical Image Grading

Table 1

Sequence

Axial single shot
FSE T2-
weighted
imaging (SSFSE
T2) without fat
saturation

Volumetric
Interpolated
Breath-Hold
Examination
(VIBE)

Free-breathing
radial
volumetric
encoding
(RAVE)

3D TSE T2-
weighted
Sampling
Perfection with
Application
optimized
Contrast
(SPACE)

ECG-gated and
navigator
respiratory-
gated 3D GRE
with inversion
recovery-
prepared fat
suppression (3D
IR-FLASH)

Time-resolved
MRA with
interleaved
stochastic
trajectories

Core or
Optional

Core

Core

Core

Core

Optional

Optional

No of
Patients
in Dev.
Phase

28

15

23

20

21

Relevant Scan

Parameters

Slice thickness: 3—5
mm, TE 120 ms, free
breathing, breath-held
or respiratory trig. in
chest/abd only. 1-2
min per station

Breath-held in
chest/abd, free-
breathing in
pelvis/extremities

1-1.5 mm isotropic
resolution. -2 min
per station

Free breathing,

1-1.5 mm isotropic
resolution. 3—5 min
per station.

Free breathing with
respiratory triggering,
1-1.5 mm isotropic
resolution, 5-7 min
per station

1-1.5 mm isotropic
resolution, 50% nav
efficiency, 5-7 min
per station

1-1.5 mm isotropic
resolution, 1-2
second dynamics,
GRAPPA factor 4

Rationale

Main sequence
for fluid
sensitive
imaging for LM,
edema, soft
tissue, viscera.
Less signal to
noise compared
to3D T2.

Main sequence
for arterial,
venous and soft
tissue
assessment.

Free breathing
alternative to
VIBE in smaller,
non-cooperative
patients

Hi-resolution, fat
suppressed 3D
T2 weighted
imaging,
provides
redundant info
to SSFSE T2,

prone to artifact.

For enhanced
motion control
in cardiac and
abdominal
imaging, if fine
detail desired.

Add-on for
suspected high-

flow component.

LM - lymphatic malformation, GRAPPA — Generalized Autocalibrating Partially Parallel Acquisitions

Technical
Image
Quality
Score

4.81
(4-5)

4.21
(3-5)

4.5
(2-5)

4.07
(2-5)

N/A

N/A
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Sequence Core or No of Relevant Scan Rationale Technical

Optional Patients Image
in Dev. Parameters Quality
Phase Score
(TWIST) using
Gad -based
contrast

LM - lymphatic malformation, GRAPPA — Generalized Autocalibrating Partially Parallel Acquisitions

The finalized abbreviated protocol used during the implementation phase included axial SSFSE T2 (axial
Single Shot FSE T2-weighted imaging) and 3D VIBE (Volumetric Interpolated Breath-Hold Examination)
sequences, or 3D RAVE (Free-breathing radial volumetric encoding) for non-cooperative patients for
motion compensation, with an optional high temporal resolution TWIST (Time-resolved MRA with
Interleaved Stochastic Trajectories) sequence, with 1-2 second temporal resolution, used for suspected
high-flow lesions (Figs. 5-6) .

Structured Image Interpretation

A standardized reporting template was created as part of this study to evaluate complex VA (Table 2).
The imaging report summarized the type of VA, its anatomical region, extent, critical relationships,
extravascular involvement, and potential syndromic or genetic associations. The post-imaging follow-up
VAC visit integrated MRI findings with relevant clinical, laboratory, genetic and ultrasound data, and
served as a key driver of therapeutic decision-making based on multidisciplinary discussion.
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Table 2

Reporting Template for Complex Vascular Anomalies and Clinical Grading of Vascular, and Extravascular
Reporting Elements

Category Reporting Element Sequences Score Comment
Arterial Arterial anatomy and VIBE / RAVE / 4.48 VIBE adequate for arterial
arteriovenous (AV) Time resolved (3-5) integrity. Tr-MRA for AV
shunting MRA if shunting.
available
Venous Deep venous system VIBE / RAVE 4.67 Deep vein integrity
(3-5) assessment critical in KTS/
PROS.
Superficial venous VIBE / RAVE 4.70 Distinguish varicosities due
system (3-5) to VA from venous
thrombosis / insufficiency.
Anomalous veins VIBE / RAVE ?.67) Common in KTS/ PROS.
3-5
Superficial venous VIBE / RAVE 4.70 3D volume rendering useful
malformation (3-5) for visualization.
Deep/intramuscular VM VIBE / RAVE 4.80 3D volume rendering useful
(4-5) for visualization. Potential for
compartment syndrome
after sclerotherapy.
Lymphatic Macrocystic LM SSFSE T2 474 Screen for isolated visceral
(4-5) involvement, quantify
response to sclerotherapy.
3D T2 SPACE 4.50
(3-5)
Microcystic LM SSFSE T2 4.67 Adequate resolution needed
(4-5) to distinguish microcysts
from edema.
3D T2 SPACE 4.53
(3-5)
Soft tissue edema SSFSE T2 4.63 Edema is non-specific,
(4-5) common, and rarely sign of
lymphangiectasia or
3D T2 SPACE 4.38 abnormal lymph conduction
(3-5) inthis setting.
Overgrowth  Limb length VIBE / RAVE 472 3D MR qualitative and not
discrepancy (LLD) (4-5) validated for LLD, use

Scanogram.

VIBE - Volumetric Interpolated Breath-Hold Examination, RAVE - Free-breathing Radial Volumetric Encoding, KTS - Klippel Trenaunay
Syndrome, PROS — PIK3CA Related Overgrowth Syndrome, VM - Vascular Malformation, LM - Lymphatic Malformation, SSFSE T2 — Axial
single shot FSE T2-weighted imaging, 3D T2 SPACE — 3D TSE T2-weighted Sampling Perfection with Application optimized Contrast, VA -

vascular anomalies
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Category Reporting Element Sequences Score Comment

Focal fatty/soft tissue VIBE / RAVE 477 MR highly sensitive, use

hypertrophy (3-5) perimeter comparison to
contralateral side for soft
tissue and extremity girth.

Limb shape VIBE / RAVE 475 3D volume rendering useful
(3-5) for identifying characteristic
changes.
Other Spine involvement VIBE / RAVE / 4.54 Any abnormality is indication
SSFSE T2 (3-5) for further dedicated spine
imaging.
Visceral organ VIBE / RAVE / 4.70 Abdominal organs, gut
involvement SSFSE T2 (4-5) involved in diffuse LM, VM.
Bone/joint involvement  VIBE / RAVE / 476 Common cause of functional
SSFSE T2 (3-5) impairment in VA. Bone
infarcts common
association.

VIBE - Volumetric Interpolated Breath-Hold Examination, RAVE - Free-breathing Radial Volumetric Encoding, KTS - Klippel Trenaunay
Syndrome, PROS — PIK3CA Related Overgrowth Syndrome, VM - Vascular Malformation, LM - Lymphatic Malformation, SSFSE T2 — Axial
single shot FSE T2-weighted imaging, 3D T2 SPACE — 3D TSE T2-weighted Sampling Perfection with Application optimized Contrast, VA -

vascular anomalies

Technical and Clinical Grading

Two radiologists with 20 and 10 years of experience in pediatric vascular anomalies, respectively,
evaluated technical image quality for the core sequences (SSFSE T2, RAVE, VIBE, 3D T2 SPACE (3D TSE
T2-weighted Sampling Perfection with Application optimized Contrast)). Additionally, reporting elements
relevant to vascular anomalies were graded. The radiologists used a consensus approach with a
standardized Likert scale (1 = non-diagnostic; 5 = excellent) described previously [16].

Data Analysis

Descriptive statistics were used to analyze data. Continuous variables were summarized with means and
ranges while frequencies and/or percentages were used for categorical variables. T-tests were used to
compare scan duration and Ferumoxytol dosage between the development and implementation phases.

Results

Patient Characteristics

A total of 32 patients (15 males, 17 females) underwent imaging using the diffuse vascular
malformation protocol during the development phase. The median age at scan was 11.8 years (range:
0.2-52.4 years), and the median weight was 42.6 kg (range: 4.7-156.8 kg). Nineteen patients (59%) had
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prior MRIs performed either at our institution or an outside center, and 31 (97%) had prior review by a
VAC specialist. WB MRI was performed in 4 patients during this phase, with the remainder undergoing
limited WB imaging.

In the implementation phase, 47 patients (19 males, 28 females) were imaged with a median age of 10.6
years (range: 0.01-42.3 years) and a median weight of 46.4 kg (range: 3.6-111.4 kg).

Seventeen patients (36%) had prior MRIs performed either at our institution or an outside center, and 35
(75%) had prior review by a VAC specialist. WB MRI was performed in 4 patients and limited WB imaging
in the rest.

Imaging Coverage and Order Codes

Imaging coverage in the development phase was from the pelvis to the toes (n = 14), followed by
abdomen to toes (n = 5), brain to toes (n = 4), chest to fingers (n = 2), neck to fingers (n = 2), and one case
each of the following ranges: neck to abdomen, neck to chest, brain to fingers, chest to toes, and chest
to ankles. The most frequently used MRI order codes were MRA Extremity (n = 39), MRA Pelvis (n = 26),
MRA Abdomen (n = 12), MRA Chest (n = 7), MR Head/Neck (n = 9).

Imaging coverage in the implementation phase was from the pelvis to the toes (n = 14), followed by brain
to pelvis (n = 6), abdomen to toes (n = 5), neck to pelvis (n = 5), brain to toes (n = 4), abdomen to pelvis (n
= 4), neck to abdomen (n = 3), neck to toes (n = 2), chest to pelvis (n = 2), and one case each of brain to
abdomen and abdomen to ankles. The most frequently used MRI order codes were MRA Extremity (n =
39), MRA Pelvis (n = 37), MRA Abdomen (n = 24), MRA Chest (n = 22), MR Head/Neck (n = 19).

Imaging Protocol Utilization

During the development phase, core MRI sequences were performed in almost all patients, while
optional sequences were utilized with varying frequency. The number of stations was determined by
patient size and coverage needs. Utilization of core sequences was as follows: SSFSE T2 sequence was
most used (28 times) with an average of 3.5 stations, followed by RAVE (23 uses, 2.3 stations), 3D T2
SPACE (20 uses, 2.5 stations), VIBE (15 uses, 3.6 stations). Optional sequence use included FLASH (Fast
low angle shot MRA) (8 uses, 1.9 stations), and TWIST (2 uses with 24 dynamics). In the implementation
phase, core sequences were VIBE (45 times, 2.9 stations) and SSFSE T2 (44 uses, 3.3 stations).
Depending on coverage needs and indication, optional sequences included FLASH (14 uses, 1.3
stations), RAVE (5 uses, average 1.2 stations), 3D T2 SPACE (4 uses, average 2.0 stations), and TWIST (3
uses, mean 11.5 dynamics).

Scan Duration

The average scan duration significantly (p < 0.001) decreased from the development to the
implementation phase. During development, the mean scan time was 57 minutes (range: 17-134
minutes), whereas in the implementation phase, the average protocol completion time was 32 minutes
(range: 9—77 minutes).
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Technical Grading

Technical image quality assessments were performed on all 32 patients studied during the development
phase. Consensus scores for core sequences were high with an average technical image quality score of
4.3/5 as shown in Table 1.

Clinical Grading

Clinical image quality assessments were performed on all 32 patients studied during the development
phase with results in Table 2. Mean clinical grade of reporting elements in VA was 4.6/5. Following
Ferumoxytol administration, T2-weighted imaging effectively suppressed vascular signal, facilitating
improved visualization of lymphatic components and soft tissue edema (Figs. 1-2). Additionally, SSFSE
T2 and 3D T2 SPACE performed similarly in assessment of lymphatic components, obviating the need
for performance of the time intensive 3D-T2 in the implementation phase (Fig. 1).

Referral Indications and Post-imaging follow-up

Referrals for MRI came from various VAC specialists. In the development phase, the most common
referring specialties were interventional radiology (n = 11), hematology/oncology (n = 10), and plastic
surgery (n = 5), clinical genetics (n = 3) and dermatology (n = 2). In the implementation phase, the
distribution was similar with referrals from hematology/oncology (n = 15), interventional radiology (n =
10), plastic surgery (n = 5), and dermatology (n = 5).

Indications for imaging with the WB protocol included prior diagnosis of a syndromic or genetic VA, leg
length discrepancy, or diffuse overgrowth/varicosities/edema/capillary stain. After multidisciplinary
discussion, imaging diagnoses using the VAC WB protocol modified the initial VAC diagnoses and/or
management 16/28 times (57%) during the development phase, and 12/24 times (50%) during the
implementation phase (Table 3). PIK3CA spectrum of lesions were the most prevalent in our series with
specific diagnoses of PROS (Figs. 1-3), KTS (Klippel-Trénaunay syndrome) (Fig. 2), CLOVES (Congenital
lipomatous (fatty) overgrowth, vascular malformations, epidermal nevi and scoliosis/skeletal/spinal
anomalies) (Fig. 4) or diffuse VM/VLM (vascular malformation/veno-lymphatic malformation) made
after imaging in patients referred for overgrowth, varicosities or cutaneous changes being the most
common scenario.
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Table 3
Comparison of Pre-imaging VAC Diagnoses and Post-Imaging VAC/ Final Clinical Diagnoses

Development Phase

Pre-imaging VAC / Post-imaging VAC/

referral dx Final Clinical dx

Diffuse VM 12 8
PIK3CA Related Overgrowth Syndrome 1 7
KTS 5 4
Overgrowth/hemihypertrophy 3 1
Capillary malformation / port wine stain 3 -
CLOVES 1 2
Diffuse LM 1 2
HHT 1 1
AVM 1 -
Suspected RASopathy - 1
Hemangioma - 1
Tuberous Sclerosis — 1
Perforator incompetence with varicosities - 1
Lymphedema 2 1
CMTC — 1
Other 2 1
Implementation Phase

Diffuse VM 9 3
PIK3CA Related Overgrowth Syndrome 4 8
Overgrowth / Hemihypertrophy 3 —

VM - vascular malformation, VAC — Vascular Anomalies Clinic, PIK3CA - Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha, KTS - Klippel Trenaunay Syndrome, LM — lymphatic malformation, VLM - veno-lymphatic malformation, CLOVES -
congenital lipomatous (fatty) overgrowth, vascular malformations, epidermal nevi and scoliosis/skeletal/spinal anomalies, HHT —
Hereditary Hemorrhagic Telangiectasia, AVM - arteriovenous malformation, CMTC — Cutis Marmorata Telangiectatica Congenita, LUMBAR
Syndrome - Lower body hemangioma, Urogenital abnormalities/ulceration, Myelopathy of the spinal cord, Bony deformities, Anorectal

malformations and arterial anomalies, Renal anomalies
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Development Phase

Pre-imaging VAC / Post-imaging VAC/

referral dx Final Clinical dx
KTS 3 4
Diffuse LM/VLM 2 3
CLOVES - 1
HHT / Family history of HHT 9 6
AVM 1 1
Parkes Weber Syndrome - 1

Capillary malfmn / port wine stain / cutaneous 8 -

Venous incompetence with varicosities 1 3
CMTC — 1
Intestinal vascular malformation 1 —
Juvenile polyposis — 1
Infantile segmental hemangioma 1 —
LUMBAR Syndrome — 1
Normal vasculature 3 12

VM - vascular malformation, VAC — Vascular Anomalies Clinic, PIK3CA - Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha, KTS - Klippel Trenaunay Syndrome, LM - lymphatic malformation, VLM — veno-lymphatic malformation, CLOVES -
congenital lipomatous (fatty) overgrowth, vascular malformations, epidermal nevi and scoliosis/skeletal/spinal anomalies, HHT -
Hereditary Hemorrhagic Telangiectasia, AVM — arteriovenous malformation, CMTC — Cutis Marmorata Telangiectatica Congenita, LUMBAR
Syndrome — Lower body hemangioma, Urogenital abnormalities/ulceration, Myelopathy of the spinal cord, Bony deformities, Anorectal

malformations and arterial anomalies, Renal anomalies

Ferumoxytol dosing and dual contrast usage in suspected
high-flow lesions

Ferumoxytol dosage showed a significant (p < 0.001) reduction between the development and
implementation phases, reflecting increasing institutional experience with the drug and understanding of
dose-related contrast in different age groups. The average dose administered during the development
phase was 2.35 mg/kg (range: 1.0-3.5 mg/kg), compared to 1.93 mg/kg (range: 1.0-3.1 mg/kg) in the
implementation phase. No adverse reactions were observed.

Five patients with suspected high-flow anomalies also had an additional high temporal resolution time
resolved MRA sequence with a TWIST technique and received an average of 2.03 mg/kg of Ferumoxytol
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followed by 0.12 mL/kg of gadobutrol (Gadavist) contrast (Table 4) without incident. All TWIST studies
were graded as providing good arterial enhancement and reliable assessment for arteriovenous shunting
(Figs. 5-6).

Table 4
Patients receiving dual contrast agents (Ferumoxytol and Gadavist) for suspected high flow component
Patient Age Coverage Referring Diagnosis Post Imaging Diagnosis
(years)
1 12.1 Brain to pelvis HHT HHT
2 38.5 Chest and Right UE AVM Multiple upper extremity
upper extremity AVMs with suspected
RASopathy
3 0.1 Neck to pelvis Intrahepatic AVM seen Normal
on fetal imaging
4 1.2 Chest to pelvis N/A Juvenile polyposis
5 0.2 Abdomen to toes Segmental infantile LUMBAR Syndrome
hemangioma
HHT - Hereditary Hemorrhagic Telangiectasia, UE AVM - upper extremity arteriovenous malformation, AVM - arteriovenous
malformation, LUMBAR Syndrome — Lower body hemangioma, Urogenital abnormalities/ulceration, Myelopathy of the spinal cord, Bony
deformities, Anorectal malformations and arterial anomalies, Renal anomalies

Discussion

This study demonstrated the feasibility of a novel protocol utilizing ferumoxytol-enhanced WB MRI for
assessing complex vascular malformations. We propose a final 30-minute ferumoxytol-enhanced
protocol using 2 WB sequences—axial SSFSE T2 and 3D T1-VIBE—with an additional localized time-
resolved MRA sequence when a high-flow component is present. This abbreviated protocol effectively
delineated malformation type, anatomical region, extent, critical relationships, and extravascular
involvement. A standardized template also supported follow-up assessment of treatment response.

Conventional MR sequences with ferumoxytol, and their adaptation for pediatric vascular anomalies,
remain underexplored, and these data help address that gap. By creating a uniform dark-blood effect on
T2-weighted sequences, this approach improves detection of microcystic and macrocystic lymphatic
malformations (LM) in soft tissue and helps distinguish them from edema without need for fat
suppression (Figs. 1-2). VIBE/RAVE sequences provide exquisite sensitivity for defining the extent of
multiplanar venous involvement (Fig. 3), while high-resolution 3D acquisition captures soft tissue, bony,
and articular involvement (Figs. 4-6). The main advantage of this protocol is that it simplifies screening
and diagnosis for complex anomalies into a short, free-breathing, two-sequence exam that can be
performed without supervision in non-specialized centers. Combined with the structured reporting
template used in this study that targets vascular and non-vascular manifestations, broader adoption may

Page 15/27



help standardize image acquisition and reporting across this diverse and challenging group of
conditions.

Integrated with clinical, laboratory, genetic, and ultrasound data in a multidisciplinary VAC setting, these
findings helped clarify syndromic or genetic associations and guide management, including medical
therapy, minimally invasive intervention, or surgery. This approach was particularly valuable for venous
mapping and intervention planning in patients with anomalous or dilated superficial and/or deep veins,
especially when dilated veins connected directly to the deep system (Fig. 2). These patients may require
extensive procedures to disconnect enlarged, often incompetent/insufficient veins from the deep veins
and prevent life-threatening thromboembolic disease [17].

WB imaging has been used for a range of oncologic and non-oncologic genetic predisposition
syndromes [11, 12]. Whole-body contrast-enhanced MRA with gadolinium-based contrast and vessel wall
imaging has also been described in Takayasu arteritis [18], and ferumoxytol-based whole-body MRA
protocols have been reported in adults [19]. In children, ferumoxytol has been widely used in pediatric
populations within the United States over the past decade for indications including congenital heart
disease and venous patency mapping [15, 20]. Within vascular anomalies, its use has been reported in
hereditary hemorrhagic telangiectasia [21] and pediatric cerebral AVMs [22]. To our knowledge, this is
the first use of a WB or limited-WB ferumoxytol-enhanced protocol to evaluate complex, diffuse, or
genetically mediated vascular malformations.

Limitations

1. Ferumoxytol is not available in several countries, and its use as a contrast agent is off label. There is
also an FDA warning against rapid administration of this agent, which has been associated with life-
threatening hypersensitivity reactions. Most centers administer the agent by slow infusion over 15
minutes, with only a fraction of the therapeutic dose required for use as an intravenous contrast
agent (diagnostic dose is 2 mg/kg while the therapeutic dose is 8 mg/kg). The safety profile as a
diagnostic agent in children using a slow infusion protocol is excellent in large series [14].

2. A localized time-resolved MRA with a separate gadolinium injection may be performed during the
same session if a high-flow component is suspected, as small high-flow elements are difficult to
exclude by the ferumoxytol protocol alone. Prior review of specialist assessments and targeted
ultrasound is therefore important to determine the need and coverage. Although ferumoxytol causes
‘vascular contamination’ of pure arterial imaging, a brisk gadolinium bolus with high-temporal-
resolution first-pass acquisition (e.g., TWIST/TRICKS (Time-Resolved Imaging of Contrast
KineticS)/keyhole) maintains diagnostic accuracy for high-flow lesions, including in the lungs and
extremities.

3. For chest lesions, inversion-recovery 3D-TFE imaging with EKG and respiratory gating may provide
superior motion-free images compared with VIBE/RAVE; however, this technique requires
specialized expertise and equipment that may not be widely available. Notably, we have found that

Page 16/27



3D-RAVE provides diagnostic performance in free-breathing patients even in the chest and
abdomen.

4. Our study population did not have adequate representation of PTEN/PHTS patients on the
RASopathy spectrum, or those with craniospinal involvement in complex VA. The performance of
this protocol in such situations was therefore not adequately assessed and requires further study.
Evaluation of brain/spine involvement on large field of view images may be difficult, and subtle
findings like small AVMs may be missed without dedicated brain/spine sequences.

5. No imaging reference standard was available due to the nature of this retrospective study. Formal
comparison of Ferumoxytol WB MRA to performance of conventional MR sequences in this setting
was not performed due to variability of available data.

6. An adjudicated VAC diagnosis after imaging was available in 28/32 patients in the development
phase but only 24/45 in the implementation phase, likely reflecting broader WB imaging protocol
use across diverse indications (e.g., HHT). Genetic testing was performed in a minority of patients
(Supplement Table 1), and suspected genetic etiologies may not be confirmed due to limited testing,
negative germline results, or inconclusive sampling, which are common challenges with somatic
mutations.

Conclusion

In conclusion, we demonstrate feasibility of an abbreviated, whole-body/limited whole-body MR protocol
with Ferumoxytol blood-pool contrast for complex vascular anomalies with a genetic predisposition and
diffuse involvement. This protocol enables evaluation of fast- and slow-flow lesions and vascular,
nonvascular, and organ involvement with strong technical and clinical performance, supports
unsupervised use in non-specialized centers, and has shown high acceptance among referral specialists
in our experience.
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3D VIBE

SSFSE T2

Figure 1

Comparison of core sequences during the evaluation phase:

LEFT column: 18-month-old female with PIK3CA related overgrowth syndrome. 3D VIBE above shows an
anomalous vein in the lateral aspect of the left hemipelvis and dilated superficial veins in the left inguinal
region (small arrows). Fat suppressed 3D T2 SPACE (middle) and non-fat suppressed 2D SS-FSE T2
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below show a microcystic LM in the left inguinal and suprapubic region (large arrows), while the venous
and arterial signal is suppressed due to Ferumoxytol (small arrows). 3D T2 SPACE and SSFSE T2 provide
redundant information. Lack of fat suppression on SSFSE T2 (bottom) allows improved assessment of
fatty involvement compared to 3D T2 SPACE (middle). AVMs were missed on the original diagnosis due
to inadequate scan coverage, which was resolved using the new limited WB protocol

RIGHT column: 14-month-old male child with CLOVES syndrome. Comparison of clinical (above) and 3D
volume rendered images from a 3D VIBE sequence (below) shows the ability to resolve soft tissue
information on the whole-body acquisition showing hemihypertrophy of the right lower extremity and a
sandal gap deformity of the left foot (arrow)
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Figure 2

27-year-old male, weighing 132 kg and measuring 187 cm in length with PIK3CA-related overgrowth

syndrome (PROS), Klippel-Trenaunay phenotype with overgrowth of the right leg and bilateral feet, and

complicated capillary venolymphatic malformation of the left lower extremity and left hemipelvis.
Complications included leg length discrepancy, pain, deformity, bleeding per rectum, and secondary
infection of lymphatic circumscripta (LM of the skin) in the leg, with previous treatments including
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epiphysiodesis for his leg length discrepancy, resection of fatty lesions from his trunk, debulking of the
left foot, and sirolimus treatment with significant improvement in quality of life, decreased pain, gradual
resolution of leakage from lymphatic circumscripta and improvement of baseline elevated D-dimer. The
2 images illustrate the benefit of this abbreviated protocol in effectively conveying therapeutically
relevant information on follow-up. The left image is a composite T2 image showing the distribution of
the LM in the perineum, thigh and leg. The right image shows the distribution of venous malformation
and anomalous veins including a dominant venous channel along the lateral aspect of the left foot, left
leg and left thigh, ultimately draining into an anomalous persistent embryonic sciatic vein and into the
internal iliac vein (arrows). The deep veins of the left lower extremity are present and patent. The
distribution of the LLE venous malformation is readily seen, including a left perirectal component (blue
arrowhead) which was the cause of bleeding per rectum. The transverse dark bands on both images
represent the site of stitching of data from separate stations to generate the composite 3D image. The
areas of signal dropout on the periphery of the image are artifacts related to the large body habitus of
the patient
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Figure 3

19-year-old male, remote laser therapy for right lower extremity port-wine stain, presenting with
intermittent bright red blood per rectum, low hemoglobin requiring blood transfusion

Pre-Imaging Diagnosis: Klippel-Trenaunay Syndrome (KTS)

Post imaging Diagnosis: PIK3CA related Overgrowth Syndrome (PROS) with pelvic/perirectal
involvement and anomalous veins with several perforator communications to the intact, but hypoplastic
deep veins. A previous conventional MR imaging study of the lower extremity had missed pelvic and peri-
rectal involvement, as well as deep vein hypoplasia

Top row shows clinical picture with diffuse port-wine stain (a), 3D volume rendered image (b), and a mid-
coronal slice from the WB 3D VIBE sequence (c) showing superficial VM with anomalous vein along the
lateral aspect of the right leg, and limb-length discrepancy (LLD)

Bottom row: axial images (d and e) from the 3D VIBE sequence showing submucosal varices in the
rectum and anal canal and large perirectal veins in the right hemipelvis (arrows), which were confirmed
by proctoscopic evaluation (f) and contrast venography (g) performed prior to successful sclerotherapy
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Figure 4

14-month-old male. Pre-procedure and post procedure Dx: CLOVES (Congenital Lipomatous Overgrowth,
Vascular malformations, Epidermal nevi, and Spinal/Skeletal anomalies/Scoliosis). A previous
conventional MRI/MRA had missed the soft tissue abnormality of the trunk and extremities as well as a
diagnosis of CLOVES.

Coronal RAVE image (a) shows normal vascular anatomy with no vascular malformation
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3D volume rendering from 3D RAVE (b) shows right lower extremity overgrowth and a left sandal gap
deformity of the first and second toes

Axial SSFSE T2 image (c) shows lipomatous overgrowth with fatty infiltration of paraspinal muscles on
SSFSE

Figure 5

Use of dual contrast ferumoxytol and gadavist for assessment of suspected high flow component:

38-year-old female, history of right forearm AVM, s/p prior resection and saphenous vein graft to R radial
artery in another country, presenting with increasing angulation and pain in the third digit. VAC exam
showed focal capillary malformation over upper arm and shoulder (a). Hypervascular lesion affecting the
forearm, thumb and third digit (b) with robust color Doppler flow and low-resistance arterial waveforms
on spectral Doppler imaging (c). Erosive changes on radiograph of the third digit (d). Limited WB 3D VIBE
imaging of the chest and right upper extremity showed dilated tortuous vessels in 3 different locations in
the right hand with large draining veins (e and f), and changes related to the saphenous vein graft. No
other lesions were noted on WB imaging. Early (g) and late (h) images from a localized time resolved
MRA with TWIST with 1.5 second dynamic time of the right hand showed 3 separate AVMs overlying the
base of the right first digit, third digit and wrist (arrows). The pre-procedure diagnosis was capillary
malformation-arteriovenous malformation. The post-procedure diagnosis was presumed RASopathy,
although not confirmed on genetic testing
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Figure 6

Newborn male with clinical diagnosis of segmental hemangioma of the left lower extremity. The post
imaging diagnosis was LUMBAR (Lower body hemangioma, Urogenital abnormalities/ulceration,
Myelopathy of the spinal cord, Bony deformities, Anorectal malformations and arterial anomalies, Renal
anomalies) syndrome. Images a and b are 3D VIBE and images c and d are from a time resolved MRA
using TWIST technique after additional gadolinium administration to screen for a high flow component.
There is infrarenal aortic and iliac arterial hypoplasia (arrowheads in a, b and c), duplicated IVC (small
arrows in a and c), small saphenous venous dilation and tortuosity in the left lower extremity (large
arrows in b and d), and presence of a segmental hemangioma of the left lower extremity (curved arrows
in b and d). No arteriovenous shunting was observed
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