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ZUSAMMENFASSUNG

Ziel Studienziel war es, morphologische und hämodyna-

mische Charakteristiken peripherer vaskulärer Malforma-

tionen mittels 3T-Magnetresonanz-Bildgebung prospektiv zu

untersuchen und 2 fettgesättigte Sequenzen qualitativ zu

vergleichen: die Short Tau Inversion Recovery (STIR) und

die 3-dimensionale hochauflösende Volume Interpolated Gra-

dient Recalled Echo (GRE) Sequenz.

Material und Methoden In 9 Monaten wurden 100 Patienten

mit V. a. oder mit gesicherter vaskulärer Malformation pros-

pektiv unter Verwendung eines 3T-Scanners mittels einer

T2-gewichteten STIR und Turbo-Spin-Echo (TSE), T1-gewichte-

ten TSE und T1-gewichteten, kontrastmittelunterstützten Vol-

ume Interpolated Breath-hold Examination (VIBE) untersucht.

Zudem wurde eine zeitaufgelöste Magnetresonanzangiografie

mit interleaved stochastic trajectories (TWIST-MRA) durchge-

führt. Analysiert wurden Signalverhalten, morphologische und

hämodynamische Charakteristiken sowie die Bildqualität der

2 fettgesättigten Sequenzen im Vergleich.

Ergebnisse Bei 14 Drop-outs wurden die Daten von 86 Pa-

tienten (57 Frauen, 29 Männer; Durchschnittsalter 26,8 Jahre;

Altersgruppe 1–56 Jahre) analysiert. Es lagen 22 High-flow-

und 64 Low-flow-Malformationen (davon 14 mit lymphati-

schem Anteil) vor. In 21 der 22 High-flow-Malformationen

wurden typische Charakteristiken detektiert (flow-voids,

hyperdynamische arteriovenöse Fisteln, dilatierte Haupt-/

zuführende Arterien und dilatierte ableitende Venen). Bei

den Low-flow-Malformationen kamen in 35 Fällen Phleboli-

then, in 47 Flüssigkeits-Flüssigkeitsspiegel und in 23 dilatierte

Venen zur Darstellung. Bei den lymphatischen Malformatio-

nen zeigte sich eine wandständige Kontrastmittelaufnahme

der Zysten. Der Vergleich der fettgesättigten Sequenzen er-

gab signifikant bessere Ergebnisse der Volume Interpolated

GRE in allen untersuchten Kategorien mit Ausnahme der Arte-

fakte, welche in der STIR signifikant geringer ausfielen

(p < 0,05).

Vessels
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Schlussfolgerung 3T-MR-Bildgebung mit MRA liefert detail-

lierte morphologische und hämodynamische Informationen

zu allen peripheren Malformationstypen. Von den fettgesät-

tigten Sequenzen erwies sich die kontrastmittelgestützte

hochauflösende Volume Interpolated GRE bezüglich der

Differenzierung morphologischer Charakteristiken der STIR

überlegen und diagnostisch aussagekräftig zur Differenzier-

ung lymphatischer Anteile und Gelenkbeteiligungen.

Kernaussagen:
▪ 3T-MR-Bildgebung mit MRA liefert detaillierte Informa-

tionen über alle Malformationstypen.

▪ Fettgesättigte MR-Sequenzen bilden insbesondere mor-

phologische Charakteristiken, Ausdehnung und Umge-

bungsinfiltration exakt ab.

▪ Die Volume Interpolated GRE erwies sich in nahezu allen

Kriterien der STIR überlegen.

▪ Einzige Einschränkung war die höhere Artefaktanfälligkeit

der Volume Interpolated GRE.

▪ Die Volume Interpolated GRE ermöglicht zusätzlich die

Differenzierung von lymphatischen Malformationsanteilen

sowie Gelenkbeteiligungen.

ABSTRACT

Purpose To assess morphological and hemodynamic charac-

teristics of peripheral vascular malformations on 3 T magnetic

resonance imaging (MRI) including qualitative comparison of

two fat-saturated sequences: short tau inversion recovery

(STIR) and three-dimensional high-resolution volume interpo-

lated gradient recalled echo (GRE).

Materials and Methods During 9 months, 100 patients with

suspected or known vascular malformations were prospec-

tively assessed on a 3 T scanner using T2-weighted STIR and

turbo spin echo (TSE), T1-weighted TSE, time-resolved con-

trast-enhanced magnetic resonance angiography (MRA) with

interleaved stochastic trajectories (TWIST) and T1-weighted

volume interpolated breath-hold examination (VIBE) after

contrast enhancement. The analysis included signal behavior

and morphologic and hemodynamic characteristics. Addi-

tionally, the image quality of the fat-saturated sequences

was evaluated by 2 radiologists.

Results 86 patients (14 dropouts; 57 female, 29 male; mean

age 26.8 years, age range 1–56) were analyzed. 22 had high-

flow and 64 low-flow malformations, including 14 with a lym-

phatic component. In 21 of 22 patients with high-flow malfor-

mations, typical characteristics (flow voids, hyperdynamic

arteriovenous fistula, dilated main/feeder-arteries and drain-

ing veins) were documented. Patients with low-flow malfor-

mations had phleboliths in 35 cases, fluid-fluid levels in

47 and dilated draining veins in 23. Lymphatic malformations

showed peripheral contrast enhancement of cyst walls in the

volume interpolated GRE. The comparison of fat-saturated

sequences showed significantly better results of the volume

interpolated GRE in all categories except the presence of arti-

facts which were significantly reduced in the STIR (p < 0.05).

Conclusion 3 T MRI with MRA provides detailed morphologi-

cal and hemodynamic information of different types of

peripheral vascular malformations. Contrast-enhanced high-

resolution volume interpolated GRE proved superior to STIR in

differentiating morphologic features and to be diagnostic in

the differentiation of lymphatic parts and joint involvement.

Key Points:
▪ 3 T MRI with MRA offers detailed information about vas-

cular malformations.

▪ Fat-saturated MRI provides especially information about

morphological characteristics, extent and tissue involve-

ment.

▪ Volume interpolated GRE proved superior in almost all

categories compared to STIR.

▪ Volume interpolated GRE showed more artifacts.

▪ Volume interpolated GRE additionally allows differentia-

tion of lymphatic parts and evaluation of joint involve-

ment.

Citation Format
▪ Höhn F, Hammer S, Fellner C et al. 3T MRI of Peripheral

Vascular Malformations: Characteristics and Comparison of

Two Fat-Saturated sequences: Short Tau Inversion Recovery

Versus Three-Dimensional High-Resolution Volume Inter-

polated Gradient Recalled Echo. Fortschr Röntgenstr 2021;

193: 446–458

Introduction

Based on the studies by Mulliken and Glowacki, vascular anoma-
lies can be differentiated into vascular tumors and vascular mal-
formations [1, 2]. Vascular malformations are caused by defective
vascular morphogenesis [1, 3], consequently are congenital, and
grow proportional to the patient [1, 4, 5], while they are stable
from the cellular aspect [1]. Clinically, they can be exacerbated,
especially in connection with arteriovenous shunting. Symptoms
may range from pain, swelling, impairment of mobility, dysplastic
varicose veins, skin changes, recurrent thrombophlebitis, necro-
sis, erysipelas to lymphorrhea depending on the affected vessel
systems and location [6].

The classification of vascular malformations from the Interna-
tional Society for the Study of Vascular Anomalies (ISSVA), which
is used worldwide, distinguishes between high-flow malforma-
tions, which affect the arterial or arteriovenous system, and
low-flow malformations, which affect the venous, capillary, or
lymphatic system or combinations thereof [7–9]. Low-flow mal-
formations are generally treated by sclerotherapy [10–13] or laser
therapy, while embolization is used in high-flow malformations
[11, 14, 15].

In imaging of vascular malformations, ultrasound is limited
with respect to its field of view (FOV) and operator dependency.
Computed tomographic angiography (CTA) and the invasive digi-
tal subtraction angiography (DSA) method provide more detailed
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anatomical/hemodynamic information but require ionizing radia-
tion and iodinated contrast medium. Contrast-enhanced magnet-
ic resonance imaging (MRI) – being a less invasive procedure with-
out these risks – is an effective method for assessing affected
vessels, as well as the extension of vascular malformations and
the involvement of adjacent tissues such as muscle, fat, and
bone tissue [11, 16].

Fat-saturated MRI sequences play a key role. Fat-saturated
T2-weigthed short tau inversion recovery (STIR) or volume interpo-
lated gradient recalled echo (GRE) imaging highlight vascular
malformations within the surrounding fat tissue [17]. T1-weighted
delayed venous phases provide the depiction of very-low-flow
malformations and the extent of their drainage into the venous
system [18–20].

With the progress of technical capabilities, MRI supplemented
by magnetic resonance angiography (MRA) has become increas-
ingly important – providing the mandatory morphologic and
hemodynamic information for correct diagnosis and treatment
planning of vascular malformations [11, 21–23] (such as hyperdy-
namic arteriovenous fistulas, flow voids, dilated main/feeder
arteries or draining veins, phleboliths, and fluid-fluid levels).
Dynamic contrast- enhanced MRA with keyhole imaging is known
to be the essential sequence to allow detailed evaluation of the ar-
chitecture and hemodynamic properties of malformations [17].
Parallel imaging as well as interpolation and partial Fourier tech-
niques are usually applied to shorten the acquisition.

The aim of this prospective study was to assess morphological
and hemodynamic characteristics of peripheral vascular malfor-
mations on 3 T MRI, including a qualitative comparison of the
two fat-saturated sequences STIR and volume interpolated GRE.

Materials and Methods

Patients

Institutional review board approval was provided for this prospec-
tive study. Informed written consent for MRI examination was ob-
tained from all patients. 100 patients (66 female, 34 male, mean
age 27.4 +/– 16.6, age range 0.5–86 years, 32 patients < 18 years)
with suspected or known vascular malformation were included on
an intention-to-image basis consecutively and prospectively at
our multidisciplinary vascular anomalies center during a 9-month
period (2011/11–2012/07). The suspected or known diagnosis
prior to MRI within the framework of the study was based on ana-
mnestic aspects, clinical findings, color-coded duplex ultrasound,
and previously performed computed tomography (CT) or MRI.
Patients with known allergic reaction to MR contrast media, cer-
tain metal implants, impaired kidney function, or claustrophobia
were excluded.

MRI Acquisition

MRI acquisitions were performed on a 3 T magnetic resonance
scanner (Magnetom Skyra, Siemens Healthcare, Erlangen, Germa-
ny). Depending on the location and extent of the vascular malfor-
mation, an appropriate combination of array coils was chosen.
The standardized protocol included: T2-weighted STIR and

T1-weighted turbo spin echo (TSE) in the coronal plane,
T2-weighted STIR in the axial plane, three-dimensional time-
resolved contrast-enhanced MRA with interleaved stochastic
trajectories (TWIST), T2-weighted TSE in the axial plane and
T1-weigthed volume interpolated breath-hold examination
(VIBE) in the coronal plane after contrast medium injection. Injec-
tion was timed ten seconds after the start of the time-resolved
MRA sequence to acquire at least one dataset without contrast
medium for subtraction purposes. 0.1 ml/kg body weight of
1.0M gadobutrol (Gadovist, Bayer Healthcare, Berlin, Germany)
followed by 25ml saline was administered with a flow rate of
2ml/s by an electronic power injector (Medtron, Saarbrücken,
Germany). In cases of a large region of interest, the dose was
subdivided – up to three equal portions for three separate MRA
datasets – resulting in a total dose of 0.1ml/ kg body weight.
▶ Table 1 shows an example of the technical data for the exami-
nation of the lower extremities. According to the examined body
region, the FOV, pixel size, and slice thickness were adjusted. The
TWIST MRA included 21 measurements with a “temporal resolu-
tion” of 5.39 seconds, i. e., the time between successive acquisi-
tions of the central k-space parts (Region A); Region B was 20%
indicating that it takes 5 different peripheral acquisitions to fill
the entire peripheral k-space. Coronal VIBE images were acquired
with a slice thickness of 0.5 and 0.8mm (according to the exam-
ined body region). Axial reconstructions were performed for anal-
ysis in this study with a slice thickness of 4mm. The technical
approaches to achieve adequate fat saturation differed. While
spectral fat-saturation technique was used for the VIBE, the STIR
is characterized by application of a specific inversion pulse.

Evaluation of MRI

Image evaluation was performed visually by two radiologists with
4 and 20 years of experience, blinded to the clinical data and pre-
vious imaging in consensus on a PACS workstation. At first, the
location, side distribution, distribution pattern, and lesion depth
of the vascular malformations were assessed. Signal intensities
were gathered in T1 and T2-TSE and T2-STIR sequences and com-
pared to the intensity of muscle tissue. In these three sequences,
the presence of phleboliths, fluid-fluid levels, and flow voids were
analyzed. Hemodynamic findings like aneurysms, dilated vessels,
and direct arteriovenous fistulas were assessed in the TWIST
sequence. Information about the contrast medium enhancement
pattern of vascular malformations was obtained from the VIBE se-
quence.

The same reviewers independently evaluated the quality of the
fat-saturated sequences STIR and VIBE for each vascular malfor-
mation patient – blinded to the clinical data and previous imaging
on a PACS workstation. To assess and compare the quality of fat-
saturated imaging, nine categories of evaluation criteria were de-
fined similarly to Mostardi et al. [24]. The score of each category
ranged from 1–4, with 1 indicating low quality and 4 high quality.
The categories 4, 7, and 8 (identification of normal venous struc-
tures, vessel sharpness, presence of artifacts, including artifacts
due to inconsistency or inhomogeneity of the fat saturation) de-
scribe the image quality more generally, while the categories 1,
2, 3, 5, 6, and 9 (identification of the feeding vessel or the filling
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nidus, characterization of venous outflow, demonstration of mal-
formation extent, identification of tissue involvement, quality for
diagnosis and treatment planning) are specifically related to vas-
cular malformations (▶ Table 2).

Statistical Analysis

Analysis was conducted using IBM SPSS Statistics 21.0. The pres-
ence of signal features and morphologic and hemodynamic char-
acteristics were summarized by frequency counts and percenta-
ges. For the assessment of the quality of fat-saturated imaging,
the average scores of both reviewers were determined and the
mean criteria score with standard deviation and the median was
calculated for each category of STIR and VIBE. To compare the
quality of the fat-saturated STIR and VIBE images within the cate-
gories, a marginal homogeneity test was used for each reviewer
and each category. Values of p < 0.05 indicated a significant differ-
ence of the quality between the two sequences related to the
examined category. To assess the inter-rater agreement, Cohen’s
kappa was calculated using crosstabs. The inter-rater agreement
was evaluated as slight agreement (k = 0.01–0.20), fair agreement
(k = 0.21–0.40), moderate agreement (k = 0.41–0.60), substantial
agreement (k = 0.61–0.80), or almost perfect agreement
(k = 0.81–0.99).

Results

Patients

14 out of the 100 consecutive patients had to be excluded from
the final analysis. Of those, 5 patients were examined twice during

the course of the study, 4 patients had another diagnosis (1 case
of directly acquired arteriovenous fistula, 1 case of acquired sec-
ondary varicosis, 1 case of acquired lymphorrhea due to inflam-
mation, 1 case of infantile hemangioma), 3 patients underwent
final MR imaging on a 1.5 T scanner for safety reasons (metallic
implants that were not previously mentioned at inclusion, were
not removable or were not 3T-compatible), the data of 1 patient
was corrupted by artifacts, and the data of another patient was in-
complete because of an allergic reaction to the contrast medium.
Consequently, data of 86 patients (57 female, 29 male; mean age
26.8, age range 1–56) were analyzed. In 8 cases, the disease was
associated with a syndrome: 5 cases of Klippel-Trenaunay syn-
drome, 1 Bean syndrome, 1 Gorham-Stout syndrome, and 1 Pro-
teus syndrome.

Location, Side Distribution, Distribution Pattern,
Lesion Depth

Vascular malformations occurred in the head and neck region (ex-
cluding intracranial regions), the thorax, abdomen, and upper and
lower extremities. The lower extremities were affected most often
(▶ Table 3). Only one body region was affected in 73 patients and
more than one region was involved in 13 patients (2 body regions
in 6 patients, 3 in 4 patients, 4 in 2 patients, 5 in 1 patient). Re-
garding all 75 patients with involved limbs, the complete limb in-
cluding the pelvis or shoulder was affected in 36 of these cases.
The majority of lesions were unilateral. Bilateral involvement was
found in 15 patients. A unifocal distribution pattern was recog-
nized in 49 patients, a multifocal in 20 patients, and a diffuse pat-
tern in 17 patients. Exclusively sub- or epifascial malformations
were observed less frequently as compared to combined sub-
and epifascial involvement (▶ Table 3).

▶ Table 1 Acquisition parameters of all used sequences for the examination of the lower extremities (pelvis, upper leg, knee, lower leg; except
feet) of an adult patient with average body measurements.

▶ Tab. 1 Akquisitionsparameter der verwendeten Sequenzen am Beispiel einer Untersuchung der unteren Extremitäten bds. (Becken, Ober-
schenkel, Knie, Unterschenkel mit Ausnahme der Füße) eines Erwachsenen mit durchschnittlichen Körpermaßen.

sequence parameter coronal
T2-STIR

coronal
T1-TSE

axial
T2-STIR

time-resolved
3D MRA

axial
T2-TSE

coronal
3D GRE VIBE

pixel size inmm ×mm 0.73 × 0.73 0.66 × 0.66 0.82 × 0.82 1.08 × 1.08* 0.55 × 0.55 0.88 × 0.88

slice thickness inmm 6.0 6.0 8.0 1.2** 8.0 0.8***

slice gap inmm 0.6 0.6 0.8 – 0.8 –

TR in ms 4490.00 609.00 5180.00 2.62 7750.00 10.50

TE in ms 48.00 11.00 43.00 1.04 91.00 4.59

number of levels 3 3 4 3 4 3

acquisition time in min:s 9:41 6:45 7:20 3 × 2:30 5:08 11:33

* measured pixel size: 1.27 × 1.08 (phase encoding direction × readout direction).
gemessene Pixelkantenlänge: 1,27 × 1,08 (Phasenkodierrichtung × Ausleserichtung).

** measured slice thickness: 1.85mm.
gemessene Schichtdicke: 1,85mm.

*** measured slice thickness: 1.00mm.
gemessene Schichtdicke: 1,00mm.
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▶ Table 2 Categories 1–9 with evaluation criteria and aggregate results (mean ± SD) from radiologic evaluation for T2-weighted STIR and VIBE (n = 22
for categories 1–3, n = 86 for categories 4–9). Interrater agreement was listed by Cohen’s kappa (Cohen’s kappa < 0 no/poor, 0.01–2.0 slight, 0.21–
0.40 fair, 0.41–0.60 moderate, 0.61–0.80 substantial, 0.81–1.0 almost perfect interrater agreement) and the significant differences between the
results of both sequences by p-value (p-values < 0.05 indicated a statistically significant difference).

▶ Tab. 2 Kategorien 1–9 mit Evaluationskriterien mit zusammengefassten Ergebnissen (mittlere Bewertungs-Scores +/– Standardabweichung)
der radiologischen Evaluation der T2-gewichteten STIR im Vergleich zur VIBE (n = 22 für Kategorie 1–3; n = 86 für Kategorie 4–9). Angabe der
Untersucherübereinstimmung mittels Cohens Kappa (Cohens Kappa < 0 keine, 0,01–2,0 sehr schwache, 0,21–0,40 schwache, 0,41–0,60 deutliche,
0,61–0,80 starke; 0,81–1,0 (fast) vollständige Übereinstimmung). Angabe der Signifikanz der Unterschiede zwischen den Sequenzen mittels
p-Wert (p-Werte < 0,05 zeigen einen statistisch signifikanten Unterschied an).

categories 1–9 with evaluation criteria after
Mostardi et al.

sequence mean ± std interrater agreement
(Cohen’s kappa)

significant difference
(p-value)

category 1:
identification of feeding vessel(s)
1 = not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 1.78 ± 0.52 0.80 = substantial 0.006

VIBE 2.43 ± 0.77 0.64 = substantial

category 2:
identification of filling nidus
1 = not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 2.18 ± 0.56 0.14 = slight 0.000

VIBE 3.14 ± 0.67 0.69 = substantial

category 3:
characterization of venous outflow
1= not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 2.43 ± 0.57 0.18 = slight 0.001

VIBE 3.14 ± 0.80 0.59 =moderate

category 4:
identification of normal venous structures
1 = not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 2.74 ± 0.45 0.50 =moderate 0.000

VIBE 3.72 ± 0.64 0.61 = substantial

category 5:
demonstration of malformation extent
1 = not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 2.98 ± 0.68 0.60 =moderate 0.000

VIBE 3.51 ± 0.78 0.70 = substantial

category 6:
identification of tissue involvement
1 = not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 3.09 ± 0.52 0.54 =moderate 0.000

VIBE 3.51 ± 0.72 0.62 = substantial

category 7:
vessel sharpness
1 = poor spatial resolution, little or no definition of
structure
2 = slight blurring of vessels, likely to impair
diagnosis
3 = good visualization of vessel margins, adequate
for diagnosis
4 = excellent visualization of vessel margins

STIR 2.88 ± 0.39 0.40 = fair 0.000

VIBE 3.86 ± 0.50 0.68 = substantial
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Classification

The reference standard to differentiate between high- and low-
flow malformations prior to MRI within the framework of the
study was based on a combination of anamnestic aspects, clinical
findings, color-coded duplex ultrasound and previously per-
formed CTor previously performed MRI if available. The final diag-
nosis was made in consensus at our Interdisciplinary Vascular

▶ Table 2 (Continuation)

categories 1–9 with evaluation criteria after
Mostardi et al.

sequence mean ± std interrater agreement
(Cohen’s kappa)

significant difference
(p-value)

category 8:
presence of artifact
1 = severe, nondiagnostic
2 = substantial artifact, mildly/moderately impairs
diagnosis
3 = some artifact present, does not impair diagnosis
4 = no artifact

STIR 2.85 ± 0.40 0.88 = almost perfect 0.016

VIBE 2.70 ± 0.58 0.81 = almost perfect

category 9:
quality for diagnosis and treatment planning
1 = not adequately depicted
2 =marginal
3 = good
4 = excellent

STIR 2.8 ± 0.50 0.38 = fair 0.000

VIBE 3.51 ± 0.74 0.67 = substantial

▶ Table 3 A. Location. B. Side distribution. C. Distribution pattern.
D. Lesion depth of the vascular malformations. E. Classification of all
peripheral vascular malformations in the study population.

▶ Tab. 3 A. Lokalisation, B. Seitenverteilung, C. Verteilungsmuster,
D. Eindringtiefe, E. Klassifikation aller peripherer vaskulärer Malfor-
mationen der Studienpopulation.

general information about peripheral vascular
malformations

n = 86

A. location head and neck 11

upper extremity 15

▪ shoulder 6

▪ upper arm 10

▪ lower arm 9

▪ hand 11

thorax 10

abdomen 10

lower extremity 64

▪ pelvis 38

▪ upper leg 48

▪ knee 38

▪ lower leg 43

▪ foot 41

B. side distribution unilateral 71

bilateral 15

C. distribution
pattern

diffuse 17

focal 69

▪ unifocal 49

▪ multifocal 20

D. lesion depth epifascial 4

subfascial 16

epi- and subfascial 66

▶ Table 3 (Continuation)

general information about peripheral vascular
malformations

n = 86

E. classification high-flow malformations 22

▪ AVM 18

▪ AVM and VM 2

▪ CAVM 2

low-flow malformations
without lymphatic part

50

▪ VM 37

▪ CVM 13

low-flow malformations
with lymphatic part

14

▪ LM 3

▪ LVM 5

▪ CVLM 6

AVM: arteriovenous malformation, CAVM: capillary-arteriovenous
malformation, CVM: capillary-venous malformation, CVLM: capillary-
venous-lymphatic malformation, LM: lymphatic malformation,
LVM: lymphatic-venous malformation, VM: venous malformation.
AVM= arteriovenöse Malformation; CAVM= kapillär-arteriovenöse
Malformation; CVM= kapillärvenöse Malformation; CVLM = kapillär-
venös-lymphatische Malformation; LM = lymphatische Malformation;
LVM= lymphatisch-venöse Malformation; VM= venöse Malformation.
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▶ Fig. 1 56-year-old female patient with typical arteriovenous malformation of the right leg with flow voids. a T2 STIR coronal: hypointense signal.
b T1 TSE coronal: hypointense signal. c 3D VIBE coronal: homogeneous contrast enhancement.

▶ Abb.1 56-jährige, weibliche Patientin mit typischer arteriovenöser Malformation der rechten unteren Extremität mit flow-voids. a T2-STIR
coronar: hypointenses Signal. b T1-TSE coronar: hypointenses Signal. c 3D-VIBE coronar: homogene Kontrastmittelanreicherung.

▶ Fig. 2 11-year-old male patient with venous malformation of the right lower leg. a T2 STIR coronal: hyperintense signal. b T1 TSE coronal:
isointense signal. c T1 TSE axial: fluid-fluid levels and phleboliths. d 3D VIBE coronal: inhomogeneous contrast enhancement.

▶ Abb.2 11-jähriger, männlicher Patient mit venöser Malformation des rechten Unterschenkels. a T2-STIR coronar: hyperintenses Signal. b T1-TSE
coronar: isointenses Signal. c T1-TSE axial: Flüssigkeits-Flüssigkeitsspiegel sowie Phlebolithen. d 3D-VIBE coronar: inhomogene Kontrastmittelan-
reicherung.
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Anomalies Center. According to the ISSVA classification, we found
64 low-flow malformations affecting the venous, lymphatic sys-
tem or both (▶ Table 3). 22 patients of the study population had
arteriovenous high-flow malformations. Two patients with a si-
multaneous arteriovenous malformation (AVM) and a venous
malformation (VM) were analyzed in the group of AVMs because
this was the more dominant diagnosis. Furthermore, a subgroup
of AVMs with atypical appearance was found in 7 of the 22 high-
flow malformations; they contained less fat tissue, were associat-
ed with focal edema, and showed blurred margins and space-
occupying aspects similar to a tumor.

STIR, TSE

All vascular malformations showed a hyperintense signal on
T2-TSE and STIR images, while they presented with an iso- to hy-
pointense signal on the T1-TSE images. Flow voids as a sign of
high blood flow were found in all AVMs and only in one VM with-
out a lymphatic part due to a directly acquired fistula (▶ Fig. 1). In
contrast to that, phleboliths were present in more than 50% and
fluid-fluid levels in more than 70% of the low-flow lesions as a sign
of low blood flow (▶ Fig. 2). AVMs showed neither of them.

Dynamic Contrast-Enhanced MRA
with Keyhole Imaging

In all cases with high-flow malformations except one, the afferent
feeder arteries as well as all efferent veins were dilated on dynam-
ic contrast-enhanced MRA with keyhole imaging. Furthermore,
4 arterial and 7 venous flow-related aneurysms were found. The
AVMs showed very early arterial enhancement, filling of the nidus,
and a direct venous outflow, which proved the existence of hyper-
dynamic arteriovenous fistulas in all cases (▶ Fig. 3a, b). Contrary
to that, a feeding artery was dilated only in one patient with a low-
flow malformation – due to a directly acquired postoperative ar-
teriovenous fistula. Efferent draining communication veins were
demonstrated in 36 % of the patients with low-flow malforma-
tions. No arterial but 10 venous aneurysms were detected. 62 of
the 64 cases exhibited no immediate arterial enhancement
pattern, but late contrast pooling in dilated venous channels
(▶ Fig. 3c, d). In 21 patients with low-flow malformations, a
distinct enhancement pattern between the late arterial to early
venous phase could be observed. Two directly acquired hyper-
dynamic arteriovenous fistulas were found due to trauma.

Volume Interpolated GRE

Volume interpolated GRE depicted different enhancement pat-
terns of the contrast medium within the lesions depending on
the type of malformation: while AVMs and VMs enhanced homo-
geneously, lymphatic malformations (LMs) or lymphatic parts of
combined venous-lymphatic malformations (VLMs) showed only
peripheral enhancement of the cyst walls (▶ Fig. 4). Exceptions
were three of the “atypical” AVMs, which enhanced inhomogen-
eously including the surrounding tissue (▶ Fig. 5).

▶ Table 4 summarizes the data of the morphologic and hemo-
dynamic findings in all sequences.

Comparison of Fat-Saturated Imaging:
STIR Versus Volume Interpolated GRE

The two fat-saturated sequences, STIR and volume interpolated
GRE, of 86 cases were analyzed for their diagnostic value using di-
agnostic categories independently by two reviewers as stated in
▶ Table 2 (modified after Mostardi et al.). The value for each cate-
gory ranged from 1–4 where 1 indicated low image quality and
4 high image quality.

In categories 1–3, average scores of 1.78–2.43 were calculated
for STIR, indicating marginal depiction of dynamic information of
the vascular malformation, while average scores of 2.43–3.14
were calculated for volume interpolated GRE indicating marginal
to good depiction of dynamic information of the vascular malfor-
mation. In categories 4–7, average scores of 2.74–3.09 were
reached by STIR, indicating good depiction of anatomic informa-
tion, while average scores of 3.51–3.86 were reached by volume
interpolated GRE, indicating excellent depiction of anatomic in-
formation. In category 9, STIR was considered good with an aver-
age score of 2.80, while volume interpolated GRE was considered
excellent with an average score of 3.51.

▶ Fig. 3 56-year-old female patient with typical arteriovenous mal-
formation of the right upper leg in a T2 STIR coronal b TWIST with
early contrast enhancement of the feeder arteries, the nidus, and the
draining veins. 5-year-old female patient with venous malformation
of the right upper leg in c T2 STIR coronal d TWISTwith early pooling
of the contrast medium within the lesion.

▶ Abb.3 56-jährige, weibliche Patientin mit typischer arteriovenö-
ser Malformation des rechten Oberschenkels in der a T2-STIR coro-
nar sowie der b TWIST mit nahezu zeitgleicher Kontrastierung der
arteriellen Gefäße, der Malformation sowie des venösen Abflusses.
5-jährige, weibliche Patientin mit venöser Malformation des rech-
ten mittleren/distalen Oberschenkels in der c T2-STIR coronar sowie
der d TWIST mit frühem Kontrastmittelpooling in
der Gefäßmalformation.
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▶ Table 4 Summary of morphologic and hemodynamic findings.

▶ Tab. 4 Überblick über die morphologischen und hämodynamischen Befunde.

sequence findings in peripheral vascular
malformations

all types of
malformations
n = 86

high-flow
malformations
n =22

low-flow
malformations
with lymphatic
part
n = 14

low-flow
malformations
without
lymphatic part
n = 50

A T1-TSE MRI signal hypointense 17 13 2 2

isointense 69 9 12 48

hyperintense – – – –

T2-TSE MRI signal hypointense – – – –

isointense – – – –

hyperintense 86 22 14 50

T2-STIR MRI signal hypointense – – – –

isointense – – – –

hyperintense 86 22 14 50

B T2-STIR,
T2-TSE,
T1-TSE

phleboliths 35 – 8 27

fluid-fluid levels 47 – 10 37

flow voids 24 22 – 2

TWIST arteriovenous fistulas 51 22 6 23

▪ hyperdynamic 24 22 – 2

▪ hypodynamic 27 – 6 21

aneurysms 21 11 2 8

▪ arterial 4 4 – –

▪ venous 17 7 2 8

VIBE enhancement 85 22 14 49

▪ homogeneous 68 19 – 49

▪ inhomogeneous 3 3 – –

▪ peripheral 3 – 3 –

▪ combined: homogeneous
and peripheral

11 – 11 –

▶ Fig. 4 45-year-old female patient with combined venous-lymphatic malformation of the left thorax/mamma and the left arm. a T2 STIR coronal:
hyperintense signal. b T1 TSE coronal: isointense signal. c 3D VIBE coronal: peripheral enhancement of the cyst walls of the lymphatic part.

▶ Abb.4 45-jährige, weibliche Patientin mit kombiniert venös-lymphatischer Malformation der linken Thoraxwand, der linken Mamma sowie der
linken oberen Extremität. a T2-STIR coronar: hyperintenses Signal. b T1-TSE coronar: isointenses Signal. c 3D-VIBE coronar: inhomogene, rand-
ständige Kontrastmittelanreicherung der zystischen lymphatischen Anteile.
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In all mentioned categories, volume interpolated GRE showed
significantly better results in comparison to STIR (p < 0.05). The
only exception was the presence of artifacts in category 8. With
an average score of 2.85, STIR proved significantly superior com-
pared to volume interpolated GRE with an average score of 2.70
(p < 0.05). All results are summarized in ▶ Table 2 and examples
illustrated in ▶ Fig. 6.

The inter-rater agreement was only slight to moderate in cate-
gories 1, 2, and 3, whereas in all other categories the inter-rater
agreement was fair to almost perfect. In general, the inter-rater
agreement of the categories imaged by volume interpolated GRE
was the same or superior to STIR. The median of all categories of
volume interpolated GRE showed good to excellent results.
Within each category the results were spread over all criteria
scores. The median of STIR mostly reached marginal to good
results with less spread within each category (▶ Fig. 7).

Discussion

Technical developments of the last decades have offered an in-
crease in information provided by MRI of vascular malformations.
Most prior studies assessed characteristics of vascular malforma-
tions in the central nervous system were limited by a small study
cohort e. g., [19, 24–27], a retrospective study design, e. g. [25],
or lower field strengths, e. g. [25, 27]. The diagnostic quality of
the fat-saturated sequences STIR and volume interpolated GRE in
relation to vascular malformations has not been compared to date.

Rak et al. [25] and Van Rijswijk et al. [26] assessed MRI of per-
ipheral vascular malformations with lower field strengths of 0.5 T
and 1.5 T. Concordantly to Rak et al., the signal of all malforma-
tions was hyperintense in the T2-STIR and TSE images, whereas
the signal was iso- or hypointense in the T1-TSE images [25]. Fur-
thermore, according to Rak et al. and van Rijswijk et al. [25, 26],
we found flow voids in all arteriovenous malformations and in
one venous malformation due to a postoperatively acquired direct
arteriovenous fistula. As expected, phleboliths and fluid-fluid
levels were exclusively seen in venous, lymphatic, or combined
lesions. Volume interpolated GRE provided additional information
for the differentiation of lymphatic parts by peripheral enhance-
ment of the cyst walls. In principle, the use of a 3 T system adds
further diagnostic information within a shorter acquisition time
compared to lower field strengths, caused by a higher signal-to-
noise ratio [28].

While in the past the differentiation between low-flow and
high-flow malformations was mostly performed based on spin-
echo MR signal characteristics by assessing the presence of flow
voids [25], the use of contrast-enhanced MRI and dynamic con-
trast-enhanced MRA provided further hemodynamic information
for their differentiation [26]. The development of MRA techniques
including parallel acquisition with high temporal and spatial reso-
lution, for example the technique of dynamic contrast-enhanced
MRA with keyhole imaging, improved the assessment of these
hemodynamic characteristics further [23, 27]. Van Rijswijk et al.
prospectively assessed if peripheral vascular malformations could

▶ Fig. 5 29-year-old female patient with atypical arteriovenous malformation of the right upper leg with blurred margins, less fat tissue, edema
and space-occupying aspects similar to a tumor in a T2 STIR coronal b T1 TSE coronal c 3D VIBE coronal.

▶ Abb.5 29-jährige, weibliche Patientin mit atypischer arteriovenöser Malformation des rechten distalen Oberschenkels mit unscharfer Beran-
dung, vermindertem Fettgewebsanteil, geringem Umgebungsödem, tumorähnlichem raumforderndem Aspekt sowie inhomogener Kontrast-
mittelanreicherung in der a T2-STIR coronar, b T1-TSE coronar und c 3D-VIBE coronar.
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be categorized by dynamic contrast-enhanced MRI. Compared to
our results they described early lesion enhancement in malforma-
tions with an arterial component as diagnostic criteria besides
the presence of flow voids [26]. Ohgiya et al. and Herborn et al.
considered the dynamic of contrast enhancement by measuring
the contrast rise time that was reasonable to differentiate be-
tween high- and low-flow malformations [18, 29]. In our study, a
subgroup with differing contrast enhancement was identified
within the group of low-flow malformations. Here we hypothe-
sized the presence of hypo-dynamic arteriovenous fistulas. Fur-
ther scientific study confirmed that [30].

In our study cohort some multifocal/diffuse and bilateral
lesions were found, the majority of lesions were combined sub-
and epifascial. Rak et al. already described the multifocal nature
of VMs and the risk of symptomatic exacerbation after incomplete
therapy [25]. These aspects need to be considered for therapy
planning (by scanning contralateral sides or adjacent body parts)
to capture the whole lesion. Volume interpolated GRE and STIR
are preferably used to describe the morphologic characteristics
and to demonstrate the extent of the malformations as well as
the involvement of surrounding and involved tissues. The com-
plete three-dimensional imaging by volume interpolated GRE
allows exact evaluation of joint involvement (▶ Fig. 8). Numerous
observed changes in the surrounding tissue, such as edema, fat/
muscle, and bone hyper- and hypoplasia, differing lengths of ex-
tremities or arthritis make further studies indispensable.

By comparing the quality of fat-saturated imaging of the malfor-
mations in this study, we could show that contrast-enhanced vol-
ume interpolated GRE proved superior in almost all diagnostic cate-
gories as compared to STIR. Despite the superior diagnostic image
quality of volume interpolated GRE, its vulnerability to artifacts was
higher. GRE sequences are in general more vulnerable to artifacts
than TSE sequences. Especially, volume interpolated GRE datasets
acquired with a large FOV or in regions with inherently high differ-
ences in magnetic susceptibility (such as the neck) showed less
homogeneous fat saturation in comparison to the STIR datasets,
due to the used spectral fat-saturation technique of water excita-
tion. This could be the reason for the wider spread observed over
all criteria scores within each category of the volume interpolated
GRE sequence. Nevertheless, the inter-rater agreement of the cate-
gories for volume interpolated GRE was the same or superior to
that of STIR, indicating a lower interpreter dependency of volume
interpolated GRE. Homogeneous and artifact-reduced fat satura-
tion is of clinical importance to evaluate the complete extent of
the lesion in therapy planning as well as in follow-up to exclude in-
complete or inadequate therapy. Further studies about the sensitiv-
ity to various artifacts could help to refine MR protocols.

In our study, the analysis of the categories describing the dy-
namic information of the vascular malformations was limited
because those were initially designed to assess vascular malfor-
mations with dynamic contrast-enhanced MRA, whereas we com-
pared morphologic sequences. Consequently, the lowest scores
were reached in categories 1, 2, and 3. In these categories, the
inter-rater agreement was only slight to moderate, whereas in all
other categories it was fair to almost perfect. Aside from the men-
tioned limitation of the design of the categories, both morpholo-
gic fat-saturated sequences are limited concerning the dynamic

▶ Fig. 6 Comparison of fat-saturated MRI sequences: STIR on the left
and VIBE on the right side of each example. a, b Example of superior
depiction of the vessels in the VIBE in a 13-year-old female patient
with venous malformation of the lower leg and foot in the sagittal
plane. c, d Example of superior differentiation of the extent of the
lesion in the VIBE in a 45-year-old female patient with arteriovenous
malformation of the foot in the sagittal plane. e, f Example of arti-
facts due to inhomogeneous fat saturation at the margins of the FOV
in 50-year-old female patient with venous malformation of the pelvis
in the coronal plane. g, h Example of artifacts due to inhomogeneous
fat saturation at regions with high differences of susceptibility in a
42-year-old female patient with atypical arteriovenous and venous
malformation of the right side of the neck in the coronal plane.

▶ Abb.6 Gegenüberstellung der fettgesättigten MR-Sequenzen: STIR
auf der linken und VIBE auf der rechten Seite des jeweiligen Beispiels.
a, b Beispiel überlegener Gefäßdarstellung in der VIBE in 13-jähriger,
weiblicher Patientin mit venöser Malformation des Unterschenkels
und des Fußes in sagittaler Ebene. c, d Beispiel überlegener Differen-
zierbarkeit der Läsionsausdehnung in der VIBE in 45-jähriger, weibli-
cher Patientin mit arteriovenöser Malformation des Fußes in sagittaler
Ebene. e, f Beispiel von Artefakten aufgrund inhomogener Fettsätti-
gung in den Randbereichen des FOV in 50-jähriger, weiblicher Pa-
tientin mit venöser Malformation des Beckens in coronarer Ebene.
g, h Beispiel von Artefakten aufgrund inhomogener Fettsättigung in
Regionen mit großen Suszeptibilitätsunterschieden in 42-jähriger,
weiblicher Patientin mit atypischer arteriovenöser und venöser
Malformation des Halses rechts in coronarer Ebene.
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flow information as compared to dynamic contrast- enhanced
MRA with keyhole imaging. The study may also be limited by the
fact that some of the patients had already undergone previous
therapy, as this might affect the MRI-based presentation of the
vascular malformation. In general, the cohort of the study was
very heterogeneous, which might affect the results as well.

Conclusion

3 T MRI supplemented by time-resolved MRA provided detailed
and additional information about morphological and hemody-
namic characteristics of peripheral vascular malformations, allow-
ing for a clear diagnosis according to the ISSVA classification.
Three-dimensional volume interpolated GRE proved to be diag-
nostic in the differentiation of lymphatic parts and evaluation of
joint involvement.

In the comparison of the quality of fat-saturated imaging of
peripheral vascular malformations, contrast-enhanced volume in-
terpolated GRE proved superior in all categories except artifact-
proneness compared to STIR with respect to differentiating mor-
phologic features of vascular malformations.

CLINICAL RELEVANCE OF THE STUDY

▪ Due to different treatment strategies, correct classification

of peripheral vascular malformations is indispensable.

▪ Large/multifocal/bilateral lesions require optimized MRI

protocols to offer detailed hemodynamic and morphologic

information in an acceptable acquisition time.

▪ The diagnostic quality of MR sequences relating to periph-

eral vascular malformations needs to be evaluated to opti-

mize MRI protocols.
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▶ Fig. 7 Achieved criteria scores (minimum, median, maximum) of the evaluated categories using T2-weighted STIR and 3D VIBE in comparison
based on Mostardi et al.

▶ Abb.7 Streubreite der erreichten Bewertungs-Scores (Minimum, Maximum und Median auf Höhe des Pfeils) der T2-gewichteten STIR im
Vergleich zur T1-gewichteten 3D-VIBE in den jeweiligen Kategorien nach Mostardi et al.

▶ Fig. 8 26-year-old female patient with typical arteriovenous mal-
formation of the left leg with involvement of the knee joint in the
3D VIBE sequence in a coronal b axial and c sagittal plane, recon-
structed from the coronal 3D data set.

▶ Abb.8 26-jährige Patientin mit typischer arteriovenöser Malfor-
mation der unteren Extremität mit Kniebeteiligung in der 3D-VIBE a
coronar, b axial sowie c sagittal, rekonstruiert aus dem coronaren
3D-Datensatz.
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