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An essential stage in head and neck microsurgical reconstruction is the choice of recipient vessels. To
make relevant choices, surgeons must rely on accurate imaging techniques. The objective of the study
was to examine the feasibility of Phase-Contrast sequences to conduct the pre-operative tests without
injection and provide precise radio-anatomical data over the entire vessel region. The challenges were
the large velocity range, the lack of contrast, and the large spatial resolution needed to image vessels
below 5 mm in diameter.

Thirty-one healthy volunteers were included in an MRI prospective study. The anatomical and
morphometrical characteristics of the collaterals of the external carotid artery were determined asso-
ciating 3D PCA and 2D Cine MRI-PC sequences (average protocole duration time of 49 min ± 4 min). The
average diameter was measured to be 2.1 ± 1.4 mm for the superior thyroid artery, 2.2 ± 1.1 mm for the
lingual artery, 2.7 ± 1.6 mm for the facial artery, 2.6 ± 1.4 mm for the internal maxillary artery, and
2 ± 1.4 mm for the superficial temporal artery. With a vessel identification success rate of 98%, the study
showed for the first time that Phase Contrast MRI allowed non-invasive and non-operator dependent
anatomical analyses of small caliber vessels without the use of agent contrast. It also proved that the
designed sequences could be used on patients and provided valuable pre-operative information for head
and neck surgery.

© 2017 European Association for Cranio-Maxillo-Facial Surgery. Published by Elsevier Ltd. All rights
reserved.
1. Introduction

With a failure rate ranging from 1% to 10% (Zhang et al., 2015;
Pohlenz et al., 2012; Bianchi et al., 2009; Classen and Ward,
2006; Mücke et al., 2016), free flap surgery is essential in head
and neck microsurgical reconstruction and relies on the quality of
the anastomosis between the flap artery and vein, and the recipient
vessels located at the site of the defect. Its success strongly depends
partment, Centre Hospitalo-
ns, France.
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on the choice of recipient vessel, the quality of the microsurgical
procedure, and a careful clinical monitoring. A challenge that sur-
geons regularly meet is when patients have vessel-depleted necks,
which complicates the procedure (Bozikov and Arnez, 2006; Singh
et al., 1999; Ishimaru et al., 2016). Such cases are particularly
common in patients who have undergone numerous microsurgical
procedures in the head and neck region, as part of the recon-
structive process or of previous treatments such as cancer surgery,
radiation therapy and vascular embolization.

Kansy et al. (2014) recently illustrated the lack of consensus on
vascular preparation in a European study, showing that only 31% of
the teams were using preoperative imagery. Only two techniques
Elsevier Ltd. All rights reserved.
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are used: Doppler ultrasound and/or CT scan. The issue of Doppler
ultrasound is that, despite great advances, it remains operator-
dependent, lacks reliability for quantitative anatomical measure-
ments and fails in case of bone interposition. The limitation of CT
scan is that it requires the use of a contrast medium. None of them
is thus optimal to be used in routine to assess which vessels to use
for the anastomosis with a free flap.

Nowadays MRI sequences provide accurate angiographic anal-
ysis. Flow MRI without contrast injection relies on phase-contrast
MRI sequences (Pelc et al., 1991, 1994; Nayler et al., 1986;
Rebergen et al., 1993), that were originally developed for the
analysis of aortic flows (Herment et al., 2011; Nayak et al., 2015). It
offers the advantage of providing hemodynamic and morphologic
information from three-dimensional Phase-Contrast Angiography
(3D PCA) and two-dimensional Cine Phase-Contrast (2D Cine PC)
Magnetic Resonance Imaging (MRI) sequences in the same non-
invasive examination without the injection of a contrast agent.
On the one hand, 3D PCA sequences have a sensitivity that can be
modulated and adapted to each vessel by choosing the adequate
encoding velocity: they offer the possibility to identify vessels with
a large range of intraluminal velocities. On the other hand, both
geometric and hemodynamic measurements can be obtained dur-
ing one cardiac cycle from 2D CINE MRI PC sequences. To do so, it is
important to position the measurement planes perpendicularly to
the vessels and synchronize the measurements with the heart rate.

The objective of the study was to determine the geometrical
characteristics of the branches of the external carotid and examine
the feasibility of using Phase-Contrast sequences in the head and
neck region, a region where the potential recipient vessels have
typical diameters between 2 and 6mm (Shima et al., 1998). A single-
center prospective study was conducted to assess whether PC se-
quences enabled to investigate the branches of the external carotid.
This study was approved by the local ethics committee (No. 2013-
A00319-36), registered in clinicaltrials.gov (No. NCT02829190),
and performed in accordance with the ethical standards of the 1964
Declaration of Helsinki.

2. Materials and methods

2.1. Cohort study

Thirty-one healthy volunteers (Table 1) were included between
November 2014 and October 2015 and MRI acquisitions were per-
formed with 3D PCA and 2D Cine PC-MRI sequences. Only one
healthy volunteer was excluded following the anatomical acquisi-
tions because of the incidental finding of a benign left parietal
lesion.

Three maxillo-facial patients of the department, planned for a
forearm free flap were additionally recruited to demonstrate the
clinical relevance of these acquisitions as part of the pre-operative
Table 1
Population characteristics.

Population

Sex Male (n ¼ 17); Female (n ¼ 14)
Average age (years) 27 (min ¼ 21; max ¼ 55)
Size (cm) Male: 176 (±12)

Female: 168 (±10)
Weight (kg) Male: 79 (±8)

Female: 61 (±9)
BMI (kg/m2) Male: 25.3 (min ¼ 21; max ¼ 28)

Female: 21.8 (min ¼ 19; max ¼ 25)
Cardiovascular factors Active smoking: n ¼ 7

Hypertension: n ¼ 0
Diabetes: n ¼ 0
process of recipient vessel choice for a microsurgical reconstructive
head and neck procedure.

Clinical cases 1 and 2 were respectively a 54-year-old male and
63-year-old female with cT2N0M0 squamous cell carcinoma of oral
cavity.Clinical case 3 was a 42-year-old male patient with oropha-
ryngeal radionecrosis. Radiological findings were compared with
anatomical exploration during the surgical procedure.

2.2. 3-Tesla MRI acquisition procedure

All the acquisitions were obtained on an MRI Research PHILIPS®

3 Tesla (3 T) Achieva TX DSTREAM. To perform the detailed study of
the vessels of interest, a new protocol was developed with the use
of two types of coils: a 32-element head coil and a microscopic 47-
mm diameter coil.

At first, the 32-element head coil (Fig. 1) was used to identify
and position the 2D CINE MRI PC measurement planes on the left
and right Internal Maxillary Arteries (IMA) and Superficial Tem-
poral Arteries (StempA). Then the 47-mm diameter microscopic
coil was positioned near the left and right thyro-lingo-facial bi-
furcations (Fig. 2) to acquire data in the Facial Arteries, Lingual
Arteries and Superior Thyroid Arteries. The procedure includes, for
each external carotid, three 3D PCA sequences in order to identify
the vessels of interest. Two encoding velocities, one at 10 cm/s
(V10) and the other at 30 cm/s (V30), are used in order to obtain
morphological acquisitions over a large range of blood flows in the
branches of the external carotid. From the 3D PCA acquisition, we
positioned a measurement plane perpendicularly to the vessel axis
to conduct 2D Cine MRI PC acquisitions in each artery. All the pa-
rameters of the MRI sequences (Table 2) were tested and validated
on a phantom (Pag�e, 2017).

2.3. Data management software

Two software systems were used to analyze the static and ki-
nematic morphological data:

� The Advantage Windows (General Electric®) software for the
reconstruction of the 3D PCA sequences in the 3 planes (axial,
coronal and sagittal) and the fusion of the V10 and V30 se-
quences (Fig. 3). It enabled the identification of the external
carotid collateral branches and the positioning of the 2D Cine
PC-MRI sequences.

� The software developed by Bal�edent et al. (2001) that is used to
extract the vessel cross-section from the 2D Cine PC-MRI se-
quences (Fig. 4) and determine the geometrical characteristics
of the vessels (minimum, maximum and mean diameter)
during the cardiac cycle. For an accurate measurement of the
vascular sections during the cardiac cycle, an automatic active
contour segmentation based on the Vector Flow gradient al-
gorithm (Xu and Prince, 1998) was applied to the 2D Cine PC-
MRI sequences.

2.4. Anatomical analysis

For each external carotid tree, five vessels have been studied:
the superior thyroid artery (STA), lingual artery (LA), facial artery
(FA), internal maxillary artery (IMA) and superficial temporal artery
(STempA). These five vessels were chosen owing to their posi-
tioning within the actual facial vasculature (Houseman et al., 2000)
and frequency of use in head and neck microsurgery (Zhang et al.,
2015; Pohlenz et al., 2012; Bianchi et al., 2009; Classen and Ward,
2006; Mücke et al., 2016).

All the 3D PC angiographic acquisitions were analyzed for each
healthy volunteer to establish a success rate of artery identification

http://clinicaltrials.gov


Fig. 1. (a) 32-element head coil, (b) Head and neck 3D PCA acquisition.

Fig. 2. (a) 47-mm diameter microscopic coil, (b) Thyro-lingo-facial bifurcation 3D PCA acquisition.

Table 2
Parameters of the 3D PCA and 2D Cine PC-MRI sequences.

3D PCA sequence 3D PCA sequence 2D Cine-PC sequence 2D Cine-PC sequence

32 head coil 47 mm coil 32 head coil 47 mm coil

TE/TR (ms) 3/5 3/5 13/8 13/8
Spatial resolution (mm3) 0.5 � 0.5 � 1 0.6 � 0.6 � 1.2 0.5 � 0.5 � 3 0.15 � 0.15 � 2
FOV (mm2) 240 � 240 140 � 140 120 � 120 50 � 50
Encoding velocities (cm/s) 30 30 and 10 between 30 and 45 between 25 and 45
Number of frames per cardiac cycle 1 1 16 16
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and provide a descriptive analysis based on the mapping of the
branches of the external carotid artery. Morphometric analysis of
the 2D Cine PC-MRI sequences provided the time-average diameter
and section of the vessels of interest.

2.5. Statistical analysis

The main objective of the study being to assess the feasibility of
MRI flow sequences in head and neck anatomical analysis, we
recorded and calculated: (1) the mean duration of the protocol for
the entire mapping of the head and neck vessels, (2) the identifi-
cation success rate for each artery with the two 3D PCA sequences
(V30 and V10 encoding velocity), (3) the types of anatomic varia-
tions of the external carotid branches, and (4) the mean morpho-
metric vessel section area which required a statistical analysis with
a Student's t-test.
3. Results

3.1. Acquisition protocol time

The average duration of the complete protocol was 49 min ±
4 min for each volunteer (Fig. 5), which included the analysis of the
right and left vasculatures stemming from the external carotids
using both the 3D PCA and 2D CINE MRI PC sequences. For single
external carotid vasculature, the average duration was 14 min 20 s
for the vessel identification and 12 min 40 s ± 3 min for the
morphometric analysis.

3.2. Artery identification success rate

Sixty external carotid arteries were studied and 294 arteries of
interest were identified with a success rate of 98% (Fig. 5). Only 3



Fig. 3. 3D Reconstructions in Maximal Intensity Projection (MIP) of 3D PCA sequences: identification of the facial (1), internal maxillary (2) and superior thyroid (3) arteries. (a)
Encoding velocity of 30 cm/s (V30). (b) Encoding velocity of 10 cm/s (V10). (c) Fusion of V10 and V30 sequences.

Fig. 4. Determination of the vessel cross-section from the 2D Cine-MRI PC images of the facial artery: (a) Positioning of the cutting plane on the 3D PCA acquisition, (b) 2D CINE MRI
PC acquisition with and without filter in order to diminish the background noise and optimize vessel identification: FA (Facial Artery), ECA (External Carotid Artery), ICA (Internal
Carotid Artery), VA (Vertebral Artery) and IJV (Internal Jugular Veinous), (d) Evolution of the facial artery cross-section over a half cardiac cycle.
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superior thyroid arteries, 1 lingual artery and 2 superficial temporal
arteries could not be identified.

3.3. Anatomical variations

We identified three anatomical variations in the thyro-linguo-
facial bifurcation (Fig. 6, Video 1) with the following frequencies:
separated arterial origins for each of the lingual, facial and thyroid
arteries (76.6%), linguo-facial trunk associated with a separate
origin of the superior thyroid artery (21.6%), and thyroid-linguo-
facial trunk (1.6%).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jcms.2017.09.005.

Four origin types were identified for the superior thyroid artery:
the common carotid artery (9%), the carotid bifurcation (56%), the
external carotid artery (33%), and the facial artery (2%).
3.4. Morphometric analysis of the vessel diameter and cross-
sections

The average diameter (and cross-section) of the arteries of
interest were (Fig. 7): 2.2 ± 1.4 mm (3.5 ± 1.5 mm2) for the su-
perior thyroid artery, 2.2 ± 1.1 mm (3.7 ± 1 mm2) for the lingual
artery, 2.7 ± 1.6 mm (5.8 ± 2 mm2) for the facial artery,
2.6 ± 1.4 mm (5.5 ± 1.6 mm2) for the internal maxillary artery,
and 2 ± 1.4 mm (3.2 ± 1.5 mm2) for the superficial temporal
artery.

The comparison of the average diameter between all the arteries
of interest (p < 0.05 Student test) indicates that the arteries can be
subdivided into two groups, the internal facial and maxillary ar-
teries being in the group of the “larger calibre” arteries, and the
lingual thyroid and superficial temporal arteries being in the
“smaller calibre” group.

https://doi.org/10.1016/j.jcms.2017.09.005


Fig. 5. Comparison of the identification success rate of Flow MRI with angio-CT and angio-MRI for the superior thyroid artery (STA), lingual artery (LA), facial artery (FA), internal
maxillary artery (IMA), and superficial temporal artery (STempA).

Fig. 6. 3D geometrical reconstruction obtained with the ITK-snap software, showing the variation of the thyro-lingo-facial bifurcation. (a) Separeted origins, (b) Lingo-facial truck,
(c) Thyro-lingo-facial truck.
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3.5. Clinical results

Fig. 8 provides an overview of the MRI acquisitions of the
external carotid for the three patients as compared to the clinical
surgical assessment during the procedure. For patients 1 and 2, the
superior thyroid artery could not be identified on the pre-operative
MRI examination, suggesting a non-functional artery that is not
adequate for anastomosis. For patient 3, the MRI examination
showed larger morphometric values for the lingual artery than the
values in the healthy population. The surgical exploration during
the procedure confirmed these preoperative results, i.e. a non-
functional vascularisation in the superior thyroid arteries of the
three patients that could not guarantee an efficient anastomosis,
and an adequate functional vascularisation in the lingual artery in
patient 3.



Fig. 7. Box plots of the cross-sections (a) and diameters (b) of the vessels of interest. * large calibre vessels (Student's test p < 0.05).
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4. Discussion

The present study is a radio-anatomical descriptive, morpho-
metric investigation of the external carotid branches by phase-
contrast MRI sequences. They confirm the feasibility of PC-MRI to
acquire data in vessels of diameter below 5 mm without contrast
injection.

TheMRI protocol and PC-MRI sequences that are used have been
previously defined in an in vitro experimental study conducted in a
bifurcated vessel phantom. Having optimized the sequences for the
exploration of subcentimetric vessels (Pag�e, 2017), we presently
apply them to the acquisition of the complex anatomy of the head
and neck vasculature. This region was chosen to test in vivo the
feasibility of this new sequence dedicated to small vessels.

The originality of the current imaging procedure is to resort to
two complementary coils: a 32-head coil and a 47-mmmicroscopic
coil. Both coils are indeed necessary to guarantee the spatial ac-
curacy required for vessels as small as those of the head and neck
region, while providing acquisitions on the entire region. The 32-
head coil allows for accurate measurements of the superficial
temporal and internal maxillary arteries, but does not cover the
neck region: it is thus not appropriate to acquire images in this
region. The 47-mm microscopic coil, positioned near the neck
vessels, provides a ‘zoom effect’ and a high spatial resolution
(0.15 � 0.15 mm2 vs 0.5 � 0.5 mm2 for the 32-head coil - Table 2).

The other originality of the procedure is the use of two encoding
velocities. It allows for a maximum signal recovery over a wide
range of blood velocity. It enables to both identify vessels with high
velocity flows like the facial artery and vessels with low velocity
flows like the lingual artery. Thanks to the double velocity encod-
ing, very high identification success rates have been obtained using
3D PCA sequences without the use of contrast agent, which is one of
its very large advantage over other techniques such as CT-scan or
Angio-MRI (Fig. 6 e Kramer et al., 2014).

The present results are consistent with the literature both in
terms of the anatomical variations of the thyroid-lingo-facial
junction (Tables 3 and 4) and of the vascular morphometry mea-
surements. The present study indeed confirms the observations by
Mata et al. (2012), Zumre et al. (2005) and Shima et al. (1998), who
found, through dissection, a frequency of 75e80% of separated
trunck, 20% of linguo-facial trunk and less than 5% of thyro-linguo-
facial or thyro-lingual trunk.
The morphometric study has provided measurements (Table 5)
that are in the same range as the dissection work by Shima et al.
(1998) or the CT scan study by Tan et al. (2007). The great advan-
tage of in vivoMRI acquisitions is that they provide the value of the
vessel cross-section in the measurement plane at 16 instants of
time within one cardiac cycle, and thus information on the vessel
deformation over time. The data are thus much richer than in the
case of anatomical dissection, for whichmeasurements are done on
dissected vessels or vessel casts (great variability being found on
the results depending on whether the cadavers are formoled, fresh
or injected during preparation), or CT scan, which provides results
at one instant of time only. MRI sequences provide information on
not only the variability over time of the vessel cross-section, but
also on interindividual variability, which explains why the standard
deviations are larger than for the other 2 methods.

The study proves that it is possible to integrate MRI imaging
within the clinical preoperative process. With the present MRI
protocol, we assessed the vessel branches of healthy patients to
collect the morphometric values before any treatment, and
demonstrated the interest of these MRI acquisitions in three
maxillo-facial patients. Having obtained a high rate of artery
identification in the healthy population, the absence of specific
vessels on the MRI measurements suggests that these vessels have
a very small caliber and/or a much lower velocity than the normal
value.

The duration of the protocole may seem disabilating, but, one
must keep in mind that the present duration time of about 50 min
corresponds to a complete protocole that acquires both external
carotid vasculatures, i.e. a total of 10 arteries. A possibility to
shorten the acquisition is to limit the number of vessels examined:
depending on the surgeon's point of interest, only one external
carotid or one thyro-linguo-facial trunk may be imaged. Another
possibility will be to use accelerated image reconstruction tech-
niques such as the sensitivity encoding technique (SENSE)
(Pruessmann et al., 1999), generalized auto-calibrating partially
parallel acquisitions (k-t GRAPPA) (Jung et al., 2011), and Principal
Component Analysis (PCA), known as k-t PCA (Pedersen et al.,
2009). They could reduce the duration time of 2D sequences to
more than half.

Another major limitation of MRI, despite its large potential, is
its accessibility. The lack of accessibility will greatly limit its use
in the near future for preoperative tests: one cannot foresee a



Table 3
Anatomical variations of the thyro-linguo-facial bifurcation.

Study Type % separated trunk % linguo-facial trunk %thyro-linguo trunk % thyro-linguo-facial trunk

Shima et al., 1998 Anatomical (n ¼ 30) 76.6 21.7 1.6 0
Zumre et al., 2005 Anatomical (n ¼ 40) 75 20 2.5 2.5
Ozgur et al., 2008 Anatomical (n ¼ 40) 90 7.5 0 2.5
Mata et al., 2012 Anatomical (n ¼ 36) 78 19.4 0 2.8
Lohan et al., 2007 Radio-anatomical (n ¼ 46) 83 13 4 0
Our study Radio-anatomical (n¼60) 76.6 21.6 0 1.6

Fig. 8. 3D reconstruction of the external carotid branches from 3D phase Contrast MRI in a healthy volunteer from our cohort study and 3 patients before head and neck
reconstructive microsurgery. (a) Anterior view with superior thyroid artery (STempA) and Lingual artery measurements. (b) Lateral view of the right external carotid artery with
measurements of the right internal maxillary artery, right facial artery and right superior thyroid artery (STA). The circles show the absence of identification of the right STA for
patients 1 and 2. (c) Lateral view of the left external carotid artery with measurements of the left internal maxillary artery, left facial artery and right superior thyroid artery (STA).
The circles show the absence of identification of the left STA for patients 1 and 2. For patient 3, the measurements show a dilatation of the right and left lingual arteries.
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systematization of Phase Contrast sequencing for anatomical
exploration prior to free flap procedures. It can still be an
excellent alternative for patients having contraindications to
contrast agent.
2D CINE MRI sequences are interesting for flow measurement.
We are currently evaluating the accuracy of 2D CINEMRI sequences
to acquire hemodynamic quantities in vessels of diameter smaller
than 5 mm.



Table 4
Anatomical variations of the superior thyroid artery origin.

Study Type Common carotid origin Carotid junction origin External carotid origin Facial artery origin

Natsis et al., 2011 Anatomical (n ¼ 50) 12 49 39 0
Mata et al., 2012 Anatomical (n ¼ 36) 3.5 45.3 51.2 0
Zumre et al., 2005 Anatomical (n ¼ 40) 0 70 25 5
Ozgur et al., 2008 Anatomical (n ¼ 40) 35 40 25 0
Our study Radio-anatomical (n¼60) 9 56 33 2

Table 5
Average diameters of the vessels of interest.

Study Type STA LA FA IMA StempA

Shima et al., 1998 Anatomical (n ¼ 30) 1.9 (±0.5) 1.7 (±0.4) 2 (±0.5) / /
Tan et al., 2007 Radio-anatomical (n ¼ 36) 2 / 2.1 / 1.6
Our study Radio-anatomical (n¼60) 2.2 (±1.3) 2.2 (±1.3) 2.8 (±1.6) 2.6 (±1.3) 2 (±1.3)
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But one of the main difficult of the application of 2D CINE MRI
sequences in the head and neck area is the positioning of the cut-
ting plane on small and sinuous vessels. The development of other
sequences like 4D CINE PC MRI (Stankovic et al., 2014) could be an
alternative, as the positioning of the cutting plane can then be done
during the post-processing.

5. Conclusion

We have shown that it is possible to acquire, with great accu-
racy, the anatomy of the head and neck vasculature using phase
contrast 3D and 2D PCA Cine PC-MRI without the use of contrast
agent. This proves the feasibility of the method to provide acqui-
sitions in vessels less than 5 mm in diameter. It shows that, beyond
preoperative testing prior to free flap in the head and neck region,
PC-MRI will be applicable for the exploration of any small-size
vessel, as long as it is not too deep inside the body.

The next step of the project will be to evaluate the feasibility of
accurate flow measurements using phase contrast sequences
within small vessels. If so, it would open the possibility to acquire
complete anatomical and hemodynamic data within the same
acquisition and to have a complete pre-operative balance sheet.
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