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ORIGINAL ARTICLE

The brainstem in multiple sclerosis: MR 
identification of tracts and nuclei damage
Thien Huong Nguyen1* , Alexis Vaussy2, Violette Le Gaudu1, Jennifer Aboab3, Sophie Espinoza1, Irina Curajos1, 
Emmanuel Heron3 and Christophe Habas1 

Abstract 

Objective: To evaluate the 3D Fast Gray Acquisition T1 Inversion Recovery (FGATIR) sequence for MRI identification of 
brainstem tracts and nuclei damage in multiple sclerosis (MS) patients.

Methods: From april to december 2020, 10 healthy volunteers and 50 patients with remitted-relapsing MS (58% 
female, mean age 36) underwent MR imaging in the Neuro-imaging department of the C.H.N.O. des Quinze-Vingts, 
Paris, France. MRI was achieved on a 3 T system (MAGNETOM Skyra) using a 64-channel coil. 3D FGATIR sequence was 
first performed on healthy volunteers to classify macroscopically identifiable brainstem structures. Then, FGATIR was 
assessed in MS patients to locate brainstem lesions detected with Proton Density/T2w (PD/T2w) sequence.

Results: In healthy volunteers, FGATIR allowed a precise visualization of tracts and nuclei according to their myelin 
density. Including FGATIR in MR follow-up of MS patients helped to identify structures frequently involved in the 
inflammatory process. Most damaged tracts were the superior cerebellar peduncle and the transverse fibers of the 
pons. Most frequently affected nuclei were the vestibular nuclei, the trigeminal tract, the facial nerve and the solitary 
tract.

Conclusion: Combination of FGATIR and PD/T2w sequences opened prospects to define MS elective injury in 
brainstem tracts and nuclei, with particular lesion features suggesting variations of the inflammatory process within 
brainstem structures. In a further study, hypersignal quantification and microstructure information should be evalu-
ated using relaxometry and diffusion tractography. Technical improvements would bring novel parameters to train an 
artificial neural network for accurate automated labeling of MS lesions within the brainstem.
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Key points

• Assessment of elective brainstem tracts and 
nuclei affected by MS using FGATIR and PD/T2w 
sequences.

• Brainstem structures identification using a dedicated 
high resolution FGATIR sequence.

• FGATIR provides  small structures delineation 
for oncoming tractography evaluation  in patients 
affected by MS.

Introduction
Multiple sclerosis (MS) is an inflammatory disease of the 
central nervous system (CNS). It is the most disabling 
non-traumatic disease in young people, affecting 2 to 3 
times more women than men. Most of the times, neu-
rological deficits appear between 20 and 40 years of age, 
with variable clinical courses [1–3].
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At the junction between the brain and the spinal cord, 
the brainstem represents a complex interdigitation of 
compact anatomic pathways and nuclei surrounded by 
the reticular formation. Although MS diagnosis in this 
essential structure seems crucial to predict long term 
disabilities, so far few studies have explored the spa-
tial distribution of MS lesions within the brainstem [4]. 
Usual conventional MRI sequences fail to discriminate 
thoroughly the nuclei and tracts composing the brain-
stem because of their small volume [5–9]. Therefore, 
radiologists are compelled to infere the location of 
these small structures using anatomical atlases derived 
from animal histological studies [10–12].

Initially developed for deep brain stimulator implan-
tation by Sudhyadom et  al., the Fast Gray Matter 
Acquisition T1 Inversion Recovery (FGATIR) has 
been proposed as a modification of the standard Mag-
netization Prepared Rapid Acquisition Gradient Echo 
(MPRAGE) sequence, characterized by a shorter inver-
sion time that specifically suppresses the white matter 
signal [13, 14]. Since FGATIR provides an increased 
contrast between the gray matter and the signal sup-
pressed white matter, a high spatial resolution and 
single-millimeter slice visualization, FGATIR appears 
particularly suitable for small brainstem structure dis-
crimination. Recently, Shepherd et al. (2020) delineated 
nuclei and tracts within the brainstem, using FGATIR 
with a 1  mm isotropic resolution [15]. Despite a long 
acquisition time of 12 min, the authors concluded that 
FGATIR may be highly informative in the initial diag-
nosis and follow up of inflammatory processes of the 
CNS.

In this work, we aimed to evaluate the efficiency of 
a dedicated high spatial resolution FGATIR to localize 
MS lesions within the brainstem.

Material and methods
Study population
This study was an observational study performed ret-
rospectively and approved by our institutional review 
board and ethics committee in November 2020. 
From April to December 2020, 50 patients who were 
addressed to our institute for MRI follow up with 
relapsing remittent MS were included: 29 women, 
21 men (sex ratio 1.38), aged from 22 to 69  years at 
the time of imaging (median age 40.6  years). Ten 
age matched control subjects without MS history 
were recruited for comparative imaging during the 
same period. All patients and controls subjects were 
informed and gave written consents. The data sup-
porting this study are available from the corresponding 
author on reasonable request.

MR protocol
MR imaging was performed on a 3  T system (MAG-
NETOM Skyra, Siemens Healthcare) using a 64-channel 
head coil. A 3D FGATIR sequence was performed on the 
10 healthy patients to identify macroscopic structures 
of the brainstem such as tracts and nuclear groups. The 
FGATIR sequence was performed with the following 
acquisitions parameters: TR/TE/TI = 3000/3.59/403  ms, 
FOV = 242 × 256 mm, base resolution = 272 × 288, band-
width = 220 Hz/Px, 3 excitations. FGATIR was acquired 
in axial orientation to maximize the in-plane resolution 
in correlation with other conventional MRI sequences. 
To provide with a clinical compatible scan time of 14 min 
42 s, the slab thickness was interpolated to 1.6 mm and 
reconstructed at 0.9 mm.

In MS patients, the FGATIR sequence was added to the 
usual MRI exploration protocol which included a 3D T1 
MPRAGE, a 3D FLAIR, a 3D T1 post contrast imaging as 
well as a 2D Proton Density/T2 weighted dual echo (PD/
T2w).

The 3D T1 MPRAGE sequence was acquired with the 
following parameters: TR/TE/TI = 2200/3.6/900  ms, 
FOV = 256 × 256  mm, base resolution = 256 × 256, slice 
thickness = 1  mm, bandwidth = 240  Hz/Px, one excita-
tion, scan time = 3 min 22.

The 3D FLAIR sequence was acquired with the fol-
lowing parameters: TR/TE/TI = 7000/380/2225  ms, 
FOV = 256 × 256  mm, base resolution = 230 × 256  mm, 
slice thickness = 1.3  mm, bandwidth = 814  Hz/Px, two 
excitations, scan time = 4 min 47.

The 3D T1 TSE post contrast imaging sequence 
was acquired with the following parameters: TR/
TE = 700/19  ms, FOV = 230 × 230  mm, base resolu-
tion = 256 × 256  mm, slice thickness = 0.9  mm, band-
width = 751  Hz/Px, two excitations, scan time = 3  min 
28.

The 2D Proton Density/T2 weighted dual echo (PD/
T2w) sequence was acquired with the following param-
eters: TR/TE = 4000/27/95  ms, FOV = 203 × 240  mm, 
matrix = 292 × 384, slice thickness = 3  mm, band-
width = 310 Hz/Px, one excitation., scan time = 3 min 12.

The total MRI protocol duration was 29 min 03.

Image analysis
Anatomical structures identification
Structure identification was performed by 2 neuro-radi-
ologists (T.H.N. and V.L.G. with respective experience of 
more than 20 years and 4 years in neuroradiology) using 
standard anatomical references and nomenclature.

As a first step, an anatomical labeling was performed 
in control subjects. This learning step allowed the reader 
to perform brainstem tracts and nuclei identification 
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based on the distinctive FGATIR signal of the brainstem 
structures. 3D reconstructions of macroscopic distinc-
tive structures were correlated to anatomical atlases 
and histological sections [11, 16–19]. Applying FGATIR 
sequence onto the 10 controls subjects aimed to assess 
the consistency of the image quality and to allow anatom-
ical identification of all subjects examined.

MS hypersignals assessment
As a second step, the same FGATIR sequence was applied 
in MS patients. Hypersignal lesions were first identified 
on PD/T2w axial sections [20, 21]. Inclusion criteria of a 
brainstem hypersignal included: (i) a hypersignal across 
two contiguous slices or (ii) a hypersignal identified on 
a single slice with a minimum surface size of 1.25  mm2, 
corresponding to two adjacent pixels.

For unilateral structures affected by MS, further quan-
titative evaluation were performed in patients, who were 
used as their own control. Using a syngo.via worksta-
tion (Siemens Healthcare, Erlangen), identical regions of 
interest (ROIs) were drawn in apparent hypersignals and 
normal contralateral structures on PD/T2w. An addi-
tional ROI was drawn on the cerebrospinal fluid as refer-
ence. Signal intensity measurements (SI) were focused on 
structures frequently involved in MS, such as the medial 
longitudinal fasciculus, the trigeminal tract, as well as 
corticospinal pyramids [22–27].

The lesion contrast ratio  (CRLesion) was calculated as 
a measure of the lesion conspicuity  (SILesion) against 
CSF background  (SICSF), normalized to the CSF stand-
ard deviation  (SDCSF). The CSF areas were chosen in the 
same slices in which the lesions and contralateral struc-
tures signal intensity were measured.

Contrast Ratio (CR) was calculated according to the 
following formula

A similar ratio was calculated for normal appearing 
contralateral structure  (CRContralateral):

Finally, hypersignals identified with PD/T2w were 
overlayed onto the anatomical structures identified with 
FGATIR to evaluate the hypersignal incidence frequency 
on macroscopically individualizable structures.

Statistical analysis
Data were analyzed using R software v3.3.2 (The R Foun-
dation, Inc., USA). Quantitative variables were described 
using mean and standard deviation (mean ± SD) and 
qualitative variables with numbers and percentages. 
 CRLesion and  CRControlatateral were compared using a 

CRLesion = ([SILesion − SICSFl]/SDCSFl)

CRContralateral = ([SIContralateral − SICSFl]/SDCSF)

non-parametric statistical test (Wilcoxon signed rank 
test). A statistical evaluation compared the interobserver 
agreement between the 2 radiologists for MS hypersignal 
localization through PD/T2w and FGATIR sequences, 
using Cohen’s kappa test. General rules for the interpre-
tation of Cohen’s κ coefficient were used, i.e. < 0 = poor 
agreement, 0.01–0.20 = slight agreement, 0.21–0.40 = fair 
agreement, 0.41–0.60 = moderate agreement, 0.61–
0.80 = substantial agreement and 0.81–0.99 = almost per-
fect agreement.

Statistical significance was set for a p value < 0.05.

Results
Anatomical identification of normal structures 
of the brainstem
Within the normal brainstem, the most hyperintense 
structure was the periventricular gray matter such as the 
midbrain periaqueductal gray [15]. Other hyperintense 
structures were central gray matter such as the substan-
tia nigra and pontine nuclei. Structure signal decreased 
inversely to myelin content, as for the nuclei of cranial 
nerves, the inferior and superior colliculi and the reticu-
lar formation, successively. Myelinated brainstem path-
ways were identified as the most hypointense structures. 
The spatial resolution of FGATIR offered a precise and 
reproducible identification of several macroscopic enti-
ties from the caudal medulla oblongata to the rostral 
midbrain, as shown in Fig. 1.

At the spinal cord–medulla oblongata junction (N1–
N4), afferent and efferent tracts appeared as hypointense 
structures: the cortico spinal tract pyramids (CST, 1.1), 
the spino cerebellar tract (SCT, 6) bordering laterally the 
hyperintense trigeminal tract (V, 19). The dorsal parame-
dial gracile and cuneate fasciculi (GFCF, 2.1) gathered in 
internal arcuate fibers (IAF, 2.2) before crossing the mid-
line into the medial lemniscus (ML, 2). From N3 to N5 
were successively visualized in moderate hypersignal the 
solitary nucleus and the solitary tract (15) resulting in the 
vague nerve (15.1).

At the pons level (N5-N9), ML (2) appeared as a trans-
versal hypointense tract, separating the tegmentum pon-
tis from the basis pontis where crossed the transversal 
fibers of the pons (TFP, 5) and CST (1). ML also provided 
identification of neighboring small tracts such as the 
spino thalamic tract (STT, 3), the central tegmental tract 
(CTT, 7) coming from the olivary complex (OC, 21). In 
the caudal tegmentum pontis, the hypointense dot of the 
medial longitudinal fasciculus (MLF, 4) was bordered by 
the abducens nucleus (VI, 18) which was surrounded by 
the genu of the facial nerve (VII, 17) in the paramedial 
bulgy eminentia teres. Laterally were located the nuclei 
of VII and V in caudal pons (17) and rostral pons (19), 
respectively.
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At the midbrain level (N10-N12), the peri acque-
ductal gray (PAG) gave a large hyperintense ring sur-
rounding the aqueduct (27), ventrally borded by the III 
nucleus (20, N12) at the superior colliculus level (25). 
ML was laterally shifted by the decussation of the supe-
rior cerebellar peduncle (SCP, 13) and the red nucleus 
(RN, 22). At the hinge between the tegmentum and the 
crus cerebri, STT (3) appeared as a hyposignal at the 
angle formed medially by ML and dorsally by the lateral 
lemniscus (LL, 10), the latter ending up at the inferior 
colliculus (24) with a classical “golf tee” shape. The sub-
stantia nigra (23) was identified as a large hyperinten-
sity delimited by the efferent tracts of the crus cerebri, 
from medial to lateral the frontopontine fibers (FPF, 
8), the corticobulbar and corticospinal fibers (1), and 
the parietopontine, occipitopontine, and temporopon-
tine fibers (POTPT, 9). The inferior, middle and supe-
rior cerebellar peduncles gave lateral borders to each 
level of the brainstem (11, 12, 13). Running through the 
brainstem, both MLF tracts were easily discernable as a 

hypointense double dot at the periventricular midline 
in axial sections (4).

Brainstem involvement in MS
The Table 1 and Fig. 2 indicate the frequency and loca-
tion of brainstem damages for the 50 MS patients. Illus-
trations of MS brainstem involvement are proposed 
on Figs.  3, 4 and 5. While most identifiable nuclei were 
delineated on a specific area (except for the extended V 
tract), hypersignals in afferent and efferent tracts might 
be found at different levels of the brainstem. For this rea-
son, tracts affected by MS were identified according to 
their location on medulla, pons and midbrain, and bilat-
eral lesions were considered as one lesion.

Medulla oblongata
The distinctive signal of tracts and nuclei in FGATIR 
allowed identifying hypersignals in small struc-
tures of the medulla oblongata. At the spinal cord—
medulla junction, a hypersignal was observed on 

Fig. 1 Inferior-to-superior axial MR FGATIR representation of normal brainstem structures from N1 to N12 (tracts in cyan, nuclei in red)
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ventral paramedial CST pyramid in 8 patients (16%) 
(1.1, B3,B5). A dorsolateral hypersignal was observed 
on the V tract in 12 patients (24%), sometimes at sev-
eral levels of the medulla oblongata (19, B1,B2). Hyper-
signals might be limited (ST 15, B4) or extended to 
several structures (CFGF 2.1, IAF 2.2, SCT 6, V 19, B2).

At an upper level, a periventricular hypersignal fre-
quently encompassed from medial to lateral, the XII 
nucleus (28%), ST (40%) and the VIII nuclei (32%), with 
ICP as a lateral border at the vague nerve level (11, 14, 
15, 15.1, 16, B7-B9). In ventral area, involvement of 
OC was observed in 16 patients (32%) (21, B6,B7). MS 
hypersignals sometimes extended beyond OC to CTT, 
and reached STT, SCT and V dorsally, ML medially 
(2, 3, 6, 7, 19, B6,B9,B10). ICP was only affected in 4 

patients (8%) with a significant hypersignal compared 
to contralateral (11, B9).

Pons

• Tegmentum pontis (P1–P5):

The VI nerve was mostly affected at its nucleus in 
paramedial periventricular area, but also on its pathway 
through the basis pontis, with a linear hypersignal along 
the nerve (34%) (18, P2). Paramedial ML inflammation 
displayed a hypersignal contrasting with the contralateral 
normal hypointensity in 10 patients (20%) (2, P2).

Above the VI nucleus level, the inflammatory perive-
ntricular gray (PVG) highlighted in 20 patients a sharp 

Table 1 Frequency and location of MS damages in the brainstem

Structure Medulla Pons Midbrain Abbreviations Label

Cortico-spinal tract 8 (16%) 12 (24%) 6 (12%) CST 1

Medial lemniscus 7 (14%) 10 (20%) 7 (14%) ML 2

Cuneate and gracile fasciculi 5 (10%) CFGF 2.1

Internal arcuate fibers 5 (10%) IAF 2.2

Spino thalamic tract 9 (18%) 22 (44%) 11 (22%) STT 3

Medial longitudinal fasciculus 4 (8%) 17 (34%) 9 (18%) MLF 4

Transverse fibers of the pons 33 (66%) TFP 5

Spino cerebellar tract 6 (12%) SCT 6

Central tegmental tract 3 (6%) 9 (18%) 8 (16%) CTT 7

Fronto pontine fibers 2 (4%) FPF 8

Parieto- occipito- temporo pontine fibers 3 (6%) POTPF 9

Lateral lemniscus 18 (36%) 6 (12%) LL 10

Inferior cerebellar peduncle 4 (8%) ICP 11

Middle cerebellar peduncle 14 (28%) MCP 12

Superior cerebellar peduncle 39 (78%) 3 (6%) SCP 13

Hypoglossal nucleus and nerve 14 (28%) XII 14

Solitary nucleus and tract 20 (40%) ST 15

Vague nerve 1 (2%) X 15.1

Vestibular and cochlear nuclei and nerves 16 (32%) 17 (34%) VIII 16

Facial nucleus and nerve 20 (40%) VII 17

Abducens nucleus and nerve 17 (34%) VI 18

Trigeminal tract 12 (24%) 15 (30%) 3 (6%) V 19

Oculomotor nucleus and nerve 7 (14%) III 20

Olivary complex 16 (32%) OC 21

Red nucleus 3 (6%) RN 22

Substantia nigra 6 (12%) SN 23

Inferior colliculus 1 (2%) IC 24

Superior colliculus 1 (2%) SC 25

Periventricular gray 5 (10%) 20 (40%) 1 (2%) PVG 26

Periaqueductal gray 14 (28%) PAG 27

Raphe nuclei 13 (26%) 7 (14%) R 28

Reticular formation 2 (4%) 6 (12%) 4 (8%) RF
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« nail stroke» hypersignal distinctive from the apparently 
spared paramedial reticular formation (40%). The perive-
ntricular hypersignal frequently extended to SCP at the 
lateral wall of the 4th ventricle (13, 26, P3-P5). Of note, 
in our cohort, SCP was the most affected structure, con-
cerning nearly 4 patients out of 5 (78%). In 13 patients, a 
midline hypersignal concerned the raphe nuclei (R) with 
a well defined triangular shape. Unilateral inflammation 
of MLF adjacent to R nuclei highlighted a typical one-
eyed feature at the midline instead of the normal double 
dot on axial sections (4, 28, P2,P3,P5).

At the medulla—pons junction, a lateral oblique hyper-
signal involved the VII nucleus and nerve throughout 
the basis pontis (40%), as well as the superior vestibular 
nucleus (SVN) bulging at the lateral wall of the  4th ven-
tricle (34%) (16, 17, P1-P4). In the rostral pons, a lateral 
oblique hypersignal affected the motor and the princi-
pal nuclei of the V nerve in 15 patients (30%), frequenly 
extending to the exiting nerve (19, P4).

• Basis pontis:

Throughout the pons, the transversal fibers of the pons 
(TFP) were affected in two thirds of cases, with an elec-
tive anterolateral and/or anteromedial hypersignal (5, 

P2,P3). In paramedial areas, hypersignals were less fre-
quently denoted within the crossing fibers of CST and 
TFP (24%) (1, P4). MCP connecting TFP to the cerebel-
lum was affected in 14 patients (28%) (12, P2).

Midbrain
In the tegmentum, PAG was frequently affected (28%) 
(27, M4, M5), with large hypersignals sometimes over-
flowing to paramedial RF (8%). The small trochlear 
nucleus was uneasy to delineate at the inferior collicu-
lus level. At the superior colliculus level, hypersignals of 
the III nerve were denoted in 7 patients (14%), involving 
the nucleus and/or the nerve along its way through the 
red nucleus (20, M2,M4). Medial lesions were found on 
MLF tracts and discernable throughout PAG hypersignal 
(18%). Lateral involvement of the tegmentum was found 
on STT (22%) with neighboring ML (14%), and LL (12%) 
(2,3,10, M1,M2,M4). SCP appeared less affected at the 
midbrain decussation level (6%). Hypersignals were also 
rarely found in the RN (6%) (22, M5) and in the SN (12%) 
(23, M2).

In the crus cerebri, hyperintensities were mostly 
observed in CST (12%) (1, M1), FPF (4%) and POTPF 
(4%) (9, M3). In the tectum, large PAG hypersignals 
encompassed the inferior and superior colliculi in 2 

Fig. 2 Frequency and location of MS damages in the brainstem
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Fig. 3 MS identification at the medulla oblongata, caudal level (B1–B5) and rostral level (B6–B10)

Fig. 4 MS identification at the pons level
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patients (25, M4). In one patient, lesional hypersignals 
extended to the right medial geniculate via the brachium 
of the inferior colliculus (24, M5).

At the three levels of the brainstem, MS lesions of the 
reticular formation (RF) remained difficult to identify. 
Lateral RF was possibly included in the hyperintensity 
covering the V, VI, VII and VIII nerves, while parame-
dial RF mostly appeared spared. In the pons (26%) and 
the midbrain (14%), the affected raphe nuclei (R) cor-
responded to a medial linear hyperintensity running 
through the tegmentum pontis (28, M3).

MS hypersignals assessment and Inter‑observer 
agreement
ROIs were drawn in 24 patients, including 8 measure-
ments in V tracts, 9 measurements in CST pyramids, 
and 17 measurements in MLF tracts. One can note con-
comitant involvements of different structures in a same 
patient. The mean CR of CRLesion and CRContralateral 
were 11.7 ± 7.4 and 14.5 ± 8.6, respectively. The mean CR 
of CRLesion was significantly lower than the mean CR of 
CRContralateral (p < 0.01).

Spatial resolution of PD/T2w and signal differentia-
tion of FGATIR offered a precise and reproducible locali-
zation of pathological hypersignals in the brainstem, 
confirmed with an overall Cohen’s kappa score of 0.71, 
corresponding to a substantial interobserver agreement 
(Fig. 6).

With a respective Cohen’s kappa score of 0.61, 0.76, 
0.62 for medulla, pons and midbrain, the maximum 
interobserver agreement was found in the voluminous 
pons, with a frequent involvement of TFP and SCP, and 
a comparable detection rate in tracts and nuclei. Nuclei 

appeared more discernable than tracts in the medulla, 
and inversely in the midbrain.

Discussion
Our study showed that the FGATIR sequence allows a 
direct anatomical location of inflammatory lesions iden-
tified by PD/T2w within the brainstem, more precisely 
than indirect extrapolations from histological sections. 
Moreover, we observed in our MS patients an elective 
involvement of some anatomical structures. Hypersig-
nals were more frequently observed in the voluminous 
pons than in the medulla oblongata and the midbrain. 
As for the supratentorial region, the periventricular 
gray was confirmed as an elective site of MS inflamma-
tion throughout the brainstem. TFP and SCP appeared 
as the most frequently affected pathways, but smaller 
tracts such as STT, ML and MLF and little structures of 
the medulla oblongata were also clearly identified with 
the signal discrimination of FGATIR and the spatial res-
olution of PD/T2w sequences. Large hypersignals often 
encompassed nuclear groups such as XII, ST, and VIII in 
the medulla, V, VI and VII in the pons, but with different 
signal features.

As an essential structure joining the telencephalon to 
the spinal cord, the brainstem is a prime target of MS dis-
ease due to the high density of internal structures. Never-
theless, exploration of the brainstem remains difficult due 
to the complex organization of tracts and nuclei within a 
restricted volume. While the inflammatory lesion distri-
bution has been well described in the telencephalon, only 
few studies brought out direct disclosure of the brainstem 
intrinsic anomalies, often combining neurophysiological 

Fig. 5 MS identification at the midbrain level
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and radiological explorations to elucidate the clinical 
complain [28–32].

Recent developments in MRI techniques focus on sig-
nal discrimination of the brainstem components, to allow 
segmentation and volumetric measurement of brainstem 
regions in a long term follow-up of degenerative diseases 
[8, 33]. In our study, we have used the signal discrimi-
nation offered by the FGATIR sequence to identify the 
brainstem structures electively concerned by the inflam-
matory process, in order to elaborate an anatomical tem-
plate of brainstem injury in MS.

Previous studies already assessed MS hypersignal 
detection in the infratentorial area using 2D PD/T2w and 
3D FLAIR [34–36]. Firstly considered as less sensitive in 
the posteria fossa, 2D and 3D FLAIR sequences are now 
challenging PD/T2w sequence regarding brainstem sig-
nal discrimination. However, it is noteworthy that the 
PD/T2w sequence achieves a higher spatial resolution 
than FLAIR imaging with a comparable sequence dura-
tion. In our study, this spatial resolution offered a precise 
delineation of the pathological hypersignal. Indeed, the 
sharply defined hypersignal of periventricular gray mat-
ter differs from the blurry hypersignal in lateral pons, 
and raises questions concerning the mecanism of myelin 
inflammation [37–40]. Such variable hypersignal features 
suggest a specific interaction of the glial and vascular 
infrastructures in the inflammatory process, at each area 
of the brainstem [19, 41].

Our preliminary study had several limitations. First, our 
cohort only included 50 patients with a heterogeneous 
population due to a large age ranking. A reliable statis-
tical evaluation of MR imaging semiology would require 
a larger patient population and an initial statement of 
MS grading, clinical description and informations about 
treatments. However, the goal of this preliminary study 
was only to demonstrate that a combination of PD/T2w 
and a dedicated 3D FGATIR sequence could help to pre-
cisely delineate the brainstem structures affected by MS. 
Further investigation should be performed with a pro-
spective enrollment of MS patients with assessed clinical 
condition in order to statistically validate diagnostic cor-
relation through FGATIR and PD/T2w.

The long scan time of our FGATIR sequence was man-
datory to provide a submillimetric spatial resolution 
and a high signal contrast of the brainstem structures. It 
may as well induce image quality corruption by motion 
artefacts in uncooperant patients. Secondly, the acquisi-
tion was limited to the infratentorial area, and should be 
extended to the whole brain for MS assessment in clini-
cal routine. Thirdly, gradients in hypersignals for normal 
periventricular gray and nuclei through FGATIR may 
not be easily distinguished from an abnormal hypersig-
nal, thus requiring the signal contrast and spatial resolu-
tion of PD/T2w to assess a real signal anomaly. For this 
reason, the use of FGATIR sequence is limited in clini-
cal routine and should be useful only when associated 

Fig. 6 Interobserver evaluation of brainstem structures affected by MS
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to conventional sequences. These concerns may be 
addressed with most recent techniques that dramati-
cally reduce the number of phase encoding step needed 
to complete the k-space, including compressed sensing 
image reconstruction, Wave-controlled aliasing in paral-
lel imaging or deep learning approaches [42–45].

Further longitudinal exploration of MS lesional history 
would benefit from tractography method which allows 
investigation of the temporal evolution of the fiber ani-
sotropy and orientation within an inflammatory plaque 
[23]. Moreover, diffusion tractography may provide com-
plementary contrast to FGATIR for a better identification 
of small dimension structures (i.e. the IV nucleus) [41, 
46]. Finally, additional information based on relaxometry 
technique would bring an accurate information about 
MS lesion quantification in FGATIR, to define a cut-off 
value in regard to normal hypersignals for an automatic 
lesion segmentation of the brainstem [37].

These approaches would be perfectly in phase with the 
recent technical advances reported in literature, indi-
cating significant potential in the field of quantitative 
brain MR image analysis. Indeed, the important devel-
opment of artificial intelligence techniques have had a 
major impact on medical imaging study of MS, with a 
focus on disease classification, detection/segmentation 
or predicting the course of disease [47]. Deep learning-
based approaches for brain MRI are gaining interest due 
to their self-learning and generalization ability over large 
amounts of data [45]. A variety of methods have been 
developed and applied in the context of MS, including 
identification of multiple sclerosis subtypes or automatic 
lesions segmentations [48–50].

In this study, we emphasized the opportunity to pre-
cisely assess the anatomical structures of the brainstem 
affected by MS based on FGATIR sequence. These sup-
plementary information could be used for classification 
purpose to further characterize the long term evolution 
of the MS disease in patient follow up. This may help to 
improve patients outcoming by facilitating the earlier 
diagnosis and prediction of MS evolution.

Conclusion
The high signal discrimination in FGATIR offered a 
macroscopic identification of brainstem macroscopic 
anatomy while combination with PD/T2w opened pros-
pects to define MS elective injury in tracts and nuclei. 
In addition to the frequent involvement of tracts run-
ning through the brainstem, the inflammatory hypersig-
nal also concerns the nuclear groups and the reticular 
formation as well. Our results suggest as a complement 
to the evaluation of the telencephalon, a specific semei-
ology of the brainstem injury in MS, combining clinical, 
radiological and neurophysiological imputs. In addition 

to the development of an anatomical template orienting 
the machine learning as part of the longitudinal moni-
toring of MS, this first radioclinical approach should 
help to estimate the long-term clinical impact of MS in 
specific structures of the brainstem.

Abbreviations
CFGF: Cuneate and gracile fasciculi; CST: Cortico-spinal tract; CTT : Central teg-
mental tract; FPF: Frontopontine fibers; IAF: Internal arcuate fibers; IC: Inferior 
colliculus; ICP: Inferior cerebellar peduncle; III: Oculomotor nucleus and nerve; 
LL: Lateral lemniscus; MCP: Middle cerebellar peduncle; ML: Medial lemniscus; 
MLF: Medial longitudinal fasciculus; OC: Olivary complex; PAG: Periaqueductal 
gray; POTPF: Parieto-, occipito-, temporo pontine fibers; PVG: Periventricular 
gray; R: Raphe nuclei; RF: Reticular formation; RN: Red nucleus; SC: Superior 
colliculus; SCP: Superior cerebellar peduncle; SCT: Spino cerebellar tract; SN: 
Substantia nigra; ST: Solitary nucleus and tract; STT: Spino thalamic tract; TFP: 
Transverse fibers of the pons; V: Trigeminal tract; VI: Abducens nucleus and 
nerve; VII: Facial nucleus and nerve; VIII: Vestibular and cochlear nuclei and 
nerves; X: Vague nerve; XII: Hypoglossal nucleus and nerve.

Authors’ contributions
THN: Corresponding author, design of the work, acquisition, analysis, interpre-
tation; AV: design of the work, acquisition; VLG: acquisition, analysis, interpreta-
tion; SE: acquisition, analysis; IC: acquisition, analysis; ChH: analysis, interpre-
tation; and to have approved the submitted version (and any substantially 
modified version that involves the author’s contribution to the study) and to 
have agreed both to be personally accountable for the author’s own contribu-
tions and to ensure that questions related to the accuracy or integrity of any 
part of the work, even ones in which the author was not personally involved, 
are appropriately investigated, resolved, and the resolution documented in 
the literature. All authors read and approved the final manuscript.

Funding
The authors state that this work has not received any funding.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author (T.H. Nguyen) on reasonable request.

Declarations

Ethics approval and consent to participate
The project submission was approved by our hospital ethical institution 
(National Ophthalmological Center for Ophtalmology Quinze-Vingts, Paris, 
75012, France) in November 2020. The project responds to the MR-004 refer-
ence methodologies (Deliberation n° 2018-155 of May 3, 2018) which governs 
the processing of personal data for study purposes not involving the human 
person (French administrative regulatory body). The data controller has 
undertaken to collect only the data that is strictly necessary and relevant with 
regard to the objectives of the research. Research participants were individu-
ally informed about the use of their retrospective data in this comparative 
study and allowed them to object. The request for access to health data was 
registered on the Health Data Hub registry on 03/17/2021.

Consent for publication
Research participants of the current retrospective study have given written 
consent for data analysis and publication.

Competing interests
Alexis Vaussy is scientist at Siemens Healthcare France. The other authors have 
no conflict of interest to report.

Author details
1 Department of Neuro Imaging, C.H.N.O. des Quinze- Vingts, Paris, France. 
2 Siemens Healthcare France, Saint-Denis, France. 3 Department of Internal 
Medicine, C.H.N.O. des Quinze-Vingts, Paris, France. 



Page 11 of 12Nguyen et al. Insights Imaging          (2021) 12:151  

Received: 12 April 2021   Accepted: 23 August 2021

References
 1. Barkhof F (1997) Comparison of MRI criteria at first presentation to predict 

conversion to clinically definite multiple sclerosis. Brain 120:2059–2069. 
https:// doi. org/ 10. 1093/ brain/ 120. 11. 2059

 2. McDonald WI, Compston A, Edan G et al (2001) Recommended diagnos-
tic criteria for multiple sclerosis: Guidelines from the international panel 
on the diagnosis of multiple sclerosis. Ann Neurol 50:121–127. https:// 
doi. org/ 10. 1002/ ana. 1032

 3. Polman CH, Reingold SC, Banwell B et al (2011) Diagnostic criteria for 
multiple sclerosis: 2010 Revisions to the McDonald criteria. Ann Neurol 
69:292–302. https:// doi. org/ 10. 1002/ ana. 22366

 4. Habek M (2013) Evaluation of brainstem involvement in multiple sclero-
sis. Expert Rev Neurother 13:299–311. https:// doi. org/ 10. 1586/ ern. 13. 18

 5. Alvarez-Linera J (2010) Magnetic resonance techniques for the brainstem. 
Semin Ultrasound CT MRI 31:230–245. https:// doi. org/ 10. 1053/j. sult. 2010. 
03. 003

 6. Soria G, De Notaris M, Tudela R et al (2011) Improved assessment of 
ex vivo brainstem neuroanatomy with high-resolution MRI and DTI at 7 
tesla. Anat Rec 294:1035–1044. https:// doi. org/ 10. 1002/ ar. 21383

 7. McDeavitt JT, King KC, McDeavitt KR (2014) Learning brainstem anatomy: 
a mnemonic device. PM R 6:963–966. https:// doi. org/ 10. 1016/j. pmrj. 2014. 
03. 013

 8. Lee C-Y, Mak HK-F, Chiu P-W, Chang H-C, Barkhof F, Chan K-H (2018) Differ-
ential brainstem atrophy patterns in multiple sclerosis and neuromyelitis 
optica spectrum disorders: differential Brainstem Atrophy Patterns. J 
Magn Reson Imaging 47:1601–1609. https:// doi. org/ 10. 1002/ jmri. 25866

 9. Sclocco R, Beissner F, Bianciardi M, Polimeni JR, Napadow V (2018) Chal-
lenges and opportunities for brainstem neuroimaging with ultrahigh 
field MRI. Neuroimage 168:412–426. https:// doi. org/ 10. 1016/j. neuro 
image. 2017. 02. 052

 10. Bowden DM, Song E, Kosheleva J, Dubach MF (2012) NeuroNames: an 
ontology for the BrainInfo portal to neuroscience on the web. Neuroin-
formatics 10:97–114. https:// doi. org/ 10. 1007/ s12021- 011- 9128-8

 11. Paxinos G, Xu-Feng H, Sengul G, Watson C (2012) Organization of 
brainstem nuclei. In: The Human nervous system. Elsevier, New York, pp 
260–327

 12. Prats-Galino A, Soria G, de Notaris M et al (2012) Functional anatomy of 
subcortical circuits issuing from or integrating at the human brainstem. 
Clin Neurophysiol 123:4–12. https:// doi. org/ 10. 1016/j. clinph. 2011. 06. 035

 13. Sudhyadhom A, Haq IU, Foote KD et al (2009) A high resolution and high 
contrast MRI for differentiation of subcortical structures for DBS targeting: 
The Fast Gray Matter Acquisition T1 Inversion Recovery (FGATIR). Neuro-
image 47:T44–T52. https:// doi. org/ 10. 1016/j. neuro image. 2009. 04. 018

 14. Tanner M, Gambarota G, Kober T et al (2012) Fluid and white matter 
suppression with the MP2RAGE sequence. J Magn Reson Imaging 
35:1063–1070. https:// doi. org/ 10. 1002/ jmri. 23532

 15. Shepherd TM, Ades-Aron B, Bruno M, Schambra HM, Hoch MJ (2020) 
Direct in vivo MRI discrimination of brain stem nuclei and pathways. 
AJNR Am J Neuroradiol 41:777–784. https:// doi. org/ 10. 3174/ ajnr. A6542

 16. Hurley RA, Flashman LA, Chow TW, Taber KH (2010) The brainstem: 
anatomy, assessment, and clinical syndromes. J Neuropsychiatry Clin 
Neurosci 22:iv–7. https:// doi. org/ 10. 1176/ jnp. 2010. 22.1. iv

 17. Hirsch WL, Kemp SS, Martinez AJ, Curtin H, Latchaw RE, Wolf G (1989) 
Anatomy of the brainstem: correlation of in vitro MR images with histo-
logic sections. AJNR Am J Neuroradiol 10:923–928

 18. Deistung A, Schäfer A, Schweser F et al (2013) High-resolution MR imag-
ing of the human brainstem in vivo at 7 tesla. Front Hum Neurosci 7:710. 
https:// doi. org/ 10. 3389/ fnhum. 2013. 00710

 19. Tang Y, Sun W, Toga AW, Ringman JM, Shi Y (2018) A probabilistic atlas 
of human brainstem pathways based on connectome imaging data. 
Neuroimage 169:227–239. https:// doi. org/ 10. 1016/j. neuro image. 2017. 12. 
042

 20. Filippi M (2004) Normal-appearing white and grey matter damage in 
multiple sclerosis. Springer, Milan

 21. Filippi M, Rocca MA, Ciccarelli O et al (2016) MRI criteria for the diagnosis 
of multiple sclerosis: MAGNIMS consensus guidelines. Lancet Neurol 
15:292–303. https:// doi. org/ 10. 1016/ S1474- 4422(15) 00393-2

 22. Kerbrat A, Gros C, Badji A et al (2020) Multiple sclerosis lesions in motor 
tracts from brain to cervical cord: spatial distribution and correlation with 
disability. Brain 143:2089–2105. https:// doi. org/ 10. 1093/ brain/ awaa1 62

 23. Spampinato MV, Kocher MR, Jensen JH et al (2017) Diffusional kurtosis 
imaging of the corticospinal tract in multiple sclerosis: association with 
neurologic disability. AJNR Am J Neuroradiol 38:1494–1500. https:// doi. 
org/ 10. 3174/ ajnr. A5225

 24. Francis CE (2013) Visual issues in multiple sclerosis. Phys Med Rehabil Clin 
N Am 24:687–702. https:// doi. org/ 10. 1016/j. pmr. 2013. 06. 002

 25. Nerrant E, Tilikete C (2017) Ocular motor manifestations of multiple 
sclerosis. J Neuroophthalmol 37:332–340. https:// doi. org/ 10. 1097/ WNO. 
00000 00000 000507

 26. Di Stefano G, Maarbjerg S, Truini A (2019) Trigeminal neuralgia secondary 
to multiple sclerosis: from the clinical picture to the treatment options. J 
Headache Pain 20:20. https:// doi. org/ 10. 1186/ s10194- 019- 0969-0

 27. Maarbjerg S, Di Stefano G, Bendtsen L, Cruccu G (2017) Trigeminal neural-
gia—diagnosis and treatment. Cephalalgia 37:648–657. https:// doi. org/ 
10. 1177/ 03331 02416 687280

 28. Chivers TR, Constantinescu CS, Tench CR (2015) MRI-based measurement 
of brain stem cross-sectional area in relapsing-remitting multiple sclero-
sis. J Neuroimaging 25:1002–1006. https:// doi. org/ 10. 1111/ jon. 12244

 29. Magnano I, Pes GM, Cabboi MP et al (2016) Comparison of brainstem 
reflex recordings and evoked potentials with clinical and MRI data to 
assess brainstem dysfunction in multiple sclerosis: a short-term follow-up. 
Neurol Sci 37:1457–1465. https:// doi. org/ 10. 1007/ s10072- 016- 2604-z

 30. Magnano I, Pes GM, Pilurzi G et al (2014) Exploring brainstem function in 
multiple sclerosis by combining brainstem reflexes, evoked potentials, 
clinical and MRI investigations. Clin Neurophysiol 125:2286–2296. https:// 
doi. org/ 10. 1016/j. clinph. 2014. 03. 016

 31. Polak T, Zeller D, Fallgatter AJ, Metzger FG (2013) Vagus somatosensory-
evoked potentials are prolonged in patients with multiple sclerosis with 
brainstem involvement. Neuroreport 24:251–253. https:// doi. org/ 10. 
1097/ WNR. 0b013 e3283 5f00a3

 32. Skorić MK, Adamec I, Mađarić VN, Habek M (2014) Evaluation of brain-
stem involvement in multiple sclerosis. Can J Neurol Sci 41:346–349. 
https:// doi. org/ 10. 1017/ s0317 16710 00172 85

 33. Sander L, Pezold S, Andermatt S et al (2019) Accurate, rapid and reliable, 
fully automated MRI brainstem segmentation for application in multiple 
sclerosis and neurodegenerative diseases. Hum Brain Mapp 40:4091–
4104. https:// doi. org/ 10. 1002/ hbm. 24687

 34. Gawne-Cain ML, O’Riordan JI, Thompson AJ et al (1997) Multiple sclerosis 
lesion detection in the brain: a comparison of fast fluid-attenuated inver-
sion recovery and conventional T2-weighted dual spin echo. Neurology 
49:364–370. https:// doi. org/ 10. 1212/ WNL. 49.2. 364

 35. Schmidt C, Hattingen E, Faehndrich J et al (2012) Detectability of multiple 
sclerosis lesions with 3T MRI: a comparison of proton density-weighted 
and FLAIR sequences. J Neuroradiol 39:52–57. https:// doi. org/ 10. 1016/j. 
neurad. 2011. 09. 006

 36. Wang KY, Uribe TA, Lincoln CM (2018) Comparing lesion detection of 
infratentorial multiple sclerosis lesions between T2-weighted spin-echo, 
2D-FLAIR, and 3D-FLAIR sequences. Clin Imaging 51:229–234. https:// doi. 
org/ 10. 1016/j. clini mag. 2018. 05. 017

 37. Lee MA, Smith S, Palace J et al (1999) Spatial mapping of T2 and 
gadolinium-enhancing T1 lesion volumes in multiple sclerosis: evidence 
for distinct mechanisms of lesion genesis? Brain 122(Pt 7):1261–1270. 
https:// doi. org/ 10. 1093/ brain/ 122.7. 1261

 38. Maggi P, Macri SMC, Gaitán MI et al (2014) The formation of inflamma-
tory demyelinated lesions in cerebral white matter: Inflammatory Brain 
Lesions. Ann Neurol 76:594–608. https:// doi. org/ 10. 1002/ ana. 24242

 39. Ponath G, Park C, Pitt D (2018) The role of astrocytes in multiple sclerosis. 
Front Immunol 9:217. https:// doi. org/ 10. 3389/ fimmu. 2018. 00217

 40. Niu J, Tsai H-H, Hoi KK et al (2019) Aberrant oligodendroglial–vascular 
interactions disrupt the blood–brain barrier, triggering CNS inflammation. 
Nat Neurosci 22:709–718. https:// doi. org/ 10. 1038/ s41593- 019- 0369-4

 41. Zhang Y, Vakhtin AA, Jennings JS et al (2020) Diffusion tensor trac-
tography of brainstem fibers and its application in pain. PLoS One 
15:e0213952. https:// doi. org/ 10. 1371/ journ al. pone. 02139 52

https://doi.org/10.1093/brain/120.11.2059
https://doi.org/10.1002/ana.1032
https://doi.org/10.1002/ana.1032
https://doi.org/10.1002/ana.22366
https://doi.org/10.1586/ern.13.18
https://doi.org/10.1053/j.sult.2010.03.003
https://doi.org/10.1053/j.sult.2010.03.003
https://doi.org/10.1002/ar.21383
https://doi.org/10.1016/j.pmrj.2014.03.013
https://doi.org/10.1016/j.pmrj.2014.03.013
https://doi.org/10.1002/jmri.25866
https://doi.org/10.1016/j.neuroimage.2017.02.052
https://doi.org/10.1016/j.neuroimage.2017.02.052
https://doi.org/10.1007/s12021-011-9128-8
https://doi.org/10.1016/j.clinph.2011.06.035
https://doi.org/10.1016/j.neuroimage.2009.04.018
https://doi.org/10.1002/jmri.23532
https://doi.org/10.3174/ajnr.A6542
https://doi.org/10.1176/jnp.2010.22.1.iv
https://doi.org/10.3389/fnhum.2013.00710
https://doi.org/10.1016/j.neuroimage.2017.12.042
https://doi.org/10.1016/j.neuroimage.2017.12.042
https://doi.org/10.1016/S1474-4422(15)00393-2
https://doi.org/10.1093/brain/awaa162
https://doi.org/10.3174/ajnr.A5225
https://doi.org/10.3174/ajnr.A5225
https://doi.org/10.1016/j.pmr.2013.06.002
https://doi.org/10.1097/WNO.0000000000000507
https://doi.org/10.1097/WNO.0000000000000507
https://doi.org/10.1186/s10194-019-0969-0
https://doi.org/10.1177/0333102416687280
https://doi.org/10.1177/0333102416687280
https://doi.org/10.1111/jon.12244
https://doi.org/10.1007/s10072-016-2604-z
https://doi.org/10.1016/j.clinph.2014.03.016
https://doi.org/10.1016/j.clinph.2014.03.016
https://doi.org/10.1097/WNR.0b013e32835f00a3
https://doi.org/10.1097/WNR.0b013e32835f00a3
https://doi.org/10.1017/s0317167100017285
https://doi.org/10.1002/hbm.24687
https://doi.org/10.1212/WNL.49.2.364
https://doi.org/10.1016/j.neurad.2011.09.006
https://doi.org/10.1016/j.neurad.2011.09.006
https://doi.org/10.1016/j.clinimag.2018.05.017
https://doi.org/10.1016/j.clinimag.2018.05.017
https://doi.org/10.1093/brain/122.7.1261
https://doi.org/10.1002/ana.24242
https://doi.org/10.3389/fimmu.2018.00217
https://doi.org/10.1038/s41593-019-0369-4
https://doi.org/10.1371/journal.pone.0213952


Page 12 of 12Nguyen et al. Insights Imaging          (2021) 12:151 

 42. Polak D, Cauley S, Huang SY et al (2019) Highly-accelerated volumetric 
brain examination using optimized wave-CAIPI encoding: Optimized 
Wave-CAIPI Encoding. J Magn Reson Imaging 50:961–974. https:// doi. 
org/ 10. 1002/ jmri. 26678

 43. Mussard E, Hilbert T, Forman C, Meuli R, Thiran J-P, Kober T (2020) 
Accelerated MP2RAGE imaging using Cartesian phyllotaxis readout and 
compressed sensing reconstruction. Magn Reson Med 84:1881–1894. 
https:// doi. org/ 10. 1002/ mrm. 28244

 44. Longo MGF, Conklin J, Cauley SF et al (2020) Evaluation of ultrafast wave-
CAIPI MPRAGE for visual grading and automated measurement of brain 
tissue volume. AJNR Am J Neuroradiol 41:1388–1396. https:// doi. org/ 10. 
3174/ ajnr. A6703

 45. Akkus Z, Galimzianova A, Hoogi A, Rubin DL, Erickson BJ (2017) Deep 
learning for brain MRI segmentation: state of the art and future directions. 
J Digit Imaging 30:449–459. https:// doi. org/ 10. 1007/ s10278- 017- 9983-4

 46. Hoch MJ, Chung S, Ben-Eliezer N, Bruno MT, Fatterpekar GM, Shepherd 
TM (2016) New clinically feasible 3T MRI protocol to discriminate internal 
brain stem anatomy. AJNR Am J Neuroradiol 37:1058–1065. https:// doi. 
org/ 10. 3174/ ajnr. A4685

 47. Afzal HMR, Luo S, Ramadan S, Lechner-Scott J (2020) The emerging role 
of artificial intelligence in multiple sclerosis imaging. Mult Scler. https:// 
doi. org/ 10. 1177/ 13524 58520 966298

 48. Roca P, Attye A, Colas L et al (2020) Artificial intelligence to predict clinical 
disability in patients with multiple sclerosis using FLAIR MRI. Diagn Interv 
Imaging 101:795–802. https:// doi. org/ 10. 1016/j. diii. 2020. 05. 009

 49. Eshaghi A, Young AL, Wijeratne PA et al (2021) Identifying multiple scle-
rosis subtypes using unsupervised machine learning and MRI data. Nat 
Commun 12:2078. https:// doi. org/ 10. 1038/ s41467- 021- 22265-2

 50. Fenneteau A, Bourdon P, Helbert D, Fernandez-Maloigne C, Habas C, 
Guillevin R (2021) Investigating efficient CNN architecture for multiple 
sclerosis lesion segmentation. J Med Imaging (Bellingham) 8:014504. 
https:// doi. org/ 10. 1117/1. JMI.8. 1. 014504

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/jmri.26678
https://doi.org/10.1002/jmri.26678
https://doi.org/10.1002/mrm.28244
https://doi.org/10.3174/ajnr.A6703
https://doi.org/10.3174/ajnr.A6703
https://doi.org/10.1007/s10278-017-9983-4
https://doi.org/10.3174/ajnr.A4685
https://doi.org/10.3174/ajnr.A4685
https://doi.org/10.1177/1352458520966298
https://doi.org/10.1177/1352458520966298
https://doi.org/10.1016/j.diii.2020.05.009
https://doi.org/10.1038/s41467-021-22265-2
https://doi.org/10.1117/1.JMI.8.1.014504

	The brainstem in multiple sclerosis: MR identification of tracts and nuclei damage
	Abstract 
	Objective: 
	Methods: 
	Results: 
	Conclusion: 

	Key points
	Introduction
	Material and methods
	Study population
	MR protocol
	Image analysis
	Anatomical structures identification
	MS hypersignals assessment

	Statistical analysis

	Results
	Anatomical identification of normal structures of the brainstem
	Brainstem involvement in MS
	Medulla oblongata
	Pons
	Midbrain
	MS hypersignals assessment and Inter-observer agreement

	Discussion
	Conclusion
	References


