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Objectives: To study the incompletely understood sympathoexcitatory pathway through the human brain
stem, using a new method of three dimensional brain stem mapping on the basis of digitally postprocessed
magnetic resonance imaging (MRI).

Methods: 258 consecutive patients presenting with acute signs of brain stem ischaemia underwent biplane
T2 and EPI diffusion weighted MRI, with slice orientation parallel and perpendicular to a transversal slice
selection of the stereotactic anatomical atlas of Schaltenbrand and Wahren, 1977. The individual slices
were digitally normalised and projected onto the appropriate slices of the anatomical atlas. For correlation
analysis lesions were imported into a three dimensional model of the human brain stem.

Results: 31 of the 258 patients had Horner's syndrome caused by acute brain stem ischaemia. Only four
of the patients with Horner’s syndrome had pontine infarctions, 12 had pontomedullary lesions, and 15
had medullary lesions. Correlation analysis showed significantly affected voxels in the dorsolateral
medulla but not in the pons. A statistical comparison with infarct topology in patients with medullary
lesions but without Horner’s syndrome indicated that involvement of the medial and ventral part of affected
voxels located in the ventrolateral medullary tegmentum was specific for Horner’s syndrome.
Conclusions: Based on this first in vivo topodiagnostic study, the central sympathoexcitatory pathway
probably descends through the dorsal pons before converging on specific generators in the ventrolateral
medullary tegmentum at a level below the IX and X nerve exits.

partial ptosis, miosis with normal pupillary constriction

in response to light, and facial hypohidrosis,' reflecting a
classical lesion of the three neurone sympathoexcitatory
pathway. According to electrophysiological and axoplasmatic
transport studies in experimental animals, first order central
axons descend from the hypothalamus through the brain
stem and project to neurones in the intermediolateral horn of
the spinal grey matter. Projections of these second order pre-
ganglionic neurones terminate in the superior cervical gang-
lion, the axons of which run with the internal carotid nerve
and plexus and terminate in the orbit, eyeball, and skin of the
face.”® Lesions involving any component of this pathway may
result in the symptom complex described by Horner.

While numerous neuroanatomical and neurophysiological
studies have focused on the peripheral pathway of the pre-
and postganglionic neurones,”"" the course of the central
sympathetic pathway involved in Horner’s syndrome has not
received as much attention. Anatomical case studies and
electrophysiological investigations on the pupillodilator path-
way, especially in the cat, hint at a brain stem pathway from
the pontine tegmentum through the medullary tegmen-
tum,”" and axoplasmatic transport studies in the experi-
mental animal suggest important brain stem relay centres in
the lateral parabrachial nucleus,”” the nucleus tractus
solitarius,' '’ and the ventrolateral medulla.'®** A few case
reports on necropsy material'* ?* and the frequent finding of
Horner’s syndrome in patients with ischaemic Wallenberg’s
syndrome® suggest an involvement of the dorsolateral
medulla in the human sympathoexcitatory pathway.
However, though neuroradiological imaging had advanced
considerably in the last decade, the exact localisation of the
hypothalamospinal projections in the human is still unclear.

The syndrome described by Horner in 1869 comprises
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For functional localisation of the central sympathoexcita-
tory pathway in the human we used a new, recently
published method of three dimensional brain stem map-
ping.”” The technique was applied for the first time in a large
cohort of prospectively recruited patients with acute ischae-
mic brain stem lesions. The functional mapping was based on
digitally postprocessed magnetic resonance imaging (MRI) of
acute ischaemic brain stem lesions in patients with and
without subsequent Horner’s syndrome.

METHODS

Two hundred and fifty eight consecutive patients presenting

with acute brain stem signs and symptoms underwent

magnetic resonance imaging following a fixed protocol.
Approval for the study was granted by the university ethics

committee, and patients gave informed consent to the

procedures.

Sweating test

A semiquantitative test of sweating was done, following the
standard ninhydrin test procedure of Moberg. After cleaning
and drying the skin, filter paper was pressed on to both sides
of the patient’s face. Test paper was stained with 1%
ninhydrin on acetone base and developed by heating to
100°C. The test result was assessed when a typical orange
colour developed on the unaffected side.

MRI acquisition and postprocessing

Biplanar EPI-T2 and EPI diffusion weighted (DWI) MRI was
done within 48 hours after the onset of symptoms with a 1.5
Tesla superconducting system (Magnetom Vision, Siemens,
Erlangen, Germany). We used DWI-echo planar imaging
(time of repetition (TR) 4000 ms; time of echo (TE) 103 ms)
with separately applied diffusion gradients in the three
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spatial axes (b= 1164 s/mm’, 128 matrix, 250 ms per slice,
20 slices, thickness 3 mm, eight measurements). Axial and
sagittal high resolution T2 weighted imaging (TR 3810 ms, TE
90 ms, 256 matrix, slice thickness 3 mm) and T1 weighted
imaging (TR 600 ms, TE 14 ms, 256 matrix, slice thickness
3 mm) before and after intravenous gadolinium was done as
soon as patients could tolerate the more prolonged MRI
procedure (median 6.5 days after the onset of symptoms).
Slice orientation was parallel (sagittal sections) and perpen-
dicular (axial sections) to the sagittal brain stem cuts of the
stereotactic anatomical atlas of Schaltenbrand and Wahren.*

The area of infarction was identified independently by two
neuroradiologists and one neurologist. Brain stem lesions
were judged as acute ischaemia only if they showed
corresponding EPI-diffusion weighted MRI hyperintensities.

Using Unix and NT workstations and software from
Photoshop (Adobe Systems, San Jose, California, USA) and
Photo-Paint (Corel, Ottawa, Canada) the individual slices
were normalised and projected into 14 appropriate slices of
the anatomical atlas. The zero point was set at the
pontomesencephalic junction and the number of the given
level indicates the distance from zero in millimetres in the
cranio-caudal direction.

We used axial slices for normalising the individual slices in
plane according to their T2 weighted and T1 weighted brain
stem outlines. Sagittal or coronal slices were applied for nor-
malising in the z axis by determining the best fit of the
anatomical plates with anatomical landmarks such as the
fourth ventricle, or by setting the exit zones of the cranial
nerves in projection to the anatomical plates. Given the

Sagittal view of the brain stem showing the slices of the
anatomical atlas of Schaltenbrand and Wahren onto which the lesions
have been projected. Numbers represent the distance from the
pontomesencephalic junction (zero point) in millimetres in a
craniocaudal direction.

Figure 1
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functional right-left symmetry of the brain stem, for an easier

comparison all right sided lesions were flipped to the left side.
Slices where checked for possible contact of the projected

lesions with anatomical structures marked in the atlas.

Three dimensional mapping and statistics
Lesions were imported into a three dimensional brain stem
model,” developed using data from topometric and stereo-
tactic atlases.*** The idealised three dimensional model of the
brain stem is subdivided into 5268 volume elements (“vox-
els”) ranging from 2 x2x2 mm to 2x2 x4 mm. Value 1 stands
for a voxel certainly affected by the lesions, value 0 for a voxel
certainly unaffected, with fractional values for intermediate
probabilities. Each voxel was colour coded from white (no
lesion) to red (lesion) with intermediate colours, and dis-
played at its proper location in the brain stem model, creating
a three dimensional colour map of the whole lesion in the
brain stem. From the three dimensional model, cross sectional
slices can be extracted along any of the three main section
planes and be further elaborated to smooth the boundaries.
Statistical analysis of patient groups aimed at identifying
which voxels of the 5268 were significantly affected. For
within-group one sample analysis, the system used Fisher’s
exact test. For each voxel, the statistical probabilities for a
voxel affected in the patient group were calculated against a
hypothetical mean value of the probability of a casual lesion,
provided by the average number of brain stem voxels affected
by ischaemia in our population. For two sample statistical
analysis between two patient groups the Mann-Whitney U
test was applied. Statistical significance was set at p<<0.05.

RESULTS
Of the 258 consecutive patients presenting with acute signs of
brain stem dysfunction, 41 showed a clinical Horner’s
syndrome comprising ptosis and miosis. Hypohidrosis of
the face was clinically apparent or demonstrated by the
ninhydrin sweating test in 21 of these patients. In 172 of the
258 patients, acute brain stem ischaemia could be identified
by diffusion weighted MRI (DWI). One hundred and fifty one
patients had a single infarct, while 21 had multiple acute
brain stem lesions. Lesion location was mesencephalic in
10.5% of infarctions, pontomesencephalic in 12.5%, pontine
in 36.2%, pontomedullary in 15%, and medullary in 25.8%. In
the group of patients with Horner’s syndrome, DWI disclosed
an isolated ipsilateral acute ischaemic lesion in 31 of the 41
patients. Three patients with Horner’s syndrome had multiple
brain stem lesions which made anatomical-functional
correlations impossible. In seven patients with Horner’s
syndrome no acute morphological brain stem lesion could
be identified by MRI. These patients with a functional brain
stem lesion obviously beyond the sensitivity of DWI were also
not eligible for topodiagnostic investigations. Of the final 31
patients with acute Horner's syndrome and a single
ipsilateral brain stem infarct, four had pure pontine
ischaemia, 12 had a pontomedullary lesion, and 15 had a
lesion in the medulla. Although most patients had dorso-
lateral medullary infarction, the lesions in these patients
were scattered along the rostral-caudal brain stem extension.
Of the final 31 patients, nine were female and 22 were
male. Their mean age was 64.8 years, ranging from 26 to 87
years. Sonography and magnetic resonance angiography
detected occlusion or stenosis of the vertebral artery in four
patients. Twenty one patients had multiple vascular risk
factors and sonography showed macroangiopathy of the
internal carotid artery but no vertebral stenosis or occlusion.
In six patients the aetiology of the infarct remained unclear
(see table 1 for demographic and clinical patient data). The
most common additional clinical sign of vertebrobasilar
ischaemia was gait ataxia (26 patients). Other frequent
symptoms were dysarthria (12 patients), trigeminal sensory
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Table 1 Demographic and clinical data

Age
Patient Sex (years) Horner

Additional clinical signs

Lesion location

1 M 76 L
2 W 63 R
3 M 74 L
4 M 69 R
5 M 60 L
6 w 87 R
7 w72 R
8 M 68 L
9 M 66 L
10 W 61 L
11 M 75 R
12 M 67 L
13 W 68 L
14 M 69 L
15 M 55 L
16 w77 L
17 M 69 L
18 M 64 L
19 M 69 L
20 M 65 L
21 M 7] L
22 M 54 R
23 M 5] R
24 M 71 R
25 W 26 R
26 M 55 L
27 F 65 R
28 M 56 L
29 M 50 L
30 M 74 L
31 F 63 L

Left V nerve deficit, spontaneous nystagmus to the
right, left hemiataxia, truncal and gait ataxia
Dysarthria, emotional right facial paresis, right
hemiataxia, truncal and gait ataxia

Dysarthria, right motor hemiparesis, gait ataxia
Skew deviation (lower right eye), rotatory gaze
evoked nystagmus to the left, central trigeminal
deficit (S1, S2), right facial palsy, dysphagia,
right hemiataxia, gait ataxia

Dysarthria, dysphagia, spontaneous nystagmus

to the right, left hemiataxia, right motor
hemiparesis, truncal and gait ataxia, right
dissociated sensory deficit

Dysphogio, left motor hemiparesis, right hemiataxia,
gait ataxia, left dissociated sensory deficit
Diminished right corneal reflex, right facial paresis,
left dissociated sensory deficit, gait ataxia
Dysarthria, right motor hemiparesis, gait ataxia
Left V nerve deficit, gait ataxia

Rotatory spontaneous nystagmus to the left, left V
nerve deficit, left palate paresis, dysphagia, right
dissociated sensory deficit, truncal and gait ataxia
Right VI nerve palsy, up-beat nystagmus, gaze
nystagmus to the right, right masseter paresis,
right facial palsy, dysarthria, right palate paresis
Skew deviation (lower left eye), gaze nystagmus
to the left, left V nerve deficit (V1), left facial palsy,
dysarthria, dysphagia, truncal and gait ataxia
Rotatory spontaneous nystagmus to the right,
truncal and gait ataxia

Skew deviation (lower left eye), left palate paresis,
right dissociated sensory deficit, gait ataxia

Left central trigeminal deficit (S1), dysphagia,
dissociated sensory deficit of the right hand, gait ataxia
Gaze evoked nystagmus to the left, left hemiataxia,
right dissociated sensory deficit, gait ataxia
Rotatory spontaneous nystagmus to the right, left
facial palsy, left palate paresis, left hypoglossal
paresis, dysarthria, left hemiataxia, right
dissociated sensory deficit

Left facial paresis, gaze nystagmus to the left,
right motor hemiparesis, left hemiataxia, truncal
and gait ataxia

Spontaneous nystagmus to the right, gait ataxia
Gaze evoked nystagmus to the right, left V nerve
deficit, left palate paresis, dysarthria, dysphagia, left
hemiataxia, gait ataxia

Rotatory spontaneous nystagmus to the left, left V
nerve deficit, left hypoglossal paresis, dysarthria,
left hemiataxia, gait ataxia, right dissociated
sensory deficit

Gaze nystagmus to the right, right palate paresis,
right V nerve deficit, right facial paresis,
dysarthria, truncal and gait ataxia

Spontaneous nystagmus to the left, dysarthria,
right hemiataxia, truncal and gait ataxia
Horizontal gaze evoked nystagmus, right po|c1fe
paresis, dysarthria, dysphagia, left motor
hemiparesis, left dissociated sensory deficit,
truncal and gait ataxia

Rotatory spontaneous nystagmus to the right,
dysarthria, dysphagia, right hypoglossal paresis,
right hemiataxia

Gaze evoked nystagmus to the right, left abduction
deficit, left facial palsy, right dissociated sensory
deficit, right gait ataxia

Spontaneous nystagmus to the right, left motor
hemiparesis, right hemiataxia, truncal and gait
ataxia, left dissociated sensory deficit

Right facial paresis, right motor hemiparesis, gait
ataxia

Left V nerve deficit, right dissociated sensory deficit,
gait ataxia

Left enoral trigeminal deficit, right dissociated
sensory deficit, gait ataxia

Left hypoglossal paresis, dysarthria, right dissociated
sensory deficit, left hemiataxia, gait ataxia

Medulla
Pontomedullary

Pons
Medulla

Medulla

Medulla
Medulla

Pons
Pontomesencephalic
Medulla

Pontomedullary

Medulla

Medulla
Medulla
Medulla
Medulla

Medulla

Pontomedullary

Medulla
Pontomedullary

Pontomedullary

Medulla

Medulla

Pontomedullary

Medulla

Pontomedullary

Medulla

Pontomedullary
Medulla
Medulla

Medulla

F, female; L, left; M, male; R, righf.
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Figure 2 Transverse aflas layers with highest density of projected
lesions (27.5, 30.0, 33.0) showing the location of the lesions affer
superpositioning in relation to known anatomical structures. The sagittal
brain stem cut g-lows the localisation of the transverse slices in
craniocaudal extension.

disturbances (10 patients), eye movement disorders (nine
patients), and hemiparesis (eight patients).

When projecting all acute brain stem lesion of these patients
onto the anatomical atlas levels, the transversal slices of the
atlas matching the highest number of lesions were located 27.5
to 30.0 mm caudal to the pontomesencephalic junction (fig 2).

After importing all normalised lesions into the three dimen-
sional brain stem model, significantly affected voxels (Fisher’s
test: p<<0.05) were found only in a region of the dorsal/lateral
medulla (fig 3). In the craniocaudal extension, lesion maxi-
mum reached from a dorsolateral position at the pontomedul-
lary junction to a more medial location in the lower medulla.

To ascertain which voxels were specifically related to
Horner’s syndrome, we selected the 16 Horner patients with
medullary infarction involving the area of highest signifi-
cance for further analysis. We compared the lesion topo-
graphy in these 16 patients with that of the seven patients
(from among the 258 initially recruited) who had an isolated
infarct on the corresponding atlas levels but no clinical
Horner’s syndrome. Frequent associated clinical symptoms in
the seven patients without Horner’s syndrome but with
similar lesion topography did not differ from those in the
Horner group: five patients had associated gait ataxia, four
suffered from dysarthria, and three had an ipsilateral
trigeminal sensory deficit.

The one sample statistical analysis in the two groups of
patients is shown in fig 4A and 4B. Although both groups
shared many significant voxels, those of the patients with
Horner’s syndrome were located in a more rostral and ventral
region with respect to those of the non-Horner group. The
area significantly affected in the non-Horner group included
the caudal and ventral part of the nucleus tractus solitarius.
The two sample analysis directly comparing Horner and
non-Horner patients showed that the voxels most specifically
related to Horner’s syndrome were located at the caudal and
ventral borders of typical dorsolateral medullary infarction in
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Figure 3 Colour coded probability map of the brain stem showing
significantly affected voxels in patients with Horner’s syndrome in
sagittal (A,B) and coronal (C) view and in a three dimensional
reconstructed figure (D) on the basis of the three dimensional brain stem
model by Capozza et al.?®
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the ventrolateral tegmentum of the medulla, at a level below
the IX and X nerve exits (fig 4C). With respect to
neighbouring anatomical structures the area was located far
dorsal to the pyramidal tract, dorsal to the spinothalamic
pathway through the medulla, and medial to the spinal
trigeminal tract and nucleus.

DISCUSSION
Our method is a new approach to in vivo brain stem mapping
and allowed reliable topodiagnostic evaluation in earlier
investigations.”® ** ** Importing the lesions into a three dimen-
sional brain stem model based on topometric and stereotactic
atlases permits quantitative analysis with calculation of
statistical probabilities and their colour coded mapping. The
lesion can be studied on any plane on the three dimensional
model and the relation to the central nuclei and fibre tracts
examined. Spatial resolution is limited, however, by the slice
thickness applied in the original scans (in this case 3 mm)
and the voxel size (2x2x2 to 2x2 x4 mm). Smoothing needs
interpolation and may thus cause inaccuracies.

Numerous neuroanatomical and neurophysiological stu-
dies have focused on the peripheral pathways of the pre-
and postganglionic neurones in patients with Horner’s

Marx, lannett, Mika-Gruettner, et al

syndrome,” "' probably because neuroanatomical and neuro-
physiological techniques were not suitable for studying the
central nervous system in humans. Despite the recent
progress in neuroimaging techniques, information on the
central pathway involved in Horner’s syndrome in man is
incomplete. Occasional case reports on patients with Horner’s
syndrome showed MRI lesions involving the hypothalamus,* *!
and Horner’s syndrome has been reported in typical lateral
medullary infarction* as well as in some patients with
mesencephalic infarcts associated with trochlear nerve
palsy.”” To our knowledge no detailed topodiagnostic imaging
study has been reported on the human central sympathetic
pathway through the brain stem.

Despite the long craniocaudal extension of the central
sympathetic pathway, in clinical experience an acute
Horner’s syndrome almost exclusively occurs in pontome-
dullary or medullary infarction and is often associated with
Wallenberg’s syndrome.** Consistently, our mapping analysis
based on MRI postprocessing in patients with ischaemic
Horner’s syndrome showed that significantly affected voxels
were located in the lateral medulla, in an area grossly
corresponding to the infarctions produced by posterior
inferior cerebellar artery occlusions. By comparing patients

A

27.5 mm

30.0 mm

33.0 mm

Figure 4 (A) Colour coded probability map of axial brain stem sections showing significantly affected voxels in patients with medullary infarction plus

Horner's syndrome (slice number represents the distance from the pontomesencephalic junction in craniocaudal direction in mm). (B) Same view in

patients with medullary infarction but without Horner’s syndrome (Fisher’s exact fest). (C) A two sample analysis comparing the two above groups of

patients, showinf; the voxels specifically related to Horner’s syndrome (Man-Whitney U test). On slice 30.0 the nucleus tractus solitarius (NTS), the
t

spinal trigeminal
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with and without Horner’s syndrome who had lesions at the
same medullary levels (27.5, 30.0, and 33.0 mm caudal to the
pontomesencephalic junction on the anatomical atlas) we
could rule out the possibility that the statistical significance
purely reflected the susceptibility to ischaemic damage in
that vascular territory. Our analysis showed that a crucial
area of the central sympathetic pathway is located in the
ventrolateral medullary tegmentum at a level below the IX
and X nerve exits. The area grossly corresponds to an
adrenergic cell group localised in tyrosine hydroxylase tracing
studies in human necropsy material, that largely contributes
to the descending sympathoexcitatory pathway."

When considering neighbouring anatomical structures and
their craniocaudal extension, the area of greatest significance
was located far dorsal to the pyramidal tract and to the
spinothalamic pathway through the medulla, and slightly
medial to the spinal trigeminal tract and nucleus. The
medullary structures specifically responsible for the develop-
ment of Horner’s syndrome were in proximity but ventral to
the area of the nucleus tractus solitarius (NTS), one of the
sympathetic integration centres suggested by electrophysio-
logical and axoplasmatic transport studies in the experi-
mental animal.” > Detailed analysis, however, showed that a
dorsal area including this cell group was specifically affected
in patients with medullary infarction but without Horner’s
syndrome. Thus a lesion of the NTS alone would not result in
typical Horner’s syndrome in man. It can even be speculated
that the NTS may play an antagonistic role in the complex
brain stem reflex circuit regulating sympathetic tone.
According to experimental evidence hypothalamic projections
include the pontine parabrachial nucleus and the NTS, and
efferents from the parabrachial nucleus project to the NTS
and ventrolateral medulla.'” '” ** % Thus, reciprocally con-
nected sympathetic relay centres include cell groups of the
insular cortex, amygdala, hypothalamus, parabrachial
nucleus, NTS, and the ventrolateral tegmentum of the
medulla—the area of highest vulnerability to sympathoexci-
tatory outflow impairment from our mapping analysis.> ** "

Although most patients initially recruited in our study had
acute ischaemia affecting the pons (63% of lesions), only four
had Horner’s syndrome. This suggests that the pontine route
of the sympathetic descending tract is located in the dorsal
pontine tegmentum, away from the more ventral areas
frequently affected by pontine ischaemia. This agrees to the
observation of Horner’s syndrome in superior cerebellar
artery occlusion® and in association with IV nerve palsy.*
Alternatively, sympathetic fibres are still relatively scattered
in the rostral brain stem so that minor pontine ischaemia
does not reach a significant number of these fibres and thus
will not cause clinical symptoms.

The present findings do not allow us to evaluate the possible
role of other suspected integrating centres, such as the lateral
parabrachial nucleus in the pons, and further imag-
ing studies are needed to clarify the Horner pathway,
especially in the upper brain stem. However, owing to the
overrepresentation of medullary infarcts in our fairly large
cohort of Horner patients this is going to be a challenging task.
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