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Abstract

The pedunculopontine nucleus (PPN) has been proposed as target for deep brain stimulation
(DBS) in patients with postural instability and gait disorders due to its involvement in muscle
tonus adjustments and control of locomotion. However, it is a deep-seated brainstem nucleus
without clear imaging or electrophysiological markers. Some studies suggested that diffusion
tensor imaging (DTI) may help guiding electrode placement in the PPN by showing the
surrounding fiber bundles, but none have provided a direct histological correlation. We
investigated DTI fractional anisotropy (FA) maps from in vivo and in situ postmortem magnetic
resonance images (MRI) compared to histological evaluations for improving PPN targeting in
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humans. A post-mortem brain was scanned in a clinical 3T MR system in situ. Thereafter, the
brain was processed with a special method ideally suited for cytoarchitectonic analyses. Also, nine
volunteers had in vivo brain scanning using the same MRI protocol. Images from volunteers were
compared to those obtained in the post-mortem study. FA values of the volunteers were obtained
from PPN, inferior colliculus, cerebellar crossing fibers and medial lemniscus using histological
data and atlas information. FA values in the PPN were significantly lower than in the surrounding
white matter region and higher than in areas with predominantly gray matter. In Nissl-stained
histologic sections, the PPN extended for more than 10 mm in the rostro-caudal axis being closely
attached to the lateral parabrachial nucleus. Our DTI analyses and the spatial correlation with
histological findings proposed a location for PPN that matched the position assigned to this
nucleus in the literature. Coregistration of neuroimaging and cytoarchitectonic features can add
value to help establishing functional architectonics of the PPN and facilitate neurosurgical
targeting of this extended nucleus.

Keywords
Pedunculopontine nucleus; Deep brain stimulation; Diffusion tensor imaging; Histology

Introduction

The pedunculopontine nucleus (PPN) is a brainstem nucleus involved in the control of
muscle tone and locomotion, both suggested to be abnormal in pathologies associated with
gait and postural abnormalities (Hamani et al. 2007; Strauss et al. 2014). Besides
locomation, this nucleus also plays a role in mechanisms of sleep and cognitive function
(Hazrati and Parent 1992; Kang and Kitai 1990; Saper and Loewy 1982).

The PPN has been proposed as a suitable target for deep brain stimulation (DBS) in patients
with levodopa-resistant gait and postural disorders, including Parkinson disease (PD),
atypical parkinsonian syndrome (APS) and progressive supranuclear palsy (PSP) (Benarroch
2013; Fraix et al. 2013; Zrinzo et al. 2008; de Oliveira Souza et al. 2016). Symptoms of
advanced PD, such as freezing of gait and falls, respond poorly to dopaminergic treatment or
surgical interventions in the subthalamic nucleus (STN) or globus pallidus internus (GPI)—
the most commonly used DBS targets in PD. In a recent series of studies, PPN DBS has
been shown to improve gait freezing and falls (Jenkinson et al. 2006; Thevathasan et al.
2011a, b; Ferraye et al. 2010; Fraix et al. 2013; Moro et al. 2010).

Success of DBS therapy depends on the precise targeting of the brain region of interest
(Strauss et al. 2014). High field MRI sequences helped the precise implantation of DBS
electrodes (Zrinzo et al. 2011). Unfortunately, the PPN and nearby structures cannot be
clearly delineated with regular imaging sequences (Yelnik 2007; Zrinzo and Hariz 2007;
Mazzone et al. 2016). To address this issue, Zrinzo et al. (2011) used a specific MRI-guided
protocol (based on T1-weighted images) to target the human PPN in situ, followed by the
confirmation of electrode placement with histological examination. Though the authors have
used T1-weighted images and relied on indirect anatomical landmarks, no direct MR-based
signal features were used in that study.
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In most of its trajectory, the PPN lies posterior and lateral to the decussating superior
cerebellar peduncle, medial to the medial lemniscus and lateral to the central tegmental tract
(Fournier-Gosselin et al. 2013). As such, studies have suggested that DT could help guiding
electrode placement during PPN surgery (Muthusamy et al. 2007; Yeo et al. 2011). However,
since the location of the PPN on imaging studies and histological sections has not been
directly correlated, whether DTI can successfully contribute to localize the PPN in vivo
remains unclear.

We investigated DT and fractional anisotropy (FA) maps both in vivo and in post-mortem
MR studies. In situ imaging findings were correlated with those obtained from actual
histological sections of the same specimen.

The brain of a 66-year-old woman was obtained from the Brain Bank of the Brazilian Aging
Brain Study Group (BBBABSG) of the Medical School-University of Sao Paulo (USP) and
the Sao Paulo Autopsy Service (SPAS). Written informed consent was obtained from a
family member. Premorbid clinical information was collected as previously described
(Grinberg et al. 2007). Myocardial infarction was found to be the cause of death. No
premorbid symptoms of cognitive decline or parkinsonism were detected (Ferretti et al.
2010).

As an in vivo control for post-mortem imaging and histological analyses, a group of nine
subjects (three men and six women) without symptoms of cognitive decline or Parkinsonism
underwent MRI scanning, as described below. All gave written informed consent. The study
was approved by a local Ethics Committee (#09637112.2.0000.0065/Research Ethical
Committee, Medical School—USP).

Magnetic resonance imaging acquisition

MR images of the post-mortem brain were acquired before brain removal in the Institute of
Radiology-Hospital das Clinicas—USP within a 10-h post-mortem interval (PMI). Imaging
data were acquired in a 3T MRI system (Achieva, Philips Medical Systems, Netherlands),
equipped with an eight-channel head coil, and 80 mT/m gradients. DTI images were
collected using a 2D-SENSE-GRE EPI-based acquisition: axial oblique slices oriented
according to the AC-PC plane, slice thickness/gap: 2.0/0.0 mm, FOV: 256 x 256 mm, image
matrix: 128 x 128 pixels (2.0 mm isotropic voxel size); TR: 23,650 ms, TE: 65 ms, b-value:
3000s/mm?, gradient coding directions: 32, acceleration factor: 2.0, NEX: 2.0. FLAIR-
weighted MR images were collected using 2D-FSE axial acquisition oriented according to
AC-PC plane, slice thickness/gap: 3.0/0.3 mm, FOV:230 x 183 mm, image matrix 256 x 204
(voxel size: 3.0 x 0.9 x 0.9 mm), TR: 9686.7 ms, Tl: 2800 ms, TE: 130 ms, NEX:1.0. The
nine control volunteers and the postmortem brain were scanned using the same MR protocol
(Table 1). The workflow is shown in Fig. 1.

Brain processing

Following autopsy, the brain was fixed in formalin 8%, dehydrated in a graded series of
ethanol solutions and embedded in celloidin. The entire brain was serially sectioned on a

Brain Struct Funct. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Alho et al. Page 4

microtome (Polycut, Cambridge Instruments, UK). Axial, 430-um-thick slices were then
stained with Nissl staining and mounted as previously described by Heinsen et al. (2000)
and Heinsen and Heinsen (1991). The complete workflow is described in Fig. 2.

MRI x histology registration, computer-assisted 3D reconstruction and target definition

Prior to cutting, the blockface of each section was photographed (Canon EOS 5D Mark 11
21.1 Megapixel®, Tokyo, Japan). The distance between the camera and the blockface was
kept constant throughout the process. Recorded images were stacked, aligned, and used for
3D reconstruction of the histological volume with the use of specialized software (Amira
5.3®, Mercury Systems). This software generated a surface based on individual outlines,
which were manually traced on digital images (Heinsen et al. 2004; Di Lorenzo Alho et al.
2015).

Since histological processing causes tridimensional and bidimensional deformation (Quester
and Schréder 1997; Schulz et al. 2011; Simmons and Swanson 2009), a computational
coregistration of histological and in situ MR images was necessary. A pipeline was
developed by our group (Alegro et al. 2015), which includes 2D and 3D registration, in three
steps: (1) registering MRI, blockface and digitalized histology images; (2) bidimensional
registration between histological images and blockface; (3) tridimensional registration
between histological and MR images. Symmetric diffeomorphic registration method (SyN)
(Avants et al. 2008) and ANTSs (Avants et al. 2015) allows saving the transform that occurs
during histological processing. Both can be reapplied in a segmented high-resolution mask

(Fig. 3).

Pedunculopontine nucleus segmentation was performed in the original high-resolution
digitalized histological images (dark and light field microscopy), allowing good contrast.
Over those pictures, a mask was created with the original dimensions. Finally the
registration transforms generated during processing were applied. This method allowed the
PPN outlines to be accurately depicted in T1 MR images. The registration quality control
was demonstrated in a previous work from our group (Alegro et al. 2015). To define the PPN
stereotactic coordinates relative to the posterior comissure (PC) and Afshar’s coordinate
system (Afshar et al. 1978), we used SPM 12 (Neuroimaging Informatics Tools and
Resources Clearinghouse, UCL, UK, 2014) to normalize the post-mortem MRI to the MNI
space (ICBM152) and apply the transformations to our previously registered PPN masks.

Fractional anisotropy (FA) measure

FA values were obtained from volunteers, using manually traced oval regions of interest
(ROI), based on the Olszewsky & Baxter Histological Atlas as well as on histological
images obtained from the post-mortem serial brain sections (Fig. 3). Four ROIs were
outlined: inferior colliculus (IC)(ROI area: 4.74mm?2), PPN region (PPN)(ROI area:
2.97mm?), cerebellar crossing fibers (CCF) (ROl area: 5.05mm?2), and medial lemniscus
(ML)(ROI area: 4.95mm?) (Olszewski and Baxter 1982). These were chosen based on their
topographical relationship with the PPN. ROIs were traced in four consecutive slides using
FA maps and FLAIR using the Osirix software (v.4.1—Pixmeo, Geneva, Swiss). FA values
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were obtained in post-mortem and in vivo datasets of the right and left hemi-brainstem for
each slice.

Statistical analysis

ANOVA (Tukey post hoc) was used to analyze six comparisons per family (Alpha 0.05, 95%
confidence interval) and compare FA values in each ROI across different volunteers.

Results

Locating PPN by comparing FLAIR-weighted MRI with stereotactic atlases

In this study, we chose to use the Olszewski and Baxter atlas as a reference to localize the
PPN (Olszewski and Baxter 1982). In that publication, the PPN is described as a nucleus
with ascending and descending connections represented at the level of the inferior colliculi
(IC) and the mesencephalic aqueduct (AQ). The nucleus lies medial to the lemniscal system
(LS) and lateral to cerebellar crossing fibers (CCF) (Fig. 3a—c). The inferior pole of the PPN
is close to superior aspect of the locus coeruleus (LC). On image studies, the PPN has been
described as a gray matter area situated in the middle of white matter fiber tracts (Fig. 4).

The initial step in our study was to compare the location of the PPN region on FLAIR
images, atlas plates and histological slides. In all modalities, the superior border of the
nucleus was found at the level of the IC and AQ with its inferior pole located near the
superior pole of LC, approximately 3-4 mm medial to the lateral edge of the brainstem (Fig.
4).

These images helped to determine the ROIs in FA colored maps. Between the ML and CCF
fiber bundles, we identified a dark region in each side of the brainstem possibly representing
the gray matter area where the PPN and other nuclei could be located (Fig. 3e). This
proposed PPN location matches the position the nucleus as observed in atlas plates and
FLAIR-weighted MRI images.

Measuring and comparing FA values

We have observed that the FA values in adjacent brain stem structures were found quite
diverse. In the PPN region (0.67 + 0.10) FA values were found intermediate when compared
to the surrounding white matter corresponding to the ML (0.82 £ 0.06) and CCF (0.77

+ 0.06) and to the gray matter of the IC (0.61 + 0.10) (ANOVA-Friedman test £< 0.0001)
(see Fig. 5). These findings may suggest that the region where the PPN is located is
composed by predominantly gray matter rich in myelinated fibers. Those findings are in
accordance to the cytoarchitectonic description of the PPN as a nucleus with abundant
ascending and descending connections.

Locating PPN by comparing human brain histological and imaging analysis

In our Nissl-stained sections, the PPN extended for more than 10 mm in the rostro-caudal

axis. Its caudal part could be identified at rostral level of locus coeruleus (LC). Here, it was
closely related to the lateral parabrachial nucleus (PBL). The PPN reveals a sickle shape in
axial planes up to the caudal levels of the substantia nigra (SN), after which its rostral half
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becomes triangular at the caudal plane of the trochlear nucleus (1V). Its rostral end was
closely opposed to the dopaminergic ventral tegmental area A10, or cell groups of the
parabrachial pigmented nucleus (PBB) at the level of the posterior part of red nucleus. The
compact sub-nucleus could be identified in central four-fifths of the PPN. Overall, we
verified that the dark field image compared to MRI corresponds to the gray area surrounding
the fiber system around the gray matter region where PPN is likely to be located (Fig. 3e).

In summary, data from histological slides matched the PPN location observed in FLAIR-
weighted MRI imaging and DTI. A tridimensional reconstruction of the human brain
analyzed herein represents the PPN as a purple nucleus between the ML and CCF in a region
located in between the SN below and red nucleus (RN) above (Figs. 4, 6, 7, 8, 9, 10).

PPN stereotactic coordinates

As described above, the location of the PPN in our study was initially defined based on atlas
plates derived and our histological slides. The latter were segmented in high-resolution
histological images (dark and light field microscopy) and transferred to stereotactic MR
space. Stereotactic coordinates of the PPN centroid relative to PC and Afshar’s coordinate
system (Afshar et al. 1978) are shown in Table 2 and Figs. 6, 7, 8, 9, 10.

Discussion

The precise location of the human PPN on imaging studies has gained increased attention
because of its involvement in motor diseases (Fraix et al. 2013; Zrinzo et al. 2011, 2008;
Mazzone et al. 2007). Except for the study by Zrinzo et al. (2011) other reports have largely
failed to validate the proposed histological location of the PPN (Zrinzo et al. 2011). In their
study, however, Zrinzo and colleagues (2011) have used conventional T1 MRI, which does
not precisely define anatomical aspects of small brain structures. As the PPN is surrounded
by fiber-rich structures, we have decided to investigate FA measures obtained from both in
vivo and in post-mortem MRI.

We determined the PPN location and nearby fiber tracts in histological sections, matching
the description of Olszewski & Baxter (1982) and after normalizing the data to a common
stereotactic space (MNI-ICBM 152), coordinates of the histological nucleus were
transported to the MRI of control live subjects in order to analyze the FA maps of the region.
The area in which the PPN is located has a distinct low signal on FA maps extending
between the LS and CCF fiber bundles in the medial-lateral axis and the IC and LC in the
dorsal ventral axis (Fig. 3) (Yeo et al. 2011; Zrinzo et al. 2011). This imaging-derived PPN
site was confirmed in both post-mortem and in vivo datasets and corroborated the location of
the PPN observed in histological sections (Fig. 3). The location of the PPN, as indicated by
our DTI analyses, also corroborates that suggested by previous MR-based analyses (Hamani
etal. 2011; Zrinzo et al. 2011). The PPN extended for over 10 mm in the longitudinal axis of
the brainstem, lying in the vicinity of the lateral parabrachial nucleus.

The first study using PPN stimulation to treat movement disorders reported an acute
improvement in postural stability and gait in PD patients (Plaha and Gill 2005). After this
original endeavor, therapeutic results of PPN stimulation were contradictory (Hamani et al.
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2011). For instance, while one report showed that PPN stimulation improved PD-related
falls, another questioned the efficacy of the PPN DBS since either PD subjects did not
respond or had a worsening on posture and stability (Moro et al. 2010; Ferraye et al. 2010).
Conflicting results such as the ones described above led to much discussion as to whether
discrepancies could be due to an inaccurate positioning of the electrodes or if the PPN is
actually best target for treating gait symptoms in PD and related disorders. By the time PPN
drew attention as a potential therapeutic target, the topographical position of the nucleus in
the brain stem was not clear in the literature. Stereotactic surgeons faced a problem; neither
MR image protocols nor electrophysiological markers helped sufficiently the targeting of the
PPN. Besides that, the PPN location and its borders were not precisely defined in the
textbooks and available brain atlases. Additionally, different nomenclatures were used to
identify the region of the PPN in different Atlases. The Atlas of Schaltenbrand and Warren,
one of the most used atlases to guide functional and stereotactic procedures, refers to the
region of the pedunculopontine nucleus as Tg.pdpo (nucleus tegumenti pedunculo-pontinus).
This has lead to some confusion in important publications that used different areas such as
the Ppd (nucleus peripeduncularis) as being the PPN (Stefani et al. 2007; Yelnik 2007). The
aim of the present study was to provide a reproducible and individual-based image method
that may be used as an image marker facilitating its targeting of the PPN based in the
contrast of the FA values of gray and surrounding white matter in this region. A novel aspect
in our study, but also an important step to demonstrate the robustness of the method was to
provide the possibility to check the coregistration of neuroimaging of the PPN region with
the corresponding histological data. With this approach, we could establish a combination of
MRI methods to better visualize brainstem structures of interest. These included T2 and
FLAIR-weighted acquisitions with a good contrast and resolution combined with FA maps.
On the other hand, we could also observe how inaccurate is to find the location of PPN using
only stereotactic coordinates based on indirect methods (i.e., relative to AC, PC and the
ventricular floor line). This can be even worse if there is significant hemispheric asymmetry.
In this particular case, neuroimaging studies were corroborated by histological analyses in
showing asymmetric location of the PPN. In fact, this is in line with previous findings
suggesting natural asymmetries in subcortical and brainstem nuclei in different hemispheres
(Mazzone et al. 2008; Fournier-Gosselin et al. 2013). It is urgent to develop more reliable
methods to directly target and visualize the PPN using other neuroimaging modalities.
Particularly in this case, DTI/FA sequence was found more important than T2 and Flair. We
note, however, that resolution using our FA map was not sufficient to delineate small
brainstem nuclei. Subdivisions with the gray matter and small nuclei adjacent to PPN such
as cuneiform and subcuneiform nuclei could not be identified. We hope that by increasing
the resolution and the quality of MR images using 7T MRI these nuclei may be
distinguished in the future.

Indeed histological analysis shows that the PPN is narrow and elongated island of gray
matter surrounded by fibers en passage from different systems (Fig. 4). It is also extremely
permeated by fibers connecting the PPN with numerous cranial and caudal structures in the
neuroaxis (Fournier-Gosselin et al. 2013). This is corroborated by the present results,
showing that the PPN holds an intermediate FA values when compared to the fiber bundles
(high FA values) and to the inferior colliculus (low FA values). So far, electrical stimulation
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has been delivered in the PPN through cylindrical omnidirectional electrodes that generates
a spherical or oval-shaped electrical field. Considering the anatomy of this area, it is likely
that a considerable part of the tissue influenced by the electrical field is constituted by the
surrounding fibers, so it is reasonable to infer that, at least part of the clinical results of the
PPN-DBS is related to fiber bundle stimulation. Future studies may benefit from electrodes
able to provide complex-shaped electrical fields to directionally orient more selective
stimulation. This new technology may offer valuable data considering the correlation
between selective stimulation and clinical effects. This may lead us to a better understanding
the function of different tracts in specific neurological conditions.

In conclusion, our study contributes to the literature by showing, for the first time, the
neuroanatomical landmarks of the PPN region as observed in particular MR sequences with
the corresponding histological data of the same brain. We conclude that the PPN region may
be best visualized on neuroimaging studies if specific sets of MRI/DTI parameters/
sequences are used. Though promising, whether our approach will be useful to help
targeting the PPN during DBS surgery still needs to be demonstrated in clinical practice. We
believe that, the method of merging high-quality histological MR images can facilitate the
localization of deep brain structures for clinical use and further refine the stereotactic
targeting.
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Workflow

Post-mortem

Selection:Family interview and informed consent

\

In-situ 3T MRI scanning with 10 hours post-mortem interval

{

Necropsy followed by formalin fixation for 120 days

Histological processing:

Digital processing:

Fig. 1.

{

Dehydration in graded ethanol solutions
Celloidin embbeding

Cutting in axial 430pum slices

Blockface imaging

Gallocyanin staining and mounting in glass slides
Histology imaging

{

Pre-processing of blockface, histology and MRI images
Image registration (2D and 3D)

PPN segmentation and mask creation

Normalization to MNI space (ICBM 152)
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Live controls

Selection of 9 control subjects (3 men and 6 women)

{

3T MRI scanning

{

—— ROI definition: atlas and after assignment of PPN coordinates
based on the post-mortem histological specimen

{

FA measures from 4 ROIs : inferior colliculus ,PPN region
cerebellar crossing fibers and medial lemniscus

{

Statistical analysis and results

Coordinates assignment
3D reconstruction

Workflow of post-mortem and live controls data management
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Original images Pre-processed images

Histology

Blockface |

3D registered histology

Segmentation in high resolution histology

mask creation

Fig. 2.
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Image registration

3D
registration

(stores transform-3DT),

Transforms application, 3D reconstruction and stereotactic
coordinates assignment

Workflow of the digital processing of the post-mortem specimen: magnetic resonance
images, high field histological images and block-face pictures
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Fig. 3.
a Olszewsky & Baxter Histological Atlas showing brainstem nuclei at the level of the pons:

locus coeruleus (gray); nucleus cuneiformis (p/ink); PPN (red) nucleus parabrachialis
lateralis (yellow); inferior colliculus (Yight purple); nucleus sagulum (dark blue); medial
lemniscus (/ight blue); lateral lemniscus (dark purple) and cerebellar crossing fibers (green).
Pictures of the brainstem in lightfield (b) and darkfield (c), axial flair (d) and FA colored
map (€)
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Fig. 4.
3D reconstruction of the PPN, red nucleus (RN), /ocus coeruleus (LC), aqueduct (AQ),

medial lemniscus fibers (ML) and cerebellar crossing fibers (CCF) passing around the
nuclei. On the bottom right side, the brainstem indicating the plane of section (PS)
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Fig. 5.
Comparison between FA values of the inferior colliculus (IC), pedunculopontine nucleus

(PPN), cerebellar crossing fibers (CCF) and medial lemniscus (ML): mean FA values: IC =
0.61; PPN =0.67; CCF =0.77; ML = 0.82
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Fig. 6.

Plgtes 1-2 representing brainstem with pedunculopontine area. Nissl-stained (430 um #hick)
showing dark and light field microscopy, and the mask with PPN region. The histological set
of images was oriented in the axial plane, parallel to h1 and the B-F line, as defined by
Afshar (Afshar et al. 1978). The h1 line emerges in an acute angle (15°) at the crossing point
of the projection of the AC-PC line and the projection of the ventricular floor line (VLF) and
runs in a rostral direction. Stereotactic coordinates of the PPN before registration to MRI are
given relatively to this system, as considered to be more reliable than the system based on
PC, due to the variability of the mesencephalic angle. Coordinates are given in millimeters
(mm) Positive values for X (lateral) are given to the right PPN as positive Y
(anteroposterior) values are anterior to B point (point where the VLF meets a perpendicular
line originated from Fastigium) and positive Z (rostrocaudal) values are rostral to B point.
Relative to PC, rostral PPN is situated at 8.2 mm below PC (-8.2 mm) and caudal PPN at
-14.2 mm for both sides. For comparison purposes, rostrocaudal values are also displayed in
relation to PC. 15,430 um slides contain the PPN, but 8 slides in 860 um were chosen to
demonstrate the histological localizations. They are named Plate 1 to Plate 8, increasing in
number in the caudal-rostral direction. Plates 3—4, 5-6 and 7-8 are shown in Figs. 6, 7 and 8,
respectively. The reference system adopted and overall location of plates within the
brainstem is depicted in Fig. 9
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Fig. 7.

Plates 3—4. See Fig. 2 caption for details
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Fig. 8.
Plates 5-6. See Fig. 2 caption for details
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Fig. 9.
Plates 7-8. See Fig. 2 caption for details
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Plates

B-F line

Fig. 10.
Reference System used for Figs. 2, 6, 7 and 8. See Fig. 2 caption for details
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Table 1

Demographics of control volunteers

Case Genre

Age

© 00 N oo o~ W N

Female
Female
Male
Female
Female
Male
Male
Female

Female

21
28
43
28
26
38
66
54
21
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Table 2

Stereotactic coordinates of the pedunculopontine nucleus relative to the posterior commissure (PC) and to B in
Z axis (see Figs. 6, 7, 8, 9, 10)

Right PPN Left PPN

Rostrocaudal (Z)/mm

Rostral
PC -8.20 -8.20
B 20.65 20.65
Caudal
PC -14.20 -14.20
B 14.6 14.6

Anteroposterior (Y)/mm
Rostral 35 4.0
Caudal 2.0 15
Lateral (X)/mm
Rostral 6.0 -5.5
Caudal 6.5 -6.0

*
Negative values represent those inferior and to the left of PC

*ok
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Rostral = Plate 8, Caudal = Plate 1
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