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ABSTRACT

Introduction: Deep Brain Stimulation (DBSyeatmentfor Alzheimes diseas€AD) is
bewmming increasingly evidentn this study, we exploited anovel orientatiorselective
(OS)strategyrecently introducedly our group foDBS, entitled orientatiogelective DBS
(OSDBS). This strategy entails that, by using multiple contacts with independeent
sources within a mukelectrode array, the electric field can be oriented along any desired
orientation in spaceTherefore,axons parallel to the electric field spatial gradients are
preferentially activatedVioreover,we appliedthe OSmethoalogyto epiduralspinal cord
stimulation In order todetectpathological processes AD noninvasivelywith magnetic
resonance imagingVRI) technology, an alternating Lodlocker (aLL) method was
developedto study novel MRI biomarkerssuch asTi; basd on rotating frame MRI
methods tailored to reveal neurodegeneration.

ObjectivesandMethods. 1) For OSESCS,we introduced a similar OS approach for
ESCS, and demonstrated orientation dependent brain activations as detected by brain fMRI
2) To study OSDBS of the subthalamic nucleu&STN), AD related targets includintpe
entorhinal cortexC) andmedial septal nucleusiSN), to demonstratéhe basic principle
of OS andprove its feasibility and advantageaptimizing the stimulation of the target
Here, OS-DBS with a threechannel electrode was utilizéd stimulae the ratSTN, EC,
and MSNto modulae the activation of brain networks connected to the stimulation sites
The induced brain activitwasmonitoredwith fMRI by Multi-Band Sweep Imaging wit
Fourier Transformation (MBBWIFT) readoutat 9.4 T 3) ThealLL methodwas proposed
to perform simultaneougjuantitativeT: and T1z, or Tr andB1 3D MRI mapping.Look-
Locker scheme that alternates magnetization fiteedaboratory framé $Z and-Z axes
is combired with a 3D MB-SWIFT readout. The analytical solution describing the spin
evolution during aLLlandthe correction requitefor segmented acquisition were derived.
The simultaneouB; and T1 mappingweredemonstrated oa phantom.T1z; values in the
rat brain in vivo andhe Gd-DTPA phantom were compared to those obtained with a

previously introduced steadstate (SS) method.



Results:1) For ESCS, orientation dependent activatiorese detectedn brain areas
that transmithe motor and sensory informatid).OS-DBS of the STNreachked maximal
activationof relatedbrain areas in correspondervegh an in-planel80°stimulatian angle
which was consistent withithe mainmediolateral direction of the STN fibecsnfirmed
with high resolution diffusion imaging and histologyarying the inplane OSDBS
stimulation angle in the EC resultedtive modulation of multiple downstreanidin areas
involved in memory and cognitiofn contrast no angle dependence of brain activation
was observed when stimulating the MSN, consistent with predictions based on the
electrode configuration and on the main axonal directions of the targetediémm
diffusion MRI tractography and histolog$) The aLL method allows for simultaneotis
andB; mapping, while the aLL method with the application of MP modules can provide
simultaneoud’1 and T1z maps.T1z values were similar with both aLL and SS techniques.
However, alLL resulted in more robust quantitative mapping as compatiedhe SS
method and providethe advantage of generatiigmaps in a single acquisition.

Conclusioms. 1) OS ESCSallows the targeting adpinal fibers of different orientations,
ultimately making stimulation less dependent on the precision of the electrode implantation.
2) OSDBS stimulation angle modulates the activation of brain areas relevat &nd
Par ki discasel®)sthus holding great promiger DBS treatment of the dise@s8)

The proposediLL method offers a new flexible tool for quantitatiVe, Tiz, and By

mappings
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stimulation. Temporal high pass filtering with a cutoff of 300 s was applied fomtieestries......42
Figure 23. Activation maps obtained from the group analysis at aDBS stimulation angledviaximal
activation was observed at 90°when the dipole under the electrode waschirggtholaterally and the
cathode was lateral.90.05, FWE corrected. The used ROIls are shown in white.
Abbreviations:superior colliculus, SCaubstantia nigra, SNthalamus, Tha; caudapaitamen,
CPu;globus pallidus, GPkingulate cortex, Cgnota cortex, Mx; andsomatosensory cortex, SS0
Figure 24.Main axonal direction in th8TN. Two representative examples out of 10 studied rats for the
orientation of fibers in the STN. (A, Miffusion bGimage of the region of the STN, (B, E) clage
of the STN in superesolution TDI maps, and (C, F) photomicrographs of mysti#tined sections in
the coronal and horizontal plane, respectively. Qualitatively, the axonal direction in this 8iElNly
mediolateral (white arrowheads). The size of the electrode is shown in scale in (B, E) by black dashed
lines. Color coding: red, mediolateral; blue, dorsoventral; green rostrocaudal. Abbreviations:
subthalamic nucleus, STMiternal capsule, iScalebar in C and B 100€ M.......ccovvvvveeeeeennnnnnne 50
Figure 25. Electrode locations and electrical field distributions. lllustration of the electrode location in the
EC (a) and MSN (b) on a coronal TizightedMRI image (left) and on a corresponding section
(right) of the rat brain taken with permission from the Rat Brain in Stereotaxic Coordinates (6th
Edition) atlas [93]. Schematics of the field distribution around tbbahnel electrode for two
representati angles superimposed on an anatomical horizontal section (corresponding to an axial
MRI view) of the rat brain taken from the atlas are shown for EC (c) and MSN (d) stimulation. Field
distributions were obtained with COMSOL 5.4 (COMSOL, Stockholm, Swe@®2h30°
corresponds to the mediolateral direction and-90Fcorresponds to the rostrocaudal direction on
the horizontal plane. The level of current and the diameter of the electrode bundle were set to 1 mA
and ~350 pm, respectively, resembling theues that were used in the experiments. Brain images are
displayed in neurological convention (left side of the image corresponds to the left side of the brain).

Figure 26. Main effects of ®DBS in the right EC for all stimulation angles (n = 10). Activation maps
were obtained by the oneay within subjecANOVA model (pU 0.05, FWE corrected). Amg:
amygdala, CP: caudaptamen, DB: diagonal band, DHC: dorsal hippocampus, VHC: ventral
hippacampus, HT: hypothalamus, IL/PL: infralimbic/prelimbic cortices, Ins: insula, LS: lateral
septum, MS: medial septumdA: nucleus accumbens, Pir: piriform cortex, PrC: perirhinal cortex, SN:
substantia nigra, Sub: subiculum, VP: ventral pallidum. Cororéh limages are displayed in
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neurological convention (left corresponds to the left side of the brain). Stimulation angles are shown
on top. The stimulation frequency was 20 Hz.............ccccouiiiiieeen s ee e e 53
Figure 27. ROanalyses of O®BS in the right EC (n = 10). The locations of the primary ROls are shown
on T2weighted MRI images (a). Average beta values are shown for the ROI in the subiculum, Sub
(b); dorsal hippocampus, DHC (c); ventral hippocampus (VHC) (d);peair cortex, PrC (e);
amygdala, Amg (f); piriform cortex, Pir (g); and insula, Ins (h). The blue line and green area represent
the mean value and standard deviation among rats, respectively. * p < 0.05, corrected (linear mixed
model comparisons w805 adjusted for Bonferroni multiple comparisons correction). Coronal brain
images are displayed in neurological convention (left corresponds to the left side of the brain). The
Stimulation freqUENCY WaS 20 HzZ...........uuiiiiiiiiiieiieeeiiie e e e s ereere e e e e ereeeaaaaea e e s e smnmrees 54
Figure 28. Main effects of OBBS in the MSN for all stimulation angles (h = 8). Maps were obtained by
the oneway within subject ANOVA model (p < 0.05, FWE corrected). Stimulation angles are
indicated on the top. Amg: amygdala, DB: diagbiband, DHC: dorsal hippocampus, VHC: ventral
hippocampus, LH: lateral hypothalamus, IL/PL: infralimbic/prelimbic cortices, LS: lateral septum,
MM: mammillary bodies; MS: medial septum, NA: nucleus accumbens, SN: substantia nigra, Sub:
subiculum, SuM: sumamillary nuclei, VP: ventral pallidum, VT: ventral tegmental area, IP:
interpeduncular nucleus. Coronal brain images are displayed in neurological convention (left
corresponds to the left side of the brain). Stimulation angles are shown on top. &iimfudauency
1T {1 2T PERRP SR 56
Figure 29. ROI analyses of @3BS in the MSN (n = 8). The locations of the primary ROIs are shown on
T2-weighted MRI images (a). Average beta values are showhddrOl in the subiculum, Sub (b);
dorsal hippocampus, DHC (c); ventral hippocampus, VHC (d); interpeduncular nucleus, IP (e);
supramamillary nuclei, SuM (f); mammillary bodies, MM (g); and lateral hypothalamus, LH (h). The
blue line and green area repnaisihe mean value and standard deviation among rats, respectively.
None of the angles reached * p < 0.05, corrected (linear mixed model comparisédSadjusted
for Bonferroni multiple comparisons correction). Coronal brain images are displayedatogéeal
convention (left corresponds to the left side of the brain). Stimulation frequency was .130.H57
Figure 30. Histology and diffusion MRI tractography evaluations of EC and MSN. @ljrivitaining of
EC in anatomical horizontal sections corresponding to axial view in MRI. Estimated DV coordinates
are displayed on top of each section. Red arrow indicates ordering from deeper to more superficial
horizontal sections. b) Directieencodectolor tractograms which correspond to the sections shown
in a. The yellow circles indicate the location and extent of tbiea®inel electrode implanted in each
animal, indicated by different numbers. ¢) Myelin staining of the MSN in coronal view; d)
correponding filtered directiorencoded color tractogram in coronal view; and e) tractogram in axial
view. The yellow points in ¢ and d, and the circles in e, indicate the center of the tips in coronal view,
and the extent of the implanted electrodes in ax@dyrespectively. Color coding: red, dorsoventral;
blue, rostrocaudal; green mediolateral...............cooiiiiiiieer i 58
Figure 31. Schematic of the repeating part of the aLL pulse sequence with Bloch simulaticusvgsy
and described by Eqg. 6.1.6 (black line) evolutions of longitudinal magnetization. During the signal
evolutions, the segmented (hsumber of segments) acquisitionreimage volumes (frames) (green
bars) are applied. The MP modules, consistintyvof AFP pulses, are applied everMB-SWIFT
readout. During each frame consistinghpfeadouts, a total of one or more MP modules could be
applied withn U n,. TR is the repetition time between MBNIFT readouts; TMP is the duration of
MP module;ns is the number of segments with different groups of readouts in the frames representing
the full set ofns image volumes. The presented MBVIFT uses a chirp pulse with 4 gaps exciting
spins byd flip angle.Ms is the magnetization being recovered aftgime. Mssis the steadytate
MAGNELIZATION. . ....eeeeii ettt e ettt e e e e s s bbbt e e e s s sneesnbbeeeeeessnbbreeeeessnnnenssd 65
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Figure 32.T1; (top row) andT; (bottom row) values calculated from the fitting of simulated data during the
aLL sequence as a function of eation flip angles (A)T4/T1(B) andTiz Twe (C), assuming 0.5%
noise,Tiz = 45ms andTl; = 1.8s. Refer to the Simulation section for details...................oooooeei 71

Figure 33.T1; (top row) andT; (bottom row values calculated from the fitting of simulated data during the
aLL sequence as a function of the number of frames (A), the number of readouts in each frame (B)
and the number of readouts between MP module (C), assuming 0.5%Taoisé5ms andl = 1.8 s.
Refer to the Simulation section for details.............coooiiiiiieeeii e 72

Figure 34. The bias of calculat@g, andT: values in case of simulated constant flip arfgle 4} and
varied an expected flip angle) during fitting, assuming 0.5% noisEy; = 45ms andl,= 1.8 s.

Refer to the Simulation section for details.............coooiiiiiieeeiie e 73

Figure 35. The 30 seconds MBNIFT image (A)B: (B) andT: (C) maps of 8.5-minute experiment with
the aLL sequence collected on a spherical MnCl/saline phantom located on the top of the surface RF
coil. TheB; map (B) is presented as a ratio of measured and sated flip dftffleBhe (D-F)
represent respective profiles &-C) along the white lines............cccccoiiiieeci 74

Figure 36. Magnetization evolution during the aLL experiment. For each framdntanrdMpintensities
were averaged in the ROI of HC (A) and similarly the eadfiMn(i) T Mg(i) where replotted with
time in logarithmic scale (B) from one representative study at 9.4T..........cccceeeevevveeeeeeeeeeeeenn 5

Figure 37. Parametric maps of the rat brain, namely Mss, MO, and Teff caldutateHqs. 6.1.6. Results
are shown either before (A, B and C) or after (D, E and F) removing the correlated noise. The std
calculated within the HC (indicated by white dotted lines) for (C) and (F), respectively equal to
0.0193 and 0.0168. The scales adsvand MO are presented in relative units...............cccvveeeeee. 76

Figure 38.T1 (A), T1z (B), andT: (C) maps of the rat brain measured with the aLL method, and
comparisons witfif; map collected without MP modules (D) afid map collected with SS method
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Figure 39. ManTyz values collected with the SS (black boxes) and aLL (blue boxes) methods in ROIs. The
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Figure 40. Relaxation rate constant;Hnd 171, as a function of GdDTPA concentration in 5% agar.

The solid bars represent the spatialasttbss the phantarithe 1T, was measured with aLL method
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1. INTRODUCTI ON

Thisthesisaimsto develop and implement MRI and neuromodulation techniques relevant
to applications irbrain and spinal cordeuological diseased.he firstchaptenntroduces
thescope and benefits of timeuromodulation techniquilized in thisstudyfor multiple
applicationsnamelyOrientationSelective Deep Brain Stimulatig@S-DBS), along with
the alternating LookiLocker (aLL) MRI method developed and implemented in vivo for
probing tissue integrity withotating frame relaxatiometrics

Chapter2 provides technical detailsf the variousmethodologes used in this study.
The first sectiondescriles SWIFT and MB-SWIFT. MB-SWIFT was developed from
SWIFT and used aareadout formappingfMRI responses during neuromodulatismd
mapping rotating frame relaxationsingthe aLL method.The following sectiongocus
on thephysics of rotating frame relaxation metrics includaatiabaticTi; and Relaxation
Along a Fictitious FieldRAFF). The indepth review of the OSS methodology is given in
the following sections, followed by a description of fNRI analysisusedin this study.
The use ofEchoPlanar ImagingdEPI) and MB-SWIFT as tod for fMRI detectionare
also reviewed, along witthe SteadyState method uskehereas a reference to compare
with theproposed aLL methodheequipment is finally deeribed at the end @hapter2,
while studyspecific details are provided in other seetio

The following chapters are organized around the main studies conduttiesthesis
Chapter 3 briefly reiterates the general ai@bapter 4 details th@rientation selective
epidural spinal cord stimulatiofOS-ESCS) study, Chapter 5describes G-DBS
applications, ancChapter6 presents the newly developatlL method.The imitations,

futureprospecs, and conclusiosof the studiesire discussed in the final chapters

1.1 OSDBS: utility for AD

AD pathophysiologyinvolves a plethora of structuraha@ functional abnormalitieg
multiple brain structures and related circuitfhese AD abnormalitiesinclude
neurodegeneration of the hippocampal formation, a critical hub responsible for memory

and executive functiofi]. At presentmuch progress has been made in documenting the
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hall mar ks of t he diha eadstce hppocampudrdpbyplbsy sfi ol o g )
memory, and loss of executive function with the disea$awever, it still remairs
insufficiently characterizedwing to thelack of invivo markers sensitive to the process of
neurodegeneration. Such gaps in knowledge present a greangeatbor 1) identifying

patients in the early stages of the disease and 2) optimizing and monitoring novel
interventions with the potential to stop or even reverse the course of the disease by inducing
neurogenesis in the hippocampus.

DBS is increasinglydemonstratingts utility for AD [2-4]. Several promising DBS
targets such ashe fornix [5], nucleus basalis of Meynert (NBNH], anterior nucleus of
the thalamug¢7], entorhinal cortex (ECJ)8], and medial septal nucleus (MS[9], have
beenproposedo improvecognitive functionsin particular, DBS of the E(10] and MSN
[9] induces neurogenesis by promoting neural stem proliferation in the dentaté$jus
subgranular zone of th@ppocampus (HC)On the one handhe EC provides the major
cortical input to the HC, and transgenic mice in which these inputs are inhibited display
impaired temporal association memgt§]. After DBS of the EC, new cells integrate into
the neural circuitry of th®G andsurvivefor a considerable periodBS canpromoge
neurogenesis, differentambeural stem cellinto mature dentate granule celisd enhance
spatial memory10].

On the other hand, MSN acts as ainthepac e ma
hippocampis[12-14], and its stimulation prior to a spatial working memory task has been
shown to enhance hippocampal theta activity and improve spatial working mgifapry
In brain slices, a cholinergic agonist amplifies the theta rhythm and increases the sensitivity
of HC synapses to loAgrm potentiation or depressifi6]. Thus, MSN stimulation may
improve memory encoding by strengthening the theta rhybdymaugmenting the
cholinergic input to the HC. Moreover,amAD mouse model, optogenetic stimulation of
medial septal grvalbumin neurons restarénippocampal gamma oscillatigndespite
significant plaque depositigil7]. BeyondAD, MSN stimulation caralsobe a valuable
Apr oxy i n[L8 forwe@lepsybecansastructures such as the hippocampus and
entorhinal cortex are often involved in the disease. Both optogenetic and electrical

stimulation of the MSN Mmindeed been shown to reduce seizures in HC and rescue
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memory function in efeptic rats[18-20]. Thus, DBS of the MSNshowsgreat promise
for translation in patients with temporal lobe epilepsy who have memory deficits.

Our group pioneeredan OS strategyfor electrical DBSto enhancethe spatial
selectivity of neuronal modulatioithis technique waantitledOrientationrrSelectiveDeep
Brain Stimulation,OS-DBS [21]. This strategytilizesmultiple contacts with independent
current sources in a mukilectrode arrayvhenthe electric field can be oriented any
desired direction in space, thereby preferentially activating axons parallel to the spatial
gradient of the electric field’he OS-DBS technique has been successfully used in rodents
with a planar threehannel electrode tachievein-plane reorientidon of the primary
direction of the electrical fiefdl s g rirastimulatiort sitesncludingthe corpus callosum
(co) [21], andthe infralimbic cortex (IL)22].

The primary focusof the DBSstudes conducted for this PB. thesis was taexploit
the unique capabilitieef OSDBS especiallyin EC andMSN. OSDBS with a three
channel electrode was utilizéalstimulae the rat EC and MSkb modulatahe activation
of brain networks connected to stimulation sifsnulationeffeds were monitoredsing
whole brain fMRI with MBSWIFT. Such imaging modality operates with virtually no
echo time andarge bandwidth EW), thus minimizing artefacts fromthe implanted
electrodes and motid3, 24. The effecs of OSDBS on fMRI maps wreevaluatecht
the individual subjectlevel and atthe group level. Moreover, region of interest (ROI)
analysiswas performed to quantifithe fMRI activation strength in downstream areas
critical to AD and connectito the targetdn addition,two otherstudes about OSDBS
in STN and OSESCS are also exploited to shdle main principle advantageand
feasibility ofthe OSstrategy.

1.2 A novel methodfor the simultaneous rotating frame and free precession
T1 determination

The secongrimary focusof this PhD. thesis wa to developa novel MRI methodfor
detectingMRI biomarkers based on rotating frame MRI methods tailored to r¢heal
neurodegenerate processes critical tAD. The rationale rests with the kmledge that,

contrary to standard frgarecession MRI metrics, rotating frame MRI metrics during
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frequency swept (FS) pulses operating in both adiabatic anddiabatic regimes are
inherently sensitive to slow motion components of the spectral densdydn Therefore,
the most relevantor characterimg multiple biological processes at the molecular and
cellular levels in tissuge That adiabaticTyz; provides unique insights into multiple brain
disorders, such as PD[25-28], multiple sclerosi§29, 30} stroke[31], and in monitoring
cell death in aat glioma gene therapy mod8&PR]. In particular, adiabati€y is sensitive
to neural degeneration, as demonstrated in the aphakia mouse model of PD which lacks
dopaminergic neurons in the substantia nigeats compacta[33]. The noradiabatic
method Relaxation Along a Fictitious Field (RAFF) in the rotating frame of rank n (RAFFn)
is inherently sensitive to slow/ultsdow molecular motior{34-39], with RAFF4 and
RAFF5 being highly sensitive to myelj#0], as demonstrated in lysophosphatidylcholine
induced demyelinated lesiofkl-43] and in micewvith mucopolysaccharidosis | exhipig
neurological deficits[44]. Moreover, findings from a cohort of human subjects
demonstrated distinct agelated differences in rotating frame MRI markers in various
brain reggions notcomparedvith other standard MRI metridd45]. Further substantiating
the use of rotating frame biomarkers to obtain an unprecedented characterization of the
brain substrates of aging and their shift inEurodegenerative processes. Finally, when
combined with imaging readouts with virtually zero echo time such asSMWE-T [46,
47], adiabaticT1; and RAFFn are expected to be further sensitizédtpathology arising
from their capability of probing bound spins that are invisible with standard readout
strategie§ 4.8 ]

Theproposed aLL method is based @nombination of two known approachd&he
first is the LookLocker method49, 50] which samples magnetization as it dynamically
changes towards the steastpte, thus accelemag) acquisition especially during usually
time-consuming 3DT1 mapping. The second approach, proposefblj, improves the
quality of mapping due tthe combination of two experiments with positive and negative
initial magnetization Here, wedescribe the aLL method and present the simulated and
experimental data collected at 9.4i5ing MB-SWIFT as a readdu We furthermore
compare results obtained with aLL technique steddystate £ methodin vivorat brain

and GADTPA phantoms used for the relaxivity analysis. In addition, we define an
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experimerdl parameter relatet relaxationTiawh i ch 1 s a Taandhziltsat i on

contrast could be adjusted accordingeégquenc@arametes, which ispotentialy useful in

clinical diagnostis.

2. REVIEW OF METHODOLOGY

2.1 Sweeplmaging with Fourier Transformation (SWIFT)

SWIFT is a novelfast and quiet MRImethod[46]. In SWIFT,the time-domain signals
areacquired in a timsharednanner during swept radiofrequer(&F) excitation.SWIFT
canbe consideredsa combination of three basic MRI techniques: continuous \({@wé
[52], pulsed53, 54] and stochastifs5]. SWIFT employsswept RF excitation as in CW,
anduses pulsed techniques to acquire signals in the time domitirg correlationsimilar
to that ofthe stochastid/RI [46].

The SWIFTschemeadaptedrom referencd46] is shown belowFig. 1) Ty is the
duration of the RF pulssyhichis typically from thefamily of adiabatic hyperbolic secant
pulses (HSn). The pulseconsists ofNswirr segmentseach hawng RF power orfor a
duration(}, following a delay with RF power ofbr the signal acquisitiarData sampling
is performedduringinterval 4 after theRF segmentvith dwell time of samplingqual to:
dw = Ty/Nswirr The excitation and signal acquisiti@ccompanythe magnetic field
gradient. The repetition timER= Ty+tg, tc is thetime necessarjo achievean incremental
change in the orientation of the applied magnetic field gradieming each RF pulse one

radial spoke irk-spaces collected46].
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Figure 1. Adaptedfrom referencd46]. The SWIFT pulse sequence sche(ag and detailed
presentation of the repeat part of the sequérjcand magnified presentation of the pulse segments
(c). Seveal dummy scans with changing view orientatane needed to obtain a steatigte before
starting the acquisitian

Computer simulations based on classical Bloch equations eehMib@ behavior of

spins during SWIFT46]. The fig. 2 adaptedrom referencd46], shows the oscillatory
behaviorof the magnetization components of a given isochrom&iglr?, M ™ presents

the xaxis component ofthe transverse magnetization vector of tisischromat in a
reference frame known as the phamedulated (PM) frams6], which rotates aroundéeh

staticmagnetic field direction (z) with an angular veloaityequal to the center frequency
in the sweep rangavl, ™ is the xaxis component in a frequenayodulated (FMYrame

thatrotates synchronously with the (tirdependent) gise frequency re(t) of the swept
RF pulse[56]. The figure also showthe absalte value of the transverse magnetization
Myy. Thisoscillatory behaviooccursin the rapid passage, linear reg[bii]. The transition
from the adiabatiadegionto the linear region requirdswering the RF amplitude or

increasing the sweep rat@hereas thether pulse parameters remé#ie same
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Figure 2. Adapted fom referencg46]. Results of simulation using the HS8 pulse for frequency
swept excitation. Data shown include the Mx component in the yhadalated and frequency
modulated rotating frames, and thagnitude of a single isochromat.

The HSn pulse=nablesa uniform rotation over a broad band of resonant frequencies.
When the frequency sweep reaches the resonant frequency, the RRstiafdaneously
excites each isochromaln Fig. 2,thevertical doted line denotes the resonance time for
this particular isochromaf small amount of transverse magnetization is produced before
resonance is observetheseoscillations are consequence of frequency modulatand
canbe removed by arosscorrelationmethodidentical to that used to recoviire phase
information in stochastic NMR spectroscdb].

The SVIFT technique hathe nextbeneficial propertiepi6]:

1) it is fast The methodavoids thelelays associated witewindinggradient;

2)thel e c h o TE of BWIET is close taerobecause ofirtually simultaneous
acquisitionand excitaion. Therefore, it is sensitiveor detectingimaging objects with
ultra-shortT2 and less sensitive to efésonance susceptibility artifacts;

3) the used radial acquisitiosinherentlyless sensitive to th@otion artifacts
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4) the RF peakamplitude requirement is much lower relative to regular pulse
excitation;

5) due to sequential excitatipthe stimulated echoes are minimized. Therefore
spoilinggradients an be avoided;

6) due to incremental changes of the gradights sequencis quiet.

However, excitation bandwidth (BW) irSWIFT is limited by the transmit/receive
switching time and RF coil rirdown time[58].

2.2 Multi -Band-SWIFT (MB-SWIFT)

Multi-Band SWIFT (MB-SWIFT) [47] is auseful extensioof SWIFT using excitation
pulsesidebandsThe schematic ifrig. 3, adaptedirom referencg47], depicts a single
projectionblock of the MBSWIFT sequence. Only the gradient orientation changes from
projection to projection. In this exampkechirp pulses usedinstead of HS pulsedlg is

the number of gapgewer gapscompaed with SWIFT can reduce the transmitter duty

cycle, and(§ is the duration othe subpulse. Hered, =t b,, Nosis the oversampling

value equal to the number of samples i

modulation
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Figure 3. Adaptedfrom referencg47]. Schematic of one projectioblock of the MBSWIFT
sequence using a chirp puld = 8, Nos=256,a n d= BW/4.

The gapped excitation creates sidebands with amplitudes given by
A, =sinc(md,),

wherem is the sideband ord¢58]. (} should be chosen &$= 1/(Nby). In this case, the
maximum sidebash order usedis mmax = int(1/(2dc)). The basicconceptof MB-SWIFT
involvesthe use of many sidebands, which distinguishes tggroacHrom conventional
SWIFT, whichusesonly the baseband to excite the figiflview containing the object.
Thus, the excitation profile of MBBWIFT is not continuous but instead consists of
multiple bands (or strips) across the ohjébie resolution of MBSWIFT is determined by
Nos, whichcanbe improvel by increasing the numbef strips per voxel oby increasing
the number of samples per stfife excitation profile of MBSWIFT consistdof multiple
bands across the objec€omparedto SWIFT, MB-SWIFT has higher excitation and
acquisitionBWs, andit canalsoreduce theoff-resonance blurring in radial imaging and

improve the imaging of fast relaxing spingt7]. MB-SWIFT bridges the gap between
9



SWIFT and zero THEZTE) sequencé¢47]. However, MBSWIFT compared wittZ TE
requires smaller RF peak amplitud@kis allowstheapplication of higheflip angles angd
asaresult increased SNR with MBBWIFT atexperiments with high BWwhere ZTE
reacheshelimitation. Theother shorfl> sensitive methodalledultrashort THUTE) [59]
is most efficient fromthe RF excitation point of view, becausieexcites spins without
applingfield gradient and ramping it later for the encoding. However, due teldte/ely
longramping timethis methods less efficient for the high BW experimeimscomparison
to MB-SWIFT or ZTE

As an extension ofMB-SWIFT, everwrecurring SWIFT (EVERSWIFT) was
developed by our grouf0]. This methodcanimage similar repeating events wigh
subsecond temporal resolutioBEVER-SWIFT was used to dtect functional MRI
responses during deep bratimulation of the medial septal nucleus and spontaneous
isofluraneinduced burst suppression in the rat brain at 9.4 T withn20Gemporal
resolution.

A schematicof EVER-SWIFT is shown in Fig4, adapted from referendé0]. The
EVER-SWIFT resampling approa@dssumeshatrepeating eventareapproximately the
sameandthatone full kspace can be filled using spokes from several events. To fill the
entirek-space, the timing of the events must be shifted relativieet@cquisition so that
different portions of thepacearemeasured during each eventilie DBS experiments,
the starts of the stimuli were shiftedrandom ordeby varying amounts of spokes relative
to the first spoke in volumé&VER-SWIFT improves temporal resolutiofioy combining
and resampling data acquired with the 18B/IFT sequence from several repeated events.
The stimulus was repeated 10 tintesachieve 20dms temporal resolution from-2
temporal resolution data with spoke view order rapgagvery 2s (Fig. 4).

10
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Figure 4. Adapted from referend€0]. Schematiaepresentation of the resampling method applied

to a sequence with radialdpace sampling. A part of thesbace is teen for each time point from
different events, resulting in a higher temporal resolution in the combined event. The starts of the
events are shifted so that a different portion -splce is acquired each time (marked with blue

doubleheaded arrows).

2.3Hyperbolic secant pulses othe HSn family

Frequencymodulated pulses of the HSn famdgin achieveiniform rotation over a broad

band of resonance frequenciederen denotes the stretching factés n increass, the

HSn pulse amplitudenodulation (AM)functionbemmes flatter. Forthe HSn pulse, the

time-dependent RF amplitude and angular frequency can be writ{B]gs

w(t) = w1 (1),

where RF driving functioq

f,()=sech{b (2 T, -1)).

(2.3.1)

(2.3.2)

(2.3.3)
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TheHSn pulsesarefrequencymodulated adialier pulses. The RF amplitude of a HSn

pulse can be written §58]:

W)= Wl () = ggsec @ T, 1), (2.3.4)
The peak amplitudes needed for excitation to a flip angle theta usinggHSnN
BW
W—|Sn o lﬁn & - b , 2.3.5
1max q \/; ]Zf \/ﬁ ( )

whereBW= A/ p; R =AT/ [, Ris the timebandwidth producty is the angular carrier

frequency andA is the amplitude of the frequency modulation. The pulse phase can be

written as
FO) =1 w()- o . (2.3.6)

Overall, e FM pulse is described dlows:
x(t) =w (e .

(2.3.7)

2 4 Adiabatic rotating frame relaxations Tz

Tz is the relaxatiortime of magnetizatioralongthelongitudinal axis otherotating frame
in presencef the RF field. The ContinuousWave Spin-Lock [61] or adiabatic RF pulse
[56] could be usedsanRF fieldto measurdz.

Fig.5 (adaptedrom referencg62]) shows thdRF(t) in the frequencymodulated (FM)
frame[62] with axis labeled X Yy, Z". ¥ef (t) is timedependent during the adiabatic pulse,
Tyz is time-dependent ani a function of the pulse modulation functions,(t) and¥rr
(t). When the adiabatic condition is well satisfiedthe FM framex¥ e nearly remains
perpendicular to thenagnetization componeint the transverse plar{€ig. 5).
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Figure 5. Adaptedfrom referencd62]. The effect of an adiabatity pulse on a magnetization
vectorwasdenoted by X y’, z'. During adiabatic rotation, the magnetizationnhdintainecthe
orientation ofthesecond rotating frame denoted By,% ,Z .

The Ty valuesare inherently sensitivi® correlation times of madn 7, in the range

of 10% 1 10*s [63] for waterprotein interations, and are thus expected to be idieal
probingtissue integrity64, 65] Ti1z wasin fact shown to ba potential indicator of neuron
loss or other disordef62, 66]

During an adiabatic pulse, the magnitude and orientatione@fin the frequency

modulated rotating frame continuousigry [56, 67] TheYe#t changes its orientation in

the laboratory frame at the instantaneous angular velotity, d t , wi t h:
LA
a=tan'pz—=~ |, 24.1
Tow @41

whereDw =i - (t) and¥ois the Larmor frequency. The effective frequency is

Wy =\ W + D, (24.2)

and the timedependent precession angle is
t
f(t)zﬁ w()d . (24.3

2.5 Ty relaxation mechanism

Therelationrate constanis the inverse of theelaxation time constanie. R, =1/T,,.

Spirs in the presencef an RF field relax according tanultiple relaxation channels

includingdipole-dipole interactios, chemical exchange processes, and scalar coypBhg
13



among otherdn addition,Tiz relaxationin tissue isusuallymost properly described lay
bi-exponentiafunction reflecting dawo-siteexchanging system, leading tslortT.z; and
long Tz componenf 4 8 -7 Q f &e brain, theshort T1; component could be associated
with restricted water protons within myelin sheets and axons with bound, wéiiés the

long T1z component is attributeid free or loosely bound water.

25.1 Ty, induced by dipoledipole interaction

For dipoledipole interactionconsideringa system of two equivalent nuclei of spin and
gyromagnetic ratigd in a single site, the rotating frame transverse and longitudinal
relaxation rate constant contribution from the dipolar fluctuations can be given by a simple,
isolated twespindipole-dipole interactiorj62]:

1 €3sifag)cod a()  3sih a() 2 3sh @) 8 6sin t4 (25.1)
10,6 1w 0F 1+ @0x 1u@t 14w

Here 1/k,, =21 (I Ay’g’r ° {, wherer is the internuclear distancg,is Planck s

R, g =

constantand is the correlation time for tumbliripe vector.

For the dipole-dipole interaction, Figé (a,b) adaptedrom referencg62] shows the
theoretical predictionfoR2; 4¢ during HS1 and HS4 pulses as a functionsefand time
during the pulsesFig. 6 (a,b) shows the Riz, ¢a during the HS1 and HS4 with= 1.58 A.

Rz, dd reactes themaximumin the middle of the pulses.
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Figure 6. Adaptedfrom referencg62]. Calculatedongitudinal relaxation rate constams, q (t)
due to dipolar interactions between identical sglngeng the HS1d) and HS4 If) pulses as a
function of rotational correlation time& and time during the pulse t. For the calculations
¥v1"2" =25 kHz was used

2.5.2 Exchangelnduced Ty during adiabatic rotation

For afast exchange, we consi@éithe situation of a twite chemical exchange process
betweersitesA and B The exchandganducedRiz, ext) during adiabatic rotation follows
from the relaxation functions obtained[®7]:

— 11n2 tex
R.Lr ex I:)AF)BOI ﬁBIn m . (252)

eff “ex

Here,¥1is the RF field amplitudegk is the difference between tiRé= field angular
frequency and the exchangeeraged resonanddy is the correlation time for exchange,
and Pa and Pg are the normalized equilibrium mole fractionstleé spins atthe unique
magnetic sites A and B, respectiveljhe change ofransverse relaxation rate constants

Riz with the timet andWy is shown belowadaptedrom referencg62].
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Figure7. Adaptedfrom referencd62]. Calcdated longitudinakexchange inducecklaxation rate
constantRy;, ex (t) during the HS14) and HS4 ) pulses as a function of rotational correlation
timestexand time during the puldeFor the calculationsrimad{ 2 "2.5 kHz was used.

Two HSn AFPpulse familymemberswere usedas shown in Figs and7. The
McConnell relationship i®a ka = Ps ks. In the fastexchangdimit (FXL), relaxation has

a singlevalued rate constant
R,"=RRA() B Rg(). (25.3)
At the other extremgthe slowexchangdimit, apparent rotating frame relaxation rate
constantR,,'= R A() +k; R,;'= R z() +. Thesetwo sitesmay be considered

macromoleculanteracting water and bullkke water.

2.5.3 Example of Tiz mapping in humans

With the goal of providing the reader with insights ifitg applications in humans, we
describe here the results obtainedeferencg66] asshown in Fig8. The Ti; values
were estimated by fitting the initial portions of the individual pixel signal intensity decays
to moneexponential funtons. The differences in the twia;” (apparently; affected by

the exchangemaps indicaté changes due to the different AFP pulse modulation functions
used and represesat contrast generated almost exclusively By~ relaxation. The

asymptoticTiz~ relaxation time constant differencese seen in Fig.8d relaxograms
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generated from the same ROI in the two m&akal spaces containing cerebrospinal fluid
(CSF) exhibit largeiT1z” values, manifestg the adiabaticl1;” sensitivityto a range of

motional correlation times.

a T, w - Image b T\, —map, (HS1),,-90°

e T’,,—map, (1S4),-90° d
1200 (HS4), 900
<= 1000 1
Z
- S 300 -
" 1=}
b 30 £ w0 (HS1),,-90°
. ' E 400
i -
\ PSS Z o0
- 03
0 100 200 300 400 500
T, (ms)

Figure 8. Adaptedfrom referencd66]. (a) A T--weighted brain coronal image slice in the visual
cortex V1wasshown for one subjecTR= 4 s). The green border circumscdlibe ROI yielding
the asymptotidy, maps measured with the (b) (HS1d®°and (c) (HS4)m90°pulse sequences
using spiral imaging readout and displayed on the same color scale. (d) The asymptotic
relaxograms from this RQtereplotted as red (HS1) and black (HS4) distributions.

The adiabaticTyz relaxation contrast detected vivo from referencg66] reflects
brain-water molecular interactionthat are characterized by differentalues of U
corresponding to differenaqueous environmentsuch as hydrated myelin shget
cytoplasm, or CSF. The type of tissugZHNMR relaxation measured hemgsasprimarily
from dipolar interactions modulated bgmplexmechanismsgncludingequilibrium water
exchange and magnetic interactions between the protons of different environments.

Fig. 9is adapted fromeferencd66] andillustrates the sensitivity othe adiabatid
valueto the state of molecular motiomhe @lculationswere performed using simple
description of an isolated pair of identical spifts €xample those of water) undergoing

dipolar interactionThe figures show a greater general prolongatiomRaf 4¢ during the
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HS4 pulse (Fig9b) comparedwvith the HS1 pulse (FigRa). These plots can bmnsidered

to simultaneouslylescribehe relaxation behaviors of two different populations (A and B)
during adiabatic pulse modulaticagsumingdda is on theorder of ns antlls ison the order

of ps TheRyz, 44(t) of site A (modelingvaterinteractingmacromoleculgdepends on the
pulse modulation furions, while theRyz, 4q (t) of site B does not. The latter (site B)
tumbling spinsrapidly, with a short correlation time,and can beconsidered to be

characteristic ofelatively free tissue water molecules.

Fig. 9cshowsthatthe shuttespeedT,, * = ‘ R. -R B‘ varied significantlyduring the

AFP pulse. Its timeoursesvereplotted for two contigaus HS1 and two contiguous HS4
pulses {Ja andUs were taken as 2.5 ns and 10 ps, respectivelg@atthe a maximum of
almost 45 3 at the midpoints of either the HS1 or HS4 pulse traifisehorizontal dashed
line for k = 15 st is plotted in Fig.9c. SinceTi; ! remairs elevated for anuch larger
fraction of the HS4 pulse (and abdethe exchanges slower using the HS4 pulse train
than the HS1 trairwhich explairs why HS4 shows adifferert relaxogranfrom HS1 in the
brain data in Fig8d.
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Figure 9. Adaptal from reference[66]. The calculated variations of the intrimdongitudinal
rotating frame relaxation rate constant,Rld during the HS1 pulse (a) and HS4 pulsewje
plotted as functions of the logarithm of the spin pair dipole rotational correlatiorldiiacethe
W values range over three orders adgnitude, those >10 s were chosen teharacterize site A
(water interacting with a macromolecule) and thok@'! s to characterize site B (bulike water).
The sitesverenot in equilibrium exchange. The equations and parametersveselisted in Table
lin the referencf66]. (c) Thetime courses of the shettspeed 1,2, for two contiguous HS1 and
two contiguous HS4 AFP pulsegreshown (a = rs =1.58A, Ua andUs were taken as 2:610°
and10'!s, respectively). A horizontal dashed line also indicates the valué)bbarate constant
maintaine during an isothermal data acquisition

2.6 Relaxation Along aFictitious Field (RAFF)

RelaxationAlong aFictitious Field (RAFF)is a methodntroduced by our laboratory
for measuringotating frame relaxati@in rotating frames of rank =@r higher[ 4 8 ,
andfor generating noinvasivecontrastin MRI. This techniqueutilizes amplitude and

frequencymodulation undenon-adiabatic conditios
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Underthe adiabatic conditiony fd U /| Ld Bes;, the trajectory of the net magnetization
(M) can be approximately described as a simple nutation dha(t} with the angular
velocity ¥er(t) =0 B(t). In thenonadiabatic condition, however, the rapid sweepeaft)
results in a an-negligible fictitious field vector irnyes-frame(doubleprimed axis labels,
xnj, yTnh,i sznf)rame i s sometimes referred to as
frequencyaer = ¥o1 ¥rraround the axis of the laboratory frame and simultandgus
with freqguency-adsOfthgstrframeound t he yNj
In the 2" rotating frame, th@"? effective field¥ye® and he angle betweeng®? and

¥ eff (ZN) Blje:

%m=J@MDZ%$¥QE, (2.6.1)

da®(t)/ dt
nH———————.

anda'® =arcta (2.6.2)
W (1)

To obtaina stationary angl&f = Uof any arbitrary value, we defif@?2] :
w® = Wsin( P*tan( E, (26.3)
DwV= W cos( ™ tan( . (2.6.4)

Thus the phase modulation is:

t
. 1 .
t) = Dut)dt' = sin| 7 tan( ¥. 26.5

/O=FiDg)d = ( # tan( B (26.5)

The RF pulse amplitude¥(:(t)) and phaseli(t)) modulation functions corresponding
to Uare shown below

€ =45° € =82°

”»
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Figure 10. RF pulse amplituder((t)) and phaseii(t)) modulation functions correspondingle

5°(A), U= 45°(B), U= 82°(C) with the refocusing scheme during RAFRNnd planes of
magnetization rotation for initial magnetization alomg tM (t=0)=[001])( DT F) ar e show
Notethatthe scales of 1(t) and(i(t) are equally scaled for separéte

When the spin rotation is characterizedrbtational correlation timesn the order
of pgns the Redfield relaxation theory (or fast motion limifpr spin dynamical
perturbation treatmeig applicablebecause the corresponding relaxation rate constants are
larger than the NMR anisotropies (in frequency units) modulated by rotational rf¢8jon
[74]. The invarianttrajectorymethodintroduced by Griesinger and Erifigs] wasused to
calculate the relaxation rate constant in the presence of RF irradiatiapitf-tke dipolar

autorelaxations, lie effective relaxation rate const&t is given by[72]:

P 2 2 i P
R“_@T—pm(nvL +M,?) dt ﬁ?poﬁ\/g d BRG R, (26.6)
and

_3 4 1 t
Rl_lobzgiwf W “1 +4 2w (26.)
R = g+ 4L (2.6.8)

20 ¢ C Ll 1+t w
whereR; andR: are the free precession longitudinal and transverse relaxation rate
constants respectivel{Zjong andCy represent their relative weights and the integration is

overTppulse durationl is the rotational correlation time and is the Larmor precession
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frequencyb = -g0 9% (r#,s0=4 'x107H/m is the vacuum permeability. is the
internuclear distance in metefhe dipolar interaction theory used in teiadyis an over
simplification. Simulations of the twesite exchangewere performedwith T: andT>
calculated usingg = 2 x 10 12 s for both site#\ andB. The weighted average depends on
the trajectory of the normalized magnetization veaod Rkarr could beobtainedfrom

thefollowing equations[72]

ox —ppbdﬁyfl 27 (M2 +M ) dt (26.9)
AFF a %ira X y !
M, (t) =cosa ¢)sing sif (D)) +sin #§)cds , a+sin, &ps.t @, (26.10
M, (t) =sina, cos g( 1- cob wm(t)), (2.6.11)
a(t)=tan g Wt , (2.6.12

WE:(1/1+ tarf a;) W (26.13

The smulated relaxation rate constants duelifmlar interaction$Rrarr,d9 andthe
simulated exchangaduced relaxation rate constantBrArre) between spins with
differentchemical shiftsas functions ofland exchangeorrelation times(@,) are shown
below(Fig. 11-12 adaptedrom referencd72]). ThehighestRrarr 44 Values were observed
for anglesUranging between 50°and 60andRrarr exattairedits maximumvalueat U=
56°?

22


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dipolar-interaction
https://www.sciencedirect.com/topics/medicine-and-dentistry/proton-nuclear-magnetic-resonance

Rearr,ad [S7]

8
45 p

°°/°/ 25

540" IG\S\

Figure 11. Adapted from reference[72]. Simulated redxation rate constants due dipolar
interactiongRrarr.a between two identical spins as a function of atiglad correlation timéj.
For the simulationsk®.,= 0, U=2x 1012s was assumed for both sitt@andB. ¥ 1mal 2=

625Hz

Figure 12. Adaptedfrom referencd72]. Simulated exchangeduced relaxation rate constants
(Rrarr.ey between spins with differeshemical shiftdasafunction ofUand exchangeorrelation

times (J). For sitesA andB, §=2x 10%?s was assumed. Othassumptions: difference in
chemical shiftsiry = 0.85ppm;Pa = Pg = 0.5;¥1™2" = 625Hz

In Fig. 13AT C adaptedirom referencd72], a representative examplerafman brain
relaxation mapping with RAFF from one healthy subject atsgfesented along with the
anatomical image in Figl3D. The rate constants measured with RARraAEF) are

significantly dependent dias can be seen in FitBE. Here, a superior differenceRaarr,
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greater than double, between measurements with RAFF at 56°and 74°was detected. The
differences inthe tissueRrarr VvV al ues obtained withwesemall F
significantlylargerthan those inhe CSF, suggesting good sensitivity of RAFF to slow

dynamics in tissued.o create rotary echoes, four pulse elements were assembled into a P
packet according to the schemé #° PY[76].

30 40 50 60 70 80

£[°]

Figure 13. Adaptedfrom reference[72]. Maps of the relaxation rate constant RRAFF obtained

from the human brain of one representative volunteer at 4 T when using sine/cosine pulses with

di fferent U angles: (A) 28A, (B) 56A and (C)
multi-subject averaged relaxation rate constants (E) from regions of interest (red and green in D
represent gray matter and CSF, respectively), plotted as tiofurné U Datawere presented as

mean N SD (n = 5 for athehumbendjdtudissned)cept U = 45A

2.7 0S-DBS

Deep brain stimulatiomvolvesthe implanttion of electrodesnto a specific targetand
sending electrical pulses fdiseas treatment. DBS has been ugedreatmany diseases

such as tremgyPD, dystonia, Obsessiveompulsive disordeand epilepsyAlthough the
therapeutic mechanisms of DBS remain uncl@di, it hasproven to be an effective
therapy formany neurological and neuropsychiatric disordeffie DBS of neurors
depends on several factors, including distance from the electrode, fiber type, and fiber
orientation. Usually, the strtureclose tahe target could also be simulatedme ofwhich

could induce side effest Several attemptshave been madeo improve the spatial
24



selectivity of neuronal modulationsing DBS including the utilization of high-field
imaging to localize tarde[78] andnovel lead desig79, 80]

Recently, a noveDSstrategy for DBSOS-DBS, has beemtroduced?21]. Usingthis
concept, the spatial gradient thfe electric field can be orieatl in the desiredspatial
orientation using multiple contacts with independent current sourbeswas achieved
using variable sets of amplitudes and a multichannel electrode configuitsiccould
controlthe direction othe electric field irthe plane suchthat thespatial gradient of the
electric fieldwasparallel tothe axonal tractsStimulation of varioustructuresaround the
treatment areaould induce side effects

This strategy was first demonstrated by stimulatingtj21] and then further applied
to theIL (atarget for major depressiof2] in healthy rats. Thetimulationselectivity
was monitoredisingfunctional magneticesonance imaging (fMRI). OBBS is based on
thefact that axons are the most sensitigeetectric stimulation when the spatgrhadient
of the electric field is parallel to the axons

The activating functioi81] :

For Dx - 0, S=°\,/ %, (2.7.)

where Dxis the length othe segments ofhe axon the Veis the potential field at the
location

According tofunction (2.7 1), the excitability of axons is determined by the gradient
of the extracellular electric fieldlherefore, orientation selective stimulation of axonal
populations can be achievbyg controlling the orientation of the electric field

For directional stimulation, the relative current amplitudesof the three channels
were chosen based aosinefunctions with phase offsets of 12@% shown in Figl4
adaptedrom referencd21].

I, =1,c0sq
|, =1,cos@g +120 (2.72)
l,=1,cos@ -120 |
wherelp wasthe stimulation current amplitude and theta governs the stimulation angle
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Figure 14. Adapted from reference[21]. Rotating ad directionally selective electric field
generated using a tripolar electrode configuratidme electric field rotatiorcould be produced
using sinusoid waveforms (A), or the electric fieluld be fixed by selecin individual pulse
amplitudes for eacthannelB). The induced electric field potentials and the electric field gradients
parallel and perpendicul&s the electric dipole fieldvereshown in (C)(E).

2.8 Group analysis

To analgethe fMRI resuls of OSDBS andOS-ESCS, agroup analysis wagerformedto
study the influencef stimulation angles on brain activation patterns

ThefMRI group analysisnakes two assumptioriSirst, the data from each subjece
condensed into a single number per vogskuming thathe within-subject variance fo
the effect of interest is the same across all subjects or is negligible relative to the cross
subject varianceSecond, itvas assumed that all data valuesredrawn from the same
Gaussian distribution with no outlier&roup analygs of fMRI datasetsare typically
performed atwo levels. Att he first | evel wasaayzdd in@tinej ect 0
series regression model to provide a measure of the effect of interest (linear combination
of regression coefficientdpr each voxel At the second leal, the effect estimates of
interest at each voxel the standard spacserecombined across subjects usigalysis
of VarianclANOVA), Analysis of CovariancBANCOVA), multiple regression, or linear
mixed-effects modelsGroupinferencesveremadebasel on a general clainregardinga
hypotheical population from which the sampled subjects were recr{@&2[d Herea one
way within-subject ANDVA model was applied to estimate the simulation anglthef
OSS effect of fMRJ which is also known as singlefactor ANOVA with only one

independent variable (factor) with two or more levels.
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29 EPI and MB-SWIFT for fMRI
29.1EPI

The EPI sequenceand sequence variants form the basis of functional MR imaging.
One 90° RF flip was applied, and all {space linesvere acquired in a single shothe
alternating frequencgncoding gradient sweeps the location isplace from side to side.

For optimal cotrast based on the blood oxygenation lelegpendece (BOLD), the echo

time (TE) of the EPI sequence usually eguhe transverse relaxation time. With these
relatively large TE valuesEPI techniques are strongly affected by the large magnetic
susceptility difference between the metallic components of the DBS leads and the tissue
whichresults inlarge image artifacfsnaking it impossible to detedirain activity neathe
electroeks. This study appliethe EPI sequende OS-ESCS to detect fMRI sigrain the

brain as theslectrode was in the spinal corwt in the brain.

29.2 MB-SWIFT for fMRI

MB-SWIFT fMRI is a powerful imaging modality fatudyingfunctional responses
during DBS.Unlike conventional EPI pulse sequences optimized for fMRI; SABIFT is
insensitive toT>*-decay in the timescale regime of BOLD contrdisthas nearly zero
acquisitiondecay and high bandwidth, thus is insensitive to susceptibility arte$acits
could detectall activatiors in close proximity tothe DBS lead,sometling thatis not
possible to achieve with conventional gradient echo and spin-estim planar imaging
fMRI techniqueg23], the results from referen23] are shown belo (Fig. 15)
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Figure 15. Adaptedfrom referencg23]. The functional response of the rat brain to DBS of the
ventral posteromedial nucleus at different rostealdal slice locations fowb different functional
acquisition sequence$A) High resolution anatomical FSE images of the stimulated region;
activation maps in color obtained with (B) MBNIFT (flip angle 6) overlaid on MBSWIFT
images, and (C) SEPI The white arrow points on ¢hartefact due to the implanted electrode (A
C); the black arrow and white asterisk in (C) point a signalyplartefact near the electrode and
magnetic susceptibility artefact due to the tissue/air inteffé@le respectively. MRI scans were
conducted with a 9:& 31-cm horizontalbore magnet equipped witin Agilent DirecDRIVE
console (Palo Alto, CA, USA) using a quadrature RF coil designed for full rat brain caverage

As shown inFig. 15, the functional resptse of the rat brain to DBS of the ventral
posteromedial nucleus at different rostralidal slice locations for two different functional
acquisition sequences|B-SWIFT and SEEPIfMRI activatiors, wassimilar, exhibiting
ipsilateral and contralateral acition of the somatosensory cort€&ompared to SEP],
MB-SWIFT significantly improvedthe image qualityclose tothat of the implanted
electrode(Fig. 15). In contrast SEEEPI showed pileup artefacts next to the electrode or
signal loss neaheair/tissue interfaces

fMRI data withoutsusceptibility artifact can be obtainedn the presence of the
implanted electrodes for DB&ing MB-SWIFT. Activation depenslontheflip angle[23].
Theincreasen activationdetected wittalarger flip angle of MBSWIFT is dominated by
the increased: contrast between blood and tis$R8]. fMRI contrast detectedsingMB-
SWIFTis mainly derived from blood floy23]. Evidenceof the contribution of blood flow

was demonstratad anadditional study utilizing saturation bands in the caudal area of the
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brainto inhibitthe contribution of inflowing bloodvhich couldargely suppress functional
contrast.Using MB-SWIFT asatool to detecfMRI responss, it could be monitored in
close proximity to the implanted lea@wing to its immunity to susceptibility and motion
artifacts, he described strategy may represent an additional step toward anatep
fMRI during DBS implantation in humans ahature MRI studies of awake animals

Our grouphas also showthe feasibility ofMB-SWIFT usingEEGfMRI, and awake
fMRI studies inrodents[24]. The minimal gradnt steps of MBESWIFT induced
significantly lower currents in simultaneous electrophysiological recordingsiritaRl,
and there were no electredeuced distortions itheMB-SWIFT imagesln contrastthe
fast gradienswitching of EPI disrupt currens in simultaneous electrophysiological
recordingsThe Results obtained in referenf&4] are shown in Fig. 16[he investigation
of MRI-induced EEG artefacts (Fi$i6A) indicates that the SEPFinduced artefactEl6
+6.5 mV) are roughly an order of magnitude higher in amplitude than those induced by
MB-SWI FT (1.7 N 0.4 mést one represéntalive grtefsdttperdad.nt 6 s
The periodic low amplitude artefacts observed during MBIFT (Fig.16B, toprow) can
be effectively removedsingstandard artefacemoval approaches (Fig6B, bottom row).
Comparedo SEEPI, MB-SWIFT wasrather insensitive to image distortions induced by
surgical operations and EEG electrodlesg. 16C). Comparedo the FSEMSmage, the
SEEPI image shows vertical stretching of the cortex in regions close to the measuring
electrodes (white arrowsJhe lateral parts of the cortex in the same image show signal
pile-up artefacts (red arrows), observed as cortical thinnmgddition, the air cavities
disturkedthe brain shape in the SEP| images ofthe lower brain regions (yellow arrows).
Similar artefacts arenot observed inthe MB-SWIFT images. Thusthe entire brain,
including regions close to the measuring electrodes,beaanalyzed when usingB-

SWIFT for simultaneous EEG measurements
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Figure 16. Adaptedfrom reference[24]. Examples of the fMRI gradient switching artefact
amplitudes in EEG signals (Ajaw and denoised EEG signals obtained during EEGBWAFT

fMRI (B), and EEGelectrodeinduced image distortions (C) during simultaneous EE&I in an
isofluraneanesthetized rat. Panel A shows that the gradient artefacts are roughly 10 times higher
during SEEPI compared with MESWIFT (15 mV and 1.5 mV, respectively).

In reference[24], an independent component analysis of awake rat functional
connectivity data obtained with MBWIFT resulted in near whaolerain level functional
parcellation, and simultaneous electrophysiological and fMRI measurements in iseflurane
anesthetized rats indicated that MBVIFT signas weretightly linked to neuronal resting

state activity.

2.10 The steady-state (SS) method

Previously we introducedhe SS method84], which utilized MP-moduleswith adiabatic
pulses and zero echo time SWIFT imaging readowxtractT:; maps of fast relaxing
spins.We have shown that tI®S method is robust and sensitive to fast relaxing spins, but
it is time-consuming since it requires an independent acquisition:forapping to obtain
the Tiz map In addition, becausthe signal isacquired at the steagbate level, thd;
mapping is compromised alow signal to noise ratio (SNR).

Thepulse sequence diagram is shown in Aig. Magnetizatiorprepared (MP) blocks

are embedded after eachSWIFT readout periodsr(TR periods) Each MP blockvas
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composed of four AFP pulses of the hyperbolic secant HSn famiteré n is the

stretching factor)
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Figure 17. Adaptedfrom referencd68]. Schematic diagram of the magnetizatfmepared sweep
imaging with Fourier transformation (MBWIFT) sequence. MP blocksere embedded after
eachmnumber of SWIFT readout periodsi{R periods). Each MP blockascomposed of four
adiabatt full-passage (AFP) pulses.

In aregular SWIFT without any magnetization preparation, the repeated excitation

drives the spin system to the steady state with equilibrium magnetization:
A=M(1- E)/(1 -E,cogy |, (2.10.1)

WhereE: = exp (TRT1), and—is the excitation flip angle. With the MP block, the
average steadstate signal intensityn this caseis given by:
(1- B) 1+E,

2 1-BE '’
whereE: = exp(-Tmp / T1z), and B = E™ cos" g, After normalization by

%S('I;,,P =0), we getthenormalized signal

S(Tue) = Ass (2.10.2)

1+E,

S(he) =15 (2.10.3)

4

From Eq. 2.0.3:
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— SV(-IK/IP)_ 1 _ TMP
In(Er)_InSV(R.p) i T (2.10.4)

By settingTwe = 0, 1, 2, 40r other valuesTiz; value could be estimatday fitting Eq.
2.10.4. In this study, the SS methadas conductedor thefirst timein vivo andused to

compare thdz with the nevy developed aLL methosee below)

2.11 MRI Equipment

Most experimerg wereconductedn CMRR with a 9.4T 31-cm horizontalbore magnet
equippedvith anAgilent DirectDRIVE console (Palo Alto, CA, USA) using a quadrature
radio frequency volume coilith full rat brain coveragdor OSDBS and OSESCS
experiments The parameterof the 9.4 T 31-cm horizontalbore magnet aréOperating
Current = 167 Anps; Energy Stored = 13.8 MJ; Cryostat Height x Length = 1.72 m x 1.852
m; The gadientsfrom MagnexScientific; The anplifier is 500W CPC RF Amplifierthe
Shim Driverwaswith Resonance Research Inc. (RRI) 5A driver modules

Thephotos of thenagnet andhe volume cosd are shownn Fig. 18 For OSDBS and
OSESCS experiments on sathe coil diameter is 2éhm (Fig. 18B),andfor the aLL
methodexperiment on rat the rat is under isoflurane instead of urethane biggercoil
with diameter to 34nm to mprovethe at 6 s r espi wastusedon ( Fi g.
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(A) (B) (C)

Figure 18. (A)Photo of 9.4 T 31-cm horizontalbore magne (B) photo ofa quadrature radio
frequency volume coildiameter = 29 mm) for OBBS and OSESCS;(C) photo ofa quadraitre
radio frequency volume coftliameter = 24 mm) for aLL method experiments on rats.

3. AIMS OF THE STUDY
1. Studythe feasibility ofthe applicatiorOS-ESCS as an extension of MBS.

2. Studythe feasibility ofthe application o©S-DBS in SIN, which is one of theprimary
targes for Parkinson's disease

3. Studythe feasibility of the application oOS-DBS in EC/ MSN which are potential
targets for AD.

4. Develop a new method call¢he GAlternating LookLocker (aLL)Yomethod for theTyz
mapping of with methodat 9.4T And compard with the SteadyState § method first
performed onn vivorats. Both methods could be a potential fiovasive MR method to

estimate the neuronal loss caused by AD.

4. OS-ESCS

4.1 Material sand Methods for Brain fMRI during OS -ESCS

All surgical and experimental procedures were approved by the Institutional Animal Care

and Use Committee of the University of Minnesota. All procedures were carried out in
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accordance with the relevant guidelirsesl carried outin compliance with the ARRIVE
guidelines. Male SpraguPawley rats (Envigo) aged 8 months, approximately 300 g
were usedEleven (i =) rats linderwent O&SCS with 3channel electrodes. For 5 out
of 11 rats, the electrodes were constructed of Teflon coated stainless steel wire (diameter
100 pm). Contacts were created by removing 1 mm of the coating from one side of the
wire using ascalpel and a scale with 100 pm accuracy under a microstbgertunately
due to grsonnel changesnd material limitatiog for the other 6 rats, the electrodes were
fabricated as above, but using polyimide coated tungsten wires (diameter 1,2vhjiom)
removed 1 mm of insulation around the wire

After the induction of isoflurane anesthesia (5% inductioni 23% maintenance;
carrier gas @N20 30/70%)rat wasin theprone position for the surgerfhe back skin is
shavedanda posterior midline skimcision was made at the center of the target vertebral
level. FortheOEESCS studies using stainless steel
L2 vertebral level (corresponding to S1 spinal segment). Laminectomy was performed for
each case in thigroup. Lamina at the level of the L2 vertebral was removed. Electrodes
were placed at L2 vertebral level rostrally, in close contact with the dura. Place free soft
tissue moistened with saline over the electrodes to ensure stable contact of the electrodes
with the duraThe ginous process of the lower level, L3, was removed as it would act as
a barrier in the route of tail wire connected to the electrodes. For tHeSGS studies
using tungsten electrodes (n = 6), the tar
to L2 spinal segment), which was chosen to further reduce motion artefacts during fMRI,
while still maintaining lumbosacral circuitry as the target. In this group, laminectomy was
used. An enlarged window was made in the superior and inferior interlaminaaspace
the target level lamina (T13yhe pinous process of L1 was removed for the convenience
of wire routing. The epidural space under T13 lamina was cleared. The electrodes were
implanted beneath T13 lamina. For all animals, a separate Ag/AgCl getectcbde was
implanted subcutaneously through another incision approximaielycin from the
stimulation electrodes.

All MRI scans were conducted with a 9.4 T-&h horizontalbore magnet equipped

with Agilent DirecDRIVE console (Palo Alto, CA, USA) ugim quadrature RF coill
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designed for full rat brain coverage. Before fMRI, anatomical images were acquired using
a Fast SpirEcho (FSE) sequence with the same parameters as the EC/M$8HUSIY(in
section 5.1.2)fMRI was conducted using the spaho echglanar imaging (SEPI)
MRI pulse sequencewifR= 1.5 s, TE = 37 ms, 2t wo. 5s hlio t0s.,
mmwin plane resolution, 15 slices with 1 mm
s). Stimulation paradigm consisted of 3 blocks@&6f rest and 18 s of stimulation using
cathodic 506 symmetric biphasic square pulses. Based on an initial assessment of
maximal fMRI responses of the thalamus, stimulation frequency of 4@adzxhosen for
OS-ESCS The current amplitude of stimulatiavas selected in a subjesgiecific manner
by applying monopolar stimulation at a frequency of 40 Hz and selecting the current level
by estimating the blood oxygen lexa#pendent (BOLD) response in the brain through
preliminary fMRI scansThe orientatio of OSESCS was divided tb2 steps of 30from
0° to 33Q@ The angles were set such that 07180°corresponds to the rostealdal direction
(along spinal cord)while -90790°corresponds to the mediaiateral direction, respectively
(as indicated on wof Fig.19).
For different stimulation angles of the @&SCS method, results of the finite element
method simulation are shown in Fif. Various electric potential field distributions and
degrees of field penetration can be appreciateddmasthe diection of the electrical field,
implying that the activation of the main spinal cord structures can be modulated by varying
the stimulation angle.
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Figure 19. OSESCS in the rat spinal cord as seen by using finite element metiedsiodel was
constructed based on Watson atlas using SolidWorks 2018 (Dassault Systénes, Waltham, MA),
after which the model was transferred to COMSOL 5.4 (COMSOL, Stockholm, Sweden) for
simulations of electrical field potentials. The model includedaian of an anatomically correct

rat spinal cord surrounded by cylindrical layers of CSF, dura, epidural fat, muscle and bone. (a
The behavior of the electric potential field using differentEXXCS stimulation angles is shown
using electrode schematicepresenting the stimulation direction, 3D isosurfaces and 2D surface
plots across the two rostral electrode contagtssith the first column correspond to the currents
described by E@.7.3 The location of the main structures relevant to ESCSlastrated in (a):

1. dorsal columns, 2. dorsal horn, 3. dorsal roots, 4. ventral roots, 5. Spinothalamic tract and 6.
spinocerebellar tract.

4.2fMRI data processing and statistical analysis

Anatomical and functionaIRI data were analyzed with the SPM®Ibox (running on
MATLAB 7.6). Functional data were first corrected for slice timing and for motion artifacts
then oregistered to the corresponding anatomical data and finally normalized to the animal
template using the transformation of the anatondeaéby coregisteringhe anatomical

data to templateThe functional data was smoothed with a full width half maximum
(FWHM) Gaussian kernel (size 1 functional voxel). The shsgileject analyses were
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computed using general linear moddlGLM) that conssted of a block design model
convolved with a firsbrder gamma HRF of 1% length. During GLM fitting, functional
data were higlpass filtered in the temporal domain using aaftibf 1000s. A correction
for serial correlation was applied using a fostler auteregressive model applied to the
GLM residuals.

Beta maps and contrastriaps maps were computed. The beta maps of the single
subject analysis were used for gop@analyses. A ongvay within-subject ANOVA model
was applied with stimulation angtefined as factor (7 levels for monopolar ESCS, 12
levels for OSESCS). The stimulation currents, and in the case 6ESGS also the two
experimental setups (namely, setup 1: S1 spinal segment stimulation with stainless steel
electrodesand setup 2L2 spinal segment stimulation with tungsten electrodes), were
added as covariates. Maps of main effects for both single subjects andbgsmab
anal yses were finally computed after apply
the groupbased OESCSanda st ati sti cal threshold of p
singlesubject OSESCS maps. ANOVA analyses were repeated also in absence of
covariates to assess the impact of stimulation currents and experimental setups on the main
group effects.

Average betaralues were additionally computed in anatomical defined ROIs, namely
the thalamus, the motor cortex and the primary somatosensory cortex, and were statistically
analyzed per ROI using a linear mixed model with fixed effects for angle, stimulation
currentsand experi ment al setups as covariates.
correction was applied for correcting the multiple pairwise comparisons between angles or

frequencies.

4 3 Result of OS-ESCSin rats at 9.4T

The resul of the singlesubject anlysisresponse to ESCS areAppendixA. The voxel

wise group analysis of the data obtained from the whole group- &8O S st udi es (n
with stimulations of S1 and L2 spinal segment demonstrated significant activations in the
thalamus, in the motoroctex, in the primary somatosensory cortex, as well as in other

areas including retrosplenial, and anterior cingulate cortex ZB&y. Highly similar main
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effects werealso observed in the group analyses without considering the stimulation
currents andfothe experimental setups (namely, setup 1: S1 spinal segment stimulation
with stainless steel electrodes, and setup 2: L2 spinal segment stimulation with tungsten
electrodes) as covariate of no interest. Modulation of activation pattamas clearly

visible as a function of the stimulation angle both in single subjects and at the group level
(Fig. 20a). Angular modulations were confirmed in the ROI analyses of anatomically
defined regions of the thalamus, motor cori@xd primary somatosensory cortexg(F

20bi d), while the linear mixed model revealed significant group difference between the
activations of the motor <cortex at OA vs

(Hol més corrected p = 0.049).
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Figure 20. Group level respases to OFESCS with 3channel electrodega) Group level maps of

the main effects {tnaps) in two different brain slices. Maps were obtained by thevayeavithin

subject ANOVA model (p<0.05 5 FWE corrected=nl1). ROlaveraged beta values in the
thalanus (b), in the motor cortex (c) and in the primary somatosensory cortex (d) in response to
different stimulation angles. Blue line indicates mean while green shading indicates the standard
devi at i ocaorrected dp<r05;$p<0.01 (linear mixed modektomparisons vs 0j. S1
primary somatosensory cortex, Mx motor cortex (including primary and secondary motor cortices),
RS retrosplenial, Ta thalamus, AC anterior cingulate cortex. Brain images are displayed in
neurological conventiorTheleft side of thadmage corresponds to the left side of the brain).

The onevs-all contrast analyses produced clusters of significant differences between the
activation at 0°vs all the other angles (FRfla), and between 120°s all other angles (Fig.

21b). The cluster btained from the contrast 0°vs all was in the region including the
38



anterior cingulate cortex and the motor c

(FDR) corrected at clustéevel, cluster size 160 voxels). The clusters obtained from the

contrastanal ysi s 120A vs all were | ocated 1in
p = 0.00003 FDR corrected at <cluster | evel
formation (T = 4.48, p = 0.004 FDR pgaorrect
region encompassing the basal forebrain re

FDR corrected at cluster level, cluster size 140 voxels), and in a region localized in the
thalamus (T = 4. 43, p = 0. 03iZe 168Dhdxelsy.or r ect e

3.17

p <0.001
p<0.05 FDR
corrected at
cluster level

Figure 21. Contrast analysis of GESCS. Contrastmaps showing the significant clusters

obtained by the analyses 0%s all (a) and 120%s all (b). Only contrasts providing significant

results are shown. ThHenaps have been produced with a stati
voxel Il evel (n = 11). The cluster survived the
motor cortex (including primary and secondary motor cortices), AC anterior cingsifabgsal

forebrain regions, Hy hippocampus, Sep septal regions, Tha thalamus.

0°vsall 120° vs all

4.3Discussion:Brain fMRI during OS -ESCS

As an extension of OBBS, a novel approach for ESCS, namely-EXSCS, allows
changng the primary direction of the electric field byd@pendently varying the current
amplitudes of each channel of eclBannel electrode. To demonstrate the ability of OS
ESCS to modulate spirbtain connectomes within the central nervous system, we
monitored the brain activations during @SCS using wholbrain fMRI in rats during
stimulation of two spinal segments critical for locomotor activity, namely the S1 and L2
spinal segments. Angular modulations were confirmed in the ROl analyses of anatomically
defined regions of the thalamus, motor corend pimary somatosensory cortex.

Clusters of activation in various brain regions were clearly observed duriitSGS,

including the thalamus and motor cortex, as well as the primary somatosensory cortex,
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retrosplenial, anterior cingulate cortex. Despite widable lateral variations in electrode
locations, significant activations were consistent among single subjects, irrespective of S1
vs L2 spinal segment electrode implantations, whereas the spread and angle dependence of
the activation patterns was var@kamong subjects. The observed pattern of activation
demonstrates a consistent involvement of brain areas responsible for direct or indirect
transmission of sensory and motor information from the spinal cord to the brain network
via the thalamus and reéat cortices. Strong orientation selectivity occurred in the
cingulate and motor cortices, brain areas highly connected or belonging to the motor
network[85], as revealed by voxelise contrast analysis between 0°and all other angles
(O°vs all contrast). Strong orientation selectivity was also observed when analyzing the
contrast between 120°vs all other angles in areas within the basal forebrain and septal
regions, the thalamus anldet hippocampus. These two directions (0°and 120§ have an
important geometrical valence since 0°s the direction parallel to the spinal cord whereas
120°is the closest direction to the dorsal roots, the first hub of the sensory pathway.
Electrical actiation of the dorsal column fibers in the spinal cord would activate
information mediating primary somatosensooytexinformation such as touch and press,
and project to areas of the thalamukich in turn innevates the somatosensory cortex. In
contras, activation of nerve fiber pathwatfsatmediate pain information should ultimately
activate cingulate cortical areas of the brain.

A distinct advantage of the orientation selective stimulation approach includes the
added flexibility of targeting not onlthe stimulation site but also specific axonal fiber
orientations passing by or in close vicinity to the stimulation site with the ultimate goal of
achieving optimal and selective activation tbe circuitry of interest. his degree of
freedom can be befieial for maximizing the activation of connected downstream brain
areas Most epidural electrodes in clinical practice employ multiple channels that are
distributed along a paddle and are driven by a single current s@madee contrary, the
OSESCS hashe ability to selectively activate various pathways of the spinal cord may
offer major advantages for multiple clinical applicatiorfsor instance, dr pain

management, it has been shown that targeting the dorsal columns and avoiding stimulating
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the dorsl roots is the best stratef§6, 87} On the other handlorsal root stimulation is
beneficial for restoring motor function after a spinal cord in[88; 89]

The fMRI activation patterns during spinal cord stimulation demonstrated the
complexity of brain networks stimulated by &SCS paradigms, involving brain areas
respongle for the transmission of motor and sensory informafldre OS approach may
allow targeting ESCS to spinal fibers of different orientations, ultimately making

stimulation less dependent on the precision of the electrode implantation.

4.4 Extension of OS-ESCS: Spinal cord fMRI with MB -SWIFT

Instead of Brain fMRI, ranitoring the spinal cord activity during SCS with fMRI could
provide important and objective measures of integrative responses to tre&um &’

of spinal cordis generallylimited by maion and susceptibility artifacts induced by the
implanted electrode and bondss an extension ahe use of MBSWIFT in relevanto
ESCSapplicationsour grouphasalsoshown the benefits of conductisginal cord fMRI
with MB-SWIFT [90]. MBK SWIFT is demonstrated to be highly tolerant to motion and

susceptibilityinduced &tifacts and thus holds promise for fMRI during SCS. We describe
here thdMRI resultsof ratESCSobtained in referend®0] as shown in Fig22.

All of the animals showed clear responses to 40 Hz stimulation in the gray matter of
the spinal cord as seen from the activation maps 22)g The time series obtained from
the ROI placed inside the spinal cord at the L2 level also clearly revealed the activation
(Fig. 22). There was a slow return to baseline of the fMRI signalgimsiulation, with no
sign of any undershoot being evident.

This study demonstrated the feasibildf exploiting MB-SWIFT fMRI of the rat
spinal cord during SCS at a high magnetic field. The results open new avenues for SCS
investigations in applications such as spinal cord injury, plasticity assessment, pain,

epiepsy, or stroke.
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Figure 22. Adapted from referend@0]. Individual responses to stimulation at the frequency of 40
Hz. A) The activation maps for each animal overlaid on the anatomicl S\BIFT image in

axial (left) and sagittal (right) views; B) Time series for each animal from the L2 ROI. The ROIls
are outling with a black line on the sagittal view in A for each animal. L1, L2, and L3 mark the
corresponding vertebral sections in the image. The wire of the electrode is indicated with a white
dashed line, with the active contact shown by a green box at the stimgigé¢ioGray shading

indicates time of stimulation. Temporal high pass filtering with a cutoff of 300 s was applied for
the time series
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5. 0OS-DBSFOR EC, MSN, AND STN

5.1 Methods and Materials

5.1.1 OS-DBS Surgical Procedures and Electrode Implantationgor EC, MSN, and
STN

The study was carried out in compliance with Amémal Research: Reporting of In Vivo
Experiments ARRIVE) guidelines, and all surgical and experimental procedures were
approved by the Institutional Animal Care and Use Committee B)0of the University

of Minnesota. SpraguBawley rats (Envigo; Madison, WI, USA; male, 28209, n=10

for EC; n=8 for MSN, n = 12 for STN) were housed in pairs in a temperature and huridity
controlled vivarium with a 1:b light-dark cycle with ad bitum diet. Rats were initially
anesthetized using isoflurane for the duration of the implantation (5% for indudti%, 1
during surgery) with @N20 (30%/70%) carrier gas. The respiration @tetemperature
weremonitored andthe temperaturevas maintined at 37 € with a heating pad during

the surgery, heated water circulatiand heated air during MRI. After the electrode
implantation, the anesthesia was changed to urethane (1.5 g/kg) with four consecutive
injections 15 min apartwhile graduallyreducingthe isoflurane level to 0%. Urethane was
used to replace isoflurarmcause oits ability to generate strong fMRI responsg@1]

andto maintain rrmal blood gas levels in spontaneously breathing[28is Urethane is

a widely used anesthetic in laboratory animal practice, especially in electrophysiologic
studies[92]. Urethane has several advantages, including several possible administration
routes, steady and long lasting {2 h) surgical level of anesthesia, minimal effects on
respiration antdhecardiovascular system, and muscle relaxd®@y93] Each animal was
placed on a stereotactic frap@d a craniotomy wagerformedby drilling through the

skull of the right hemisphere. A tripolar lead composed of a twisted set of three polyimide
insulated tungsten wires (PlestOne, MS333T/2&\/SP; Roanoke, VA, USA) with tip
contact diameters of 12y including the insulation layer 157pu(total diameter of three
electrode bundle ~350np), were implanted in the right EC and MSN. For EC, the targeted
coordinates were: anteriposterior (AP) =6.85 mm, medidateral (ML) =-5 mm, and

dorsatventral (DV) = 8 mm; for MSNthetargeted coordinatasere AP = +0.1 mm, ML
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=+0.4mm, and DV = 5.8 mpfior STN, AP= 1T 3 . WL =mZd,mm andV =7.8 mm
based on the rat atl§84]. We administeredhreeto four drops of 2% lidocainbefore
incising the scalp for localized anesthesiad cauterizing vessels of the scalp and skull.
The remaining hole in the skull around the electrode was filled with gelatin foam
(SPONGOSTAN, Sdhorg, Denmark), then covered with dental acrylic (LangaDeett
Acrylic, Wheeling, IL, USA). Finally, an Ag/AgCl wire (6m long, 0.5mm diameter)
acting as a ground electrode, was inseutader the skin ofhe neck.

5.1.2 MR data acquisition and stimulation paradigmdgor OS-DBS for EC, MSN,
and STN

The MRI £ans were conducted in a 9431-cm horizontalbore magnet equipped with
Agilent Direct DRIVE console (Palo Alto, CA, USA) using a quadrature radio frequency
coil with full rat brain coverage. Shimming was performed inside an approximate cerebrum
sized vaxel (10 x 10 x 6.5 mrd) using a field mapping based shimming protocol included
in the Agilent VNMRJ 4.0 package.

Before fMRI, high resolution anatomical images in coronal view were taken using fast
spinecho (FSE) pulse sequence: repetition time=135, effective echo time TE 48 ms,
Echo train length = 4, matrix size = 192 x 18 field of view (FOV) = 32 x 32 mm,
slice thickness = 1 mm and -4bmmiodP 9.%nm, sl i ce
number of averages = 4. Theseweighted FSE imagewere used to verify the electrode
location and estimate tH2V of the electrode tipy overlapping the MRI images with the
rat brain atlago4].

MB-SWIFT [47] was used for fMRI to minimize susceptibility artefacts originating
from the presence of the electrodes as well as motion artefactSWIBT is a 3Dradial
with zero acquisition delay and high excitation and recording bandwidths. The functional
MB-SWIFT signalhas been recently investigated and attributédeblood inflow effect
[23]. The following paramete were used in MBBWIFT fMRI: TR = 0.97 ms, 3094
spokes per volume, resulting in temporal resolution ofB/¢,= 192 kHz, matrix size =
64%, FOV = 3.2 x 3.2 x 6.4 cm and flip angle = 5° The center of FOV was s&tfomm,
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the same atheFSE image tensure an overlap of FSE and MBVIFT images. Excitation
was carried outwith a chirp pulse gapped into four 2.6 s splses[47]. Two-fold
oversampling was used during acquisition in the gaps d\B2duration. The post
correlationfree induction decafFID) consisted of 32 points.

The stimulation paradigm for each stimulation angle consisted of 60 s of rest and 18 s
of stimulation, repeated three times and ending in a rest period, for a total of about 5 min
of acquisition time. Stimulation was applied usiygsnetric biphasic square pulses with
200 s duration per phase, delivered with aohéinnel stimulus generator (S#B0&
16mA Multi Channel Systems, Warner Instruments LLC, Hamden, CT, USA) in current
controll ed mode, dr i ven ifmpytwaveéfem germeratedaim y 6 s ¢
MATLAB 2017b (MathWorks; Natick, MA, USA). For stimulation of ERISN, and STN
the frequencies of 20 H230 Hz and130Hzwere used, respectively. For the D8S,
the current amplitudes, 13 for each one ofhethree electroes were calculated based on
cosinefunctions with phase offsets #20°according tdeq. 2.7.3

The stimulation current in each animal was set based on initial fMRI scans by driving
the tripolar electrode as monopolar to identify the current level givimgnaartefactual,
robust fMRI response in the hippocampus. The orientation of the electric field was set to
varying angles between 0%o 315°(i.e-45} with steps of 457 for a total of 8 stimulation
anglesfor EC and MSN, and 0°o 33Q%or 12 stepsf30°for STN. The angles were set
such that 07180°corresponds to the medilalteral direction while90790°corresponds to
the rostralcaudal direction, respectively (as indicated on top of Fay

For illustration purposes, we also calculated WZI©OMSOL 5.4 (COMSOL,
Stockholm, Sweden) the voltage field distributions of[QESS at representative angles by
considering the actual size of theBannel electrode, as shown in F2§.

5.1.3fMRI data processing and statistical analysisor OS-DBS

MB-SWIFT images were reconstructed by gridding with three iteratidrike FISTA
algorithm[95]. The resulting data were analyzed in SPM8 (www.fil.ion.ucl.ac.uk/spm),
MATLAB 2017b (The MathWorks, Inc., Natick, MAyww.mathworks.com Prior to
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SPMB8 analysis, functional data were first corrected for motion artifacts and slice timing,
then coregistered to the corresponding anatomical ,datd finally normalized talata

from a ratwithout an electroé outside the fMRI group using the transformation of the
anatomical dathased on FSE imageswhat wasdone previously96]. Then, for MSN

and EC datahie datawveresmoothed with a [1 1 Ijixel FWHM Gaussian keel. The
singlesubject analysis wasalculatedusing aGLM that consisted of a block design model
convolved with a firsbrder gamma hemodynamic response function of 15 s duratidn
peak time with 3$97]. We applieda 1000 s cupff high-pass filterto the functional dta

in the temporal domairin addition, serial autocorrelation in SPM was corrected using a
first-order autoregressive model applied to the residuals.

The statistical significancédevel threshold for positive and negative activations in
individual rats vas set to family wise corrected (FWE) with p < 0.0Ben te beta maps
were used for the grotipased statistical analysis by applying a-ar@y within-subject
ANOVA model with the stimulation angle defined as a fa¢8devels, one for each angle
from 0°to 315°with 45°per step) to get the main effectsaps Maps ofthe main effects
were finally computed after applying a statistical threshold @ p0 . 05 ( FWE) .
mask was also applied to the mgimoupanalysis

To quantify the differenceim fMRI responses to different G3BS angles, a linear
mixed modelwas appliedwith fixed effectstreating angle as a categorical variafae
angle to the betaalues averaged in anatomically defined regions of interest (R@ish
wererelevant to memory andognitive functionswith the samestimulation site (right
side), andnanuallydrawnusingAedes (aedes.uef.fi) based on The Rat Brain in Stereotaxic
Coordinates (6th Editior{p4]. The ROIs considered for @3BS of the EC included the
hippocampus (HC) and the subiculum (Sub), i.e., areas relevammom and cognitive
function, and areas connected to the EC, namely the perirhinal cortex (PrC), the piriform
cortex (Pir), the amygdala (Amg) and the insula (Ins). The ROIs considered 0BOS
of the MSN included the HC, the Sub, and areas connectdtetMSN, namely the
interpeduncular nucleus (IP), the lateral hypothalamus (LH), the mammillary bodies (MM)
and supramamillary nuclei (SuM). Pawise comparisons were performémt different

angles and the contrast between each pair of angles was &g@st a twesided null
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hypothesiswhere there is no difference in fMRI response for the pair of angle
configurationsBonferroni correction was performed separately for the comparison of each
angle to the other 7 angles, ahe level of significance waset at p= 0.05 Bonferroni
corrected (i.e., p = 0.007 uncorrected). Descriptive statistics measures are indicated as
Mean +SD.

For STN data, most pastof the data processingrealmostthe sameasEC and MSN
analysis, withthe following difference: thepre-processing smoothed with a [2 2 1] pixel
FWHM Gaussian kernel; The GLM incluslé® order gamma function with 8s duration;
The additional -pass filters cubff is 1.9 MHz; The stimulation angle factor for thee
way within-subject ANOVA model id2 levels, one for each angle from 0°to 330°with
30%er step to get the main effects maps whiskbeta maps for the grotlpased statistical

analysis

5.1.4Diffusion MRI tractography and histology

For EC and MSN three adult male Spragidawley rats owide the DBS group (300 g,
Harlan Netherlands B.V., Horst, Netherlands) were uSeé.adult male Spragti2zawley
rat outside the DBS group was used for ex vivo suggolution tract density imaging
(TDI) [98] to investigate the directionality of axons within the STN'his animal
procedure was approved by the Animal Ethics Committee of the Provincial Government
of Southern mland and carried out in accordance with the guidelines of the European
Community Council Directives 2010/63/EEC.

After the perfusion, the rat brain was scanned in a vertical 9.4 T/89 mm magnet
(Oxford Instruments PLC, Abingdon, UK) interfaced with aetDrive console (Varian
Inc., Palo Alto, CA, USA) using a quadrature volume-¢d (J = 20 mm; Rapid
Biomedical GmbH, Rimpar, Germany) as a transceiver. The data were acquired using a 3D
spinecheechaeplanarimaging sequence using the following paramet€R/TE = 800/35
ms, echo spacing = 0.584 ms, number of shotsBWl= 250 kHz, number of averages =
2, FOV = 16.2 x12.0 x14.1 mf) matrix size=9 6 | 1 @F®r EC ant 8N) and

108x 80x 94 (For STN) spati al resol ut i mumberof diffgson T 150
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directions = 60 for each b value, of 1500 and 3000 $/tfon EC and MSN)p-value =

3020 s/mr (for STN), number ofminimal diffusion weighted images = 4, diffusion
gradient amplitude = 3.5 mT/cm and durati
acquisition time = 20 h 48 min.

The data was pfprocessed using MRtrix@9] consisting of denoisg [100] and
simultaneous motion and residual eddy current induced geometric distortion correction. In
order to increase anatomical contrast, the data was upsampled by a factor of two using
cubic interpolatiorfor the EC and MSN groupand using Bspline interpolation fothe
STN group Constrained spherical deconvolution (CSD) was used to resolve crossing
fibers by estimating the fiber orientation distribution at each voxel. The response function
for white and grg matter and free water was calculated with Dhollander algorithm
within MRtrix3 [99]. A CSDbased probabilistisvhole-brain tractography dataset of 30
million andstreamlines were computéor EC andMSN group;and 2 million from the
frontal part of the brain fahe STN group For the tractograrfor the EC andMSN group
IFOD2 algorithm was use[d01] with a stepsize of 0.037 mma maximum angle of 45°
between steps, with a mmum and maximum streamline length of 2 mm and 5 mm,
respectively. The resultant tracks were filtered with sphedeabnvolution informed
filtering of tractograms[102] in the regions of interest to fiveundred thousand
streamlines.For the STN group, the tractography dataset was then used to generate
directionally encoded color TDI miayihsa wit h
minimum track length of 0.20 mm aadnaximum track length of 1.00 mm.

Coronal and horizontal sections from two rat brains stained with gold chloride for
myelin [103] were used to vy the orientation of the myelinated axons in EC and MSN.
Photomicrographs were taken witlight microscope (Zeiss Axio Imager2, White Plains,

NY, USA) equipped with a digital camera (Zeiss Axiocam color 506, White Plains, NY,
USA). The orientation ofite axons was estimated using ImageJ software (1.47v, NIH,
USA).
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5.2 Result of OSDBS
5.2.10S-DBS in STN

In 8 out of the group of 10 animals in the DBS stutlg implantation was confirmed to
be in the STN based on histological analyslse main effets of thefMRI contrastgroup
analysis in response to the @BS stimulation are shown g. 23. Stimulation anglef
180°resulted inthe strongest response in termdhad spread of the activation including
the entire ipsilateral midbrain andontralaterasuperior colliculus, the whole ipsilateral
and parts of the contralateral thalas, ipsilateral caudajgutamen, ipsilateral globus
pallidus, ipsilateral motor, cingulate, somatosensory raedial prefrontal cortices
Stimulation angld.8Calso showed the strongest activation in terms-s€ore valuesThe
weakest activity was seen with stimulation an@es30°, and60°with the later shaving

no significant voxels.The cingulate cortex showed group level activated voxels at
stimulation angles30? 607 907 12¢° 18C¢ -15C¢ -1207 the somatosensory cortex
activated at angle80? 90; 12¢° 150 180°and -150°while the motor cortex actated
only at angle$0°and 180? To verify that our fMRI findings are consistent with the main
axonal direction in the STN, high resolution TDI angelinstained histology were
performed in an additionalx vivorat brain Eig. 24). The axonal directionality was shown
to be mainly mediolateral in the STN, which was in a good agreement with the fMRI results.
Furthermore the main axonal directionality of theternal capsulavas almost

perpendicular to that of the STN.
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Figure 23. Activation maps obtained from the group analysis at all-QES stimulation
anglesMaximal activation was observed at 90°when the dipole under the electrode was aligned
mediolaterally and the cathode was laterat.p05, FWE corrected. The used ROIs are shown in
white. Abbreviationssuperior colliculus SCo;substantia nigra SNr;thalamus Tha;
caudategputamen CPu;globus pallidus GPI;cingulate cortex Cg;motor cortex Mx;
andsomatosensory corte$sS.

Coronal | Horizontal

o -
!

Figure 24. Main axonal direction in th8 TN. Two representative examples out of 10 studied rats
for the orientation of fibers in the STKA, D) Diffusion bGimage of the region of the STN, (B, E)
closeup of the STN in supeaesolution TDI maps, and (C, F) photomicrographsgélin-stained
sections in the coronal and horizontal plane, respectively. Qualitatively, the axonal direction in the
STN is mainly mediolateral (white arrowheads). The size of the electrode is shown in scale in (B,
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E) by black dashed lines. Color codimgd, mediolateral; blue, dorsoventral; green rostrocaudal.
Abbreviations: subthalamic nucleus, STihternal capsulgc. Scalebar in C andis 100e m

5.2.20S-DBS in ECand MSN

All fMRI sessions conducted during &3S in both EC and MSN (Fi®5) were
successfully completed and provided data of sufficient quality for subsequent fMRI
analyses. However, in two rats out of 12 undergoingd®S in the EC, the electrode was
determined to be out of target based on the estimated DV location of the electrode tip
obtained by overlapping the MRI images with the rat brain atlas. Therefore, these rats were
excluded from further analyses. In the remainingat® of the EC group, thedectrodeDV
coordinatesvere 8.1 +0.2 mm fronthedura,and the delivered current amplitudes were
1.7+0.4 mA. For the8 rats of the MSN group, tH8V coordinatesvere 6.0 £0.2 mm,
and the current amplitudés0+0.3 mA.
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Figure 25. Electrode locations and electrical field distributiotifustration of the electrode
location in the EC (a) and MSN (b) on a coronakwé&ghted MRI image (left) and on a
corresponding section (right) of the rat braiketa with permission from the Rat Brain in
Stereotaxic Coordinates (6th Edition) afl84]. Schematics of the field distribution around the 3
channel electrode for two representative angles superimposed on an anatomical horizontal section
(corresponding to an axial MRI view) of the rat brain taken fiteeratlas are shown for EC (c) and
MSN (d) stimulation. Field distributions were obtained with COMSOL 5.4 (COMSOL, Stockholm,
Sweden). 07180° corresponds to the mediolateral direction and -90f corresponds to the
rostrocaudal direction on the horizahplane. The level of current and the diameter of the electrode
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bundle were set to 1 mA and ~350 um, respectively, resembling the values that were used in the
experiments. Brain images are displayed in neurological convention (left side of the image
corresponds to the left side of the brain).

For the EC stimulation, we first conducted preliminary fMRI studies in one rat (not
shown) at various frequencies (hamely 20 Hz, 70 Hz, and 130 Hz) and found that robust
fMRI response in the hippocampus was deteate2D Hz, which was thus chosen for the
rest of the study. This was also the frequency that most effectively activated HC with
perforant path stimulation in an earlier stydi94]. OSDBS of the EC at 20 Hz robustly
activated numerousosvnstream brain region3he resul of the singlesubject analysis
response t®©S-DBS of ECare inAppendixB. The activated areas were mainly located on
the right hemisphere in accordance with the stimulation side. Varying the stimulation angle
led to bain network modulations which could be appreciated in single subjects, as well as
atthe group level (Fig26) despite a substantial intsubject variability. No group main
effects were seen é0¢ although 4 out of 10 rats exhibited brain activationhas angle.
Significant group main effects in VHC, Sub, Amg, and PrC occurred at 0%5twhile
group main effects in Pir and Ins generally occurred at 1807 In addition, a significant main
effect was found in VHC atl35? Besides activation in the pmary ROIs, the main effect
maps revealed significant activations at various angles also in other brain areas, including
caudateputamen (CP), diagonal band (DB), hypothalamus (HT), infralimbic/prelimbic
cortices(IL/PL), lateral septum (LS), medial septuMS), nucleus accumbens (NA),

substantia nigra (SN), and ventral pallidum (VP).
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Figure 26. Main effects of OSDBS in the right EC for all stimulation angles#ri0). Activation
maps were obtained by the eway within subjectANOV A mo d e | (p O 0.05,
Amg: amygdala, CP: caudapeitamen, DB: diagonal band, DHC: dorsal hippocampus, VHC:
ventral hippocampus, HT: hypothalamus, IL/PL: infralimbic/prelimbic cortices, Ins: insula, LS:
lateral septum, MS: medial septumANhucleus accumbens, Pir: piriform cortex, PrC: perirhinal
cortex, SN: substantia nigra, Sub: subiculum, VP: ventral pallidum. Coronal brain images are
displayed in neurological convention (left corresponds to the left side of the brain). Stimulation
angkes are shown on tophe dimulation frequency was 20 Hz.

Average betavalues in the primary ROIs (Fig7) generally confirmed the stimulation

angle effects seen in the group fMRI maps. The linear mixed model revealed several
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significant statisticla differences after Bonferroni multiple comparison corredion
Namely, higher betaalues, indicative of stronger activation, were observed in VHC (Fig
27d) at-45%s -90°(p = 0.004, corrected), al35%s -90°%(p =0.01, corrected), and at 0°
vs-90°(p =0.007, correctedHigher betavalues were also observedAmg (Fig. 27f) at
-45%s -90°%(p =0.017, corrected), in PiF(g. 27g) at 180°%s-90°%p =0.017, corrected),
and Ins (Fig27h) at 180%s-90%p =0.005, corrected}Vhile modulationsvere seen also
for the DHC, Sub, and PrC, they did not reach statistical significance.
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Figure 27. ROI analyses of O®BS in the right EC (= 10). The locations of the primary ROIs

are shown on T&veighted MRI images (a). Avage beta values are shown for the ROI in the
subiculum, Sub (b); dorsal hippocampus, DHC (c); ventral hippocampus (VHC) (d); perirhinal
cortex, PrC (e); amygdala, Amg (f); piriform cortex, Pir (g); and insula, Ins (h). The blue line and
green area reprasethe mean value and standard deviation among rats, respectively. * p < 0.05,
corrected (linear mixed model comparisons9&’ adjusted for Bonferroni multiple comparisons
correction). Coronal brain images are displayed in neurological conventiorofiefsponds to the

left side of the brain)The Simulation frequency was 20 Hz

For the MSN casehe resuls of the singlesubject analsis response t®©S-DBS of
MSN are inAppendixC. The primary ROIs included the DHC and VHC, Sub, and other
areas conreted to the MSN such as the interpeduncular nucleus (IP), the lateral
hypothalamus (LH), the mammillary bodies (MM) and supramamillary nuclei (STil\g).
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typical 130 Hz frequency used in DBS clinical settifff35, 106] was found to provida
robust HC response the case of MSN stimulation and was selected for the subsequent
experimentsThe resuls of the singlesubject analysis response@&DBS of MSNare in

the appendixC. OS-DBS of the MSN at 130 Hz activatedimerous brain regions (Fig

28), including the primary ROIs, DHC and VHC, Sub, LH, MM, SuM and IP, and
additional areashmg, DB, IL/PL, LS, MS, NA, SN, VP, and ventral tegmental (VT) area
These were mainly right lateralized in accordance with thei@eniight placement bias of

the stimulation electrodes. However, no argdp@endence of the brain activity patterns
wasobserved, neither at voxkvel in a single subject and in the group (F&8), nor at
ROI-level (Fig 29).
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Figure 28. Main effects of OSDBS in the MSN for all stimulation angles tn8). Maps were
obtained by the oneay within subject ANOVA model (p < 0.05, FWE corrected). Stimulation
angles are indicated on the top. Amg: amygdala, DB: diagonal band, Difgal dippocampus,

VHC: ventral hippocampus, LH: lateral hypothalamus, IL/PL: infralimbic/prelimbic cortices, LS:
lateral septum, MM: mammillary bodies; MS: medial septum, NA: nucleus accumbens, SN:
substantia nigra, Sub: subiculum, SuM: supramamillaryenu¢P: ventral pallidum, VT: ventral
tegmental area, IP: interpeduncular nucleus. Coronal brain images are displayed in neurological
convention (left corresponds to the left side of the brain). Stimulation angles are shown on top.
Stimulation frequency wsa130 Hz.
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Figure 29. ROI analyses of O®BS in the MSN (n= 8). The locations of the primary ROls are
shown on T2weighted MRI images (a). Average beta values are shown for the ROI in the
subiculum, Sub (b); dorsal hippocamp${C (c); ventral hippocampus, VHC (d); interpeduncular
nucleus, IP (e); supramamillary nuclei, SuM (f); mammillary bodies, MM (g); and lateral
hypothalamus, LH (h). The blue line and green area represent the mean value and standard
deviation among rats, spectively. None of the angles reached * p < 0.05, corrected (linear mixed
model comparisons v90; adjusted for Bonferroni multiple comparisons correction). Coronal
brain images are displayed in neurological convention (left corresponds to the leftteiglbrain).

Stimulation frequency was 130 Hz

The orientations of myelinated axons in the EC and MSN were assessed with histology
(Fig. 30a,c) and diffusion MRI tractography (Fi80b,d,e).For more superficial EC layers,
the histology shows th#the axons are too sparse to identiifgmain orientation, while the
deeper myelin sections exhibited main axon orientations ranging from-@aoiat 180°
Tractography shows complex axon distributions in the implantation sites, consistent with
the obseration that multiple angles at times provided comparably strong fMRI clusters in
individual rats. Despite the observed complex axon distributions in eaef5appeared
to be one of the main axon orientations around the target position in mo$tatasly,
OSDBS stimulations at45°provided distinctively bigger fMRI clusters in connected
areas to the EC, including HC, Sub, Amg, and PrC.

For the MSN, the main axonal orientation was deveaitral, i.e., along the electrode

itself. Such observatiorxplains the lack of orientation selectivity observed forDQES
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of MSN, as in fact the reorientation of the stimulation angle was achieved on the plane
encompassing the tips of thecBannel electrode perpendicular to the major fiber

orientation.

DV =7.8 mm DV=7.95mm DV =8.1 mm DV=8.25mm DV =8.4 mm DV = 8.556 mm _

Deep horizontal section Superficial horizontal section

E .
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ventral

Figure 30. Histology and diffusion MRI tractography evaluations of EC and M&NMyelin
staining of EC in anatomical horizontal sections corresponding to axial view in MRI. Estimated
DV coordinates are displayed on top of each secRed. arrow indicates ordering from deeper to
more superficial horizontal sections. b) Directemcoded color tractograms which correspond to
the sections shown in a. The yellow circles indicate the location and extent ofctzanrgel
electrode implantedhieach animal, indicated by different numbers. c) Myelin staining of the MSN

in coronal view; d) corresponding filtered directiencoded color tractogram in coronal view; and

e) tractogram in axial view. The yellow points in ¢ and d, and the circlesndieate the center of

the tips in coronal view, and the extent of the implanted electrodes in axial view, respectively. Color
coding: red, dorsoventral; blue, rostrocaudal; green mediolateral.
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5.3DISCUSSION
5.3.10S-DBS in STN

In this work, we demonsdte for the first time hou0S-DBS differentially modulate the
activity of the sensorimotor and basal gangiie@lamocortical netwodk The OSDBS
strategies of the STN can potentially provide further improvement in the current
therapeutic practice, abey may allow more selective stimulation of tracts of interest
(motor network), while avoiding the stimulation of areas known to cause adverse side
effects. Based on the fMRI activation maps and the quantitative analysis of the fMRI
response using voxaliseand ROI analyses, almost all anadg brain regions including,
caudateputamen and globus pallidus, motor and somatosensory cortices, several thalamic
nuclei, substantia nigra, and inferior and superior colliculus exhibited maximal response at
180°OS -DBS angle. This coincided with the main direction of the STN fibers within the
nucleus as shown by diffusion imaging and myelin stained histoligthe stimulation
angle of 07 the anode is under the single lateral wire whereas the cathode is divided
betweentwo medial wires. In this case, the anode extends further ventrally compared to
the cathode, meaning that potentially more fibers are blocked, and on the other hand,
potentially less of the internal capsule is stimulated.

DBS of STN is a welkstablishegbrocedure with clinically proven outcomes, but it is
also associated with significant side effects dui¢sstimulation of unwanted pathway
The human STNk considered to have an axial gradient, such that the sensorimotor sector
is located dom-lateaally, the associative sector in the middle and the limbic sector
inferomedially[107]. The primary target of the STNBS is the sensorimotor sector,
providing relief of major motor disability in P[L08] while stimulation of the associative
and limbic sectors may elicit serious adverse effects in PD patients, such as cognitive
decline, mood changes, reduced impulse control, [&@9][110][111]. The potential
stimulation of the internal capsule during SDBS is associated with side effects such as
involuntary muscle contcéions and paresthedibl?2].

Our results using simultaneous fMRI and -OBS in healthy animals showeal
maximal response at a specific angle duringESs thatcorresponds to the predominant
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axonal direction in the STN that was verified using high resolution diffusion MRI and
myelin stained histology. These are consistent widdetection of positive responses in

the basal ganglithalamocortical network (thamus, caudatputamen, midbrainand
globus pallidus) and the sensorimotor network (motor, somatosensory and cingulate
cortices).The results demonstrate that in a preclinical seft@§DBS of the STN can
modulate brain network activity relevant to tiheatment of movement disorders and can
enhance the electrical activation of appropriate neural components of the STN to provide
optimal functional stimulation. Although the contacts in human DBS leads are located on
the lead axis rather than the tip, thenpiples of the current results are likely transferable

to segmented leads, offering the possibility to-timee the final stimulation results. Future
research directions will include increasing the number of contacts to better control OS
DBS.

5.3.20S-DBS in EC/MSN

This study shows the feasibility of @3S stimulationareas relevant tAD, setting the
framework for further technological developments and applications of multielectrode
arrays to substantiate the potential of our findings as a dirdatidreatment therapy in
AD. The flexibility offered by OSDBS in enhancing the activation of a specific circuitry
by targeting the axonal directions of interest within the stimulation site may be beneficial
to reduce stimulationelated side effects whilenhancing therapeutic effects in chronic
stimulation settingsMaximal fMRI responses of downstream areas to the EC generally
occurred at stimulation angles-d6; which corresponded with the main axonal directions
of the EC observed in deep horizordattions (i.e., further from the skull), and 180? On
the other hand, for the MSN group, the fMRI responses in HC and brain areas connected
to the MSN did nodliffer significantly between different stimulation angles with the planar
3-channel electrode.

Although statistically significant grotlpvel modulatory effects induced by the
stimulation angle were observed in our group of 10 rats implanted in the EC, large

variability of activation patterns as a function of the stimulation angle was also observed.
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As the EC is comprised of six cortical laydid 3], with differentlayers projecting
differently to the hippocampal formation, the location of the electrode relative to such
layers has the potential to significantly affect the outcomes of DBS. Specifically, neurons
in layer Il project to DG and CA3, while neurons in lallfehave projections to CA1 and
Sub[113]. The deep layers, espalty layer V, receive projections from the HCL4], and
project to EGuperficial layersind extrahippocampal braitrsctureqd113]. More in detail,

some axons project to extrahippogaal brain structures likdmg, some axons project to

the layer Il of the EC then to CA1 and DG, some axons project to layer Ill then to CA3.
Based on such considerations, it is thus conceivable thdDESSleads to somewhat
different activation patterns lven stimulating the deeper layer as compared to the
superficial layers, a prediction that may explain the large -Bubject variability of
modulatory effects induced by @3S as observed in our study. In addition, it should be
kept in mind that the lamgelectrode size could lead to some axons in deeper layers to be
stimulated when stimulating the superficial layers. Importantly, it should be noted that the
convention used for assi gnimyginsiaminogsectohsi ci al
in Fig. 30a generally follows the convention of superficial and deep cortical 14$&6&,

but a precise delineation of the cortical layers as defindd B} for each horizontal section
cannot be achieved in the absence of a complete 3D structure determination of the EC.
Therefore, a onéo-one assignment of electrode location in each rat within the exact
cortical layer cannot be robustlyanplished. The complex nature of the EC architecture
was confirmed by the complementary information obtained from the tractogram30jig
which showed a range of orientations of the major tracts according to the slice position
from deep to superficidhyers.

Absence of brain activations was observed in the group analysis and, at single subject
level, in 6 out of 10 rats implanted in the Ele weakestesponsevasgenerally detected
at-90? This was likely because aB0°the negative pole of thetisnulation vector was
quite close to the edge of the brain where the density of the axons is lowBB®6&f at
-45°resulted inalarge spread of activation both in the group analysis and in the majority
of rats at single subject level, which was in agnent with main axonal orientations in the

deep layers indicated in Fi§0. At 1355 which is opposite to the45°orientation, the
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fMRI response was minimal. This could be a result of the partial anodic block generated
by the anodic lobe of the dipolerstlation[115].

Several extrahippocampal brain structures also exhibited strong fMRI responses when
stimulating the EC, includinthe Amg and PL/IL which are related to emot|@®6]. The
Amg receives strong EC projections, mainly frbralateral entorhinal cortex (LEQ)17-
119], and further connestwith the ventral (temporal) CA1 subdivision of the HC, and PrC
[120]. The anterior cingulate cortex (ACCihch medial frontal cortex (PL and IL) also
receive major projections from LEQ21]. Further, we observed activation in the NA,
which receives direct EC projectiofi22]. In addition, the lateral hypothalamus receives
projections from ACC and AmL23].

OS-DBS of the MSN elicited strong fMRI responses in the dorsal and ventral HC,
Amg, and medial frontal cortex. In addition, MStihaulation activated the fornix as well,
as the anterograde activationtlke mammillary nucleus and anterior thalamic nucleus may
originate from fornix stimulation. Indeed, within the hypothalamus, the mammillary
nucleus receives hippocampal projectionotigh the fornix, andhe anterior thalamic
nucleus receives projections from MM. Our data suggest that both MSN and fornix areas
were activated, which indicates that part of the effect was mediated by fornix activation.
For MSN, the projection directioof most axons (Fig30d) is dorsalventral. Therefore,
varying the main electrode field direction in an axial plane did not result in significant
differences in activation patterns (F&f). This result further confirms the main principle
of OSDBS: the ®lective activation of axons is enhanced when the electric field gradient
is oriented along the axon directidtuture studies are thus required for achievingBES
along a dorsalentral orientation, for which electrodes with minimally four independently
driven channels distributed in 3D rather than on a plane are requireddioeméng the
electric field gradients in space.

In conclusion, we conducted the first in vivo investigations ofBS of the EC and
MSN in rats. Such stimulation targets aretgmtial DBS targets ilPAD given their
involvement in memory and cognition and their association whh induction of
neurogenesis in DG of the hippocampal formation:MES of the EC modulated brain

activity in the HC which is crucial for spatial and sgiic memory, in the Amghich is
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involved with emotional memory modulatioandin the medial frontal cortex (PL, IL)
involved with several cognitive functionBhe grongest activation was achieved4sin

the EC, in general agreement with the outcerpeovided by histological and MRI
tractography assessments. No significant dependence of the activation@BSOS the

MSN had been detected, which was attributed to the orthogonal orientation of axonal tracks
relativeto the stimulation plane of the ptanted 3channel electrode. Further studveish

a different setup that modulate the electrode field in the vertical @ameequiredo
substantiatéhe potential of OPBS as a treatmeiaff AD.

6. ALTERNATING LOOK -LOCKER (aLL) METHOD FOR
adiabatic Ty mapping

Here, wedescribe the aLL method and present the simulated and experimental data
collected at 9.4]with MB-SWIFT usedas a readout. We furthermore compilweresults
obtained withtheaLL technique and SS methodthein vivorat brain andn Gd-DTPA

phantoms used for the relaxivity analysis.

6.1 Description of the aLL sequence

The aLL method utilizing MBSWIFT readout is illustrated iRig. 31. After saturation, Z
magnetization freely recovers durin@, time. The LL acquisition of magnetiion
evolution fromthe negativehemispherestarts aftethe adiabatic inversion pulse. The LL
acquisition is performed by segmented collection ok image volumegframes)during
the evolution of magnetization towards steastgte[124]. Each segment consists mmfk-
space readougzer framewith repetition timesr. After the acquisition ofhalf the frames
(n/2), the Z magnetization is again fully saturated, and afftetime the similar LL
acquisition is repeated withotlte application of the inversion pulse. These schemes are
repeatedhs times with different groupof readouts for each gment to collect full kspace
data forns frames

The aLL method could be used with and without MP modules. Without MP modules,

the method allows for simultaneotlisandBs: ( dflip angle) maps. MP modules could be
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added cyclically in the readout to induee additional decay to the magnetization, which
as a result, allows for simultaneous collectiop&nd other targeted maps.

Let us consider an MP module that is embedded into the sequencevaitgn
readout, providing an additional decay of londihal magnetization. The evolution of
magnetization due to this specifically targeted relaxation mechanism is givén by:
A@DY TY , WhereTotheriS the characteristic relaxation time under that mechanism.
Among several, the relaxation processes induced by MP blocks could be, for example,
longitudinal rotating fram@&1z, transverse rotating franie; [125], magnetization transfer
etc. Specifically, here fofiz mapping we will usenMP modulethatconsists of two AFP
pulses, adiabatically rotating magnetization by 360 degrees and providing adiabatic
relaxationweightingO A@DY T'Y .Atthe beginning and at the end of each MP
module, theeadout gradient is ramping down and up, respectively, and additional crusher
gradients are optionally applied to avoid interference from transverse cohei@mceg.

eachframe, one or mor®P modulesseparated by readouts
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Figure 31. Schematic of the repeating part of the aLL pulse sequence with Bloch simulations (red
curves) and described by Eq. 6.1.6 (black line) evolutions of longitudinal magnetization. During
the signal evolutions, the segmented i(maumber of segmentgcquisition of ns image volumes
(frames) (green bars) are applied. The MP modules, consisting of two AFP pulses, are applied every
n MB-SWIFT readout. During each frame consistingwofeadouts, a total of one or more MP
modules could be applied withU n,. TR isthe repetition time between MBWIFT readouts;

TMP is the duration of MP modulg; is the number of segments with different groups of readouts

in the frames representing the full sehofnage volumes. The presented MEBBVIFT uses a chirp

pulse with 4 gaps exciting spins lofflip angle.Ms is the magnetization being recovered aftger

time. Mssis the steadytate magnetization.

Thus, after full saturation, the magnetization being recovaftedTa timeis
0 0o p O, (6.1.9
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whereMo is theequilibrium magnetizatioandO Q. The evolution of magnetization
from negative Kn) and positive lp) initial values, after eachreadouts right before MP
modules could be evaluated as folld48]:

0 Q O o 0 ©O (6.1.20)

0 Q 0 0 0 O (6.12b)
where i is the MP mo dul e dMs is the stemadystate magnetization©®

00 07 Q@ ,0 Q ,0 AIi-H-istheexcitation flip angle ander is the

effective relaxation tinte

Yo — . (6.13)

From6E¥.a novelparealniegx argagmnbe defined as f

- (6.14 )

S
Importantly, the relative contributions ©f andTiz in T can bealteredby adjustment
of the sequence parametens Tup a n Tk, a feature that provi de
generate a novel <cl ass of freegplecssiantandagotatingi s p e r
frame relaxation sensitivities

The sdteaatdey magdescredgbié8dnby s
0 0 : (6.15)

Theystodbng 6 .21 .shoul d kensmbdefied that rea
transverse Gnagnepiozrndoi doag(i t udMnal=dMsniagnet i z
antdo take into account the mefxipeecrti noen ttahle rge

(Y Qand¥®Q, as foll ows:
YQ no 0 0 NO i Qe (6.1.68)

YQ Qo 0 0 nNO i Qo (6.1.60)
Here the pdoefdapperioexnitmat—e[dd,8yorndhi dering th
df erences of i nt enshdPi enodbékroraByeamMmdioahedro

coef fgcowirenetct s for the di ff erleinnceea ro f( eixnptoenger
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function from dhenkagdhedy @veiOadi Thhe effect

of coedifsi ceisegretci wh éwyri wa lcwanplaed abah elgrer t han

A simultapeoamet &hr eBbg @ . 6p.ngvude shwwMd Uues o
anMs The cmaenidi-weineemgtl ected during the fittio:
on the ratMyMs oWwhivaH uies the tapr et YFYT,he ap
whi ch i drLvTa | iad |foows Tif o & éneaMJ/ildti swiEngg & . a nd
6 .51 .

Yp © . 6 .71 .

Thi s coalldulbéktdeddr ecurrentTsggs by 8Swvamwieng
andusually requires | eds tphhraoome8@luneger at eon
dependent on flip angles and Tholl[80f afats t o r
i s knowWn. f7,6ofMhveal ues cdaent earInsioBgbde8f A dmus, bot
T1a nTdz maps are evaluated from one experiment.

Without MEgmd@dulses i p@E:1 i fi ed as

Yp ©O _ (6 .81 .
wi t h
Y - — . (6 .91 .
Accor didqgng86t.dlihne t hd esp eradssf ioné ¢ mpaxyTaammedt er s
3 fitted hpaatr armdgaemgsrl § .c | Tie fffiescpc @mp épvpsat ed bet
the fittedc@madrcalernt etdsii sa ndas ebnlsiipt iaBappHll.e ( o

Thus, by usig calculatedlia nB«i mpl i ci t 1l y depewdanobginon f |

simultaneoushaflip angle magrom Eq. 6.19, as follows:

— AATAwB- — . (6 .10).
The tot al acquisition time for aLL metho
€ tgoisdefinedby t he spati al resolution, and can b
Y € Y €¢ Y Y £ 8 (6 .11).
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The resolution of radial images relatedNgquist diametennyg, which for a fully
sampled dataset must satisfy ¢ ¢ T*. The most timeonsuming parameters are

nsaddTa The numbemcah Begdheatseased bwThe ncr ea:
aLL sequence using saturation of the magnetization before the recovery periods allows for
ashortened remoe r y T+~ T1f®8].For exampl e, withowi= any a
128, =6, ny = 256, Tr =4 ms,Twp = 8 ms andlia= 3 § the total acquisition time will be
around 60 minThe effect of different pareadmentietrhs
Bl och simul ations.

The i mages were analyzed voxel wise i n r
from the complex voxel val ues, thewphase
subtracted from the rest of the i mages.

For comparison pposes, here we also implemented the SS méthb@vhich allows
extractng T1iz map fromMssacquired with differenTip values.In the case of S$he Mss
i's al sob y g6.6TInbbtealll and SS methods, the Mi®ddulesmplemented
the same AFP pulseblowever in the SS technigyehe pair of adiabatic pulseseve
repeatede times to increas@iz evolution time. Quantification oFiz maps from the SS
method requireshe independent acquisition i map, which in our case was supplied

from thealL experiments.

6.2 Material and imaging parameters for aLL method
6.2.1Simulations

The magnetization evolution durinbe aLL experiment was calculated withe Bloch
simulator. Calculatioa were repeated 1000 times with introduced random noise in the
range of-0.5% to 0.5% ofMo to each evolution point. The parameters used for the
simulation wereMo = 10Q Tiz = 0.045s, T1= 1.8 s bandwidthbw = 125 kHz, Tr= 4.3%

ms number of gaps 4, sidebands 128 ns= 6, n= 50, ny= 20Q Tmp= 6 ms Ta= 3 sand

/ =1 JThe results of simulated data were then fitted to extractitla®d T1; values as
describedabove.The LevenbergMarquardt algorithn{126] available within theGNU
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Scientific Library (GSL) (https://www.gnu.org/software/gsl/) wdsized for fitting. The
dependencies on each pasder were calculated by keeping constant itimaining

parameters.

6.22 In vivo study

The in vivo study was carried out in compliance with the ARRIVE guidelines, and
experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Minnesota. SpragDawley rats (Envigo;
Madison, WI, USA; male, 26@00 g, n = 6) were anesthetized using isoflurane for the
preparation phase and for the duration of MRI acquisitions w0 (30%/70%) carrier
gas. The MRscans were conducted in a 9.431-cm horizontalbore magnet equipped
with Agilent console (Palo Alto, CA, USA) using a quadrature volume transmit/receive
colil.

For adiabatic rotation, adiabatic pulses of the hyperbolic secant (HS) {a6iilyere
used with stretching factor 4 (HS4), timebandwidth producR = 20, pulse duratios 3
ms, and peak amplitude in frequency unit was equal to 2 kHz. As a readout tindadth
and SS methods, the MBWIFT sequence was used with parametgys: 125 kHz Tr=
4.396 ms number of gapd, sideband<4.28,twice oversampledivp = 6 ms/ =1 Jith
FOV = 24x 24x 30 mn¥, n, = 160, number of readouts between MP modalestO, n; =
12; reconstructed image matrix 128128 x 32 andthe total number of readouts =
¢ € =40,000. The Gaussian 3D filter wiigma =0.6 was sed before the fitting. Total
acquisitiontime of the aLL method was around 50 min. Ftine SS method, two
experiments were conducted withp=0,1, wi t h each a@auSneni ti on
for eachnwp preparation block. Th&: map obtained with aLlmethod was usefbr the
processing of the SS methsd1; maps. D estimate the flip angl@ each voxethe fast
experiment without application of the MP moduless performed with = & &€ =160
x 40 = 6400, withns= 4, and other parameters being the same aalthenethod, which

took around4 mins.
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The optimized set of experimental parametesischosen based on Bloch simulaiso
predicting the lowest standard deviations and less than 5% fitting deviations in the range
of expectedTl: (1.52 s)[127] and T1z (20-45 ms) [48] values. TheTi; maps were first
calculated voxelvise. Aggregate values were then obtainesklectedegions of interest
(ROIs), namelycorpus callosum (cc), hmppcampus (HC), Amygdala (Amg), Thalamus

(Tha), Internal Capsule (ic), and infralimbic/prelimbic cortices (IL/PL).

6.2.3Phantom study

The first phantom was a spherical shape filled with saline and dropped with MnCl to
shortenT;to about 0.2 seconds. Fexperiments with this phantqom surface coil of 2 cm
diameter was used.

The secondphantom consisted of 4 plastic tubes filled with 5% weighted agar and
different concentrations of gadobenate dimeglumine -DG&A, multihance,
manufactured for Bracco DOgaostics). The concentrationgere 0, 0.1, 0.2, and 0.4
mmol/L.

For both phantoms, theaging parametenserethe same as im vivo study except
the total number of readoutsr the first phantonwasn, = 80, Niet= 11200s 0 t he t ot &
scanwasmed 22nadii hor t he ng=e20, Bk=R00PWiatnh osnc an

time 3.5 minutes

6.3 Resultof aLL method
6.3.1 Simulation result

The results of fitting the simulated data are presentdéiga 31-36. The deviation of
simulated data from expectedlues reflects the accuracy of used approximations, and the
error bars representing standard deviati®td) @llow to estimate the range of optimal

parametes set for the best fitting and the most efficidatandT1; mapping.
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The stdfor T1 decreasg with increased flip angles together watBlight deviation of
average values from the expected valleg. 32A). Thestdfor Tyz is near tominimal for
three and foudegrees near to the Ernst angle (4.Bid. 32A). As expected, thstd
decreased wh increasinghe recovery timeT, (Fig. 32B) as well asadiabaticrotaing
frameevolution timeTwe (Fig. 32C). The deviations of the average valaes within5%
from expected values. The increaségfeads to an increasing scanning tifa&" (E q .
6. 11, that 1iYBY wwRyepsengnts a good compr omi s
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Figure 32 T1z (top row) andl1 (bottom row) values calculated from the fittingsifnulated data
during the aLL sequence as a function of excitation flip ar@gsT+/T1(B) andT1z/ Tue (C),
assumind.5% noiseT1z = 45msandT1= 1.8s. Refer to the Bnulation section for details.

Fig. 33 represents the simulated datatw aLL technique with different numbeof
frames (Fig. 33A), differentnumbes of readouts peframeny, for ny = n (Fig. 33B), and
differentnumbes of readouts between MP modul&sy. 33C). The increase of the number
of frames decreasestd and has a mild impact offi?", which wil |l al s
mul ticompoment hanalesiesucne eaf oaf smuafgfniectii eznatt i

points. I n  prnawit li Ic eagslmiachmuenebaesri n@f ns, s ewghmecnht s
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decr @&@$@E&s . 18 . 1 Ho wiacveasestdfor the casey =n(Fig.33B) . To
kespldw f owv allauregse, mchaen nbuemb®E®.83Ce ased (
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Figure 33. T1z (top row) andT1 (bottom row) values calculated from the fittingsifnulated data
during the aLL sequence as a function of the number of frames (A), the number of readouts in
ead frame (B) and the number of readouts between MP module (C), asustiignoiseT1z =
45msandT1=1.8s. Refer to the Bnulation section for details.

Fig. 34 represents the error @t and Tyz; estimates due to inhomogenedgisduring
the aLL sequere The effect oB: inhomogeneity was simulated kgeping the flip angle
constan{—=4°) andvaryingthe expected flip angle%) d u r i n g The iedults ishow
a significantbias of T1; on the flip angle which isthe opposite forT:. In addition,the
sensitivity ofT1 values to flip angle variations is smaller thag, suggestinghenecessity

of usinga pre-calculatedB; map for more accurafez; mapping.
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Figure 34. The biasof calculatedl'1z and Ty values in casef simulated constant flip angle—=
4°) andvaried an expected flip ang(e*) during fitting, assumin@.5% noiseT1z = 45msandT:
= 1.8s. Refer to the Bnulation section for details.

6.3.2Experiments without MP modules: simultaneows T1 and B1 mapping

Fig. 35represents the 30 seconds MBVIFT image and results of a tinuteexperiment

with the aLL sequence collected on a spherical phantom located on the top of the surface
RF coil. The intensity of MESWIFT image Fig. 35A) highly depends othe local flip

angle. The aLL method without the application of MP modules allows simultafzous
map Eig. 35B) and T: map Fig. 35C). As expected50], the T: map Fig. 35C) (low
resolution) is insensitive t8: inhomogeneity, which allows usinggs. 6.18-6.110 to

obtain theB; (or flip angle) mapKig. 35B).

73



(A)

(B)

(C)

Intensity

(D)

o

'

[N)

o

=]

5 10 15 20
Distance (mm)

(E)

5

10 15 20
Distance (mm)

(F)

5

10 15 20
Distance (mm)

Figure 35. The 30 seconds MBWIFT image (A)B: (B) andT1 (C) maps of a 3.5minute

expeaiment with the aLL sequence collected on a spherical MnCl/saline phantom located on the
top of the surface RF coil. Thi&a map (B) is presented as a ratio of measured and sated flip
anglesd/d*. The (D-F) represent respective profiles of-@) along the white lines.

6.3.3Experiments with MP modules: simultaneows T1 and T1z; mapping

An example of magnetization evolution during the aLL experiment describiegsh§.16
is presented irFig. 36A. The subtractioMn(i) T Me(i) is presented irFig. 36B in a
logarithmic scale for demonstration of the exponentiality of the process.
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Figure 36. Magnetization evolution during the aLL experiment. For each framé/reed Mp
intensities were averaged in the ROI of HC (A) and similarly the valiv6j 1 Mg(i) where
replotted with time in logarithmic scale (B) framne representative study at 9.4T

Parametric mapaMss Mo, andTes) of the rat brain obtained from tlfigting of Egs.
6.16 are presented Fig. 37. The original maps are presenteig. 37A-C. It was noticed
that the noise visible ifief images Fig. 37C) is highly correlated with noise Mo images
(Fig. 37B). This noise could be minimized by optinmg a fitting procedurg128]. To
someextent this noise could be compensated by voxel wise multiplJxdoy Mo/fMo,
wherefMo is Mgoimage after 3D Gaussian (sigma = 0.6) filter. After tNat,andMo were
recalculateddading to newlest values. The correlated noise compensated imagkksof

Mo, andTest are presented iRig. 37 (D-F), respectively.
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Figure 37. Parametric maps of the rat brain, namely Ni48, and Teffcalculated fronEgs. 6.16.

Results are shown either before (A, B and C) or after (D, E and F) removing the correlated noise.
The std calculated within the HC (indicated by white dotted lines) for (C) and (F), respectively
equal to 0.0193 and 0.0168. The scales of &&EMO argpresented in relative units.

The T1, T1z, and T maps calculated from the fitteMss Mo, Teff parametersare
presented ifrig. 37A, Fig. 37B, andFig. 37C, respectively. Interestingly, thia collected
without MP moduleswhich for comparison isrpsented inFig. 37D, has a different
contrastrelative toFig. 37A. From T, data collected with and withotite application of
MP modules (Fig37A and D),T1 of all registered brain areas increases wigapplication
of the MP modules by about 20%. \&kso noticed that in hard tissues this effect is larger,
for examplein scull and eye lens 60% and 100%, respectively (data not shown). However,
the effect is minimal or even reversed in eye vitreous chamber and blood vessels (data not

shown).
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Figure 38 T1 (A), T1; (B), andT: (C) maps of the rat brain measured with thé anethod, and
comparisons witfi; map collected without MP modules (D) ahd map collected witlsSmethod

(E).

For comparison pposes, thd1z; mapcollected withthe SSmethodis also shown
(Fig. 38B). Both methods demonstrated a good tissue contrast between grey and white
matter in the brain. Yet, the aLL method provided ma&jg. B8B) that were less noisy
relative to maps coltded witha similar set of parameters in the SS methiéid.(38E).
The mean values of ROIs detected witbaLL andSSmethods are shown Fig. 39. The
Tz maps obtained witthealLL method provided similar mean values compared thigh
SS method inthe cc (31.0ms/31.2ms), HC (42.1Ims/41.1ms), Amg (43.0ms/41.2ms)
Tha (34.1ms/33.9ms), ic (27.7ms/27.5ms), and IL/PL (41.7ms/A1.4 ms) areas. The
coefficient of variatiorstd/T1z wasin general smaller fathealL technique as compared
totheSS mé¢hod (namely: 2.0% vs 2.78% in cc, B0% vs2.78% in HC,1.93% vs3.96%
in Amg, 124% vs5.3®6 in Tha, 23% vs 6.31% in ic4.56% vs 6.1% in ILPL)T1; maps
collected withthe aLL methodSS method, an@i: maps with SS method oéach single
subject analsis are shown in AppendD.
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Figure 39. MeanTy; valuescollected withthe SS(black boxesandal L (blue boxes) methods in
ROls. Thebox heightrepresentstdacross 6 rats. The RQdse shown om coronal view otherat
bran on the right.

6.3.4Phantom study

The dependence of the relaxation rate constanis ahd ¥Ti; with Gd-DTPA
concentrations (i.e., relaxivity) are showrkig. 40, whereT:was measured usinigeal L
method Fig. 40A, C), and theTyz results wee obtained with aLL and SS mettsogFig.
40B, D). Additionally, theT; collected with aLL method without applications of the MP
modules is presented (dashed lines and open circleg.id0A). Importantly, theT in
the phantom does not show the depecgen MP moduledBoth 1/T1 and 1Ty increased
linearly with Gd-DTPA concentrations, with T4 (Fig. 40A) exhibitingless variability as
compared with Iz (Fig. 40B). Both the aLL and SS methods provided similar
relaxivities ( Fig. 40B).
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Figure 40. Relaxatia rateconstants I/, and 17T, as a function of GADTPA concentration in 5%
agar The solid barsepresent the spatisidacross the phantarithe 1/T; was measured withLa
method with (solid circle and solid line) and without preparation MP modul@ @ pse and dash
line) together with data collected with spectroscopic inversemovery method (red circles) (A)
T1; was measured wittheal L (blue) andSS(black dash line) method8). The corresponding
maps of T: and Ti; mapsas a function ofGd-DTPA concentration are shown in C and D,
respectively

6.4 Discussion of aLL method foiTy detection

This chaptedescribes a new method entitligek aL L for quantitative3D mapping ofTy

and Ty relaxationtime constants, @aB;. The simulated andcexperimental results are
presented witlihe application ofthe MB-SWIFT pulse sequence as a readout. Notably,
any other fast repeating low flip angle readout technique that generates thessitady
condition with spoiled transverse magnetization duinmgging, such as FLASH, the short
T2 sensitive ZTE, UTE, or SWIFT sequences could be utilidedvever, it is wortmoting
that the range of detectable and Ty relaxation timesiepends on the properties of the

readout sequence and it is broader with shggensitive sequences relative to the echo
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based sequencgd48]. The proposed methois not restricted to 3D mode and can be
generalized to any Cartesian or AOartesiarechebasedlD or 2D segmented readouts
with the benefit of much faster acquisition times

It is known that the alternatingagnetizatiorscheme increases the SNR ditithg
stability and precisioifi51]. Both the magnetization starting from positive and negative
hemispheresvolve towards the same steagtgte values, which allows avaid samping
at long evolution times and colléag samples oly at the beginning of the decays to
achieve robust fittingb1]. On the other hand, the aLL method utilizes aduiiamic range
of magnetizatiog, and it allows collecting many samplesiuring therelaxation decay,
which may be particularly beneficiébr potentialmulti-exponential analysisAs in our
presented experiments we got mangoonential results (linear in logarithmic scale, see
Fig. 36B), however the plot demonstrates the potential of thiaodeto be used for more
complex multicomponent analysis. Theainadvantage of the aLL methodtie use of a
maximal dynamic range of the magnetization evolutims is difficult to achieve with
theSS method where the maximal amplitude ish@stealy-state level. For example, with
MP modules used in our study only 2 points in magnetization evolutiaghd&S method
were useful, because the SNR of the third point acquirednyith=3 was not enough to
improve the fitting.

The main challenge of (B Tiz mapping is the long total acquisition time. The
advantage ofheall is its capability of collecting botfi; andTyz in one acquisitionlt
makestheal.L relatively faster than the SS technique, which reg@ilesan independent
acquisition ofT: mapsfor proper determination of the;;. Even though it is in principle
possible to get relatively quibkT: maps[129] in theabsence of adiabatic pulseschT:
maps would be subptimal for the purpose of extracting accurbdgvalues. In fact, from
Figs. 38A, C, it can be seen that the presence of adiabatic pulsstdeadelatively higher
T1in vivo. Therefore,T1 maps collecteth presence of th®IP modulesas we did here by
using those obtained from the aLL method, re@eessary also for extractiiig; from the
SSmethod.The typical time foif1z; mapping without any accelerations is ab®@ininutes
for radial 3D acquisition with 128 Nyquist diameters. Future acceleration can be done with

an optimized combination ofew sharind124], compressed sensifi30] or/and parallel
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imaging technique$131]. In this study we avoided any acceleration to simplify the
presented analysis.

Notably, the aLL method couldlsobe used without embedding MP modules to
collectB: insensitiveT: map[50] andB: map Unfortunately, thid: insensitivity property
does not fully holds for acquisitions with embedded MP modulesBThéhomogeneity
effects are still minimized for th& map but a& essential for th&; map Fig. 34). That
is why for the quantitativd1; mapping it is still needed to ug maps.Importantly, the
aLL allows one to obtaiB; map (actual flip angles) in-8 minutes. This applies to any
technique used for the readout. The limitationta$ B; mapping depends on ability of
adiabatic pulses to invert magnetization in the areas of I@&yeshich can be appreciated
from B map presented for the surface cailg; 35B). In general, with lower SNR, it is
possible to collecB: map without ugg any inverting pulses from analyzing only decay
from the +Z. This is especially applicable for the imaging of ghvartT> objects. Most
importantly, it provides robust actual flip angle estimation for the-Z&equences,
which was not possible dar.

In this study, we used two methods to measurd thealues, namely the aLL and SS
methods, which gave similar results in botkvivo studiesand phantom studies with 5%
agar with GADTPA at different concentrationgonfirming the accuracy of ¢hnewly
introducedalLL method. In general, it is important to keep in mind thatmeasured:
and T1z values could be different in other experimental conditions, deperafinthe
relation between the acquisition bandwidth of the zero TE readout seqaedcine
rotation bandwidth of the MP modules. In our case, the used rotation bandwidth of the AFP
pulses was about 7kHz. Therefore, the signal from some macromolecules, which might in
principle still contribute to the SWIFT images saturated during thediabatic rotation in
presence of the MP moduléhis explains the differences i values collected with and
without the application of the MP moduldsd. 38A, D), observed in brain tissues. This
effect increased in hard tissues (scull, bone, eyg) land less in gel like tissues (eye
vitreous chamber). In the blood vessels we observed a negative effect, which can be
attributed to an iflow of saturated by MP modules blootb preserve the advantages of
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the zereTE mapping to reveal fast relaxingnaponentsthe use o broadband AFP pulse
is preferable

In the echebased pulse sequences, the echo time works as cut off parameter.of the
filter passing to detector only signal from spins having lodge€onsidering that in real
tissue an exchanger magnetization transfer shortefis together with longitudinal
relaxation times, filtering out shortd@f, components will also cut shortdih and Ty
components. Thus, values of relaxation times collected with zeretiech®equences as
a readout willalways be shorter relative to the ones collected with-belsed sequences.

The proposed method is readily applicable to human study. The currently used SS
method could reach SAR limitations if more points on relaxation decay and more adiabatic
pulses peiMP block are required. It is not the case for the aLL method, wines
segmented acquisition with two adiabatic pulses per MP andTigtelays between the
segments.

In conclusion, a new methoentitled thealLL has been developed for improved
simultaneoud’: andT1; mapping This method provides robust and effici&n mapping
in vivo and could be extended to detection of other relaxdtinas Notably, the alLL
method also provides novel relaxation parametéts, whi ch combi nes ¢t
rel axatniton buti ondianfdr eeotmiglnegis fFgraenx pl oi t ed
sequence. Future investigations, whi ch ar e
warranted to apprTecina hrmalyptheeproposeehéthot carbes o f
used for the simultaneouk and B: mapping, particularlyadvantageougor short T>
sensitivesequences and could be extended to other readout schemes

6.5 RAFF mapswith the SS method

The SS methodising MB-SWIFT could be extended to measwther relaxation time
constantsFor instanceywe useda RAFF pulse instead @nHS4 pulse as the MP block to
measure the RAFFelaxation map

Thein vivostudy wasonducted underonditiors similar to thoselescribed irSection
6.2.2.The experimenivasconductedisingTgF344rats. FortheMP block a RAFF2 pulse

was useavith U= 45°, pulse duratiosTp = 2.2msandT, = 4.5 ms and peak amplitude in
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frequency ungwas equal t&€25Hz. A demonstration of the feasibility of RAFF relaxation
mapping ispresented inFig. 41, where different quantitative maps correspondingto
different pulse parameters are presented. It canbalssbservedhat theTrarr values are
distinctly differentfor different pulse duration, indidag that theRAFF could providea

variety of contragtwith differentT,.

Figure 41. Representative example of quantitative relaxation mappinge44 rat at 9.4Twith
RAFF2-450sing SSmethodfor imaging readout. Two durations of RAFF2 were udgd: 2.2
ms (top) and’p = 4.5ms (bottom).

6.6 Longitudinal Ty map of AD rats with the aLL method

Longitudinal studiesvere conducted on two TgF344 rats at different aBes#1 atthe
ageof 10.4 10.7, and 16.8 monthsand Rat#2 atthe age 0f10.7, 10.9,and16.9 montis.
Rat #3 td® wereTgF344 ras mixed with wild typeatapproximatelyaround 6 monthsand
experimentsvere performedat around 5 to 6 month§ he eperimenal conditiors and
dataprocessingnethodwere thesame ashosedescribed irSection6.2.2 exceptthat Niot
=nm=120%x 250,ns=5,andpeak amplitude ithefrequency unit was equal to5kHz.
The T1z mapsof 2 Ratsat different agesre shown in Fig42, and T1z valuesin some
memory related ROI&c, HC, Amg, Thagare shown in Figd3.
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Age (Months)  10.4

Age (Months)  10.7

Age (Months)

Age (Months)

Rat #9
Age (Months) 5.6

Figure 42. The T, ;maps detected with AD rafs = 9) with different ageAges (months) are listed
atthebottom
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Figure 43. meanTy atdifferent ages ithe followingROls cc, HF, Amg, ThaBlue circles
stand forthevalues of rattl, redcircles forthevalues ofrat #2, andblack circles fothevalues
of rat #3 to rat #9.

We can conduct a preliminary analysis since we hawgitudinal Tiz mapsof only
two TgF344 ratsNo significant differencef Tiz or indicationof macroscopic alterations
such as hippocampal atroplvgsobserved irY rats around 6 omths in the AD and control
mixed group or 2AD rats of 10-11 monthsof age(Fig. 42). It was indicatedfrom the
referencqd132] thatthe TgF344AD ratsdo not havegreatdifferences in neuron number
in HC or ccatapproximately6 monthscompared with wild type ratsorresponding to the
result thatTiz; values of the mixed groupt approximately6 monthsdid not showa
difference For the neuron loss leveéhenumber oineuronal ellswassimilar betweeAD
ratsand controin the granule cell layer of the dentate gyati$ months, but 33% less at
16 months[132]. It could be possiblthatthe 10 months AD rats do not haasignificant
differencein theneuronal cell number to cause the differenc&gin HC. Two rats show
different results at their agd around 17 months, rétl hadalmostthe sameTyz, butthe
T1z of rat #2decreased considerabbs shown in Figd3.

The relationshipetweerage and’1; in memoryrelated ROlIsequiresalarger sample

size forlongitudinal MRlassessmenb draw a clar conclusionn thefuture Analysis of
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cell proliferationusingotherlabelingmethod such as EdstEthynyt2-deoxyuriding and

BrdU (thymidine analog hromo2°-deoxyuriding are also required.

7. STUDY LIMITATIONS

Several limitations of the studshould be na&d. First, the sample size of ti@SDBS,
ESCSstudy and aLL method foli; mappingwererelatively small (1lanimals for OS
ESCS, 12animdls for STN implantation DBS]0 animals for the EC implantatioS

DBS, 8 for MSN implantatioDS-DBS, and6 animalsfor aLL method forT1z detectior).

To mitigate tkeselimitations, for OSDBS and ESCS studiesje used strict threshold
criteriato generatggroupbased activation maps, and further documeéttie individual
single subject results. Moreover, for tB&DBS study, the relatively large size of the 3
channel electrode (about 356 in total diameter) as compared to the rat brain dimensions,
implies that different O®BS angles may stimulate surrounding areas of the selected
targets thus leading to widespread activations beyond those of the targeted circuitry.
However a small cotact size could lead to tissue damage because of high energy
deposition per uniof time. Higher electrode counts and different electrode configugation
are also desired to-4@ientae the electrical field in space rather than on a plass the
presemn study. Despiteusing the stereotactic system to ensure precise implantation,
implantation inaccuracies can stitcur, potentially introducing variability in activation
patterns even within the same group of animals. The electrodes may also be inserted
the tissue iraslightly twisted manneithe actual determination of the stimulation angles
may be compromised across animalgeventing accurate group analyses as a function of
the stimulation angle.

Moreover, the characterization of fiber orierdat based on tractography and myelin
staining is highly informative but has limitations. We can extract fiber orientation from
tractograms reconstructed at 330 thick section. As a grey matter area, the presence of
fiber bundles irnthe EC is low as obsged in myelin staining, and the tractograms reflect
the orientatiorof all oriented structures containedthre relativdy thick slice of tissue,

including myelinatedand nonmyelinated axons or dendrites. For a more accurate
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estimation of the angular d&rences between GIBBS experiments and ground truth
methodologies, higher resolution diffusion MRI and other histological approaches, e.g. 3
dimensional confocal microscopy, and precise electrode locations are required to fully
verify the accuracy of thetimulation in each animal. Moreover, for EC stimulation, in the
present studywe used a 20 Hz stimulation frequency, which is the classic kindling
paradigm for inducing epilepsy133]. Therefore, future studieshould focuson
circumventingkindling by utilizingahigh inhibitorystimulationfrequency of 100 Hz and
higher. Future studies are warrantesihglarge animal models tonodel clinical settings
moreclosely.

For theT1z mapping as a neimvasive MRI biomarker for AD therapy, onyTgF344
rats werestudial so far longitudinally, thus preventiraur lab fromdrawing conclusiors
but warranting studies oa larger sample sizéAdditionally, DBS wasnot conducted on
these rats. Wheth@S-DBS couldbe able toinduce maximizd neurogersis remaigto

beverifiedin the future including validations with histology

8. THE PROSPECT OF THE STUDY

The application ofthe OS methodology is nolimited to DBS but could beextenatd to
ESCSwherefeasibility is wellprovenwithin the OS-ESCSstudy presentedn this thesis
OS-DBS ontheSTN, which is a PD related DBS target, sholaat OS-DBS couldhelp to
control side effed by avoiding stimulating unwanted ase@A more accurate and
controlled devicesuch agnultichannel stimulatiorwith a higher channel countould
improve the stimulation result and better control the stimulation area to avoid sids effect
Instead of changing the orientation in one plane in thle@&rodesthe multichannehrray
could achieve 3D special control of theemtation ofthe electric field.

As the EC/MSN study shows, the fMRI resuf stimulationarehighly relatedo how
well the orientatiorparallelsthe most stimulated fibswof these two ADBrelated targets.
Based orthe histology of ECthe fiber®directiors arerelatively complicatedmaking it
harcerto predict the best OSS angleless he el ectrodeds target

fibersdistributiors are knownHowever, anothesptionfor OSDBS is to test the outcome
87



usingfMRI as this study did to determinethe best stimulation patterthe fMRI results
showed thathe DG and hippocampusspondedtrondy to stimulation.

The Tz with aLL method could be a tool for detectimguroral lossin AD, as
preliminaily testedin AD rats in the preset studyand neurogenesis after MBS
treatmentMore in general, the goal of future studies could be the combinatidBef
SWIFT fMRI with the aLL mehod for monitoring acute and chronic effects of -DBS
stimulations respectively, in AD animal modeldn addition, firther studies with
multichannel electrodesetupwith higher channel count and in larger animals using
commercial electrodes are requitedubstantia the potential of O$BS as a treatment
therapy forAD. Edu or BrdUassessmentuld ako be used toonfirm cell proliferation
in the rat brairafter the OSDBS treatmentAfter confirming neurogenesis nonhuman

models the OS-DBS and alLL methaglcould be extendetb humarresearch

9. CONCLUSIONS

The conclusions were drawn as follows

1. OSESCS anovel approach for ESC8as beemlemonstrateto modulate spinabrain
connectomes within the central nervous systBrain activationwas detected with EPI
fMRI during stimulation ofthe two spinal segmentsS1 and L2.The thalamus, motor
cortex, and primary somatosensory cortewe high brain activation with some OSS
orientatiors especiallyat0°and 1207 which might correspond tthespinal cord and dorsal
root direction.

2.For OSDBS inthe STN, which is one of the primary targef PD, thefMRI response
was detectedith MB-SWIFT fMRI in the CP, motor and somatosensory cortices, several
thalamic nucleiSN, and inferior and superior colliculugth a maximal response at ©S
DBS angleof 180° This coincided with the main directioh®TN fibers within the nucleus
confirmedby diffusion imaging and myelin stained histologhe OSDBS strategyof the
STN can potentially provide further improvemestitallows more selective stimulation

areas ofnterest.
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3. OSDBS of EC and MSNwhich are potential DBS targets iAD therapy was
conducted on rat©9SDBS ofthe EC achievedhe highest activatiometected with MB
SWIFT fMRI at-455 whichprovided distinctivelyargerfMRI clusters inareasonnected

to the EC, includinghe HC, Sub, Amg, and PrCin general agreement with the outcomes
of histological and MRI tractography assessmemtsee complex axon distribution and
diversity of electrode location differer&may havecontributel to the large intessubject
variability.

OS-DBS of theMSN elicited strong fMRI responses in the dorsal and ventral HC,
Amg, and medial frontalortices No significant dependence thie OSS anglevasdetected,
attributed to the orthogonal orientationtleéaxonal tracks relative to the stimulation plane
of the implanted &hannel electrode.

4. A new method entitledalL § was developedto improve simultaneousT: and Tiz
mapping. This method provides robust and efficieat mappingin vivo and could be
extended taletectingpther relaxation timegor indance, RAFFThe aLL framework holds

great potential to monitor tissue integrity in neurodegenerative diseases.
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APPENDIX A

Individual fMRI responses during OS-ESCS
Rat number, and current amplitydend correspond wirare indi@ted on the top, fMRI

maps are thresholded at)p 0.05, FWE corrected (processing details are available in the
main text). Stimulation anglesre indicated on the top. Brain images are displayed in

neurological convention (left side of the image correspdndhe left side of the brain).
No brain mask was applied.
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APPENDIX B

Individual fMRI responses during OS-DBS of EC

Group, rat number, and current amplitude are indicated on the top, while acquisition order
is indicated on the battm. fMRI maps are thresholded atlp 0.05, FWE corrected

(processing etails are available in the main text). Stimulation angles on an axial plane are
indicated on the top. Brain images are displayed in neurological convention (left side of

the image corponds to the left side of the brain). No brain mask was applied.
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