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ABSTRACT 
 

Introduction: Deep Brain Stimulation (DBS) treatment for Alzheimerôs disease (AD) is 

becoming increasingly evident. In this study, we exploited a novel orientation-selective 

(OS) strategy recently introduced by our group for DBS, entitled orientation-selective DBS 

(OS-DBS). This strategy entails that, by using multiple contacts with independent current 

sources within a multi-electrode array, the electric field can be oriented along any desired 

orientation in space. Therefore, axons parallel to the electric field spatial gradients are 

preferentially activated. Moreover, we applied the OS methodology to epidural spinal cord 

stimulation. In order to detect pathological processes of AD non-invasively with magnetic 

resonance imaging (MRI) technology, an alternating Look-Locker (aLL) method was 

developed to study novel MRI biomarkers such as T1ⱬ based on rotating frame MRI 

methods tailored to reveal neurodegeneration.  

Objectives and Methods: 1) For OS-ESCS, we introduced a similar OS approach for 

ESCS, and demonstrated orientation dependent brain activations as detected by brain fMRI. 

2) To study OS-DBS of the subthalamic nucleus (STN), AD related targets including the 

entorhinal cortex (EC) and medial septal nucleus (MSN), to demonstrate the basic principle 

of OS and prove its feasibility and advantage in optimizing the stimulation of the target. 

Here, OS-DBS with a three-channel electrode was utilized to stimulate the rat STN, EC, 

and MSN to modulate the activation of brain networks connected to the stimulation sites. 

The induced brain activity was monitored with fMRI by Multi -Band Sweep Imaging with 

Fourier Transformation (MB-SWIFT) readout at 9.4 T. 3) The aLL method was proposed 

to perform simultaneous quantitative T1 and T1ⱬ, or T1 and B1 3D MRI mapping. Look-

Locker scheme that alternates magnetization from the laboratory frameôs +Z and -Z axes 

is combined with a 3D MB-SWIFT readout. The analytical solution describing the spin 

evolution during aLL and the correction required for segmented acquisition were derived. 

The simultaneous B1 and T1 mapping were demonstrated on a phantom. T1ⱬ values in the 

rat brain in vivo and the Gd-DTPA phantom were compared to those obtained with a 

previously introduced steadyïstate (SS) method. 
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Results: 1) For ESCS, orientation dependent activations were detected in brain areas 

that transmit the motor and sensory information. 2) OS-DBS of the STN reached maximal 

activation of related brain areas in correspondence with an in-plane 180° stimulation angle, 

which was consistent with the main mediolateral direction of the STN fibers confirmed 

with high resolution diffusion imaging and histology. Varying the in-plane OS-DBS 

stimulation angle in the EC resulted in the modulation of multiple downstream brain areas 

involved in memory and cognition. In 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 targets derived from 

diffusion MRI tractography and histology. 3) The aLL method allows for simultaneous T1 

and B1 mapping, while the aLL method with the application of MP modules can provide 

simultaneous T1 and T1ⱬ maps. T1ⱬ values were similar with both aLL and SS techniques. 

However, aLL resulted in more robust quantitative mapping as compared with the SS 

method and provided the advantage of generating T1 maps in a single acquisition.   

Conclusions: 1) OS-ESCS allows the targeting of spinal fibers of different orientations, 

ultimately making stimulation less dependent on the precision of the electrode implantation. 

2) OS-DBS stimulation angle modulates the activation of brain areas relevant to AD and 

Parkinsonôs disease (PD), thus holding great promise for DBS treatment of the diseases. 3) 

The proposed aLL method offers a new flexible tool for quantitative T1, T1ⱬ, and B1 

mappings.  
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second rotating frame denoted by x´́ , y´́ , ź́ . ..................................................................................... 13 
Figure 6. Adapted from reference [61]. (a,b) Calculated longitudinal relaxation rate constants R1ⱬ,dd (t) due 

to dipolar interactions between identical spins during the HS1 (a) and HS4 (b) pulses as a function of 

rotational correlation times c and time during the pulse t. For the calculations, ɤ1
max/2 ́ = 2.5 kHz 

was used................................................................................................................................................ 15 
Figure 7. Adapted from reference [61]. Calculated longitudinal exchange induced relaxation rate constants 

R1ⱬ,ex (t) during the HS1 (a) and HS4 (b) pulses as a function of rotational correlation times tc and 

time during the pulse t. For the calculations, ɤ1max/2ˊ =2.5 kHz was used. ...................................... 16 
Figure 8. Adapted from reference [65]. (a) A T1-weighted brain coronal image slice in the visual cortex V1 

was shown for one subject (TR = 4 s). The green border circumscribed the ROI yielding the 

asymptotic T1ⱬ maps measured with the (b) (HS1)m-90° and (c) (HS4)m-90° pulse sequences using 

spiral imaging readout and displayed on the same color scale. (d) The asymptotic T1ⱬ relaxograms 

from this ROI were plotted as red (HS1) and black (HS4) distributions. ............................................. 17 
Figure 9. Adapted from reference [65]. The calculated variations of the intrinsic longitudinal rotating frame 

relaxation rate constant R1ⱬ, dd during the HS1 pulse (a) and HS4 pulse (b) were plotted as functions 

of the logarithm of the spin pair dipole rotational correlation time, Űc. Since the Űc values range over 

three orders of magnitude, those >10-11 s were chosen to characterize site A (water interacting with a 

macromolecule) and those <10-11 s to characterize site B (bulk-like water). The sites were not in 

equilibrium exchange. The equations and parameters used were listed in Table 1 in the reference [65]. 

(c) The time courses of the shutter-speed, T1ⱬ-1, for two contiguous HS1 and two contiguous HS4 AFP 

pulses were shown (rA = rB =1.58 Å, ŰcA and ŰcB were taken as 2.5 x 10-9 and 10-11 s, respectively). A 

horizontal dashed line also indicates the value (15 s-1) of a rate constant maintained during an 

isothermal data acquisition. .................................................................................................................. 19 
Figure 10. RF pulse amplitude (ɤ1(t)) and phase (ű(t)) modulation functions corresponding to Ů = 5° (A), Ů 

= 45° (B), Ů = 82° (C) with the refocusing scheme during RAFF; and planes of magnetization rotation 

for initial magnetization along zŃ (M (t = 0) = [0 0 1]) (DīF) are shown. Note that the scales of ɤ1(t) 

and ű(t) are equally scaled for separate Ů. ............................................................................................. 21 
Figure 11. Adapted from reference [71]. Simulated relaxation rate constants due to dipolar 

interactions (RRAFF,dd) between two identical spins as a function of angle Ů and correlation time Űc. For 

the simulations, kAB
ex = 0, Űc = 2 × 10ī12 s was assumed for both sites A and B. ɤ1max/2ˊ = 625Hz..... 23 



                                                                                                       xii    

 

Figure 12. Adapted from reference [71]. Simulated exchange-induced relaxation rate constants (RRAFF,ex) 

between spins with different chemical shifted as a function of Ů and exchange-correlation times (Űex). 

For sites A and B, Űc = 2 × 10ī12 s was assumed. Other assumptions: difference in chemical 

shifts, ŭɤ = 0.85 ppm; PA = PB = 0.5; ɤ1
max/2ˊ = 625Hz. .................................................................... 23 

Figure 13. Adapted from reference [71]. 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 different Ů 

angles: (A) 28°, (B) 56° and (C) 74°. T2 weighted anatomic reference image (D) and multi-subject 

averaged relaxation rate constants (E) from regions of interest (red and green in D represent gray 

matter and CSF, respectively), plotted as a function of Ů. Data were presented as mean ± SD (n = 5 for 

all angles except Ů = 45Á where the number of studies n = 4). .............................................................. 24 
Figure 14. Adapted from reference [21]. Rotating and directionally selective electric field generated using a 

tripolar electrode configuration. The electric field rotation could be produced using sinusoid 

waveforms (A), or the electric field could be fixed by select in individual pulse amplitudes for each 

channel (B). The induced electric field potentials and the electric field gradients parallel and 

perpendicular to the electric dipole field were shown in (C)-(E). ......................................................... 26 
Figure 15. Adapted from reference [23]. The functional response of the rat brain to DBS of the ventral 

posteromedial nucleus at different rostral-caudal slice locations for two different functional 

acquisition sequences. (A) High resolution anatomical FSE images of the stimulated region; 

activation maps in color obtained with (B) MB-SWIFT (flip angle 6°) overlaid on MB-SWIFT 

images, and (C) SE-EPI. The white arrow points on the artefact due to the implanted electrode (A-C); 

the black arrow and white asterisk in (C) point a signal pile-up artefact near the electrode and 

magnetic susceptibility artefact due to the tissue/air interface [82], respectively. MRI scans were 

conducted with a 9.4-T 31-cm horizontal-bore magnet equipped with an Agilent DirecDRIVE console 

(Palo Alto, CA, USA) using a quadrature RF coil designed for full rat brain coverage. ...................... 28 
Figure 16. Adapted from reference [24]. Examples of the fMRI gradient switching artefact amplitudes in 

EEG signals (A), raw and denoised EEG signals obtained during EEG/MB-SWIFT fMRI (B), and 

EEG-electrode-induced image distortions (C) during simultaneous EEG-fMRI in an isoflurane-

anesthetized rat. Panel A shows that the gradient artefacts are roughly 10 times higher during SE-EPI 

compared with MB-SWIFT (15 mV and 1.5 mV, respectively). .......................................................... 30 
Figure 17. Adapted from reference [67]. Schematic diagram of the magnetization-prepared sweep imaging 

with Fourier transformation (MP-SWIFT) sequence. MP blocks were embedded after each m number 

of SWIFT readout periods (mTR periods). Each MP block was composed of four adiabatic full-

passage (AFP) pulses. ........................................................................................................................... 31 
Figure 18. (A)Photo of 9.4-T 31-cm horizontal-bore magnet; (B) photo of a quadrature radio frequency 

volume coil (diameter = 29 mm) for OS-DBS and OS-ESCS; (C) photo of a quadrature radio 

frequency volume coil (diameter = 24 mm) for aLL method experiments on rats. .............................. 33 
Figure 19. OS-ESCS in the rat spinal cord as seen by using finite element methods. The model was 

constructed based on Watson atlas using SolidWorks 2018 (Dassault Systèmes, Waltham, MA), after 

which the model was transferred to COMSOL 5.4 (COMSOL, Stockholm, Sweden) for simulations of 

electrical field potentials. The model included a section of an anatomically correct rat spinal cord 

surrounded by cylindrical layers of CSF, dura, epidural fat, muscle and bone. (aïc) The behavior of 

the electric potential field using different OS-ESCS stimulation angles is shown using electrode 

schematics representing the stimulation direction, 3D isosurfaces and 2D surface plots across the two 

rostral electrode contacts. I1,2,3 in the first column correspond to the currents described by Eq.2.7.3. 

The location of the main structures relevant to ESCS are illustrated in (a): 1. dorsal columns, 2. dorsal 

horn, 3. dorsal roots, 4. ventral roots, 5. Spinothalamic tract and 6. spinocerebellar tract. .................. 36 
Figure 20. Group level responses to OS-ESCS with 3-channel electrodes. (a) Group level maps of the main 

effects (t-maps) in two different brain slices. Maps were obtained by the one-way within subject 

ANOVA model (p<0.05 5 FWE corrected, n = 11). ROI-averaged beta values in the thalamus (b), in 



                                                                                                       xiii    

 

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 deviation. Holmôs-

corrected *p<0.05, **p<0.01 (linear mixed model comparisons vs 0°). 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 convention (The 

left side of the image corresponds to the left side of the brain). ........................................................... 38 
Figure 21. Contrast analysis of OS-ESCS. Contrast t-maps showing the significant clusters obtained by the 

analyses 0° vs all (a) and 120° vs all (b). Only contrasts providing significant results are shown. The t-

maps have been produced with a statistical threshold of p < 0.001 at voxel level (n = 11). The cluster 

survived the statistical threshold of p < 0.05 FDR corrected. Mx motor cortex (including primary and 

secondary motor cortices), AC anterior cingulate, BF basal forebrain regions, Hy hippocampus, Sep 

septal regions, Tha thalamus. ................................................................................................................ 39 
Figure 22. Adapted from reference [89]. Individual responses to stimulation at the frequency of 40 Hz. A) 

The activation maps for each animal overlaid on the anatomical MBКSWIFT image in axial (left) 

and sagittal (right) views; B) Time series for each animal from the L2 ROI. The ROIs are outlined 

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 stimulation site. Gray shading indicates time of 

stimulation. Temporal high pass filtering with a cutoff of 300 s was applied for the time series ......... 42 
Figure 23. Activation maps obtained from the group analysis at all OS-DBS stimulation angles. Maximal 

activation was observed at 90° when the dipole under the electrode was aligned mediolaterally and the 

cathode was lateral. p < 0.05, FWE corrected. The used ROIs are shown in white. 

Abbreviations: superior colliculus, SCo; substantia nigra, SNr; thalamus, Tha; caudate putamen, 

CPu; globus pallidus, GPl; cingulate cortex, Cg; motor cortex, Mx; and somatosensory cortex, SS. .. 50 
Figure 24.  Main axonal direction in the STN. Two representative examples out of 10 studied rats for the 

orientation of fibers in the STN. (A, D) Diffusion b0-image of the region of the STN, (B, E) close-up 

of the STN in super-resolution TDI maps, and (C, F) photomicrographs of myelin-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, E) by black dashed 

lines. Color coding: red, mediolateral; blue, dorsoventral; green rostrocaudal. Abbreviations: 

subthalamic nucleus, STN; internal capsule, ic. Scalebar in C and F is 100 ɛm. ................................. 50 
Figure 25. Electrode locations and electrical field distributions. Illustration of the electrode location in the 

EC (a) and MSN (b) on a coronal T2-weighted MRI 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 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 from the atlas are shown for EC (c) and MSN (d) stimulation. Field 

distributions were obtained with COMSOL 5.4 (COMSOL, Stockholm, Sweden). 0°/180° 

corresponds to the mediolateral direction and 90°/-90° corresponds 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 µm, 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).

 .............................................................................................................................................................. 51 
Figure 26. Main effects of OS-DBS in the right EC for all stimulation angles (n = 10). Activation maps 

were obtained by the one-way within subject ANOVA model (p Ů 0.05, FWE corrected). Amg: 

amygdala, CP: caudate-putamen, DB: diagonal band, DHC: dorsal hippocampus, VHC: ventral 

hippocampus, HT: hypothalamus, IL/PL: infralimbic/prelimbic cortices, Ins: insula, LS: lateral 

septum, MS: medial septum, NA: nucleus accumbens, Pir: piriform cortex, PrC: perirhinal cortex, SN: 

substantia nigra, Sub: subiculum, VP: ventral pallidum. Coronal brain images are displayed in 



                                                                                                       xiv   

 

neurological convention (left corresponds to the left side of the brain). Stimulation angles are shown 

on top. The stimulation frequency was 20 Hz. ..................................................................................... 53 
Figure 27. ROI analyses of OS-DBS in the right EC (n = 10). The locations of the primary ROIs are shown 

on T2-weighted MRI images (a). Average 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 represent 

the mean value and standard deviation among rats, respectively. * p < 0.05, corrected (linear mixed 

model comparisons vs -90°, 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 Hz. ........................................................................................................ 54 
Figure 28. Main effects of OS-DBS in the MSN for all stimulation angles (n = 8). Maps were obtained by 

the one-way within subject ANOVA model (p < 0.05, FWE corrected). Stimulation angles are 

indicated on the top. Amg: amygdala, DB: diagonal band, 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: supramamillary 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. Stimulation frequency 

was 130 Hz. .......................................................................................................................................... 56 
Figure 29. ROI analyses of OS-DBS in the MSN (n = 8). The locations of the primary ROIs are shown on 

T2-weighted MRI images (a). Average beta values are shown for the ROI 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 represent the mean value and standard deviation among rats, respectively. 

None of the angles reached * p < 0.05, corrected (linear mixed model comparisons vs -90°, adjusted 

for Bonferroni multiple comparisons correction). Coronal brain images are displayed in neurological 

convention (left corresponds to the left side of the brain). Stimulation frequency was 130 Hz. .......... 57 
Figure 30. Histology and diffusion MRI tractography evaluations of EC and MSN. a) Myelin staining 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) Direction-encoded color tractograms which correspond to the sections shown 

in a. The yellow circles indicate the location and extent of the 3-channel electrode implanted in each 

animal, indicated by different numbers. c) Myelin staining of the MSN in coronal view; d) 

corresponding filtered direction-encoded color tractogram in coronal view; and e) tractogram in axial 

view. The yellow points in c and d, and the circles in e, indicate 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. ................................................................................................. 58 
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 (ns ï number of segments) acquisition of nf 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 consisting of nv readouts, a total of one or more MP modules could be 

applied with n Ů nv. TR is the repetition time between MB-SWIFT 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 of nf image volumes. The presented MB-SWIFT uses a chirp pulse with 4 gaps exciting 

spins by ɗ flip angle. Ms is the magnetization being recovered after Ta time.  Mss is the steady-state 

magnetization. ...................................................................................................................................... 65 



                                                                                                       xv  

 

Figure 32. T1ⱬ (top row) and T1 (bottom row) values calculated from the fitting of simulated data during the 

aLL sequence as a function of excitation flip angles (A), Ta/T1 (B) and T1ⱬ/ TMP (C), assuming 0.5% 

noise, T1ⱬ = 45ms and T1 = 1.8 s. Refer to the Simulation section for details. ...................................... 71 
Figure 33. T1ⱬ (top row) and T1 (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% noise, T1ⱬ = 45ms and T1 = 1.8 s. 

Refer to the Simulation section for details. ........................................................................................... 72 
Figure 34. The bias of calculated T1ⱬ and T1 values in case of simulated constant flip angle (— = 4°) and 

varied an expected flip angle (—*)  during fitting, assuming 0.5% noise, T1ⱬ = 45ms and T1 = 1.8 s. 

Refer to the Simulation section for details. ........................................................................................... 73 
Figure 35. The 30 seconds MB-SWIFT image (A), B1 (B) and T1 (C) maps of a 3.5-minute experiment with 

the aLL sequence collected on a spherical MnCl/saline phantom located on the top of the surface RF 

coil. The B1 map (B) is presented as a ratio of measured and sated flip angles ɗ/ɗ*. The (D-F) 

represent respective profiles of (A-C) along the white lines................................................................. 74 
Figure 36. Magnetization evolution during the aLL experiment. For each frame, the MN and MP intensities 

were averaged in the ROI of HC (A) and similarly the value of MN(i) ï MP(i) where replotted with 

time in logarithmic scale (B) from one representative study at 9.4T. ................................................... 75 
Figure 37. Parametric maps of the rat brain, namely Mss, M0, and Teff calculated from Eqs. 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 of Mss and M0 are presented in relative units. .................................... 76 
Figure 38. T1 (A), T1ⱬ (B), and T1  (C) maps of the rat brain measured with the aLL method, and 

comparisons with T1 map collected without MP modules (D) and T1ⱬ map collected with SS method 

(E). ........................................................................................................................................................ 77 
Figure 39. Mean T1ⱬ values collected with the SS (black boxes) and aLL (blue boxes) methods in ROIs. The 

box height represents std across 6 rats. The ROIs are shown on a coronal view of the rat brain on the 

right. ..................................................................................................................................................... 78 
Figure 40. Relaxation rate constants 1/T1 and 1/T1ⱬ as a function of Gd-DTPA concentration in 5% agar. 

The solid bars represent the spatial std across the phantom. The 1/T1 was measured with aLL method 

with (solid circle and solid line) and without preparation MP module (open circle and dash line) 

together with data collected with spectroscopic inversion-recovery method (red circles) (A); T1ⱬ was 

measured with the aLL (blue) and SS (black dash line) methods (B). The corresponding maps of T1 

and T1ⱬ maps as a function of Gd-DTPA concentration are shown in C and D, respectively. ............. 79 
Figure 41. Representative example of quantitative relaxation mapping of TgF-344 rat at 9.4T with RAFF2-

45º using SS method for imaging readout. Two durations of RAFF2 were used: Tp = 2.2 ms (top) and 

Tp = 4.5 ms (bottom). ............................................................................................................................ 83 
Figure 42. The T1ɟ maps detected with AD rats (n = 9) with different age. Ages (months) are listed at the 

bottom. .................................................................................................................................................. 84 
Figure 43. mean T1ɟ at different ages in the following ROIs: cc, HF, Amg, Tha. Blue circles stand for the 

values of rat #1, red circles for the values of rat #2, and black circles for the values of rat #3 to rat #9.

 .............................................................................................................................................................. 85 



                                                                                                       1   

 

1. INTRODUCTI ON 
 

This thesis aims to develop and implement MRI and neuromodulation techniques relevant 

to applications in brain and spinal cord neurological diseases. The first chapter introduces 

the scope and benefits of the neuromodulation technique utilized in this study for multiple 

applications, namely Orientation-Selective Deep Brain Stimulation (OS-DBS), along with 

the alternating Look-Locker (aLL) MRI method developed and implemented in vivo for 

probing tissue integrity with rotating frame relaxation metrics.  

Chapter 2 provides technical details of the various methodologies used in this study. 

The first section describes SWIFT and MB-SWIFT. MB-SWIFT was developed from 

SWIFT and used as a readout for mapping fMRI responses during neuromodulation and 

mapping rotating frame relaxations using the aLL method. The following sections focus 

on the physics of rotating frame relaxation metrics including adiabatic T1ⱬ and Relaxation 

Along a Fictitious Field (RAFF). The in-depth review of the OSS methodology is given in 

the following sections, followed by a description of the fMRI analysis used in this study. 

The use of Echo-Planar Imaging (EPI) and MB-SWIFT as tools for fMRI detection are 

also reviewed, along with the Steady-State method used here as a reference to compare 

with the proposed aLL method. The equipment is finally described at the end of Chapter 2, 

while study-specific details are provided in other sections. 

The following chapters are organized around the main studies conducted in this thesis: 

Chapter 3 briefly reiterates the general aims, Chapter 4 details the Orientation selective 

epidural spinal cord stimulation (OS-ESCS) study, Chapter 5 describes OS-DBS 

applications, and Chapter 6 presents the newly developed aLL method. The limitations, 

future prospects, and conclusions of the studies are discussed in the final chapters. 

1.1 OS-DBS: utility for AD 

AD pathophysiology involves a plethora of structural and functional abnormalities in 

multiple brain structures and related circuits. These AD abnormalities include 

neurodegeneration of the hippocampal formation, a critical hub responsible for memory 

and executive function [1]. At present, much progress has been made in documenting the 



                                                                                                       2   

 

hallmarks of the diseaseôs pathophysiology that lead to hippocampus atrophy, loss of 

memory, and loss of executive function with the disease. However, it still remains 

insufficiently characterized owing to the lack of in-vivo markers sensitive to the process of 

neurodegeneration. Such gaps in knowledge present a great challenge for 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 increasingly demonstrating its utility for AD [2-4]. Several promising DBS 

targets, such as the fornix [5], nucleus basalis of Meynert (NBM) [6], anterior nucleus of 

the thalamus [7], entorhinal cortex (EC) [8], and medial septal nucleus (MSN) [9], have 

been proposed to improve cognitive functions. In particular, DBS of the EC [10] and MSN 

[9] induces neurogenesis by promoting neural stem proliferation in the dentate gyrus (DG) 

subgranular zone of the hippocampus (HC). On the one hand, the EC provides the major 

cortical input to the HC, and transgenic mice in which these inputs are inhibited display 

impaired temporal association memory [11]. After DBS of the EC, new cells integrate into 

the neural circuitry of the DG and survive for a considerable period. DBS can promote 

neurogenesis, differentiate neural stem cells into mature dentate granule cells, and enhance 

spatial memory [10]. 

On the other hand, MSN acts as a ñpacemakerò in regulating theta oscillations in the 

hippocampus [12-14], and its stimulation prior to a spatial working memory task has been 

shown to enhance hippocampal theta activity and improve spatial working memory [15]. 

In brain slices, a cholinergic agonist amplifies the theta rhythm and increases the sensitivity 

of HC synapses to long-term potentiation or depression [16]. Thus, MSN stimulation may 

improve memory encoding by strengthening the theta rhythm by augmenting the 

cholinergic input to the HC. Moreover, in an AD mouse model, optogenetic stimulation of 

medial septal parvalbumin neurons restored hippocampal gamma oscillations, despite 

significant plaque deposition [17]. Beyond AD, MSN stimulation can also be a valuable 

ñproxy interventionò [18] for epilepsy because structures such as the hippocampus and 

entorhinal cortex are often involved in the disease. Both optogenetic and electrical 

stimulation of the MSN has indeed been shown to reduce seizures in HC and rescue 
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memory function in epileptic rats [18-20]. Thus,  DBS of the MSN shows great promise 

for translation in patients with temporal lobe epilepsy who have memory deficits.  

Our group pioneered an OS strategy for electrical DBS to enhance the spatial 

selectivity of neuronal modulation. This technique was entitled Orientation-Selective Deep 

Brain Stimulation, OS-DBS [21]. This strategy utilizes multiple contacts with independent 

current sources in a multi-electrode array when the electric field can be oriented in any 

desired direction in space, thereby preferentially activating axons parallel to the spatial 

gradient of the electric field. The OS-DBS technique has been successfully used in rodents 

with a planar three-channel electrode to achieve in-plane reorientation of the primary 

direction of the electrical fieldôs gradient in stimulation sites including the corpus callosum 

(cc) [21], and the infralimbic cortex (IL) [22].   

The primary focus of the DBS studies conducted for this Ph.D. thesis was to exploit 

the unique capabilities of OS-DBS especially in EC and MSN. OS-DBS with a three-

channel electrode was utilized to stimulate the rat EC and MSN to modulate the activation 

of brain networks connected to stimulation sites. Stimulation effects were monitored using 

whole brain fMRI with MB-SWIFT. Such imaging modality operates with virtually no 

echo time and large bandwidth (BW), thus minimizing artefacts from the implanted 

electrodes and motion [23, 24]. The effects of OS-DBS on fMRI maps were evaluated at 

the individual subject level and at the group level. Moreover, region of interest (ROI) 

analysis was performed to quantify the fMRI activation strength in downstream areas 

critical to AD and connected to the targets. In addition, two other studies about OS-DBS 

in STN and OS-ESCS are also exploited to show the main principle, advantage, and 

feasibility of the OS strategy.  

1.2 A novel method for the simultaneous rotating frame and free precession 

T1 determination  

The second primary focus of this Ph.D. thesis was to develop a novel MRI method for 

detecting MRI biomarkers based on rotating frame MRI methods tailored to reveal the 

neurodegenerative processes critical to AD. The rationale rests with the knowledge that, 

contrary to standard free-precession MRI metrics, rotating frame MRI metrics during 
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frequency swept (FS) pulses operating in both adiabatic and non-adiabatic regimes are 

inherently sensitive to slow motion components of the spectral density function. Therefore, 

the most relevant for characterizing multiple biological processes at the molecular and 

cellular levels in tissues. That adiabatic T1ⱬ provides unique insights into multiple brain 

disorders, such as in PD [25-28], multiple sclerosis [29, 30], stroke [31], and in monitoring 

cell death in a rat glioma gene therapy model [32]. In particular, adiabatic T1ⱬ is sensitive 

to neural degeneration, as demonstrated in the aphakia mouse model of PD which lacks 

dopaminergic neurons in the substantia nigra parts compacta [33]. The non-adiabatic 

method Relaxation Along a Fictitious Field (RAFF) in the rotating frame of rank n (RAFFn) 

is inherently sensitive to slow/ultra-slow molecular motion [34-39], with RAFF4 and 

RAFF5 being highly sensitive to myelin [40], as demonstrated in lysophosphatidylcholine 

induced demyelinated lesions [41-43] and in mice with mucopolysaccharidosis I exhibiting 

neurological deficits [44]. Moreover, findings from a cohort of human subjects 

demonstrated distinct age-related differences in rotating frame MRI markers in various 

brain regions not compared with other standard MRI metrics [45]. Further substantiating 

the use of rotating frame biomarkers to obtain an unprecedented characterization of the 

brain substrates of aging and their shift into neurodegenerative processes. Finally, when 

combined with imaging readouts with virtually zero echo time such as MB-SWIFT [46, 

47], adiabatic T1ⱬ and RAFFn are expected to be further sensitized to AD pathology arising 

from their capability of probing bound spins that are invisible with standard readout 

strategies [48]. 

The proposed aLL method is based on a combination of two known approaches. The 

first is the Look-Locker method [49, 50], which samples magnetization as it dynamically 

changes towards the steady-state, thus accelerating acquisition especially during usually 

time-consuming 3D T1 mapping. The second approach, proposed in [51], improves the 

quality of mapping due to the combination of two experiments with positive and negative 

initial magnetization. Here, we describe the aLL method and present the simulated and 

experimental data collected at 9.4T using MB-SWIFT as a readout. We furthermore 

compare results obtained with aLL technique and steady-state (SS) method in vivo rat brain 

and Gd-DTPA phantoms used for the relaxivity analysis. In addition, we define an 
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experimental parameter related to relaxation T1ễ which is a combination of T1 and T1ⱬ. Its 

contrast could be adjusted according to sequence parameters, which is potentially useful in 

clinical diagnostics.  

2. REVIEW OF METHODOLOGY  

2.1 Sweep Imaging with Fourier Transformation (SWIFT) 

SWIFT is a novel, fast, and quiet MRI method [46]. In SWIFT, the time-domain signals 

are acquired in a time-shared manner during swept radiofrequency (RF) excitation. SWIFT 

can be considered as a combination of three basic MRI techniques: continuous wave (CW) 

[52], pulsed [53, 54], and stochastic [55]. SWIFT employs swept RF excitation as in CW, 

and uses pulsed techniques to acquire signals in the time domain, with a correlation similar 

to that of the stochastic MRI [46].  

The SWIFT scheme adapted from reference [46] is shown below (Fig. 1): Tp is the 

duration of the RF pulse, which is typically from the family of adiabatic hyperbolic secant 

pulses (HSn). The pulse consists of NSWIFT segments, each having RF power on for a 

duration Űp, following a delay with RF power off for the signal acquisition. Data sampling 

is performed during interval Űa after the RF segment with dwell time of sampling equal to: 

dw = Tp/NSWIFT. The excitation and signal acquisition accompany the magnetic field 

gradient. The repetition time TR = Tp+tG, tG is the time necessary to achieve an incremental 

change in the orientation of the applied magnetic field gradient. During each RF pulse one 

radial spoke in k-space is collected [46]. 
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Figure 1. Adapted from reference [46]. The SWIFT pulse sequence scheme (a) and detailed 

presentation of the repeat part of the sequence (b) and magnified presentation of the pulse segments 

(c). Several dummy scans with changing view orientations are needed to obtain a steady state before 

starting the acquisition. 
 

Computer simulations based on classical Bloch equations revealed the behavior of 

spins during SWIFT [46]. The fig. 2 adapted from reference [46], shows the oscillatory 

behavior of the magnetization components of a given isochromat. In Fig. 2, PM

xM presents 

the x-axis component of the transverse magnetization vector of this isochromat in a 

reference frame known as the phase-modulated (PM) frame [56], which rotates around the 

static magnetic field direction (z) with an angular velocity ɤc equal to the center frequency 

in the sweep range. FM

xM is the x-axis component in a frequency-modulated (FM) frame 

that rotates synchronously with the (time-dependent) pulse frequency ɤRF(t) of the swept 

RF pulse [56]. The figure also shows the absolute value of the transverse magnetization 

Mxy. This oscillatory behavior occurs in the rapid passage, linear region [57]. The transition 

from the adiabatic region to the linear region requires lowering the RF amplitude or 

increasing the sweep rate, whereas the other pulse parameters remain the same.  
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Figure 2. Adapted from reference [46]. Results of simulation using the HS8 pulse for frequency-

swept excitation. Data shown include the Mx component in the phase-modulated and frequency-

modulated rotating frames, and the magnitude of a single isochromat. 

 

The HSn pulse enables a uniform rotation over a broad band of resonant frequencies. 

When the frequency sweep reaches the resonant frequency, the RF field instantaneously 

excites each isochromat. In Fig. 2, the vertical dotted line denotes the resonance time for 

this particular isochromat. A small amount of transverse magnetization is produced before 

resonance is observed. These oscillations are a consequence of frequency modulation and 

can be removed by a cross-correlation method identical to that used to recover the phase 

information in stochastic NMR spectroscopy [55].  

The SWIFT technique has the next beneficial properties [46]:  

1) it is fast. The method avoids the delays associated with rewinding gradient;  

2) the ñecho timeò TE of SWIFT is close to zero because of virtually simultaneous 

acquisition and excitation. Therefore, it is sensitive for detecting imaging objects with 

ultra-short T2 and less sensitive to off-resonance susceptibility artifacts;  

3) the used radial acquisition is inherently less sensitive to the motion artifacts; 
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4) the RF peak amplitude requirement is much lower relative to regular pulse 

excitation; 

5) due to sequential excitation, the stimulated echoes are minimized. Therefore 

spoiling gradients can be avoided;  

6) due to incremental changes of the gradients, the sequence is quiet.  

 

However, excitation bandwidth (BW) in SWIFT is limited by the transmit/receive 

switching time and RF coil ring-down time [58].  

 

2.2 Multi -Band-SWIFT (MB-SWIFT) 

Multi -Band-SWIFT (MB-SWIFT) [47] is a useful extension of SWIFT using excitation 

pulse sidebands. The schematic in Fig. 3, adapted from reference [47], depicts a single 

projection-block of the MB-SWIFT sequence. Only the gradient orientation changes from 

projection to projection. In this example, a chirp pulse is used instead of HS pulses. NG is 

the number of gaps; fewer gaps compared with SWIFT can reduce the transmitter duty 

cycle, and Űp is the duration of the sub-pulse. Here, c p wd bt= ,  Nos is the oversampling 

value equal to the number of samples in each gap. ů is the amplitude of the frequency 

modulation. 
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Figure 3. Adapted from reference [47]. Schematic of one projection block of the MB-SWIFT 

sequence using a chirp pulse. NG = 8, NOS = 256, and ů = BW/4. 

 

The gapped excitation creates sidebands with amplitudes given by:  

sinc( )m cA md= , 

where m is the sideband order [58]. Űp should be chosen as Űp = 1/(Nbw). In this case, the 

maximum sideband order used is mmax = int(1/(2dc)). The basic concept of MB-SWIFT 

involves the use of many sidebands, which distinguishes this approach from conventional 

SWIFT, which uses only the baseband to excite the field of view containing the object. 

Thus, the excitation profile of MB-SWIFT is not continuous but instead consists of 

multiple bands (or strips) across the object. The resolution of MB-SWIFT is determined by 

NOS, which can be improved by increasing the number of strips per voxel or by increasing 

the number of samples per strip. The excitation profile of MB-SWIFT consisted of multiple 

bands across the object. Compared to SWIFT, MB-SWIFT has higher excitation and 

acquisition BWs, and it can also reduce the off-resonance blurring in radial imaging and 

improve the imaging of fast relaxing spins [47]. MB-SWIFT bridges the gap between 
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SWIFT and zero TE (ZTE) sequence [47]. However, MB-SWIFT compared with ZTE 

requires smaller RF peak amplitudes. This allows the application of higher flip angles and, 

as a result, increased SNR with MB-SWIFT at experiments with high BWs where ZTE 

reaches the limitation. The other short T2 sensitive method called ultrashort TE (UTE) [59] 

is most efficient from the RF excitation point of view, because it excites spins without 

applying field gradient and ramping it later for the encoding. However, due to the relatively 

long ramping time, this method is less efficient for the high BW experiments in comparison 

to MB-SWIFT or ZTE. 

As an extension of MB-SWIFT, event-recurring SWIFT (EVER-SWIFT) was 

developed by our group [60]. This method can image similar repeating events with a 

subsecond temporal resolution. EVER-SWIFT was used to detect functional MRI 

responses during deep brain stimulation of the medial septal nucleus and spontaneous 

isoflurane-induced burst suppression in the rat brain at 9.4 T with 200-ms temporal 

resolution.  

A schematic of EVER-SWIFT is shown in Fig. 4, adapted from reference [60]. The 

EVER-SWIFT resampling approach assumes that repeating events are approximately the 

same and that one full k-space can be filled using spokes from several events. To fill the 

entire k-space, the timing of the events must be shifted relative to the acquisition so that 

different portions of the k-space are measured during each event. In the DBS experiments, 

the starts of the stimuli were shifted in random order by varying amounts of spokes relative 

to the first spoke in volume. EVER-SWIFT improves temporal resolution by combining 

and resampling data acquired with the MB-SWIFT sequence from several repeated events. 

The stimulus was repeated 10 times to achieve 200-ms temporal resolution from 2-s 

temporal resolution data with spoke view order repeating every 2 s (Fig. 4). 
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Figure 4. Adapted from reference [60]. Schematic representation of the resampling method applied 

to a sequence with radial k-space sampling. A part of the k-space is taken 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 of k-space is acquired each time (marked with blue 

double-headed arrows). 

 

2.3 Hyperbolic secant pulses of the HSn family 

Frequency-modulated pulses of the HSn family can achieve uniform rotation over a broad 

band of resonance frequencies, where n denotes the stretching factor. As n increases, the 

HSn pulse amplitude-modulation (AM) function becomes flatter. For the HSn pulse, the 

time-dependent RF amplitude and angular frequency can be written as [56]χ 
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The HSn pulses are frequency-modulated adiabatic pulses. The RF amplitude of a HSn 

pulse can be written as [58]: 

( )1 max max( ) ( ) sech (2 / 1)nn pt f t t Tw w w b= = -  .        (2.3.4) 

The peak amplitudes needed for excitation to a flip angle theta using HSn is:  

1/2 1/2

1max

HSn n nw
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b BW

T R
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where / ; /pBW A R ATp p= = ,  R is the time-bandwidth product. ɤc is the angular carrier 

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

written as: 
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Overall, the FM pulse is described as follows: 

( )

1( ) ( ) j tx t t e fw -= .              

 (2.3.7) 

 

 

2.4 Adiabatic rotating frame relaxations T1ⱬ    

T1ⱬ is the relaxation time of magnetization along the longitudinal axis of the rotating frame 

in presence of the RF field. The Continuous-Wave Spin-Lock [61] or adiabatic RF pulse 

[56]  could be used as an RF field to measure T1ⱬ.   

Fig. 5 (adapted from reference [62]) shows the RF (t) in the frequency-modulated (FM) 

frame [62] with axis labeled x́, ý , z´. ɤeff (t) is time-dependent during the adiabatic pulse, 

T1ⱬ is time-dependent and is a function of the pulse modulation functions, ɤ1 (t) and ɤRF 

(t). When the adiabatic condition is well satisfied in the FM frame, ɤeff nearly remains 

perpendicular to the magnetization component in the transverse plane (Fig. 5).  

 



                                                                                                       13  

 

 
Figure 5. Adapted from reference [62]. The effect of an adiabatic T1ɟ pulse on a magnetization 

vector was denoted by x́, y´, z´. During adiabatic rotation, the magnetization M maintained the 

orientation of the second rotating frame denoted by x´́ , y´́ , z´́ .   

The T1ⱬ values are inherently sensitive to correlation times of motion ct in the range 

of 10-6 ï 10-4 s [63] for water-protein interactions, and are thus expected to be ideal for 

probing tissue integrity [64, 65].  T1ⱬ was in fact shown to be a potential indicator of neuron 

loss or other disorders [62, 66].   

During an adiabatic pulse, the magnitude and orientation of ɤeff in the frequency-

modulated rotating frame continuously vary [56, 67].  The ɤeff changes its orientation in 

the laboratory frame at the instantaneous angular velocity, dŬ/dt, with: 

1 1tan
w

a
w

-å õ
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Dç ÷
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where 0 ( )RF tw w wD = -  and ɤ0 is the Larmor frequency. The effective frequency is: 

2 2

1effw w w= +D ,       (2.4.2) 

and the time-dependent precession angle is: 

0
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2.5 T1ɟ relaxation mechanism 

The relation rate constant is the inverse of the relaxation time constant, i.e. 1 11/R Tr r= . 

Spins in the presence of an RF field relax according to multiple relaxation channels, 

including dipole-dipole interactions, chemical exchange processes, and scalar coupling [68] 
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among others. In addition, T1ⱬ relaxation in tissue is usually most properly described by a 

bi-exponential function reflecting a two-site exchanging system, leading to a short T1ⱬ and 

long T1ⱬ component [48, 68-70]. In the brain, the short T1ⱬ component could be associated 

with restricted water protons within myelin sheets and axons with bound water, while the 

long T1ⱬ component is attributed to free or loosely bound water.  

 

2.5.1 T1ɟ induced by dipole-dipole interaction 

For dipole-dipole interaction, considering a system of two equivalent nuclei of spin and 

gyromagnetic ratio ‎ 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 two-spin dipole-dipole interaction [62]: 

2 2 4 2 2

1 , 2 2 2 2 2 2 2 2

0 0

1 3sin ( )cos ( ) 3sin ( ) 2 3sin ( ) 8 6sin ( )

10 1 ( ) 1 4 ( ) 1 1 4
dd

dd eff c eff c c c

t t t t t
R

k t t
r

a a a a a

w t w t w t w t

è ø+ -
= + + +é ù

+ + + +é ùê ú

.   (2.5.1) 

Here, 2 4 61/ 2 ( 1)dd ck I I rg t-= + , where r is the internuclear distance, is Planckôs 

constant, and Űc is the correlation time for tumbling the vector. 

For the dipole-dipole interaction, Fig. 6 (a,b) adapted from reference [62] shows the 

theoretical prediction of R2ⱬ,dd during HS1 and HS4 pulses as a function of ɤc and time 

during the pulses. Fig. 6 (a,b) shows the R1ⱬ, dd during the HS1 and HS4 with r = 1.58 Å. 

R1ⱬ, dd reaches the maximum in the middle of the pulses.   
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Figure 6. Adapted from reference [62]. Calculated longitudinal relaxation rate constants R1ⱬ, dd (t) 

due to dipolar interactions between identical spins during the HS1 (a) and HS4 (b) pulses as a 

function of rotational correlation times tc and time during the pulse t. For the calculations, 

ɤ1
max/2  ́ = 2.5 kHz was used. 

 

2.5.2 Exchange-Induced T1ɟ during adiabatic rotation 

For a fast exchange, we considered the situation of a two-site chemical exchange process 

between sites A and B. The exchangeïinduced R1ⱬ, ex(t) during adiabatic rotation follows 

from the relaxation functions obtained in [67]: 

2 2

1 , 2
sin

1 ( )

ex
ex A B

eff ex

R P Pr

t
dw a

w t
=

+
 .         (2.5.2) 

Here, ɤ1 is the RF field amplitude, dɤ is the difference between the RF field angular 

frequency and the exchange-averaged resonance, Űex is the correlation time for exchange, 

and PA and PB are the normalized equilibrium mole fractions of the spins at the unique 

magnetic sites A and B, respectively. The change of transverse relaxation rate constants 

R1ⱬ with the time t and Űex is shown below, adapted from reference [62]. 
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Figure 7. Adapted from reference [62]. Calculated longitudinal exchange induced relaxation rate 

constants R1ⱬ, ex (t) during the HS1 (a) and HS4 (b) pulses as a function of rotational correlation 

times tex and time during the pulse t. For the calculations, ɤ1max/2ˊ = 2.5 kHz was used. 

 

Two HSn AFP pulse family members were used, as shown in Figs. 6 and 7. The 

McConnell relationship is PA kA = PB kB. In the fast-exchange-limit (FXL), relaxation has 

a single-valued rate constant: 

1 1 1' ( ) ( )A A B BR P R t P R tr r r= + .       (2.5.3) 

At the other extreme, the slow-exchange-limit, apparent rotating frame relaxation rate 

constant 1 1' ( )A A AR R t kr r= + ; 1 1' ( )B B BR R t kr r= + . These two sites may be considered 

macromolecule-interacting water and bulk-like water. 

2.5.3 Example of T1ⱬ mapping in humans 

With the goal of providing the reader with insights into T1ⱬ applications in humans, we 

describe here the results obtained in reference [66] as shown in Fig. 8.  The T1ⱬ
 values 

were estimated by fitting the initial portions of the individual pixel signal intensity decays 

to mono-exponential functions. The differences in the two T1ⱬ́ (apparent T1ⱬ affected by 

the exchange) maps indicated changes due to the different AFP pulse modulation functions 

used and represented contrast generated almost exclusively by T1ⱬ́
 relaxation. The 

asymptotic T1ⱬ́ relaxation time constant differences are seen in Fig. 8d relaxograms 
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generated from the same ROI in the two maps. Sulcal spaces containing cerebrospinal fluid 

(CSF) exhibit larger T1ⱬ́ values, manifesting the adiabatic T1ⱬ́ sensitivity to a range of 

motional correlation times.  

 

Figure 8. Adapted from reference [66]. (a) A T1-weighted brain coronal image slice in the visual 

cortex V1 was shown for one subject (TR = 4 s). The green border circumscribed the ROI yielding 

the asymptotic T1ⱬ maps measured with the (b) (HS1)m-90° and (c) (HS4)m-90° pulse sequences 

using spiral imaging readout and displayed on the same color scale. (d) The asymptotic T1ⱬ 

relaxograms from this ROI were plotted as red (HS1) and black (HS4) distributions.  

The adiabatic T1ⱬ relaxation contrast detected in vivo from reference [66] reflects 

brain-water molecular interactions that are characterized by different values of Űc 

corresponding to different aqueous environments, such as hydrated myelin sheets, 

cytoplasm, or CSF. The type of tissue H2O NMR relaxation measured here arises primarily 

from dipolar interactions modulated by complex mechanisms, including equilibrium water 

exchange and magnetic interactions between the protons of different environments.  

Fig. 9 is adapted from reference [66] and illustrates the sensitivity of the adiabatic T1ⱬ
 

value to the state of molecular motion. The calculations were performed using a simple 

description of an isolated pair of identical spins (for example, those of water) undergoing 

dipolar interaction. The figures show a greater general prolongation of R1ⱬ, dd during the 
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HS4 pulse (Fig. 9b) compared with the HS1 pulse (Fig. 9a). These plots can be considered 

to simultaneously describe the relaxation behaviors of two different populations (A and B) 

during adiabatic pulse modulation, assuming ŰcA is on the order of ns and ŰcB is on the order 

of ps. The R1ⱬ, dd (t) of site A (modeling water interacting macromolecule) depends on the 

pulse modulation functions, while the R1ⱬ, dd (t) of site B does not. The latter (site B) 

tumbling spins rapidly, with a short correlation time, and can be considered to be 

characteristic of relatively free tissue water molecules. 

Fig. 9c shows that the shutter speed 
1

1 1 1A BT R Rr r r

- = -  varied significantly during the 

AFP pulse. Its time courses were plotted for two contiguous HS1 and two contiguous HS4 

pulses (ŰcA and ŰcB were taken as 2.5 ns and 10 ps, respectively). It reaches a maximum of 

almost 45 s-1 at the mid-points of either the HS1 or HS4 pulse trains. The horizontal dashed 

line for k = 15 s-1 is plotted in Fig. 9c. Since T1ⱬ
 -1 remains elevated for a much larger 

fraction of the HS4 pulse (and above k), the exchange is slower using the HS4 pulse train 

than the HS1 train, which explains why HS4 shows a different relaxogram from HS1 in the 

brain data in Fig. 8d. 
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Figure 9. Adapted from reference [66]. The calculated variations of the intrinsic longitudinal 

rotating frame relaxation rate constant R1ⱬ, dd during the HS1 pulse (a) and HS4 pulse (b) were 

plotted as functions of the logarithm of the spin pair dipole rotational correlation time, Űc. Since the 

Űc values range over three orders of magnitude, those >10-11 s were chosen to characterize site A 

(water interacting with a macromolecule) and those <10-11 s to characterize site B (bulk-like water). 

The sites were not in equilibrium exchange. The equations and parameters used were listed in Table 

1 in the reference [66]. (c) The time courses of the shutter-speed, T1ⱬ-1, for two contiguous HS1 and 

two contiguous HS4 AFP pulses were shown (rA = rB =1.58 Å, ŰcA and ŰcB were taken as 2.5 x 10-9 

and 10-11 s, respectively). A horizontal dashed line also indicates the value (15 s-1) of a rate constant 

maintained during an isothermal data acquisition. 

 

2.6 Relaxation Along a Fictitious Field (RAFF) 

Relaxation Along a Fictitious Field (RAFF) is a method introduced by our laboratory 

for measuring rotating frame relaxations in rotating frames of rank =2 or higher [48, 71] 

and for generating non-invasive contrast in MRI. This technique utilizes amplitude and 

frequency modulation under non-adiabatic conditions. 
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Under the adiabatic condition, |ɔī1dŬ/dt| Ḻ Beff, the trajectory of the net magnetization 

(M) can be approximately described as a simple nutation about Beff(t) with the angular 

velocity ɤeff(t) = ɔBeff(t). In the non-adiabatic condition, however, the rapid sweep of Beff(t) 

results in a non-negligible fictitious field vector in ɤeff-frame (double-primed axis labels, 

xǌ, yǌ, zǌ). This frame is sometimes referred to as ñdoubly rotatingò because it rotates with 

frequency æɤ = ɤ0 ī ɤRF around the z-axis of the laboratory frame and simultaneously 

with frequency dŬ/dt around the yǋ-axis of the ɤRF-frame.  

 In the 2nd rotating frame, the 2nd effective field ɤE
(2) and the angle between ɤE

(2) and 

ɤeff (zǋǋ) are : 

2

(2) 2

E

( )
( )eff

d t
t

dt

a
w w

å õ
= +æ ö

ç ÷
,                  (2.6.1) 

and 
(1)

(2)

eff

( ) /
arctan

( )

d t dt

t

a
a

w
= .           (2.6.2) 

To obtain a stationary angle Ŭ(2) = Ů of any arbitrary value, we define [72] : 
(1) max max

1 1 1sin( tan( ) )tw w w e= ,           (2.6.3) 

(1) max max

1 1 1= cos( tan( ) )tw w w eD .           (2.6.4) 

Thus, the phase modulation is: 

( )max

1

20

1
( ) ( ') ' sin tan( )

tan

t

t t dt tj w w e
a

= D =ñ .       (2.6.5) 

The RF pulse amplitude (ɤ1(t)) and phase (ű(t)) modulation functions corresponding 

to Ů are shown below̔  
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Figure 10. RF pulse amplitude (ɤ1(t)) and phase (ű(t)) modulation functions corresponding to Ů = 

5° (A), Ů = 45° (B), Ů = 82° (C) with the refocusing scheme during RAFF; and planes of 

magnetization rotation for initial magnetization along zŃ (M (t = 0) = [0 0 1]) (DīF) are shown. 

Note that the scales of ɤ1(t) and ű(t) are equally scaled for separate Ů. 

 

 When the spin rotation is characterized by rotational correlation times on the order 

of ps/ns, the Redfield relaxation theory (or fast motion limit) for spin dynamical 

perturbation treatment is applicable because the corresponding relaxation rate constants are 

larger than the NMR anisotropies (in frequency units) modulated by rotational motion [73] 

[74]. The invariant-trajectory method introduced by Griesinger and Ernst [75] was used to 

calculate the relaxation rate constant in the presence of RF irradiation. For spin-like dipolar 

auto-relaxations, the effective relaxation rate constant Reff is given by [72]: 

2 2 2

2 1 2 1
0 0

1 1
( )

p pT T
eff

x y z tr long

p p

R R M M dt R M dt R C R C
T T

= + + = +ñ ñ ,   (2.6.6) 

and 
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1 2 2 2 2
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3
4

10 1 1 4

c c

c c

R b
t t

t w t w

å õ
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,         (2.6.7) 
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å õ
= +æ ö

+ +ç ÷
,        (2.6.8) 

where R1 and R2 are the free precession longitudinal and transverse relaxation rate 

constants respectively, Clong and Ctr represent their relative weights and the integration is 

over Tp pulse duration. Űc is the rotational correlation time and ɤ0 is the Larmor precession 

https://www.sciencedirect.com/topics/physics-and-astronomy/rotational-correlation-time
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frequency, b = -ɛ0 ɔ
2/(4ˊr3), ɛ0 = 4 ́× 10ī7 H/m is the vacuum permeability. r is the 

internuclear distance in meters. The dipolar interaction theory used in this study is an over-

simplification. Simulations of the two-site exchange were performed with T1 and T2 

calculated using Űc = 2 × 10ī12 s for both sites A and B.  The weighted average depends on 

the trajectory of the normalized magnetization vector, and RRAFF could be obtained from 

the following equations: [72] 

2 2 2

0

1
( )

pT
ex

RAFF a b ex x y

p

R P P M M dt
T

dwt
å õ

= +æ öæ ö
ç ÷
ñ ,        (2.6.9) 

( ) ( )2 2

2 2 2( ) cos ( )sin sin ( ) sin ( )cos sin cos ( )x E EM t t t t t t ta a w a a a w= + + , (2.6.10) 

( )( )2 2( ) sin cos 1 cos ( )y EM t t ta a w= - ,         (2.6.11) 

max

2 1( ) tant ta a w=  ,             (2.6.12) 

( )2 max

2 1= 1+ tanEw a w .            (2.6.13) 

The simulated relaxation rate constants due to dipolar interactions (RRAFF,dd) and the 

simulated exchange-induced relaxation rate constants (RRAFF,ex) between spins with 

different chemical shifts as functions of Ů and exchange-correlation times (Űex) are shown 

below (Fig. 11-12 adapted from reference [72]). The highest RRAFF,dd values were observed 

for angles Ů ranging between 50° and 60°, and RRAFF,ex attained its maximum value at Ů = 

56°.  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dipolar-interaction
https://www.sciencedirect.com/topics/medicine-and-dentistry/proton-nuclear-magnetic-resonance
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Figure 11. Adapted from reference [72]. Simulated relaxation rate constants due to dipolar 

interactions (RRAFF,dd) between two identical spins as a function of angle Ů and correlation time Űc. 

For the simulations, kAB
ex = 0, Űc = 2 × 10ī12 s was assumed for both sites A and B. ɤ1max/2ˊ = 

625Hz. 

 
Figure 12. Adapted from reference [72]. Simulated exchange-induced relaxation rate constants 

(RRAFF,ex) between spins with different chemical shifted as a function of Ů and exchange-correlation 

times (Űex). For sites A and B, Űc = 2 × 10ī12 s was assumed. Other assumptions: difference in 

chemical shifts, ŭɤ = 0.85 ppm; PA = PB = 0.5; ɤ1
max/2  ́= 625Hz. 

 

In Fig. 13AïC adapted from reference [72], a representative example of human brain 

relaxation mapping with RAFF from one healthy subject at 4T is presented along with the 

anatomical image in Fig. 13D. The rate constants measured with RAFF (RRAFF) are 

significantly dependent on Ů as can be seen in Fig. 13E. Here, a superior difference in RRAFF, 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dipolar-interaction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dipolar-interaction
https://www.sciencedirect.com/topics/medicine-and-dentistry/proton-nuclear-magnetic-resonance
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greater than double, between measurements with RAFF at 56° and 74° was detected. The 

differences in the tissue RRAFF values obtained with small and large Ů values were 

significantly larger than those in the CSF, suggesting a good sensitivity of RAFF to slow 

dynamics in tissues. To create rotary echoes, four pulse elements were assembled into a P-

packet according to the scheme PPī1PˊPˊ ī1 [76]. 

 

 
Figure 13. Adapted from 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 

different Ů angles: (A) 28Á, (B) 56Á and (C) 74Á. T2 weighted anatomic reference image (D) and 

multi-subject averaged relaxation rate constants (E) from regions of interest (red and green in D 

represent gray matter and CSF, respectively), plotted as a function of Ů. Data were presented as 

mean Ñ SD (n = 5 for all angles except Ů = 45Á where the number of studies n = 4). 

 

 

2.7 OS-DBS 

Deep brain stimulation involves the implantation of electrodes into a specific target and 

sending electrical pulses for disease treatment. DBS has been used to treat many diseases, 

such as tremors, PD, dystonia, Obsessiveïcompulsive disorder, and epilepsy. Al though the 

therapeutic mechanisms of DBS remain unclear [77], it has proven to be an effective 

therapy for many neurological and neuropsychiatric disorders. The DBS of neurons 

depends on several factors, including distance from the electrode, fiber type, and fiber 

orientation. Usually, the structure close to the target could also be simulated, some of which 

could induce side effects. Several attempts have been made to improve the spatial 
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selectivity of neuronal modulation using DBS including the utilization of high-field 

imaging to localize targets [78] and novel lead designs [79, 80]. 

Recently, a novel OS strategy for DBS, OS-DBS, has been introduced [21]. Using this 

concept, the spatial gradient of the electric field can be oriented in the desired spatial 

orientation using multiple contacts with independent current sources. This was achieved 

using variable sets of amplitudes and a multichannel electrode configuration that could 

control the direction of the electric field in the plane such that the spatial gradient of the 

electric field was parallel to the axonal tracts. Stimulation of various structures around the 

treatment area could induce side effects. 

This strategy was first demonstrated by stimulating the cc [21] and then further applied 

to the IL (a target for major depression) [22] in healthy rats. The stimulation selectivity 

was monitored using functional magnetic resonance imaging (fMRI). OS-DBS is based on 

the fact that axons are the most sensitive to electric stimulation when the spatial gradient 

of the electric field is parallel to the axons: 

The activating function [81] : 

For 0xD ­ , 2 2= /eS V xµ µ,         (2.7.1) 

where xD is the length of the segments of the axon, the Ve is the potential field at the 

location. 

According to function (2.7.1), the excitability of axons is determined by the gradient 

of the extracellular electric field. Therefore, orientation selective stimulation of axonal 

populations can be achieved by controlling the orientation of the electric field. 

For directional stimulation, the relative current amplitudes I1,2,3 of the three channels 

were chosen based on cosine functions with phase offsets of 120° as shown in Fig. 14 

adapted from reference [21]. 

1 0

2 0

3 0

cos

cos( 120 )

cos( 120 )

I I

I I

I I

q

q

q

=

= + ¯

= - ¯

,          (2.7.2) 

where I0 was the stimulation current amplitude and theta governs the stimulation angle. 
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Figure 14. Adapted from reference [21]. Rotating and directionally selective electric field 

generated using a tripolar electrode configuration. The electric field rotation could be produced 

using sinusoid waveforms (A), or the electric field could be fixed by select in individual pulse 

amplitudes for each channel (B). The induced electric field potentials and the electric field gradients 

parallel and perpendicular to the electric dipole field were shown in (C)-(E). 
 

2.8 Group analysis 

To analyze the fMRI results of OS-DBS and OS-ESCS, a group analysis was performed to 

study the influence of stimulation angles on brain activation patterns.  

The fMRI group analysis makes two assumptions: First, the data from each subject are 

condensed into a single number per voxel, assuming that the within-subject variance for 

the effect of interest is the same across all subjects or is negligible relative to the cross-

subject variance. Second, it was assumed that all data values were drawn from the same 

Gaussian distribution with no outliers. Group analyses of fMRI datasets are typically 

performed at two levels. At the first level, each subjectôs dataset was analyzed in a time 

series regression model to provide a measure of the effect of interest (linear combination 

of regression coefficients) for each voxel. At the second level, the effect estimates of 

interest at each voxel in the standard space were combined across subjects using Analysis 

of Variance (ANOVA), Analysis of Covariance (ANCOVA), multiple regression, or linear 

mixed-effects models. Group inferences were made based on a general claim regarding a 

hypothetical population from which the sampled subjects were recruited [82]. Here a one-

way within-subject ANOVA model was applied to estimate the simulation angle of the 

OSS effect of fMRI, which is also known as a single-factor ANOVA with only one 

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

2.9.1 EPI  

The EPI sequences and sequence variants form the basis of functional MR imaging. 

One 90° RF flip was applied, and all k-space lines were acquired in a single shot. The 

alternating frequency-encoding gradient sweeps the location in k-space from side to side. 

For optimal contrast based on the blood oxygenation level dependence (BOLD), the echo 

time (TE) of the EPI sequence usually equals the transverse relaxation time. With these 

relatively large TE values, EPI techniques are strongly affected by the large magnetic 

susceptibility difference between the metallic components of the DBS leads and the tissue 

which results in large image artifacts, making it impossible to detect brain activity near the 

electrodes. This study applied the EPI sequence to OS-ESCS to detect fMRI signals in the 

brain, as the electrode was in the spinal cord, not in the brain. 

 

2.9.2 MB-SWIFT for  fMRI  

MB-SWIFT fMRI is a powerful imaging modality for studying functional responses 

during DBS. Unlike conventional EPI pulse sequences optimized for fMRI, MB-SWIFT is 

insensitive to T2* -decay in the timescale regime of BOLD contrast. It has nearly zero 

acquisition decay and high bandwidth, thus is insensitive to susceptibility artefacts, so it 

could detect all activations in close proximity to the DBS lead, something that is not 

possible to achieve with conventional gradient echo and spin echo - echo planar imaging 

fMRI techniques [23], the results from reference [23] are shown below (Fig. 15). 
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Figure 15. Adapted from reference [23]. The functional response of the rat brain to DBS of the 

ventral posteromedial nucleus at different rostral-caudal slice locations for two different functional 

acquisition sequences. (A) High resolution anatomical FSE images of the stimulated region; 

activation maps in color obtained with (B) MB-SWIFT (flip angle 6°) overlaid on MB-SWIFT 

images, and (C) SE-EPI. The white arrow points on the artefact due to the implanted electrode (A-

C); the black arrow and white asterisk in (C) point a signal pile-up artefact near the electrode and 

magnetic susceptibility artefact due to the tissue/air interface [83], respectively. MRI scans were 

conducted with a 9.4-T 31-cm horizontal-bore magnet equipped with an Agilent DirecDRIVE 

console (Palo Alto, CA, USA) using a quadrature RF coil designed for full rat brain coverage. 

 

As shown in Fig. 15, the functional response of the rat brain to DBS of the ventral 

posteromedial nucleus at different rostral-caudal slice locations for two different functional 

acquisition sequences, MB-SWIFT and SE-EPI fMRI activations, was similar, exhibiting 

ipsilateral and contralateral activation of the somatosensory cortex. Compared to SE-EPI, 

MB-SWIFT significantly improved the image quality close to that of the implanted 

electrode (Fig. 15). In contrast, SE-EPI showed pile-up artefacts next to the electrode or 

signal loss near the air/tissue interfaces. 

fMRI data without susceptibility artifacts can be obtained in the presence of the 

implanted electrodes for DBS using MB-SWIFT. Activation depends on the flip angle [23]. 

The increase in activation detected with a larger flip angle of MB-SWIFT is dominated by 

the increased T1 contrast between blood and tissue [23]. fMRI contrast detected using MB-

SWIFT is mainly derived from blood flow [23]. Evidence of the contribution of blood flow 

was demonstrated in an additional study utilizing saturation bands in the caudal area of the 



                                                                                                       29  

 

brain to inhibit the contribution of inflowing blood, which could largely suppress functional 

contrast. Using MB-SWIFT as a tool to detect fMRI responses, it could be monitored in 

close proximity to the implanted lead. Owing to its immunity to susceptibility and motion 

artifacts, the described strategy may represent an additional step toward intraoperative 

fMRI during DBS implantation in humans and future MRI studies of awake animals. 

Our group has also shown the feasibility of MB-SWIFT using EEG fMRI, and awake 

fMRI studies in rodents [24]. The minimal gradient steps of MB-SWIFT induced 

significantly lower currents in simultaneous electrophysiological recordings than in EPI, 

and there were no electrode-induced distortions in the MB-SWIFT images. In contrast, the 

fast gradient-switching of EPI disrupts currents in simultaneous electrophysiological 

recordings. The Results obtained in reference [24] are shown in Fig. 16. The investigation 

of MRI-induced EEG artefacts (Fig. 16A) indicates that the SE-EPI-induced artefacts (16 

± 6.5 mV) are roughly an order of magnitude higher in amplitude than those induced by 

MB-SWIFT (1.7 Ñ 0.4 mV; p = 0.02, Studentôs t-test, one representative artefact per rat). 

The periodic low amplitude artefacts observed during MB-SWIFT (Fig. 16B, top row) can 

be effectively removed using standard artefact removal approaches (Fig. 16B, bottom row). 

Compared to SE-EPI, MB-SWIFT was rather insensitive to image distortions induced by 

surgical operations and EEG electrodes (Fig. 16C). Compared to the FSEMS image, the 

SE-EPI image shows vertical stretching of the cortex in regions close to the measuring 

electrodes (white arrows). The lateral parts of the cortex in the same image show signal 

pile-up artefacts (red arrows), observed as cortical thinning. In addition, the air cavities 

disturbed the brain shape in the SE-EPI images of the lower brain regions (yellow arrows). 

Similar artefacts are not observed in the MB-SWIFT images. Thus, the entire brain, 

including regions close to the measuring electrodes, can be analyzed when using MB-

SWIFT for simultaneous EEG measurements. 
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Figure 16. Adapted from reference [24]. Examples of the fMRI gradient switching artefact 

amplitudes in EEG signals (A), raw and denoised EEG signals obtained during EEG/MB-SWIFT 

fMRI (B), and EEG-electrode-induced image distortions (C) during simultaneous EEG-fMRI in an 

isoflurane-anesthetized rat. Panel A shows that the gradient artefacts are roughly 10 times higher 

during SE-EPI compared with MB-SWIFT (15 mV and 1.5 mV, respectively). 

In reference [24], an independent component analysis of awake rat functional 

connectivity data obtained with MB-SWIFT resulted in near whole-brain level functional 

parcellation, and simultaneous electrophysiological and fMRI measurements in isoflurane-

anesthetized rats indicated that MB-SWIFT signals were tightly linked to neuronal resting-

state activity. 

2.10 The steady-state (SS) method 

Previously, we introduced the SS method [84], which utilized MP-modules with adiabatic 

pulses and zero echo time SWIFT imaging readout to extract T1ⱬ maps of fast relaxing 

spins. We have shown that the SS method is robust and sensitive to fast relaxing spins, but 

it is time-consuming since it requires an independent acquisition for T1 mapping to obtain 

the T1ⱬ map. In addition, because the signal is acquired at the steady-state level, the T1ⱬ 

 mapping is compromised by a low signal to noise ratio (SNR).   

The pulse sequence diagram is shown in Fig.  17. Magnetization-prepared (MP) blocks 

are embedded after each m SWIFT readout periods (m TR periods). Each MP block was 
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composed of four AFP pulses of the hyperbolic secant HSn family (where n is the 

stretching factor) 

 

Figure 17. Adapted from reference [68]. Schematic diagram of the magnetization-prepared sweep 

imaging with Fourier transformation (MP-SWIFT) sequence. MP blocks were embedded after 

each m number of SWIFT readout periods (mTR periods). Each MP block was composed of four 

adiabatic full-passage (AFP) pulses. 

In a regular SWIFT without any magnetization preparation, the repeated excitation 

drives the spin system to the steady state with equilibrium magnetization: 

SS 0 1 1= (1 ) / (1 cos )A M E E q- - ,      (2.10.1) 

Where E1 = exp (TR/T1), and — is the excitation flip angle. With the MP block, the 

average steady-state signal intensity, in this case, is given by: 
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From Eq. 2.10.3:  
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By setting TMP = 0, 1, 2, 4 or other values, T1ⱬ  value could be estimated by fitting Eq. 

2.10.4. In this study, the SS method was conducted for the first time in vivo and used to 

compare the T1ⱬ with the newly developed aLL method (see below).  

2.11 MRI Equipment  

Most experiments were conducted in CMRR with a 9.4-T 31-cm horizontal-bore magnet 

equipped with an Agilent DirectDRIVE console (Palo Alto, CA, USA) using a quadrature 

radio frequency volume coil with full rat brain coverage for OS-DBS and OS-ESCS 

experiments. The parameters of the 9.4-T 31-cm horizontal-bore magnet are: Operating 

Current = 167 Amps; Energy Stored = 13.8 MJ; Cryostat Height x Length = 1.72 m x 1.852 

m; The gradients from Magnex Scientific; The amplifier is 500W CPC RF Amplifier; the 

Shim Driver was with Resonance Research Inc. (RRI) 5A driver modules. 

The photos of the magnet and the volume coils are shown in Fig. 18. For OS-DBS and 

OS-ESCS experiments on rats, the coil diameter is 29 mm (Fig. 18B), and for the aLL 

method experiment on rats, the rat is under isoflurane instead of urethane and bigger coil 

with diameter to 34 mm to improve the ratôs respiration (Fig. 18C) was used. 
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Figure 18. (A)Photo of 9.4-T 31-cm horizontal-bore magnet; (B) photo of a quadrature radio 

frequency volume coil (diameter = 29 mm) for OS-DBS and OS-ESCS; (C) photo of a quadrature 

radio frequency volume coil (diameter = 24 mm) for aLL method experiments on rats. 

3. AIMS OF THE STUDY  
1. Study the feasibility of the application OS-ESCS as an extension of OS-DBS. 

2. Study the feasibility of the application of OS-DBS in STN, which is one of the primary 

targets for Parkinson's disease.  

3. Study the feasibility of the application of OS-DBS in EC/ MSN, which are potential 

targets for AD. 

4. Develop a new method called the óAlternating Look-Locker (aLL)ô method for the T1ⱬ 

mapping of with method at 9.4T. And compared with the Steady-State (SS) method first 

performed on in vivo rats. Both methods could be a potential non-invasive MR method to 

estimate the neuronal loss caused by AD. 

 

4. OS-ESCS 

4.1 Material s and 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 guidelines and carried out in compliance with the ARRIVE 

guidelines. Male SpragueïDawley rats (Envigo) aged 3ï6 months, approximately 300 g 

were used. Eleven (n = 11) rats underwent OS-ESCS with 3-channel electrodes. For 5 out 

of 11 rats, the electrodes were constructed of Teflon coated stainless steel wire (diameter 

100 µm). Contacts were created by removing 1 mm of the coating from one side of the 

wire using a scalpel and a scale with 100 µm accuracy under a microscope. Unfortunately, 

due to personnel changes and material limitations, for the other 6 rats, the electrodes were 

fabricated as above, but using polyimide coated tungsten wires (diameter 127 µm), which 

removed 1 mm of insulation around the wire. 

After the induction of isoflurane anesthesia (5% induction, 2.0ï3.5% maintenance; 

carrier gas O2/N2O 30/70%), rat was in the prone position for the surgery. The back skin is 

shaved, and a posterior midline skin incision was made at the center of the target vertebral 

level. For the OS-ESCS studies using stainless steel electrodes (n = 5), the target was set to 

L2 vertebral level (corresponding to S1 spinal segment). Laminectomy was performed for 

each case in this group. 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 dura. The spinous 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 the OS-ESCS studies 

using tungsten electrodes (n = 6), the target was set to T13 vertebral level (corresponding 

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 interlaminar space around 

the target level lamina (T13). The spinous 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 ground electrode was 

implanted subcutaneously through another incision approximately 1ï2 cm from the 

stimulation electrodes.  

All MRI scans were conducted with a 9.4 T 31-cm horizontal-bore magnet equipped 

with Agilent DirecDRIVE console (Palo Alto, CA, USA) using a quadrature RF coil 
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designed for full rat brain coverage. Before fMRI, anatomical images were acquired using 

a Fast Spin-Echo (FSE) sequence with the same parameters as the EC/MSN/STN study (in 

section 5.1.2). fMRI was conducted using the spin-echo echo planar imaging (SE-EPI) 

MRI pulse sequence with TR= 1.5 s, TE = 37 ms, two shots, FOV = 32 Ĭ 32 mm2, 0.5 Ĭ 0.5 

mm2 in plane resolution, 15 slices with 1 mm thickness and 98 repetitions (effective TR = 3 

s). Stimulation paradigm consisted of 3 blocks of 60 s of rest and 18 s of stimulation using 

cathodic 500-µs symmetric biphasic square pulses. Based on an initial assessment of 

maximal fMRI responses of the thalamus, stimulation frequency of 40 Hz was chosen for 

OS-ESCS. The current amplitude of stimulation was selected in a subject-specific manner 

by applying monopolar stimulation at a frequency of 40 Hz and selecting the current level 

by estimating the blood oxygen level-dependent (BOLD) response in the brain through 

preliminary fMRI scans. The orientation of OS-ESCS was divided to 12 steps of 30° from 

0° to 330°. The angles were set such that 0°/180° corresponds to the rostral-caudal direction 

(along spinal cord). while -90°/90° corresponds to the medial-lateral direction, respectively 

(as indicated on top of Fig. 19). 

For different stimulation angles of the OS-ESCS method, results of the finite element 

method simulation are shown in Fig. 19. Various electric potential field distributions and 

degrees of field penetration can be appreciated based on the direction 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. OS-ESCS in the rat spinal cord as seen by using finite element methods. The model was 

constructed based on Watson atlas using SolidWorks 2018 (Dassault Systèmes, Waltham, MA), 

after which the model was transferred to COMSOL 5.4 (COMSOL, Stockholm, Sweden) for 

simulations of electrical field potentials. The model included a section of an anatomically correct 

rat spinal cord surrounded by cylindrical layers of CSF, dura, epidural fat, muscle and bone. (aïc) 

The behavior of the electric potential field using different OS-ESCS stimulation angles is shown 

using electrode schematics representing the stimulation direction, 3D isosurfaces and 2D surface 

plots across the two rostral electrode contacts. I1,2,3 in the first column correspond to the currents 

described by Eq.2.7.3. The location of the main structures relevant to ESCS are illustrated in (a): 

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

spinocerebellar tract. 
 

4.2 fMRI data processing and statistical analysis 

Anatomical and functional MRI data were analyzed with the SPM8 toolbox (running on 

MATLAB 7.6). Functional data were first corrected for slice timing and for motion artifacts, 

then coregistered to the corresponding anatomical data and finally normalized to the animal 

template using the transformation of the anatomical data by coregistering the anatomical 

data to template. The functional data was smoothed with a full width half maximum 

(FWHM) Gaussian kernel (size 1 functional voxel). The single-subject analyses were 
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computed using a general linear model (GLM) that consisted of a block design model 

convolved with a first-order gamma HRF of 15 s length. During GLM fitting, functional 

data were high-pass filtered in the temporal domain using a cut-off of 1000 s. A correction 

for serial correlation was applied using a first-order auto-regressive model applied to the 

GLM residuals. 

Beta maps and contrast t-maps maps were computed. The beta maps of the single-

subject analysis were used for group analyses. A one-way within-subject ANOVA model 

was applied with stimulation angle defined as factor (7 levels for monopolar ESCS, 12 

levels for OS-ESCS). The stimulation currents, and in the case of OS-ESCS also the two 

experimental setups (namely, setup 1: S1 spinal segment stimulation with stainless steel 

electrodes, and setup 2: L2 spinal segment stimulation with tungsten electrodes), were 

added as covariates. Maps of main effects for both single subjects and group-based 

analyses were finally computed after applying a statistical threshold of p < 0.05 FWE for 

the group-based OS-ESCS and a statistical threshold of p < 0.001 uncorrected for the 

single-subject OS-ESCS 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 beta-values 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 

currents and experimental setups as covariates. Each angle was compared to 0Á. Holmôs 

correction was applied for correcting the multiple pairwise comparisons between angles or 

frequencies. 

4.3 Result of OS-ESCS in rats at 9.4T 

The results of the single-subject analysis response to ESCS are in Appendix A. The voxel-

wise group analysis of the data obtained from the whole group of OS-ESCS studies (n = 11) 

with stimulations of S1 and L2 spinal segment demonstrated significant activations in the 

thalamus, in the motor cortex, in the primary somatosensory cortex, as well as in other 

areas including retrosplenial, and anterior cingulate cortex (Fig. 20a). Highly similar main 
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effects were also observed in the group analyses without considering the stimulation 

currents and/or the experimental setups (namely, setup 1: S1 spinal segment stimulation 

with stainless steel electrodes, and setup 2: L2 spinal segment stimulation with tungsten 

electrodes) as a covariate of no interest. Modulation of activation patterns was 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 cortex, and primary somatosensory cortex (Fig. 

20bïd), while the linear mixed model revealed significant group difference between the 

activations of the motor cortex at 0Á vs 60Á (Holmôs corrected p = 0.004) and vs 180Á 

(Holmôs corrected p = 0.049). 

 

 
Figure 20. Group level responses to OS-ESCS with 3-channel electrodes. (a) Group level maps of 

the main effects (t-maps) in two different brain slices. Maps were obtained by the one-way within 

subject ANOVA model (p<0.05 5 FWE corrected, n = 11). ROI-averaged beta values in the 

thalamus (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 

deviation. Holmôs-corrected *p<0.05, **p<0.01 (linear mixed model comparisons vs 0°). 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 convention (The left side of the image corresponds to the left side of the brain). 
 

The one-vs-all contrast analyses produced clusters of significant differences between the 

activation at 0° vs all the other angles (Fig. 21a), and between 120° vs all other angles (Fig. 

21b). The cluster obtained from the contrast 0° vs all was in the region including the 
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anterior cingulate cortex and the motor cortex (T = 4.62, p = 0.008 false discovery rate 

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

contrast analysis 120Á vs all were located in the basal forebrain regions (T = 4.66, 

p = 0.00003 FDR corrected at cluster level, cluster size 445 voxels), in the hippocampal 

formation (T = 4.48, p = 0.004 FDR corrected at cluster level, cluster size 203 voxels), in a 

region encompassing the basal forebrain region and the septal region (T = 4.29, p = 0.018 

FDR corrected at cluster level, cluster size 140 voxels), and in a region localized in the 

thalamus (T = 4.43, p = 0.037 FDR corrected at cluster level, cluster size 108 voxels). 

 

 

 

Figure 21. Contrast analysis of OS-ESCS. Contrast t-maps showing the significant clusters 

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

results are shown. The t-maps have been produced with a statistical threshold of p < 0.001 at 

voxel level (n = 11). The cluster survived the statistical threshold of p < 0.05 FDR corrected. Mx 

motor cortex (including primary and secondary motor cortices), AC anterior cingulate, BF basal 

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

 

4.3 Discussion: Brain fMRI during OS -ESCS 

As an extension of OS-DBS, a novel approach for ESCS, namely OS-ESCS, allows 

changing the primary direction of the electric field by independently varying the current 

amplitudes of each channel of a 3-channel electrode. To demonstrate the ability of OS-

ESCS to modulate spinal-brain connectomes within the central nervous system, we 

monitored the brain activations during OS-ESCS using whole-brain 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 ROI analyses of anatomically 

defined regions of the thalamus, motor cortex, and primary somatosensory cortex.  

Clusters of activation in various brain regions were clearly observed during OS-ESCS, 

including the thalamus and motor cortex, as well as the primary somatosensory cortex, 
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retrosplenial, anterior cingulate cortex. Despite unavoidable 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 variable among 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 related 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 voxel-wise contrast analysis between 0° and all other angles 

(0° 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 and the hippocampus. These two directions (0° and 120°) have an 

important geometrical valence since 0° is 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 activation of the dorsal column fibers in the spinal cord would activate 

information mediating primary somatosensory cortex information such as touch and press, 

and project to areas of the thalamus, which in turn innervates the somatosensory cortex.  In 

contrast, activation of nerve fiber pathways that mediate 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 only the 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 of the circuitry of interest. This degree of 

freedom can be beneficial 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 source. On the contrary, the 

OS-ESCS has the ability to selectively activate various pathways of the spinal cord may 

offer major advantages for multiple clinical applications. For instance, for pain 

management, it has been shown that targeting the dorsal columns and avoiding stimulating 
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the dorsal roots is the best strategy [86, 87]. On the other hand, dorsal root stimulation is 

beneficial for restoring motor function after a spinal cord injury [88, 89]. 

The fMRI activation patterns during spinal cord stimulation demonstrated the 

complexity of brain networks stimulated by OS-ESCS paradigms, involving brain areas 

responsible for the transmission of motor and sensory information. The 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, monitoring the spinal cord activity during SCS with fMRI could 

provide important and objective measures of integrative responses to treatment. But fMRI 

of spinal cord is generally limited by motion and susceptibility artifacts induced by the 

implanted electrode and bones. As an extension of the use of MB-SWIFT in relevant to 

ESCS applications, our group has also shown the benefits of conducting spinal cord fMRI 

with MB-SWIFT [90]. MBКSWIFT is demonstrated to be highly tolerant to motion and 

susceptibility-induced artifacts and thus holds promise for fMRI during SCS. We describe 

here the fMRI results of rat ESCS obtained in reference [90] as shown in Fig. 22. 

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 (Fig. 22). 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 signal post-stimulation, with no 

sign of any undershoot being evident. 

This study demonstrated the feasibility of 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, 

epilepsy, or stroke. 
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Figure 22. Adapted from reference [90]. Individual responses to stimulation at the frequency of 40 

Hz. A) The activation maps for each animal overlaid on the anatomical MBКSWIFT image in 

axial (left) and sagittal (right) views; B) Time series for each animal from the L2 ROI. The ROIs 

are outlined 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 stimulation site. Gray 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. OS-DBS FOR EC, MSN, AND STN 

5.1 Methods and Materials  

5.1.1 OS-DBS Surgical Procedures and Electrode Implantations for  EC, MSN, and 

STN 

The study was carried out in compliance with the Animal Research: Reporting of In Vivo 

Experiments (ARRIVE) guidelines, and all surgical and experimental procedures were 

approved by the Institutional Animal Care and Use Committee (IACUC) of the University 

of Minnesota. Sprague-Dawley rats (Envigo; Madison, WI, USA; male, 252ï340 g, n = 10 

for EC; n = 8 for MSN; n = 12 for STN) were housed in pairs in a temperature and humidity-

controlled vivarium with a 12-h light-dark cycle with ad libitum diet. Rats were initially 

anesthetized using isoflurane for the duration of the implantation (5% for induction, 1ï3% 

during surgery) with O2/N2O (30%/70%) carrier gas. The respiration rate and temperature 

were monitored, and the temperature was maintained at 37 °C with a heating pad during 

the surgery, heated water circulation, and heated air during MRI. After the electrode 

implantation, the anesthesia was changed to urethane (1.5 g/kg) with four consecutive 

injections, 15 min apart, while gradually reducing the isoflurane level to 0%. Urethane was 

used to replace isoflurane because of its ability to generate a strong fMRI response [91] 

and to maintain normal blood gas levels in spontaneously breathing rats [23]. 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 (6ï12 h) surgical level of anesthesia, minimal effects on 

respiration and the cardiovascular system, and muscle relaxation [92, 93]. Each animal was 

placed on a stereotactic frame, and a craniotomy was performed by drilling through the 

skull of the right hemisphere. A tripolar lead composed of a twisted set of three polyimide-

insulated tungsten wires (PlasticsOne, MS333T/2C-A/SP; Roanoke, VA, USA) with tip-

contact diameters of 127µm, including the insulation layer 157 µm (total diameter of three 

electrode bundle ~350 µm), were implanted in the right EC and MSN. For EC, the targeted 

coordinates were: anterior-posterior (AP) = -6.85 mm, medio-lateral (ML) = -5 mm, and 

dorsal-ventral (DV) = 8 mm; for MSN, the targeted coordinates were AP = +0.1 mm, ML 
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= +0.4mm, and DV = 5.8 mm, for STN, AP = ī3.7 mm, ML =  2.5 mm and DV = 7.8 mm 

based on the rat atlas [94]. We administered three to four drops of 2% lidocaine before 

incising the scalp for localized anesthesia and cauterizing vessels of the scalp and skull. 

The remaining hole in the skull around the electrode was filled with gelatin foam 

(SPONGOSTAN, Søborg, Denmark), then covered with dental acrylic (Lang Dental, Jet 

Acrylic, Wheeling, IL, USA). Finally, an Ag/AgCl wire (5 cm long, 0.5 mm diameter) 

acting as a ground electrode, was inserted under the skin of the neck. 

 

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

and STN 

The MRI scans were conducted in a 9.4-T 31-cm horizontal-bore 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 voxel (10 x 10 x 6.5 mm3) 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 

spin-echo (FSE) pulse sequence: repetition time TR = 3 s, effective echo time TE = 48 ms, 

Echo train length = 4, matrix size = 192 x 192, the field of view (FOV) = 32 x 32 mm2, 

slice thickness = 1 mm and number of slices = 15 from ratôs AP -4.5 mm to AP 9.5 mm, 

number of averages = 4. These T2-weighted FSE images were used to verify the electrode 

location and estimate the DV of the electrode tip by overlapping the MRI images with the 

rat brain atlas [94]. 

MB-SWIFT [47] was used for fMRI to minimize susceptibility artefacts originating 

from the presence of the electrodes as well as motion artefacts. MB-SWIFT is a 3D radial 

with zero acquisition delay and high excitation and recording bandwidths. The functional 

MB-SWIFT signal has been recently investigated and attributed to the blood in-flow effect 

[23]. The following parameters were used in MB-SWIFT fMRI: TR = 0.97 ms, 3094 

spokes per volume, resulting in temporal resolution of 3 s, BW = 192 kHz, matrix size = 

643, FOV = 3.2 x 3.2 x 6.4 cm and flip angle = 5°. The center of FOV was set to -0.5 mm, 
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the same as the FSE image to ensure an overlap of FSE and MB-SWIFT images. Excitation 

was carried out with a chirp pulse gapped into four 2.6 µs sub-pulses [47]. Two-fold 

oversampling was used during acquisition in the gaps of 32/BW duration. The post-

correlation free induction decay (FID) 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 using symmetric biphasic square pulses with 

200 µs duration per phase, delivered with an 8-channel stimulus generator (STG-4008-

16mA Multi Channel Systems, Warner Instruments LLC, Hamden, CT, USA) in current 

controlled mode, driven by the companyôs software with input waveform generated in 

MATLAB 2017b (MathWorks; Natick, MA, USA). For stimulation of EC, MSN, and STN 

the frequencies of 20 Hz, 130 Hz, and 130Hz were used, respectively. For the OS-DBS, 

the current amplitudes I1,2,3 for each one of the three electrodes were calculated based on 

cosine functions with phase offsets of 120° according to Eq. 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 giving a non-artefactual, 

robust fMRI response in the hippocampus. The orientation of the electric field was set to 

varying angles between 0° to 315° (i.e., -45°) with steps of 45°, for a total of 8 stimulation 

angles for EC and MSN, and 0° to 330°, for 12 steps of 30° for STN. The angles were set 

such that 0°/180° corresponds to the medial-lateral direction while -90°/90° corresponds to 

the rostral-caudal direction, respectively (as indicated on top of Fig. 25).  

For illustration purposes, we also calculated with COMSOL 5.4 (COMSOL, 

Stockholm, Sweden) the voltage field distributions of OS-DBS at representative angles by 

considering the actual size of the 3-channel electrode, as shown in Fig. 25. 

 

5.1.3 fMRI data processing and statistical analysis for OS-DBS 

MB-SWIFT images were reconstructed by gridding with three iterations of the FISTA 

algorithm [95]. The resulting data were analyzed in SPM8 (www.fil.ion.ucl.ac.uk/spm), 

MATLAB 2017b (The MathWorks, Inc., Natick, MA, www.mathworks.com). Prior to 

about:blank
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SPM8 analysis, functional data were first corrected for motion artifacts and slice timing, 

then co-registered to the corresponding anatomical data, and finally normalized to data 

from a rat without an electrode outside the fMRI group using the transformation of the 

anatomical data based on FSE images as what was done previously [96]. Then, for MSN 

and EC data, the data were smoothed with a [1 1 1] pixel FWHM Gaussian kernel. The 

single-subject analysis was calculated using a GLM that consisted of a block design model 

convolved with a first-order gamma hemodynamic response function of 15 s duration, and 

peak time with 3s [97]. We applied a 1000 s cut-off high-pass filter to the functional data 

in the temporal domain. In addition, serial autocorrelation in SPM was corrected using a 

first-order autoregressive model applied to the residuals.  

The statistical significance level threshold for positive and negative activations in 

individual rats was set to family wise corrected (FWE) with p < 0.05. Then the beta maps 

were used for the group-based statistical analysis by applying a one-way within-subject 

ANOVA model with the stimulation angle defined as a factor (8 levels, one for each angle 

from 0° to 315° with 45° per step) to get the main effects maps. Maps of the main effects 

were finally computed after applying a statistical threshold of p Ò 0.05 (FWE). A brain 

mask was also applied to the main group analysis. 

To quantify the differences in fMRI responses to different OS-DBS angles, a linear 

mixed model was applied, with fixed effects treating angle as a categorical variable for 

angle to the beta-values averaged in anatomically defined regions of interest (ROIs) which 

were relevant to memory and cognitive functions, with the same stimulation site (right 

side), and manually drawn using Aedes (aedes.uef.fi) based on The Rat Brain in Stereotaxic 

Coordinates (6th Edition) [94]. The ROIs considered for OS-DBS of the EC included the 

hippocampus (HC) and the subiculum (Sub), i.e., areas relevant to memory 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 for OS-DBS 

of the MSN included the HC, the Sub, and areas connected to the MSN, namely the 

interpeduncular nucleus (IP), the lateral hypothalamus (LH), the mammillary bodies (MM) 

and supramamillary nuclei (SuM). Pair-wise comparisons were performed for different 

angles, and the contrast between each pair of angles was tested against a two-sided null 
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hypothesis where there is no difference in fMRI response for the pair of angle 

configurations. Bonferroni correction was performed separately for the comparison of each 

angle to the other 7 angles, and the level of significance was set at p = 0.05 Bonferroni 

corrected (i.e., p = 0.007 uncorrected). Descriptive statistics measures are indicated as 

Mean ± SD. 

For STN data, most parts of the data processing are almost the same as EC and MSN 

analysis, with the following difference: the pre-processing smoothed with a [2 2 1] pixel 

FWHM Gaussian kernel; The GLM includes 1st order gamma function with 8s duration; 

The additional l -pass filters cut-off is 1.9 MHz; The stimulation angle factor for the one-

way within-subject ANOVA model is 12 levels, one for each angle from 0° to 330° with 

30° per step to get the main effects maps which use beta maps for the group-based statistical 

analysis. 

 

5.1.4 Diffusion MRI tractography and histology 

For EC and MSN, three adult male Sprague-Dawley rats outside the DBS group (300 g, 

Harlan Netherlands B.V., Horst, Netherlands) were used. One adult male Sprague-Dawley 

rat outside the DBS group was used for ex vivo super-resolution tract density imaging 

(TDI) [98] to investigate the directionality of axons within the STN. This animal 

procedure was approved by the Animal Ethics Committee of the Provincial Government 

of Southern Finland 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 a DirectDrive console (Varian 

Inc., Palo Alto, CA, USA) using a quadrature volume RF-coil (Ø = 20 mm; Rapid 

Biomedical GmbH, Rimpar, Germany) as a transceiver. The data were acquired using a 3D 

spin-echo-echo-planar-imaging sequence using the following parameters: TR/TE = 800/35 

ms, echo spacing = 0.584 ms, number of shots = 4, BW = 250 kHz, number of averages = 

2, FOV = 16.2 × 12.0 × 14.1 mm3, matrix size = 96 Ĭ 108 Ĭ 160 (For EC and MSN) and 

108 x 80 x 94 (For STN), spatial resolution = 150 Ĭ 150 Ĭ 150 ɛm3, number of diffusion 



                                                                                                       48  

 

directions = 60 for each b value, of 1500 and 3000 s/mm2 (for EC and MSN), b-value = 

3020 s/mm2 (for STN), number of minimal diffusion weighted images = 4, diffusion 

gradient amplitude = 3.5 mT/cm and duration (ŭ)/separation (ȹ) = 6/11.50 ms, and 

acquisition time = 20 h 48 min.  

The data was pre-processed using MRtrix3 [99] consisting of denoising [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 interpolation for the EC and MSN groups and using B-spline interpolation for the 

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 gray matter and free water was calculated with the Dhollander algorithm 

within MRtrix3 [99]. A CSD-based probabilistic whole-brain tractography dataset of 30 

million and streamlines were computed for EC and MSN group; and 2 million from the 

frontal part of the brain for the STN group. For the tractogram for the EC and MSN group, 

iFOD2 algorithm was used [101] with a step-size of 0.037 mm, a maximum angle of 45° 

between steps, with a minimum and maximum streamline length of 2 mm and 5 mm, 

respectively. The resultant tracks were filtered with spherical-deconvolution informed 

filtering of tractograms [102] in the regions of interest to five hundred thousand 

streamlines. For the STN group, the tractography dataset was then used to generate 

directionally encoded color TDI maps with a final resolution of 20 Ĭ 20 Ĭ 20 ɛm3 with a 

minimum track length of 0.20 mm and a maximum track length of 1.00 mm. 

Coronal and horizontal sections from two rat brains stained with gold chloride for 

myelin [103] were used to verify the orientation of the myelinated axons in EC and MSN. 

Photomicrographs were taken with a light microscope (Zeiss Axio Imager2, White Plains, 

NY, USA) equipped with a digital camera (Zeiss Axiocam color 506, White Plains, NY, 

USA). The orientation of the axons was estimated using ImageJ software (1.47v, NIH, 

USA). 
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5.2 Result of OS-DBS 

5.2.1 OS-DBS in STN   

In 8 out of the group of 10 animals in the DBS study, the implantation was confirmed to 

be in the STN based on histological analysis. The main effects of the fMRI contrast group 

analysis in response to the OS-DBS stimulation are shown in Fig. 23. Stimulation angle of 

180° resulted in the strongest response in terms of the spread of the activation including 

the entire ipsilateral midbrain and contralateral superior colliculus, the whole ipsilateral 

and parts of the contralateral thalamus, ipsilateral caudate-putamen, ipsilateral globus 

pallidus, ipsilateral motor, cingulate, somatosensory and medial prefrontal cortices. 

Stimulation angle 180° also showed the strongest activation in terms of t-score values. The 

weakest activity was seen with stimulation angles 0°, 30°, and 60° with the later showing 

no significant voxels. The cingulate cortex showed group level activated voxels at 

stimulation angles 30°, 60°, 90°, 120°, 180°, -150°, -120°, the somatosensory cortex 

activated at angles 60°, 90°, 120°, 150°, 180° and -150° while the motor cortex activated 

only at angles 60° and 180°. To verify that our fMRI findings are consistent with the main 

axonal direction in the STN, high resolution TDI and myelin stained histology were 

performed in an additional ex vivo rat brain (Fig. 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 the internal capsule was almost 

perpendicular to that of the STN. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/contralateral
https://www.sciencedirect.com/topics/medicine-and-dentistry/medial-prefrontal-cortex
https://www.sciencedirect.com/topics/medicine-and-dentistry/myelin
https://www.sciencedirect.com/topics/medicine-and-dentistry/ex-vivo
https://www.sciencedirect.com/topics/medicine-and-dentistry/internal-capsule
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Figure 23. Activation maps obtained from the group analysis at all OS-DBS stimulation 

angles. Maximal activation was observed at 90° when the dipole under the electrode was aligned 

mediolaterally and the cathode was lateral. p < 0.05, FWE corrected. The used ROIs are shown in 

white. Abbreviations: superior colliculus, SCo; substantia nigra, SNr; thalamus, Tha; 

caudate putamen, CPu; globus pallidus, GPl; cingulate cortex, Cg; motor cortex, Mx; 

and somatosensory cortex, SS. 
 

 
Figure 24.  Main axonal direction in the STN. Two representative examples out of 10 studied rats 

for the orientation of fibers in the STN. (A, D) Diffusion b0-image of the region of the STN, (B, E) 

close-up of the STN in super-resolution TDI maps, and (C, F) photomicrographs of myelin-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, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/superior-colliculus
https://www.sciencedirect.com/topics/neuroscience/substantia-nigra
https://www.sciencedirect.com/topics/medicine-and-dentistry/thalamus
https://www.sciencedirect.com/topics/medicine-and-dentistry/putamen
https://www.sciencedirect.com/topics/medicine-and-dentistry/globus-pallidus
https://www.sciencedirect.com/topics/medicine-and-dentistry/cingulate-cortex
https://www.sciencedirect.com/topics/medicine-and-dentistry/motor-cortex
https://www.sciencedirect.com/topics/neuroscience/somatosensory-cortex
https://www.sciencedirect.com/topics/medicine-and-dentistry/subthalamic-nucleus
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E) by black dashed lines. Color coding: red, mediolateral; blue, dorsoventral; green rostrocaudal. 

Abbreviations: subthalamic nucleus, STN; internal capsule, ic. Scalebar in C and F is 100 ɛm. 
 

5.2.2 OS-DBS in EC and MSN 

All fMRI sessions conducted during OS-DBS in both EC and MSN (Fig. 25) were 

successfully completed and provided data of sufficient quality for subsequent fMRI 

analyses. However, in two rats out of 12 undergoing OS-DBS 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 remaining 10 rats of the EC group, the electrode DV 

coordinates were 8.1 ± 0.2 mm from the dura, and the delivered current amplitudes were 

1.7 ± 0.4 mA. For the 8 rats of the MSN group, the DV coordinates were 6.0 ± 0.2 mm, 

and the current amplitudes 1.0 ± 0.3 mA.  

 

Figure 25. Electrode locations and electrical field distributions. Illustration of the electrode 

location in the EC (a) and MSN (b) on a coronal T2-weighted MRI 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 [94]. 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 from the atlas are shown for EC (c) and 

MSN (d) stimulation. Field distributions were obtained with COMSOL 5.4 (COMSOL, Stockholm, 

Sweden). 0°/180° corresponds to the mediolateral direction and 90°/-90° corresponds to the 

rostrocaudal direction on the horizontal plane. The level of current and the diameter of the electrode 

https://www.sciencedirect.com/topics/medicine-and-dentistry/internal-capsule
https://www.sciencedirect.com/topics/medicine-and-dentistry/pimeprofen
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bundle were set to 1 mA and ~350 µm, 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 (namely 20 Hz, 70 Hz, and 130 Hz) and found that robust 

fMRI response in the hippocampus was detected at 20 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 study [104]. OS-DBS of the EC at 20 Hz robustly 

activated numerous downstream brain regions. The results of the single-subject analysis 

response to OS-DBS of EC are in Appendix B. The activated areas were mainly located on 

the right hemisphere in accordance with the stimulation side. Varying the stimulation angle 

led to brain network modulations which could be appreciated in single subjects, as well as 

at the group level (Fig. 26) despite a substantial inter-subject variability. No group main 

effects were seen at -90°, although 4 out of 10 rats exhibited brain activation at this angle. 

Significant group main effects in VHC, Sub, Amg, and PrC occurred at 0° and -45°, while 

group main effects in Pir and Ins generally occurred at 180°. In addition, a significant main 

effect was found in VHC at -135°. Besides activation in the primary ROIs, the main effect 

maps revealed significant activations at various angles also in other brain areas, including 

caudate-putamen (CP), diagonal band (DB), hypothalamus (HT), infralimbic/prelimbic 

cortices (IL/PL), lateral septum (LS), medial septum (MS), nucleus accumbens (NA), 

substantia nigra (SN), and ventral pallidum (VP). 
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Figure 26. Main effects of OS-DBS in the right EC for all stimulation angles (n = 10). Activation 

maps were obtained by the one-way within subject ANOVA model (p Ò 0.05, FWE corrected). 

Amg: amygdala, CP: caudate-putamen, DB: diagonal band, DHC: dorsal hippocampus, VHC: 

ventral hippocampus, HT: hypothalamus, IL/PL: infralimbic/prelimbic cortices, Ins: insula, LS: 

lateral septum, MS: medial septum, NA: nucleus 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 

angles are shown on top. The stimulation frequency was 20 Hz. 

       Average beta-values in the primary ROIs (Fig. 27) generally confirmed the stimulation 

angle effects seen in the group fMRI maps. The linear mixed model revealed several 
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significant statistical differences after Bonferroni multiple comparison corrections. 

Namely, higher beta-values, indicative of stronger activation, were observed in VHC (Fig.  

27d) at -45° vs -90° (p  = 0.004, corrected), at -135° vs -90° (p  = 0.01, corrected), and at 0° 

vs -90° (p  = 0.007, corrected). Higher beta-values were also observed in Amg (Fig. 27f) at 

-45° vs -90° (p  = 0.017, corrected), in Pir (Fig. 27g) at 180° vs -90° (p  = 0.017, corrected), 

and Ins (Fig. 27h) at 180° vs -90° (p  = 0.005, corrected). While modulations were seen also 

for the DHC, Sub, and PrC, they did not reach statistical significance.   

 

 

Figure 27. ROI analyses of OS-DBS in the right EC (n = 10). The locations of the primary ROIs 

are shown on T2-weighted MRI images (a). Average 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 represent the mean value and standard deviation among rats, respectively. * p < 0.05, 

corrected (linear mixed model comparisons vs -90°, 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 Hz. 

For the MSN case, the results of the single-subject analysis response to OS-DBS of 

MSN are in Appendix C. The primary ROIs included the DHC and VHC, Sub, and other 

areas connected to the MSN such as the interpeduncular nucleus (IP), the lateral 

hypothalamus (LH), the mammillary bodies (MM) and supramamillary nuclei (SuM). The 
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typical 130 Hz frequency used in DBS clinical settings [105, 106] was found to provide a 

robust HC response in the case of MSN stimulation and was selected for the subsequent 

experiments. The results of the single-subject analysis response to OS-DBS of MSN are in 

the appendix C. OS-DBS of the MSN at 130 Hz activated numerous brain regions (Fig. 

28), including the primary ROIs, DHC and VHC, Sub, LH, MM, SuM and IP, and 

additional areas, Amg, DB, IL/PL, LS, MS, NA, SN, VP, and ventral tegmental (VT) area. 

These were mainly right lateralized in accordance with the verified right placement bias of 

the stimulation electrodes. However, no angle-dependence of the brain activity patterns 

was observed, neither at voxel-level in a single subject and in the group (Fig. 28), nor at 

ROI-level (Fig. 29).  
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Figure 28. Main effects of OS-DBS in the MSN for all stimulation angles (n = 8). Maps were 

obtained by the one-way within subject ANOVA model (p < 0.05, FWE corrected). Stimulation 

angles are indicated on the top. Amg: amygdala, DB: diagonal band, 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: supramamillary 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. 

Stimulation frequency was 130 Hz. 
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Figure 29. ROI analyses of OS-DBS in the MSN (n = 8). The locations of the primary ROIs are 

shown on T2-weighted MRI images (a). Average beta values are shown for the ROI 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 represent the mean value and standard 

deviation among rats, respectively. None of the angles reached * p < 0.05, corrected (linear mixed 

model comparisons vs -90°, adjusted for Bonferroni multiple comparisons correction). Coronal 

brain images are displayed in neurological convention (left corresponds to the left side of the brain). 

Stimulation frequency was 130 Hz. 

 

 The orientations of myelinated axons in the EC and MSN were assessed with histology 

(Fig.  30 a,c) and diffusion MRI tractography (Fig. 30 b,d,e). For more superficial EC layers, 

the histology shows that the axons are too sparse to identify the main orientation, while the 

deeper myelin sections exhibited main axon orientations ranging from about -45° to 180°. 

Tractography shows complex axon distributions in the implantation sites, consistent with 

the observation that multiple angles at times provided comparably strong fMRI clusters in 

individual rats. Despite the observed complex axon distributions in each rat, -45° appeared 

to be one of the main axon orientations around the target position in most rats. Notably, 

OS-DBS stimulations at -45° 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 dorsal-ventral, i.e., along the electrode 

itself. Such observation explains the lack of orientation selectivity observed for OS-DBS 
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of MSN, as in fact the reorientation of the stimulation angle was achieved on the plane 

encompassing the tips of the 3-channel electrode perpendicular to the major fiber 

orientation. 

 

 

Figure 30. Histology and diffusion MRI tractography evaluations of EC and MSN. a) Myelin 

staining 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) Direction-encoded color tractograms which correspond to 

the sections shown in a. The yellow circles indicate the location and extent of the 3-channel 

electrode implanted in each animal, indicated by different numbers. c) Myelin staining of the MSN 

in coronal view; d) corresponding filtered direction-encoded color tractogram in coronal view; and 

e) tractogram in axial view. The yellow points in c and d, and the circles in e, indicate 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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5.3 DISCUSSION 

5.3.1 OS-DBS in STN 

In this work, we demonstrate for the first time how OS-DBS differentially modulate the 

activity of the sensorimotor and basal ganglia-thalamocortical networks. The OS-DBS 

strategies of the STN can potentially provide further improvement in the current 

therapeutic practice, as they 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 voxel-wise and ROI analyses, almost all analyzed brain regions including, 

caudate-putamen 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 histology. At the stimulation 

angle of 0°, the anode is under the single lateral wire whereas the cathode is divided 

between two 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 well-established procedure with clinically proven outcomes, but it is 

also associated with significant side effects due to the stimulation of unwanted pathways. 

The human STN is considered to have an axial gradient, such that the sensorimotor sector 

is located dorsal-laterally, the associative sector in the middle and the limbic sector 

inferomedially [107]. The primary target of the STN-DBS is the sensorimotor sector, 

providing relief of major motor disability in PD [108] 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, etc. [109][110][111]. The potential 

stimulation of the internal capsule during STN-DBS is associated with side effects such as 

involuntary muscle contractions and paresthesia [112]. 

Our results using simultaneous fMRI and OS-DBS in healthy animals showed a 

maximal response at a specific angle during OS-DBS that corresponds 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 with the detection of positive responses in 

the basal ganglia-thalamocortical network (thalamus, caudate-putamen, midbrain, and 

globus pallidus) and the sensorimotor network (motor, somatosensory and cingulate 

cortices). The results demonstrate that in a preclinical setting, OS-DBS of the STN can 

modulate brain network activity relevant to the treatment 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, the principles of the current results are likely transferable 

to segmented leads, offering the possibility to fine-tune the final stimulation results. Future 

research directions will include increasing the number of contacts to better control OS-

DBS.  

 

5.3.2 OS-DBS in EC/MSN 

This study shows the feasibility of OS-DBS stimulation areas relevant to AD, setting the 

framework for further technological developments and applications of multielectrode 

arrays to substantiate the potential of our findings as a direction for treatment therapy in 

AD. The flexibility offered by OS-DBS in enhancing the activation of a specific circuitry 

by targeting the axonal directions of interest within the stimulation site may be beneficial 

to reduce stimulation-related side effects while enhancing therapeutic effects in chronic 

stimulation settings. Maximal fMRI responses of downstream areas to the EC generally 

occurred at stimulation angles of -45°, which corresponded with the main axonal directions 

of the EC observed in deep horizontal sections (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 not differ significantly between different stimulation angles with the planar 

3-channel electrode. 

Al though statistically significant group-level 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 layers [113], with different layers 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 II project to DG and CA3, while neurons in layer III have projections to CA1 and 

Sub [113]. The deep layers, especially layer V, receive projections from the HC [114], and 

project to EC superficial layers and extrahippocampal brain structures [113]. More in detail, 

some axons project to extrahippocampal brain structures like Amg, some axons project to 

the layer II of the EC then to CA1 and DG, some axons project to layer III then to CA3. 

Based on such considerations, it is thus conceivable that OS-DBS leads to somewhat 

different activation patterns when stimulating the deeper layer as compared to the 

superficial layers, a prediction that may explain the large inter-subject variability of 

modulatory effects induced by OS-DBS as observed in our study. In addition, it should be 

kept in mind that the large electrode 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 assigning ñsuperficialò and ñdeepò horizontal myelin staining sections 

in Fig. 30a generally follows the convention of superficial and deep cortical layers [113], 

but a precise delineation of the cortical layers as defined in [113] for each horizontal section 

cannot be achieved in the absence of a complete 3D structure determination of the EC. 

Therefore, a one-to-one assignment of electrode location in each rat within the exact 

cortical layer cannot be robustly accomplished. The complex nature of the EC architecture 

was confirmed by the complementary information obtained from the tractograms (Fig. 30b), 

which showed a range of orientations of the major tracts according to the slice position 

from deep to superficial layers.  

Absence of brain activations was observed in the group analysis and, at single subject 

level, in 6 out of 10 rats implanted in the EC, the weakest response was generally detected 

at -90°. This was likely because at -90° the negative pole of the stimulation vector was 

quite close to the edge of the brain where the density of the axons is lower. OS-DBS of at 

-45° resulted in a large spread of activation both in the group analysis and in the majority 

of rats at single subject level, which was in agreement with main axonal orientations in the 

deep layers indicated in Fig. 30. At 135°, which is opposite to the -45° 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 dipole stimulation [115].  

Several extrahippocampal brain structures also exhibited strong fMRI responses when 

stimulating the EC, including the Amg and PL/IL which are related to emotion [116]. The 

Amg receives strong EC projections, mainly from the lateral entorhinal cortex (LEC) [117-

119], and further connects with the ventral (temporal) CA1 subdivision of the HC, and PrC 

[120]. The anterior cingulate cortex (ACC) and medial frontal cortex (PL and IL) also 

receive major projections from LEC [121]. Further, we observed activation in the NA, 

which receives direct EC projections [122]. In addition, the lateral hypothalamus receives 

projections from ACC and Amg [123].  

OS-DBS of the MSN elicited strong fMRI responses in the dorsal and ventral HC, 

Amg, and medial frontal cortex. In addition, MSN stimulation activated the fornix as well, 

as the anterograde activation of the mammillary nucleus and anterior thalamic nucleus may 

originate from fornix stimulation. Indeed, within the hypothalamus, the mammillary 

nucleus receives hippocampal projections through the fornix, and the 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 direction of most axons (Fig. 30d) is dorsal-ventral. Therefore, 

varying the main electrode field direction in an axial plane did not result in significant 

differences in activation patterns (Fig. 30). This result further confirms the main principle 

of OS-DBS:  the selective activation of axons is enhanced when the electric field gradient 

is oriented along the axon direction. Future studies are thus required for achieving OS-DBS 

along a dorsal-ventral orientation, for which electrodes with minimally four independently 

driven channels distributed in 3D rather than on a plane are required for re-orienting the 

electric field gradients in space.  

In conclusion, we conducted the first in vivo investigations of OS-DBS of the EC and 

MSN in rats. Such stimulation targets are potential DBS targets in AD given their 

involvement in memory and cognition and their association with the induction of 

neurogenesis in DG of the hippocampal formation. OS-DBS of the EC modulated brain 

activity in the HC which is crucial for spatial and episodic memory, in the Amg which is 
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involved with emotional memory modulation, and in the medial frontal cortex (PL, IL) 

involved with several cognitive functions. The strongest activation was achieved at -45° in 

the EC, in general agreement with the outcomes provided by histological and MRI 

tractography assessments. No significant dependence of the activation on OS-DBS of the 

MSN had been detected, which was attributed to the orthogonal orientation of axonal tracks 

relative to the stimulation plane of the implanted 3-channel electrode. Further studies with 

a different setup that modulate the electrode field in the vertical plane are required to 

substantiate the potential of OS-DBS as a treatment of AD. 

6. ALTERNATING LOOK -LOCKER  (aLL) METHOD FOR  

adiabatic T1ɟ mapping 
 

Here, we describe the aLL method and present the simulated and experimental data 

collected at 9.4T, with MB-SWIFT used as a readout. We furthermore compare the results 

obtained with the aLL technique and SS method in the in vivo rat brain and in Gd-DTPA 

phantoms used for the relaxivity analysis.  

 

6.1 Description of the aLL sequence  

The aLL method utilizing MB-SWIFT readout is illustrated in Fig. 31. After saturation, Z 

magnetization freely recovers during Ta time. The LL acquisition of magnetization 

evolution from the negative hemisphere starts after the adiabatic inversion pulse. The LL 

acquisition is performed by a segmented collection of nf image volumes (frames) during 

the evolution of magnetization towards steady-state [124]. Each segment consists of nv k-

space readouts per frame with repetition times TR. After the acquisition of half the frames 

(nf/2), the Z magnetization is again fully saturated, and after Ta time the similar LL 

acquisition is repeated without the application of the inversion pulse. These schemes are 

repeated ns times with different groups of readouts for each segment to collect full k-space 

data for nf frames. 

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

the method allows for simultaneous T1 and B1 (or flip angle) maps. MP modules could be 
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added cyclically in the readout to induce an additional decay to the magnetization, which 

as a result, allows for simultaneous collection of T1 and other targeted maps.  

 Let us consider an MP module that is embedded into the sequence after every n 

readout, providing an additional decay of longitudinal magnetization. The evolution of 

magnetization due to this specifically targeted relaxation mechanism is given by: Ὁ

ÅØÐὝ ȾὝ , where Tother is the characteristic relaxation time under that mechanism. 

Among several, the relaxation processes induced by MP blocks could be, for example, 

longitudinal rotating frame T1ⱬ, transverse rotating frame T2ⱬ [125], magnetization transfer, 

etc. Specifically, here for T1ⱬ mapping we will use an MP module that consists of two AFP 

pulses, adiabatically rotating magnetization by 360 degrees and providing adiabatic T1ⱬ 

relaxation weighting Ὁ ÅØÐὝ ȾὝ . At the beginning and at the end of each MP 

module, the readout gradient is ramping down and up, respectively, and additional crusher 

gradients are optionally applied to avoid interference from transverse coherences. During 

each frame, one or more MP modules separated by n 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 (ns ï number of segments) acquisition of nf 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 consisting of nv readouts, a total of one or more MP 

modules could be applied with n Ů nv. TR is the repetition time between MB-SWIFT 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 of nf image volumes. The presented MB-SWIFT uses a chirp 

pulse with 4 gaps exciting spins by ɗ flip angle. Ms is the magnetization being recovered after Ta 

time.  Mss is the steady-state magnetization. 

 

Thus, after full saturation, the magnetization being recovered after Ta time is 

ὓ ὓ ρ Ὁ ,          (6.1.1) 
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where M0 is the equilibrium magnetization and Ὁ Ὡ . The evolution of magnetization 

from negative (MN) and positive (MP) initial values, after each n readouts right before MP 

modules could be evaluated as follows [48]: 

ὓ Ὥ ὓ ὓ ὓ Ὁ           (6.1.2a) 

ὓ Ὥ ὓ ὓ ὓ Ὁ          (6.1.2b) 

where i is the MP moduleôs index, Mss is the steady-state magnetization, Ὁ

ὉὉ Ὁ
Ⱦ

Ὡ , Ὁ Ὡ  , Ὁ ÃÏÓ—, — is the excitation flip angle and Teff is the 

effective relaxation time:  

Ὕ .        (6.1.3) 

From Eq. 6.1.3 a novel relaxation parameter, T1 ,᷾ can be defined as follows: 

S
 .                                    (6.1.4) 

Importantly, the relative contributions of T1 and T1ⱬ in T1  ᷾can be altered by adjustment 

of the sequence parameters n, TMP and TR, a feature that provides the opportunity to 

generate a novel class of relaxation dispersions which combine free precession and rotating 

frame relaxation sensitivities. 

The steady-state magnetization is described by [48]: 

ὓ ὓ .         (6.1.5) 

The system of Eqs 6.1.2 should be modified considering that readout signal is 

transverse magnetization (S) proportional to longitudinal magnetization (M) as S = Msin— 

and to take into account the effect of the grouped averaging of the n experimental readouts 

(Ὓ Ὥ and Ὓ Ὥ), as follows:  

Ὓ Ὥ ὴὓ ὓ ὓ ήὉ ίὭὲ—         (6.1.6a) 

Ὓ Ὥ ὴὓ ὓ ὓ ήὉ ίὭὲ—Φ        (6.1.6b) 

Here the coefficient p is approximated with ὴ   [48], considering that the 

differences of intensities before and after the MP module are equal to EMP. Another 

coefficient q corrects for the difference of integral values of the non-linear (exponential) 
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function from the linear averaging during nvTR as ή ὝὝ Ὁ Ὁ Ⱦὲ. The effect 

of coefficient q is especially valuable when nvTR is comparable to or larger than Teff. 

A simultaneous three-parameter fitting using Eqs. 6.1.6 provides values of Teff, Mss 

and Ms. The coefficient p and sin— were neglected during the fitting because it has no effect 

on the ratio of values Ms/Mss, which is the target. The approximation ρ Ὁ ὝȾὝ , 

which is valid for TR Ḻ T1, allows to evaluate T1 from the ratio Ms/Mss using Eqs. 6.1.1 and 

6.1.5:  

Ὕ ρ Ὁ .      (6.1.7) 

This could be calculated relative to T1 recurrently by using Teff as a starting T1 value, 

and it usually requires less than 5 iterations. With this procedure, T1 values are less 

dependent on flip angles and tolerant to relatively short recovery times Ta ~ T1 [50]. As T1 

is known from Eq. 6.1.7, the T1ⱬ values can also be determined from Eq. 6.1.3. Thus, both 

T1 and T1ⱬ maps are evaluated from one experiment.  

Without MP modules, Eq. 6.1.7 is simplified as [50]: 

Ὕ ρ Ὁ ,         (6.1.8) 

with  

Ὕ .          (6.1.9) 

According to Eq. 6.1.8, the T1 in this case depends only on fixed parameters TR, Ta and 

3 fitted parameters. That means the implicit flip angle effect is inter-compensated between 

the fitted parameters and calculated T1 in this case is insensitive to flip angle (or B1) [50]. 

Thus, by using calculated T1 and Teff implicitly depending on flip angle we can obtain 

simultaneously a flip angle map from Eq. 6.1.9, as follows: 

— ÁÃÏÓÅØÐ  .         (6.1.10) 

 The total acquisition time for aLL method with the total number of readouts ὔ

ὲὲÓὲÖ is defined by the spatial resolution, and can be calculated as follows: 

Ὕ ὲ Ὕ ὲὲ Ὕ Ὕ Ⱦὲ Ȣ       (6.1.11) 
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The resolution of radial images related to Nyquist diameter nNyq, which for a fully 

sampled dataset must satisfy ὲ ὲὲȾ“. The most time-consuming parameters are 

ns and Ta. The number of segments ns can be decreased by increasing frame size nv. The 

aLL sequence using saturation of the magnetization before the recovery periods allows for 

a shortened recovery time Ta ~ T1 [50]. For example, without any acceleration, for nNyq = 

128, nf = 6, nv = 256, TR = 4 ms, TMP = 8 ms and Ta = 3 s, the total acquisition time will be 

around 60 min. The effect of different parameters on fitting quality was analyzed with 

Bloch simulations.  

The images were analyzed voxel wise in real mode. Before extracting the real mode 

from the complex voxel values, the phase of maximal intensive images voxel wise was 

subtracted from the rest of the images.    

 For comparison purposes, here we also implemented the SS method [48], which allows 

extracting T1ⱬ map from Mss acquired with different TMP values. In the case of SS, the Mss 

is also described by Eq. 6.1.5.  In both aLL and SS methods, the MP modules implemented 

the same AFP pulses. However, in the SS technique, the pair of adiabatic pulses were 

repeated nMP times to increase T1ⱬ evolution time. Quantification of T1ⱬ maps from the SS 

method requires the independent acquisition of T1 map, which in our case was supplied 

from the aLL experiments.  

 

6.2 Material and imaging parameters for aLL method 

6.2.1 Simulations 

The magnetization evolution during the aLL experiment was calculated with the Bloch 

simulator. Calculations were repeated 1000 times with introduced random noise in the 

range of -0.5% to 0.5% of M0 to each evolution point. The parameters used for the 

simulation were: M0 = 100, T1ⱬ = 0.045 s, T1 = 1.8 s, bandwidth bw = 125 kHz, TR = 4.396 

ms, number of gaps = 4, sidebands = 128, nf = 6, n = 50, nv = 200, TMP = 6 ms, Ta = 3 s and 

ʃ = τЈ. The results of simulated data were then fitted to extract the T1 and T1ⱬ  values as 

described above. The LevenbergïMarquardt algorithm [126] available within the GNU 
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Scientific Library (GSL) (https://www.gnu.org/software/gsl/) was utilized for fitting. The 

dependencies on each parameter were calculated by keeping constant the remaining 

parameters.  

 

6.2.2 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. Sprague-Dawley rats (Envigo; 

Madison, WI, USA; male, 260ï400 g, n = 6) were anesthetized using isoflurane for the 

preparation phase and for the duration of MRI acquisitions with O2/N2O (30%/70%) carrier 

gas. The MRI scans were conducted in a 9.4-T 31-cm horizontal-bore magnet equipped 

with Agilent console (Palo Alto, CA, USA) using a quadrature volume transmit/receive 

coil.  

For adiabatic rotation, adiabatic pulses of the hyperbolic secant (HS) family [56] were 

used with stretching factor  = 4 (HS4), time-bandwidth product R = 20, pulse duration = 3 

ms, and peak amplitude in frequency unit was equal to 2 kHz. As a readout in both the aLL 

and SS methods, the MB-SWIFT sequence was used with parameters: bw = 125 kHz, TR = 

4.396 ms, number of gaps 4, sidebands 128, twice oversampled, TMP  = 6 ms, ʃ  = τЈ with 

FOV = 24 x 24 x 30 mm3, nv = 160, number of readouts between MP modules n = 40, nf = 

12; reconstructed image matrix 128 x 128 x 32 and the total number of readouts ὔ  = 

ὲὲ = 40,000. The Gaussian 3D filter with sigma = 0.6 was used before the fitting. Total 

acquisition time of the aLL method was around 50 min. For the SS method, two 

experiments were conducted with nMP = 0, 1, with each acquisition being about 4 - 5 min 

for each nMP preparation block. The T1 map obtained with aLL method was used for the 

processing of the SS methodôs T1ⱬ maps. To estimate the flip angle in each voxel the fast 

experiment without application of the MP modules was performed with ὔ  =  ὲὲ = 160 

x 40 = 6400, with ns = 4, and other parameters being the same as the aLL method, which 

took around 4 mins. 
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 The optimized set of experimental parameters was chosen based on Bloch simulations 

predicting the lowest standard deviations and less than 5% fitting deviations in the range 

of expected T1 (1.5-2 s) [127] and T1ⱬ (20-45 ms) [48] values. The T1ⱬ maps were first 

calculated voxel-wise. Aggregate values were then obtained in selected regions of interest 

(ROIs), namely corpus callosum (cc), hippocampus (HC), Amygdala (Amg), Thalamus 

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

 

6.2.3 Phantom study 

The first phantom was a spherical shape filled with saline and dropped with MnCl to 

shorten T1 to about 0.2 seconds. For experiments with this phantom, a surface coil of 2 cm 

diameter was used.  

The second phantom consisted of 4 plastic tubes filled with 5% weighted agar and 

different concentrations of gadobenate dimeglumine (Gd-DTPA, multihance, 

manufactured for Bracco Diagnostics). The concentrations were 0, 0.1, 0.2, and 0.4 

mmol/L.  

For both phantoms, the imaging parameters were the same as in in vivo study except 

the total number of readouts for the first phantom was nv = 80, Ntot = 11200, so the total 

scan time was around 22 min and for the second phantom nv = 20, Ntot = 2000, with scan 

time 3.5 minutes. 

  

6.3 Result of aLL method 

6.3.1 Simulation result 

The results of fitting the simulated data are presented in Figs. 31-36. The deviation of 

simulated data from expected values reflects the accuracy of used approximations, and the 

error bars representing standard deviations (std) allow to estimate the range of optimal 

parameters set for the best fitting and the most efficient T1 and T1ⱬ mapping.  
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 The std for T1 decreases with increased flip angles together with a slight deviation of 

average values from the expected values (Fig. 32A). The std for T1ⱬ is near to minimal for 

three and four degrees near to the Ernst angle (4.1°) (Fig. 32A). As expected, the std 

decreased with increasing the recovery time Ta (Fig. 32B) as well as adiabatic rotating 

frame evolution time TMP (Fig. 32C). The deviations of the average values are within 5% 

from expected values. The increase of Ta leads to an increasing scanning time Ttot
aLL (Eq. 

6.1.11), that is why using ὝȾὝ ρȢυ represents a good compromise.  

 

Figure 32. T1ⱬ (top row) and T1 (bottom row) values calculated from the fitting of simulated data 

during the aLL sequence as a function of excitation flip angles (A), Ta/T1 (B) and T1ⱬ/ TMP (C), 

assuming 0.5% noise, T1ⱬ = 45ms and T1 = 1.8 s. Refer to the Simulation section for details. 

 

Fig. 33 represents the simulated data of the aLL technique with different numbers of 

frames (Fig. 33A), different numbers of readouts per frame nv, for nv = n (Fig. 33B), and 

different numbers of readouts between MP modules (Fig. 33C). The increase of the number 

of frames decreases std and has a mild impact on Ttot
aLL, which will also allow a 

multicomponent analysis in the presence of a sufficient number of magnetization evolution 

points. In practice, increasing nv will allow a smaller number of segments ns, which 
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decreases Ttot
aLL (Eq. 6.1.11). However, it increases std for the case nv = n (Fig. 33B). To 

keep std low for large nv values, the number n can be decreased (Fig. 33C).  

 

 

 

Figure 33. T1ⱬ (top row) and T1 (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% noise, T1ⱬ = 

45ms and T1 = 1.8 s. Refer to the Simulation section for details. 

 

Fig. 34 represents the error of T1 and T1ⱬ estimates due to inhomogeneous B1 during 

the aLL sequence. The effect of B1 inhomogeneity was simulated by keeping the flip angle 

constant (— = 4°) and varying the expected flip angle (—*) during fitting. The results show 

a significant bias of T1ⱬ on the flip angle which is the opposite for T1. In addition, the 

sensitivity of T1 values to flip angle variations is smaller than T1ⱬ, suggesting the necessity 

of using a pre-calculated B1 map for more accurate T1ⱬ mapping.  
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Figure 34. The bias of calculated T1ⱬ and T1 values in case of simulated constant flip angle (— = 

4°) and varied an expected flip angle (—*)  during fitting, assuming 0.5% noise, T1ⱬ = 45ms and T1 

= 1.8 s. Refer to the Simulation section for details. 

 

6.3.2 Experiments without MP modules: simultaneous T1 and B1 mapping 

Fig. 35 represents the 30 seconds MB-SWIFT image and results of a 3.5-minute experiment 

with the aLL sequence collected on a spherical phantom located on the top of the surface 

RF coil. The intensity of MB-SWIFT image (Fig. 35A) highly depends on the local flip 

angle. The aLL method without the application of MP modules allows simultaneous B1 

map (Fig. 35B) and T1 map (Fig. 35C). As expected [50], the T1 map (Fig. 35C) (low 

resolution) is insensitive to B1 inhomogeneity, which allows using Eqs. 6.1.8-6.1.10 to 

obtain the B1 (or flip angle) map (Fig. 35B).     
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Figure 35. The 30 seconds MB-SWIFT image (A), B1 (B) and T1 (C) maps of a 3.5-minute 

experiment with the aLL sequence collected on a spherical MnCl/saline phantom located on the 

top of the surface RF coil. The B1 map (B) is presented as a ratio of measured and sated flip 

angles ɗ/ɗ*. The (D-F) represent respective profiles of (A-C) along the white lines.  

6.3.3 Experiments with MP modules: simultaneous T1 and T1ⱬ mapping 

An example of magnetization evolution during the aLL experiment described by Eqs. 6.1.6 

is presented in Fig. 36A. The subtraction MN(i) ï MP(i) is presented in Fig. 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 frame, the MN and MP 

intensities were averaged in the ROI of HC (A) and similarly the value of MN(i) ï MP(i) where 

replotted with time in logarithmic scale (B) from one representative study at 9.4T. 

 

 Parametric maps (Mss, M0, and Teff) of the rat brain obtained from the fitting of Eqs. 

6.1.6 are presented in Fig. 37. The original maps are presented in Fig. 37A-C. It was noticed 

that the noise visible in Teff images (Fig. 37C) is highly correlated with noise in M0 images 

(Fig. 37B). This noise could be minimized by optimizing a fitting procedure [128]. To 

some extent, this noise could be compensated by voxel wise multiplying Teff by M0/fM0, 

where fM0 is M0 image after 3D Gaussian (sigma = 0.6) filter. After that, Mss and M0 were 

recalculated leading to new Teff values. The correlated noise compensated images of Mss, 

M0, and Teff are presented in Fig. 37 (D-F), respectively.  
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Figure 37. Parametric maps of the rat brain, namely Mss, M0, and Teff calculated from Eqs. 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 of Mss and M0 are presented in relative units.     

 

The T1, T1ⱬ, and T1  maps calculated from the fitted Mss, M0, Teff parameters, are 

presented in Fig. 37A, Fig. 37B, and Fig. 37C, respectively. Interestingly, the T1 collected 

without MP modules, which for comparison is presented in Fig. 37D, has a different 

contrast relative to Fig. 37A. From T1 data collected with and without the application of 

MP modules (Fig. 37A and D), T1 of all registered brain areas increases with the application 

of the MP modules by about 20%. We also noticed that in hard tissues this effect is larger, 

for example, in 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), T1ⱬ (B), and T1  (C) maps of the rat brain measured with the aLL method, and 

comparisons with T1 map collected without MP modules (D) and T1ⱬ map collected with SS method 

(E). 

         

         For comparison purposes, the T1ⱬ map collected with the SS method is also shown 

(Fig. 38E). Both methods demonstrated a good tissue contrast between grey and white 

matter in the brain. Yet, the aLL method provided maps (Fig. 38B) that were less noisy 

relative to maps collected with a similar set of parameters in the SS method (Fig. 38E).  

The mean values of ROIs detected with the aLL and SS methods are shown in Fig. 39. The 

T1ⱬ maps obtained with the aLL method provided similar mean values compared with the 

SS method in: the cc (31.0 ms/31.2 ms), HC (42.1 ms/41.1 ms), Amg (43.0 ms/41.2 ms) 

Tha (34.1 ms/33.9 ms), ic (27.7 ms/27.5 ms), and IL/PL (41.7 ms/41.4 ms) areas. The 

coefficient of variation std/T1ⱬ was in general smaller for the aLL technique as compared 

to the SS method (namely: 2.10% vs 2.78% in cc, 2.50% vs 2.78% in HC, 1.93% vs 3.96% 

in Amg, 1.24% vs 5.37% in Tha, 2.23% vs 6.31% in ic, 4.56% vs 6.1% in ILPL). T1ⱬ maps 

collected with the aLL method, SS method, and T1 maps with SS method of each single 

subject analysis are shown in Appendix D. 
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Figure 39. Mean T1ⱬ values collected with the SS (black boxes) and aLL (blue boxes) methods in 

ROIs. The box height represents std across 6 rats. The ROIs are shown on a coronal view of the rat 

brain on the right.   

 

 

6.3.4 Phantom study  

The dependence of the relaxation rate constants 1/T1 and 1/T1ⱬ with Gd-DTPA 

concentrations (i.e., relaxivity) are shown in Fig. 40, where T1 was measured using the aLL 

method (Fig. 40A, C), and the T1ⱬ results were obtained with aLL and SS methods (Fig. 

40B, D). Additionally, the T1 collected with aLL method without applications of the MP 

modules is presented (dashed lines and open circles in Fig. 40A).  Importantly, the T1 in 

the phantom does not show the dependency on MP modules. Both 1/T1 and 1/T1ⱬ increased 

linearly with Gd-DTPA concentrations, with 1/T1 (Fig. 40A) exhibiting less variability as 

compared with 1/T1ⱬ (Fig. 40B). Both the aLL and SS methods provided similar 

relaxivities ( Fig. 40B).   
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Figure 40. Relaxation rate constants 1/T1 and 1/T1ⱬ as a function of Gd-DTPA concentration in 5% 

agar. The solid bars represent the spatial std across the phantom. The 1/T1 was measured with aLL 

method with (solid circle and solid line) and without preparation MP module (open circle and dash 

line) together with data collected with spectroscopic inversion-recovery method (red circles) (A); 

T1ⱬ was measured with the aLL (blue) and SS (black dash line) methods (B). The corresponding 

maps of T1 and T1ⱬ maps as a function of Gd-DTPA concentration are shown in C and D, 

respectively.     

 

 

6.4 Discussion of aLL method for T1ɟ detection 

This chapter describes a new method entitled the aLL for quantitative 3D mapping of T1 

and T1ⱬ relaxation time constants, and B1. The simulated and experimental results are 

presented with the application of the MB-SWIFT pulse sequence as a readout. Notably, 

any other fast repeating low flip angle readout technique that generates the steady-state 

condition with spoiled transverse magnetization during imaging, such as FLASH, the short 

T2 sensitive ZTE, UTE, or SWIFT sequences could be utilized. However, it is worth noting 

that the range of detectable T1 and T1ⱬ relaxation times depends on the properties of the 

readout sequence and it is broader with short T2 sensitive sequences relative to the echo-
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based sequences [48]. The proposed method is not restricted to 3D mode and can be 

generalized to any Cartesian or non-Cartesian echo-based 1D or 2D segmented readouts, 

with the benefit of much faster acquisition times.   

It is known that the alternating magnetization scheme increases the SNR and fitting 

stability and precision [51]. Both the magnetization starting from positive and negative 

hemispheres evolve towards the same steady-state values, which allows avoiding sampling 

at long evolution times and collecting samples only at the beginning of the decays to 

achieve robust fitting [51]. On the other hand, the aLL method utilizes a full dynamic range 

of magnetizations, and it allows collecting many samples during the relaxation decay, 

which may be particularly beneficial for potential multi-exponential analysis. As in our 

presented experiments we got mono-exponential results (linear in logarithmic scale, see 

Fig. 36B), however the plot demonstrates the potential of the method to be used for more 

complex multi-component analysis. The main advantage of the aLL method is the use of a 

maximal dynamic range of the magnetization evolution. This is difficult to achieve with 

the SS method where the maximal amplitude is on the steady-state level. For example, with 

MP modules used in our study only 2 points in magnetization evolution for the SS method 

were useful, because the SNR of the third point acquired with nMP =3 was not enough to 

improve the fitting.    

The main challenge of 3D T1ⱬ mapping is the long total acquisition time. The 

advantage of the aLL is its capability of collecting both T1 and T1ⱬ in one acquisition. It 

makes the aLL relatively faster than the SS technique, which requires also an independent 

acquisition of T1 maps for proper determination of the T1ⱬ. Even though it is in principle 

possible to get relatively quickly T1 maps [129] in the absence of adiabatic pulses, such T1 

maps would be sub-optimal for the purpose of extracting accurate T1ⱬ values. In fact, from 

Figs. 38A, C, it can be seen that the presence of adiabatic pulse leads to a relatively higher 

T1 in vivo. Therefore, T1 maps collected in presence of the MP modules, as we did here by 

using those obtained from the aLL method, are necessary also for extracting T1ⱬ from the 

SS-method. The typical time for T1ⱬ mapping without any accelerations is about 60 minutes 

for radial 3D acquisition with 128 Nyquist diameters. Future acceleration can be done with 

an optimized combination of view sharing [124], compressed sensing [130] or/and parallel 
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imaging techniques [131]. In this study, we avoided any acceleration to simplify the 

presented analysis.  

 Notably, the aLL method could also be used without embedding  MP modules to 

collect B1 insensitive T1 map [50] and B1 map. Unfortunately, this B1 insensitivity property 

does not fully holds for acquisitions with embedded MP modules. The B1 inhomogeneity 

effects are still minimized for the T1 map but are essential for the T1ⱬ map (Fig. 34). That 

is why for the quantitative T1ⱬ mapping it is still needed to use B1 maps. Importantly, the 

aLL allows one to obtain B1 map (actual flip angles) in 3-4 minutes. This applies to any 

technique used for the readout. The limitation of this B1 mapping depends on ability of 

adiabatic pulses to invert magnetization in the areas of lowest B1, which can be appreciated 

from B1 map presented for the surface coil (Fig. 35B). In general, with lower SNR, it is 

possible to collect B1 map without using any inverting pulses from analyzing only decay 

from the +Z. This is especially applicable for the imaging of ultra-short T2 objects. Most 

importantly, it provides robust actual flip angle estimation for the zero-TE sequences, 

which was not possible so far.   

In this study, we used two methods to measure the T1ⱬ values, namely the aLL and SS 

methods, which gave similar results in both in-vivo studies and phantom studies with 5% 

agar with Gd-DTPA at different concentrations, confirming the accuracy of the newly 

introduced aLL method. In general, it is important to keep in mind that the measured T1 

and T1ⱬ values could be different in other experimental conditions, depending on the 

relation between the acquisition bandwidth of the zero TE readout sequence and the 

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, is saturated during the adiabatic rotation in 

presence of the MP modules. This explains the differences in T1 values collected with and 

without the application of the MP modules (Fig. 38A, D), observed in brain tissues. This 

effect increased in hard tissues (scull, bone, eye lens) and less in gel like tissues (eye 

vitreous chamber). In the blood vessels we observed a negative effect, which can be 

attributed to an in-flow of saturated by MP modules blood. To preserve the advantages of 
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the zero-TE mapping to reveal fast relaxing components, the use of a broadband AFP pulse 

is preferable.  

In the echo-based pulse sequences, the echo time works as cut off parameter of the T2 

filter passing to detector only signal from spins having longer T2. Considering that in real 

tissue an exchange or magnetization transfer shortens T2 together with longitudinal 

relaxation times, filtering out shorter T2 components will also cut shorter T1 and T1ⱬ 

components. Thus, values of relaxation times collected with zero echo-time sequences as 

a readout will always be shorter relative to the ones collected with echo-based 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 per MP block are required. It is not the case for the aLL method, which uses 

segmented acquisition with two adiabatic pulses per MP and long Ta delays between the 

segments.        

In conclusion, a new method entitled the aLL has been developed for improved 

simultaneous T1 and T1ⱬ mapping. This method provides robust and efficient T1ⱬ mapping 

in vivo and could be extended to detection of other relaxation times. Notably, the aLL 

method also provides novel relaxation parameters, T1 , which combines the multiple 

relaxation contributions, free precession T1 and rotating frame T1ⱬ, being exploited in the 

sequence. Future investigations, which are beyond the scope of the present study, are 

warranted to appreciate the usefulness of T1  in vivo. Finally, the proposed method can be 

used for the simultaneous T1 and B1 mapping, particularly advantageous for short T2 

sensitive sequences and could be extended to other readout schemes. 

6.5 RAFF maps with the SS method 

The SS method using MB-SWIFT could be extended to measure other relaxation time 

constants. For instance, we used a RAFF pulse instead of an HS4 pulse as the MP block to 

measure the RAFF relaxation map.  

The in vivo study was conducted under conditions similar to those described in Section 

6.2.2. The experiment was conducted using TgF344 rats. For the MP block, a RAFF2 pulse 

was used with Ů = 45°, pulse durations Tp = 2.2 ms and Tp = 4.5 ms, and peak amplitude in 
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frequency units was equal to 625 Hz. A demonstration of the feasibility of RAFF relaxation 

mapping is presented in Fig. 41, where different quantitative maps corresponding to 

different pulse parameters are presented. It can also be observed that the TRAFF values are 

distinctly different for different pulse duration, indicating that the RAFF could provide a 

variety of contrasts with different Tp. 

  

 

 

Figure 41. Representative example of quantitative relaxation mapping of TgF-344 rat at 9.4T with 

RAFF2-45º using SS method for imaging readout. Two durations of RAFF2 were used: Tp = 2.2 

ms (top) and Tp = 4.5 ms (bottom).  

 

6.6 Longitudinal T1ɟ map of AD rats with  the aLL  method 

Longitudinal studies were conducted on two TgF344 rats at different ages: Rat #1 at the 

age of 10.4, 10.7, and 16.8 months and Rat #2 at the age of 10.7, 10.9, and 16.9 months. 

Rat #3 to 9 were TgF344 rats mixed with wild type at approximately around 6 months, and 

experiments were performed at around 5 to 6 months. The experimental conditions and 

data processing method were the same as those described in Section 6.2.2, except that Ntot 

= nvm = 120 ×  250, ns = 5, and peak amplitude in the frequency unit was equal to 2.5 kHz. 

The T1ⱬ maps of 2 Rats at different ages are shown in Fig. 42, and T1ⱬ values in some 

memory related ROIs (cc, HC, Amg, Tha) are shown in Fig. 43. 
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Figure 42. The T1ɟ maps detected with AD rats (n = 9) with different age. Ages (months) are listed 

at the bottom. 
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Figure 43. mean T1ɟ at different ages in the following ROIs: cc, HF, Amg, Tha. Blue circles 

stand for the values of rat #1, red circles for the values of rat #2, and black circles for the values 

of rat #3 to rat #9. 

 We can conduct a preliminary analysis since we have longitudinal T1ⱬ maps of only 

two TgF344 rats. No significant difference of T1ⱬ or indication of macroscopic alterations 

such as hippocampal atrophy was observed in 7 rats around 6 months in the AD and control 

mixed group or 2 AD rats of 10-11 months of age (Fig. 42). It was indicated from the 

reference [132] that the TgF344-AD rats do not have great differences in neuron number 

in HC or cc at approximately  6 months compared with wild type rats, corresponding to the 

result that T1ⱬ values of the mixed group at approximately 6 months did not show a 

difference. For the neuron loss level, the number of neuronal cells was similar between AD 

rats and control in the granule cell layer of the dentate gyrus at 6 months, but 33% less at 

16 months [132]. It could be possible that the 10 months AD rats do not have a significant 

difference in the neuronal cell number to cause the difference of T1ⱬ in HC. Two rats show 

different results at their age of around 17 months, rat #1 had almost the same T1ⱬ, but the 

T1ⱬ of rat #2 decreased considerably, as shown in Fig. 43. 

The relationship between age and T1ⱬ in memory-related ROIs requires a larger sample 

size for longitudinal MRI assessment to draw a clear conclusion in the future. Analysis of 



                                                                                                       86  

 

cell proliferation using other labeling methods such as Edu (5-Ethynyl-2-deoxyuridine) and 

BrdU (thymidine analog 5-bromo-2´-deoxyuridine) are also required.  

 

7. STUDY LIMITATIONS  
 

Several limitations of the study should be noted. First, the sample size of the OS-DBS, 

ESCS study, and aLL method for T1ⱬ mapping were relatively small (11 animals for OS-

ESCS, 12 animals for STN implantation DBS, 10 animals for the EC implantation OS-

DBS, 8 for MSN implantation OS-DBS, and 6 animals for aLL method for T1ⱬ detection). 

To mitigate these limitations, for OS-DBS and ESCS studies, we used strict threshold 

criteria to generate group-based activation maps, and further documented the individual 

single subject results. Moreover, for the OS-DBS study, the relatively large size of the 3-

channel electrode (about 350 ‘m in total diameter) as compared to the rat brain dimensions, 

implies that different OS-DBS angles may stimulate surrounding areas of the selected 

targets thus leading to widespread activations beyond those of the targeted circuitry. 

However, a small contact size could lead to tissue damage because of high energy 

deposition per unit of time. Higher electrode counts and different electrode configurations 

are also desired to re-orientate the electrical field in space rather than on a plane, as in the 

present study. Despite using the stereotactic system to ensure precise implantation, 

implantation inaccuracies can still occur, potentially introducing variability in activation 

patterns even within the same group of animals. The electrodes may also be inserted into 

the tissue in a slightly twisted manner; the actual determination of the stimulation angles 

may be compromised across animals, preventing accurate group analyses as a function of 

the stimulation angle.  

Moreover, the characterization of fiber orientations based on tractography and myelin 

staining is highly informative but has limitations. We can extract fiber orientation from 

tractograms reconstructed at 150-µm thick section. As a grey matter area, the presence of 

fiber bundles in the EC is low as observed in myelin staining, and the tractograms reflect 

the orientation of all oriented structures contained in the relatively thick slice of tissue, 

including myelinated and non-myelinated axons or dendrites. For a more accurate 
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estimation of the angular differences between OS-DBS 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 the stimulation in each animal. Moreover, for EC stimulation, in the 

present study, we used a 20 Hz stimulation frequency, which is the classic kindling 

paradigm for inducing epilepsy [133]. Therefore, future studies should focus on 

circumventing kindling by utilizing a high inhibitory stimulation frequency of 100 Hz and 

higher. Future studies are warranted using larger animal models to model clinical settings 

more closely.  

For the T1ⱬ mapping as a non-invasive MRI biomarker for AD therapy, only 2 TgF344 

rats were studied so far longitudinally, thus preventing our lab from drawing conclusions 

but warranting studies on a larger sample size. Additionally, DBS was not conducted on 

these rats. Whether OS-DBS could be able to induce maximized neurogenesis remains to 

be verified in the future, including validations with histology.  

 

8. THE PROSPECT OF THE STUDY 
 

The application of the OS methodology is not limited to DBS but could be extended to 

ESCS where feasibility is well proven within the OS-ESCS study presented in this thesis. 

OS-DBS on the STN, which is a PD related DBS target, shows that OS-DBS could help to 

control side effects by avoiding stimulating unwanted areas. A more accurate and 

controlled device, such as multichannel stimulation with a higher channel count, could 

improve the stimulation result and better control the stimulation area to avoid side effects. 

Instead of changing the orientation in one plane in the 3 electrodes, the multichannel array 

could achieve 3D special control of the orientation of the electric field.  

As the EC/MSN study shows, the fMRI results of stimulation are highly related to how 

well the orientation parallels the most stimulated fibers of these two AD-related targets. 

Based on the histology of EC, the fibersô directions are relatively complicated, making it 

harder to predict the best OSS angle unless the electrodeôs target position and surrounding 

fibers distributions are known. However, another option for OS-DBS is to test the outcome 
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using fMRI as this study did, to determine the best stimulation pattern. The fMRI results 

showed that the DG and hippocampus responded strongly to stimulation.  

The T1ⱬ with aLL method could be a tool for detecting neuronal loss in AD, as 

preliminaril y tested in AD rats in the present study and neurogenesis after OS-DBS 

treatment. More in general, the goal of future studies could be the combination of MB-

SWIFT fMRI with the aLL method for monitoring acute and chronic effects of OS-DBS 

stimulations, respectively, in AD animal models. In addition, further studies with 

multichannel electrodes setup with higher channel count and in larger animals using 

commercial electrodes are required to substantiate the potential of OS-DBS as a treatment 

therapy for AD. Edu or BrdU assessments could also be used to confirm cell proliferation 

in the rat brain after the OS-DBS treatment. After confirming neurogenesis in non-human 

models, the OS-DBS and aLL methods could be extended to human research.   

 

9. CONCLUSIONS 
 

The conclusions were drawn as follows: 

1. OS-ESCS, a novel approach for ESCS, has been demonstrated to modulate spinal-brain 

connectomes within the central nervous system. Brain activation was detected with EPI 

fMRI during stimulation of the two spinal segments, S1 and L2. The thalamus, motor 

cortex, and primary somatosensory cortex have high brain activation with some OSS 

orientations especially at 0° and 120°, which might correspond to the spinal cord and dorsal 

root direction.  

2. For OS-DBS in the STN, which is one of the primary targets of PD, the fMRI response 

was detected with MB-SWIFT fMRI in the CP, motor and somatosensory cortices, several 

thalamic nuclei, SN, and inferior and superior colliculus with a maximal response at OS-

DBS angle of 180°. This coincided with the main direction of STN fibers within the nucleus, 

confirmed by diffusion imaging and myelin stained histology. The OS-DBS strategy of the 

STN can potentially provide further improvement as it allows more selective stimulation 

areas of interest.  
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3. OS-DBS of EC and MSN, which are potential DBS targets in AD therapy, was 

conducted on rats. OS-DBS of the EC achieved the highest activation detected with MB-

SWIFT fMRI at -45°, which provided distinctively larger fMRI clusters in areas connected 

to the EC, including the HC, Sub, Amg, and PrC, in general agreement with the outcomes 

of histological and MRI tractography assessments. The complex axon distribution and 

diversity of electrode location differences may have contributed to the large inter-subject 

variability. 

OS-DBS of the MSN elicited strong fMRI responses in the dorsal and ventral HC, 

Amg, and medial frontal cortices. No significant dependence of the OSS angle was detected, 

attributed to the orthogonal orientation of the axonal tracks relative to the stimulation plane 

of the implanted 3-channel electrode.  

4. A new method entitled óaLLô, was developed to improve simultaneous T1 and T1ⱬ 

mapping. This method provides robust and efficient T1ⱬ mapping in vivo and could be 

extended to detecting other relaxation times, for instance, RAFF. The 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 amplitude, and correspond wire are indicated on the top, fMRI 

maps are thresholded at p Ů 0.05, FWE corrected (processing details are available in the 

main text). Stimulation angles are indicated on the top. Brain images are displayed in 

neurological convention (left side of the image corresponds to the 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 bottom. fMRI maps are thresholded at p Ů 0.05, FWE corrected 

(processing details 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 corresponds to the left side of the brain). No brain mask was applied. 
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