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2	

ABSTRACT 32	

 33	

Magnetic resonance spectroscopy (MRS) is heavily dependent on the investigative team 34	

to prescribe, or demarcate, the desired tissue volume-of-interest. Manual prescription, the 35	

current standard in the field, requires expertise in neuroanatomy to ensure spatial 36	

consistency within and across subjects. Spatial precision of MRS voxel placement thus 37	

presents challenges for cross-sectional studies, and even more so for repeated-measure 38	

and multi-acquisition designs. Furthermore, voxel prescriptions based-solely on 39	

anatomical landmarks may not be ideal in regions with substantial functional and 40	

cytoarchitectural variability or to examine individualized/targeted interventions. Here we 41	

propose and validate robust and real-time methods to automate MRS voxel placement 42	

using functionally defined coordinates within the left dorsolateral prefrontal cortex in 43	

clinical cohorts of chronic pain and depression. We hypothesized that increased 44	

automation would produce more consistent voxel placement across repeated acquisitions 45	

particularly in reference to standard manual prescription. Data were collected and 46	

analyzed using two independent prospective transcranial magnetic stimulation studies: 1) 47	

a single-day multi-session sandwich design and 2) a longitudinal design. Participants with 48	

fibromyalgia syndrome (N=50) and major depressive disorder (N=35) underwent MRI as 49	

part of ongoing clinical studies. MEGA-PRESS and Optimized-PRESS MRS acquisitions 50	

were acquired at 3-tesla. Evaluation of the reproducibility of spatial location and tissue 51	

segmentation was assessed for: 1) manual, 2) semi-automated, and 3) automated voxel 52	

prescription approaches. Variability of grey and white matter voxel tissue composition 53	

was reduced using automated placement protocols as confirmed by common MRS 54	

software processing pipelines (Gannet; SPM-based segmentation) and via Freesurfer-55	

based segmentation. Spatially, post- to pre- voxel center-of-gravity distance was reduced 56	

and voxel overlap increased significantly across datasets using automated compared to 57	

manual procedures. These results demonstrate the within subject reliability and 58	

reproducibility of a method for reducing variability introduced by spatial inconsistencies 59	

during MRS acquisitions. The proposed method is a meaningful advance toward 60	

improved consistency of MRS data in neuroscience and can be leveraged for multi-61	
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session and longitudinal studies that target precisely defined regions-of-interest via a 62	

coordinate-based approach. 63	

 64	
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4	

INTRODUCTION 93	

 94	

Magnetic resonance spectroscopy (MRS) is a non-invasive brain imaging approach 95	

capable of quantifying diverse metabolic and biochemical processes including specific 96	

neurotransmitters (1,2). For many other magnetic resonance imaging (MRI) approaches 97	

it is often standard procedure to collect data from the entire brain and then conduct post 98	

hoc analyses on defined regions-of-interest. Alternatively, MRS generally requires the 99	

user to prospectively delineate the tissue volumes-of-interest (VOI). This difference in 100	

MRS acquisition necessitates new methods for reliable and reproducible data collection 101	

that are unique from those for other imaging approaches (e.g., fMRI). Designing studies 102	

without precisely placed voxels limits the utility of MRS for use in evaluating complex 103	

disorders and interventions. As a related example, neuromodulation approaches such as 104	

transcranial magnetic stimulation (TMS) have been historically guided by skull-based 105	

measurements. Prefrontal structures targeted for clinical applications demonstrate 106	

substantial variability across individuals (3). Even with the capability of modulating brain 107	

tissue with centimeter-resolution (4), evidence suggests that individualized optimization 108	

of treatment location using functional brain imaging constrained within a designated 109	

anatomical region provides more consistent therapeutic outcomes (5,6). Similarly, 110	

investigating chemical alterations using MRS defined by standard anatomical landmarks 111	

across individuals may limit the utility and interpretability of such findings.  112	

 113	

Precision of MRS VOIs is generally reliant on the clinical or investigative team and their 114	

neuroanatomical expertise. Furthermore, consistent voxel prescription is dependent on 115	

inter-subject anatomical variability. These factors may be compounded as the size of the 116	

VOI decreases, and with it the related biochemical measurements of interest (7). 117	

Standard MRS VOI placement approaches are especially problematic for multi-center, 118	

cross-sectional, and repeated measures trials that involve data collection by multiple 119	

users over time. Indeed, long-term projects often have turnover in research staff. Taken 120	

together, these factors contribute to increased variability and decreased consistency of 121	

voxel placement and thus weaken the validity of MRS measurements.  122	

 123	
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5	

Inter-individual anatomical variability is a challenge for voxel prescription. Even if spatial 124	

consistency is achieved manually by the MRI system operator using only grossly visible 125	

landmarks, this does not ensure that the user is measuring the functionally analogous 126	

region across participants. Many of the current approaches for VOI placement ignore the 127	

functional and/or cytoarchitectural heterogeneity across brain structures because they 128	

are not visualizable. For context, prefrontal structures such as the dorsolateral prefrontal 129	

cortex (DLPFC) are highly variable across participants and have undergone iterations of 130	

refinement since the original Brodmann parcellations (8-11). This further confounds the 131	

utility of MRS to investigate complex disorders where the neural circuitry involved may 132	

not demonstrate grossly observable pathology. While integration of real-time functional 133	

MRI tasks for guiding voxel prescription has been developed, these techniques require 134	

robust and validated tasks that must be implemented in a short timeframe.  For example, 135	

the use of functional localizers and task-based methods such as finger tapping, the n-136	

back task, or visual stimuli have been use to guide voxel placement in the motor, 137	

prefrontal, and visual cortices respectively (12-14). These methods are promising, 138	

however, an expansion of the approach to enable coordinate-based prescription across 139	

participants is warranted for placement in regions that lack definitive task-based activation 140	

paradigms or to ensure consistent placement across repeated MRI visits/scans without 141	

needing to reacquire localizers. Coordinate based voxel prescription enables a wide array 142	

of methodological flexibility that may increase the reliability within participants and across 143	

studies.  144	

 145	

Coordinate based anatomical voxel prescription methods have been developed to 146	

overcome the variability introduced by manual voxel placement, but the current 147	

approaches have yet to integrate placement with functional targets or in a within 148	

participant registration paradigm for repeated acquisition consistency. For example, 149	

several methods have been proposed that afford user independent automated VOI 150	

placement that utilize brain co-registration (alignment) methods. These rely on either 151	

affine (linear) or b-spline (non-linear) brain co-registration that align a subject’s anatomical 152	

scan to a standard brain atlas or template during the imaging session (15). The 153	

registration parameters are then used to quantitatively identify template-to-individual 154	
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voxel placement coordinates which are then input by the user into the scanner acquisition 155	

software. Within automated approaches the choice of registration method has been 156	

shown to influence accuracy (16); however, this is a greater issue when registering 157	

standard brain templates or atlases to an individual subject’s T1-weighted (T1w) image. 158	

For template-to-subject registration, non-linear registration approaches outperform affine 159	

registration at the downfall of increased computational time and required computing 160	

power (17). Alternatively, affine approaches are faster and require less computational 161	

resources (which may be helpful in real-time data acquisition contexts), and the 162	

performance of these approaches are optimal for within subject coregistration, however, 163	

this requires repeated acquisition paradigms.  164	

 165	

The use of MRS as a neuroscientific tool for the identification of neurochemical 166	

concentrations will benefit from methods that can be conducted quickly by study 167	

personnel, are reliably prescribed in an automated fashion, applied on an individual 168	

subject basis, and are reproducible across longitudinal, multi-acquisition, and repeated 169	

measurements. The methods used to determine VOIs, whether based on function, 170	

structure, or otherwise, are ultimately dependent on researcher or clinician preference 171	

and the scientific/clinical question. Here we provide a methodological framework for the 172	

automation of repeated-measure and longitudinal acquisition of MRS voxels in a 173	

heterogenous functional brain region, the dorsolateral prefrontal cortex (DLPFC). In this 174	

investigation, we examine two iterations of our approach which we term “semi-automated” 175	

and “automated” based on the amount of user input across repeated measure and 176	

longitudinal acquisitions as well as a manual MRS voxel prescription in two independent 177	

clinical datasets. We leverage fast b-spline (affine) registration of anatomical images and 178	

co-registration of an individual-based functional (fMRI) coordinate of interest to center the 179	

VOI in a clinically relevant portion of the left DLPFC (L-DLPFC). We hypothesized that 180	

the semi-automated and automated approaches would reduce spatial and tissue 181	

segmentation variability across repeated MRS acquisitions and voxels of different sizes 182	

within the L-DLPFC, as compared to a standard manual MRS voxel prescription approach. 183	

We implemented field-standard segmentation approaches, including those packaged 184	

within Freesurfer (18) and Statistical Parametric Mapping (SPM) (19), to evaluate tissue 185	
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7	

fraction across prescription pipelines. To quantify the consistency of voxel placements, 186	

we calculated Euclidean distance from the center-of-gravity coordinates across scans, in 187	

addition to determining the similarity of MRS voxels using an overlap coefficient across 188	

repeated MRS acquisitions. 189	

 190	

METHODS 191	

 192	

Participant Recruitment and Evaluation 193	

Participants were recruited as part of two separate studies. Both studies were approved 194	

by the Stanford University Institutional Review Board (IRB) and participants provided 195	

informed consent. All procedures were in compliance with the Declaration of Helsinki. 196	

Prior to imaging, participants were evaluated for standard MRI contraindications, in-197	

person, by study coordinators and a study physician and provided informed consent. 198	

 199	

Study A was used to evaluate the voxel placement between independent MRI sessions 200	

spaced one hour apart. In brief, 50 participants with fibromyalgia syndrome, a chronic 201	

pain disorder, first underwent a baseline MRI (MRI #1) followed by two separate 202	

experimental days - each with two independent MRI scans (MRI #2-5) sandwiched 203	

between transcranial magnetic stimulation treatment (Fig. 1). Resting state functional 204	

scans were acquired at the baseline MRI (MRI #1), analyzed, and the identified L-DLPFC 205	

cluster coordinate was used during each of the subsequent MRIs (MRI #2-5) for 206	

automated voxel prescription. MRI sessions were approximately 1-hours and included a 207	

combination of structural, chemical, and functional acquisitions. GABA-edited MEGA-208	

PRESS (MEshcher-Garwood Point RESolved Spectroscopy) and broad spectra 209	

Optimized-PRESS MRS sequences were collected pre- and post-TMS MRI sessions only. 210	

Imaging parameters are described in greater detail below. A total of 50 pre-/post-MEGA-211	

PRESS and 50 pre-/post-Optimized-PRESS scans were collected culminating in 200 total 212	

acquisitions.   213	

 214	

Study B was conducted in a treatment resistant major depressive disorder population 215	

undergoing resting state functional connectivity guided TMS therapy. The paradigm was 216	
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8	

used to evaluate within-subject voxel placements between three independent MRI 217	

sessions at the following timepoints: (1) baseline (MRI #1), (2) one-week (MRI #2), and 218	

(3) one-month (MRI #3, Fig. 1). Resting state functional scans were collected and 219	

analyzed during the baseline MRI (MRI #1) and thus manual DLPFC voxel placement 220	

was instituted during this timepoint. The identified L-DLPFC resting state cluster 221	

coordinate was then used to guide the voxel placement during the one-week and one-222	

month MRI evaluations (MRI #2-3). A combination of structural, chemical, and functional 223	

imaging was collected at all MRI sessions. MEGA-PRESS MRS for the 38 participants 224	

was acquired at each of the three timepoints detailed above and included 114 total 225	

MEGA-PRESS acquisitions. Imaging parameters are described in greater detail below.  226	

 227	

MRI Data Acquisition  228	

MRI data were obtained using a research dedicated 3.0T General Electric Discovery 229	

MR750 instrument with a Nova Medical 32-channel head coil. Acquisition parameters 230	

were identical across both studies (i.e., studies A & B) and included a combination of: 231	

structural, chemical, and functional acquisitions. Whole-brain structural imaging consisted 232	

of a 0.9 mm3 three-dimensional T1w Magnetization Prepared - Rapid Gradient Echo 233	

(MPRAGE) sequence. Whole-brain high resolution fMRI (resting state) was collected 234	

using a simultaneous multi-slice EPI sequence with the following parameters: echo time 235	

(TE) = 30 ms, repetition time (TR) = 2 s, flip angle = 77°, slice thickness = 1.8 mm, and 236	

FOV = 230 mm. Broad spectra and GABA+ MRS data were collected using Optimized-237	

PRESS (20-22) and MEGA-PRESS (23) sequences respectively within the left DLPFC 238	

(L-DLPFC). MEGA-PRESS sequence parameters included: voxel size = 20x20x20 mm3 239	

(8 mL), TE = 68 ms; TR = 2 s; editing pulses applied at 1.9 ppm (ON) and 7.46 ppm (OFF) 240	

for a total acquisition time of ~10 min. Optimized-PRESS sequence parameters included: 241	

voxel size = 14x14x14 mm3 (2.744 mL), TE = 35 ms; TR = 2 s for a total acquisition time 242	

of ~3 min. MRS voxels were placed according to several strategies described below.  243	

 244	

Identification of rs-fMRI cluster for guided voxel prescription 245	

While both structural and functional targets are compatible with our automated MRS voxel 246	

placement procedure, here we investigated the reliability and utility of MRS targets that 247	
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were defined functionally given previous methods have validated the utility of structurally 248	

defined approaches using atlas-based coordinates.  249	

 250	

In both studies, resting state functional connectivity clusters were identified to guide 251	

clinical TMS therapy for either chronic pain (Study A) or depression (Study B) providing 252	

a relevant paradigm for future application of this automated voxel prescription technique. 253	

In Study A, a voxelwise analysis of the rs-fMRI scan was analyzed to determine the 254	

subregion of the L-DLPFC (Brodmann Area 9 + 46) that exhibited the greatest correlation 255	

with the dorsal anterior cingulate (dACC) (24). In Study B, a voxelwise analysis of the rs-256	

fMRI scan was analyzed to determine the subregion of the L-DLPFC (Brodmann Area 46) 257	

exhibiting the greatest anti-correlation to the subgenual cingulate (sgCC) (5).  258	

 259	

 260	

Baseline MRI

(MRI #1)

Pre-TMS MRI

(MRI #2)

TMS Procedure

Post-TMS MRI

(MRI #3)

Experimental Day 1

(MRIs 1-Hour Apart)

Study A.

Baseline MRI

(MRI #1)

TMS Procedure

1-Week MRI

(MRI #2)

1-Month MRI

(MRI #3)

Study B.

Pre-TMS MRI

(MRI #4)

TMS Procedure

Post-TMS MRI

(MRI #5)

Experimental Day 2

(MRIs 1-Hour Apart)

Experimental Days

minimum of 1 day apart
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Figure 1. Experimental Design: Study A (left) timeline demonstrating a repeated-261	

acquisition sandwich design where there were two different imaging days consisting of 262	

two independent MRI scans sandwiched between a TMS intervention. Study B (right) 263	

demonstrates a longitudinal imaging design with three independent scans at varying 264	

follow-up timeframes: baseline, one-week, and one-month MRI visits. 265	

 266	

Voxel Prescription Procedures 267	

In the two studies we implemented three voxel prescription approaches: 1) manual, 2) 268	

semi-automated, and 3) automated. Each of the study specific protocols are outlined in 269	

detail below and typically can be completed concurrently during other desired acquisitions 270	

(i.e., structural or additional spectroscopic acquisitions, etc.) in several minutes or less: 271	

 272	

In Study A, semi-automated and automated approaches were used. The baseline resting 273	

state fMRI scan (from the MRI #1; Fig. 2) was first analyzed as described above. On the 274	

subsequent independent pre- and post-TMS MRI sessions, L-DLPFC Optimized-PRESS 275	

and MEGA-PRESS voxel prescription was performed using two different iterations of our 276	

voxel prescription procedure termed semi-automated and an automated based on 277	

amount of required user input and fine tuning. For both prescription approaches, the 278	

center of gravity coordinate (mm) of the identified L-DLPFC functional cluster was 279	

extracted using the FSL Software (Version 6.0) via the fslstats function. In the semi-280	

automated voxel placement approach, participants then underwent a pre-TMS MRI. 281	

During this imaging session, a T1w image was collected prior to either MEGA-PRESS, 282	

Optimized-PRESS, or both. Immediately following completion of the T1w image 283	

acquisition, a custom script was used to pull the MRI data directly from the imaging server. 284	

The T1w image was then reconstructed into Neuroimaging Informatics Technology 285	

Initiative (NIFTI) format. Next, a second in-house MATrix LABoratory (MATLAB; R2015a, 286	

The Mathworks, Inc.) script utilizing Statistical Parametric Mapping software version 12 287	

functions (SPM12; Wellcome Trust Centre for Neuroimaging). The baseline (MRI #1) T1w 288	

and pre-TMS (MRI #2) T1w images were co-registered while the participant underwent 289	

additional study specific MRI acquisitions. Co-registration was achieved using the 290	

spm_coreg.m function. Affine transformation matrices were defined using an optimized 291	
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11	

normalized mutual information approach (25-27). Resulting affine transformation matrices 292	

were then used to convert the fMRI-based L-DLPFC center-of-gravity coordinate from 293	

baseline (MRI #1) to pre-TMS MRI space.  294	

 295	

Pre-TMS MRI voxel prescription for both Optimized-PRESS and MEGA-PRESS was then 296	

setup in two steps. First, voxel rotations were aligned to the skull geometry in the sagittal 297	

plane using a shim acquisition. Once the appropriate rotation was achieved and copied 298	

to either the MEGA-PRESS or Optimized-PRESS sequence, the voxel size was specified 299	

(MEGA-PRESS = 20x20x20 mm3 and Optimized-PRESS 14x14x14 mm3) and the co-300	

registration-defined coordinate (described above) was then input into the scanner console 301	

interface. This resulted in the placement of the center of the MRS voxel at the center of 302	

the desired functional ROI (Fig. 2). The term semi-automated pipeline was used due to 303	

the superficial nature of the cortical targets which required manually translating the voxel 304	

to ensure only brain tissue was encompassed within the bounding box (i.e., not skull and 305	

other non-brain tissue that can influence the MRS measurement). For the semi-306	

automated pipeline group, this process, with the slight manual translation, was then 307	

repeated for all subsequent MRI sessions (Fig. 2D top).  308	

 309	

To further remove the required translation step from all but the first MRS acquisition, an  310	

automated procedure was developed. This automated method first implements the semi-311	

automated approach as described above for registration from MRI #1 to MRI #2, followed 312	

by an increasingly automated procedure that obviates the need to translate the MRS 313	

voxel to avoid non-brain tissue. This is achieved by directly co-registering the translated 314	

MRS coordinate from MRI #2 for all subsequent acquisitions. The output of this procedure 315	

is thus a new co-registered coordinate that does not require additional manual adjustment 316	

for any subsequent repeated acquisition (Fig. 2).  317	

 318	

In Study B, MRS (MEGA-PRESS only) scans were acquired at baseline (MRI #1), after 319	

one week, and again after one month (Fig. 2) using manual or semi-automated voxel 320	

prescription approaches. Voxel prescription at baseline was conducted manually 321	

according to neuroanatomy without the use of any semi- or automated voxel placement 322	
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12	

procedures. In brief, the voxel was aligned to the angle of the skull in the sagittal plane. 323	

Co-registration of the Brodmann Area 46 mask in standard space to the subjects T1-324	

weighted image was first conducted and then the voxel was manually transcribed to 325	

center of the mask by visualizing participant specific anatomical landmarks. The 1-week 326	

and 1-month voxels were prescribed using the semi-automated approach described 327	

above. (Fig. 2).   328	

 329	
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 330	

Figure 2. VOI Prescription Schematic: Schematic of semi-automated and automated 331	

voxel prescription procedure. Step 1 (upper section of image) – Pre-MRS Imaging 332	

Session: An MRI session consisting of T1w and resting state acquisitions (Study A) and 333	

also a manually prescribed L-DLPFC MEGA-PRESS scan for Study B (A). Resting state 334	

images were preprocessed and analyzed to define a functional ROI within the L-DLPFC 335	

(B). The center-of-gravity coordinate for the functional cluster was then determined using 336	
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14	

FSL tools (fslstats). 2 – First MRS Imaging Session: During the second imaging session, 337	

a T1w was first acquired. Upon completion the scan, the T1w image was pulled directly 338	

from the MR system server, reconstructed, and co-registered to the pre-MRS T1w image 339	

(C). MRS voxel rotation aligned with the slope of the skull in the sagittal plane and the co-340	

registered center-of-gravity coordinate in the current subject space was input into the 341	

scanner. Voxel location adjustments were made to ensure the entirety of the voxel was 342	

within brain tissue and did not encompass meninges or skull (D). Following minor 343	

adjustments, the final center-of-gravity voxel coordinates were documented for use in the 344	

subsequent independent MRS sessions. Notably this entire procedure requires several 345	

minutes (<3 in our experience). 3 – Second MRS Imaging Session: For the semi-346	

automated voxel prescription pipeline the identical procedure described above was 347	

repeated (not shown). However, for the automated voxel prescription pipeline, the T1w 348	

image was again acquired first, directly pulled from the MR system server, and 349	

reconstructed. This time the current T1w image was co-registered to the first MRS T1w 350	

image along with the documented center-of-gravity coordinate defined after adjustments 351	

were made. Voxel rotation was aligned with the slope of the skull in the sagittal plane and 352	

the computed coordinate was input into the scanner software. If done correctly no further 353	

manual modification to the voxel location was required.  354	

 355	

Voxel Composition  356	

GM and WM voxel segmentation fractions were evaluated across prescription protocols 357	

to determine the consistency and reliability of semi-automated and automated 358	

approaches. Both Freesurfer and the SPM segmentation output which is standard in the 359	

Gannet MRS processing package were assessed.  360	

 361	

Freesurfer Analysis: T1w images were segmented using Freesurfer software (Version 6; 362	

(18)).  Next, a custom MATLAB script was utilized to extract the 3-dimensional (3D) voxel 363	

mask from the raw MRS data (i.e., GE p-file).  The scanner-reconstructed T1w image was 364	

then reoriented to standard space (fslreorient2std; FSL software toolbox) and the 3D 365	

voxel mask and script-generated T1w image geometries were standardized using the 366	

flscpgeom command. AFNI (28) 3dcalc was then used to compute the WM, GM, and 367	
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cerebrospinal fluid (CSF) segmentation percentages of the 3D voxel from the Freesurfer 368	

generated segmentation (aseg.mgz) file.  369	

 370	

SPM Analysis: The Gannet Software toolbox (29) is a freely available software suite that 371	

is commonly used to process and analyze MEGA-PRESS data. Gannet processing 372	

includes the option to implement batch tissue segmentation using SPM12 Software (19). 373	

GM, WM, and CSF tissue fractions were extracted from the MEGA-PRESS p-files using 374	

SPM via the GannetSegment function in the Gannet software toolbox (Version 3.0). 375	

Subsequent statistical analyses were carried out on GM and WM tissue fractions.  376	

 377	

Although it is not within the scope of this manuscript to directly compare tissue 378	

segmentation approaches (i.e., Freesurfer vs. SPM), tissue fraction differences within the 379	

MRS voxel are known to influence metabolic concentration (30,31). For this reason, both 380	

Freesurfer and SPM segmentations were generated and compared.   381	

 382	

Spatial Consistency of Voxel Placement 383	

 384	

Euclidean Distance Analyses 385	

Euclidean distance from the center-of-gravity voxel coordinates across MRI timepoints 386	

were calculated to evaluate the stability of each of the prescription protocols (i.e., Study 387	

A MEGA-PRESS semi-automated vs. automated; Study A Optimized-PRESS semi-388	

automated vs. automated; Study B MEGA-PRESS manual vs. semi-automated). 389	

Distance analyses were conducted in subject (T1w) space using FSL Software. For both 390	

Study A and Study B protocols, subjects’ T1w scans for all MRI timepoints (MRI #2 and 391	

MRI #3) were linearly registered (flirt) to the baseline MRI (MRI #1) for both Study A and 392	

Study B. Next, the MRS voxels for each subsequent timepoint were co-registered to the 393	

baseline MRI scan. Three-dimensional center-of-gravity coordinates (mm-space) were 394	

extracted for each voxel and Euclidian distance was calculated.  395	

 396	

Dice Similarity Coefficient 397	
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To examine the spatial overlap of the MRS voxels, the Sørensen–Dice Similarity 398	

Coefficient (DSC) was implemented (32,33). This is also referred to as the dice overlap 399	

coefficient. Each subjects T1w scans were co-registered to their baseline T1w scan using 400	

FSL LInear Registration Tools (FLIRT) with no resampling of the MRS voxels. DSC was 401	

then calculated in RStudio (RStudio Team (2020). RStudio: Integrated Development for 402	

R. RStudio, PBC, Boston, MA URL http://www.rstudio.com/) with the FSL wrapper 403	

functions (https://rdrr.io/cran/fslr/man/fsl_dice.html). DSC was computed across all 404	

pipelines using binarized pre- and post- MRS voxel masks which are represented in the 405	

equation below as A and B respectively. DSC outputs range from 0, representing no 406	

overlap, to 1 which represents complete overlap. Greater overlap indicates greater 407	

consistency across the multi-session data. 408	

 409	

𝐷𝑆𝐶 =
2(𝐴 ∩ 𝐵)

A + B
 410	

 411	

Statistical Analyses 412	

 413	

All statistical analyses were carried out in RStudio (Version 2018 1.2.1335). To determine 414	

the appropriate downstream statistical test to investigate differences in variability (SD) 415	

and means (M), both homogeneity of variance and normality were first assessed for 416	

segmentations (GM and WM), Euclidean distance, and overlap coefficient variables. 417	

Normality (distribution) of each variable was evaluated using the Shapiro-Wilk normality 418	

test (34). Homogeneity of variances were assessed between groups using either a 419	

standard F test if the variable(s) were normally distributed or alternatively with the non-420	

parametric Fligner-Killeen Test (35) if there was a significant deviation from normality (p 421	

< 0.5). Between group mean differences were determined using unpaired two-sample t-422	

tests in Specifically, Welch’s t-tests were implemented when homogeneity of variance 423	

tests were significant (p < 0.5).  424	

 425	

RESULTS 426	

 427	
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Voxel Composition 428	

GM and WM composition of the L-DLPFC VOIs was assessed by first calculating the 429	

difference in longitudinal tissue fraction (Post-Pre) across prescription pipelines using 430	

standard segmentation approaches including both Freesurfer and SPM (Table 1 & Fig. 431	

3). In Study A (MEGA-PRESS: N = 50; semi-automated = 26, automated = 24; Optimized-432	

PRESS: N = 50; semi-automated = 19, automated = 31), individuals underwent 433	

longitudinal MRI scanning approximately one-hour apart and semi-automated voxel 434	

prescription was compared to automated voxel prescription. Three participants in each of 435	

Study A and Study B were excluded from the analyses due to poor data quality and/or 436	

registration related issues (e.g., scanner related shim error). No significant between-437	

pipeline differences in GM or WM voxel composition were identified for either MEGA-438	

PRESS (voxel size = 20mm3) or Optimized-PRESS acquisitions (voxel size = 14mm3) 439	

across segmentation methods. A significant between-pipeline difference in variance was 440	

observed in the MEGA-PRESS acquisition for both Freesurfer and SPM segmentations 441	

(Table 1), demonstrating a reduction in variability in voxel composition of both GM and 442	

WM with the automated prescription approach. Alternatively, tissue composition of the 443	

smaller Optimized-PRESS acquisition did not yield significant between-pipeline 444	

differences in either mean or variance.  445	

 446	
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 447	

Study A – Δ Freesurfer Segmentation – MEGA-PRESS (20mm3)

GM WM

Voxel Prescription N M SD M SD

Semi-Automated 26 -0.00209 0.0462 0.00373 0.0654

Automated 24 -0.00466 0.0119 0.00451 0.0127

χ2 t [95% CI] df p χ2 t [95% CI] df p

T-test - -0.27 [-0.02, 0.02] 28.54 0.79 - 0.06 [-0.03, 0.03] 27.03 0.95

F-test 16.04 - 1 6.20-05* 14.84 - 1 0.000117*

Study A – Δ SPM Segmentation – MEGA-PRESS (20mm3)

GM WM

Voxel Prescription N M SD M SD

Semi-Automated 26 0.00358 0.0373 -0.00854 0.054

Automated 24 0.000458 0.0180 0.00338 0.0196

χ2 t [95% CI] df p F t [95% CI] df p

T-test - -0.37 [-0.02, 0.01] 33.17 0.71 - 1.02 [-0.01, 0.04] 28.96 0.318

F-test 6.03 - 1 0.01* 0.13 - [23, 23] 7.67-06*

Study A – Δ Freesurfer Segmentation – Optimized-PRESS (14mm3)

GM WM

Voxel Prescription N M SD M SD

Semi-Automated 19 -0.0146 0.0458 -0.00412 0.0394

Automated 31 -0.00737 0.0341 -0.000291 0.0318

χ2 t [95% CI] df p χ2 t [95% CI] df p

T-test - 0.60 [-0.02, 0.03] 30.21 0.55 - 0.36 [-0.02, 0.03] 32.16 0.72

F-test 0.60 - 1 0.44 0.39 - 1 0.53

Study B – Δ Freesurfer Segmentation – MEGA-PRESS (20mm3)

GM WM

Voxel Prescription N M SD M SD

Manual 20 0.00998 0.0898 -0.00696 0.142

Semi-Automated 18 -0.00453 0.0457 0.00417 0.0472

F t [95% CI] df p F t [95% CI] df p

T-test - -0.64 [-0.06, 0.03] 28.82 0.53 - 0.33 [-0.06, 0.08] 23.54 0.74

F-test 0.26 - [17, 19] 0.007* 0.11 - [17, 19] 3.08-5*

Study B – Δ SPM Segmentation – MEGA-PRESS (20mm3)

GM WM

Voxel Prescription N M SD M SD

Manual 20 0.00220 0.0908 -0.0008 0.123

Semi-Automated 18 -0.00439 0.0413 0.00356 0.0500

F t [95% CI] df p F t [95% CI] df p

T-test - -0.29 [-0.05, 0.04] 27.14 0.77 - 0.15 [-0.06, 0.07] 25.68 0.89

F-test 0.21 - [17, 19] 1.97-3* 0.17 - [17, 19] 4.97-4*
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Table 1. Voxel Composition Across Multi-Acquisition and Longitudinal Studies: 448	

Tissue fraction statistics for each project across voxel prescription approaches, MRS 449	

acquisitions of different sizes, and segmentation methods. Statistically significant 450	

differences are indicated by (*).  451	

 452	

In Study B (N=38; manual=20, semi-automated=18), individuals underwent longitudinal 453	

MRI scanning at three independent timepoints: baseline, one-week, and one-month. 454	

Manual prescription occurred at baseline and semi-automated functional connectivity 455	

guided placement occurred at one-week and 1-month utilizing the same functional-456	

connectivity derived coordinate. Similar to Study A, the mean GM and WM fractions were 457	

not significantly different between voxel placement pipelines for either segmentation 458	

approach (Fig. 3). Also consistent with Study A, a significant between-pipeline difference 459	

in variance was identified across voxel prescription pipelines and segmentation 460	

approaches (Table 1 & Fig. 3). 461	

 462	
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 463	

Figure 3. Multi-Acquisition / Longitudinal L-DLPFC Voxel Tissue Composition: 464	

Tissue fractions were determined by calculating the differences between Freesurfer and 465	

SPM segmentations across repeated independent MEGA-PRESS and Optimized-466	

PRESS acquisitions of difference voxel sizes. In Study A, tissue delta was defined as 467	

Post MRI – Pre MRI GM and WM tissue fractions for both semi-automated and automated 468	
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prescription pipelines (Top). Study B included only MEGA-PRESS acquisitions, with 469	

identical scan parameters as Study A. GM and WM tissue fractions for manual and semi-470	

automated placement were determined by computing the difference between the one-471	

week MRI – baseline MRI and one-month MRI – one-week MRI respectively. With the 472	

exception of the Study A Optimized-PRESS measures, the more automated prescription 473	

procedures reduced variability of tissue fraction.  474	

 475	

 476	

Figure 4. L-DLPFC VOI Spatial Overlap 477	

Automated MEGA-PRESS Voxel (20x20x20 !!!)

Semi-Automated MEGA-PRESS Voxel (20x20x20 !!!) Semi-Automated Optimized-PRESS Voxel (14x14x14 !!!)

Automated Optimized-PRESS Voxel (14x14x14 !!!)

Study A - MEGA-PRESS Study A - Optimized-PRESS Study B - MEGA-PRESS

Voxel Prescription N M SD N M SD Voxel Prescription N M SD

Semi-Automated 26 0.731 0.138 19 0.688 0.235 Manual 19 0.392 0.232

Automated 24 0.921 0.060 31 0.891 0.092 Semi-Automated 16 0.846 0.115

χ2 t [95% CI] df p χ2 t [95% CI] df p χ2 t t [95% CI] df p

T-test - 6.37 [0.13, 0.25] 34.67 2.66-7* - 3.60 [0.09, 0.32] 21.46 0.001649* T-test - 7.51 [0.33, 0.58] 27.28 4.17-8*

F-test 11.55 - - 1 0.0006775* 12.47 - - 1 0.0004127* F-test 5.62 - - 1 0.01776*
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Spatial congruency of the repeated MRS voxel prescriptions was also assessed by 478	

computing a dice similarity coefficient DSC). Analyses were completed in individual 479	

subject space (T1w image-space) without the need for resampling the MRS voxel. 480	

Outputs of the DSC range from 0 (no overlap) to 1 (complete overlap). The table illustrates 481	

that the more automated the voxel prescription procedure the more spatial overlap 482	

regardless of voxel size. This is consistent in Study A where independent scans were 483	

acquired an hour apart and the automated pipeline outperformed the semi-automated 484	

prescription procedure with regard to overlap of the repeated placement. In Study B, the 485	

semi-automated prescription procedure outperformed the manual placement procedure 486	

even with increased duration between scans in the automated data acquisition, that is: 487	

Manual prescription data were acquired one-week apart and semi-automated data were 488	

acquired 1-month apart. 489	

 490	

Spatial Consistency: Euclidean Distance & DSC 491	

Euclidean distance was calculated and compared across acquisitions to assess the 492	

movement of the center-of-gravity for the MRS voxel (Fig. 5). DSC was computed and 493	

compared to further characterize the extent of spatial overlap between voxel prescription 494	

pipelines (Fig. 4). Three participants in each of Study A and Study B were excluded from 495	

the analyses due to poor data quality and/or registration related issues (e.g., scanner 496	

related shim error). In Study A, the automated voxel prescription performed significantly 497	

better than semi-automated placement for both MEGA-PRESS and Optimized-PRESS 498	

acquisitions as indicated by a reduction in center-of-gravity Euclidean distance and 499	

increased spatial overlap across repeated scans. This was demonstrated by large effect 500	

sizes across statistical comparisons of both Euclidian distance and DSC: MEGA-PRESS 501	

Euclidean distance (Cohen's d = -1.76, 95% CI = [-2.41, -1.10]), MEGA-PRESS DSC 502	

(Cohen's d = 1.75, 95% CI = [1.09, 2.40]), Optimized-PRESS Euclidean distance 503	

(Cohen's d = -1.59, 95% CI = [-2.04, -1.13]), and Optimized-PRESS DSC 504	

(Cohen's d = 1.38, 95% CI = [0.94, 1.82]). Similarly, in Study B, semi-automated voxel 505	

prescription significantly outperformed manual placement in both center-of-gravity 506	

Euclidean distance and spatial overlap (DSC) of the voxels even with the increased 507	

duration between scans, that is: one-month vs. one-week. Effect sizes were also 508	
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respectively large: MEGA-PRESS Euclidean distance (Cohen's d = -2.25, 95% CI = [-509	

3.10, -1.38]) and MEGA-PRESS DSC (Cohen's d = 2.42, 95% CI = [1.52, 3.29]). 510	

 511	

 512	

Figure 5. L-DLPFC Multi-Acquisition / Longitudinal Euclidean Distance: Automated 513	

voxel placement reduced variability and mean distance of center-of-gravity 514	

measurements. To determine the amount of change in geometric centers of prescriptions 515	

following repeated acquisitions, center-of-gravity coordinates were extracted for each 516	

voxel and Euclidean distance was calculated. Automated approaches reduced distance 517	

measurements across both MRS acquisition size and study cohorts.  518	

 519	

DISCUSSION 520	

 521	

Here we report on novel voxel prescription pipelines that enable increasingly robust voxel 522	

prescription for multi-acquisition as well as longitudinal MRS applications. To evaluate the 523	

consistency of these approaches across several iterations of varying automation, we 524	

investigated the spatial and anatomical reproducibility of repeated MRS acquisition 525	

across two independent datasets. Validation of the technique was performed 526	

quantitatively by examining the change in Euclidean distance of the voxel center-of-527	

gravity, defining the overlap of voxels using the DSC, and by evaluating the voxel tissue 528	

Study A - MEGA-PRESS Study A - Optimized-PRESS Study B - MEGA-PRESS

Voxel Prescription N M SD N M SD Voxel Prescription N M SD

Semi-Automated 26 3.98 2.41 19 4.19 3.55 Manual 19 10.60 4.89

Automated 24 0.66 1.06 31 0.74 1.07 Semi-Automated 16 1.95 1.94

χ2 t [95% CI] df p χ2 t [95% CI] df p χ2 t [95% CI] df p

T-test - -6.40 [-5.29, -1.93] 34.87 2.33-07* - -4.13 [-5.20, -1.71] 20.01 0.0005218* T-test - -7.07 [-11.16, -6.12] 24.32 2.44-07*

F-test 17.40 - 1 3.02-05* 15.40 - 1 8.70-05* F-test 8.33 - 1 0.003891*
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composition fraction across acquisitions. Results of both datasets are consistent, 529	

demonstrating less variance across repeated prescriptions with increasing automation of 530	

the prescription approach - even in data acquired over a broad timeframe (i.e., one month 531	

between MRS acquisitions).  532	

 533	

As personalized clinical interventions continue to gain traction, parallel improvements in 534	

methods used to measure clinical changes are necessary to identify underlying pathology 535	

and/or evaluate treatment course. Ultimately, the choice of acquisition method may 536	

depend on the research question at hand and particularly whether effects are expected 537	

to be focal or widespread. For example, it could be reasonably hypothesized that systemic 538	

pharmacological interventions exert brain-wide effects and thus automation of voxel 539	

prescription may not be warranted. Alternatively, the use of imaging acquisitions or 540	

modalities (i.e., functional, structural, positron emission tomography) to guide voxel 541	

placement would not only be useful for placement but also to provide biological or 542	

physiological justification for positioning within a structure. On the other hand, for 543	

investigations utilizing targeted neuromodulation paradigms such as transcranial 544	

magnetic stimulation, focused ultrasound, or focal drug release methods, the use of 545	

automated techniques that are not solely based on anatomical landmarks is critical. 546	

 547	

In both studies, automated and semi-automated center-of-gravity Euclidean distance and 548	

DSC demonstrated highly reproducible voxel placements. While consistent manual voxel 549	

prescription has been reported in brain regions with well-defined boundaries and/or 550	

structural features (36), it is worth noting that the DLPFC results demonstrated here were 551	

observed using relatively small VOIs in the absence of a specific set of anatomical 552	

landmarks. This further underscores the utility of our approach for functionally defined 553	

regions-of-interest. In developing the voxel placement procedure, two versions of the 554	

pipeline were created, referred to as semi-automated and automated. These approaches 555	

are similar with the addition of one adjustment step at the end. This adjustment step is 556	

critical for MRS collected in superficial brain structures such as the cortex or immediately 557	

adjacent to a sinus to ensure that voxels are completely bound to brain tissue. In deep 558	

brain structures this adjustment step would likely not be necessary. Although neither 559	
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study directly compared all three approaches (manual, semi-automated, and automated) 560	

head-to-head, we demonstrated that increased automation of the voxel prescription 561	

process achieves highly spatially consistent voxels with marked reductions in within-562	

subject tissue fraction variability. The distance and spatial overlap analyses provide 563	

complementary data that provide empirical evidence in support of this conclusion. Both 564	

the mean and variability of the distance measurements in the semi-automated pipeline 565	

did not increase across studies, even with increased time between scans (i.e., 1-month 566	

vs. 1-hour), and thus demonstrate the utility of this method across multi-acquisition and 567	

longitudinal study designs. 568	

 569	

A source of variability not specifically accounted for in the outlined automation 570	

approaches is voxel rotation and is an area that warrants ongoing methodological 571	

development. To overcome this the present studies, the slope of the skull in the sagittal 572	

plane was used to guide voxel rotation, however, users will need to establish a set of 573	

criteria for consistent voxel rotation. The proposed voxel-placement methods do not 574	

completely obviate this challenge and source of variability from manual input particularly 575	

for subcortical VOIs. While the Euclidian distance comparison does not account for this 576	

potential source of variability as it is based on voxel center of gravity, the DSC does. This 577	

is because DSC determines the overlap of two volumes (here binary masks) that is thus 578	

useful for determining the effects that inconsistencies in rotation may have on the 579	

prescription pipeline. Our DSC results are consistent with a previously reported 580	

automated voxel prescription method that guides voxel placement based on anatomical 581	

ROIs (15), however, in the latter approach resampling is required. Resampling 582	

necessitates a modified calculation of the overlap coefficient that is termed the 583	

generalized dice coefficient. Additionally, Bai and colleagues assessed the reproducibility 584	

of manual voxel prescription by prescribing and acquiring the MRS voxel multiple times 585	

within a single scan session (i.e. patients were not removed from the scanner between 586	

acquisitions; (36)). Here we demonstrate that the spatial consistency of the automated 587	

and semi-automated approaches across multiple imaging sessions yielded greater inter-588	

subject overlap coefficients comparatively even given the potential variability introduced 589	

by non-automated voxel rotation.   590	
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 591	

Consistency in data collection is critical for methodologies used in any research 592	

application and if not it begs to question the validity of the measurement. MRS is currently 593	

one of the only non-invasive imaging techniques that can measure neurochemical 594	

concentrations in vivo. Reducing unwanted sources of variability during MRS voxel 595	

prescription will lead to more consistent and meaningful results in human neuroscience, 596	

particularly when focal interventions are being evaluated. For example, as metabolic 597	

molecule concentrations vary across tissue type (30,31), tissue concentration within the 598	

MRS voxel influences the acquired measurements (37). For example glutamate and 599	

glutamine concentrations have been shown to be higher in concentration within GM 600	

compared to WM (38) highlighting the advantage of reduced GM and WM tissue fraction 601	

variability observed using automated voxel placement approaches. Collectively, these 602	

findings strengthen the utility of MRS applications to examine multi-session/longitudinal 603	

MRS data, in relation to basic and clinical research questions including effects of 604	

interventions. Future investigation is warranted to determine whether the automated 605	

approaches adapted for single-session MRS reduce MRS tissue fraction variability. 606	

Alternatively, voxel placement grounded on biological or physiological data rather than 607	

standardized anatomical guidance, may provide a more useful study measure, even if it 608	

increases between-subject spatial variability in voxel location. 609	

 610	

Finally, reproducibility in neuroimaging is critical for both research and clinical applications. 611	

MRS is particularly susceptible to scrutiny on this front using standard voxel prescription 612	

methods that are dependent on user expertise. Automated pipelines, such as those 613	

described here, promise to broaden the applicability and generalizability of MRS. This is 614	

especially applicable for large-scale multi-center trials and investigations that are 615	

becoming increasingly common. In the current study, independent research staff without 616	

expertise in neuroanatomy acquired both independent datasets. The consistency of 617	

results among multiple users is strong evidence of the methods ease of use and 618	

demonstrates the applicability to standardize voxel placement across laboratories and 619	

institutions.   620	

 621	
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Caveats 622	

 623	

The current study evaluated the utility of using pre-determined functional ROIs generated 624	

from previous independent imaging sessions to guide the automated placement of MRS 625	

voxels. This requires an established analysis protocol that can be completed in a relatively 626	

short timeframe prior to follow-up imaging session. This may not be practical for all 627	

investigative teams. Real-time resting state analyses methods would enable the 628	

acquisition and analysis of functional imaging paradigms during the same session, and 629	

while frequency drift has been noted as a major concern for running gradient intensive 630	

sequences prior to collecting MRS, recent largescale data suggest that few scanners 631	

exhibit moderate to severe drift following fMRI using echo planar imaging (39). 632	

Alternatively, the automated approaches proposed in this manuscript could be easily 633	

adapted to perform multi-acquisition and longitudinal placement using coordinates from 634	

structural ROIs or following manual placement, although not formally tested in this 635	

manuscript. That is, manual prescription could be implemented initially, and the center-636	

of-gravity coordinate of the MRS voxel could be documented and input into the co-637	

registration steps for subsequent scans to achieve consistency of placement across 638	

repeated acquisitions.  639	

 640	

As described above, a source of potential variability not fully accounted for with the 641	

proposed automated approaches are differences in voxel rotations across acquisitions. 642	

That is, centering the voxel prescription based on a center-of-gravity coordinates does 643	

not provide spatial information to ensure perfect overlap of the subsequent voxel 644	

prescription. Fortunately, discrepancies can be mitigated by establishing standard 645	

protocols for prescribing the rotation of the voxel. For example, cortical regions may be 646	

aligned to the slope of the skull in a designated anatomical plane. Future studies may 647	

develop increasingly automated procedures that algorithmically compute voxel rotation 648	

parameters based on anatomical properties (e.g., skull geometry). 649	

 650	

Summary and Conclusions 651	

 652	
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Our results provide evidence for the reliability and reproducibility of two pipelines that 653	

enable real-time automated MRS voxel prescription over multi-acquisition and 654	

longitudinal experimental approaches. The complimentary analyses and associated 655	

results highlight the utility of our approaches compared to manual procedures, that is: (1) 656	

greater consistency of tissue fraction within MRS voxels; (2) the reduction of distance 657	

between center-of-gravity measurements; and (3) substantial overlap as measured by the 658	

DSC across multiple users and projects. Together these results suggest that our 659	

approach provides a meaningful step toward the standardization of MRS data acquisition 660	

that is relevant for a variety of MRS research designs that consist of multiple users and 661	

laboratories. Our approach reduces the reliance on technician expertise during MRS data 662	

acquisition by standardizing voxel prescription and thus broadens the usability and 663	

feasibility of MRS as an investigative tool in neuroscience.  664	

 665	
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