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907 can, furthermore, be used to assess how an anatomical region responds to a functional

908  manipulation.

909

910  Figure 13. Functional Localizer for DLG. The functional activity elicited in anesthetized monkeys by a
911 flickering checkerboard stimulus was evaluated using the atlas-defined Dorsal Lateral Geniculate (DLG)
912 region. (a) Significant positive BOLD activity elicited in monkey M3 is shown on three sections of the NMT
913  v2 volume that include the DLG. Color shows the t-value of significantly activated voxels (FDR-correction
914 at p = 0.05; results calculated by the SPM12 analysis pipeline). The anatomical borders of the SARM'’s
915 DLG are shown in (b) in magenta and with a dashed outline in (a). Slice coordinates are in mm relative to
916  the origin (EBZ; ear bar zero). DLG activation in each hemisphere was quantified for 3 macaque monkeys
917  (Monkey IDs: M1-M3) by (c) the fraction of functional voxels within the DLG region that were significantly
918 activated (p < 0.05, FDR-corrected) and (d) the percent signal change (i.e., beta coefficient) associated
919  with the flickering checkerboard (i.e., the 4 sec stimulus ON period) averaged across all functional voxels
920 in the DLG. Error bars plotted represent the standard deviation. () 3D renderings of the DLG as defined
921 by the atlas (smaller) and functionally by the localizer (larger) displayed in SUMA for monkey M3, against
922 an intersecting axial and sagittal slice (unthresholded, p < 0.07; results calculated by the AFNI analysis
923  pipeline).
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924 4. Discussion

925 Here, we have introduced the SARM, a digital neuroanatomical parcellation atlas of the
926 macaque monkey subcortex. This atlas is mapped onto the symmetric NMT v2 population
927 template, which reflects the average morphology of an adult rhesus macaque. The SARM offers
928 a subcortical reference matrix that is suitable for the localization of any neuroimaging results in
929 single-subject and group analyses, as well as for experimental surgical planning. Being in fixed
930 stereotaxic coordinates, the SARM referential remains fixed, regardless of changes in border
931 definitions or the nomenclature of anatomical regions with subsequent optimizations. The atlas
932 was originally drawn on the high-resolution coronal sections of an ex vivo MRI of a single
933  subject, with reference to histological material from other subjects, and then manually revised
934  after nonlinear alignment to the in vivo population template. Subcortical areas in the forebrain,
935 midbrain, and hindbrain were parcellated according to the Rhesus Monkey Brain in Stereotaxic
936 Coordinates atlas (Paxinos et al., 2009), with revisions that will be reflected in a new edition
937 (Paxinos et al., in preparation). Not all of the small subcortical cytoarchitectonic regions defined
938 in the RMBSC4 (~900) were drawn. Instead, we incorporated, in larger ROIls, small
939 cytoarchitectonic structures that cannot be identified using the lower MRI resolution, and that
940 would not be pertinent for the localization of BOLD activity. Some of the smaller
941  cytoarchitectonic regions within a single ROl may be functionally unrelated, as they were
942  grouped ‘around’ a larger region, mainly based on their spatial proximity. However, Table S1
943 lists all the small cytoarchitectonic regions assumed to be included within each SARM ROI. This
944  will allow users to evaluate, based on their paradigm, whether the main or a smaller region

945  might be responsible for the observed BOLD signal.

946 Refinements of the SARM will be released periodically based on user community
947 feedback. In addition, SARM describes the anatomy at 6 different spatial scales, so that it can
948 be used to name and localize small nuclei, mid-size structures suited to describe fMRI
949  activations, and the major developmental divisions of the subcortex. Finally, we tested and
950 validated the SARM using a DLG functional localizer to localize and quantify BOLD activity with
951 respect to different subcortical regions. Further analyses can essentially be computed using the
952 SARM parcellation presented here, whereby functional activity from any atlas label can be

953  assessed both in terms of areal specificity and sensitivity.

954 The utility of an MRI atlas is largely determined by how well data can be warped

955 between the native individual space and the common space of the atlas. Data is commonly
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956  warped to the common space of an atlas for analysis but may also be warped from the common
957 space to an individual scan. Achieving an accurate registration between the source and target
958 datasets is critical for these processes. By providing the SARM on the in vivo population NMT
959 v2, we hope to facilitate simple and accurate alignment between in vivo functional data and a
960 template that closely matches its morphology. To obtain an accurate subcortical atlas, special
961 attention was paid here to ROI positioning after alignment of the G12 parcellation to the NMT
962 v2. We assessed this alignment visually on the structural template and examined various
963 interpolation and regularization schemes to minimize errors. Residual inconsistencies between
964 the subcortical labeling and the NMT v2 structure were manually corrected, ensuring an

965  accurate representation of the subcortex in the NMT v2 space.

966 As there are many spatial scales by which the macaque subcortex can be subdivided,
967 one strategy is to parcellate different brain areas as finely as afforded by cytoarchitectonics.
968 However, for MRI studies, such a fine parcellation is often unnecessary as the discernible
969 differences between structures are limited by image resolution. Further, the fine scale of some
970  cytoarchitectonic structures can be problematic. Small or thin structures are susceptible to large
971 distortions during nonlinear alignment or resampling and may introduce discontinuities or
972 abnormal shapes or cause a region to disappear entirely. Additionally, after resampling to an
973 fMRI grid, some small regions might only consist of a few voxels, making averaging over such
974  ROIs limited, statistically underpowered, and sensitive to registration errors. To avoid this,
975 individual researchers may combine regions to ensure they are robust and adequately sample
976 the desired area, but this can introduce ambiguity. For instance, one researcher’s definition of
977 the regions comprising the amygdala may differ from another, and replicability suffers when
978 researchers lack a consistent definition of brain structures. Atlases circumvent this issue by
979 providing independent, structurally defined regions for ROI analysis and quantification. This
980 capability additionally avoids the potential pitfall of circular analysis, where functional activity is
981 localized to a group of structures, and those structures are then analyzed using the same data
982  (Kriegeskorte et al., 2010).

983 The SARM addresses both the issues of ROI size and consistency by introducing
984  hierarchical groupings. The fine-to-gross classification provides the specificity needed for use
985  with histological material, high-resolution structural scans and targeted brain interventions as
986 well as larger well-defined composite regions suited for reliable fMRI sampling. The SARM'’s
987 finer levels (levels 5 and 6) may have some utility at typical fMRI resolutions but are rather

988 advantageous for detailed structure analysis (e.g., MRI voxel intensity, comparisons to
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989 histological material, describing surgical, tracer or pharmacological injection sites). The
990 composite regions of levels 1-4 are sufficiently large to limit the impact of nonlinear registration

991 errors and to include a sufficient number of voxels for averaging over a ROI.

992 The SARM’s composite ROIs are additionally useful for meta-analyses and cross-
993 species comparisons, as finer parcellations differ between anatomists, species (NHP and
994  human), and individuals. By providing composite structures based on cytoarchitectonics and
995 developmental regions, we defined regions that can be used to analyze a target structure at
996 resolutions suited for structural MRI, diffusion MRI and fMRI studies. Conveniently, the SARM
997 can be used in conjunction with the Cortical Hierarchical Atlas of the Rhesus Macaque
998 (CHARM; Jung et al., this issue). This provides researchers with an additional degree of

999 freedom to study subcortical-cortical relationships at varying scales.

1000 There are a few limitations of the current atlas implementation that could be improved in
1001 future iterations. First, while the in-plane resolution of the high-resolution scan (G12) was
1002 sufficient for definition of subcortical structures, the out-of-plane resolution (1 mm) limited the
1003 available information for tracking these structures in the anteroposterior axis. When these
1004  structures were warped to scans with higher out-of-plane resolution, manual adjustments were
1005 necessary to resolve discontinuities and inaccurate labeling driven by resampling. Isotropic
1006  high-resolution imaging in all dimensions facilitates the creation of digital atlases and their
1007  generalizability. Secondly, collecting an in vivo scan of the G12 subject would have helped to
1008 account for disparities between in vivo and ex vivo preparations and could have acted as an
1009 intermediate target when warping between the high-resolution ex vivo scan and the in vivo NMT
1010 v2. Thirdly, in vivo and ex vivo multimodal neuroimaging would have been helpful in delineating
1011  fine boundaries of subcortical structures and improved alignment to scans with differing

1012 contrast. It may also permit detecting structures that were not readily identifiable here (e.g., Ce).

1013 Another consideration unique to NHP imaging is the orientation of the brain in the
1014  scanner. Humans are typically scanned in the supine position. However, macaques are
1015 scanned in various positions. The “sphinx” position is the most common, but being seated in a
1016  vertical scanner is also fairly common. Visual inspection of scans collected in the sphinx and
1017  seated positions suggest a change in the brainstem’s orientation with respect to the rest of the
1018 brain. Affine alignment is unable to correct for such relative differences in brainstem orientation,
1019 and depending on the algorithm, even nonlinear alignment tools may be limited, insofar as the

1020 brainstem can be adjusted. Further investigation is required to evaluate how well brainstem
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1021  structures are registered between a stereotaxic template and functional data collected in the
1022  vertical seated orientation. Additionally, it is worth noting that ex vivo tissue sections may differ
1023 from brain imaging due to differences in features (i.e., brainstem orientation, CSF volume,
1024  ventricle size, and sulcal position). In particular, coronal sectioning through the brainstem for
1025 histological analysis might be perpendicular to the rostrocaudal axis, whereas for an MR scan,

1026  coronal sections are generally oriented with respect to the telencephalon.

1027 Users must carefully consider the issue of alignment between their datasets and the
1028 atlas in template space. If alignment is not done properly, a mislocation in ROl assignment can
1029 occur. The same notion applies when attempting to warp an atlas to individual scans. The
1030 SARM can always be further improved by using additional isotropic high-resolution structural
1031 scans, by using Positron Emission Tomography (PET) with chemoarchitectonically specific
1032 radiolabeled ligands (e.g., Oler et al., 2012) or by applying other functional localizers (e.g.,
1033  mechanoreceptive stimuli for localizing activity in thalamic nuclei CuGR and VPL-VPM or
1034  auditory stimuli to activate DCV and MG). The SARM atlas regions can be further organized by
1035 functional modalities and connectivity-based clustering. It is strongly recommended to examine
1036 the vicinity of functional activations and evaluate the relevance of BOLD signal overlap with
1037  specific ROIs. Indeed, with the lower spatial voxel resolution of functional scans, and as
1038 observed in our localizer validation experiment, significant BOLD signal can spread beyond
1039 intrinsic structural landmarks. Level 4 of the SARM hierarchy should be rather safe for most
1040 fMRI analyses, but the higher the level, the more careful one has to be to check the quality of
1041  fMRI registration.

1042 The SARM is intended to support subcortical localization for a host of neuroimaging
1043 datasets (i.e., fMRI, PET, or diffusion imaging). While studies using a small number of macaque
1044  subjects can rely on directly comparing their signal location to print atlases, the SARM allows for
1045 morphing data from multiple subjects to an MRI-based atlas (and vice versa) to conduct group-
1046 level analyses using any neuroimaging modalities. The explosion of community data sharing
1047  (Milham et al., 2020) and multi-center NHP fMRI projects should, therefore, highly benefit from
1048 this resource. Furthermore, the SARM itself was conceived and developed within the context of
1049 the PRIMatE-Data Exchange (PRIME-DE) and will greatly benefit from usage-based feedback
1050 from the community. In addition to its utility for data analysis and identifying structures, the
1051 SARM in stereotaxic space has the potential to aid with surgical planning in studies involving
1052 tracer injections, drug injections, lesions, electrophysiology, optogenetics, and electrical

1053  stimulation, including deep brain stimulation (e.g., Ewerts et al.,, 2017). Beyond studies
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conducted solely in macaques, providing that homology and nomenclature equivalencies can be
reliably established, future harmonized versions of the SARM, CHARM and human atlas
counterparts could further help in comparing structural and functional organization between
macaques and humans at a broad scale (Mantini et al., 2012). In this context, the detail of the
SARM may be especially important, for example for DBS, where experimentally exploring
spatially distinct neurostimulating sites could help explain variations in clinical results (Ewerts et
al., 2017).

5. Conclusion

We have presented a new subcortical atlas for the rhesus macaque: the Subcortical Atlas of the
Rhesus Macaque (SARM). Based primarily on the high-resolution MRI of a single subject and
comparison with histological materials, this atlas provides the most detailed subcortical
parcellation to date and is the first specifically applied to the subcortex available in a digital
format for use by the MRI and general neuroscience community. We provide a specific use case
and working examples of the use of this atlas within two popular fMRI analysis software
packages. The SARM is part of a larger push in the NHP neuroimaging community to share
data and resources. Information on the SARM and other macaque resources may be found at
the PRIME-RE (Messinger et al., this issue).
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1304 I.  Supplementary Tables

1305

1306 Table S1: List of all ROIs and their hierarchy. See .CSV file.
1307

1308 . Supplementary Figures:

1309

1310
1311 Figure S1. The subcortical atlas in G12 space. Coronal sections from subject G12 are shown with the

1312 subcortical parcellation overlaid for the left side regions. The high-resolution ex vivo scan was reoriented
1313  from its original orientation to a standard orientation. Coordinates are listed in mm in the individual
1314  subject’s native space, left hemisphere shown left.
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1320
1321 Figure S2. Nonlinear registration of three rhesus macaques to the NMT v2 template. Crosshairs

1322 intersecting at two subcortical regions: the left periaqueductal gray nucleus (PAG; left panels) in the
1323 mesencephalon and the right dorsal lateral geniculate nucleus (DLG, right panels) of the thalamus. The
1324  depth of all alignment boxes is 11.6S (stereotaxic coordinates reported in mm from the ear bar zero;
1325 EBZ). The coronal and sagittal sections show the correspondence between the T1-weighted NMT v2 and
1326 the T2-weighted single-subject anatomical scans from macagque monkeys M1-M3 after Dartels-based
1327  nonlinear registration to the population template.
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