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Abstract

Functional MRI has evolved from simple observations of regional changes in MRI signals caused 

by cortical activity induced by a task or stimulus, to the development of task-free acquisitions of 

time series of images in a resting state. Such resting state signals contain low frequency 

fluctuations which may be correlated between voxels, and strongly correlated regions are deemed 

to reflect functional connectivity within synchronized circuits. Resting state functional 

connectivity (rsFC) measures have been widely adopted by the neuroscience community, and are 

being used and interpreted as indicators of intrinsic neural circuits and their functional states in a 

broad range of applications, both basic and clinical. However, there has been relatively little work 

reported that validates whether inter-regional correlations in resting state fluctuations of MRI 

(rsfMRI) signals actually measure functional connectivity between brain regions, or to establish 

how MRI data correlate with other metrics of functional connectivity. In this mini-review, we 

summarize recent studies of rsFC within mesoscopic scale cortical networks (100μm – 10mm) 

within a well defined functional region of primary somatosensory cortex (S1), as well as spinal 

cord and brain white matter in non-human primates, in which we have measured spatial patterns of 

resting state correlations and validated their interpretation with electrophysiological signals and 

anatomic connections. Moreover, we emphasize that low frequency correlations are a general 

feature of neural systems, as evidenced by their presence in spinal cord as well as white matter. 

These studies demonstrate the valuable role of high field MRI and invasive measurements in an 

animal model to inform the interpretation of human imaging studies.
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Introduction

Correlations in low frequency blood oxygenation level-dependent (BOLD) signals from 

different parts of the brain in a resting state were first reported by Biswal et al. (1) and have 

subsequently become widely adopted as potentially indicating functional connectivity 

between regions (2, 3). These inter-regional correlations are measurable in the absence of 

any specific stimulus or task manipulation, though they also may change in the performance 

of a steady-state task or exercise (4–6) in a manner that can be related to behavioral 

measures. Correlations in BOLD signals between specific regions of the brain have been 

proposed to be a key signature of consciously driven mental activity (e.g. see (7–9)). 

Numerous applications of such measurements in various normal and disease conditions have 

led to observations of altered resting state networks, such as the so-called large scale ‘default 

mode network’, in conditions such as schizophrenia and chronic pain (e.g. (10–21)). These 

observations demonstrate that baseline brain activities are highly relevant for the execution 

and maintenance of normal brain functions. More importantly, the detection of similar 

phenomena in very different cortical networks (e.g. oculomotor, sensorimotor, and visual 

cortices) in anesthetized monkeys (22) has extended this view, suggesting that spontaneous 

BOLD fluctuations reflect intrinsic synchronous activities within anatomically connected 

and functionally engaged brain regions. However, despite this high level of interest and 

multiple potential applications, the validity of inferring direct functional connectivity from 

resting state fMRI (rsfMRI) data is largely unsubstantiated. Studies in non-human primates 

which combine fMRI and more invasive measurements have the potential to provide insights 

into the biophysical basis of resting state signals, and to validate their interpretation and 

significance. Here we review and summarize some of our recent studies performed at high 

field in monkeys that aim to better understand the nature and interpretation of resting state 

functional connectivity (rsFC). Together, they illustrate the value of high field fMRI and 

invasive studies of animals for informing the interpretation of human rsfMRI acquisitions.

To date, the majority of resting state fMRI studies have examined relatively large-scale 

networks, involving relatively large volumes of cortex, and much less is known about the 

characteristics of resting state MRI signals at finer scales. For example, the default mode 

network has been the focus of numerous studies in which large volumes of cortex have been 

shown to exhibit variations in their average BOLD signals with other regions that are several 

centimeters distant. While these larger scale features may be important, the basic processing, 

functionally homogeneous units of the brain are organized on a much finer, columnar scale. 

Moreover, execution and maintenance of many brain functions require coordinated activity 

of brain structures across different scales of brain networks, ranging from macro-scale 

global networks (in cm to tens of cm, e.g. the default mode network), local meso-scale 

networks (in hundreds of μm to few mm, e.g. functionally specific digit modules within the 

primary somatosensory cortex, S1), and micro-scale networks (in μm to tens of μm, at 

cellular level). At the meso-scale level, modules or columns are believed to be the 

Chen et al. Page 2

Magn Reson Imaging. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fundamental building blocks of cortical specialization, and these often are composed of 

functionally similar neurons. Individual digit regions in sub-regions of S1 cortex (i.e., areas 

3a, 3b, 1 and 2) are classical examples of such modular structures (for reviews, see (23, 24)) 

and have been the focus of our studies. Such clustered populations of neurons are thought to 

permit more efficient information processing and functional segregation. In contrast to the 

many rsfMRI studies of the macro-scale whole brain networks, no reports have focused on 

the functional organization and connectivity networks at this meso-scale level, partly 

because of spatial resolution limits imposed on human fMRI studies. As a further step, to 

validate the idea that rsFC is a more general and intrinsic phenomena within the central 

nervous system, we have extended our studies from the brain to the grey matter of the spinal 

cord. By taking advantage of higher signal and contrast to noise ratios at high field (i.e., 

9.4T), which in turn allows higher spatial resolution, we have shown that individual digit 

sub-regions in somatosensory areas exhibit strong rsFC in monkeys (25–28) and this region 

provides an ideal model for examining basic issues relevant to the interpretation and 

validation of resting state connectivity. Similarly, as shown below, the sensory and motor 

horns of spinal cord grey matter also exhibit strong and functionally relevant resting state 

connectivity, so studies of monkey spine may also shed light on the origins and significance 

of rsfMRI signals.

Understanding how BOLD signals, which originate from hemodynamic changes, are related 

to underlying electrical activity is essential for the quantitative interpretation of fMRI data. 

To date, the majority of studies have focused on understanding the relationships between 

evoked fMRI signals and underlying electrophysiological changes during the processing of 

the responses to tasks or stimulations. A number of simultaneous fMRI and single-site 

micro-electrode recording studies have suggested a direct link between increases in neuronal 

activity (as quantified by multi-unit activities and local field potentials (LFPs)) and localized 

increases in cerebral blood flow and BOLD signals in conventional stimulus conditions (e.g. 

(29–32)), but the precise spatiotemporal correspondence between neural activity and fMRI 

signals remain rather poorly understood, and there have been very few similar investigations 

of resting state signals. Our own studies suggest strongly that the spatial extents of rsfMRI 

and LFP correlations are similar and co-localize, and specific frequency components of 

spontaneous LFPs underlie correlated rsfMRI signals between regions (33). Studies in 

monkeys allow the use of invasive multi-channel micro-electrode arrays to record 

electrophysiological signals from the brain and thus provide unique opportunities for 

examining quantitatively the relationships between rsfMRI and underlying neural activities.

Distinct from previous work in cats and rodents, the functional regions of the non-human 

primate brain and spinal cord share considerable homology with humans (34–36). Studies of 

monkeys provide a crucial linkage between a large existing literature of animal data obtained 

with invasive methods and human fMRI data involving higher mental functions. The ability 

to combine very high resolution fMRI, invasive micro-electrode array recordings and 

histology would be impossible in human subjects. For example, the primary somatosensory 

cortex S1 provides a unique model for investigating rsfMRI within well defined neural 

circuits. Nearly all previous sub-millimeter fMRI studies have investigated the visual 

system, and it is unclear how well the findings can be generalized. The primary 

somatosensory cortex of squirrel monkey is an alternative experimental model for studies of 
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functional connectivity, with several advantages. First, the orderly topographic map of S1 

serves as an anchor for our understanding of cortical organization. This orderly map is 

especially reflected in the hand region which is characterized by a lateral to medial 

representation of individual digits in each of four subregions of areas 3a, 3b, 1 and 2. This 

has been well established by studies of neuronal receptive field properties and of the effects 

of preferred stimuli and histological characterizations. Each area has distinct stimulus 

preferences, suggesting their different roles in specific somatosensory functions. In contrast 

to the visual system, stimulus evoked activations in the hand region can easily be detected 

and quantified in ‘single condition’ maps e.g. vibrotactile stimulation of a single digit, a 

classical example of the columnar structure of cortex. This eliminates unnecessary 

ambiguities in designing orthogonal stimuli that are commonly used to reveal modular 

structures in the visual system. Secondly, we have demonstrated how the functional 

organization of this region may be mapped at sub-millimeter scale (25–28) for touch 

processing. Our data have demonstrated that single digit fMRI (both BOLD and CBV) 

activations can be reliably mapped, their responses scale with the magnitude of the 

vibrotactile stimuli, they spatially correspond very well with maps revealed with ultra-high 

resolution optical imaging of intrinsic signals, and confirm that digit activations are 

organized in a somatotopic manner. Moreover, more recent work has shown that the distinct 

subregions of S1 show both short-range correlations to other sub-regions within S1 as well 

as longer range thalamo-cortical connections that can be mapped simultaneously. 

Additionally the immediately neighboring face area serves as a control region that allows the 

extent of spatial correlations to be constrained because we know from anatomy that at the 

‘Hand-Face’ border there are very limited cross border lateral intrinsic connections (37–39). 

This border’s unique cytoarchitectonic feature makes it an obvious landmark for identifying 

and separating hand seed voxels from control face seed voxels in resting state analyses.

In this review, we summarize our resting sate functional connectivity studies of the digit 

representations in S1 cortex and the monkey cervical spinal cord somatosensory system, in 

which we have correlated directly, in individual animals, high resolution BOLD and CBV 

fMRI maps with electrophysiological recordings at meso-scale across digit subregions 

within S1, along cortical depths, and among spinal grey matter horns.

BOLD rsFC and anatomical connections between digit regions agree 

closely in areas 3b and 1 of S1

An underlying hypothesis of resting state connectivity analyses is that cortical regions 

engaged in the same brain function co-activate together and exhibit strong rsFC. To test this, 

we acquired fMRI activation maps of individual digits to tactile stimulation at moderately 

high resolution (0.55×0.55×2 = 0.60 mm3). We then compared the individual and group 

average resting state connectivity maps for voxels in e.g. area 3b, with tactile stimulus-

evoked activations in the same region. The stimulation evoked activation pattern for a single 

digit (Fig. 1) has islands of activation in different sub-regions and is very similar to the 

resting state connectivity maps of seed voxels placed in the same digit regions in areas 3b 

and 1. The inter-areal correlations for a single digit were stronger than within-area 

correlations to other digits. The similarity between resting state connectivity maps and 
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tactile stimulus driven activation patterns suggests that cortical regions that have the same 

stimulus preference also have strong resting state connectivity. Importantly, the activation 

maps were confirmed with subsequent electrophysiological recordings (28), and a close 

examination showed pair-wise highly correlated voxels were located at topographically 

appropriate regions. Anatomical DBA tracer injected into the digit location in area 3b 

revealed dense, intrinsic cortico-cortical connections in the corresponding digit location in 

area 1 (data not shown; see (28)). These studies confirmed there is a close spatial 

correspondence between strong rsFC and dense anatomical connections, and provide strong 

evidence for a direct relationship between fine-scale functional connectivity metrics from 

rsfMRI with electrical and anatomical connections at this scale in this system (28).

Inter-areal rsfMRI connectivity strength co-varies with inter-areal coherence 

of LFPs between areas 3b and 1 of S1

Previous studies in monkey visual cortex and rats have identified temporally correlated 

fluctuations of gamma band LFPs and low frequency fluctuations of rsfMRI signals (e.g. 

(40)) at single recording sites. No previous studies, however, have directly related the inter-

regional differences in the rsfMRI and LFP correlations between two functionally related 

cortical regions within a small cortical circuit. We tested the hypothesis that correlations in 

specific frequency components of spontaneous LFPs underlie correlated low frequency 

fluctuations of rsfMRI signals between regions. We compared directly the strengths of inter-

regional connectivity between digit regions (e.g. area 3b digit 3 to- area 1 digit 3) versus 

digit-face (area 3b digit 3 – area 3b face region) as measured by rsfMRI correlations versus 

coherence of spontaneous LFPs in the same regions on the same animal. We found that 

digit-digit rsfMRI connectivity was significantly stronger than digit-face connectivity. 

Spontaneous LFP signals of all frequency bands except theta showed the same inter-regional 

connectivity differences. Figure 2 shows the results for rsfMRI and the Delta band LPF 

signals. This study thus demonstrated the existence of correlated and differentiable 

functional connectivity within a local fine-scale network of primary somatosensory areas 

sub-regions (hand and face regions in areas 3b and 1) detectable with both rsfMRI and LFPs 

(33).

High spatial correspondences between BOLD and LFP metrics in both 

stimulation and resting states

Columns are the building blocks of cortical function. By directly comparing 2D distributions 

(the Point Spread Function, PSF) of BOLD and LFP signals in both stimulation and resting 

states, we found that BOLD signal changes raised within a single digit representation 

column aligned spatially very well with LFP signals in response to tactile stimulation. 

Resting state BOLD fMRI and LFP signals also exhibited very similar inter-voxel spatial 

correlation profiles. These findings indicate that at columnar level BOLD signals faithfully 

reflect underlying neuronal activity during both information processing and at rest. Neurons 

engaged in the same brain function exhibit a high degree of synchronized signal fluctuations 

at rest.
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We quantified the PSF or intrinsic spatial spread of imaging signals since it sets the 

theoretical limits on spatial resolution of functional mapping. The PSF of BOLD signals has 

been previously measured in the visual cortex of humans and animals (41), but no study has 

compared directly the spatial extents of the hemodynamic BOLD signal and underlying 

neural electrophysiological activity, nor the local (intra-regional) extents of resting state 

correlations in either modality. There also remains uncertainty about the relative importance 

of the intrinsic extent of activity, the effects of hemodynamic blurring or technical 

acquisition parameters such as voxel size on the observed extent of BOLD signals. We 

quantified the PSFs of BOLD activations to subtle vibrotactile stimuli and their 

corresponding resting state correlations and compared them with those of LFPs, which were 

characterized using two 7×7 microelectrode array (98-channels in total) placed in the same 

positions in cortex (42). We found that the BOLD and LFP responses to tactile stimuli were 

both roughly elliptical and elongated along the digit-to-digit direction (medial to lateral) in 

area 3b, but not so in area 1 (Fig. 3). Importantly, in both areas, PSFs of BOLD and LFP for 

both activation and resting state correlations were in close agreement. These observations for 

the first time demonstrate that the spatial distributions of BOLD signals not only directly 

reflect the area of the underlying LFP, but also their spatial correlations are near identical. 

The PSFs for both BOLD and LFP were about 1 mm, demonstrating that the hemodynamic 

blurring of neural activity in BOLD images need not be a limiting effect in practice. The 

PSFs of resting state BOLD and LFP are about 1.3 times broader than those of stimulus-

evoked responses. These results are the first demonstrations of the ability of BOLD and LFP 

to map and differentiate sub-millimeter scale cortical modular structures and their local 

connectivity (42).

High resolution rsfMRI shows differences in functional connectivity with 

cortical depth between sub-regions of S1

Cerebral cortex exhibits a laminar structure, and the variation of neural activity with cortical 

depth is an important aspect of the functional organization of the brain. Within each 

functional module, information is processed across multiple cortical layers. For example, the 

six horizontal laminae are often grouped into three classes of neurons: supra-granular layers 

(I–III), a granular layer (IV), and two infra-granular layers (V–VI). The functions of each 

layer are distinct. Of the supra-granular layers (I–III), layer III receives input from other 

cortical columns, and cells in layers II and III project to other parts of the cortex. The 

granular layer (IV) receives inputs from the thalamus and sends signals to the rest of the 

column (primarily up to layers II and III). Intra-granular layers (V–VI) receive input from 

the supra-granular cells of adjacent columns, and send signals mainly to extra-cortical 

structures (e.g., thalamus and other subcortical structures). Thus, because the anatomical 

connections between layers are well established, examination of the functional connectivity 

between layers of functionally related regions provide insights into local information flow 

(e.g., feedback or feedforward) for specific functions. Alterations in laminar level 

connectivity have been linked to developmental and mental disorders (e.g. (43)). However, 

to date there have been only a few rsfMRI studies that have investigated the differential 

patterns of connectivity within and between layers (44–46). We examined the laminar 

(across cortical depths) functional connectivity between areas 3b and 1 of S1 cortex using 

Chen et al. Page 6

Magn Reson Imaging. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stimulus-driven and resting state fMRI (BOLD and CBV) acquisitions at different sub-

millimeter resolutions. FMRI activation maps generated by tactile stimulation of individual 

digits were again used to precisely localize functional regions and guide the selection of seed 

voxels. We detected reproducible stimulus-evoked BOLD and CBV signal changes in areas 

3b and 1 in all animals studied. BOLD activation foci were located in the superficial section 

(or layer) (33% of the cortical length) whereas CBV activation foci were located in the 

middle section (51%) of areas 3b. The distance between BOLD and CBV activation foci was 

~0.8 mm; the mean thickness of area 3b was ~2.3 mm. Pair-wise functional connectivity 

analysis was performed between layer pairs of areas 3b and 1. Resting state BOLD signals 

showed strong functional connections between superficial (I–III) and middle (IV) layers. In 

contrast, resting state CBV signals revealed strong functional connectivity between middle 

(IV) and deeper (V–VI) layers (Fig. 4). Thus it is clear that both resting state BOLD and 

CBV signals are sensitive to detecting layer-specific intrinsic functional connections 

between areas 3b and 1, but the specific inter-layer connectivity patterns of resting state 

BOLD and CBV signals differ. These differences likely partially reflect differences in the 

detailed vasculature of these different layers (47) as well as the strength of neural baseline 

connectivity. It is noted that the three different layers we refer to are estimated, so they do 

not directly correspond to the specific I–VI layers that can be specified with histological 

evaluation of the tissue sections.

Apparent temporal dynamic changes in resting-state connectivity in 

somatosensory cortex

While resting state correlations by definition connote that neural synchrony (as measured by 

BOLD signal fluctuations) is statistically stationary, recent work has suggested brain circuits 

may change between states over different time scales (48). Variations over time in the 

estimated resting-state correlations between BOLD signals from different cortical areas may 

therefore indicate changes in brain states and functional connectivity. However, apparent 

variations over time may also arise from stationary signals when the sample duration is 

finite. There has recently been considerable interest in understanding the nature and 

significance of these dynamic changes in connectivity. For example, a vector autoregressive 

(VAR) null model was proposed to simulate rsfMRI data, which provides a stationary model 

for identifying possible temporal dynamic changes in functional connectivity (49). Resting 

state acquisitions from the sub-regions of S1 of monkey brain provide an invaluable set of 

data to test such models. When applied to our data from S1 of monkey brain, the VAR model 

does not replicate important features of the real measurements. We therefore proposed an 

alternative, simpler model that uses a filtered stationary dataset which generates statistically 

stationary time series from random data with a single prescribed average correlation 

coefficient (50). In addition, we investigated a non-stationary model to see if it is better able 

to replicate dynamic changes in real fMRI connectivity data obtained from monkeys. We 

compared simulated results using these three models with the behaviors of the primary 

somatosensory cortex networks in anesthetized squirrel monkeys using a sliding window 

correlation analysis and a rigorous Kolgomorov-Smirnov statistical approach for assessing 

similarity of features of the dynamic correlations. We found that at short window sizes, both 

stationary models reproduced the distribution of correlations of real signals well, but they 
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failed at longer window sizes, and a dynamic model was needed to reproduce the behavior 

of correlations between real signals. While stationary models replicate several features of 

real data, a close representation of the behavior of resting state data acquired from 

somatosensory cortex of non-human primates is obtained only when a non-stationary or 

underlying dynamic correlation is introduced, suggesting dynamic variations in connectivity 

are real and deserve further study (50).

Mild and non-selective effects of isoflurane on inter-regional rsFC

Anesthesia is essential for obtaining high resolution fMRI data in animals because it reduces 

motion and physiological artifacts. However, there are potential concerns about possible 

suppressive effects of the anesthetic, which may confound observations of neural activity. To 

evaluate to what extent isoflurane affects resting state fMRI signals, we performed dose-

dependent studies as three levels of isoflurane were administered. The choices of these three 

levels of anesthesia were based on two key observations, that both robust neuron 

electrophysiological activity and robust stimulus-evoked and resting state fMRI signals 

could be detected. For example, under 0.875% isoflurane, we observed significantly stronger 

inter-areal digit-digit functional connectivity than for digit-control (face) correlations. When 

the anesthesia level was increased to 1.25% or reduced to 0.5%, the differences between 

digit-digit and digit-face correlations were sustained even as the mean power of signal 

fluctuations changed (Fig. 5). Together, these observations give us confidence that under 

light anesthesia, inter-areal functional connectivity differences are preserved in conditions 

under which robust neural activity is still present. Moreover, they confirm that resting state 

signals are related to underlying baseline neural activity. Anesthesia introduced mild non-

specific suppressive effects, but did not introduce area selective effects (51).

Detection of distinct fMRI responses in spinal cord to noxious heat and 

innocuous touch stimulation

Prior to acquiring resting state signals, we first demonstrated and compared the horn-horn 

fMRI activation patterns of tactile versus nociceptive stimuli. Figure 6 shows that tactile or 

nociceptive heat stimulation of the same pair of digits (D2 and D3) evoked different fMRI 

responses (in magnitudes) across the four horns. With 8 Hz tactile stimulation, the strongest 

signal change was detected in the ipsilateral dorsal horn, whereas contralateral and 

ipsilateral ventral horns showed much weaker signal changes. As a control, white matter 

showed no significant changes. By contrast, noxious heat stimulation of the same pair of 

digits elicited equally stronger responses in bilateral dorsal horns and ipsilateral ventral horn 

(Fig. 6). Time courses showed that contralateral dorsal and ventral horns exhibited the most 

selective responses to heat versus tactile stimuli respectively (Fig. 7). These results highlight 

the fact that the overall cross-horn activation patterns to tactile and nociceptive heat inputs 

are more complex than have previously been recognized. Instead of functioning as a simple 

motor output horn, ventral horns (primarily ipsilateral) are also engaged in the processing of 

both tactile and nociceptive inputs (52). This finding is significant because the ventral horn 

activation to unilateral painful stimuli may be explained by the engagement of local spinal 
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reflex circuitry, but the similar responses to innocuous tactile stimuli suggest that the ventral 

horn likely plays a larger role than just mediating simple pain-signal reflex activity (53).

Resting state functional connectivity (rsFC) networks in spinal cord

The identification of patterns of highly correlated low frequency MRI signals in the resting 

state has clearly and dramatically influenced our view about the functional organization of 

the brain, and potentially provides a powerful approach to delineate and describe cortical 

circuits. To date, over 6000 studies have been reported that use rsfMRI to detect and 

characterize functional connectivity. However, whether resting state fluctuations are a 

general feature of neural systems has not previously been explored, and to date there have 

been only two conclusive investigations of functional connectivity within the grey matter of 

the human spinal cord. We published our findings that in a resting state, BOLD signals 

within spinal cord grey matter in the human spinal cord do exhibit significant fluctuations 

that are correlated between ventral (motor) horns and between dorsal (sensory) horns, 

corresponding to motor and sensory networks (54). Subsequently, Kong et al. (55) published 

similar findings. The fact that the spinal cord motor network was identified in both papers 

despite different data analyses and methods of acquisition adds credibility to this discovery.

These highly exciting and provocative results are currently being explored in clinical 

applications. Moreover, as emphasized above, although resting state correlations are already 

being widely used to assess functional connectivity in the brain, their precise interpretation 

remains unclear, and their biophysical basis as direct indicators of functional connectivity is 

unsubstantiated. This is even more the case in the spine, where we have much less 

knowledge of the detailed vascular physiology or organization of specific within-segment 

horn-to-horn functional neural circuits. Again, studies at high field and high spatial 

resolution in non-human primates allows detailed investigation of the nature and significance 

of spinal cord signals.

Quantification of functional connectivity between horns within the spinal 

cord

With the identification of stimulus-responsive voxels, we next tested their functional 

connectivity by quantifying the correlation coefficients of the resting state fMRI signals 

from voxels or small ROIs in all four spinal horns and adjacent control white matter (53). 

When a seed voxel was placed in the left ventral horn in the third slice (Fig. 8A), we 

observed a widespread functional connectivity pattern to other horns both within and across 

image slices. This pattern is very similar to the activation pattern evoked by tactile stimuli 

(Fig. 6A). Importantly, using data driven ICA analysis of resting state fMRI signals, we 

identified a similar but not identical intrinsic connectivity network (data not shown).

Weakened inter-horn functional connectivity recoveries over time after 

traumatic injury

Studies in non-human primates allow interventions and perturbations of normal neural 

functions to be used to probe the meaning of rsfMRI correlations. To understand the 
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functional and behavioral relevance of the rsFC within spinal cord grey matter, we further 

examined whether and how traumatic injury affects the functional connectivity among horns 

of the spinal cord. We started our study with a simple and well-established spinal cord injury 

model of a dorsal column lesion (DCL) that selectively disrupts ascending afferents that 

carry discriminative tactile information from body to brain, and causes temporary loss of the 

functional integrity of the spine (56, 57). Compared to other models of spinal cord injury 

(SCI), DCL of the cervical spinal cord has several advantages. First, DCL at a high cervical 

level (C4–C6) in monkeys exclusively disrupts the afferent fiber bundle carrying cutaneous 

tactile information from hand to brain while preserving descending motor pathways, 

temperature, pain, and crude touch. DCL therefore causes a behavioral impairment in hand 

use with little confounding influence from motor function deficits. This impairment recovers 

over a period of a few months following the injury, allowing longitudinal studies (58–60). 

The neighboring input intact spinal segments (e.g. above lesion site) serve as an ideal ‘built-

in’ control for evaluating changes in spinal rsFC. More importantly, the precise projection 

pattern of digit afferents to the up-stream cuneate nucleus allows accurate quantification of 

the afferent disruption. Moreover, there are reliable tracer techniques available to identify 

and separate deafferented digits and to quantify the extent of the injury. With this 

information, the extent and levels of spinal cord injury can be quantitatively characterized 

and ultimately correlated with functional and behavioral changes.

After introducing unilateral lesions at the C5 level (entering zone for D2/D3 afferents), we 

found that the correlations between horn-to-horn pairs in the slices below the injuries were 

significantly weakened immediately after injury compared to those corresponding ROI pairs 

above-the lesion (see Figure 9). Figure 9 shows that after unilateral injury to the spinal cord, 

rsFC changes are specific to the side of the lesion and occur in spinal cord segments below 

the injury. We therefore propose that rsFC can be used as a non-invasive imaging biomarker 

of spinal functional integrity (for detailed discussions see (53)). From a clinical translational 

point of view, a good biomarker is expected to have enough sensitivity and specificity to 

indicate changes in individual subjects. Our preliminary results show inter-horn functional 

connectivity changes over time after injury (Fig. 9). Dorsal-dorsal horn connections 

exhibited a consistent recovery trend (increased correlation r values at subsequent time 

points). Thus, resting state correlations are detectable in the spinal cord and the strength of 

inter-horn rsFC correlates with the integrity of spinal cord function during recovery from 

injury. RsFC measures may therefore be used to detect and quantify functional circuit 

changes in individual subjects.

Behavioral deficits on food reaching and retrieval task correlate with 

severity of SCI

The practical significance of rsFC measurements depends on whether they reflect neural 

function and behavior. In the DCL model of SCI described above, appropriate tasks and 

behavioral analyses provide sensitive behavioral/functional correlates of the effects of 

deafferentation and subsequent reorganization in monkeys (59, 61). A particularly sensitive 

test relevant to our injury model in monkeys is performance on a food reaching and retrieval 

task, measured by the total success rate and number of digit flexions per success from four 
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wells of increasing depth containing food. Hand use performance may be assessed using 

several parameters derived from high-speed video recording of reaching and retrieval 

behaviors of awake monkeys after they are injured and as they recover. Typically, success 

rate drops and digit flexions/success increase one-week post-lesion, but show more 

significant recovery at 2 and 3 weeks, consistent with neural plastic adaptations during this 

period (62). A key observation has been that the extent of the behavioral deficit in this 

particular task is correlated with the level and extent of the spinal cord lesion and the degree 

of cortical remodeling. Moreover, the pattern of behavioral recovery can be directly related 

to the time course of changes in the rsFC measures in the cord obtained from MRI.

Resting state correlations are detectable in white matter and are 

anisotropic

The vast majority of fMRI studies have been focused on brain grey matter and there has 

been only a very limited number of reports of corresponding changes in white matter (63–

68). The dearth of fMRI literature on white matter is conventionally attributed to an absence 

of significant hemodynamic changes within white matter in response to changes in electrical 

activity, so that any corresponding weak BOLD signals are not reliably detectable by current 

means. Most investigators have failed to show convincing evidence for focal activation in 

white matter following a task or stimulus, so the field of fMRI has evolved to almost 

completely disregard BOLD effects in white matter. Compared to grey matter, white matter 

is irrigated by much less dense vasculature (69, 70), with blood flow approximately one-

fourth of that in the grey matter (71). Even if BOLD changes occur, they may be 

proportionally reduced, and thus demand higher sensitivity for detection. Despite the four-

fold reduction in blood flow, the oxygen extraction fraction is relatively uniform in the 

resting brain (71). We have observed that variations in T2* weighted MRI signals in a 

resting state show comparable intensity and temporal variability profiles in both white and 

grey matter. The voxel-averaged temporal variations of MRI signals in white matter are 

~80% those in grey matter (72); analysis of the power spectra of BOLD signals from both 

white matter and grey matter shows that the ratio of signal power in the low frequency range 

of 0.01 to 0.08 Hz to total variance are comparable (72, 73). These indicate that resting state 

variations that potentially reflect neural activity in grey matter may also be detectable in 

white matter. Moreover, inter-voxel correlations of resting state signal from white matter 

show spatial anisotropy and reveal distinct underlying structures (72, 73). Thus it appears 

that appropriate analysis of resting state acquisitions may reveal signal variations within 

white matter that directly reflect functional activity.

The finding the inter-voxel correlations in resting state BOLD signals from white matter 

show a degree of spatial anisotropy forms the basis of our proposal to construct functional 

tensor maps from spatio-temporal analyses of BOLD signals (72). In our early studies, series 

of resting state MR images were acquired from human subjects at 3T using single shot echo 

planar imaging, just as used for regular fMRI acquisitions, and from these data functional 

tensors were constructed, but again the non-human primate brain provides an excellent 

animal model in which to investigate BOLD changes in white matter more closely. Figure 10 

confirms that anisotropic resting state correlations occur in the white matter of monkey 
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brain, just as for humans, and illustrates the underlying structure revealed by constructing 

functional tensors. Figure 10 shows histograms of the fractional anisotropy of the functional 

tensors from within segmented volumes of white and grey matter, showing that the degree of 

anisotropy in white matter much exceeds anything detectable in grey matter. These high 

correlations appear to extend over long distances but are confined to specific structures, 

signifying there are synchronized temporal variations tied to these structures. Further 

examination of functional and diffusion tensor maps show that, in grey matter regions, both 

functional and diffusion tensors appear isotropic except at the boundaries. In white matter, 

both tensors are more elongated and gross agreement between the functional and diffusion 

tensors can often be observed in several regions.

Just as for grey matter, we aimed to assess whether MRI signal fluctuations in white matter 

vary for different baseline levels of neural activity. We performed imaging studies on live 

squirrel monkeys under different levels of isoflurane anesthesia at 9.4T (74). We found 1) 

the fractional power (0.01–0.08Hz) in white matter was between 60 to 75% of the level in 

grey matter; 2) the power in both grey and white matter low frequencies decreased 

monotonically in similar manner with increasing levels of anesthesia; 3) the distribution of 

fractional anisotropy values of the functional tensors in white matter were significantly 

higher than those in grey matter; and 4) the functional tensor eigenvalues decreased with 

increasing level of anesthesia. Our results suggest that as anesthesia level changes baseline 

neural activity, white matter signal fluctuations behave similarly to those in grey matter, and 

functional tensors in white matter are affected in parallel (74).

Summary and Conclusions

There are several important yet unanswered questions regarding the interpretation of resting 

state fMRI signals that are already in widespread use, and which potentially can provide 

uniquely valuable information on the functional architecture of the brain. Resting state 

correlations in MRI signals are interpreted as measures of functional connectivity, yet there 

have been very few substantive studies that validate this interpretation. The studies described 

above were undertaken with the goal of relating fMRI metrics of connectivity directly to 

invasive, “gold standard” measurements in non-human primates with a greater sensitivity 

and spatial resolution than possible in human subjects. In addition, these studies have 

revealed new information on the functional organization and inter-layer relationships within 

a well defined neural system in the primate brain which is directly comparable to human 

brain organization. Overall, such studies are uniquely valuable for informing human fMRI 

brain studies. The use of higher field strengths emphasizes microvascular BOLD effects 

more strongly than at lower field, and thus the fidelity of brain mapping can be expected to 

be more accurate. The increased contrast to noise enables higher, sub-millimeter resolution 

imaging to be performed, which reduces partial volume effects and increases the ability to 

locate and separate fine-grained activity. The use of mild anesthesia does not seem to reduce 

the detectability of functional and neural activity signals but ensures a reduction in 

physiological noise and motion. Most importantly, the use of animals allows invasive 

measurements of LFPs that can be correlated with fMRI, and the introduction of controlled 

perturbations such as a spinal cord injury to modulate neural responses. The use of 
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appropriate animal models is thus crucial to advancing our understanding of the biophysical 

basis and significance of resting state and other functional MRI signals.
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Highlights

1. Low frequency correlations of resting state fMRI signals are a general feature 

of the neural system.

2. RsFC is strong between regions in the brain and spinal cord that are engaged 

in the same function.

3. At mesoscale, resting state correlation of fMRI signals correlate very well 

with electrophysiological signals and anatomical connections.
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Figure 1. 
Relationship between rs-FC and anatomical connection. (A1) BOLD activation map 

(resolution: 0.55×0.55×2mm3) elicited by 8Hz vibrotactile stimulation of digit 3 (D3). Color 

dots represent the receptive field (D1–D5) and microelectrode recording sites. (A2–3) 

Correlation maps (thresholded at r = 0.6) of seeds (yellow voxels) identified at the centers of 

area 3b (2) and area 1 activation foci. (B) BDA (Biotinylated dextran amines) tracer 

injection in area 3b (black arrow). Light blue patches are BDA labeled terminals. Receptive 

fields were used to determine the digit region for injection. (C–D) 3D plots of A1 and A2. 

(E) Schematic illustration of the imaging field of view (redline box) and location of S1 

subregions (areas 3a, 3b, 1/2) on squirrel monkey brain outline. CS/LS: central and lateral 

sulci; STS: superior temporal sulcus. Modified from (28).
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Figure 2. 
Inter-areal rsfMRI connectivity covaries with inter-areal correlations of delta, alpha, and 

gamma low bands of LFP signals within S1 cortex. (A) Functional connectivity measures 

between sub-regions of digit representation within S1 (3a–3b, 3a–A1, 3b–A1) and between 

S1 digit and face control (3a-con, 3b-con, A1-con) region for delta band LFPs. (B) The same 

correlation pattern for rsfMRI signals. Modified from (33).
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Figure 3. 
Comparison of spatial profiles of BOLD and LFP signals to tactile stimulation. (A–B) 

Single digit tactile stimulation evoked LFP (A) and BOLD (B) responses (in % signal 

changes; see color bar for range) to tactile stimulation of digit 4 (D4). Modified from (42).
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Figure 4. 
Layer-specific resting state functional connectivity (rsFC) between areas 3b and 1. (A) 

Tactile stimulus-evoked BOLD activation map (thresholded at t > 2.7). (B) Voxel-wise 

BOLD correlation maps of seeds in upper, middle, and lower layers (depths) of area 3b. 

Correlation maps are thresholded at r > 0.3. (C) Schematic illustration of the differences 

between CBV and BOLD inter-layer functional connectivities. Solid lines indicate the 

functional connections between layers are strong and significant. Modified from (47).
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Figure 5. 
Differential inter-areal functional connectivity of resting state BOLD signals between digit-

digit (3b-ar1, 3b-3a, 3a-ar1) and digit-face control (3b-cntr, ar1-cntr, 3a-cntr) region pairs 

(A) and the effects of different doses of isoflurane on inter-areal rsfMRI BOLD connectivity 

(B). Modified from (51).
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Figure 6. 
Representative fMRI activations to tactile and nociceptive heat stimulation of two distal 

finger pads. (A) Multi-run average fMRI activations to tactile stimulation of two distal finger 

pads on left hand. (B) Multi-run average fMRI activations to 47.5 °C nociceptive heat 

stimulation of two distal finger pads on left hand. Hand inserts show the locations of 

stimulation. All activation maps are thresholded at p < 0.05 for multi-run with FDR (0.01) 

correction, see color scale bar on image 5 for the t value range. Images 1–5: from rostral to 

caudal. Scale bars indicate 1 mm. D: dorsal; V: ventral; L: left; R: right. Modified from (52).
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Figure 7. 
Differential fMRI response magnitudes of four horns to touch versus nociceptive heat 

stimuli within a single spinal segment, and a schematic summary. (A, C) Time courses of 

fMRI signal changes to unilateral tactile (A) and nociceptive heat (C) stimulation of two 

distal finger pads in the iDH: ipsilateral dorsal horn; cDH: contralateral dorsal horn; iVH: 

ipsilateal ventral horn and cVH: contralateral ventral horn, and one white matter (WM) 

region. Color lines and shadows indicate mean ± standard error of the percentage fMRI 

signal changes. The red lines near the x-axis show the stimulation periods of 30 sec for 

tactile and 22 sec for heat, respectively. (B, D) Statistical comparisons of the group peak 

magnitudes of fMRI signal changes (mean ± standard error). *p < 0.05; *** p < 0.005; **** 

p < 0.001. (E, F). Schematic summarizing the differential activation patterns to touch (E) 

versus nociceptive heat (E) stimulation within and across (raw data not shown) spinal 

segments. Dark blue and red cones indicate responses are significant. Orange, green and 

magenta color cones indicate statistically different responses between touch and nociceptive 

heat. Modified from (52).
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Figure 8. 
Reproducible functional connectivity pattern of the spinal cord horns. (A & B) Intra-(within) 

and inter-(across) slice correlation patterns of the seeds (indicated by yellow arrows) placed 

at the ventral horns on slice 3 in two representative normal animals. Correlation maps were 

thresholded at r > 0.30 (see color scale bar next to image column 5). (C) Intra- and inter-

slice correlation pattern of one control seed in the white matter. (D) 3-D illustration of the t-

statistic of the correlation map of the right ventral horn at the group level (15 runs from 5 

animals). (E) Corresponding contour map of the group correlation pattern at three different t-

statistics (blue: t=5; light blue: t=6.5; red: t=9). The left ventral horn in slice 3 in one subject 

was used as the point of interest for manual co-registration in the group analysis. (F) Overlay 

of the thresholded (red patch) correlation map of left ventral horn seed on the mean intensity 

map of the spinal cord MTC images. (G) 3D reconstruction of the correlation map from the 

sample case shown in A. Adapted from (53).
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Figure 9. 
Effects of a unilateral spinal cord lesion on the functional connectivity of intra-slice seed 

ROIs. (A and B) The 2D matrix plots of the mean correlation coefficients (r-values) among 

all five intra-slice ROI pairs in below (A) and above (B) lesion slices in one representative 

animal (SM-P). The color bar indicates the range of r-values. (C, 1) Coronal MTC image 

shows the actual lesion (black hole) detected at the 24-week post-lesion time point. Red 

rectangle outline shows the placement of the third axial image slice, which is centered at the 

lesion level. (C, 2) CTB stain of the corresponding postmortem spinal cord obtained at 24 

weeks after the lesion. Zoomed-in image (left) shows the CTB terminals of the afferent 

entering zone for D5 and D3. (C, 3) The reconstructed lesion on the axial plane of the spinal 

cord in monkey SM-P. Black rectangle outline shows the location of the coronal MRI image 

shown in 2. (D and E) Whisker box plots of the correlation coefficients between horn-horn 

ROI (columns 1–4) and horn–control (white matter) ROI pairs (columns 5–6) at the imaging 

slices below lesion (slices 5 and 6) and above lesion (slices 1 and 2), respectively. Green 

lines separate the horn–horn and horn–control ROI pair groups. (F) Direct comparison of the 

mean correlation coefficients of the same set of ROI pairs obtained before (prelesion, green 

line) and after (postlesion, yellow line) the lesions. Error bars indicate the SD of the 

measurements. Datasets of 10 runs from two monkeys with spinal cord lesion acquired 

within 2–24 weeks postlesion were included in this analysis. (G) Whisker box plot of the 

correlation coefficients between dorsal-dorsal horns in below-lesion slices as a function of 

postlesion time point (in weeks) in two injured monkeys. Adapted from (53).

Chen et al. Page 26

Magn Reson Imaging. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
(A) T1-weighted anatomical image accompanied by enlarged spatio-temporal correlation 

tensor maps in the blue and yellow regions. Green arrows on tensor maps point to grey 

matter isotropic tensors, while red arrows point to white matter anisotropic tensors (B). 

Histograms of fractional anisotropy values for the tensors in the slice, as well as for the 

whole brain presented in (A). ** p < 0.0005 (Mann–Whitney Test). Adapted from (74).
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