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Abstract

This paper aims to better understand the physiological meaning of negative correlations in resting state functional
connectivity MRI (r-fcMRI). The correlations between anatomy-based brain regions of 18 healthy humans were calculated
and analyzed with and without a correction for global signal and with and without spatial smoothing. In addition,
correlations between anatomy-based brain regions of 18 naı̈ve anesthetized rats were calculated and compared to the
human data. T-statistics were used to differentiate between positive and negative connections. The application of spatial
smoothing and global signal correction increased the number of significant positive connections but their effect on
negative connections was complex. Positive connections were mainly observed between cortical structures while most
negative connections were observed between cortical and non-cortical structures with almost no negative connections
between non-cortical structures. In both human and rats, negative connections were never observed between bilateral
homologous regions. The main difference between positive and negative connections in both the human and rat data was
that positive connections became less significant with time-lags, while negative connections became more significant with
time-lag. This effect was evident in all four types of analyses (with and without global signal correction and spatial
smoothing) but was most significant in the analysis with no correction for the global signal. We hypothesize that the
valence of r-fcMRI connectivity reflects the relative contributions of cerebral blood volume (CBV) and flow (CBF) to the BOLD
signal and that these relative contributions are location-specific. If cerebral circulation is primarily regulated by CBF in one
region and by CBV in another, a functional connection between these regions can manifest as an r-fcMRI negative and time-
delayed correlation. Similarly, negative correlations could result from spatially inhomogeneous responses of rCBV or rCBF
alone. Consequently, neuronal regulation of brain circulation may be deduced from the valence of r-fcMRI connectivity.
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Introduction

Coherent low frequency fluctuations of the blood oxygenation

level-dependent (BOLD) signal in the resting-state were shown to

contain functional neuronal network information [1,2]. Such

information is derived from correlations between the temporal

fluctuations of the BOLD signal in various brain regions in the

absence of external stimuli [3–5]. Multiple resting-state networks

(RSN) were defined [3,6,7] in this manner, and their reliability and

robustness were established [8–10]. RSNs were also shown in

anesthetized animals [11,12]. Most RSN sets show positive

correlations between the brain regions comprising these networks.

However, several RSNs were shown to be inversely correlated. For

example, it was shown that the default mode network is negatively

correlated with the dorsal attention system [4,5]. Alterations in

such anti-correlated networks between healthy subjects and

patients with, for example, schizophrenia [13], ADHD [14],

bipolar disorder [15] and Alzheimer’s disease [16] were observed.

The physiological mechanisms underlying resting-state func-

tional brain connectivity MRI (r-fcMRI) are however, not clear.

Positive correlations between regions comprising such networks

are assumed to reflect synchronized activity between these regions,

but the nature of negative correlations is debatable. A distinction

should be made between physiological sources of negative

correlations, such as negative BOLD signals [17–26], and possible

data analysis biases [27–31]. Several studies have demonstrated

negative correlations using methodologies that are free of such

biases [32,33], thereby strengthening the assumption that both

negative and positive correlations reflect genuine physiological

processes. Potential physiological sources for negative correlations

within resting state networks are neuronal inhibition [26,34] and

pure non-neuronal hemodynamic processes [31].

In this study we aim to better understand the physiological

mechanisms underlying negative correlations in r-fcMRI. Since

the distinction between positive and negative correlations may be
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Table 1. Regions of interest (ROIs) in the human brain, their mean MNI coordinates and number of voxels.

# Name X Y Z Volume

0 R amygdala 25.1 20.2 218.5 34

1 L amygdala 221.4 20.3 218.8 30

2 R dmPFC 19.9 37.3 34.3 115

3 L dmPFC 222.6 37.2 32.9 119

4 R dorsolateral PFC 34.1 50.1 29.4 27

5 L dorsolateral PFC 230.8 49.6 29.3 30

6 R dmPFC -b 19.5 61.3 24.8 41

7 L dmPFC -b 216.4 61.3 24.6 41

8 R habenula 7.6 220.0 4.9 43

9 L habenula 24.5 220.2 4.8 43

10 R medial BA8-b 23.6 17.4 50.8 415

11 L medial BA8-b 220.3 17.6 50.8 419

12 R medial BA8 13.6 39.5 48.9 208

13 L medial BA8 210.4 39.5 48.7 215

14 R Caudate 12.4 10.8 9.8 137

15 L Caudate 29.4 10.4 9.7 140

16 R medial BA9 37.3 21.4 36.6 335

17 L medial BA9 234.6 21.6 36.7 328

18 R GP 20.6 21.4 20.6 75

19 L GP 216.1 21.0 20.3 72

20 R hippocampus 31.6 217.1 214.3 23

21 L hippocampus 227.7 217.9 214.1 29

22 R medial PFC 5.5 67.6 23.3 56

23 L medial PFC 22.2 67.8 23.0 62

24 R NAc 11.6 13.3 27.7 121

25 L NAc 28.8 13.2 27.8 122

26 R posterior Cingulate-b 9.4 248.5 14.6 416

27 L posterior Cingulate-b 26.5 248.7 14.7 423

28 R pregenual ACC 11.6 31.5 22.7 85

29 L pregenual ACC 28.6 31.5 22.7 86

30 R insula 41.2 23.9 10.1 492

31 L insula 236.9 23.6 10.1 494

32 R mammillary 9.0 212.5 24.4 2

33 L mammillary 26.5 214.5 21.9 3

34 R STN 11.3 211.0 25.3 4

35 L STN 28.3 211.0 25.3 4

36 R subgenual ACC 7.6 33.4 0.5 281

37 L subgenual ACC 24.5 33.6 0.5 279

38 R subgenual cingulate 3.2 27.7 219.3 124

39 L subgenual cingulate 20.2 27.5 219.3 123

40 R ventral striatum 21.9 15.3 21.3 43

41 L ventral striatum 214.6 11.4 25.4 42

42 R ParaHippocampal 26.7 213.0 221.1 246

43 L ParaHippocampal 219.9 213.5 221.2 231

44 R Posterior Cingulate 7.4 240.7 40.7 281

45 L Posterior Cingulate 24.4 240.5 40.6 283

46 R putamen 25.5 3.5 3.0 198

47 L putamen 221.6 3.2 3.1 196

48 R SN 12.0 213.5 211.3 6

49 L SN 27.5 213.3 211.9 4
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made difficult by the presence of a global effect that biases all

correlations toward positive values (for example see [30]), we

analyzed our r-fcMRI data with and without correction for the

global signal. We also tested the effect of spatial smoothing by

analyzing the data with and without smoothing. We then

compared human and rat r-fcMRI data, trying to account for

both similarities (brain organization and functionality) and

differences (hemodynamic functions) in cerebral function among

the species. Based on our findings we conclude that negative and

positive correlations have distinct physiological properties and

propose a mechanism for negative correlations in r-fcMRI that

accounts for all our findings.

Methods

Human data
Eighteen human data-sets of healthy subjects (age 29.267.4; 8

males and 10 females) were downloaded from the NITRC site

(http://www.nitrc.org/projects/fcon_1000/). Data was generated

by professors Milham, M.P. and Castellanos, F.X. groups’ and

generously posted in this site for public use (data taken from

NewYork_a_part1 and part2). Data sets were chosen randomly

without any exclusion criteria. To allow reproduction of the

results, analysis was performed in the ‘Data Processing Assistant

for Resting-State fMRI (DPARSF) Advanced Edition’ (Release

= V2.3_130615, http://www.restfmri.net) [35] which is based on

Statistical Parametric Mapping (SPM8, Welcome Department,

London UK) and Resting-State fMRI Data Analysis Toolkit [36],

thus available to the public. Images were realigned, co-registered

to T1 anatomy, segmented, normalized, either smoothed by a

[46464] voxel kernel or not smoothed, de-trended, filtered

(0.01,.0.08 Hz), covaried by the 6 rigid body functions and

either with or without the global signal and then scrubbed (FD.

0.5 with ‘bad’ data points removed [37]). Using a WFU PickAtlas

toolbox [38,39], 57 ROIs (36 cortical and 21 non-cortical) were

selected in the MNI space (Table 1) covering the extended limbic

system. ROIs were implemented in the DPARSFA toolbox,

functional connectivity between them was calculated and their

time courses were extracted. The analyses yielded four connec-

tivity analysis sets. (1) Without spatial smoothing and without

global regression (marked hereafter as ‘-S –G’). (2) With spatial

smoothing and without global regression (‘+S –G’). (3) Without

smoothing but with global regression (‘-S +G’) and (4) with

smoothing and with regression (‘+S +G’). All further analysis was

performed in custom-made IDL software.

Rat data
The study was approved by the Animal Care and Use Committee

of the Hebrew University. Experiments were carried out in

accordance with the NIH Guidelines regarding the care and use

of animals for experimental procedures (NIH approval number:

OPRR-A01-5011).18 male Sprague-Dawley (380–450 g, age

1962 weeks supplied by Harlan, Rehovot Israel) rats were

included in the study.

Data were collected with a 4.7T Bruker BioSpec scanner

(Bruker Biospin Ettlington, Germany) using a Dotty quadrature

rat head coil. Rats were anesthetized with isoflurane (1.5% +30:70

O2:N2O). Respiration rates were continuously monitored and

were held between 55–65 min21 by small adjustments of the

isoflurane concentration. Body temperature was kept stable (37uC
61) using a water heating bed. 2D T2-weighted coronal images

were acquired for anatomy. Functional BOLD contrast MRI was

collected with EPI-FID (TR = 2, TE = 20 ms, 300 repetitions,

matrix = 128664615, FOV = 363 cm2, 1mm slice width and

three sequential sets). Functional data was first processed in SPM8

using standard spatial preprocessing steps. Images were slice-time

corrected, realigned and resliced. At a second step, analysis was

performed using custom-made IDL and Matlab software. It

included regression-out the six functions related to motion,

alignment of the MRI images to the rat brain atlas[40], data

smoothing by a 3-point-Gaussian kernel, and band-pass filtering

(0.01,.0.1 Hz). 69 ROIs (24 cortical and 45 non-cortical) were

pre-selected in the atlas (Table 2) covering the extended limbic

system. Correlations between predefined ROIs were obtained by

calculating Pearson correlations between all possible pairs and

applying Fischer’s z transformation.

Statistics
A one group t-statistic random effect analysis on the Fisher

transformed values between subjects was performed. To correct

for multiple comparisons, False Discovery Rate (FDR) correction

with a threshold of a= 0.001 for humans and a= 0.01 for rats was

used (the difference was due to the weaker effect in rats that is

expected due to the anesthesia). To define significant connections,

Table 1. Cont.

# Name X Y Z Volume

50 R visual BA19 5.7 272.4 30.3 109

51 L visual BA19 22.6 272.9 30.7 111

52 R supp motor 9.9 2.2 61.2 541

53 L supp motor 24.0 6.6 60.6 523

54 Medial BA9 3.7 51.5 22.5 37

55 Superior precuneus 3.3 256.6 38.6 320

56 DRN 1.5 29.4 217.3 340

Abbreviations: dmPFC, dorsal medial prefrontal cortex; PFC, prefrontal cortex; BA, Brodman area; GP, globus pallidus; NAc, nucleus accumbens; M1, primary motor; M2,
secondary motor; SIJ, primary sensory cortex (jaw region); CPu, caudate putamen; GP, globus pallidus; STN, subthalamic nucleus; ACC, anterior cingulate cortex; DRN,
dorsal raphe nucleus.
doi:10.1371/journal.pone.0111554.t001
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Table 2. Regions of interest (ROIs) in the rat brain, their mean coordinates and volume in ml.

# Name X Y Z Volume

0 R M1 (rostral) 3.4 2.6 3.7 7.00

1 L M1 (rostral) 23.5 2.6 3.7 6.96

2 R M2 (rostral) 1.3 1.6 3.7 2.39

3 L M2 (rostral) 21.4 1.6 3.7 2.38

4 R cingulate area 1 0.6 2.1 1.9 5.36

5 L cingulate area 1 20.7 2.1 1.9 5.28

6 R pre-limbic 0.6 3.7 3.3 4.07

7 L pre-limbic 20.7 3.7 3.3 4.10

8 R infra-limbic 0.4 5.0 3.2 1.20

9 L infra-limbic 20.5 5.0 3.1 1.23

10 R frontal area 3 4.2 4.2 3.7 1.34

11 L frontal area 3 24.2 4.2 3.7 1.35

12 R insular 3.8 5.1 3.7 2.62

13 L insular 23.9 5.1 3.7 2.62

14 R NAc core 1.5 6.6 2.7 1.27

15 L NAc core 21.5 6.6 2.7 1.29

16 R NAc shell 1.2 7.4 2.7 1.02

17 L NAc shell 21.2 7.4 2.7 1.06

18 R sensory SIJ 5.0 4.5 2.3 8.57

19 L sensory SIJ 25.0 4.5 2.3 8.71

20 R CPu rostral 2.8 5.5 1.2 17.92

21 L CPu rostral 22.9 5.5 1.2 18.00

22 R cingulate area 2 0.5 3.1 0.9 3.73

23 L cingulate area 2 20.6 3.1 0.9 3.60

24 R CPU caudal 3.8 5.8 20.6 12.77

25 L CPU caudal 23.8 5.7 20.6 13.14

26 R basal nucleus 3.2 8.0 21.3 0.15

27 L basal nucleus 23.2 7.9 21.3 0.18

28 R GP, 3.5 7.0 21.6 2.80

29 L GP 23.6 6.9 21.6 2.91

30 R VPL 2.8 6.4 22.3 1.35

31 L VPL 23.0 6.4 22.3 1.21

32 R VA+VL 1.9 6.1 22.3 2.20

33 L VA+VL 22.0 6.2 22.3 2.20

34 R EP 2.8 7.9 22.3 0.33

35 L EP 22.9 7.9 22.3 0.22

36 R S1BF 5.3 3.0 22.3 5.77

37 L S1BF 25.4 3.0 22.3 5.76

38 R amygdala 4.2 9.2 22.6 9.88

39 L amygdala 24.4 9.2 22.5 8.78

40 R Hab 0.7 5.0 23.3 0.48

41 L Hab 20.7 5.0 23.3 0.48

42 R Po (thalamus) 2.2 5.9 23.3 2.03

43 L Po (thalamus) 22.3 5.8 23.3 1.84

44 R hippocampus 2.2 3.3 23.3 5.55

45 L hippocampus 22.5 3.3 23.3 6.31

46 R granular cortex 0.6 1.7 24.7 7.47

47 R granular cortex 20.7 1.7 24.8 7.89

48 R hypothalamus 0.9 9.0 23.3 2.96

49 L hypothalamus 20.9 9.0 23.3 2.64

Negative Correlations in R-fcMRI

PLOS ONE | www.plosone.org 4 November 2014 | Volume 9 | Issue 11 | e111554



we used the lowest threshold amongst the four analyses (the

threshold corresponding to ‘+S –G’). Each of the four analyses (-S-

G; +S-G; -S+G; +S+G) had a FDR cutoff corresponding to

a= 0.001. To minimize differences due to thresholds, the same

cutoff was used in all groups. Connections whose p-values were

lower than the threshold are termed hereafter ’significant

connections’. Categorizing connections as ’positive’ or ’negative’

was done based on their t-values. Significant connections with

positive t-values were named ’positive-connections’ and significant

connections with negative t-values were named ’negative connec-

tions’. For the definition of the t-values we subtracted the global

mean correlation (all Fisher transformed values from the entire

group) from all correlations and then divided it by the standard

error (similarly to [41]). This resulted in distributions that were

centered at zero.

Effect of time lags
To test the effect of time-lags on the correlations, we calculated

the correlation values for each significant connection introducing a

time-lag ranging from 226 to 26 seconds. This time range was

chosen based on reported BOLD signal post-stimulus length in

humans [42] and in rats [43]. Specifically, we counted the number

of positive connections whose correlations became more positive

and the number of negative connections whose correlations

became more negative as a function of the time-lag values.

Results

Figure 1 presents the distributions of the Fisher-transformed

values and of the group t-values for all ROI pairs for the four

different analyses of the human data. As expected [30], the

distribution of the Fisher-transformed values of the uncorrected

data centered on positive values and was shifted approximately to

zero by removing the global signal. The distributions of t-values

were, as expected, centered on zero but had different widths. The

distribution of the Fisher-transformed values of the rat data was

centered approximately on zero. For that reason no global signal

removal was applied on the rat data.

Figures 2–5 show the significant positive (A & B) and significant

negative (C & D) connections in the human data, each for a

different analysis. In figure 6 we show the numbers of significant

positive and significant negative connections that were obtained by

these analyses in the human data. Whereas spatial smoothing and

correction for the global signal increased the number of positive

connections, the effect on the negative connections was more

complex. To better quantify the differences between the analyses,

we calculated the percentage of common connections (positive and

negative separately) between the analyses. Table 3 shows that

whereas most of the positive connections were common regardless

of the analysis used, different negative connections were obtained

when a correction for global signal was applied.

Careful inspection of Figures 2–5 suggests that negative and

positive connections differ with respect to the structures they

Table 2. Cont.

# Name X Y Z Volume

50 R zona inserta 2.6 7.5 24.3 0.99

51 L zona inserta 22.8 7.5 24.3 0.95

52 Mammillary 20.1 9.3 24.3 2.70

53 R SNr 2.3 8.4 25.3 1.52

54 L SNr 22.4 8.4 25.3 1.40

55 R Red nucleus 1.0 7.5 25.3 0.52

56 L Red nucleus 21.1 7.5 25.3 0.50

57 R VTA 0.6 8.2 26.3 0.58

58 L VTA 20.8 8.1 26.3 0.53

59 R sup colliculus 1.3 4.1 26.8 9.49

60 L sup colliculus 21.4 4.2 26.8 9.67

61 R DG 4.2 5.8 26.3 5.89

62 L DG 24.3 5.9 26.3 6.03

63 IP 20.1 9.0 26.3 0.84

64 R pontine 0.8 10.1 27.3 1.33

65 L pontine nuc 20.9 10.1 27.3 1.36

66 DRN 0.0 6.4 27.3 1.16

67 R STN 2.6 8.1 23.3 0.30

68 L STN 22.7 8.1 23.3 0.30

Abbreviations: M1, primary motor cortex; M2, secondary motor cortex; NAC, nucleus accumbens; SIJ, primary sensory cortex (jaw region); CPu, caudate-putamen; GP,
globus pallidus; VPL, ventral posterolateral thalamic nucleus; VA, ventral anterior thalamic nucleus; VL, ventrolateral thalamic nucleus; EP, entopeduncular nucleus; S1BF,
primary sensory cortex (barrel field); Hab, habenula; Po, post thalamic nucleus; SNr, substantia nigra; VTA, ventral tegmental area; DG, dentate gyrus; IP, interpeduncular
nucleus; DRN, dorsal raphe nucleus; STN, subthalamic nucleus.
doi:10.1371/journal.pone.0111554.t002
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connect. To quantify this point, we categorized all negative and

positive significant connections into three types: those connecting

between two cortical ROIs ("Intra-Cx"), those connecting between

two non-cortical ROIs ("Extra-Cx"), and those connecting a

cortical with a non-cortical ROI ("Between"). The percentages of

these categories are shown in Figure 7 for the four different

analyses of the human data. There was a clear distinction between

positive and negative connections with almost no negative

connections linking non-cortical regions and only few positive

connections linking cortical and non-cortical regions. As seen in

Figure 7, the effect of the different analyses on the distribution of

positive connections was small while it was greater on the negative

connections. Spatial smoothing had a relatively minor effect

compared to the significant effect of global regression.

Figure 8 shows the 171 positive (Figure 8 A & B) and 158

negative (Figure 8 C & D) significant connections observed in the

rat data where no correction for global signal was used (as it was

not needed since the distribution of the correlation values was

centered approximately at zero). Each connection is shown as a

colored line connecting two ROIs on coronal and axial rat-brain

figures derived from the rat atlas [40] with ROIs numbers

corresponding to the brain regions presented in Table 2.

Several common features across both species are evident from

Figures 2 and 8. First, while many homologous bilateral regions

(e.g. right and left anterior cingulate) have positive connections

between each other, not even a single negative connection exists

between homologous right and left hemispheric structures.

Second, both negative and positive connections express a relatively

high level of inter-hemispheric (non-homologous) symmetry. Note

that in both the human and rat data, several regions had multiple

positive connections, several had multiple negative connections

and several had both multiple positive and negative connections

(e.g., the right and left insula (#30, 31) in humans and the

amygdala (#38 and 39) in rats), emphasizing the fact that Fisher-

transformed values between regions reflect connection-specific

rather than region-specific properties.

Positive correlations between ROI pairs are obtained if ROI

time courses express similar periodical behaviors without a time-

lag. Negative correlations between ROI pairs can theoretically be

obtained if both ROIs express similar periodical behaviors but

with a time-lag between them. The effect of time–lags on the

positive and the negative connections is presented in Figure 9 for

humans and in Figure 10 for rats. The figures show the percentage

of significant positive and negative connections that time-lags

made them even more significant (higher Fisher-transformed

values for positive connections and lower for negative connec-

tions). Since the calculations were performed on the data of each

subject separately, a statistical comparison is possible. Table 4

gives the p-values for that comparison for each time-lag and each

type of analysis. As seen in these Figures and in Table 4, time-lags

of more than a few seconds reduced positive correlations while

making negative correlations more negative. Specifically we note

Figure 1. Distributions of Fisher transformed and of t-values
for the four different analyses of the human data. (A)
Distributions of Fisher transformed values. (B) Distributions of t-values.
The analyses differed in either applying or not applying spatial
smoothing and correction for global signal. ‘–S -G’ – analysis without
smoothing and without global regression, ‘+S -G’ – analysis with
smoothing and without global regression, ‘–S +G’ – analysis without
smoothing and with global regression and ‘–S -G’ – analysis with
smoothing and with global regression.
doi:10.1371/journal.pone.0111554.g001

Table 3. Percentage of overlap between the significant connections obtained by the four types of analyses of the human data.

-S-G +S-G -S+G +S+G

-S-G 78(+) 75(+) 89(+)

+S-G 81(2) 78(+) 86(+)

-S+G 30(2) 14(2) 97(+)

+S+G 42(2) 16(2) 88(2)

Percentage of overlap between positive connections is shown by (+) and between negative connections by (2). –S-G: analysis without spatial smoothing and without
global signal regression; +S-G: analysis with spatial smoothing and without global signal regression; -S+G: analysis without spatial smoothing and with global signal
regression; +S+G: analysis with spatial smoothing and with global signal regression;
doi:10.1371/journal.pone.0111554.t003
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the following: (i) most positive connections were more significant

with a zero time-lag, (ii) most negative connections were more

significant with a non-zero time-lag, (iii) the time-lags that improve

negative connections were of a wide range, (iv) the division

between positive and negative connections was sharper when no

correction for global signal was used, (v) the transition points from

which any increase of the time-lag resulted in more negative than

positive connections becoming more significant were at 4 sec in

the human data and at 6 sec in the rat data, (vi) the use of global

signal corrections increased the number of negative connections

Figure 2. Significant connections within the 57 predefined human regions for the –S-G analysis. Significant connections are presented as
2D projections on top of T1-weighted coronal and axial MRI images. ROIs are annotated using numbers provided in Table 1. A & B. Positive
connections. C & D. Negative connections.
doi:10.1371/journal.pone.0111554.g002
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for which the most significant correlation was obtained using a

zero time-lag (thus being similar to the positive connections). In

contrast, the number of such ‘zero time-lag’ negative connections

was negligible when no global signal correction was used. (vii) The

rat data was qualitatively similar to human data.

Discussion

This study aimed to better understand the mechanisms

underlying negative correlations in resting-state functional con-

nectivity MRI. Analysis was performed on BOLD contrast

Figure 3. Significant connections within the 57 predefined human regions for the +S+G analysis. Significant connections are presented
as 2D projections on top of T1-weighted coronal and axial MRI images. ROIs are annotated using numbers provided in Table 1. A & B. Positive
connections. C & D. Negative connections.
doi:10.1371/journal.pone.0111554.g003
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temporal signals obtained from predefined anatomical ROIs. This

type of analysis has several advantages, including a more robust

signal-to-noise ratio (the average ROI signal was used), being less

sensitive to registration and realignments errors, making the

examination of symmetry between hemispheres possible and

visualizing the functional connectivity organization on a broad and

global level.

By comparing the positive and negative connections obtained

through four different analysis methods applied on the human

data, we demonstrated critical differences between positive and

negative connections that were evident in all types of analysis. The

Figure 4. Significant connections within the 57 predefined human regions for the +S-G analysis. Significant connections are presented as
2D projections on top of T1-weighted coronal and axial MRI images. ROIs are annotated using numbers provided in Table 1. A & B. Positive
connections. C & D. Negative connections.
doi:10.1371/journal.pone.0111554.g004
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major difference was that introducing non-zero time-lags between

ROIs reduced the significance of the positive connections, while

increasing the significance of the negative connections. In

addition, positive and negative connections typically linked

between different regional categories. For example, no negative

connections were found linking two non-cortical structures. When

comparing the different analyses, the following differences were

observed: (i) spatial smoothing and correction for the global signal

increased the number of significant positive connections while its

effect on the negative connections was more complex (Figure 6),

Figure 5. Significant connections within the 57 predefined human regions for the -S+G analysis. Significant connections are presented as
2D projections on top of T1-weighted coronal and axial MRI images. ROIs are annotated using numbers provided in Table 1. A & B. Positive
connections. C & D. Negative connections.
doi:10.1371/journal.pone.0111554.g005
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(ii) spatial smoothing and global signal correction had a small effect

on positive connections with respect to their regional categoriza-

tion and to the degree of their overlap, while the global signal

correction had a major effect on negative connections, resulting in

almost no overlap between connections that were significant with

and without global signal correction (Figure 7 and Table 3), and

(iii) the differential effect that time-lags had on positive and

negative connections was the strongest when no global signal

correction was applied.

When comparing the results from the human and the rat data,

the patterns of inter-hemispheric symmetry and the prevalence of

positive bilateral homologous connections were found to be

similar. More importantly, negative connections in both species

generally became more negative by introducing time-lags, while

positive connections did not. It must however be emphasized that,

in rodents, sedation was shown to yield superior r-fcMRI results

compared to general anesthesia [44], suggesting that our rat data

should be considered with caution. Additionally, no attempt was

done to regress for cardiac and respiration pulsation although such

filtering might have improved the results. We avoided doing this in

order for the human and rat data processing to be as similar as

possible. Nevertheless, we recently have shown significant r-fcMRI
results using isoflurane anesthesia [45–47] and without cardiac

and respiration regression, which strengthens our confidence in

our rat data.

All these results support the assumption that the different

forms of r-fcMRI correlations reflect different underlying

physiological mechanism. We suggest a hypothesis that

integrates the above findings into an inclusive model for

understanding the mechanism of negative and positive

connections. We are aware however, that the current evidence

supporting this hypothesis is only circumstantial. The BOLD

signal is affected by changes in both rCBF and rCBV. The

coupling between CBF, CBV and the BOLD signal is complex,

nonlinear, spatially inhomogeneous and even layer dependent

[48]. The positive phase of the hemodynamic response

function in response to stimulus is assumed to be dominated

by rCBF changes, while the post stimulus undershoot is

assumed to be affected by a delayed rCBV response [43,49,50].

An increase in rCBF presumably results in a decrease in blood

deoxy-hemoglobin levels, causing an increase in the BOLD

signal. In contrast, an increase in rCBV causes a total increase

in deoxy-hemoglobin, resulting in a decrease of the BOLD

signal. The balance between rCBF and rCBV could therefore

determine the overall resulting BOLD signal (i.e., if the signal

at any specific time point is above or below the baseline). We

hypothesis that if the activity of two groups of neurons in two

separate regions is highly synchronized, and if the hemody-

namic response of one is rCBF dominated while that of the

other is rCBV dominated, the temporal correlation between

the BOLD signal in these regions will be negative. Moreover,

since rCBV increases are delayed compared to rCBF increases,

there will be a time-lag until the negative correlation reaches

its maximal value. This view is based on the assumption that

changes in BOLD signals during rest and following stimuli are

comparable in magnitude [51] and mechanism. The long time-

lags observed in the data (Figure 7) are in line with the

reported post-stimulus length in humans [42] and in rats [43].

We further hypothesis that if the rCBV and/or the rCBF

responses are spatially dependent (for example, synchronized

neuronal activity resulting in an increase of rCBV in one

region and a decrease in rCBV in another) one can also expect

to find negative correlations with no time lags between such

regions. Overall, we suggest that negative connections are the

results of complex spatially inhomogeneous hemodynamic

responses that are mediated by neuronal activity.

Figure 6. Number of significant positive and negative connec-
tions for the different human analyses.
doi:10.1371/journal.pone.0111554.g006

Figure 7. Categorization of positive and negative human
connections. Percentages of significant connections into the ‘Intra
Cx’ (between two cortical ROIs), the ‘Extra-Cx’ (between two non-
cortical ROIs) and the ‘Between’ (between cortical and non-cortical
ROIs) categories. Top. Positive connections. Bottom. Negative connec-
tions.
doi:10.1371/journal.pone.0111554.g007
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Figure 8. Significant connections within the 69 predefined rat regions. Significant connections are presented as 2D projections on top of coronal
and axial Figures from the rat brain atlas. ROIs are annotated using numbers provided in Table 2. A & B. Positive connections. C & D. Negative connections.
doi:10.1371/journal.pone.0111554.g008

Table 4. T-values for the comparison between the numbers of positive and negative connections that time-lag made more
significance.

-S-G +S+G +S-G -S+G rats

0 2.90369E-26 2.99046E-13 1.57702E-26 1.69953E-11 1.66596E-10

2 8.40016E-06 0.800385948 7.38712E-07 0.450100779 3.91086E-11

4 0.000407685 2.44899E-06 0.012682339 0.004888566 0.001371955

6 4.73828E-08 9.33376E-07 7.36576E-05 0.000790463 0.811502824

8 2.60049E-07 6.57005E-06 0.001934496 4.07728E-05 0.002860986

10 3.48352E-09 8.16819E-05 0.000272562 0.003190054 0.000538446

12 3.2188E-08 0.000238064 1.03808E-05 0.001122026 0.001629137

14 9.87039E-09 0.000522939 0.000942835 0.000260738 1.8236E-06

16 1.95238E-12 1.99754E-05 7.12566E-06 0.017933245 0.001564497

18 3.14229E-08 1.52653E-05 4.45951E-05 0.006811102 1.2003E-05

20 1.38689E-08 9.0614E-05 0.001227115 0.004817849 0.000457931

22 5.55054E-08 5.0776E-07 3.7641E-05 0.000158922 0.000431086

24 3.93325E-07 1.33919E-06 0.000267121 0.000903292 9.5524E-05

26 1.12124E-06 0.001065601 0.000725739 0.000401245 9.63E-06

More significance positive/negative connections were defined as connections with higher/lower Fisher transform values. Comparison was done for each time-lag and
for the four human analyses as well as for the rat data. The rows are for different time-lags that are given is sec.
doi:10.1371/journal.pone.0111554.t004
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Our hypothesis is supported by several published findings

suggesting that monoamines, mainly dopamine and serotonin,

differentially affect CBV and CBF in different brain regions

[52–57]. For example, it was shown that administration of

agonists for the excitatory D1-like dopamine receptors causes an

increase in CBV in certain regions, while agonists for the

inhibitory D2-like receptors cause a decrease in CBV in other

regions [57]. Such a relationship fits in well with the proposed

CBV-based mechanism of negative connections, in which a

positive synchronization between the activities of neurons within

two regions that are differentially influenced by CBV will result

in a negative correlation between their BOLD signals. Similarly,

Shin et al. [56] demonstrated that in response to noxious

electrical stimulation of the rat forepaw (known to induce

endogenous dopaminergic neurotransmission), CBV was in-

creased in the sensory cortex and at the same time was

decreased in the caudate-putamen (CPu), although immunohis-

tochemistry and electrophysiological recording demonstrated

increased neuronal activity in the CPu.

The following findings lend further support to the hypothesis

that differential neurovascular mechanisms are responsible for the

positive and negative correlations between brain regions observed

in r-fcMRI connectivity measurements: (i) All homologous

bilateral connections were positive. Hemodynamic responses in

homologous bilateral regions are expected to be similar (similar

weightings of CBF and CBV). Consequently, the correlation

between their BOLD signals is expected to be positive. (ii) Most of

the negative connections became more significant when adding

time-lags of a few seconds. Since rCBV changes were shown to be

delayed compared to rCBF changes [43,49,50], BOLD signals

that are affected by CBV are expected to be more time-delayed

compared to BOLD signals affected by CBF. The observed range

of ‘significance-optimizing’ time-lags matches the post-stimulus

delays found in humans and rats. (iii) Similar findings were

obtained for both human and rat data. Human and rat data were

acquired by two different protocols, with different field strengths,

at different arousal states, with different resolutions and were

analyzed by different software algorithms. Their anatomy,

Figure 9. Effect of time-lags on correlation strengths in the human data. Percentage of connections that time-lags made more significant
(more positive for positive connections and more negative for negative connections) at each time-lag value. A. Results for the analysis without
smoothing and without global regression (‘–S -G’), B. Results for the analysis with smoothing and with global regression (‘+S +G’), C. Results for the
analysis with smoothing and without global regression (‘+S -G’), D. Results for the analysis without smoothing and with global regression (‘–S +G’).
doi:10.1371/journal.pone.0111554.g009
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hemodynamic responses and brain organization are different. In

spite of all these, remarkable similarities between human and rat

results were observed.

We recall that the definition of negative correlations is critical

and the use of different definitions makes the comparison between

studies difficult. For example, in a recent publication [58] mice r-
fcMRI of BOLD and CBV weighed data, were compared. Similar

independent component analysis (ICA) anti-correlated networks

were observed with BOLD and with CBV data, opposing our

hypothesis. However, it is likely that not finding significant

negative connections in their ROI-based analysis results from the

different definition of negative connection. Here we used a t-

statistic distribution centered at zero to define positive and

negative connections. As described above, the significant differ-

ences observed between positive and negative connections, as per

this definition, strengthens our belief in its relevance.

In conclusion, we propose that positive and negative connec-

tions in r-fcMRI result from neuronal-mediated hemodynamic

mechanisms leading to temporal and spatial heterogeneity in r-
fcMRI BOLD responses. We suggest that positive connections are

expected to be found between regions with synchronized neuronal

activity and homogeneous hemodynamic responses while negative

connections are expected to be found between regions with

synchronized neuronal activity, yet with heterogeneous hemody-

namic responses.
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