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Spatiotemporal Consistency of Local
Neural Activities: A New Imaging
Measure for Functional MRI Data
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Purpose: To characterize the local consistency by integrating temporal and spatial information in the local region using
functional magnetic resonance imaging (fMRI).
Materials and Methods: One simulation was implemented to explain the definition of FOur-dimensional (spatiotempo-
ral) Consistency of local neural Activities (FOCA). Then three experiments included resting state data (33 subjects), rest-
ing state reproducibility data (16 subjects), and event state data (motor execution task, 26 subjects) were designed.
Finally, FOCA were respectively analyzed using statistical analysis methods, such as one-sample t-test and paired t-test,
etc.
Results: During resting state (Experiment 1), the FOCA values (P<0.05, family-wise error [FWE] corrected, voxel size
>621 mm3) were found to be distinct at the bilateral inferior frontal gyrus, middle frontal gyrus, angular gyrus, and pre-
cuneus/cuneus. In Experiment 2 (reproducibility), a high degree of consistency within subjects (correlation �0.8) and
between subjects (correlation �0.6) of FOCA were obtained. Comparing event with resting state in Experiment 3,
enhanced FOCA (P< 0.05, FWE-corrected, voxel size >621 mm3) was observed mainly in the precentral gyrus and
lingual gyrus.
Conclusion: These findings suggest that FOCA has the potential to provide further information that will help to better
understand brain function in neural imaging.
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Functional connectivity among distributed brain regions

in the resting state has been widely studied in order to

represent the human brain connectome 1 by analyzing spon-

taneous blood oxygenation level-dependent (BOLD) fluctua-

tions of brain activity measured with functional magnetic

resonance imaging (fMRI).2–4 While most studies have

focused on the functional connectivity between different

brain regions, the local coherence of a region in the tempo-

ral domain has also been examined by numerous studies in

recent years. Functional synchrony of the hippocampus in

Alzheimer’s disease was originally quantified as the mean of

the cross-correlation coefficients of spontaneous low fre-

quency (COSLOF).5 Zang et al 7 proposed a regional

homogeneity (ReHo) measure, which was calculated by

Kendall’s coefficient of concordance (KCC),6 of a time series

per voxel with those of its nearest 26 neighbors. Similarly,

with Pearson’s correlation, a measure of integrated local cor-

relation (ILC) was introduced to assess the local coherence

in fMRI data.8 More recently, a novel measurement, named

local functional connectivity density (local FCD), was pro-

posed to characterize the functional homogeneity in fMRI

data.9

Each of the above-mentioned measures has their respec-

tive strengths and weaknesses in assessing the consistency of

temporal fluctuations in local regions. As a rank-based

approach, ReHo is robust against noise and is largely free of

parametric settings and priori knowledge regarding hemody-

namic models.7,10 However, because KCC is sensitive to the
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number of voxels in the neighboring region, ReHo may be

indirectly dependent on image resolution. In an attempt to

solve this problem, ILC, which integrates the spatial correla-

tion function, is effectively independent of image resolution

and is tissue-specific for gray matter and white matter; how-

ever, due to the inherent correlation that is nonnegligible in

the data, a correction approach is required before calculating

the ILC.8 This uncertain risk may reduce the potential

applications of ILC for uncovering brain function. In addi-

tion, local FCD demonstrates its superiority to uncover the

distribution hubs in the human brain 9; however, due to the

restriction of the calculation to the local functional connec-

tivity cluster, the local FCD may face practical problems

during practical choices of the key parameter settings

(thresholds of connectivity and signal-to-noise ratios). All

these measures emphasize the temporal consistency in the

local region; however, they ignore the effect of spatial corre-

lation in the local region in neighboring time. This mean-

ingful information may be useful for functional brain

imaging and may increase our understanding of brain func-

tion. Therefore, we hypothesized that local functional brain

consistency in the resting state could contain two aspects: a

temporal correlation between voxels and a local spatial cor-

relation between neighboring timepoints. And we proposed

a new measure, named FOur-dimensional (spatiotemporal)

Consistency of local neural Activities (FOCA), to character-

ize the local consistency by integrating temporal and spatial

information in the local region. Additionally, we hypothe-

sized that FOCA could be modulated in pertinent tasks.

Materials and Methods

Definition of FOCA
For image data, a time series of a given voxel with those of its

nearest neighbors (26 voxels) can be obtained (Fig. 1a), and a

FOCA value assigned to the given voxel can be calculated by the

following procedure (Fig. 1b). In the temporal correlation aspect,

Ct is defined as the mean of the cross-correlation coefficients of

the local voxels and is given in the equation:
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where rt
ij is Pearson’s correlation coefficient between voxel i and

voxel j, and k is the number of voxels in the local region (27

voxels). On the other hand, for the local spatial distribution in the

m-th timepoint, a spatial correlation between distributions in the

neighboring timepoint is defined as following:
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where r is Pearson’s correlation coefficient and m is the m-th time-

point. The mean spatial correlation (Cs) across all timepoints is

given in the equation:
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where Nt is the number of timepoints. Then (Fig. 1c), the FOCA

value is defined as:

FOCA5Ct � Cs (4)

Finally, the FOCA value for every voxel can be calculated by

Eq. (4) to form FOCA maps. In order to reduce the effect of indi-

vidual variability, we also normalized the FOCA value of each

voxel by dividing it by the mean FOCA of the whole brain for

each subject, that is:

FOCAnorm5
FOCA

mean FOCAð Þ (5)

In addition, based on the aforementioned definition of FOCA,

a simulation was designed to explain the hypothesis of spatiotemporal

consistency in a local region (Supplementary Material A).

Real Data Acquisition
Healthy, right-handed adults participated in the experiments and

signed written informed consent. The study was approved by the

Ethics Committee of University of Electronic Science and Technol-

ogy of China (UESTC). All participants had no history of sub-

stance abuse, neurological or psychiatric disorders, and were

scanned on a 3.0T scanner (GE Discovery MR750, Milwaukee,

WI) at the MRI research center of UESTC.

In Experiment 1 the resting state echo planar imaging runs

were collected for 33 subjects (16 females / 17 males, mean age 6 -

standard deviation [SD]: 21.5 6 2.7 years, age range: 17–25 years).

The scan parameters were TR/TE 5 2000/30 msec; flip

angle 5 90�; matrix size 5 64 3 64; field of view 5 24 3 24 cm2;

and thickness/gap 5 4/0.4 mm. A total of 255 volumes (32 slices

per volumes) were obtained over a 510-second period. Axial ana-

tomical T1-weighted images were also obtained with a 3D fast-

spoiled gradient echo sequence, and the parameters were as follows:

TR/TE 5 6.008/1.984 msec; flip angle 5 9�; matrix size 5 256 3

256; field of view 5 25.6 3 25.6 cm2; slice thickness (no

gap) 5 1 mm. During the scan, all subjects were instructed to close

their eyes without falling asleep and without thinking of any par-

ticular thing.

In Experiment 2 (testing the reproducibility of FOCA), three

repeated resting state scans (Scans 1, 2, and 3) from each subject

(a total of 16 subjects, 5 females / 11 males, mean age 6 SD:

24.5 6 1.2 years, age range: 22–27 years) were obtained using the

scan parameters described above. Scans 2 and 3 were conducted in

a single scan acquisition 20 minutes apart and were obtained 1

year after Scan 1.

In Experiment 3 the MRI data were gathered during a

motor execution paradigm. Two runs (left- and right-hand move-

ment) that each consisted of 405 volumes were obtained over an

810-second period. Using the same scan parameters described

above, images (containing resting state, task, and T1-weighted

data) were collected in 26 subjects (9 females / 17 males, mean

age 6 SD: 23.0 6 2.0 years, age range: 19–26 years).
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Real Data Analysis
In general, the first five volumes were discarded to remove the T1

saturation effects. Next the conventional preprocessing steps, which

were slice time correction, realignment, and spatial normalization

(3 3 3 3 3 mm), were analyzed with SPM8. Then the FOCA

maps (the toolbox of FOCA is available at http://www.neuro.uestc.

edu.cn/FOCA.html with the article) were derived from the func-

tional data preprocessed by regressing out head motion, linear

trend, individual white matter (WM), and cerebrospinal fluid

(CSF) mean signals (head motion 1 linear trend 1 WM/CSF).

Prior to the statistical evaluations for the unsmoothed version of

FOCA, we performed the same 6-mm FWHM spatial smoothing

on normalized FOCA (FOCAnorm) maps.

In Experiment 1, before analyzing the data with the random

effects one-sample t-test, the FOCAnorm maps generated from the

above procedures were subtracted by 1, and the P-value threshold

was set as P< 0.05 (family-wise error [FWE]-corrected, voxel size

>621 mm3). Furthermore, the mean signals were extracted from

the adjacent regions (27 voxels) positioned in peak T-value clusters

of a one-sample t-test, and the frequency spectrums of these mean

signals were analyzed. To evaluate the influences of neighboring

time on FOCA, various durations of neighboring time (from 61

TR to 68 TR) were also considered. In addition, to assess the var-

ious factors that influence on the intrasession reliability of FOCA,

different functional preprocessing procedures, such as regressing

out the mean global signal,11,12 temporal bandpass filtering (which

is a phase-insensitive filter between 0.01 and 0.08 Hz 12) and spa-

tial smoothing (6-mm full-width at half-maximum [FWHM] of an

isotropic Gaussian filter), were considered (more details can be

seen in Supplementary Material B1). Based on the preprocessed

data various measures, such as ReHo (the toolbox is available

at http://restfmri.net/forum/REST_V1.8), ILC, and local FCD

FIGURE 1: Framework of FOCA. a: Spatial and temporal series of a given voxel with those of its nearest neighbors (26 voxels in
general) were obtained from fMRI data. b: Temporal correlation (Ct) and spatial correlation (Cs) are calculated in parallel. For Cs

(although here we just show window with 61 TR (m – 1, m, m 1 1)), various durations of neighboring time could be considered
(for example, from 61 TR to 68 TR in the following test). c: FOCA is defined as Ct*Cs and normalized.
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(achieved through a custom code) were also considered (more

details can be seen in Supplementary Material B2).

In Experiment 2, the data obtained from the repeated resting

state scans were used to test the reproducibility and reliability of

the tissue-specific pattern in 16 healthy subjects. FOCA maps were

generated from all three scans (Scans 1, 2, and 3), and the correla-

tion coefficient between them was used to assess reproducibility

and intrasubject variability.13 The correlation coefficient between

subjects in each scan was also calculated to assess the intersubject

variability.

Images obtained from the data in Experiment 3 were ana-

lyzed to demonstrate the performance of FOCA in event state

data. Comparing the FOCAnorm maps of the resting state, the

FOCAnorm maps of the event state were analyzed with paired

t-tests and the P-value threshold was set as P< 0.05 (FWE-

corrected, voxel size >621 mm3). In addition, the general linear

model (GLM) 14 was also conducted on the event state data and

the activation revealed by the GLM was compared with the FOCA

value.

Results

Characterization of FOCA in the Resting State
Table S1 (Supplementary Material A) shows the simulation

results that FOCA emphasized both temporal consistency

between voxels and local spatial consistency between

neighboring timepoints (mean FOCA values 6 SD: 0.91 6

0.0095). The T-map of FOCAnorm in Experiment 1 is

shown in Fig. 2, and the significant regions (P< 0.05,

FWE-corrected, voxel size >621 mm3) revealed by the mea-

sure were the middle frontal gyrus (BA10), bilateral angular

gyrus (BA39/BA40), precuneus (BA7), bilateral inferior

frontal gyrus (BA9/BA46), cuneus (BA19), and fusiform

gyrus (BA18/BA19) (Table 1). In Supplementary Material

B1, the frequency spectrums (Fig. S4) of all 33 subjects in

the regions identified by FOCA demonstrated that the sig-

nals in these regions were almost low-frequency signals

(<0.08 Hz). Also, the spatial correlation (Cs) and FOCA

decreased with increasing neighboring time (Fig. S5). Sup-

plementary Material B1 also shows the influence of different

preprocessing steps on Ct, Cs, FOCA, and FOCAnorm, and

different preprocessing steps significantly influencing the

FOCAnorm value in the whole brain (F4,128 5 9.6, P< 0.05,

FWE-corrected; one-way within-subjects analysis of variance

[ANOVA]).

Other measures (ReHo, ILC, and local FCD), which

assess the locally functional homogeneity/coherence in the

temporal aspect, were also calculated from the data (Supple-

mentary Material B2). The mean FOCA maps and other

measures (over 33 subjects) are shown in Fig. S6, and the

mean normalized maps of all measures are also displayed.

The spatial distributions corresponding to each bar of these

histograms are also displayed in Figs. S7–S10. In the white

matter and cerebrospinal fluid, the FOCAnorm values were

mostly below 1. This result indicates that FOCA was

sensitive to differences between gray and WM/CSF.

FIGURE 2: T-map of FOCAnorm in the resting state using a one-
sample t-test. Significance was set at P < 0.05 (FWE-corrected,
voxel size >621 mm3).

TABLE 1. One-Sample t-test Results (FOCAnorm maps in the resting state)

MNI coordinates

x y z L/R Lobe Brodmann area t-value Voxels

30 47 25 R Middle frontal gyrus BA10 22.7 15347

45 273 34 R Angular gyrus BA39 21.3

9 276 43 R Precuneus BA7 16.9

51 20 28 R Inferior frontal gyrus BA9 16.6

245 35 10 L Inferior frontal gyrus BA46 16.1

239 267 43 L Angular gyrus BA39/BA40 15.7

23 279 34 L Cuneus BA19 15.3

218 282 223 L Fusiform gyrus BA18/BA19 8.2 69

The significance was set at P< 0.05 (FWE-corrected).
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FOCA Reproducibility
Figure 3 shows the mean correlation coefficients between

the FOCA maps obtained from repeated scans and from

paired subjects in one scan. The mean coefficients (within

subjects) between the FOCA maps generated from repeated

scans were 0.7898, 0.7905, and 0.8191, corresponding to

Scan 1 vs. Scan 2, Scan 1 vs. Scan 3, and Scan 2 vs. Scan

3, respectively. There were no significant differences between

correlations of different paired scans. The mean coefficients

between subjects in each scan were 0.5853, 0.6082, and

0.5915, corresponding to Scan 1, Scan 2, and Scan 3. There

were no significant correlation differences between the two

scans. In addition, the spatial distributions of the mean

FOCAnorm maps (across 16 subjects) in each repeated

scan and all scans were extremely similar (Fig. S11 in

Supplementary Material C). There is a high degree (�0.8)

of consistency within subjects and good consistency (�0.6)

between subjects.

FOCA in an Event State
The event state fMRI data were gathered during two motor

execution tasks (using the left or right hand) that involved

moving the palm up and down. The mean FOCAnorm map

results (across 26 subjects) during the tasks and the statisti-

cal test are shown in Fig. 4. The corresponding maps of

temporal correlation (Ct) and spatial correlation (Cs) are

also displayed in Fig. S12 (Supplementary Material D).

Compared with the resting state, the positive significant

regions (P< 0.05, FWE-corrected, voxel size >621 mm3)

corresponding to left-hand movement (Table 2) consisted of

FIGURE 3: Results of FOCA reproducibility. The mean correlation coefficients between FOCA maps obtained from repeated scans
(left, 16 pairs) or from subjects in one scan (right, 120 pairs) are demonstrated.

FIGURE 4: Results of FOCAnorm and statistical tests (P < 0.05, FWE-corrected) during motor execution tasks. Mean FOCAnorm maps
(26 subjects) generated during left-hand (ME-left) or right-hand (ME-right) movement are shown in the first row. The T-maps of
the paired t-test between the FOCAnorm maps generated from the event state and resting state are also displayed in the second
row.
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the right precentral gyrus (BA6), lingual gyrus (BA18), cere-

bellum, and pallidum. The negative regions consisted of the

fusiform gyrus (BA20), precuneus (BA23), cingulate gyrus

(BA31), superior frontal gyrus (BA6), and bilateral middle

frontal gyrus (BA6/BA8). During right-hand movement

(Table 2), the positive significant regions (compared with

the resting state, P< 0.05, FWE-corrected, voxel size

>621 mm3) were the left precentral gyrus (BA6), cerebel-

lum, and lingual gyrus (BA18). The negative regions con-

sisted of the bilateral cingulate gyrus (BA31), precuneus

(BA23), and inferior temporal gyrus (BA20). In addition,

the positive regions included in the motor execution-related

cortices were similar to the GLM results (Figs. S13–S14 and

Tables S2–S3 in Supplementary Material D).

Discussion

In the resting state data, the significant regions revealed by

FOCA contained some components of the default mode

network (particularly the precuneus, bilateral angular gyrus,

and middle frontal gyrus) in which higher regional cerebral

blood flow 15 and previous measures have been reported.7–9

The occipital regions in which higher values of other meas-

ures have been reported by previous studies 9,16 were also

identified. Furthermore, the frequency spectrums in regions

revealed by FOCA demonstrated that the signals in these

regions were almost low-frequency, spontaneous activity sig-

nals (<0.08 Hz).3 These findings suggest that spatiotempo-

ral consistency, as measured by FOCA, was a meaningful

characteristic of the human brain connectome 1 and may

depend on dynamic BOLD responses to neuronal activity

and local brain structure.

Removing the global signal 11,12 was not a significant

factor and did not significantly alter the FOCA values. This

result may be due to the similarity of regressing out the

global signal on synchronous signals in the local region, and

this effect may not have significantly changed the local

coherence. Bandpass temporal filtering between 0.01 Hz

and 0.08 Hz 3,12 was always used to remove scanner drift

TABLE 2. Paired t-test Results From Moving the Left Hand (ME-left) and Moving the Right Hand (ME-right)

MNI coordinates

Task x y z L/R Lobe Brodmann area t-value Voxels

ME-left Task> rest 36 221 66 R Precentral gyrus BA6 11.91 526

0 287 215 Lingual gyrus BA18 10.98 313

221 251 227 L Cerebelum_6 8.45 42

233 296 0 L Middle occipital gyrus BA18 7.37 29

18 26 26 R Pallidum 7.25 25

Task< rest 239 230 224 L Fusiform gyrus BA20 11.22 56

48 215 227 R Sub-gyral BA20 10.13 46

27 251 24 R Precuneus BA23 9.66 1006

212 239 33 L Cingulate gyrus BA31 8.66

9 239 27 R Posterior cingulate BA23 8.12

218 9 54 L Superior frontal gyrus BA6 8.04 87

30 12 48 R Middle frontal gyrus BA6 7.45 67

236 9 45 L Middle frontal gyrus BA8 6.69 23

ME-right Task> rest 236 221 60 L Precentral gyrus BA4 10.53 437

26 15 215 L Subcallosal gyrus BA25 10.31 26

24 251 233 R Cerebelum_6 8.16 36

0 287 212 Lingual gyrus BA18 7.57 32

Task< rest 218 248 27 L Cingulate gyrus BA31 9.49 358

18 242 27 R Cingulate gyrus BA31 8.67 191

27 251 24 R Precuneus BA23 8.66

257 248 218 L Inferior temporal gyrus BA20 6.74 29

The significance was set at P< 0.05 (FWE-corrected).

Journal of Magnetic Resonance Imaging

6 Volume 00, No. 00



(<0.01 Hz) 17 and physiological noise generated from respi-

ratory and cardiac functions (>0.1 Hz).18 However, Davey

et al 19 found that temporal filtering may artificially induce

temporal correlation connectivity in fMRI resting state data.

This effect might have occurred because temporal filtering

decreased the temporal variation (high frequency), which

then artificially increased the spatial consistency of different

times in the local region. Hence, the FOCA maps generated

from the data after temporal filtering only partially reflect

the specificity of temporal consistency in the local region.

Zuo et al 10 found that spatial smoothing may artificially

enhance ReHo intensity. In other words, spatial smoothing

artificially strengthens temporal consistency in the local

region. Therefore, FOCA maps derived from data with spa-

tial smoothing partially reflected the specificity of spatial

consistency in the local region, and the specificity of tempo-

ral consistency was masked. The performance of FOCA was

poor in the RAW data, and the spatiotemporal specificity of

consistency in the local region was not well differentiated by

FOCA.

Tissue specificity for differences in fMRI physiology

and neural processing has been demonstrated in previous

studies, and differences between the gray and white matter

is one type of tissue specificity.8,20 However, tissue specific-

ity in the gray matter should be investigated further. In the

resting state data, FOCA was not only sensitive to differen-

ces between gray and WM/CSF but also showed good tissue

specificity within the gray matter. Our results also demon-

strated that ReHo 7 was able to discriminate between differ-

ent gray matter tissues, but ILC may be more sensitive

(than ReHo) to differences between gray and white matter.8

The local FCD data also agreed with previous studies that

local FCD demonstrates the distribution of functional hubs

in the brain located in the precuneus and occipital cortex.9

These results demonstrate that each measure has unique

strengths and weaknesses for the characterization of the con-

sistency of local neural activity within the human brain.

In the reproducibility data, there was a high degree of

consistency within subjects, and the patterns revealed by

FOCA were consistent across consecutive resting state scans.

Considering that multiple factors (such as age, gender, and

state of subjects) may cause FOCA variability between sub-

jects, the consistency across subjects was acceptable. Overall,

considering that the reliability of previous fMRI studies typ-

ically ranges from 20% to 80%,9,21 the degree of consis-

tency of FOCA during the resting state is comparable to

these studies. FOCA may also be a robust measure for the

assessment of spatiotemporal consistency in local brain

regions.

In the event state data, compared to the corresponding

resting state, primarily positive regions were identified by

FOCA consistently related to the motor execution task,

which corroborates previous studies.22–24 These positive

regions were also similar to the GLM results. Interestingly,

some studies have suggested that interregional connectivity

in the motor network does not change under different con-

ditions (resting state vs. event state). In other words, a

motor task may not alter the local temporal consistency 8,25;

however, it perhaps changes the local spatial consistency in

neighboring time. A task-induced deactivation (TID) has

been identified in previous studies and was interpreted as

the reallocation of processing resources from areas in which

TIDs occurred to areas that have been identified for task

performance.26,27 The negative results may provide further

evidence that TIDs exist in normal brain function. Overall,

these results demonstrate that the changes in spatiotemporal

consistency in a local region reflect the sum brain function

to an extent, and FOCA could be a potential measure to

capture these changes under different conditions.

One important limitation should be considered for the

future use of FOCA. Temporal filtering and spatial smooth-

ing can influence the spatial and temporal correlations in a

local region, respectively. Therefore, one strategy in our

study was to remove these two steps from the preprocessing

procedure. This strategy may increase the requirement of

data quality. However, for poor quality data, the spatial cor-

relation (Cs*) can be calculated from smoothed data (not fil-

tered) and the temporal correlation (Ct*) can be calculated

from filtered data (not smoothed). Then FOCA can be

defined as the product of the spatial and temporal correla-

tion (Cs* � Ct*). In addition, some useful suggestions are

also provided. Because the hemodynamic responses of

various events overlap in a rapid, event-related design, the

application of FOCA in these tasks should be further inves-

tigated. Also, a current EPI technique for fast scanning28,29

perhaps makes it possible to apply FOCA in the rapid

event-related task. Furthermore, taking into account that

FOCA represents the local spatiotemporal consistency,

FOCA may extend our understanding of brain functions

and dysfunctions, such as altered spatiotemporal patterns

induced by interictal epileptic discharges.30,31

In conclusion, this investigation characterized the spa-

tiotemporal 4D consistency in local brain regions. Addition-

ally, we introduced a new local measure, FOCA, to reveal

the characteristics of local brain activation. These findings

suggest that FOCA may provide additional information that

will help in the understanding of brain function.
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