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The reliability of magnetoencephalography (MEG) resting-state functional connectivity in
schizophrenia (SZ) is unknown as previous research has focused on healthy controls
(HC). Here, we examined reliability in 26 participants (13-SZ, 13-HC). Eyes opened
and eyes closed resting-state data were collected on 4 separate occasions during
2 visits, 1 week apart. For source modeling, we used minimum norm software to
apply dynamic statistical parametric mapping. Source analyses compared the following
functional connectivity metrics from each data run: coherence (coh), imaginary coherence
(imcoh), pairwise phase consistency (ppc), phase-locking value (plv), phase lag index
(li), weighted phase lag index (wpli), and weighted phase lag index debiased (wpli2).
Intraclass correlation coefficients (ICCs) were calculated for whole brain, network, and
network pair averages. For reliability, ICCs above 0.75 = excellent, above 0.60 = good,
above 0.40 = fair, and below 0.40 = poor reliability. We found the reliability of these
metrics varied greatly depending on frequency band, network, network pair, and
participant group examined. Broadband (1-58 Hz) whole brain averages in both HC and
SZ showed excellent reliability for wpli2, and good to fair reliability for ppc, plv, and coh.
Broadband network averages showed excellent to good reliability across 1 hour and 1
week for coh, imcoh, ppc, plv, wpli within default mode, cognitive control, and visual
networks in HC, while the same metrics had excellent to fair reliability in SZ. Regional
network pair averages showed good to fair reliability for coh, ppc, plv within default
mode, cognitive control and visual network pairs in HC and SZ. In general, HC had higher
reliability compared to SZ, and the default mode, cognitive control, and visual networks
had higher reliability compared to somatosensory and auditory networks. Similar reliability
levels occurred for both eyes opened and eyes closed resting-states for most metrics.
The functional connectivity metrics of coh, ppc, and plv performed best across 1 hour
and 1 week in HC and SZ. We also found that SZ had reduced coh, plv, and ppc in the
dmn average and pair values indicating dysconnectivity in SZ. These findings encourage
collecting both eyes opened and eyes closed resting-state MEG, while demonstrating
that clinical populations may differ in reliability.
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FIGURE 5 | Rest10 network broadband connectivity. Data represent mean (=SEM), asterisks denote p<0.05. Patients with schizophrenia had reduced broadband
default mode network average coherence, phase-locking value, and pairwise phase consistency during the eyes closed resting-state (A) and eyes open resting-state
(B). Patients with schizophrenia also had reduced broadband auditory network average weight phase lag index debiased during the eyes closed resting-state (A).

ICCypliz = 0.83), while SZ had good reliability for coh, ppc,
and plv (ICCeop = 0.67, ICCppc = 0.69, ICCp, = 0.70), and
fair reliability for wpli2 (ICCypz = 0.51). Within the auditory
network, Figures 4G,H (AUDN), SZ had fair reliability for coh,
ppc, and plv (ICCop = 0.53, ICCppc = 0.51, ICC,y = 0.55). Any
measure not listed in the above networks had poor reliability.

To compare broadband network functional connectivity
metrics between groups (SZ, HC) the main effect of group was
examined during Visit 1 for the Rest 10 task. As shown in
Figure 5, SZ had significantly reduced coh, plv, ppc in the dmn,
when compared to HC, during both eyes closed [Group effect for
coh: F(1,24) = 5.631, p = 0.026, plv: F(1,24) = 6.766, p = 0.016,
ppc: F(1,24) = 6.564, p = 0.017] and eyes open [Group effect for
coh: F(1,24) = 9.464, p = 0.005, plv: F(1,24) = 11.172, p = 0.003,
ppc: F(1,24) = 10.864, p = 0.003] resting states, Figures 5A,B,
respectively. Furthermore, SZ had significantly reduced wpli2 in
the audn during an eyes closed resting state [Group effect for
wpli2: F(1,24) = 5.001, p = 0.035].

Average network reliability within frequency bands is shown
in Figure6. To help determine which measurement time
(1 hour vs. 1 week) drove the average, Supplementary Figures 1,
2 further break down network reliability within frequency
bands for lhour and 1 week. An alternative version of
Figure 6, showing variability across networks is also provided
in Supplementary Figure 3. As with broadband data, the
somatosensory and auditory networks across all frequencies had
the lowest reliability. Similar reliability levels were found in both
resting-states for all metrics (average HC mean difference = 0.01,
SZ mean difference = 0.02).

Regional Pair Reliability

Broadband connectivity metrics within 3 individual network
pairs (DMN pair, COGN pair, VISN pair) were examined,
as shown in Figure7. MEG connectivity network reliability
varied greatly depending on network pair, connectivity measure
and participant group. Within the default mode network pair,
Figures 7G,H (DMN Pair), HC had fair reliability for coh, ppc,
and plv (ICCop = 0.46, ICCppc = 0.42, ICCp,, = 0.49), and SZ

had fair reliability for coh, ppc, and plv (ICCcop = 0.48, ICCppe =
0.49, ICCp}y = 0.55). Within the cognitive control network pair,
Figures 7G,H (COGN Pair), HC had good reliability for coh, ppc,
and plv (ICC,g}, = 0.68, ICCppc = 0.66, ICCy}, = 0.68), while SZ
had good to fair reliability for coh, ppc, and plv (ICC.,}, = 0.49,
ICCppc = 0.69, ICCp}, = 0.68). Within the visual network pair,
Figures 7G,H (VISN Pair), HC had good reliability for coh, ppc,
and plv (ICCcon = 0.73, ICCppc = 0.73, ICCp, = 0.75), while
SZ had fair reliability for ppc, and plv (ICCppc = 0.41, ICCy}y, =
0.51). Any measure not listed in the above networks had poor
reliability. For both groups, the connectivity metrics imcoh, pli,
wpli, and wpli2 had poor reliability in all 3 network pairs tested.
Eyes open and eyes closed had similar reliability levels in HC and
SZ for all metrics (average HC mean difference = 0.01, SZ mean
difference = 0.01).

To compare regional pair functional connectivity metrics
between groups (SZ, HC) the main effect of group was examined
during Visit 1 for the Rest 10 task. As shown in Figure 8, SZ
had significantly reduced coh, plv, ppc in the dmn connectivity
pair (precuneus right hemisphere to medial orbitofrontal cortex
left hemisphere), during both eyes closed [Group effect for coh:
F(1,24) = 7.817, p = 0.010, plv: F(1,24) = 6.891, p = 0.015,
ppc: F(1,24) = 6.518, p = 0.017] and eyes open [Group effect
for coh: F(1,24) = 11.071, p = 0.003, plv: F(1,24) = 10.789, p
= 0.003, ppc: F(1,24) = 10.154, p = 0.004] resting states when
compared to HC, Figures 8A,B, respectively. Furthermore, SZ
had significantly reduced coh, plv, ppc in the visn connectivity
pair (lateral occipital left hemisphere to middle temporal right
hemisphere) during an eyes closed resting state, [Group effect
for coh: F(1,24) = 9.004, p = 0.010, plv: F(1,24) = 10.132, p
= 0.004, ppc: F(1,24) = 7.345, p = 0.012] Figure 8A, when
compared to HC.

DISCUSSION

Following source analysis various FNC metrics were compared,
specifically coh, imcoh, ppc, plv, pli, wpli, and wpli2. The
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FIGURE 6 | Network reliability across frequency. Network ICC estimates for each connectivity measure were calculated as an average across all runs for each
frequency band (delta-gamma) and in each resting state (eyes closed and eyes open). Network averages for DMN (A,B), COGN (C,D), VISN (E,F), SOMN (G,H), and
AUDN (I,J) are shown in HC and SZ, respectively. Data represent mean ICC value.

reliability of these metrics varied greatly depending on frequency ~ averages in both HC and SZ showed excellent reliability for
band, network, network pair, and participant group examined. = wpli2, good to fair reliability for ppc, plv, and coh and poor
To summarize a few key findings: (1) Broadband whole brain  reliability for imcoh, pli, and wpli, (2) Network averages showed

Frontiers in Psychiatry | www.frontiersin.org 10 December 2020 | Volume 11 | Article 551952


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Candelaria-Cook and Stephen

MEG Connectivity Reliability in Schizophrenia

A Individual Pairs Reliability B Individual Pairs Reliability
1.0 HC: Average, All Runs 1.0 SZ: Average, All Runs
0.8 0.8+
® omm
© 0.61 ol — 'y ©0.6- [
[ J
- 04 s 204 -
0. ot ] 4o m .l N = ..
0.24 . 0.2 * ¢ "
* 9. “0
olo® ° Y : — Y
EC EO EC EO EC EO EC EO EC EO EC EO
DMN Pair COGN Pair VISN Pair DMN Pair COGN Pair VISN Pair
(o] D
1.0 HC: 1hr Reliability 1.0n SZ: 1hr Reliability
o
0.8 0.8 u
on (oW of ‘om .m %, o, eonm
0.6 ¢ - o 0.6 ] -
T0.410 " 0.4
[ * Oun - S .
.21 .21 *»
0.2 " ” - PS 0.2 o . *
0.0-— 0.0- - -—¢- -—
EC EO EC EO EC EO EC EO EC EO EC EO
DMN Pair COGN Pair VISN Pair DMN Pair COGN Pair VISN Pair
1.04 HC: 1wk Reliability 1.0- SZ: 1wk Reliability
0.8 O " .. 0.8{® " on
[ ] o™ % e
0.6+ 0.6+ L
3 onm o S > "
“o4{®¥, m . =041 .
* L 4 ° P ]
021 o ° % . , 0.21 o ¢ on
* < L 2
0.0-— — - —o—e—o-%e- 0.0 r r — 1 —
EC EO EC EO EC EO EC EO EC EO EC EO
DMN Pair COGN Pair VISN Pair DMN Pair COGN Pair VISN Pair
® coh imcon WM ppc M pv @ pi @ wpi € wpli2
a HC: DMN Pair HC: COGN Pair HC: VISN Pair
1.0 1.0 1.0+
0.8 0.8 0.8+ - @ g
0.6 i + é é ©0.6 i @ a ©0.61
Q Q Q
0.4 0.4
0.2 é ﬁ i 0.2
0.0 SN LN DY 00 SN O NSO > N O
N W N N O L&
) O \&oo K ¢ T & & \&oo L T TR & &® \&oo K 9 TR 4@\\
SZ: DMN Pair SZ: COGN Pair $Z: VISN Pair
1.0 1.0 1.0-
0.8 0.8 0.8+
0 0.6 006 0.6
Q &) Q
0.4 ~0.4 0.4
0.2 _ @ 02 1 é 0.2
0.0 PTE e 0.0 —= ? 0.0 —
ST LY SSFL S LY ST L
® & &
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FIGURE 8 | Rest10 network pairs broadband connectivity. Data represent mean (=SEM), asterisks denote p < 0.05. Patients with schizophrenia had reduced default
mode network pair (right precuneus to left medial orbitofrontal cortex) and visual network pair (left lateral occipital to right middle temporal) coherence, phase-locking
value, and pairwise phase consistency during the eyes closed resting-state (A). Patients with schizophrenia had reduced default mode network pair (right precuneus
to left medial orbitofrontal cortex) coherence, phase-locking value, and pairwise phase consistency during the eyes open resting-state (B).

excellent to good reliability for coh, imcoh, ppc, plv, and wpli
within default mode, cognitive control, and visual networks in
HC, while the same metrics had excellent to fair reliability in SZ,
(3) Regional network pair averages showed good to fair reliability
for coh, ppc, and plv within default mode, cognitive control
and visual network pairs, while imcoh, pli, wpli, and wpli2 all
had poor reliability, (4) For both HC and SZ, the default mode,
cognitive control, and visual networks had higher reliability
compared to somatosensory and auditory networks, and (5)
Eyes open and eyes closed states had similar reliability levels
in HC and SZ for all metrics. When taken together, the results
indicate functional connectivity reliability is highly dependent on
connectivity metric, frequency band, and region or network size.

In HC, we confirmed some patterns of functional connectivity
for certain metrics and frequency bands, which were in line
with previous research. Our results in HC were fairly consistent
with previous resting-state MEG studies, although there were a
few differences. For example, in MEG whole-brain functional
connectivity comparisons plv has been found to range from
excellent to good reliability (ICC range 0.74-0.82) in alpha-
gamma bands, while pli has been found to have poor reliability
(ICCs < 0.1) for all frequency bands in both eyes open and
eyes closed resting-states (2). Here, we found similar results that
global functional connectivity averages for plv had excellent to
good reliability across 1 hour and 1 week in delta-gamma bands
and in broadband (ICCp}, = 0.65), while pli had poor reliability
in all bands across 1hour and in broadband (ICC,; = 0.26).
We also found that both eyes open and eyes closed resting
states had similar reliability levels. However, in contrast to the
previous paper, we found that pli had excellent reliability in beta,
gamma, and broadband across 1 week. Another previous study
examining MEG global whole brain reliability found that coh
and wpli had good to excellent reliability in delta-gamma bands
(4). In contrast to this, the present study found that imcoh and
wpli generally had poor reliability in all frequencies with a few

exceptions, such as fair to good reliability for imcoh during an
eyes closed state in beta, gamma, and broadband and fair to
excellent reliability for wpli across 1 week. A potential difference
between the two studies may be how imcoh was calculated.
Here, we reported the imcoh measure without using absolute
values, which is the default formula used by MNE software and
the original publication (28). To get undirected connectivity for
imcoh, certain source models benefit from using imcoh absolute
values, as (4) did. At the resting-state network level, there is often
poor reliability in phase or coh based metrics which are robust
to spatial leakage artifacts, such as pli and its derivatives, as well
as imcoh (1). We found similar results here and reported that
our network averages showed lower reliability in metrics robust
to spatial leakage artifacts, e.g., imcoh, pli, wpli, and wpli2. It is
interesting that both results showed low reliability for the metrics
considering that we used an anatomical parcellation and dSPM
algorithm, whereas the previous publication used a data-driven
parcellation from fMRI along with a beamformer algorithm.
Poor reliability of phase based metrics has also been seen in
another MEG study which found poor reliability in pli in all
frequency bands and networks, but good to excellent reliability
in plv in alpha-gamma bands for visual, sensorimotor, auditory,
and default mode networks (2). Here, we found excellent to good
reliability for coh, plv, and ppc within default mode, cognitive
control, and visual networks, with mixed reliability for pli and
wpli dependent on network and interval length (1hour vs. 1
week). Although graph analysis was not used in the current
study, it should be mentioned that the reliability of those derived
resting-state MEG functional connectivity networks have also
been variable, ranging from poor to good (ICCs 0.256-0.655)
depending on band and metric defining nodal centrality, with
greatest reliability in eyes open resting state networks when
assessed with Dnodal and Enodal metrics (38). Further direct
comparison between our research and (1, 2, 4) is difficult to
interpret given that each study used different source analysis
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and network modeling methods. Functional connectivity metrics
based on phase-related connectivity can minimize the impact
of spatial leakage and zero-lag synchronization, however, the
estimates may be more variable in short or noisy recordings, or
across connectivity pair data. It has been previously suggested
that amplitude envelope correlation and partial correlation
measures have higher reliability and are the most consistent
functional connectivity methods for an MEG resting-state (1),
however, those metrics were not tested in the current study.
Phase-related connectivity metrics perform better when averaged
across larger brain regions, more voxels, and in larger datasets, as
sample size negatively impacts pli and imcoh metrics.

Magnetic field spread or spatial leakage artifacts is a problem
in MEG functional connectivity estimation (39-41) that can
influence measures of functional connectivity and artificially
inflate reliability (1); therefore, metrics which avoid those
confounds, such as imcoh, pli, wpli, phase slope index, amplitude
envelope correlation, are generally recommended. However,
the confounds introduced into connectivity estimation due
to spatial leakage have been shown to be highly repeatable
across scans and between subjects (1). Here, we also found
that the metrics which are prone to spatial leakage, e.g., coh,
plv, and ppc, generally have higher repeatability or reliability
across sessions. The higher reliability may be spurious in
nature, but coh, plv, and ppc remained consistently higher in
reliability even when region size and number of regions averaged
fluctuated in our data, e.g., throughout global, network, and
regional pair data.

While signal leakage is expected to be highly reliable and
may on the surface appear to influence the reliability of certain
connectivity metrics, there are two additional factors which
indicate that the reliability of coh, ppc, and plv is not solely
attributed to signal leakage. First, signal leakage, especially for
MEG, does not spread across the entire brain but remains
relatively localized (41). In our data, the regional network pairs
we selected represented “distant” intra network sources, e.g.,
parietal to anterior frontal or left occipital to right temporal,
greatly decreasing the likelihood of the increased reliability
of the coh, ppc and plv metrics to be influenced by signal
leakage alone. Importantly also, these metrics that cannot directly
eliminate the possibility of signal leakage also retain additional
signal (zero-phase correlations) that metrics robust to signal
leakage ignore. Invasive measures have demonstrated zero-phase
correlations across broad regions of the brain indicating that
not all zero-phase correlations are related to artifact alone,
but contain real signal; therefore, eliminating all zero-phase
correlations may reduce reliability by removing signal. There
are other spatial leakage correction methods for MEG, besides
removing zero-phase correlations, which may improve reliability,
such as geometric correction scheme which removes spurious
local connections without impacting dynamic hub regions and
networks at rest (42) or adaptive cortical parcellations (43). In
fact, it has been suggested that using a non-zero-lag connectivity
metric does not obviate the need for adaptive parcellation. Based
on this information, we consider the current results to support
the reliability of coh, ppc, and pli across region, network and
whole brain analyses.

Interestingly, our research found that the non-zero-lag
connectivity metrics pli, wpli, and wpli2 had variable reliability
depending on the size and number of regions averaged (i.e.,
as spatial resolution was increased, reliability decreased). Those
metrics had their highest reliability in global averages, followed
by network averages, and lowest reliability in individual network
pair connections. For example, when wpli2 was not averaged
across the whole brain or across a network, but in an individual
network pair, HC and SZ groups both had poor reliability (HC
ICC Avg = 0.14, SZ ICC Avg = 0.11), similar to previous
results (5), yet global averages with all regions showed excellent
reliability (HC ICC Avg = 0.85, SZ ICC Avg = 0.84). Even within
network averages, the networks which contained more regions
(default mode-14 regions, cognitive control-26 regions, and
visual-12 regions) had higher reliability than networks defined by
fewer regions (somatosensory-8 regions and auditory-2 regions).
While some have used 2 or 3 nodes to characterize a resting-state
network (2), we decided to use networks defined by the fMRI ICA
resting-state network approach (12, 29, 44), a technique which
has been successfully applied to MEG resting-state networks in
SZ clinical populations (11, 14, 15).

Here, we showed several instances where patients with SZ
had lower reliability in functional connectivity metrics, e.g.,
lower broadband whole brain averages and network averages
when compared to HC. In our previous test-retest paper,
which only examined wpli2 in select superior parietal regional
connectivity pairs, we also found poor reliability in the metric
for patients with SZ (ICC = 0.03), as well as HC (ICC =
0.12) (5). Although reliability was low, meaning significant
effects were not consistent across run, we found instances of
increased functional connectivity between superior parietal to
lateral occipital and superior parietal to entorhinal connections
in patients with SZ (5). However, these results may not replicate
because the metric is unreliable. Previous research has shown that
abnormal resting-state functional connectivity is a key process
underlying SZ (9). While there are no other test-retest functional
connectivity reliability studies to directly compare to, one study
used imcoh and found decreased alpha-band connectivity in left
prefrontal cortex and right superior temporal cortex together
with increased connectivity in left extrastriate cortex and right
inferior prefrontal cortex in patients with SZ (10). Our research
would suggest that imcoh is a connectivity metric with low
reliability in this patient population. We also found higher
variability in ICC 95% confidence intervals (data not shown) in
patients with SZ suggesting greater between subjects variability,
similar to the dynamic functional connectivity finding that
patients change meta-states more often than HC and exhibit
greater inter-individual variability (14). Despite the difficulties
in interpreting the functional meaning of lower reliability and
higher variability in patients with SZ, the current findings are
consistent with deficits in functional connectivity and neural
oscillations previously reported (5, 11, 14, 16, 39, 45). Aside
from differences in ICC, here, we also found that patients with
SZ had significantly reduced coh, plv, and ppc metrics in the
default mode network average and pair (right precuneus to left
medial orbitofrontal cortex) values when compared to HC, in the
Rest10 task during Visit 1. We also found reductions for patients
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with SZ in coh, plv, and ppc metrics in the visual network pair,
and for wpli2 in the auditory network during an eyes closed
resting-state. When combined with the information that ICCs
for these metrics (coh, plv, ppc) were relatively high, it implies
the reduction in default mode functional connectivity seen in
patients with SZ is somewhat stable during both eyes open and
eyes closed resting-states.

A key question in examining test-retest reliability of resting
state networks with MEG is whether there are stable networks
within the time window assessed. Simulations have shown
that at the network level, only longer window lengths were
sufficient to detect resting-state networks that matched the
ground truth, especially for plv, amplitude envelope correlation,
and coh (46). While fMRI has presented multiple studies
demonstrating the reliability of connectivity between different
regions, the timescale of MEG is different and may present
as more or less reliable depending on how these connectivity
patterns are assessed. However, the visual occipital alpha
activation that shows often reliable patterns of activation when
changing between eyes open and eyes closed within subject
provide evidence for the reliability of oscillatory networks. An
additional question that remains is why clinical populations
may exhibit different test-retest reliability than HC. A core
characteristic of SZ is that patients experience repeated relapses
even after initiation of medication (47). This supports the general
idea that brain dynamics in patients are more variable and
is consistent with the general hypothesis that healthy brain
dynamics are maintained through homeostasis and deviations
from this stable state lead to functional consequences (48). Future
research is needed to determine if this reduction in reliability
of measures in patients with SZ is dependent on medication,
disease severity or disease duration and may further inform
clinical treatment.

The current study was designed to compare available
functional connectivity metrics in a test-retest dataset of patients
with SZ and HC. We reported connectivity values without
modification from the MNE provided functions and used a
surface-based source space with a fixed surface orientation.
However, it should be noted that certain functional connectivity
metrics, e.g., imcoh, can become difficult to interpret when source
direction is not well-defined. The other metrics used (coh, plv,
ppe, pli, wpli, wpli2) are the result of absolute value calculations
which account for sign flips across sessions. Others using imcoh
should carefully evaluate their models to avoid introducing
extra variability.

There are several limitations in the present study which
warrant caution. The patient population recruited was a stable,
medicated cohort of patients with SZ. As such, the results may not
generalize to a more varied group of individuals with psychosis,
other populations and/or imaging sites. Furthermore, it remains
unknown if the functional connectivity abnormalities found
were due to underlying neurophysiology of schizophrenia or
were driven by medication, as all patients were antipsychotic
medications. Another cautionary note is the small sample size.
Although ICCs were calculated across 4 separate runs, the small
group size (n = 13) warrants caution when generalizing to larger
samples. Also, it is important to consider the ICC model itself.

An ICC examines variance changes within and between subjects
over time. Occasionally, a low ICC can reflect that a within-
subject change occurred, and may not imply that a measure
itself is inaccurate. While results between our study and others
are similar, each study modeled ICC estimates differently and
ICC values will fluctuate based on the model and variance
assumptions (35, 36, 49). Another aspect to consider is the
localization algorithm used. The optimal source localization
algorithm to examine functional connectivity remains to be
determined. One advantage of the dSPM algorithm is that its
assumptions do not limit the ability to capture synchronous
activity, which remains a limitation of most implementations
of the beamformer approach. However, the dSPM algorithm
is also known to have limited spatial resolution and also can
propagate noise throughout the brain. As such, using dSPM
may impact the sensitivity of the functional connectivity metrics
measured. Future studies should examine realistic simulated
connectivity patterns to determine the conditions under which
the best results are obtained. Finally, the current study included
a single MEG system, definitive conclusions on reliability
cannot be made until a larger sample size and multiple sites
are included.

Our research demonstrates that resting-state connectivity in
clinical populations can be informative and reliable. Certain
functional connectivity metrics should be preferred due to
their higher reliability. MEG can be used to capture neural
oscillatory networks in resting-states with good spatial precision
and reliability. Both eyes open and eyes closed resting states were
reliable over sessions and should be reported to best capture
neural dynamics.
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