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ABSTRACT

Introduction: Traumatic brain injury (TBI) is one of the leading causes of death globally and
one of the most important diseases indicated by the World Health Organization (WHO). Several
studies have concluded that brain damage can dramatically increase functional connectivity
(FC) in the brain. The effects of this hyper-connectivity are not yet fully understood and are
being studied by neuroscientists. Accordingly, this study identifies areas of the brain where,
after brain injury, an acute increase in FC in such areas is observed.

Methods: The data used in this study were downloaded from the accessible open functional
magnetic resonance imaging (fMRI) site. The data included fMRI of 14 patients with severe
TBI and 12 healthy individuals. The longitudinal model of variance components investigated
the difference between FC in the baseline effect and the longitudinal trend between the TBI
and control groups.

Results: After fitting the longitudinal model of variance components, no difference was
observed between the FC of the two groups due to the baseline effect. However, in the
longitudinal trend of FC, there was a statistically significant difference between the three pairs
of cerebellum left, cerebellum right, superior frontal gyrus left, superior frontal gyrus right,
thalamus left, and thalamus right in the TBI group compared to the control group.

Conclusion: The results showed that FC was sharply increased in 3 pairs of areas in people
with TBI. This hyper-connectivity can affect individuals' cognitive functions, including
motor and sensory functions. The exact extent of this effect is unclear and requires further
investigation by neuroscientists.
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Highlights

* Functional magnetic resonance imaging (fMRI) is crucial for studying brain function and identifying neurological
disorders.

* Resting fMRI reveals abnormal functional connectivity (FC) in individuals with moderate to severe traumatic brain
injury (TBI).

» Significant FC differences were found in 3 region of interest (ROI) pairs between TBI and control groups.
* Longitudinal analysis shows increased FC in TBI patients over time.

* Findings may enhance early diagnosis and treatment strategies for TBI.

Plain Language Summary

This study explores how brain imaging can help us understand the effects of TBI, a serious health issue affecting
millions worldwide. Using a method called fMRI, researchers looked at brain activity in individuals with severe TBI
compared to healthy individuals. They specifically focused on how different parts of the brain communicate with
each other. The research involved 14 people who had experienced severe TBI and 12 healthy controls. All participants
underwent multiple brain scans over a year to track changes in brain function. The study found that people with
TBI showed significant differences in brain connectivity over time, particularly in three specific areas of the brain.
These findings are important because they suggest that changes in how different brain regions connect can indicate
the severity of TBI and help track recovery. Understanding these patterns could lead to earlier diagnoses and more
effective treatments for those affected by brain injuries. Since TBI can result in long-term disabilities, improving our
ability to assess and treat it has broad implications for public health, potentially reducing the burden of this condition on
individuals and society as a whole. This research highlights the value of using advanced imaging techniques to enhance
our understanding of brain health and recovery.

imaging can detect changes in functional brain commu-
nication associated with neuropathology, including brain
damage (Anderson et al., 1995; Crosson et al., 1993).
Traumatic brain injury (TBI) is one of the most impor-
tant diseases indicated by the World Health Organization
(WHO). It is one of the leading causes of death and dis-
ability worldwide and affects adults and children at all
economic levels and in society (Levin et al., 1981). A
2010 study found that approximately 57 million people
worldwide are hospitalized with brain injury problems
each year. However, the exact relationship between life

1. Introduction

unctional magnetic resonance imaging
(fMRI) is a non-invasive technique that has
become a standard criterion for imaging hu-
man brain function in healthy and diseased
populations (Eklund et al., 2017). One type
of fMRI is resting imaging. This type of
imaging was first used by Biswal et al. and
is now a popular method in neuroscience (Biswal et al.,
1995). One way to discover and study the brain mecha-

nisms that underlie behavioral changes in individuals
and patients is to look at brain networks (Bittencourt-
Villalpando et al., 2021). Brain networks affect vari-
ous functions, such as vision, cognition, or movement
control (McTeague et al., 2016). One of these brain net-
works is functional connectivity (FC), which can lead
to discovering patterns and connections between brain
areas. Increasing or decreasing FC in the brain can be
a way to early diagnosis or treatment of neurological
diseases (Hart et al., 2018). fMRI allows indirect mea-
surements of neural activity; therefore, this method of

and disability caused by TBI is unclear (WHO, 2010).
Recently, the use of resting fMRI data in patients with
TBI has been expanding. The magnetic resonance imag-
ing (MRI) data of people with TBI show abnormalities
in the frontal lobes, temporal lobe, and laterals and en-
larging the brain's ventricles (Crosson et al., 1993). Stud-
ies have shown that ventricular enlargement is one of the
best indicators of the severity of brain damage (Henry-
Feugeas et al., 2000). Cognitive control disorders have
also been observed in fMRI data associated with moder-
ate to severe TBI (Scheibel, 2017).
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According to studies, FC has increased abnormally
and excessively in people with moderate to severe TBI,
and the consequences of this increased FC are still being
investigated by neuroscientists (Roy et al., 2017). Also,
fMRI data, which compare two groups of healthy people
with a specific neurological disease collected longitudi-
nally, have become popular nowadays (Esposito et al.,
2013). Accordingly, this study uses the longitudinal mod-
el of Hart et al. on fMRI data of individuals with TBI,
collected longitudinally. Then, it investigates the exces-
sive increase in functional communication of people with
TBI. Due to the different error structures, the longitudinal
model used in this study can be more reliable than other
similar longitudinal models (Hart et al., 2018).

2. Materials and Methods

The data used in this study were downloaded from the
accessible Open fMRI site. This data has the access num-
ber “ds000220” on the site. The subjects who underwent
brain imaging included 14 people with severe TBI. They
were in the age range of 18 to 36 years. Severe brain
injury was measured based on the Glasgow coma scale.
Those with spinal cord injuries or other neurological dis-
eases were excluded from the study. A control group was
also selected, including 12 healthy individuals similar in
age and literacy to the TBI group. The subjects who were
finally chosen as the TBI group were followed up three
months, six months, and twelve months after the brain
injury, and all three times, brain imaging was performed.
Healthy individuals also underwent brain imaging twice
at three-month intervals. Brain imaging was performed
using the Philips Achieva 3T or Siemens Magnetom Trio
3T devices. These scanners were used for neuroimaging
subjects in the control and the TBI group. The subjects
were asked to have the least amount of movement in
scanners. Written consent is obtained from all individ-
uals, and all data collection steps are approved by the
Pennsylvania State University Research Support Office.
Also, all methods and models used in this study were
approved by the Ethics Committee of Shahid Beheshti
University of Medical Sciences.

The image resolution of T1 was obtained with cerebral
segregation weight with an isotropic spatial resolution
of 1.0 mm. Echo planar imaging evaluated blood oxy-
gen level-dependent responses for performance imaging.
Imaging parameters for the echo planar imaging were
2000 ms/30 ms/90° (repeat time/echo time/flip angle),
240%240 mm square field of view, and 80, 80, 80 acqui-
sition matrix with 4 mm thick axial cuts parallel to the
second line It was media (Roy et al., 2017). All data pre-
processing steps, including temporal correction, motion
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correction, matching, normalization, and spatial smooth-
ing, were performed by the FSL software version 6.0.1.
After using the FSL software, the output was entered into
the MATLAB software, version 2019 software, and the
SPM package version 12. The WFU-pickatlas module
was used to exit the region of interest (ROI). A total of 11
ROI of each person's brain was extracted using the SPM
package, in which brain damage had the most significant
impact. The names of 11 ROIs were removed, and the
corresponding number of each ROI is shown in Table 1.

Statistical inference

A longitudinal variance components model was used
to compare FC in control and TBI groups (Hart et al.,
2018). The longitudinal model used in this study has two
basic properties. Using the longitudinal model of vari-
ance components, the automatic correlation of the data
obtained from the fMRI time series, the conflict of cova-
riance due to heterogeneity of individuals, and the clash
of covariance due to the difference of each individual
over time can be measured. By measuring the mentioned
parameters, the results obtained from fitting the longitu-
dinal model of the variance components will have minor
errors. If we show the number of areas with P, we also
offer the number of pairs ROI that are compared in two
groups with Q, considering that in this study, 11 ROI
have been selected, the total number of comparisons
will be calculated in two groups of control and TBI us-
ing the relation ('"),. Therefore, 55 comparisons between
pairs' ROI are 2 calculated in each group. Assuming 3
is a vector of length 2Q, Q will denote the first element
by B, which determines the group difference due to the
FC baseline effect; accordingly, the difference in FC be-
tween the control group and the TBI group at the base
time. We also show the second element, Q, with B, which
calculates the group difference in the longitudinal trend
of FC, i.e. the difference in FC between the control and
TBI groups over time using the longitudinal model of
the variance components. The meaning of FC group dif-
ference in the baseline is to evaluate the difference in
FC between the two TBI and control groups at baseline.
This assessment is a difference in the degree of corre-
lation between the ROI in the two groups of TBI and
control at the base time, that is, the first scan taken from
individuals. Also, the difference between the FC Longi-
tudinal trend means that the difference in FC over time
between the TBI and control groups is evaluated. This
assessment is also a difference in the degree of correla-
tion between ROI in the two groups of TBI and control
over time. More information on the details of the longi-
tudinal model of the variance components can be found
in Hart et al. (Hart et al., 2018).
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Table 1. Names of the region of interest extracted using the SPM package

Region of Interest Names

Region of Interest Number

1

2

10

11

Brain stem
Cerebellum left cerebellum right
Inferior temporal gyrus left
Inferior temporal gyrus right
Superior frontal gyrus left
Superior frontal gyrus right
Superior temporal gyrus left
Superior temporal gyrus right
Thalamus left
Thalamus right

Thalamus right

3. Results

The longitudinal model of the variance components
tests the group difference based on the FC base time and
the group difference in the FC longitudinal trend. The es-
timation of the main effects and longitudinal trend in the
control group was determined with B,,.. Assessment of
the main effects and longitudinal trend in the intervention
group was shown with B__ . After fitting the longitudinal
model of the variance components to the two groups, it
was observed that no statistically significant difference
between the control group and the TBI group due to the
base time of FC and between pairs ROI. By fitting the
longitudinal model of the variance components to the
control and TBI groups, a statistically significant differ-
ence was observed between the control group and the
TBI group in 3 pairs of ROIs in the longitudinal trend of
FC. The pairs of regions, cerebellum left and cerebellum
right, superior temporal gyrus left and superior temporal
gyrus right, thalamus left and thalamus right had a sta-
tistically significant difference in FC over time between
the control and TBI groups. Therefore, out of 55 ROI, in
three pairs ROI, there was a statistically significant dif-
ference between the control group and the TBI group in
the longitudinal trend of FC. Table 2 shows the complete
information about the pair of substantial ROIs.

Figure 1 at the bottom left shows the difference be-
tween the estimates of the main effects and the longitu-
dinal trend of FC in the control and TBI groups. Accord-

ingly, in most pairs of ROIs, the difference between the
estimation of the main effects and the longitudinal trend
of FC was more significant in the TBI group than in the
control group. The red circle points indicate a positive
difference, and the blue circle points indicate a negative
difference between the two groups. With these interpre-
tations, in estimating the main effects of FC, the TBI
group in the two pairs of regions 2 and 3 and 8§ and 9
showed a decrease in FC compared to the control group.
However, this difference was not statistically significant.
The estimation of the effects of the longitudinal trend
of FC also shows that in comparison with most pairs of
ROIs, FC between the TBI group has increased com-
pared to the control group. In Figure 1, at the bottom left,
the top triangular diagram shows that the pairs of regions
“2and 3,” “6 and 7,” and “10 and 11" have bolder points
than the other pairs of pants. This indicates an increase
in FC in the TBI group compared to the control group
over one year.

Figure 1, at the bottom right, shows the -log 10 P to
compare the estimation of the main effects and the lon-
gitudinal trend of FC in the pair's ROI between the TBI
and the control groups. Accordingly, in estimating the
longitudinal trend of FC between the control group and
TBI, pairs of regions “2 and 3,” “6 and 7,” and “10 and
11” have more prominent points than other points.
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Table 2. Functional connectivity coefficients: TBI vs control group comparisons

Pairs of Areas of B, - B, Interaction Adjusted P Interaction

B, - B, Main Effect Adjusted P Main Effect

Interest Effect Effect
1,2 0.159 0.139 0.659 0.329
1,3 0.165 0.137 0.549 0.279
2,3 -0.291 0.349 0.054 0.036"
2,4 0.095 0.080 0.710 0.549
2,6 0.041 -0.117 0.884 0.327
2,7 0.062 -0.114 0.789 0.109
3,5 0.054 0.124 0.843 0.109
3,6 0.046 -0.121 0.843 0.175
3,7 0.118 -0.128 0.672 0.175
6,7 -0.146 0.342 0.640 0.036"
6,9 0.049 -0.090 0.820 0.329
8,9 -0.270 0.206 0.073 0.079

11,11 -0.103 0.372 0.716 0.036

"Significance at the 95% confidence level.

4. Discussion

This study applied the longitudinal model of variance
components to fMRI neuroimaging data of subjects with
severe TBI disease that were collected longitudinally.
The data used in this study are unique in fMRI imaging
studies due to the severity of brain damage and follow-
up time. Also, due to the different error structures, the
longitudinal model used in this study has better reli-
ability. By fitting the longitudinal model of variance
components, no statistically significant difference was
observed in the baseline effect of FC between the TBI
group and the control group. However, in the longitu-
dinal course of FC between the three pairs of regions,
hyper-connectivity was observed in the TBI group
compared to the control group. The cerebellum left and
cerebellum right regions, superior frontal gyrus left and
superior frontal gyrus right, and the thalamus left and
thalamus right regions were areas where hyper-connec-
tivity was observed in the TBI group compared to the
control group. The cerebellum left and cerebellum right
regions are responsible for balancing and coordinating
the body's muscles to perform a specific function in the
brain. Eye movements and motor learning also function
in the cerebellum left and cerebellum right areas (Ferrari
et al., 2019). The superior frontal gyrus left and superior
frontal gyrus right regions play a crucial role in human

self-awareness and working memory (Boisgueheneuc et
al., 2006). The thalamus left and thalamus right regions
are also responsible for amplifying sensory signals in the
brain. Other functions of the thalamus left and thalamus
right include learning, episodic memory, sleep regula-
tion, and wakefulness (Torrico & Munakomi, 2023).

This study only identified brain areas in people with
severe TBI who have experienced an acute increase in
FC in their areas of the brain. Numerous studies have
addressed the issue of sharp FC increase in patients with
moderate to severe TBI. In 2015, Sours et al. evaluated
77 individuals with mild TBI and 35 healthy individuals
for the severity of FC under the thalamus cerebral cortex
using the standard t test and the analysis of variance test.
The results of their study showed that people with mild
TBI experienced an excessive increase in FC beneath the
various layers of the thalamus, the subcortices associated
with sensory processing, and the default mode network.
According to Sours et al., people with mild TBI showed
that they experienced cognitive, neurological, behav-
ioral, sensory, and physical disorders. Their results sug-
gest that this hyper-connectivity may affect brain areas
related to sensory, motor, and even auditory functions.
The brain is trying to heal after an injury, and time must
be given for a full recovery (Sours et al., 2015).
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Figure 1. Functional connectivity analysis: Baseline and longitudinal effects in TBI and control groups

A) The estimation of baseline FC effects in pairs of ROIs (bottom triangle diagram of the control group and top triangular
diagram of TBI group).

B) Estimation of the longitudinal effects of FC in the pair of ROIs (the lower triangular chart shows the control group and the
upper triangular diagram shows the TBI group).

C) The difference between the coefficients of the TBI group and the control group in the FC network survey (the upper trian-
gular diagram shows the longitudinal trend of difference between the two groups in the FC network, and the lower triangular
graph shows the base effect of the two groups in the FC network).

D) -log10 P to compare pairs of ROIs in longitudinal trend and FC baseline effect (the upper triangular diagram shows the
-log10 P for the difference in the longitudinal trend of the couples of ROIs, and the lower triangular chart shows the -log10 P
for the difference in the baseline effect of the pairs of ROI in FC).

Abbreviations: FC: Functional connectivity; ROI: Region of interest; TBI: Traumatic brain injury.
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The present study results are also consistent with the
study of Sours et al. In the present study, an acute in-
crease in FC in the thalamus was observed as well. In the
study of Sours et al., common statistical methods were
used to examine group differences. In contrast, our study
used a new longitudinal statistical model to examine
group differences in baseline effect and FC longitudinal
trend. In 2016, Iraji et al. followed up on 16 patients with
mild TBI for 4 to 6 weeks after injury and were given
fMRI at rest. A total of 24 people were also selected as
the control group. In this study, it was concluded that
mild TBI patients have higher FC than the control group.
Iraji et al. concluded that concussion can alter FC and
that the brains of people with mild TBI tend to be hyper-
active to compensate for the pathophysiological abnor-
malities caused by the injury. This brain activity occurs
in response to the problem created after a brain injury,
and the brain increases these functional connections to
compensate for the damage. This increase is too much
for the affected areas responsible for executive functions
and working memory (Iraji et al., 2016).

The results of our study are mainly similar to Iraji et al.
because the areas in the present study that experienced
an excessive increase in FC affect organizational perfor-
mance and working memory. Meanwhile, the data used
in our study are similar to the study of Iraji et al., but our
data's follow-up time is one year and is more valid in
terms of time. The model used in our study may provide
stronger results due to the different error structure than
the common methods used in the study by Iraji et al. In
2017, Bernier et al. examined FC at rest using fMRI im-
ages. They analyzed 14 people with moderate to severe
TBI and 19 healthy people. They used a 264-area atlas
to identify areas of the brain. Finally, they concluded
that the FC in the group with TBI was much higher than
the FC in the control group. Bernier et al. hypothesized
that this hyper-connectivity after brain injury might have
been due to dedifferentiation. Dedifferentiation means
the loss of specialization and function in a specific net-
work of the brain that occurs most often in old age (Ber-
nier et al., 2017). The areas used in the study by Ber-
nier et al. were different from our study. Also, the data
used in their study were cross-sectional, while the data
used in the present study were collected longitudinally.
A new longitudinal model was used in our study, while
in Bernier et al., common statistical methods such as t
test and analysis of variance were used. However, the
results of both studies showed a hyper-connectivity in
the TBI group. In 2019, Konstantinou et al. examined
the correlation between brain regions in two groups of
people with moderate to severe TBI. There were 11 peo-
ple in both groups. They found that those with moderate

July & August 2024, Vol 15, No. 4

to severe TBI had impaired executive function, verbal
memory, and visual memory, which were associated
with differences in FC in the cerebral cortex (Konstanti-
nou et al., 2019).

Our study also showed that hyper-connectivity occurs
in areas of the brain that are responsible for executive
functions. In a 2020 study by Lu et al., 27 people with
moderate TBI and 43 healthy people with FC in several
brain areas were compared using fMRI imaging. This
study was cross-sectional and showed a decrease in FC in
the superior frontal gyrus. The results of Lu et al.'s study
showed that decreased FC in the thalamus and superior
frontal gyrus caused headaches in people with mild TBI
(Lu et al., 2020). The results of our study are different
from those of Lu et al., as they observed a decrease in FC
in the TBI group, while we observed hyper-connectivity
in the TBI group. Their study is cross-sectional, while
our study is longitudinal. In 2020, Lu et al. conducted an-
other study on 53 patients with mild TBI and 37 healthy
individuals. Resting fMRI was used to compare FC in
the two groups. The results showed that hyper-connec-
tivity in the right posterior insula and inferior frontal
gyrus was observed in the mild TBI group compared
to the control group (Lu et al., 2020). Their study was
cross-sectional and common statistical methods, such as
the Pearson correlation coefficient test have been used.
However, longitudinal data have been used in the pres-
ent study, and a newer statistical model has been fitted to
the data. The results of both studies show an excessive
increase in FC in many areas of the brain. In 2021, Sheth
et al. analyzed 49 veterans with mild TBI and 25 veter-
ans without cerebral palsy for FC using fMRI neuroim-
aging. They found that FC was significantly increased
in veterans with mTBI compared with veterans without
cerebral palsy. Sheth et al. concluded that this sharp in-
crease in FC in veterans with mild TBI could be a mech-
anism for maintaining overall brain network function
(Sheth et al., 2021). Also, in 2021, Amir et al. examined
the FC network of resting fMRI neuroimaging among
27 patients with mild TBI and 26 in the control group.
They observed hyper-connectivity in patients with mild
TBI compared to the control group. Amir et al. argued
that this hyper-connectivity could be due to post-injury
protective mechanisms, which are nerve compensation
in the brain system. There are also signs that this acute
increase in FC may be causing psychological distress
or headaches. The nature of this hyper-connectivity can
depend on some factors, including age, pre-injury cogni-
tive function, or nervous system (Amir et al., 2021). The
results of Amir et al.'s study are in line with the present
study. However, the differences between our study and
Amir et al.'s study are in the length of the data and dif-
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ferent statistical methods to examine the difference be-
tween FC in the two groups. There is still no convincing
evidence for the claims of hyper-connectivity in patients
with moderate to severe TBI. Researchers and neurosci-
entists need to investigate the nature and cause of this
acute increase (Amir et al., 2021).

5. Conclusion

Using neuroimaging data from people with severe TBI,
collected longitudinally and applying the longitudinal
model of variance components for these data, due to the
different nature of the error structure compared to similar
models, can make the results of the error structure of this
study highly cited. By fitting the longitudinal model of
variance components, it was concluded that in the longi-
tudinal trend of FC in the TBI group, hyper-connectivity
compared to the control group was observed in the pairs
of cerebellum left and cerebellum right, superior fron-
tal gyrus left and superior frontal gyrus right, as well as
thalamus left and thalamus right. This hyper-connectivi-
ty can affect people's cognitive functions, but the extent
and manner of this effect have not been determined to
date and require more detailed studies.
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