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A B S T R A C T

Introduction: Graph theory is a promising mathematical tool to study the connectome. However, little research
has been undertaken to correlate graph metrics to functional properties of the brain. In this study, we report a
unique association between the strength of cortical regions and their function.
Methods: Eight structural graphs were constructed within DSI Studio using publicly available imaging data
derived from the Human Connectome Project. Whole-brain fiber tractography was performed to quantify the
strength of each cortical region comprising our atlas.
Results: Rank-order analysis revealed 27 distinct areas with high average strength, several of which are asso-
ciated with eloquent cortical functions. Area 4 localizes to the primary motor cortex and is important for fine
motor control. Areas 2, 3a and 3b localize to the primary sensory cortex and are involved in primary sensory
processing. Areas V1-V4 in the occipital pole are involved in primary visual processing. Several language areas,
including area 44, were also found to have high average strength.
Conclusions: Regions of average high strength tend to localize to eloquent areas of the brain, such as the primary
sensorimotor cortex, primary visual cortex, and Broca's area. Future studies will examine the dynamic effects of
neurologic disease on this metric.

1. Introduction

Graph theory has been widely applied to social and biological sys-
tems, including the human brain [1–5]. Using this method of analysis,
the brain is divided into discrete cortical regions so the structural or
functional connections between them can be measured. In graph theory
parlance, the distinct areas of cortex defined in the analysis are called
“nodes”, while the structural or functional connections between them
are called “edges”. Analyzing these connections typically involves
measuring different graph theory metrics. Study of these metrics has led
to discoveries critical to our understanding of the human connectome
[1,5–8].

Strength is a graph metric that quantifies the total number of
structural or functional connections to a single node based on the type
of graph under consideration [9]. In structural graphs, strength re-
presents a quantification of the total number of nerve fibers or axons
connected to a single node of gray matter. Our understanding of the

relevance of graphical strength to neuroanatomy remains poorly un-
derstood, as there is a paucity of literature describing the strength of
different cortical regions in the neurosurgical literature.

In this study, we generated eight graph matrices using imaging data
made available through the Human Connectome Project (HCP). The
matrices were constructed based on an atlas of 180 distinct cortical
regions in the left cerebral hemisphere [10]. The matrices were
weighted by the number of fiber tracts terminating within these distinct
regions of interest (ROIs) and were used to measure the strength of each
region as defined in our atlas. Average strengths were computed across
all eight subjects to better understand which parts of the cortex are
associated with high and low strength within the left cerebral hemi-
sphere. The goal of this project was to contextualize node strength
within a useful neurosurgical framework.
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2. Methods

2.1. Obtaining connectome images

Publicly available imaging data was obtained for this study through
the HCP database (http://humanconnectome.org, release Q3).
Diffusion imaging scans from eight healthy, unrelated subjects were
used for fiber tracking analysis (Subjects IDs: 100307, 105115, 111312,
113619, 115320, 117112, 118730, 118932). The diffusion data were
reconstructed using generalized q-sampling imaging within DSI Studio
(Carnegie Mellon, http://dsi-studio.labsolver.org) with a specified dif-
fusion sampling length ratio of 1.25 [11]. A multi-shell diffusion
scheme was used with b-values of 990, 1985, and 1980 s/mm2. Each b-
value was sampled in 90 directions. The in-plane resolution was
1.25mm.

2.2. Generation of structural matrices and measurement of strength

In order to generate a structural matrix, we first had to select a
cortical atlas. We based our atlas on the cortical parcellation scheme
previously published under the HCP [12]. All subject brain imaging as
well as all regions contained within our atlas were registered to the
Montreal Neurologic Institute (MNI) coordinate space [13]. The atlas
ROIs were then loaded into DSI Studio and moved into the correct
anatomic position based on the supplementary details accompanying
the original article parcellating the human cortex [12].

After ensuring each ROI was in its proper anatomic position, whole-
brain fiber tractography was performed in DSI Studio (Carnegie Mellon,
http://dsi-studio.labsolver.org) [14]. A total of 2.5 million seeds were

randomly placed. Voxels were automatically traced with a maximum
angular threshold of 45 degrees. Tracks with length shorter than 10mm
or longer than 800mm were discarded. The cortical atlas consisting of
the anatomic ROIs was then loaded onto the relevant subject brain. The
number of fiber tracts terminating between regions was used to gen-
erate a structural connectivity matrix for each subject. Graph theore-
tical measures, including strength, were computed in DSI Studio and
exported to Microsoft Excel for further quantitative analysis.

2.3. Statistical analysis and rank figure construction

Average nodal strength was measured for each region across all
eight subjects included in this analysis. To compare strength between
parcellations, we standardized average strength measurements by the
ROI volume of each node from the atlas as measured in MNI space.
Standardized strength values were ranked from lowest to highest and
compared graphically using GraphPad Prism 7 (GraphPad Software,
San Diego, California, United States). Linear regression was used to
calculate a Pearson Coefficient between strength and rank for all 180
cortical areas of interest in our atlas. The Spearman Correlation Test
was performed to assess for a correlation between the volume and
strength. Coefficients of variation were also measured to quantify the
variation in strength as measured across subjects. Finally, to measure
the effects of volume standardization on strength, we charted the ab-
solute value change in rank position for parcellations after standar-
dizing average strength measurements.

3. Results

The distribution of average strength values for all 180 parcellations
is shown in Fig. 1. For ROIs of rank 1–152, the line-of-best-fit for
strength compared to rank was linear (Pearson's R2= 0.98,
p < .0001). However, at rank position 153, a point of inflection was
identified in the rank-order chart. At this position, strength began in-
creasing exponentially. The twenty-seven ROIs with average strength
values at or above this point of inflection were considered areas of high
strength (HS). These regions are summarized in Table 1 and displayed
on a representative subject brain in Fig. 2. While some ROIs associated
with high strength were present in the frontal, insular, and parietal
lobes, most regions were concentrated in the medial occipital and
temporal lobes. Because there was no clear indicator to define regions
of low strength in the rank-order chart, a lower limit threshold of 20%
of all parcellations (i.e. 36 regions) was used to identify regions with
low average strength. These cortical regions are summarized in Table 2.
Fig. 3 shows the spatial distribution of these parcellations, which are
concentrated predominantly in the lateral occipital lobe.

Because cortical areas with lower strength tended to be smaller by

Fig. 1. Ranked distribution of all 180 cortical re-
gions included in our atlas according to their average
strength as measured across the eight subjects in-
cluded in this analysis. Regions are plotted in order
of least to greatest strength. Dots signify the mean
strength with associated standard error bars. Linear
regression was used to generate a line-of-best-fit (in
red) for ranks 1–152 (Pearson's R2= 0.988,
p < .0001). A point of inflection is discernible at
ROI rank 153 (black arrow). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
List of cortical regions associated with the highest average strength.

Cortical
region

Average
strength ± SEM

Cortical
region

Average
strength ± SEM

V1 4119 ± 911 FOP4 1688 ± 292
V2 3424 ± 680 PI 1661 ± 196
V3 2279 ± 456 V4 1629 ± 333
6r 2248 ± 382 44 1575 ± 259
TGd 2218 ± 442 TE1p 1570 ± 351
PIR 2210 ± 969 FOP3 1559 ± 406
4 2071 ± 386 RSC 1530 ± 279
PFm 1913 ± 343 TE2a 1470 ± 435
PreS 1826 ± 303 PeEc 1456 ± 467
2 1795 ± 243 PGi 1455 ± 253
3b 1789 ± 304 RI 1412 ± 265
3a 1789 ± 296 PH 1390 ± 200
V3A 1727 ± 271 PGs 1350 ± 249
8C 1715 ± 403
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volume compared to those with higher strength, we used the Spearman
Correlation Test to assess for a correlation between ROI volume and
strength (Fig. 4). A significant correlation between volume and strength
was identified (Pearson R=0.74, p < .0001), even when accounting
for outlier regions with volumes three standard deviations above the
mean (Pearson R=0.61, p < .0001). Given this correlation, we stan-
dardized the average strength for each region by its volume. Fig. 5

shows the distribution of standardized strength values based on rank.
Similar to the rank-order chart for non-standardized strength values
(Fig. 1), the rank-order chart for standardized strength values demon-
strated a linear trend to rank 153, followed by an exponential increase
in standardized strength with two clear outliers, corresponding to areas
4 and Pir in our atlas. Overall, when comparing standardized and non-
standardized ranks, six regions were found to comprise the list of
highest strength ROIs, including areas 4, PIR, PI, FOP3, V3A, and 44. To
allow for cross comparison, we tabulated the areas with the highest
standardized strength in Table 3 and the lowest standardized strength
in Table 4 using the previously established cutoffs for non-standardized
strength measurements. Table 5 lists the regions that underwent the
largest change in rank wen standardizing average strength by volume.
Area 3b demonstrated the largest change in rank when accounting for
volume, decreasing 148 ranks in total. Similarly, sensorimotor areas 1
and 2 decreased 136 and 128 ranks, respectively.

Coefficients of variation for each ROI were also calculated to assess
the variability in the strength measured for each region within our
atlas. Tables 6 and 7 summarize the cortical areas with high and low
coefficients of variation, respectively, based on a threshold of greater
than one standard deviation from mean covariance. While low coeffi-
cients of variation were consistently within 1.5 standard deviations
from the mean, high coefficients of variation were as large as 5.1
standard deviations from the mean. Areas with high coefficients of
variation included PIR, MIP, IFJp, TGV, 13 L, a24pr, and 10v.

Fig. 2. Cortical distribution of all twenty-seven re-
gions defined as having high average strength. These
regions are plotted on sagittal T1-weighted images
using a representative subject brain derived from the
Human Connectome Project database. (A) All high
strength regions are shown unlabeled. (B-J) High
strength regions are labeled on sagittal MRI cross-
sections and organized into clusters: lateral frontal
lobe cluster (B), sensorimotor cluster (C), sensor-
imotor cluster excluding areas 3b and 4 (D), insula
cluster (E), temporal lobe cluster (F), temporal lobe
cluster excluding area TE2a (G), inferior parietal
lobe cluster (H), medial occipital lobe cluster (I), and
a lateral occipital lobe cluster (J).

Table 2
List of cortical regions associated with the lowest average strength.

Cortical
region

Average
strength ± SEM

Cortical
region

Average
strength ± SEM

7AL 421 ± 70 PCV 294 ± 92
Ig 418 ± 98 p24 290 ± 80
A1 416 ± 81 7Am 282 ± 57
LBelt 404 ± 89 VMV1 281 ± 57
24dv 401 ± 78 LO1 278 ± 53
10r 400 ± 13 31a 276 ± 37
d23ab 387 ± 88 10v 264 ± 18
VVC 385 ± 12 13I 261 ± 15
TPOJ3 380 ± 10 47m 241 ± 71
V8 376 ± 75 5 L 238 ± 46
AVI 359 ± 97 LO2 224 ± 59
MT 341 ± 11 PIT 221 ± 61
31pd 330 ± 90 MST 220 ± 50
VIP 326 ± 76 7Pm 175 ± 52
IFJa 314 ± 70 s32 132 ± 48
V4 t 309 ± 66 5m 126 ± 28
VMV3 297 ± 10 pOFC 125 ± 33
47 s 296 ± 34 25 109 ± 44
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4. Discussion

In this study, we constructed structural graphs in DSI Studio using
imaging data derived from eight individual subjects made available
through the HCP. Using these graphs, we were able to quantify the
strength between all 180 cortical regions included in our atlas. In re-
viewing our work related to these regions [15–23], we find that several
cortical areas associated with high strength correspond to uniquely
eloquent brain regions related to primary sensorimotor function, pri-
mary visual processing, and speech production in the left cerebral
hemisphere. Other cortical areas are associated with higher-order

functional networks like visuospatial processing and attention.

4.1. Strength and cortical eloquence

In reviewing the list of areas associated with high average strength,
one important pattern emerged. Several of the areas associated with
high strength represent eloquent parts of the human neocortex asso-
ciated with critical neurologic functions that may be disrupted if the
cortex is damaged during surgery. For example, area 4 is located in the
primary motor cortex, and is responsible for fine motor control of the
distal forearms and fingers [24,25]. Areas 1, 2, and 3b were also found

Fig. 3. Cortical distribution of all thirty-six regions
defined as having low average strength. These re-
gions are plotted on sagittal T1-weighted images
using a representative subject brain derived from the
Human Connectome Project database. (A) All low
strength regions are shown unlabeled. (B–I) Low
strength regions are labeled on sagittal MRI cross-
sections and organized into clusters: lateral frontal
lobe cluster (B), paracentral lobule cluster (C),
medial frontal lobe and cingulate cluster (D), orbi-
tofrontal cluster (E), insula and superior temporal
lobe cluster (F), superior parietal lobule cluster (G),
precuneus cluster (H), and an occipital lobe cluster
(I).

Fig. 4. Correlation between strength and volume. Regions were plotted by strength and volume, (A) with and (B) without outliers (defined as regions with volumes
greater than three standard deviations above the mean volume). Spearman's Correlation Test was used to generate a line-of-best-fit for all regions plotted (red lines in
both panels). The statistical test revealed a significant positive correlation between the average strength of cortical regions and their volume. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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to have high average strength. These areas localize to the primary
sensory cortex and are each involved in critical sensory processes re-
lated to touch and proprioception [26–30].

Early visual processing areas, such as V1, V2, V3, and V4 on the
medial and polar surfaces of the occipital lobe were also associated with
high average strength. These areas are involved in sequential aspects of
visual processing [31–35]. Area V1 is considered the primary visual
cortex and is particularly involved in motion detection [31,32]. Area V2
is important for foreground-background distinction [33]. Area V3 is
involved in perceiving and integrating global motion [31]. Area V4 is
involved in the perception of colour as well as images in the peripheral
visual field [34,35]. Area V3A, one of the areas of greatest standardized
and non-standardized strength, is one area of cortex important in dorsal
visual stream processing [36].

Several other areas, including areas 44, FOP3, and FOP4 are

important in language. For example, both area 44, which forms part of
Broca's complex [37,38], and the fronto-opercular areas (FOP3 and
FOP4) are involved in language production [37–42]. FOP3 and FOP4
are also involved in the retrieval of lexical information and in the
processes of learning language [41,42]. Additional cortical areas with
high strength involved in primary cortical activity include PIR and RI.
Area PIR, also called the piriform cortex, is the primary olfactory center
and is associated with limbic processes related to emotion and memory
[43,44]. Area RI registers primary somatosensory input and integrates
this information with auditory signaling [45,46].

4.2. Strength and higher-order cortical functioning

Many cortical areas associated with high strength are involved in
complex visual processing. For example, the TE areas, area PGi, and
area PE are involved in the higher-order visual processing related to
facial recognition [10,47–49]. Areas TE1p and TE2a are also involved
in visual working memory [10], while area PGi is involved in detecting
changes in visuospatial motion [50]. Area PeEc has roles in semantic
identification and integration of an object's spatio-temporal information
[47]. Other high strength areas are involved in attention-related pro-
cessing and understanding visuospatial relationships, such areas PGs,
8C, RSC, PH, and PFm. For example, area PGs plays a role in changes to
visuospatial attention in response to biological motion [50]. Area 8C
contributes to the maintenance of spatial information as well as the
complex visual processing associated with maintaining attention
[51,52]. Area RSC, also called the retrosplenial cortex, is primarily
responsible for changes in perspective and contributes to spatial navi-
gation [10,53–55]. Area PH is involved in the holistic processing of
visual inputs, including the production of spatial maps and location
recognition [56,57]. This area is also involved in object recognition
[56,57]. Area PFm, in addition to its roles in attention and reorienta-
tion, is involved in several higher-order cognitive processes, including
syntactical language processing and task-related risk assessment
[58,59].

4.3. Strength and volume

Some have warned against broadly applying graph theory to the
brain without standardizing for ROI volume [60]. In doing this, we
identified a significant correlation between node volume and average
strength (Fig. 4). However, we would argue that this correlation better
reflects the critical neurologic functions that are associated with areas
of high strength. In other words, larger areas of cortex are associated
with increasing average strength because the brain requires significant

Fig. 5. Ranked distribution of all 180 cortical regions included in our atlas according to their average strength standardized by their volume. Regions are plotted in
order of least to greatest strength. Dots signify the mean strength with associated standard error bars.

Table 3
List of cortical regions associated with the highest average strength standar-
dized by ROI volume.

Cortical
region

Volume
(mm3)

Average strength Average strength
standardized by volume

4 137.1 2071 ± 386 15.11 ± 2.81
PIR 152.3 2210 ± 969 14.51 ± 6.36
33pr 101.6 600 ± 200 5.91 ± 1.96
PI 318.4 1661 ± 196 5.22 ± 0.61
FOP3 306.6 1559 ± 406 5.08 ± 1.32
V3A 357.4 1727 ± 271 4.83 ± 0.75
STGa 232.4 1074 ± 218 4.62 ± 0.93
44 347.7 1575 ± 259 4.53 ± 0.74
a24pr 240.2 1022 ± 614 4.26 ± 2.55
V7 158.2 658 ± 178 4.16 ± 1.12
TA2 244.1 1003 ± 161 4.11 ± 0.65
V3B 179.7 733 ± 130 4.08 ± 0.72
VMV2 168.0 630 ± 155 3.75 ± 0.92
PreS 496.1 1826 ± 303 3.68 ± 0.61
MBelt 347.7 1259 ± 348 3.62 ± 0.99
s6–8 156.3 558 ± 123 3.57 ± 0.78
IFSp 265.6 877 ± 221 3.30 ± 0.83
i6–8 210.9 695 ± 224 3.29 ± 1.06
PEF 224.6 739 ± 283 3.29 ± 1.25
IFJp 242.2 790 ± 351 3.26 ± 1.44
6r 689.5 2248 ± 382 3.26 ± 0.55
PHA3 347.7 1130 ± 317 3.25 ± 0.91
FOP2 253.9 825 ± 283 3.25 ± 1.11
FOP1 191.4 615 ± 96 3.21 ± 0.50
AAIC 361.3 1155 ± 343 3.20 ± 0.94
LO3 148.4 470 ± 146 3.17 ± 0.98
V3CD 207.0 655 ± 266 3.16 ± 1.28
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structural connections to these eloquent areas, e.g. for fine motor
movement, visual processing, or language production. In addition, it
may be more appropriate within the field of neurosurgery to analyze
absolute changes in strength across the cortex, for example, when pa-
tients undergo resection of glial tumors that have disrupted subcortical
white matter pathways, since strength fundamentally represents the
total number of nerve fibers connected to a given region.

4.4. Strength variation

It is well known that the human connectome varies considerably
from person to person, in both healthy and diseased states [61–63].
Therefore, it was expected that our sample of eight subjects would have
some variation. Indeed, the distribution of coefficients of variation

suggests that some regions have considerably more variation in average
strength compared to others within our atlas. For example, the coeffi-
cients of variation for four cortical regions, including areas 13 L, 10 V,
a24pr, and TGV, were greater than three standard deviations from the
mean (Tables 6, 7). This variation likely reflects two things, (1) our
limited sample size and (2) fundamental anatomic differences between
the HCP subjects used to construct our structural graphs.

4.5. Strength in neuropsychiatric disease and its application to clinical
neurosurgery

Some studies have analyzed the effects of different neuropsychiatric
conditions on nodal strength using functional graphs. For example, one
group has postulated that increased strength in primary visual areas
contributes to improvement in facial recognition skills in adults com-
pared to children [64]. Another study has reported increases in nodal
strength between regions related to audition in individuals presenting
with sudden sensorineural hearing loss [65]. Other studies have shown
that strength within the primary sensorimotor cortex is reduced in
patients with Parkinson's Disease [66,67], and others have demon-
strated decreased network strength across the bilateral orbital regions
of the superior frontal gyri and putamen in children presenting with
absence seizures [68].

While these studies focus on functional rather than structural brain
graphs [64,65,69], they suggest that strength is a dynamic graphical
measure that changes with the developing brain and in the presence of
disease. Despite the utilization of intra-operative fiber tractography to
preserve white matter tracts during brain surgery, it is not currently
routine for neurosurgeons to quantify properties of the connectome or
measure them over a patient's clinical course. As demonstrated in this
study, though, graph metrics can shed light on important underlying
properties within the cortex. With larger clinical data sets, future ap-
plication of these metrics may be used to understand how intrinsic
brain tumors disrupt the connectome and its underlying properties. In
this regard, strength may have clinical utility within neurosurgery if (1)
the metric can be measured and monitored over time, and (2) changes
in the metric can be correlated with changes in neurologic function.

5. Conclusions

Strength is an important graph theory metric that quantifies the
number of structural nerve fiber connections to a given region of cortex.
We have found that regions of average high strength within the left
cerebral hemisphere tend to localize to eloquent areas of the brain, such
as the primary sensorimotor cortex, primary visual cortex, and Broca's
area. Other areas of high strength are involved in complex higher-order
visuospatial and attentional processing. Future studies will examine the
dynamic effects of neurologic disease on this metric, including the ef-
fects of brain tumor surgery, to better understand how strength corre-
lates with neurologic function.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jns.2019.116529.
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Table 4
List of cortical regions associated with the lowest average strength standardized
by ROI volume.

Cortical
region

Volume
(mm3)

Average strength Average strength
standardized by volume

STSdp 550.781 721 ± 124 1.31 ± 0.22
2 1380.86 1794 ± 242 1.29 ± 0.17
8Ad 568.359 733 ± 113 1.29 ± 0.19
9m 738.281 952 ± 242 1.29 ± 0.32
POS2 611.328 781 ± 125 1.27 ± 0.20
TF 839.844 1067 ± 365 1.27 ± 0.43
47m 191.406 241 ± 71. 1.25 ± 0.37
OP4 503.906 630 ± 109 1.25 ± 0.21
31a 222.656 276 ± 37. 1.24 ± 0.17
VMV1 226.563 281 ± 57. 1.24 ± 0.25
VIP 263.672 326 ± 76. 1.23 ± 0.29
6a 953.125 1138 ± 179 1.19 ± 0.18
10d 443.359 529 ± 169 1.19 ± 0.38
1 1175.78 1289 ± 164 1.09 ± 0.13
3b 1664.06 1788 ± 304 1.07 ± 0.18
11I 435.547 452 ± 158 1.03 ± 0.36
24dv 388.672 401 ± 78. 1.03 ± 0.20
VVC 380.859 385 ± 122 1.01 ± 0.32
24dd 525.391 527 ± 143 1.00 ± 0.27
47 s 312.5 296 ± 34. 0.94 ± 0.11
5mv 564.453 522 ± 117 0.92 ± 0.20
7Pm 195.313 175 ± 52. 0.90 ± 0.26
7AL 472.656 421 ± 70. 0.89 ± 0.14
23c 726.563 637 ± 171 0.87 ± 0.23
SCEF 632.813 538 ± 145 0.85 ± 0.22
s32 164.063 132 ± 48. 0.80 ± 0.29
PCV 371.094 294 ± 92. 0.79 ± 0.24

Table 5
Largest changes in node rank FOLLOWING standardization by node volume.

ROI Rank based on average
strength

Rank based on standardized
strength

Change in rank

3b 170 22 −148
2 171 35 −136
IFJa 22 152 130
1 151 23 −128
PFm 173 48 −125
V1 180 58 −122
V4 t 21 143 122
6a 137 25 −112
LO3 43 155 112
PF 150 40 −110
33pr 68 178 110
s6–8 60 165 105
VMV3 20 121 101
TGd 176 78 −98
TE2a 159 61 −98
TF 129 31 −98
p24 17 114 97
VMV2 74 168 94
MST 6 100 94
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