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Anatomy and White Matter Connections of the Middle Frontal Gyrus
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-BACKGROUND: The middle frontal gyrus (MFG) is
involved in attention, working memory, and language-
related processing. A detailed understanding of the
subcortical white matter tracts connected within the MFG
can facilitate improved navigation of white matter lesions
in and around this gyrus and explain the postoperative
morbidity after surgery. We aimed to characterize the fiber
tracts within the MFG according to their connection to
neuroanatomic structures through the use of diffusion
spectrum imaging-based fiber tractography and validate
the findings by gross anatomic dissection for qualitative
visual agreement.

-METHODS: Tractography analysis was completed using
diffusion imaging data from 10 healthy, adult subjects
enrolled in the Human Connectome Project. We assessed
the MFG as a whole component according to its fiber
connectivity with other neural regions. Mapping was
completed on all tracts within both hemispheres, with the
resultant tract volumes used to calculate a lateralization
index. A modified Klingler technique was used on 10
postmortem dissections to demonstrate the location and
orientation of the major tracts.

-RESULTS: Two major connections of the MFG were
identified: the superior longitudinal fasciculus, which
Key words
- Connectome
- MFG
- Middle frontal gyrus
- Neurology
- Neurosurgery
- White matter

Abbreviations and Acronyms
AF: Arcuate fasciculus
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connects the MFG to parts of the inferior parietal lobule,
posterior temporal lobe, and lateral occipital cortex; and the
inferior fronto-occipital fasciculus, which connected the
MFG to the lingual gyrus and cuneus. Intra- and intergyral
short association, U-shaped fibers were also identified.

-CONCLUSIONS: Subcortical white matter pathways in-
tegrated within the MFG include the superior longitudinal
fasciculus and inferior fronto-occipital fasciculus. The MFG
is implicated in a variety of tasks involving attention and
memory, making it an important cortical region. The post-
operative neurologic outcomes related to surgery in and
around the MFG could be clarified in the context of the
anatomy of the fiber bundles highlighted in the present study.
INTRODUCTION
s our understanding of the frontal lobe has increased, it
has become clear that its prefrontal, premotor, and motor
Asubdivisions serve specific functions.1 It has been found

that the middle frontal gyrus (MFG) is an important center
facilitating attentional processes.2-5 Human neuroimaging and
animal lesion studies have demonstrated that this area plays a
VAN: Ventral attention network
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Figure 1. (A) Superficial anatomy of the middle frontal gyrus (MFG) on
dissection. (BeD) The definition of the region of interest of the MFG, from
lateral to medial, in DSI Studio. CS, central sulcus; IFS, inferior frontal
sulcus; IPrS., inferior precentral sulcus; PrG, precentral gyrus; SFG,
superior frontal gyrus; SFS, superior frontal sulcus; SPrS., superior
precentral sulcus.
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critical role in the reorienting of attention, working memory, and
speech and language comprehension.6-11

Recent improvements in functional knowledge regarding the
MFG should benefit clinical management and surgical decisions.
Similar information has been provided for the speech and motor
areas, enabling intraoperative speech and motor mapping to
prevent deficits postoperatively.12 However, little knowledge or
standardization is available concerning the intraoperative tests
that can be applied to prevent attentional and working memory
deficits after brain surgery owing to their complexities. Thus, an
immediate need exists to acquire the precise structural and
functional data underlying these processes according to the
corticalesubcortical connections that the operating neurosur-
geon can easily apply during cerebral surgery to prevent these
deficits.13

In the present study, we investigated the anatomic organi-
zation of the white matter fiber bundles connecting to the MFG
and elucidated its functional relevance. Through diffusion
spectrum imaging (DSI)-based fiber tracking and validation of
the information using gross anatomic dissection for qualitative
visual agreement, we have described the tracks arising within
the MFG according to their connections to other brain cortices.
We hypothesized that an improved understanding of the
cortical white matter pathways of the MFG could be applied in
multimodal navigation of white matter lesions in this region to
help preserve patient function, given evidence that DSI-based
neuronavigation facilitates the preservation of relevant cortical
connections to decrease post-operative deficits.13,14

METHODS

Definition of Regions of Interest
From an anatomic perspective, the MFG is located on the
lateral bank of the frontal lobe, situated between the superior
and inferior frontal sulci. The gyrus extends from the frontal
pole anteriorly to the precentral sulcus/precentral gyrus pos-
teriorly. For the purposes of fiber tractography, these anatomic
boundaries were used to divide the MFG into 3 regions of in-
terest (ROIs): an anterior region occupying the frontal polar
aspect of the gyrus; a posterior region extending from the
precentral sulcus anteriorly; and a middle region connecting
the other 2. The coronal plane was used to visualize the su-
perior and inferior frontal sulci, and the axial and sagittal
planes were used to establish the extents of the ROIs. The
basic anatomy of the MFG is shown in Figure 1.

Tractography
Publicly available imaging data from the Human Connectome
Project were obtained for the present study from the Q3
release. Diffusion imaging with corresponding T1-weighted
images from 10 healthy, unrelated subjects were analyzed
during fiber tracking analysis using previously described
methods (subject identification numbers, 100307, 103414,
105115, 110411, 111312, 113619, 115320, 117112, 118730, 118932).15

A multishell diffusion scheme was used, including b-values
equal to 1000, 2000, and 3000 s/mm2, with sampling in 90
directions for each b-value. The in-plane resolution was set
at 1.25 mm, and the diffusion data were reconstructed using
WORLD NEUROSURGERY 150: e520-e529, JUNE 2021
generalized q-sampling imaging, with a diffusion sampling
length ratio of 1.25.16

The neuroimaging studies from the subjects were compared by
registering the brains to the Montreal Neurologic Institute coor-
dinate space on a standardized brain model.17 Tractography was
performed using DSI Studio (Carnegie Mellon University,
Pittsburgh, Pennsylvania, USA; available at: https://ni.cmu.edu/
computing/knowledge-base/dsi-studio/) and a ROI approach to
initiate fiber tracking from a user-defined seed region was
completed.18 A 2-ROI approach was used to isolate the tracts.19 To
limit partial reconstructions and overestimations, the ROIs were
traced with a maximum angular threshold of 45�, and the tracts
were halted when a voxel was approached with no tract
direction or when a direction change >45� was met.
Nonrelevant tracts were excluded by using exclusion ROIs in our
analyses. The tracts were identified in both hemispheres for all
defined regions of the MFG.
In the present study, the MFG was divided into 3 regions: an

anterior, a middle, and a posterior region. Before the cadaveric
study, the tractography data for the MFG were analyzed from
anteriorly to posteriorly. The lateralization indexes (LIs) were
calculated using the formula (right volume � left volume)/(right
volume þ left volume) based on the resultant tract volumes from
the identified tracts of interest.20 The interhemispheric differences
among the individuals were studied using an unpaired t test (P �
0.05).
www.journals.elsevier.com/world-neurosurgery e521
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Postmortem Dissection
To validate the tractography results, we sought to demonstrate the
location of the white matter tracts connecting to the MFG by gross
anatomic dissection for qualitative visual agreement.21,22

Postmortem blunt dissections were performed using a modified
Klingler technique with careful preservation of the major white
matter tracts of interest and both short- and long-range fibers.23

The white matter tracts were dissected within both hemispheres.
We have described our methods previously, which showed great
reliability and reproducibility.24-26 The use of a modified Klinger
technique preserves the myelin sheaths and axonal structures well
and has demonstrated great concordance with histological anal-
ysis of the tracts.27,28 Relevant to our report, anatomic dissection
provided a better validation method for our tractography
compared with histological analyses owing to the presence of
longitudinal fibers, such as the arcuate fasciculus (AF) and
inferior fronto-occipital fasciculus (IFOF), which are difficult to
discern with histological maps,21 although both methods have
their limitations.28 We used 10 specimens in the present study,
obtained from our institution’s Willed Body Program, with
approval from the Oklahoma Home State Anatomic Board. All
the specimens had been donated by individuals who had died of
causes unrelated to intracranial pathology.

RESULTS

Long-Range Association Fibers
The MFG is structurally connected to multiple long-range white
matter tracts in the brain, including the superior longitudinal
Table 1. Major Connectivity of MFG and Related Speculative Functio

Target Connecting Pathway

Frontal lobe

Lateral orbitofrontal gyrus UF, IFOF

Pars triangularis AF

Precentral gyrus SLF

Pars orbitalis IFOF, UF

Parietal lobe

Postcentral gyrus SLF

Inferior parietal lobule AF, SLF

Superior parietal lobule SLF

Supramarginal gyrus SLF

Temporal lobe

Superior temporal gyrus AF, UF

Middle temporal gyrus AF

Inferior temporal gyrus AF

Occipital lobe

Lateral occipital lobe IFOF

Pericalcarine cortex IFOF

MFG, middle frontal gyrus; UF, uncinate fasciculus; IFOF, inferior fronto-occipital fasciculus; AF, a
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fasciculus (SLF), IFOF, AF, and uncinate fasciculus (UF). The
callosal fibers were also identified, which arose within the anterior
and middle thirds of the MFG in most subjects. These callosal
fibers passed through the genu of the corpus callosum to termi-
nate in the contralateral MFG. A summary of these results is
presented in Table 1.

Superior Longitudinal Fasciculus. The SLF arises within the poste-
rior one third of the MFG. The SLF fibers project deep with the
posterior frontal lobe white matter, and then course posteriorly
deep to the sensorimotor cortex. Parietal rami carry some of these
fibers to their termination within the inferior parietal lobule at the
level of the angular gyrus deep to the superior temporal sulcus.
Other fibers continue their course, curving 90� inferiorly to enter
the subcortical white matter of the posterior temporal lobe. The
fibers then terminate in the posterior middle temporal gyrus and
the lateral occipital lobe near the lateral occipital sulcus. In some
subjects, the SLF connections also projected into the posterior
extent of the inferior temporal gyrus. Examples of SLF fiber
tractography are shown in Figures 2 and 3. Large, non-significant
variations between the left and right hemispheres were noted
during SLF fiber tracking analysis (P ¼ 0.07). The left and right
SLF fiber bundles projected to the same cerebral regions,
including the angular gyrus of the inferior parietal lobule, lateral
occipital lobe, and posterior middle temporal gyrus.

Inferior Fronto-Occipital Fasciculus. The IFOF showed significant
variations across all 10 subjects in the present study. In addition, a
key difficulty in describing the IFOF fiber tracking results has been
n

Speculative Function

Decision making; impulse control

Syntactic, phonologic, and semantic processing

Action selection and inhibition; fluency, prosody, and speech comprehension

Syntactic, phonologic and semantic processing

Somatosensory processing

Working memory (especially semantic)

Semantic processing; working memory; attentional processing

Semantic and phonological processing; attentional processing

Auditory and verbal processing

Semantic-lexical processing; verbal memory

Semantic, numerical, and emotional processing; episodic memory

Selective visual processing; attentional processing

Selective visual processing (object processing)

rcuate fasciculus; SLF, superior longitudinal fasciculus.
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Figure 2. (A) Gross dissection of the association fibers
beneath the cortex of the middle frontal gyrus (MFG)
and adjacent gyri. (BeD) Tractography of U-fibers and
superior longitudinal fasciculus (SLF) originating from

the MTG, from lateral to medial. PG, postcentral gyrus;
PrG, precentral gyrus; SFG, superior frontal gyrus; SPL,
superior parietal lobule.
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that the fibers could be seen arising within the frontal pole in the
anterior ROI during fiber tracking analysis. All 3 frontal gyri merge
at the level of the frontal pole. The left IFOF arises in the anterior
third of the MFG. These fibers course inferiorly, converging at the
level of the insular and opercular cortex to pass posteriorly in the
extreme and external capsules of the insula. The IFOF fibers then
pass laterally around the thalamus and diverge within the
subcortical white matter of the posterior temporal lobe. The IFOF
fibers continue to course posteriorly into the occipital lobe,
eventually turning medially to end at the cuneus, lingual gyrus,
and occipital pole. Examples of IFOF fiber tractography associated
with the MFG are shown in Figure 4. We found minimal variation
between the left and right hemispheres (P ¼ 0.83).
Arcuate Fasciculus. The fibers of the AF were found to travel in an
anteroposterior direction, adjacent to the frontal aslant tract, with
multiple terminations in the frontal, parietal, and temporal lobes.
The first set of fiber terminations was in the inferior parietal
lobule. Other termination regions included the inferior temporal
gyrus, middle temporal gyrus, pars triangularis, and superior
temporal gyrus. An example of AF tractography is shown in
Figure 3. We found minimal variation between the left and right
hemispheres during AF fiber tracking analysis (P ¼ 0.53).
Uncinate Fasciculus. The UF arises from the pars orbitalis and pars
triangularis of the frontal lobe, passing through the MFG, and
terminating in the superior temporal gyrus of the temporal lobe.
This tract is shown in Figure 5. During UF fiber tracking analysis,
minimal variation between the left and right hemisphere UF tracts
was noted (P ¼ 0.76).
WORLD NEUROSURGERY 150: e520-e529, JUNE 2021
Short-Range Association Fibers
Although the MFG is associated with 2 large white matter tracts, a
plethora of U-shaped fibers were also identified during fiber
tractography. These unique U-shaped fibers were demonstrated by
the gross anatomic dissection (Figure 2). The intergyral fibers
between the MFG and precentral, superior, and inferior frontal
gyri were clearly demonstrated, as were the intragyral fibers
connecting different parts of the MFG. These types of fibers
were identified throughout the extent of the gyrus, from the
posterior boundary at the precentral sulcus to the anterior
frontal pole. The U-shaped fibers identified each exhibited a
similar, characteristic shape. They arose within 1 area of the
cortex and then curved 180� to pass under a sulcal structure and
subsequently to terminate in an area of cortex immediately
adjacent to its origin.

Lateralization Indexes
The LIs comparing the SLF, IFOF, AF, and UF between the 2
hemispheres during the fiber tracking analysis are listed in
Table 2. Some bilateral differences in the LIs were noted in the
long-range association tracts arising in the MFG.

DISCUSSION

Previous connectomic approaches have focused on mapping the
brain as a single network in full microstructural detail.29 In
contrast, in our study, we focused on the macroscopic
connectivity and fiber tracts of the MFG, a part of the cortex
involved in multiple white matter pathways. Functional
preservation of cortical networks during cerebral surgery is in
part dependent on preserving the connections between the
components of these networks.13,30 Therefore, the neurological
www.journals.elsevier.com/world-neurosurgery e523
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Figure 3. White matter anatomy of the superior longitudinal fasciculus
(SLF) and arcuate fasciculus (AF), which originate from the middle frontal
gyrus (MFG). (A) Gross anatomy dissection of white matter fibers. The AF
(green arrows) originates from the MFG and travels posteriorly to the end
of the Sylvian fissure and then descends toward the temporal lobe. The
SLF originates from the MFG, travels posteriorly, and ascends toward the
adjacent gyri, including the postcentral gyrus (PG), superior parietal lobule
(SPL), and inferior parietal lobule (IPL). (B) Tractography of the SLF that
originated from the MFG showing sagittal sections from laterally to
medially, highlighting the SLF, which originates from the MFG, travels
posteriorly, and ascends its projections to the adjacent gyri. (E, F)
Tractography of the AF originating from the MFG showing sagittal sections
from laterally to medially, highlighting the AF, which courses at the end of
the Sylvian fissure and ascends toward the temporal lobe. The green
asterisk indicates SLF connecting the MFG to the precentral gyrus; blue
asterisk, SLF connecting the MFG to the postcentral gyrus; purple
asterisk, SLF connecting the MFG to the superior parietal lobule and
supramarginal gyrus; dark red asterisk, AF connecting the MFG to the
inferior parietal lobule; yellow asterisk, AF connecting the MFG to the
superior, middle, and inferior temporal gyri.

Figure 4. White matter anatomy of the inferior fronto-occipital fasciculus
(IFOF). (A) Gross anatomy dissection of the IFOF. (BeD) Tractography of
the IFOF originating from the middle frontal gyrus (MFG) showing the
sagittal sections from laterally to medially, highlighting the IFOF, which
originates from the MFG, courses inferiorly, and enters at the level of the
insula and opercular cortex. The IFOF then travels laterally around the
thalamus and enters the white matter at the posterior temporal lobe and
then terminates at the lateral occipital lobule and pericalcarine cortex. The
dark green asterisk indicates superior longitudinal fasciculus (SLF)
connecting the MFG to the lateral occipital lobule and pericalcarine cortex;
dark blue asterisk, IFOF connecting the MFG to the lateral orbitofrontal
lobule and pars orbitalis. LO, lateral occipital lobule.
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complications that are caused by traumatic brain injuries or brain
tumor resection transgressing major white matter tracts in this
area cannot be overlooked if patients are to have intact
attention, working memory, and language-related processing af-
ter surgery (Table 1). Thus, we sought to provide information
regarding major MFG fiber tract connections with the
surrounding cortices that can be readily applied to clinical
decision making and multimodal navigation for safe resection of
white matter lesions.
In the present study, we have elucidated the cortical anatomy of

the MFG using diffusion tractography validated by gross anatomic
dissection for qualitative visual agreement. We have discussed the
major connections in this area and their functional significance in
the hope of providing a guide for surgeons to safely navigate the
e524 www.SCIENCEDIRECT.com WORLD NE
MFG during cerebral surgery and to improve our understanding of
the related postoperative functional outcomes.

Functional Significance of the MFG
MFG and Attention. The MFG has been implicated in several
attentional processes, including attentional reorientation.31

Supported by task-based activation patterns during functional
magnetic resonance imaging (fMRI) studies, the right MFG has
been studied extensively in the context of this attentional reor-
ientation for unexpected stimuli.2,3,32 The ventral attention
network (VAN) has been proposed to be responsible for bottom-
up visual attentional processing in a sensory-driven fashion, and
the dorsal attention network (DAN) facilitates top-down visual
attentional processing in a stimulus-driven manner.33 The right
MFG is associated with ventral attentional processing and the
VAN32,34 but has also been postulated to serve as a hub between
the DAN and VAN networks to facilitate interactions between
these 2 networks during attentional processing.3,5,9,35

Furthermore, the right MFG has been demonstrated to be linked
to the ventral attention and dorsal premotor networks,
composed of parcellations 8C and p9-46v and 6a,
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.03.045
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Figure 5. Tractography of uncinate fasciculus (UF) that
starts in the middle frontal gyrus (MFG). (AeC) Lateral
to medial sagittal sections. (DeF) Posterior to anterior
coronal sections. (GeI) Superior to inferior axial
sections. These images demonstrate the path of the

fiber tracts that connect the MFG to the superior
temporal gyrus. The brown asterisk indicates the
association fibers that connect the MFG and lateral
orbitofrontal gyrus; pink asterisk, the association fibers
that connect the MFG and superior temporal gyrus.
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respectively.26,36 Given evidence showing the role of the MFG in
change detection,37,38 the right MFG might provide a method for
the brain to switch away from ongoing endogenous attentional
processes to allow for reorientation to new external stimuli
identified.33

Similar to the right MFG, the left MFG is also active during
attentional reorientation tasks.2,4,39 Although the left and right
middle frontal gyri are thought to share common functions,
some differences between the cerebral hemispheres have been
noted. For instance, the right MFG has been proposed as a hub
region for the VAN and DAN,3,5,9,35 while the left MFG has not.
Still, others have proposed that the MFG is activated bilaterally
in both the DAN and VAN, with distinct parts of the MFG
participating within both networks.5
WORLD NEUROSURGERY 150: e520-e529, JUNE 2021
MFG and Working Memory. The role of the MFG in working
memory is poorly understood. However, multiple fMRI studies
have shown that the MFG plays a role in working memory,
demonstrating the need for further investigation.6-8 When par-
ticipants complete tasks requiring varying levels of working
memory, the MFG has shown increasing fMRI activity related to
an increased working memory demand and concentration.6-8

Nonetheless, further research is required to understand the
extent of the MFG’s role in working memory.

Left Posterior MFG and Language. The MFG has also demonstrated
active involvement in both speech11 and language
comprehension.10 In a previous study, the MFG was used to
determine language lateralization during a glioma resection
www.journals.elsevier.com/world-neurosurgery e525
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Table 2. Lateralization Index of White Matter Tracts for Middle Frontal Gyrus

Participant No.

Arcuate Fasciculus
Laterality

Inferior Fronto-Occipital
Fasciculus Laterality

Superior Longitudinal
Fasciculus Laterality

Uncinate Fasciculus
Laterality

R L LI R L LI R L LI R L LI

1 1.22 9.02 �0.76 3.92 23.77 �0.72 0.44 0.46 �0.02 0.00 1.43 �1.00

2 32.53 0.49 0.97 54.75 0.00 1.00 1.65 0.25 0.74 0.00 5.98 �1.00

3 28.42 9.76 0.49 7.98 0.00 1.00 3.67 0.42 0.79 0.00 0.92 �1.00

4 0.30 28.16 �0.98 0.00 0.00 0.00 2.80 0.28 0.82 26.47 6.98 0.58

5 6.41 31.25 �0.66 0.00 0.00 0.00 7.35 2.41 0.51 0.00 0.45 �1.00

6 0.00 20.85 �1.00 1.36 2.04 �0.20 3.49 0.29 0.85 0.00 1.20 �1.00

7 0.54 13.11 �0.92 0.00 20.67 �1.00 5.42 1.43 0.58 0.00 5.17 �1.00

8 5.40 0.57 0.81 7.48 23.29 �0.51 1.64 1.13 0.18 0.00 0.00 0.00

9 0.00 0.00 0.00 31.00 53.44 0.00 12.78 1.89 0.00 8.53 2.53 0.00

10 0.00 0.98 �1.00 1.20 0.00 1.00 0.68 0.44 0.21 0.00 2.89 �1.00

Average 7.48 11.42 �0.21 10.77 12.32 �0.07 3.99 0.90 0.63 3.50 2.75 0.12

P value 0.53 0.83 0.07 0.76

R, right hemisphere; L, left hemisphere; LI, lateralization index (calculated from resultant tract volumes using the formula [right volume � left volume]/[right volume þ left volume]).
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involving the Broca area,40 showing that the MFG is comparable to
the Broca area in terms of its ability to determine hemispheric
dominance for language. Further evidence of the MFG’s role in
language and speech comprehension can be seen from the
activations of the MFG during semantic priming tasks.41-44 In a
semantic priming task involving repeated words, an increase in
the fMRI blood oxygenation level-dependent signaling of the right
MFG was noted.42 The investigators noted this might have
resulted from the previous recognition of the words,42 because,
as previously discussed, the MFG plays some role in working
memory. Further evidence has implicated a possible role of the
MFG in lexical decision making,45 showing a greater peak of
activation in related conditions of prime target pairs than in
unrelated conditions.
Use of LIs in the Present Study
The LI is a useful measure of hemispheric dominance and is
particularly relevant in anatomical discussions of the MFG white
matter tracts. Historically, the domain of hemispheric laterality
has been studied, especially in the processing of language. In our
study, the LI was used to ascertain any hemispheric asymmetry in
the white matter tracts of the MFG. Significant right hemispheric
dominance was found for the SLF (Table 2). This might be related
to the SLF’s involvement in the communication between the MFG
and the VAN, which has been proposed to be lateralized the right
hemisphere in previous fMRI studies.46 However, it is important
to note that the true presence and extent of any functional
asymmetries of the VAN and DAN across the 2 hemispheres
remains largely unclear. However, the left lateralization of the
language domain has been widely accepted by the scientific
e526 www.SCIENCEDIRECT.com WORLD NE
community. This coincides with the findings showing left
hemispheric dominance for both AF and IFOF, fibers that have
been associated with various language hubs and networks
(Table 2). However, this finding in our present study was
statistically insignificant; thus, future studies exploring the
anatomical basis of hemispheric lateralization of white matter
tracts are needed.
Surgical Relevance
As discussed, the reported data have suggested that damage to
white matter tracts of the MFG during neurosurgical intervention
can lead to profound neurological deficits. A pre- and post-
operative analysis of 2 patients using diffusion tensor imaging
(DTI) tractography revealed new-onset or worsened spatial neglect
after the right SLF at the inferior parietal lobe had been cut during
resection of a tumor at the trigone of the lateral ventricle.47 This
might be related to the important anatomical role the SLF plays
in allowing for communication between the MFG and parietal
cortex, which was found in the present study.
Furthermore, surgical approaches toward the temporal stem

can damage the IFOF, which previously was found to subserve the
ventral stream of language processing. The implications of an
IFOF lesion have thus presented themselves through a variety of
language deficits, including semantic and phonological para-
phasia elicited through intraoperative electrical stimulation and
voxel-based lesion-symptom mapping analyses in previous repli-
cative studies.48

Pure apraxia of speech can occur from damage near the pre-
central gyrus or premotor area, albeit rather uncommonly.49,50

However, we have previously elucidated that resection of the
UROSURGERY, https://doi.org/10.1016/j.wneu.2021.03.045
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posterior MFG will also lead to pure apraxia of speech.51 In our
patient, despite the patient’s significantly impaired fluency and
increasing difficulty with increasing word lengths and
polysyllabic words,52 custom language and articulatory
assessments determined that the comprehension and naming
abilities had remained intact in the patient. These data further
implicate the complex role of the MFG in lexical and phonetic
processing.53

Future Directions
Knowledge of the relevant fiber tracts surrounding white matter
lesions allows the surgeon to create a safe surgical corridor that
can be followed to maximize the extent of resection and also
prevent neurologic deficits.13 The anatomic information and
tractography elucidated in the present study can be applied to
multimodal navigation when resecting lesions within the MFG
and neighboring cortices to prevent unnecessary transgression
of relevant white matter connections that underlie functions
such as semantic processing and speech. We have elucidated
the long-range connections between the MFG, intraparietal sul-
cus, and supramarginal gyrus via the SLF fibers and the connec-
tions between the MFG and temporal lobe via the AF fibers
(Figure 3). In this context, when performing cerebral surgery in
the frontal or temporal lobes, a more angular approach, instead
of a straight up and down cut could protect the SLF and AF
fibers originating from the MFG, to prevent an array of
postoperative aphasia syndromes.13,51,54

With added multimodal navigation or tools such as tractog-
raphy, the tendency to overresect brain tissue could be increased
owing to the additional knowledge of eloquent and noneloquent
cortical matter. This increased resection could result in additional
immediate postoperative deficits not otherwise present owing to
disrupted parenchyma and edema. However, the added benefit of
accurate structural and functional perioperative information on
white matter tracts might ultimately benefit long-term neuro-
cognition, motor skills, and overall recovery.55

Study Limitations
The present study included only 10 subjects because we did not
expect significant inter-individual differences in the MFG tract
anatomy. Significant variation across the 10 subjects was only
found in the inspection of the IFOF. Although the present study
served as an inquisitive initial investigation into the tractography
of the MFG, follow-up studies with larger sample populations are
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warranted to explore the anatomical differences among subjects
and their significance on the nature of our present results.
Furthermore, although postmortem dissections can provide

ex vivo validation of tractography analyses by qualitative visual
agreement as employed in our study,21,22 postmortem dissections
and DTI are limited in their ability to identify small crossing fibers
owing to damage from the dissection and limited technological
advancements. However, in the present study, we used DSI,
which maps the 3-dimensional probability density function of
water diffusion at each voxel and is superior to DTI for identifying
crossing fibers.56 Concomitant uses of other algorithms such as
spherical deconvolution methods might further overcome these
limitations.57 Nonetheless, in relationship to the present study,
both gross anatomic dissection and DSI-based tractography are
superior to histological maps in their ability to identify longitu-
dinal fibers such as the AF and IFOF, possibly because of the
current difficulty with postmortem myelin staining proced-
ures.21,28 Future studies should perform further functional
investigation to refine our cortical model of the MFG.

CONCLUSIONS

The MFG is a highly interconnected cortical structure involved in a
variety of tasks, including attentional processing, working mem-
ory, and language production and comprehension. The results
from the present study have elucidated the underlying white
matter anatomy of the MFG and the cerebral networks amal-
gamating at the MFG, with the ultimate goal of providing
improved understanding of neuro-oncological outcomes after ce-
rebral surgery within these cortical areas.
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