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Detection of face motor activation in the precentral gyrus with functional thermography
following inconclusive direct electrical stimulation mapping: illustrative case
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BACKGROUND The leading method of identifying critical functional regions during brain tumor resection is direct electrical stimulation (DES). In
awake craniotomy patients, DES employs electric current to induce functional responses or task inhibition. In contrast, thermography uses infrared
imaging to detect regions of increased blood flow from patient tasks, inferring the location of functional activity similarly to blood oxygen level-
dependent (BOLD) functional magnetic resonance imaging (fMRI). DES seldom produces no detectable response, but the case herein is an example
featuring the subsequent use of thermography.

OBSERVATIONS The authors present the case of a 40-year-old male in whom awake craniotomy DES for high-grade glioma re-resection produced
no detectable response at the upper levels of tolerated current amplitude. Following inconclusive DES, infrared thermography was performed with a
lip-pursing task, and face motor activation was thermally detected in regions corroborated by both preoperative BOLD fMRI and literature on BOLD
fMRI face motor mapping.

LESSONS The lack of a detectable DES response was attributed to significant peritumoral edema, as evidenced by preoperative fluid-attenuated

inversion recovery MRI. Findings indicate that infrared thermography overcomes the limitations of DES in an extensive edema setting and that
thermography offers a useful complement to standard cortical mapping protocols for resection planning.

https://thejns.org/doi/abs/10.3171/CASE24549
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Functional mapping is indispensable to the preservation of patient
daily life functions following glioma resection.'? Resection planning is
a careful balance of two objectives: maximizing the extent of resection,
which improves survival outcomes, and minimizing functional damage,
which worsens quality of life and survival outcomes.** An ensemble
of preoperative and intraoperative mapping modalities informs surgi-
cal planning to this end. The current structural imaging standard for
visualizing gliomas is T2/fluid-attenuated inversion recovery (FLAIR)
magnetic resonance imaging (MRI) or T1-weighted gadolinium con-
trast imaging.5¢ Preoperative functional imaging, such as blood oxy-
gen level-dependent (BOLD) functional magnetic resonance imaging
(fMRI), detects oxygenated hemoglobin following task-induced acti-
vation to infer regions of neuronal activity.® The primary limitations
of BOLD fMRI are brain shift, leading to a loss of spatial correspon-
dence between presurgical imaging and functional anatomy, and the

modality’s inability to specifically indicate whether a given region is
critical for a given function. While helpful, preoperative BOLD fMRI
alone is inadequate for resection guidance and requires confirmation
by intraoperative methods. "

The gold standard for awake intraoperative brain mapping is direct
electrical stimulation (DES).">"* Having been practiced for approxi-
mately a century, DES has a demonstrable history of reducing post-
operative neurological deficits.”®'® DES is advantageous in its ability
to either elicit detectable functional responses or temporarily produce
reversible dysfunction in discrete cortical regions."” Electrical current,
delivered to the cortical surface via a monopolar or bipolar probe, iden-
tifies functional regions by positive or negative responses. Positive
responses, such as subjective sensations or physical movement, are
involuntarily elicited by stimulation, while the disruption of ongoing
task-directed behavior constitutes a negative response. The resulting

ABBREVIATIONS BOLD =blood oxygen level-dependent; CT =computed tomography; DES =direct electrical stimulation; FLAIR =fluid-attenuated inversion recovery;
fMRI=functional magnetic resonance imaging; MRI=magnetic resonance imaging; nTMS = navigational transcranial magnetic stimulation; PCA =principal component
analysis; TRF =thermodynamic response function.
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maps of function inform resection planning effectively: there is sig-
nificant evidence associating DES with more extensive resection and
fewer permanent neurological deficits.' Albeit practical, reliable, and
established, DES has some limitations. Intraoperative seizures due to
DES are the leading cause of aborted awake craniotomy operations,'®
occurring at rates between 2.5% and 54% at various European surgi-
cal centers.? In rare cases in which the awake craniotomy continues
despite these seizures, intractable DES portends delayed mapping
and difficult interpretation of intraoperative task responses. The exact
electrophysiological mechanism by which DES produces responses
remains poorly understood.?' As a result, there is no standardized
amperage considered generally adequate for the disruption of cortical
function, which is a problem exacerbated by the variability of ideal cur-
rent thresholds between cortical regions of the same subject.?2 DES
only surveys a single site at a time, which is relatively inefficient.2?
Research has also indicated poor specificity and an inability to distin-
guish essential activated cortex from downstream activated cortex.?
Correspondingly, the network character of language activation compli-
cates the reliability of DES, as DES can only detect language cortex by
the transient disruption of language task performance in a 1-cm? site
at a time." These limitations have invited substantial interest in non-
invasive mapping modalities. Among the encouraging preoperative
examples is navigational transcranial magnetic stimulation (nTMS),
which employs MRI-guided magnetic pulse targeting to excite or inhibit
cortical activity, not unlike a noninvasive analog of DES. nTMS has
similarly improved survival outcomes by informing craniotomy extent
reduction and aggressive supratotal glioma resection.? However, as
a preoperative modality, its application can be affected by brain shift,
as with BOLD fMRI. In light of the disadvantages of both preoperative
mapping and DES, we introduce infrared thermography.

Infrared thermography is a growing methodology for noninvasive
intraoperative imaging and has demonstrated encouraging results
for functional mapping.?’® Machine learning has also been used
with infrared thermographic recordings to detect tumor margins with
accuracy and specificity above 90%.2° Functional thermography is a
practical technology for the surgical team. The apparatus setup takes
approximately 2 minutes, primarily comprising positioning of the ther-
mal camera. Then, thermography affords a full view of the craniotomy
over time and from a distance. This presents a benefit in efficiency
over site-by-site mapping methods while presenting little risk of con-
taminating the sterile field. Thermography allows intraoperative func-
tional mapping via detection of the thermodynamic response function
(TRF), which is the temperature impulse response of activated func-
tional cortex. Recent work has quantitatively characterized the TRF in
the context of thermographic sensorimotor mapping for awake crani-
otomy glioma patients.*® Thermography offers a promising avenue of
intraoperative functional mapping that shares its foundational principle
with BOLD fMRI.

A problem of interest is whether functional thermography provides
utility comparable to that of DES and how it performs in conditions in
which DES is ineffective or unsuitable, as in the rare scenario when
DES fails to map expected positive sites. The 2011 case report by
El Khashab et al. on inconclusive DES in an epileptogenic focus
resection is one such example.3' Here, we present a case in which
DES produced no detectable functional response at tolerated current
amplitudes in a patient undergoing awake craniotomy. We performed
intraoperative thermography while administering a face motor task.
Principal component analysis (PCA) was used to create a high-resolu-
tion functional map from the spatial extent of the characteristic motor
TRF. These maps agreed with expected face motor regions based
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on neuroanatomy and preoperative fMRI, demonstrating the utility of
functional thermography as a propitious complement to DES mapping.
We further discuss the correspondence of activation maps from preop-
erative fMRI and thermography.

lllustrative Case

Presentation

A 40-year-old male presented with a history of IDH-wildtype,
MGMT unmethylated high-grade glioma. He had undergone a prior
craniotomy for gross-total resection, followed by radiotherapy with
concomitant then adjuvant temozolomide. Surveillance MRI demon-
strated progressive enhancement in the right frontoparietal operculum
with elevated perfusion, indicating tumor progression. Concurrent with
these radiographic changes, the patient exhibited worsening seizures.
After discussing treatment options in detail with the patient, the deci-
sion was made to proceed with resection of the presumably recurring
glioma, with the goals of cytoreduction and improvement in seizure
control. Intraoperative motor mapping and electrocorticography were
planned with the objective of maximizing safe resection.

Preoperative Imaging

Preoperative multimodal MRI was performed with a Siemens
Magnetom Prisma 3T. On gadolinium contrast MRl slices, the glioma
presented as an enhanced heterogeneous mass with a hypointense
necrotic core in the right frontoparietal operculum, with an irregular
shape and ill-defined borders (Fig. 1). BOLD fMRI was recorded with
a task comprising 20 seconds of continuous lip-pursing followed by
20 seconds of rest. Bilaterally symmetric activation of the tongue was
observed on axial fMRI slices, but lip activation only occurred contral-
esionally (Fig. 2). One week after resection, postoperative computed
tomography (CT) imaging was performed using a Siemens Somatom
X.cite in a routine noncontrast axial scan.

Intraoperative DES Mapping

Following the opening of the dura, DES mapping was performed
using standard low-frequency parameters (bipolar probe, 60 Hz,
1-msecond pulse duration) and a current amplitude of 1-3 mA (6 mA
peak-to-peak), which was not increased above 3 mA due to the pres-
ence of afterdischarges and concerns about seizures on concurrent
electrocorticography. No positive motor or sensory sites were noted
during DES over the exposed cortical region, which was surveyed with
approximately 1-cm spacing. Digital color images of the craniotomy
were then captured. The craniotomy was of mild elliptical shape and
had a long axis spanning 6 cm in the anteroposterior dimension.

Intraoperative Thermography

Intraoperative thermography immediately followed DES mapping
and was performed with a FLIR T1020sc thermal camera with 1024 x
768-pixel resolution, 30-Hz frame rate, and sub-20-mK noise equiva-
lent temperature difference.. Our intraoperative imaging system has
been described previously.*® A tripod and horizontal arm secure the
camera approximately 20 cm from the brain surface. The preferred
configuration comprises a working distance of 20-30 cm and optical
orthogonality to the craniotomy apex. Data are streamed from the
camera to a computer workstation for storage and offline processing.
The patient participated in a face motor mapping task, which consisted
of lip-pursing every other 20 seconds for 5 minutes. Start and rest
cues were delivered by a series of auditory beeps from the workstation
speaker. Thermographic recording had minimal effect on the standard



FIG. 1. Preoperative sagittal (A), axial (B), and coronal (C) contrast T1-weighted MRI slices indicate
a heterogeneously enhancing mass (red arrows) in the right frontoparietal operculum. Corresponding
preoperative FLAIR MRI slices (D-F) indicate peritumoral edema extending toward the cortical

surface (white arrows).

surgical workflow, such that no changes occurred to the craniotomy,
anesthesia protocol, DES procedure, or resection boundaries.

Thermography Analysis and Map Generation

Our methods for the preprocessing and analysis of thermal data
have been described previously.* Data first underwent motion cor-
rection through linear registration, followed by nonlinear registration
of all dataset frames to the data baseline (first video frame).3 Air
current attenuation was performed using an exponential weighted
filter.®® Data were z-score—normalized by frame and by pixel to cor-
rect for global baseline changes across space and time. PCA was
performed to decompose the data into candidate functional maps

and corresponding time series. The functional map was selected by
correlation of all component time series with the known TRF, which
describes a peak in temperature approximately 15 seconds following
stimulus delivery (Fig. 3).% Postprocessing duration is on the order of
minutes. Some variation is introduced by analysis parameters, hard-
ware specifications, and the length of recordings. Our analysis outputs
high-resolution two-dimensional activation maps that can be displayed
on the monitor of the mobile clinical workstation.

Postoperative Virtual Craniotomy Visualization
Multimodal volume registration between preoperative FLAIR MRI
and postoperative CT imaging was achieved by using the cranium as

FIG. 2. Preoperative axial BOLD fMRI slices reveal bilaterally symmetric tongue
activation from a lip-pursing task (green), while lip activation (yellow) is only observed
on the contralesional (left) side.
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FIG. 3. Left: Bar graph showing the correlation of each component with the TRF, which is used
to infer regions of neuronal activity. The horizontal black line represents the upper end of a
95% bootstrapped (n=1 x 10%) confidence interval of the means of the correlation values.
Component 2 is denoted with an asterisk to indicate it surpasses this level. Right: A time
course plot of the relative activity in component 2 (C2) is shown to closely match the TRF.

a reference structure. FreeSurfer software automated segmentation
of the cerebral cortex from the preoperative T1 MRI volume, while
the cranium was segmented from CT imaging by primitive intensity
thresholding. Both structures were registered to the same virtual coor-
dinate space using the affine three-dimensional multimodal registra-
tion function native to MATLAB. The bone flap was virtually removed
by manually selecting a closed loop tracing the perimeter of the sec-
ond resection craniotomy in the CT reconstruction. Lastly, the activa-
tion mapping derived from PCA was manually registered to the virtual
craniotomy to confirm the neuroanatomical context of active regions.

Informed Consent

The necessary informed consent was obtained in this study.
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Discussion

Observations

The thermographic activation map identified two distinct sites of
markedly intense activity on the craniotomy (Fig. 4C). The larger, ellip-
tical-appearing site had dimensions of approximately 2 x 1.5 cm, was
located near the superior edge, and extended in the inferior direction
to span approximately one-third of the anterior half of the craniotomy.
The smaller site was a thin strip of approximately 2 x 0.5 cm, abutting
the dura at the posterior inferior corner of the exposed cortex. The
tumor was patently visible on digital color images of the craniotomy,
and infrared-to-color registration situated the tumor between the two
activation sites.

FIG. 4. A visible-light image (A) and thermogram (B) were obtained via digital and
infrared cameras, respectively. The major diameter of the craniotomy was approximately
6 cm. The color image was manually registered to the thermal image and then used
as a reference to draw the cortical surface boundary shown in green in both images.
PCA yielded a face-motor activation map superimposed onto a visible-light image of
the craniotomy (C). The thermal functional map was manually registered onto a
postoperatively rendered virtual craniotomy to provide more intuitive anatomical

context (D).
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The thermal activation map corroborated the location of the
tumor by indicating a lack of functional activity between the sites.
Furthermore, superimposing the thermal activation map on a virtual
reconstruction of the craniotomy correctly localized the major activa-
tion site to the precentral gyrus above the sylvian fissure (Fig. 4D). The
smaller activation site was further identified in the postcentral gyrus,
the expected location of the sensory cortex. Functional thermography
successfully detected face motor activity despite a lack of conclusive
responses from DES.

Preoperative BOLD fMRI located tongue activation in the vicinity
of lip-pursing activation regions found by intraoperative functional
thermography. Functional imaging literature strongly indicates the
localization of lip and face motor activity to the precentral gyrus and
bilateral symmetry of general face motor activity.** Our preoperative
BOLD fMRI did show lip motor activation in the expected region of the
contralesional (left) frontoparietal lobe, but did not show typical bilat-
eral activation symmetry (Fig. 2). Work by Lidemann et al. reported
a reduction in the fractional blood volume of peritumoral edematous
regions compared to that of the contralesional regions.® As significant
peritumoral edema was evident on preoperative FLAIR MRI (Fig. 1),
we attribute the asymmetric functional activation to suppression of the
BOLD signal by a combination of edema and mass effect. Functional
reorganization of the lip motor cortex, common to the face motor cor-
tex, is also plausible. However, thermography in our patient detected
lip motor activation in the typical regions, so functional reorganization
was ruled out. Similarly, EI Khashab et al. reported that hand motor
activation was detected in expected regions by postoperative BOLD
fMRI after the inability of DES to detect the motor cortex in their case
of epileptogenic focal resection.®" While the cause of inconclusive
DES was unidentified in the report by EI Khashab et al., consideration
of the case details, preoperative imaging, and pertinent biochemistry
implicates edema as a likely culprit in ours.

DES failed to elicit a reliable motor response in our patient at
stimulation parameters within the typical range. Afterdischarges were
observed in electrodes adjacent to the stimulation site at the upper
range of delivered amperage (3 mA), indicating that electrical cur-
rent was indeed being delivered but not sufficiently to elicit expected
functional responses. Note that the maximum delivered current of 3
mA was relatively low; hence, the current could have been increased,
but there were concerns about inducing seizures or the poor reliability
and localization of patient responses. A comprehensive list of pos-
sible explanations for the lack of positive DES sites would include the
effects of scar tissue and edema on electrical transmission, insufficient
current amplitude to invoke an overt sensory or motor response, and
the inability of the patient to perceive subtler sensorimotor responses.
Peritumoral edema is quite common, occurring in 24% of patients with
malignant glioma in a diffusion tensor imaging study,® and DES is
successful in functional region detection for the vast majority of cases.
However, cerebral edematous tissue has lower measured electrical
impedance than nonedematous white matter because of increased
ionized water content.*” In our case, in which preoperative FLAIR MRI
showed a substantial spatial extent of peritumoral edema and exten-
sion toward the cortical surface, the electrical impedance of edema-
tous tissue presents an involved problem.

The electrical impedance experienced by deep brain stimulation
probes, for example, fluctuates as a function of myriad variables,
including plasma osmolality, glial and immunological response sta-
bilization, and the frequency of delivered current.®* The presence
of surgical osmotic diuretics can further effect complicated changes
in edematous tissue impedance; hyperosmolar cerebral edema was

observed in concussed rats following mannitol infusion.*’ Furthermore,
mannitol-induced hyperosmolality reduced the intracellularly recorded
amplitude of evoked field potentials and suppressed excitatory post-
synaptic potentials in rat neocortical slices.*' Thus, mannitol and
similar osmotic diuretics may decrease the neuronal excitability of
peritumoral edematous tissue by increasing tissue capacitance. The
combination of lower impedance in edematous tissue and diuretically
induced hyperosmolality would redirect and attenuate DES excitation
of functional cortical tissues. In sum, a greater current amplitude may
be required to provoke detectable functional responses. Recalling El
Khashab and colleagues’ case with epileptic focal resection, postictal
cerebral edema may have caused the inconclusiveness of DES in the
initial surgery.®' Cerebral edema is a known consequence of epilep-
tic seizures,** and El Khashab and colleagues’ patient was brought
directly from the epilepsy monitoring unit to the operating room. Our
results and preoperative imaging imply that, unlike DES, thermogra-
phy is not compromised by the effects of edema on electrical tissue
impedance.

Neurosurgeons and patients stand to gain substantially from multi-
modal DES with thermography for awake craniotomy. Thermography
offers potential as an intraoperative noninvasive complement to DES
when high-resolution composite-function activation maps are desired
or when DES or fMRI is difficult to interpret. In cases in which seizure
minimization is imperative or DES is anticipated to be ineffective, intra-
operative thermography may work especially well with preoperative
nTMS in a multimodal battery of noninvasive mapping methods. The
active mapping of nTMS is similar to DES in its ability to differentiate
stimulatory and inhibitory regions while inducing seizures at a sub-
percentage rate far lower than that of DES.* Meanwhile, thermog-
raphy avoids intraoperative electromagnetic manipulation of brain
tissue entirely. However, for this reason, we caution that thermogra-
phy and DES are not strictly equivalent in the intraoperative context.
Thermography detects blood flow in a region associated with the task
whether the relevant function is stimulatory, inhibitory, downstream, or
any combination thereof. In contrast, DES relies heavily on detecting
either motor responses or inhibition of activity in one site at a time.
DES further depends on the constitutive electromagnetic properties
of cortical tissue, increasing the probability of seizures when severe
edema demands greater current. Hence, a study accounting for sur-
vival outcomes, functional outcomes, and failure modes would be
required to determine if thermography is comparable to or a viable
replacement for DES. Overall, the correspondence between thermog-
raphy results, the literature, and preoperative imaging in this case is
promising. Our findings invite a deeper, longitudinal investigation of
cases in which thermography proves to be a more reliable mapping
modality.

Lessons

Our case is a unique example in which functional thermography
detected face motor activation in the precentral gyrus despite inconclu-
sive DES. Thermographically detected activation regions agreed with
both preoperative BOLD fMRI and the fMRI literature, which indicates
the success of thermography in a severe edema setting. Thermography
stands to reinforce DES findings by detecting composite-function acti-
vation across the entire craniotomy. Furthermore, thermography relies
on cortical heating patterns as opposed to the conductive properties
of cortical tissue, so it was not substantially affected by the peritumoral
edema observed in our patient. More extensive study is required to
assess whether, and in which contexts, thermography is more reliable
than DES. We emphasize the availability of functional thermography
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for multimodal resection guidance and its utility when complications
arise in traditional functional mapping.
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