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Abstract

:

Functional activation leads to an increase in local brain temperature via an increase in local perfusion. In the intraoperative setting, these cortical surface temperature fluctuations may be imaged using infrared thermography such that the activated brain areas are inferred. While it is known that temperature increases as a result of activation, a quantitative spatiotemporal description has yet to be achieved. A novel intraoperative infrared thermography device with data collection software was developed to isolate the thermal impulse response function. Device performance was validated using data from six patients undergoing awake craniotomy who participated in motor and sensory mapping tasks during infrared imaging following standard mapping with direct electrical stimulation. Shared spatiotemporal patterns of cortical temperature changes across patients were identified using group principal component analysis. Analysis of component time series revealed a thermal activation peak present across all patients with an onset delay of five seconds and a peak duration of ten seconds. Spatial loadings were converted to a functional map which showed strong correspondence to positive stimulation results for similar tasks. This component demonstrates the presence of a previously unknown impulse response function for functional mapping with infrared thermography.
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1. Introduction


Resective surgery is a fundamental part of glioma management [1,2,3]. Increased extent of tumor resection has been shown to increase both patient survival and functional outcomes [4,5]. As diffuse tumors, gliomas may extend beyond the radiographic boundaries and infiltrate healthy tissues across the entire brain. It may be appropriate in some cases to resect additional tissues to limit the possibility of recurrence [6]. However, increasing the resection area also increases the risk of postoperative neurological deficits [7]. Even though the location of functional brain regions are approximated based on known canonical network nodes or presurgical mapping studies, there is significant variation in functional anatomy among patients, particularly those harboring infiltrating tumors which have been shown to induce functional neuroplasticity [8]. It is therefore imperative, and standard of care, that intraoperative functional mapping be conducted alongside resective surgery to identify and preserve these eloquent areas in cases where tumor resection is being performed in the vicinity of presumed functional brain regions.



Direct electrical stimulation (DES) is the current gold standard for functional mapping during glioma surgery [9]. There is strong evidence showing that intraoperative mapping with DES can prevent postoperative functional deficits without impeding extensive resection [10]. DES can be performed at both the cortical and subcortical levels [11]. DES-based mapping is flexible and has been used to map a variety of functions including motor, sensory, language, and cognition [12]. The primary disadvantages of DES are that it can only interrogate one area at a time and that it has a relatively low spatial resolution of 5 mm. Stimulation-induced seizures occur in about four percent of patients [13] and are a major contributor to mapping failure. The gross effects of stimulation on cortical tissue are complex and overall poorly understood [14]. Accurate DES current thresholds may differ significantly between different brain areas in a single subject [15]. Simulation may incidentally interact with local inhibitory circuits, leading to false-negative mapping results [16]. These limitations have raised interest in alternative mapping techniques.



Infrared thermography (IRT) is an experimental approach for intraoperative functional mapping which identifies eloquent areas through stimulus-dependent changes in brain surface temperature [17,18,19]. Activation of functional areas leads to an increase in local perfusion, which during craniotomy leads to heating on the brain surface [20,21]. Gorbach et. al. demonstrated agreement between IRT and DES across motor, sensory, and language tasks in awake patients and specifically identified a sharp temperature increase of 0.04–0.08 °C five to seven seconds following functional activation [22]. These temperature values were corroborated with experiments in a rodent model demonstrating temperature increases of 0.05–0.10 °C in the barrel cortex in response to whisker stimulation [23]. Further investigation in rodents with simultaneous thermal and laser speckle imaging demonstrated that these temperature increases are induced by local changes in cerebral blood flow [24]. The triangulation between functional activation, hemodynamics, and thermodynamics suggests that cortical temperature may operate as a functional contrast similar to the functional MRI BOLD signal.



As an optical method, IRT has several distinct advantages versus DES. Foremost, IRT is able to simultaneously map the entire exposed craniotomy, which may lead to faster mapping and interrogation of cortical networks in a way that is not possible with single localized DES stimulations. This also enables a different approach to awake task design. Whereas DES revolves around a nonphysiological elicit or interrupt paradigm, in IRT mapping, the subject instead simply performs the function of interest and the resulting physiological changes are observed. IRT leverages advanced thermal imaging technology to deliver spatial resolutions as low as 100 μm. Finally, IRT is noncontact and incurs no additional safety risks such as intraoperative seizures. However, there are also some weaknesses. First, IRT relies on temperature differences which are difficult to discern without a dedicated imaging system for data analysis and visualization. Second, infrared signal attenuation by water limits mapping to the brain surface, so deeper structures or any areas beyond the edge of the craniotomy cannot be observed. Third, the temperature spread of IRT is broader than the critical network nodes which may lower specificity as compared to DES. Finally, it is currently difficult to differentiate eloquent areas from other tissues with high confidence. Although the literature states that there are functionally induced temperature changes, the precise structure and timing of these changes remain unclear.



The primary goal of this work is to address the present limitations of IRT and modernize the technical framework for IRT-based mapping. We have developed a novel infrared thermography system for awake functional mapping with custom software and integrated devices for task administration and behavioral monitoring. We describe the major sources of artifacts in thermography data and preprocessing steps to attenuate them. We validate our approach through a group analysis of six awake subjects performing awake tasks in a long-block design, and we compare our results to DES. Our results demonstrate a previously undescribed thermal impulse response function for infrared thermography. We discuss the implications of this response function for IRT mapping and its relationship with analogous phenomena in fMRI.




2. Methods and Materials


Equipment


A novel thermography system was designed for awake functional mapping (Figure 1). The system centerpiece is a FLIR T1020sc thermal camera (resolution 1024 × 768, framerate 30 Hz, NETD < 20 mK). The camera is supported by a tripod with a horizontal extending arm, all of which are enveloped by a sterile plastic cover during data collection. A data transfer wire extends from the camera along the operating room floor to a computer workstation housed in a mobile computer cart. The role of the workstation is data storage, processing, visualization, and integration of the auxiliary devices for task administration and behavioral monitoring. The computer has a speaker for transmitting audio cues to guide the patient through tasks. A microphone attached to the computer cart records all task audio. The computer is connected via Bluetooth to a tablet device which may deliver visual stimuli to the patient, as well as a haptic glove which is worn during hand motor or sensory tasks. This haptic glove tracks joint angles of the hand which may be used to reconstruct the hand position and may deliver vibrotactile stimulation to the fingertips for hand sensory tasks.



We have also developed a custom software application for the thermography system. The application has a live data feed from the thermal camera which aids the camera operator in optimally positioning, orienting, and focusing the camera over the craniotomy during setup. The application connects to and time-synchronizes the thermal camera with all auxiliary devices. This includes starting and stopping thermal camera recording, calibrating thermal detector drift (non-uniformity correction) between task epochs, and issuing all task-related stimuli. The application is equipped with a training mode to teach patients how to perform the task prior to surgery. A free text section allows the operator to save any relevant observations or patient metadata related to the experiment at recording time. Following each epoch, the thermal data and timings are saved locally for further analysis. While the thermography system has been designed for real-time data processing and analysis, this work focuses on the analysis steps needed so that the real-time result is reliable. As a result, the results presented in the sections below are all post hoc analyses.





3. Data Collection


Patients undergoing awake craniotomy with DES functional mapping for glioma resection were recruited for intraoperative thermal imaging. Children and pregnant women were excluded from the study. All patients underwent preoperative neuropsychological evaluation to exclude patients with severe pre-existing functional or behavioral deficits. All study protocols were approved by the corresponding institutional review board. Participation in the study did not prolong operation time by more than fifteen minutes. No changes were made to standard surgical workflow, such as size and shape of craniotomy, anesthesia protocol, or number of DES stimulations. Detailed procedures for awake craniotomy with stimulation mapping have been described previously [3]. In brief, all patients underwent an asleep–awake–asleep sedation protocol per routine. Initially, patients were sedated via titration of intravenous propofol and remifentanil. Following standard craniotomy, all sedation was held. The dura was opened sharply and, upon exposure of the cortical surface, direct electrical stimulation (DES) mapping was performed using 60 Hz, 1–4 mA pulses of 1 millisecond duration.



Mapping with infrared thermography (IRT) followed DES mapping. The infrared camera and tripod were wrapped in a polyethylene surgical cover, and wheeled over until adjacent to the surgical bed. Only one cover was used per patient, and it was not moved during recording. The camera was then carefully positioned over the craniotomy and adjusted as needed using the live camera data feed on the computer monitor as a guide. The haptic glove was then placed on the patient if a hand-related task was being performed. Infrared thermography was performed using a long-block design. Each patient was assigned to one of three mapping tasks—hand motor, hand sensory, or face motor—based on expected exposure of functional areas within the craniotomy. The task was explained to each patient prior to mapping, and each patient practiced the task at least once prior to mapping.



Mapping took five minutes for each patient, consisting of ten epochs of thirty seconds each. Patients participated in a task stimulus at the start of each epoch. Hand motor patients performed a hand clench, while face motor patients performed a lip purse. In either case, three fast beeps (one second duration) were played to prompt the patient to hold the position. Two seconds later, two slower beeps were played (one second duration) to release the position. For hand sensory patients, the patient remained at rest while receiving a two-second pulse of vibrotactile stimulation to the fingertips. Patients then remained at rest for the remainder of the epoch. Patients were observed while performing the task to ensure high-quality participation. Patients were not engaged during rest time except if they appeared to be falling asleep.




4. Data Analysis


Thermography data were primarily analyzed using principal component analysis (PCA) and group PCA to reveal patterns of stimulus-dependent temperature changes and their spatial distribution across patients. However, several preprocessing steps were applied prior to PCA to account for artifacts in thermal data. Our overall procedure is detailed here, while additional details and justification on specific subroutines are described in their respective sections below. Preprocessing begins with motion correction to bring all frames from each patient into the same spatial reference frame. A craniotomy mask is manually drawn over the craniotomy in the reference frame. Data outside this mask were excluded from all analysis in order to limit the effects of non-brain pixels on the functional analysis. Each masked frame of thermal data was normalized to account for thermal drifts over time, and then the time series of each pixel within the mask was normalized to account for varying signal amplitudes over space. Data from all epochs were averaged together, which underwent frame and pixel normalization again for PCA stability. Finally, the rapid cooling effects of air currents were attenuated before the final PCA analysis.



4.1. Motion Correction


The craniotomy and brain surface exhibit rigid and nonrigid motion due to a variety of factors, including the cardiorespiratory cycle and patient movement. As the temperature gradients with respect to space typically exceed the temperature gradients with respect to time, motion-related temperature changes become the dominant signal, interfering with subsequent analysis. Our approach to motion correction has been described previously [25], in which frame-to-frame motion is modeled as a two-dimensional spline function. We expand this approach further by implementing a pyramid approach, where the deformation field is first estimated on a downsampled version of the image and then upsampled as initial conditions for the final calculation. We estimate performance of the motion correction algorithm using image-quality metrics, which are calculated for each frame of thermal data before and after motion correction using the first data frame as a spatial reference. Three image-quality metrics were used: the image mean squared error (MSE), the peak signal-to-noise ratio (PSNR), and the structural similarity index metric (SSIM).




4.2. Global Thermal Drift


The overall craniotomy temperature may change slowly over the course of the experiment due to exposure to the external environment. These changes are independent of the thermal response to functional activation and may confound subsequent analysis if the magnitude of the drift is similar to the magnitude of task-induced thermal changes. We account for this through a baseline subtraction and normalization approach. Only pixels within the craniotomy mask are considered for this analysis. The median temperature is calculated for each frame, and this value is subtracted from all pixels in the frame. Next, the median absolute deviation is calculated for each frame, and all pixels in the frame are divided by this value. Medians are chosen over means to mitigate the impact of outlier pixel temperatures on thermal drift correction, such as pixels near the craniotomy edge or any surgical objects on the brain surface.




4.3. Amplitude Normalization


Local perfusion is a significant contributor to brain surface temperature. Baseline pixel temperature and the amplitude of temperature fluctuations are therefore modulated by the local vasculature. For example, pixels near large surface vessels are considerably warmer, while pixels near the craniotomy edge are often considerably colder. If the variance of pixels is not normalized prior to principal component analysis, the results will be biased towards thermal patterns from higher-variance pixels. This may over-represent vessels in the final component maps at the cost of activated tissue. We account for this by normalizing the amplitude of the time series of each pixel temperature. We use an identical procedure as the thermal drift correction specified above, but applied to each pixel time series rather than each frame. As a result of normalization, the time series median is set to zero and its median absolute deviation is set to one.




4.4. Air Current Denoising


The neurosurgical operating theater is ventilated with cold air for sterility requirements [26,27]. The interaction of air currents with craniotomy motion creates turbulence which drives erratic cooling patterns on the brain surface. This introduces substantial noise into the pixel-level signal. We propose a simple filter for air current attenuation of pixel time series.


  y =   x ∗  e x    /   w ∗  e x     











Here,  x  is a time series of thermal data from one pixel,    e x    is the element-wise exponent of the time series  x ,  w  is a discrete Gaussian window function with a standard deviation of  σ , and  y  is the reconstructed signal. Operators represent convolution and element-wise division. Outputs of both convolutions were cropped to match the size of the input time series  x . The filter may be understood as a sliding window softmax filter with an additional Gaussian scaling coefficient. In practice, it functions as a moving average filter which selectively preserves peaks and attenuates troughs. This is effective for air currents which induce rapid momentary cooling by interpolating data from nearby local maxima.




4.5. Principal Component Analysis


Principal component analysis (PCA) is a dimensionality reduction technique where the input data are transformed such that the dataset variance is primarily explained along the orthogonal principal component vectors. As applied to our analysis, each pixel time series is treated as an independent data point, so principal components represent patterns of temperature change over time which are common across pixels. Loading coefficients represent the contribution of each principal component to each pixel time series. A component map can then be created for each component time series where the pixel value is the loading coefficient. For group PCA analyses involving multiple subjects, the data from all subjects were spatially concatenated before PCA was applied. Next, the weighting of each subject’s data was adjusted to be proportional to the inverse of the number of pixels contained in each subject mask. Following group PCA, the data were split to achieve individual spatial components which share a time series.





5. Results


Six patients were recruited for intraoperative functional mapping studies with IRT, consisting of two patients for each of three tasks: hand motor, hand sensory, and face motor. Patient demographics and task assignment is shown in Table 1 below. Four of the patients were female (67%) and two of the patients were male (33%). The average patient was 37.3 years old with a standard deviation of 7.2 years.



Data from all patients were preprocessed as specified above. Data were downsampled to 5 Hz and cropped to an epoch duration of 20 s. All data were used in the analysis except the first epoch from patient 4, which was excluded due to a sudden large motion event. Optimal motion correction parameters have been found previously for this downsampling rate: image downsampling rate of 4, grid downsampling rate of 4, regularization coefficient of 0.008, and four optimization steps per frame [25]. These parameters were used for the base pyramid level, for which the upper pyramid level doubled both downsampling rates. Image quality following motion correction was measured and the aggregate results are displayed below (Figure 2). Motion correction improved median image quality across the entire epoch for all three image-quality metrics.



Following preprocessing, all epochs were averaged together and analyzed with PCA. Two experiments were performed: one in which PCA was applied to one subject at a time (Individual PCA), and one where PCA was applied to all subjects simultaneously (Group PCA). The results of these analyses are described below. Complete functional keys and original full-color DES photos are available for inspection in the Supplementary Materials, along with all component maps for each patient.



Component time series from group PCA are shown in Figure 3. Five components explained a total of 87% of the variance, with 34% contained in component 1, 19% contained in component 2, 13% contained in component 3, 12% contained in component 4, and 9% contained in component 5. The time series of the first two components were notable. Versions of both of these time series were observed in each patient’s individual PCA component time series. Component 1 decreases initially until five seconds, slowly increases until ten seconds, then rapidly increases to its peak at fifteen seconds. Component 2 is stable for the first three seconds, then increases to its peak at ten seconds, after which it stabilizes around seventeen seconds. Specifically, component 2 peaks as component 1 begins its rapid increase, and component 1 peaks as component 2 is nearly stabilized. The remaining components were sequentially higher in frequency and lack clear interpretation at this time.



Loading maps for component 1 were well correlated with functional areas for two patients, partially correlated for two patients, and anticorrelated in two patients (Figure 4). For patient 1 (lip pursing), F and G were positive for speech arrest, but only G is covered by the map. For patient 2 (lip pursing), H and I (hesitation) are covered but J (dysarthria) is not. In addition, there is vast activation over the unlabeled cortex. For patient 3 (hand clench), there is overlap in terms of hand-motor labels (D, E). For patient 4 (hand clench), the entire hand motor and sensory cortex is unactivated, with strong activation nearly everywhere else. For patient 5, (finger sensory), label 5 (finger tingling) is unactivated. For patient 6 (finger sensory), there is strong coverage over the finger numbness areas (D–E). When considered as a functional indicator across patients, component 1 maps do not consistently overlap with task-specific functional areas.



Loading maps for component 2 were well correlated with functional areas overall (Figure 5). In patient 1 (lip pursing), both F and G (speech arrest) locations were active, along with a large patch over label B (lip sensory), which is an unsurprising secondary activation. In patient 2 (lip pursing), the largest positive area lies over J (dysarthria). There are some moderate activations overlapping areas which induce hesitation when stimulated (H, G). In patient 3 (hand motor), the hand-specific labels (D, E) are both covered by component 2. While label coverage here appears to be edge artifact, this is a result of thresholding for this figure and the loading magnitudes are especially high for these areas. In patient 4 (hand motor), there is strong activation across the hand motor and sensory areas (all labels). In patient 5 (finger sensory), there is activation over label 5 (finger tingling) as well as the rest of the sensory cortex (1–8), while the motor cortex (9–13) is unactivated. In patient 6 (finger sensory), D and E (finger numbness) were strongly activated.



Component 2 maps also exhibited activation in unlabeled areas. For example, in patient 3, there is a large area of positive cortex adjacent to and encompassing label 4 (mouth motor) that may indicate activation in the premotor cortex. This spatial activation pattern is also observed in patient 2 and to a lesser extent in patient 4. Our DES testing protocol did not include interruption tasks and would therefore not be sensitive to secondary functional areas, so there are no labels here. While this may explain some of the activations in the motor tasks, it does not explain the additional activations in the passive finger sensory tasks (patients 5 and 6). In addition, all maps suffer from some artifact along the edges and small sparse activations throughout.




6. Discussion


We have uncovered in component 2 a pattern of temperature change which localizes to DES-confirmed functional areas across patients and tasks. This component was observed at the group level but is also found at the individual level across patients. The time course of this component is significant for its structural similarity to the BOLD hemodynamic response function (HRF) found in functional MRI. The time course of component 2 has an initial dip, broad peak, and a small post-stimulus undershoot akin to the HRF. While the thermal time course is notably slower than the BOLD HRF, this is expected as increased blood flow is a prerequisite for tissue heating, which is not an immediate process [19]. Similarly, it takes some time for the tissue to cool post-activation. We define this time series as the thermodynamic response function (TRF) due to its similarity to the BOLD HRF, functional localization, and likely role as an impulse response for IRT.



We have also found a primary component which is stronger in magnitude than the TRF and is also present in every patient. While it lacks any consistent spatial specificity with DES results, the time course suggests that it may represent hemodynamic patterns following the TRF. Local perfusion increases in functional areas via arterial dilation, which constricts once the stimulus event is over. The larger spatial coverage primary component may represent the spread of the venous network as it drains the increased amount of blood to the region, which causes heating in regions not directly associated with the activation. This is known as the draining vein problem in fMRI [28,29]. While in fMRI the problem goes away as the activated bolus becomes diluted downstream (within 5 mm), the issue in thermal imaging is worse as the heated blood conducts this heat to adjacent tissue and stores it there. The time constant of this transfer and its decay are not known but the data seem to suggest that it is much slower to dissipate, leading to the larger activation fields in the primary component.



We are the first to demonstrate a coherent TRF impulse response across subjects. Prior studies relied on temperature thresholds in order to distinguish functional from nonfunctional tissues during classification. This is less reproducible and less robust than impulse-based mapping, as absolute temperature values are dependent on many factors including air temperature and humidity, operating room ventilation system type and positioning, type and dose of anesthetic [24,30], neurovascular coupling, and craniotomy size and orientation. Due to the high sensitivity of IRT to functional areas, it may be useful as a screening tool in conjunction with DES confirmation as a way to reduce the stimulation search space and ultimately lower the mapping time. Although the task-related specificity was low in some patients, much of the extra activation was also in the eloquent cortex. Stimulating these areas is also informative for intraoperative mapping.



While there have been many modalities developed for intraoperative functional mapping [31,32], DES has remained at the forefront. Somatosensory evoked potentials are effective for mapping the central sulcus or thalamocortical tract [33,34] but has limited general applicability and its accuracy may vary based on lesion location [35]. Additionally, electrocorticography has been used for some time to track discharges during epilepsy surgery [36] and is also viable as an intraoperative mapping tool for complex functions [37,38]. Electrode-based methods (including DES) are generally successful due to their basis in neural electrophysiology; however, they share weaknesses in low spatial resolution and low cortical coverage. Optical methods such as IRT compensate for these weaknesses by mapping the entire craniotomy simultaneously with high spatiotemporal resolution. Further refinement of efficient optical methods for brain mapping may develop a synergistic relationship between the two classes of techniques.




7. Limitations


We encountered a couple of limitations while performing this study. Foremost, we encountered difficulty in recruiting a large cohort of subjects. Awake craniotomies for glioma resection are relatively infrequent, and not all of these patients are strong candidates for research. Since no alterations to the clinical procedures could be made as a result of participation in the present study, neuroanesthesia protocols could not be adjusted and some patients were unable to stay awake during testing. This resulted in inconsistent or partial task participation which is not suitable for inclusion in the above analyses. Second, measured surface temperature is a result of many factors, of which local functional activation is a major determinant. However, some patients may have local alterations in neurovasculature due to natural variation or glioma invasion. This may alter sensitivity and specificity of thermal mapping in some subjects. Lastly, the vascular network is interconnected so heating or cooling may happen in unexpected areas due to upstream or downstream effects. This may be accounted for by studying the order in which areas experience similar temperature patterns, but our analysis here does not have the capacity to study delays.




8. Conclusions


This study analyzes the effects of stimuli on intraoperative brain surface temperature. We have demonstrated a new technique for functional brain mapping using patterns of relative temperature change as opposed to absolute temperature changes. We have developed new hardware and software approaches to support this analysis in the operating room. Using this technology, we were able to observe an impulse response for thermography-based functional mapping. This function is likely the direct thermal byproduct of neurovascular coupling and has strong agreement with positive areas from direct electrical stimulation mapping. These contributions together modernize the current approaches for functional mapping with infrared thermography. We have taken steps towards standardizing the mapping methodology, which will ultimately be necessary for adoption of thermography for real-time surgical use.




9. Patent


United States patent pending.








Supplementary Materials


The supplement can be downloaded at: https://www.mdpi.com/article/10.3390/brainsci13071091/s1.





Author Contributions


Conceptualization, M.I., N.S., M.C.T. and T.B.P.; Methodology, M.I.; Software, M.I. and J.C.; Validation, M.I., N.S. and M.C.T.; Formal Analysis, M.I.; Investigation, M.I.; Resources, M.C.T.; Data Curation, M.I.; Writing—Original Draft Preparation, M.I.; Writing—Review and Editing, M.I., N.S., J.C., M.C.T. and T.B.P.; Visualization, M.I. and N.S.; Supervision, M.C.T. and T.B.P.; Project Administration, M.I.; Funding Acquisition, M.I., M.C.T. and T.B.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research and the APC were funded by the National Institute of Neurological Disorders and Stroke grant number R01NS116190.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Institutional Review Board of Northwestern University (protocol code STU00090126) on 1 August 2021.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to patient privacy concerns.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hervey-Jumper, S.L.; Berger, M.S. Maximizing safe resection of low- and high-grade glioma. J. Neuro-Oncol. 2016, 130, 269–282. [Google Scholar] [CrossRef] [PubMed]

	



Przybylowski, C.J.; Hervey-Jumper, S.L.; Sanai, N. Surgical strategy for insular glioma. J. Neuro-Oncol. 2021, 151, 491–497. [Google Scholar] [CrossRef] [PubMed]

	



Tate, M.C. Surgery for gliomas. Cancer Treat. Res. 2015, 163, 31–47. [Google Scholar]

	



Tang, S.; Liao, J.; Long, Y. Comparative assessment of the efficacy of gross total versus subtotal total resection in patients with glioma: A meta-analysis. Int. J. Surg. 2019, 63, 90–97. [Google Scholar] [CrossRef]

	



Tykocki, T.; Eltayeb, M. Ten-year survival in glioblastoma. A systematic review. J. Clin. Neurosci. 2018, 54, 7–13. [Google Scholar] [CrossRef] [PubMed]

	



Yordanova, Y.N.; Duffau, H. Supratotal resection of diffuse gliomas—An overview of its multifaceted implications. Neurochirurgie 2017, 63, 243–249. [Google Scholar] [CrossRef]

	



Motomura, K.; Ohka, F.; Aoki, K.; Saito, R. Supratotal Resection of Gliomas with Awake Brain Mapping: Maximal Tumor Resection Preserving Motor, Language, and Neurocognitive Functions. Front. Neurol. 2022, 13, 874826. [Google Scholar] [CrossRef]

	



Lv, K.; Cao, X.; Wang, R.; Du, P.; Fu, J.; Geng, D.; Zhang, J. Neuroplasticity of Glioma Patients: Brain Structure and Topological Network. Front. Neurol. 2022, 13, 871613. [Google Scholar] [CrossRef]

	



Soloukey, S.; Vincent, A.J.P.E.; Smits, M.; De Zeeuw, C.I.; Koekkoek, S.K.E.; Dirven, C.M.F.; Kruizinga, P. Functional imaging of the exposed brain. Front. Neurosci. 2023, 17, 1087912. [Google Scholar] [CrossRef]

	



D’amico, R.S.; Englander, Z.K.; Canoll, P.; Bruce, J.N. Extent of Resection in Glioma–A Review of the Cutting Edge. World Neurosurg. 2017, 103, 538–549. [Google Scholar] [CrossRef]

	



Young, J.S.; Lee, A.T.; Chang, E.F. A Review of Cortical and Subcortical Stimulation Mapping for Language. Neurosurgery 2021, 89, 331–342. [Google Scholar] [CrossRef]

	



Mahon, B.Z.; Miozzo, M.; Pilcher, W.H. Direct electrical stimulation mapping of cognitive functions in the human brain. Cogn. Neuropsychol. 2019, 36, 97–102. [Google Scholar] [CrossRef] [PubMed]

	



Muster, R.H.; Young, J.S.; Woo, P.Y.M.; Morshed, R.A.; Warrier, G.; Kakaizada, S.; Molinaro, A.M.; Berger, M.S.; Hervey-Jumper, S.L. The Relationship between Stimulation Current and Functional Site Localization during Brain Mapping. Neurosurgery 2021, 88, 1043–1050. [Google Scholar] [CrossRef]

	



Borchers, S.; Himmelbach, M.; Logothetis, N.; Karnath, H.-O. Direct electrical stimulation of human cortex—The gold standard for mapping brain functions? Nat. Rev. Neurosci. 2011, 13, 63–70. [Google Scholar] [CrossRef] [PubMed]

	



Corley, J.A.; Nazari, P.; Rossi, V.J.; Kim, N.C.; Fogg, L.F.; Hoeppner, T.J.; Stoub, T.R.; Byrne, R.W. Cortical stimulation parameters for functional mapping. Seizure 2017, 45, 36–41. [Google Scholar] [CrossRef] [PubMed]

	



Aaronson, D.M.; Del Campo, E.M.; Boerger, T.F.; Conway, B.; Cornell, S.; Tate, M.; Mueller, W.M.; Chang, E.F.; Krucoff, M.O. Understanding Variable Motor Responses to Direct Electrical Stimulation of the Human Motor Cortex During Brain Surgery. Front. Surg. 2021, 8, 730367. [Google Scholar] [CrossRef] [PubMed]

	



Ecker, R.D.; Goerss, S.J.; Meyer, F.B.; Cohen-Gadol, A.A.; Britton, J.W.; Levine, J.A. Vision of the future: Initial experience with intraoperative real-time high-resolution dynamic infrared imaging. J. Neurosurg. 2002, 97, 1460–1471. [Google Scholar] [CrossRef]

	



Parrish, T.; Iorga, M. Application of IR thermometry to understanding brain function. In Quantum Sensing and Nano Electronics and Photonics XV; Razeghi, M., Brown, G.J., Leo, G., Lewis, J.S., Eds.; SPIE OPTO: San Francisco, CA, USA, 2018. [Google Scholar] [CrossRef]

	



Zębala, M.; Kaczmarska, K.; Bogucki, J.; Kastek, M.; Piątkowski, T.; Polakowski, H.; Przykaza, Ł.; Koźniewska, E.; Koszewski, W.; Czernicki, Z. Intraoperative assessment of cerebral blood flow changes in normal and pathological brain tissue using an infrared camera. Quant. Infrared Thermogr. J. 2018, 15, 240–251. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, B.; Normoyle, K.P.; Jackson, K.; Spitler, K.; Sharrock, M.F.; Miller, C.M.; Best, C.; Llano, D.; Du, R. Brain temperature and its fundamental properties: A review for clinical neuroscientists. Front. Neurosci. 2014, 8, 307. [Google Scholar] [CrossRef]

	



Sukstanskii, A.L.; Yablonskiy, D.A. Theoretical model of temperature regulation in the brain during changes in functional activity. Proc. Natl. Acad. Sci. USA 2006, 103, 12144–12149. [Google Scholar] [CrossRef]

	



Gorbach, A.M.; Heiss, J.; Kufta, C.; Sato, S.; Fedio, P.; Kammerer, W.A.; Solomon, J.; Oldfield, E.H. Intraoperative infrared functional imaging of human brain. Ann. Neurol. 2003, 54, 297–309. [Google Scholar] [CrossRef]

	



Suzuki, T.; Ooi, Y.; Seki, J. Infrared thermal imaging of rat somatosensory cortex with whisker stimulation. J. Appl. Physiol. 2012, 112, 1215–1222. [Google Scholar] [CrossRef]

	



Suzuki, T.; Oishi, N.; Fukuyama, H. Simultaneous infrared thermal imaging and laser speckle imaging of brain temperature and cerebral blood flow in rats. J. Biomed. Opt. 2018, 24, 031014. [Google Scholar] [CrossRef] [PubMed]

	



Iorga, M.; Tate, M.C.; Parrish, T.B. A robust motion correction technique for infrared thermography during awake craniotomy. Int. J. Comput. Assist. Radiol. Surg. 2023, 18, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Baldwin, M.; Fox, D.G. Laminar Flow for the Neurosurgical Operating Room. J. Neurosurg. 1968, 29, 660–665. [Google Scholar] [CrossRef]

	



Romano, F.; Milani, S.; Ricci, R.; Joppolo, C.M. Operating Theatre Ventilation Systems and Their Performance in Contamination Control: “At Rest” and “In Operation” Particle and Microbial Measurements Made in an Italian Large and Multi-Year Inspection Campaign. Int. J. Environ. Res. Public Health 2020, 17, 7275. [Google Scholar] [CrossRef] [PubMed]

	



Lai, S.; Hopkins, A.L.; Haacke, E.M.; Li, D.; Wasserman, B.A.; Buckley, P.; Friedman, L.; Meltzer, H.; Hedera, P.; Friedland, R. Identification of vascular structures as a major source of signal contrast in high resolution 2D and 3D functional activation imaging of the motor cortex at l.5T preliminary results. Magn. Reson. Med. 1993, 30, 387–392. [Google Scholar] [CrossRef]

	



Turner, R. How Much Cortex Can a Vein Drain? Downstream Dilution of Activation-Related Cerebral Blood Oxygenation Changes. Neuroimage 2002, 16, 1062–1067. [Google Scholar] [CrossRef]

	



Carrero, E.J.; Fàbregas, N. Thermoregulation and neuroanesthesia. Saudi J. Anaesth. 2012, 6, 5–7. [Google Scholar] [CrossRef]

	



You, H.; Qiao, H. Intraoperative Neuromonitoring during Resection of Gliomas Involving Eloquent Areas. Front. Neurol. 2021, 12, 658680. [Google Scholar] [CrossRef]

	



Morshed, R.A.; Young, J.S.; Lee, A.T.; Hervey-Jumper, S.L. Functional Mapping for Glioma Surgery, Part 2: Intraoperative Mapping Tools. Neurosurg. Clin. N. Am. 2021, 32, 75–81. [Google Scholar] [CrossRef]

	



Sheth, S.A.; Eckhardt, C.A.; Walcott, B.P.; Eskandar, E.N.; Simon, M.V. Factors Affecting Successful Localization of the Central Sulcus Using the Somatosensory Evoked Potential Phase Reversal Technique. Neurosurgery 2013, 72, 828–834. [Google Scholar] [CrossRef] [PubMed]

	



Simon, M.V.; Curry, W.T.; Jones, P.S.; Cahill, D.P.; Carter, B.S.; Rapalino, O.; Malik, A.N.; Nahed, B.V. Intraoperative thalamocortical tract monitoring via direct cortical recordings during craniotomy. Clin. Neurophysiol. 2021, 132, 1416–1432. [Google Scholar] [CrossRef]

	



Romstöck, J.; Fahlbusch, R.; Ganslandt, O.; Nimsky, C.; Strauss, C. Localisation of the sensorimotor cortex during surgery for brain tumours: Feasibility and waveform patterns of somatosensory evoked potentials. J. Neurol. Neurosurg. Psychiatry 2002, 72, 221–229. [Google Scholar] [CrossRef] [PubMed]

	



Vakani, R.; Nair, D.R. Electrocorticography and functional mapping. Handb. Clin Neurol. 2019, 160, 313–327. [Google Scholar] [CrossRef] [PubMed]

	



Taplin, A.M.; de Pesters, A.; Brunner, P.; Hermes, D.; Dalfino, J.C.; Adamo, M.A.; Ritaccio, A.L.; Schalk, G. Intraoperative mapping of expressive language cortex using passive real-time electrocorticography. Epilepsy Behav. Case Rep. 2016, 5, 46–51. [Google Scholar] [CrossRef]

	



Erez, Y.; Assem, M.; Coelho, P.; Romero-Garcia, R.; Owen, M.; McDonald, A.; Woodberry, E.; Morris, R.C.; Price, S.J.; Suckling, J.; et al. Intraoperative mapping of executive function using electrocorticography for patients with low-grade gliomas. Acta Neurochir. 2021, 163, 1299–1309. [Google Scholar] [CrossRef]








[image: Brainsci 13 01091 g001 550] 





Figure 1. Intraoperative Thermography System. (A) Mobile computer cart with workstation computer during intraoperative data collection. The imaging app is visible on the screen with a real-time feed of craniotomy data. (B) Infrared camera positioned over the craniotomy during data collection. The camera and support system are wrapped in a sterile plastic cover. (C) Close-up of thermography task administration and data collection software. 
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Figure 2. Motion Correction Quality. Image quality before and after motion correction was estimated for all subjects. Aggregate values were computed by taking the median across all subjects and all epochs. The first frame of the subject’s data was used as the reference frame for all other epochs (full coregistration). Image quality is plotted over time for the mean squared error (MSE), peak signal-to-noise ratio (PSNR), and structural similarity index metric (SSIM). 
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Figure 3. Group PCA Time Series. The loading time series and percentage of variance explained are shown for each component. Components are displayed in order of decreasing variance. Stimulus onset was between zero and one seconds for all tasks, and stimulus offset. 
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Figure 4. Component 1 Group PCA Maps by Patient. Spatial loadings are shown for the second component in each patient. The craniotomy and DES labels are shown as a grayscale image. Red overlay indicates where the map component exceeded the mean value and is bright red where the loading exceeds two standard deviations above the mean. Black areas indicate parts of the infrared image outside of the field of view of the white-light image. Green indicates the edges of positive DES labels which are directly related to the IRT task. 
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Figure 5. Component 2 Group PCA Maps by Patient. Spatial loadings are shown for the second component in each patient. The craniotomy and DES labels are shown as a grayscale image. Red overlay indicates where the map component exceeded the mean value and is bright red where the loading exceeds two standard deviations above the mean. Black areas indicate parts of the infrared image outside of the field of view of the white-light image. Green indicates the edges of positive DES labels which are directly related to the IRT task. 
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Table 1. Patient Information. Age, sex, and task performed for each patient.
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	Patient
	Task
	Age
	Sex





	1
	Lip Purse
	46
	Male



	2
	Lip Purse
	41
	Female



	3
	Hand Clench
	31
	Male



	4
	Hand Clench
	44
	Female



	5
	Finger Sensory
	33
	Female



	6
	Finger Sensory
	29
	Female
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