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Abstract

:

Various infarct sizes induced by middle cerebral artery occlusion (MCAO) generate inconsistent outcomes for stroke preclinical study. Monitoring cerebral hemodynamics may help to verify the outcome of MCAO. The aim of this study was to investigate the changes in brain tissue optical properties by frequency-domain near-infrared spectroscopy (FD-NIRS), and establish the relationship between cerebral hemodynamics and infarct variation in MCAO model. The rats were undergone transient MCAO using intraluminal filament. The optical properties and hemodynamics were measured by placing the FD-NIRS probes on the scalp of the head before, during, and at various time-courses after MCAO. Bimodal infarction severities were observed after the same 90-min MCAO condition. Significant decreases in concentrations of oxygenated hemoglobin ([HbO]) and total hemoglobin ([HbT]), tissue oxygenation saturation (StO2), absorption coefficient (μa) at 830 nm, and reduced scattering coefficient (μs’) at both 690 and 830 nm were detected during the occlusion in the severe infarction but not the mild one. Of note, the significant increases in [HbO], [HbT], StO2, and μa at both 690 and 830 nm were found on day 3; and increases in μs’ at both 690 and 830 nm were found on day 2 and day 3 after MCAO, respectively. The interhemispheric correlation coefficient (IHCC) was computed from low-frequency hemodynamic oscillation of both hemispheres. Lower IHCCs standing for interhemispheric desynchronizations were found in both mild and severe infarction during occlusion, and only in severe infarction after reperfusion. Our finding supports that sequential FD-NIRS parameters may associated with the severity of the infarction in MCAO model, and the consequent pathologies such as vascular dysfunction and brain edema. Further study is required to validate the potential use of FD-NIRS as a monitor for MCAO verification.
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1. Introduction


Stroke is the leading cause of long-term adult disability and the second leading cause of death worldwide [1,2]. Considering that human stroke is extremely complex in its causes, expressions, and vasculature that is involved, a standardized animal model is needed to explore the pathophysiology and therapeutic approaches in a highly reproducible and well-controllable way [3]. The middle cerebral artery (MCA) is the largest cerebral artery that supplies most of the brain, and is also the most often affected by stroke: about half (50.8%) of all ischemic strokes occur in MCA and its branches [4,5]. For this reason, middle cerebral artery occlusion (MCAO) using intraluminal filament to generate infarcts in MCA territory has been developed [6,7]. The model involves introducing a nylon filament directly into the internal carotid artery (ICA) until it blocks the cerebral blood flow (CBF) to the MCA [3]. This method does not require craniectomy and allows permanent occlusion or temporary one followed by reperfusion. With these features plus clinical ischemia analogy, the MCAO by intraluminal filament has become one of the most widely used models in animal models of stroke [3,6,7,8,9,10,11,12]. Despite many studies leading the optimization of the methodological parameters [13], the intraluminal placement of the filament is still a surgical challenge. Since the improper position of the filament can cause insufficiency in MCA blood flow disruption and further prevent infarct formation [14,15], monitoring of CBF during the MCAO surgery has become an urgent need to check the success of the occlusion. CBF during the surgery is usually monitored using laser Doppler flowmetry (LDF) [16,17,18,19,20,21,22,23,24,25], less common using laser speckle contrast imaging (LSCI) [26,27] and magnetic resonance imaging (MRI) [15,22,28,29]. However, applying LDF or LSCI requires an incision of the scalp and thinning of the skull to allow the penetration of laser light into brain tissue. This procedure will cause tissue damage and increased surgical burden. MRI can be performed in a non-invasive way without damaging the scalp and skull, but it is not convenient for real-time monitoring of the surgery inside the MRI machine. These disadvantages limit the use of LDF, LSCI, and MRI during MCAO surgery. A better way to monitor the cerebral blood supply during MCAO for researchers to confirm the success of the modeling, and to explore the pathological changes after MCAO is still a significant demand.



Taking advantage of light in the near-infrared (NIR) range (600–900 nm), which can penetrate a few centimeters into tissues [30], near-infrared spectroscopy (NIRS) can non-invasively detect concentration changes of hemoglobin in the brain [31]. NIRS has the advantages of portability, non-radiation, high temporal resolution, and motion–artifact tolerability, thus having the potential of becoming widely applicable for the long-term monitoring of stroke and neurovascular diseases [32,33,34]. Three types of NIRS systems have been developed (Figure 1). Continuous-wave (CW-) NIRS can detect relative changes of the hemoglobin level based on that the absorption of the light is proportional to the amount of hemoglobin. Frequency-domain (FD-) NIRS uses light that is amplitude-modulated at radio frequencies (several hundred MHz) and measures the attenuation in amplitude and phase shifts of the transmitted signal to estimate absorption and scattering of the NIR light by tissue. Time-domain (TD-) NIRS detects the temporal distribution of photons produced when a short-duration (several picoseconds) laser pulse is transmitted through the tissue, and then estimates the absorption and scattering properties. With source–detector pairs separated by multiple distances, both TD- and FD-NIRS can provide absolute quantification of the hemoglobin level based on calculation derived from the absorption and scattering properties of the tissue and the molar extinction coefficient of hemoglobin [35,36]. The major parameters of absolute quantitative NIRS include the absorption coefficient (μa), reduced scattering coefficient (μs’), and concentrations of oxygenated ([HbO]) and deoxygenated hemoglobin ([HbR]) within the optical field. Total hemoglobin concentration ([HbT]) can be obtained by summing [HbO] and [HbR], and tissue oxygenation saturation (StO2) can be derived from the percent ratio between [HbO] and [HbT] [35].



The strengths of NIRS, including long-term continuous monitoring capability and high temporal resolution, make it a promising tool for measuring cerebral hemodynamic oscillation during stroke evolution. Previous studies used CW-NIRS to explore the temporal correlation between two hemodynamic oscillations obtained from both hemispheres in unilateral stroke patients [37,38,39]. The interhemispheric correlation coefficient (IHCC) was derived from computing the zero-lag cross-correlation of two hemodynamic oscillated signals from lesioned and non-lesioned hemispheres. These studies reported that stroke patients had lower IHCC when compared with normal subjects [37,38] or those with mild strokes [39]. These results suggested that the desynchronized hemodynamic oscillation between lesioned and non-lesioned hemispheres may be associated with the severity of the unilateral infarction. However, the relationship between IHCC and the progression of cerebral infarction requires further investigation.



NIRS has been utilized to investigate cerebral oxygenation and hemodynamics in rodent MCAO models [40,41,42,43,44,45]. Most of these studies used CW-NIRS to monitor the relative changes of hemoglobin during and after ischemia [40,42,45]; some used FD-NIRS to obtain the absolute values of cerebral oxygenation and tissue optical properties [41,43,44]. Meanwhile, all these studies performed on the MCAO model were focused on the transition of the ischemia only within several hours. A comprehensive study that includes all the NIRS parameters and covers extensive time courses to investigate sequential hemodynamic changes after MCAO is needed. Therefore, the aim of the study was to monitor the changes in tissue optical properties (μa and μs’) and cerebral hemodynamics ([HbO], [HbR], [HbT], StO2, IHCC) during and after MCAO using quantitative FD-NIRS. By investigating the temporal changes in FD-NIRS parameters, we expected to explore the feasibility of using FD-NIRS for MCAO verification.




2. Results


2.1. MCAO Lesion


Although consistent MCAO surgery was performed, TTC staining on the third day after MCAO showed two types of outcomes: (i) small-sized infarctions mainly in subcortical tissue, some involving the ventrolateral cortex, and (ii) large infarctions covering subcortical tissue and the ventrolateral and dorsolateral cortices (white signals in Figure 2A). These two types of infarction sizes were confirmed by clustering analysis using k-means algorithm. Based on the clustering, the outcomes of the infarction can be divided into the mild infarction group and the severe infarction group (Figure 2B). The percent of infarction was 8.08 ± 4.19% (mean ± SD) for mild infarction (n = 14) and 29.44 ± 2.23% for severe infarction (n = 14). The NIRS parameters derived from mild and severe groups were then further analyzed for statistical difference (see Section 2.2). The extent of brain edema induced by infarction was estimated by measuring the percent of volumetric change in the lesioned hemisphere. The percent values of swelling were 7.33 ± 4.62% (mean ± SD) for mild infarction and 14.30 ± 8.00% for severe infarction (Figure 2C). A significant difference was detected using a two-tailed unpaired t-test (p = 0.011).




2.2. Quantification of Optical and Hemodynamic Parameters in Lesioned Hemisphere


The absolute quantification of tissue optical properties such as μa and reduced μs’, and cerebral hemodynamics ([HbO], [HbR], [HbT], and StO2) before, during, and after MCAO surgery was performed using the multiple-distance FD-NIRS. Although there was some contribution from the circulation in the scalp, multi-distance montage (source–detector pairs at 3, 6, and 9 mm) allowed us to detect hemodynamic signals that most likely arose from cerebral tissues. The absolute values of μa and μs’ at two wavelengths (690 and 830 nm), as well as the values of [HbO], [HbR], [HbT], and StO2 measured from the lesion hemisphere at various time courses were summarized (Figure 3 and Table 1). The F values and P values derived from the two-way ANOVA were summarized (Table 2). The results suggest that the time course affects all NIRS parameters significantly (p < 0.05), whereas severity alone had no significant effect on any of the parameters. However, significant interactions between the time course and severity were shown for all NIRS parameters (p < 0.05), which indicates that severity does not have the same effect for all time courses (or that the time course does not have the same effect for all groups).



Tukey’s post-hoc tests were employed to further compare the respective means of all NIRS parameters between any two of the three groups (sham, mild, and severe infarction) at each time course (Figure 3). For the absorption coefficients, significant decreases were observed during occlusion (occ) and d1, while significant increases were detected on d3 for severe infarction. As for the scattering coefficients, significant decreases were detected during occ, with increases on d2 and d3, in severe infarction. Hemodynamic parameters were calculated from the absorption and scattering properties. During occ, significant decreases in [HbO], [HbT], and StO2 were observed in severe infarction. All hemodynamic values returned toward the baseline (pre) values when the filament was withdrawn 90 min after MCAO (post) through d2. Finally, the values of [HbO], [HbT], and StO2 derived from MCAO groups were observed to be higher than those derived from the sham group on d3.




2.3. IHCCs in MCAO


IHCCs derived from [HbO] oscillations from all groups at various time courses are plotted as means ± SEM (Figure 4). An IHCC of 1 indicates that the hemodynamic oscillations from the two hemispheres are perfectly symmetrical (in phase); IHCC values of 0 and −1 indicate 90° and 180° phase delays between hemispheres, respectively. After Fisher’s Z-transformation, two-way repeated-measures ANOVA showed significant main effects of time course (F5,90 = 14.69, p < 0.0001), severity (F2,18 = 19.10, p < 0.0001), and interaction (F10,90 = 2.24, p = 0.0219). Significant decreases were shown in IHCCs from both mild and severe infarctions during the occlusion (occ) by Tukey’s post-hoc test (versus sham). However, during the reperfusion (post), a significant decrease was observed between severe versus sham and severe versus mild infarction. There was no significant difference between the mild versus sham groups. No difference was found among groups on d1 to d3.





3. Discussion


3.1. Previous NIRS Studies of Cerebral Hemodynamics in MCAO Model


NIRS can non-invasively measure cerebral hemodynamics in cortical tissue through the intact scalp in a real-time manner. These features make NIRS a promising tool for MCAO surgery monitoring. Reduced partial oxygen pressure in the brain associated with MCAO has been reported [17]. Therefore, we hypothesized that cerebral hemodynamics derived from NIRS parameters (including tissue oxygenation and hemoglobin levels) may be associated with the outcome of ischemic injury in MCAO model.



Our results of cerebral hemodynamic changes in severe infarction are comparable with previous studies using NIRS to directly probe the lesioned hemisphere of MCAO animal. First, in the acute stage (pre, occ, and post) of the MCAO surgery, decreased [HbO], [HbT], and StO2 have been observed during the occlusion (occ). As the intraluminal filament was withdrawn after MCAO to allow reperfusion (post), [HbO], [HbT], [HbR], and StO2 values gradually returned toward the sham control values [40,41,42]. Next, three days after the surgery, significantly increased [HbO], StO2, and [HbT] were found in severe infarction compared to those from sham and mild infarctions. These findings are similar to those obtained from the permanent MCAO model [41]. Interestingly, the reduction of CBF obtained from the core MCA territory was compared with the cerebral tissue oxygenation derived from FD-NIRS. No significant correlation was reported [41].



Several imaging systems based on the principle of NIRS have been established for acquiring spatial information on the hemodynamic changes in the cerebral ischemic model [43,44,45,46]. A study used spatially modulated NIR illumination to reconstruct the two-dimensional (2-D) image of cerebral hemodynamics in the model of proximal MCAO [43]. Another reported the development of a novel diffuse optical tomography (DOT) by combining the spatial-distributed multi-channel FD-NIRS with diffuse correlation flowmetry. The system can obtain the 2-D image of hemoglobin concentrations and relative CBF to further reconstruct the dynamic imaging of StO2, relative cerebral blood volume, and cerebral metabolic rate of oxygen consumption during MCAO [44]. Furthermore, others applied the volumetric finite element model to generate 3-D DOT imaging from the embolic MCAO model with thrombolytic therapy [45] or common carotid artery occlusion (CCAO) models [46]. Due to the highly scattering property of the light propagating in tissue, the spatial resolution of the NIRS is usually a drawback. The developments of these topographic and tomographic methods compensated for the poor spatial resolution, and have demonstrated the utility of NIRS in providing a spatiotemporal profile of cerebral hemodynamics during ischemic events. DOT may be a promising tool to reveal the relationship between collateral circulation and MCAO variation in further investigation.



Changes in cerebral blood oxygenation during the MCAO model are compared with those obtained in the human ischemic stroke study. In the study of human ischemic stroke in MCA territory, the values of StO2 were significantly lower on the infarcted side compared to those on the non-infarcted side on the first-day post-stroke. The difference disappeared from the third to the fifteenth days, with the values of StO2 on the infarcted side gradually increasing throughout the monitoring period [47]. Our findings of cerebral blood oxygenation in the days after MCAO are similar to those obtained in a human study. However, the potential use of cerebral hemodynamics as biomarkers for clinical stroke still requires further clinical study to overcome the variation in NIRS measurements that is supposedly due to probe montage and anatomical variations of individuals.




3.2. MCAO Variation and LDF Monitoring


Using the same MCAO surgical procedure and occlusion duration to induce cerebral infarction in rat, various infarct sizes were observed in the current study, as ever reported previously [18,19,22,27,48,49,50]. Diverse severity of ischemic lesions similar to our current findings has been observed by MRI [22,48,49] and tissue staining [18,19,27,50]. Certain proportions of MCAO surgeries ending in mild infarction brought up the necessity of monitoring the CBF in the MCA territory during the surgery to prevent insufficient occlusion. Ipsilateral CBF monitoring using LDF has been demonstrated efficient to detect successful occlusion [16,17,18,19,20,21,22], or premature reperfusion and subarachnoid hemorrhage (SAH) [23,24,25]. The successful occlusion was induced when the insertion of the filament caused a significant drop in ipsilateral CBF of MCA territory to 20~30% of the baseline. In about 25% of the cases, premature reperfusion was identified as a steep rise in continuous ipsilateral LDF signal during the occlusion, and it may account for the variation in infarct size and neurological outcome associated with the MCAO model [23,24,51,52]. The detection of premature reperfusion during the occlusion allowed the investigators to readjust the placement of the filament so that the adequate MCAO can be accomplished [23,24].



It seems useful using LDF during MCAO to overcome insufficient occlusion; however, discrepancies were also reported regarding probing MCA territory with continuous ipsilateral LDF to monitor the decrease in CBF induced by MCAO [50,53,54]. The reduction of CBF from ipsilateral MCA territory did not match histological infarction [50,53]. The study suggested that early behavioral tests may predict early death and no infarction from successful infarction and SAH when all of these groups show decreased CBF (<30% of baseline) in MCA territory during occlusion [50]. The other two studies also reported LDF did not significantly affect the MCAO outcome [53,54].



Potential explanations for the discrepancies include collateral circulation [16,19,22] and anatomical variations of the vasculature [14,55], which are also possible factors for the variability of infarct size. A study discussed that measurements of CBF at the core of the MCA territory during MCAO usually showed very strong reductions, and a very narrow range of CBF values hardly matched up to a rather wide range of infarct sizes. Furthermore, they proved that infarct size is dependent on the reduction in collateral circulation, which can be monitored by LDF targeting perifocal MCA territory [16]. Later, a team used multi-site LDF to compare the CBF in the core MCA territory and the border zone between the cortical branches of the anterior cerebral artery (ACA) and MCA during MCAO. Their findings demonstrated that the reduction of CBF in the collateral territory is significantly correlated with neurological score and infarct size; while no correlation was observed in the case of the core MCA territory was probed [19,22]. Interestingly, they also reported similar bimodal infarct typologies as we did in the current study, and their monitoring of collateral flow with multi-site LDF agreed with acute MRI for the prediction of the MCAO bimodal outcomes.



Detecting collateral flow using multi-site LDF seems to be a sensitive method to predict MCAO outcomes; however, probing the collateral flow correctly can be tricky. A single LDF probe can only detect a very limited area and it is quite difficult to visually target the collateral circulation during the surgery, not to mention the anatomical variations of the vasculature from each animal and surgical bias from each laboratory, which make it even harder to practice. Using imaging technologies such as LSCI [26,27] and MRI [15,22,28,29] to obtain the spatial distribution of the CBF changes from core and collateral territories can be one of the alternative options. However, we just mentioned the limitation of using LSCI and MRI in MCAO monitoring in the introduction. In this study, we measured the expression of hemodynamic parameters other than CBF obtained from FD-NIRS during the MCAO. Our findings suggested the potential of using NIRS-derived hemodynamics for non-invasive MCAO monitoring.




3.3. Changes in Tissue Scattering in Severe MCAO


In the current study, the severe infarction group expressed decreased μs’ during MCAO, and increased μs’ on d2 and d3 after MCAO. These sequential patterns of μs’ are not like simultaneously recorded μa, hemoglobin levels, or StO2, which are highly relative to the changes in concentration of hemoglobin [32]. We assumed the decrease in μs’ during MCAO may be due to the changes in cellular conformation induced by acute injury, and the increase in μs’ on d2 and d3 may be associated with brain edema induced by ischemic injury hours to days later. To further interpret our assumptions on the observations in μs’, several studies with consistent or controversial findings are discussed in the following paragraphs.



Decreases in μs’, the scattering amplitude, and scattering power during MCAO compared to the pre-MCAO baseline have been reported [43]. It has been previously shown that decreases in scattering power were associated with increases in scatterer size [56]. Meanwhile, decreases in scattering amplitude reflected the changes in scatterer density, distribution, and refractive index of the tissue [57]. Therefore, the author supposed that their observation of decreased scattering during MCAO may be due to the change in cellular structure in response to acute injury [43]. Others investigated changes of NIR light scattering imaging in the model of permanent MCAO to monitor spatiotemporal distribution of spreading depolarization (SD) and development of the infarction [58]. In the core area of infarction, a sudden drop in scattering intensity induced by MCAO was detected and followed by a gradual increase and repetitive wavelike changes induced by SDs. In the peripheral region of the infarction, instead of a sudden drop immediately after the MCAO, a gradually increase followed by repetitive SDs were observed through the whole time. The authors speculate that the gradual increased scattering after MCAO may be associated with morphological alteration due to neuronal injury, although the discussion on the sudden drop of the scattering in the beginning of the MCAO was lacking [58]. We propose that our finding of decreased μs’ was consistent with previous reports in MCAO [43,58].



Delayed increases in μs’ shown on d2 and d3 led us to further discussion on brain edema induced by brain injury. Using NIRS to monitor changes in μs’ in the traumatic brain injury (TBI) model, an increase in μs’ was observed from the first hour through to five days after TBI, with a peak on the third day [59]. Furthermore, they found a strong positive correlation between values of μs’ and brain water content following TBI with or without dehydration treatments [59]. The relationship between changes in NIR light scattering and brain swelling induced by water intoxication with or without mannitol treatment was further investigated [60]. They found that both NIR light scattering and intracranial pressure (ICP) increased after water intoxication. The increased scattering found in in vivo brain and in vitro brain slices could both be reversed after dehydration treatment. Furthermore, they also demonstrated that the scattering intensity was highly correlated with brain water content (r = 0.98) [60].



We found significant brain swelling in the severe infarction on d3 compared to the mild infarction. Based on our current findings and previous studies [59,60], we hypothesized that the delayed increase in μs’ on d2 and d3 from the severe infarction was associated with brain edema. However, the time point is still controversial. Water content from the infarcted hemisphere significantly increased at 6 h after MCAO and lasted for 2 days, with a peak on the first day [61]. A similar edema phenomenon was confirmed by chronic ICP monitoring in MCAO rats for 5 days [62]. In our observation, no difference was detected in μs’ on d1 when comparing any two of the severe, mild, or sham groups. Therefore, the relationship between μs’ and brain edema induced by MCAO requires further study.




3.4. IHCC


Cerebral spontaneous hemodynamic oscillation in the low-frequency range was found to be associated with blood pressure fluctuation, and the myogenic, metabolic and neurogenic controls involved in maintaining the CBF constant during blood pressure fluctuation [63,64]. Featured as a high temporal resolution, NIRS has been demonstrated as a useful tool to study the alterations in cerebral hemodynamic oscillation in healthy subjects [63,65], stroke patients [37,38,39,64], and animal MCAO [42].



An animal study involves using NIRS to detect cerebral hemodynamic fluctuation induced by vasospasm in the model of MCAO [42]. The authors observed periodic fluctuations in changes in both [HbO] and [HbT] from the ischemic hemisphere during occlusion. Meanwhile, Fourier power spectral analysis showed that the power of the fluctuating signal from the rats without pre-treatment of the anti-vasospasm drug was significantly higher than those with pre-treatment. This study demonstrated the potential application of NIRS to monitor hemodynamic fluctuation associated with vascular dysfunction during MCAO [42].



IHCC was first introduced to detect a temporal correlation between hemodynamics from both hemispheres in ischemic stroke patients previously [37]. The authors obtained hemodynamic signals using CW-NIRS probing both MCA territories in normal and sub-acute stroke patients. The IHCCs were computed from hemodynamic signals in physiological high-frequency ranges, such as cardiac (0.7–3 Hz) and respiratory (0.15–0.7 Hz) ranges. Their results showed lower IHCCs expression in the stroke subjects compared to the healthy ones, which indicated interhemispheric desynchronization in strokes. They speculated that the reduced IHCCs might result from disrupted cerebral autoregulation [37]. Later, reduced IHCCs were further confirmed in stroke patients performing cycling tasks [38]. It seems that IHCCs derived from the premotor cortex and sensorimotor cortex might reveal the impairment that is associated with the brain responding to motor tasks. Recently, IHCCs in stroke patients with various severities were further investigated [39]. Unlike previously reported decreases in IHCCs in the high-frequency range (0.15–2 Hz) [37], the results showed no significant difference in the high-frequency range. However, in low- (0.06–0.15 Hz) and very low- (0.02–0.06 Hz) frequency ranges, significant differences were found in reduced IHCCs among various severities. Hemodynamic oscillations in low-frequency ranges reflected the activities of myogenic, metabolic, and neurogenic controls of the vasculature [63,64]. Therefore, the authors discussed the myogenic and neurogenic damages in stroke, and suggested the desynchronizations in low- and very low-frequency ranges are associated with these damages in different severity. Furthermore, a significant correlation was also found between IHCCs and neurological scores. In sum, these findings suggest the relationship between hemodynamic desynchronization and stroke severity [39].



In this study, we explored the temporal profile of hemodynamic desynchronization between both hemispheres from severe and mild infarction using IHCC. The 0.01–0.8 Hz frequency range, which is lower than the heart rate and the respiration rate of rats, was extracted from [HbO] traces for IHCC calculation. The results showed overall decreased IHCCs in both the mild and severe infarctions during occlusion. Of note, a further reduction was observed in the severe infarction after reperfusion (post), while a gradual recovery was seen in the mild infarction (Figure 3), then both severe and mild infarction were returned toward the baseline on d1 to d3.



Our IHCC result showed a remarkable difference after reperfusion when comparing severe MCAO with the mild one. We hypothesize that severe infarction may suffer more hypoxic damage during the occlusion versus the mild one (Figure 3H), and that the damage induces more severe vascular dysfunction, which was revealed by desynchronization in the low-frequency range after reperfusion. Such vascular dysfunction in stroke, which may be referred to as impairment in cerebral autoregulation [37] and neurovascular coupling [66], vasospasm [42], etc., requires further investigation.




3.5. Limitations of the Study


There are some limitations in the current study that need to be addressed. First, the types and conditions of the cerebral ischemic model were limited. There are so many factors and protocols affecting the outcome of cerebral ischemia, as we just mentioned in the introduction section. In the current study, we only applied proximal MCAO with 90-min occlusion by silicon-coated microfilament in isoflurane-anesthetized male SD rats following Koizumi’s method. The reproducibility and universality of monitoring cerebral ischemia by FD-NIRS require further studies.



Parameters that can affect the infarct variability and outcome reproducibility of the MCAO model usually include strains, age, body weight, body temperature, anesthesia, occlusion duration, type of intraluminal filament, and other surgical procedures [13]. Furthermore, the anatomical variations in cerebrovasculature associated with strains can affect the variation of infarction [13,14,55]. A meta-analysis compared the coefficient of variation of infarct size induced by various MCAO protocols in different rat strains; Wistar had significantly lower variability than Sprague–Dawley (SD) [13]. Variance in infarct size from SD rats may be due to the ICA branches that can support MCA territory, which were identified in 80% of the animals [14]. A review article then discussed that Wistar Kyoto (WKY) is a better choice than SD for stroke modeling because it lacks the vascular variability of the SD [55]. Theoretically, vascular variation shall affect NIRS result as well. Parallel studies using brain imaging to provide structural information and spatial hemodynamics are critical for validation.



Finally, there are some major drawbacks of NIRS including limited penetration depth, poor spatial resolution, and contamination by signals from the skin, muscle, and scalp [30,32,33,34]. Improvements are needed for probe montage so that the multiple-distance arrangement can target a sufficient depth of tissue to dilute the interference from the superficial signals. An efficient montage can also target regions of interest with less trade-off in spatial resolution. Although the motion tolerance of NIRS is relatively better than other brain images (such as MRI, LSCI, LDF, etc.), the slight displacement of a probe against the tissue surface during the measurement can still create significant motion artifacts. Therefore, a solid holder or interface is needed as well to mount the probes stably on the head during MCAO surgery in the supine position. In addition, featured as high temporal resolution, NIRS has an advantage in continuous monitoring in a real-time manner. With the help of a modified interface to smoothly transit from pre-surgery, during, and after surgery, a complete temporal profile shall be available.




3.6. Potential Clinical Applications


Continuous measuring of hemoglobin and tissue oxygenation level using NIRS may benefit acute stroke patients [32,33,34]. In the current study, we identified sequential changes in the brain hemodynamics and optical properties acquired with NIRS during and after rat MCAO. These findings may inspire the applications of NIRS for early diagnosis of ischemic stroke since NIRS is quite safe, affordable, and feasible for long-term use [67]. However, the translational potential of these parameters in human stroke requires further studies because of the complexity of the stroke onset, individual variation of the stroke patient, and reproducibility of the NIRS measurement.



The current finding is made from the ischemic stroke model, while the hemorrhagic stroke which contributes 20% of the total stroke is also critical [1,2]. Intracranial aneurysm (IA) is a risk for hemorrhagic stroke, and MCA has a high potential for developing an IA [68]. The relationship between changes in CBF and wall shear stress has been studied for the rupture risk using computer simulation [69,70]. Meanwhile, cerebral autoregulation has been shown to disrupt after aneurysmal subarachnoid hemorrhage [71,72]. Therefore, we speculate that IHCC, which is affected by disrupted cerebral autoregulation [37], may be a potential indicator for aneurysmal subarachnoid hemorrhage detection.



Non-invasive monitoring of the intracranial fluid content, such as intracranial compliance using MRI, has become an emerging need for clinical use in various types of hydrocephalus [73]. In the previous paragraph (Section 3.3), we discussed that the increased μs’ may be associated with brain edema [59,60]. Since the μs’ obtained by non-invasive NIRS is an absolute quantity, μs’ is comparable between individuals and may have the potential for the detection of various types of hydrocephalus. However, the μs’ is quite sensitive to the scatter numbers and size, i.e., tissue composition and hemoglobin concentration may interfere with the measurement. Therefore, it may be interesting to study the profiles of μs’ from a larger population with all types of hydrocephalus, such as communicating, noncommunicating, and normal pressure hydrocephalus, or hydrocephalus caused by brain atrophy, traumatic injury, or psychiatric disorders, in future works.





4. Materials and Methods


4.1. Animal Preparation and Experimental Design


All animal experiments were approved by the Institutional Animal Care and Use Committee of the Laboratory Animal Center in National Cheng Kung University (IACUC Approval No.: 101203). Adult (8–10 weeks-old) male Sprague–Dawley (SD) rats weighting 290–330 g were obtained from the Animal Center of National Cheng Kung University Medical College. The animals were housed in standard cages at a temperature of 25 ± 1 °C with a 12/12-h light/dark cycle and free food and water access.



In total, 42 adult male SD rats were used in this study; 28 of them underwent MCAO surgery and 14 of them underwent sham surgery. NIRS assessments were performed at the following time courses: pre, 15 min before MCAO surgery was started; occ, 15 min after the MCA was occluded with insertion of the filament; post, 15 min after the filament was withdrawn from the MCA to allow reperfusion; 1d, 1 day; 2d, 2 days; 3d, 3 days after the surgery (Figure 5B). On the third day when NIRS measurement was finished, all the rats (42 rats) were then sacrificed for histological examination. Only slices from MCAO rats (14 + 14 = 28 rats) were quantified to obtain the infarction area (%) and swelling area (%).




4.2. MCAO Surgery


The MCAO model was established following Koizumi’s method [6]. Briefly, the rats were maintained anesthetized with 2–3% isoflurane inhalation (in 21% O2 mixed with 79% N2). Rectal temperature was monitored and kept at 37.0 °C using an electrical heating pad (TC-1000 Temperature Controller, CWE Inc., Ardmore, PA, USA). The rats were placed in the supine position with the neck shaved. A vertical incision was made on the neck. The left CCA, external carotid artery (ECA), and ICA were exposed and isolated from the surrounding nerves and fascia. The ECA and CCA were ligated with 6-0 silk sutures permanently. The bifurcation of the CCA into the ECA and ICA was identified, and an incision was made on the CCA. A silicone-coated filament (403945PK10Re, Doccol Corp., Sharon, MA, USA) was advanced into the ICA through the small incision on the CCA, until it reached the origin of the MCA (~19 mm beyond the bifurcation). The filament was secured with knots tightened around the ICA and CCA. Ninety minutes later, the filament was carefully removed from the ICA and CCA to allow reperfusion of the MCA, and the ICA was then permanently ligated at the bifurcation to prevent backflow through the arteriotomy. For the sham control, an animal was subjected to CCA, ECA, and ICA ligation without filament insertion. Following surgery, the incision on the neck was sutured and an intraperitoneal injection of 3.0 mL of saline was given as fluid replacement. To relieve pain after surgery, buprenorphine (0.1 mg/kg) was injected subcutaneously twice per day.




4.3. NIRS Measurement


The intrinsic cerebral optical properties, hemoglobin concentrations, tissue oxygen saturation, and inter-hemispheric hemodynamic oscillation were non-invasively monitored using a commercial FD-NIRS system (Imagent, ISS Inc., Champaign, IL, USA) [74,75,76]. The NIRS setup for the rat model involved 12 laser diodes at 690 and 830 nm (6 diodes for each wavelength) and 2 photomultipliers. The laser light at the 2 wavelengths was modulated at 110 MHz and coupled into 6 homemade source probes. Each source probe consisted of 2 optical fibers (core diameter = 400 μm; BFH22-200, Thorlabs Inc., Newton, NJ, USA) to guide laser beams at the 2 wavelengths into one location of the brain. The detector probe had 1 optical fiber connected to 1 photomultiplier. For each hemisphere, 3 source probes (2 wavelengths for each) were arranged at distances of 3.0, 6.0, and 9.0 mm, respectively, from the detector probe. Under anesthesia maintained with 2–3% isoflurane inhalation (in 21% O2 mixed with 79% N2), the rat was secured on a stereotaxic frame. The probes were held by a self-made holder and their tips were placed in good contact with the shaved scalp of the rat’s head. The probes were located at 12 mm beyond the interaural line on the midline (Figure 5A).



The instrument measured the amplitudes and phases of the frequency-modulated laser light at the two wavelengths and three source-detector separation distances for each hemisphere. Diffusion approximation, which is a simplified solution based on semi-infinite geometry for the photon diffusion equation, revealed linear relationships between the phases and logarithmic amplitudes and the multiple source–detector separation distances. By fitting the slopes of these linear relationships, the absolute quantitative measurement of μa and μs’ of brain tissues at each wavelength could be obtained [74]. Before each assessment, the system was calibrated using a silicone phantom with known μa and μs’ values. The absolute values of [HbO], [HbR], [HbT] ([HbT] = [HbO] + [HbR]), and StO2 (StO2 = ([HbO]/[HbT]) × 100%) were then calculated from the measured μa using the software, Boxy (Boxy, ISS Inc., Champaign, IL, USA). The representative datum from each time course was obtained by averaging the continuous recording for 60–100 s at a sampling rate of 5 Hz. IHCCs were obtained by calculating the zero-lag cross-correlation of the [HbO] traces from both hemispheres pre-filtrated with a 0.01–0.8 Hz band-pass filter using Matlab software (The MathWorks Inc., Natick, MA, USA).




4.4. Histological Examination


To estimate the extent of brain infarction induced by the MCAO surgery, coronal sections of the brain were stained with 2,3,5-triphenyltetrazolium chloride (TTC) (1.08380.0010, MilliporeSigma, Burlington, MA, USA) for histological analysis [77]. Briefly, the rats were deeply anesthetized with 5% isoflurane inhalation and perfused with normal saline. The cerebrum was extracted and then cut into eight coronal sections with 2-mm thickness. The sections were incubated in 1% TTC in normal saline for 30 min at room temperature. The sections were then washed in ice-cold saline and placed on a scanner (HP Scanjet 3600 series, HP Inc., Palo Alto, CA, USA) for imaging. After TTC staining, vital brain tissue appeared red and infarct areas appeared white. The percent of infarction was quantified following the previous protocol [78]. Image analysis was performed on gray-scale images, and the high and low thresholds were assigned to distinguish viable (red) and non-viable (white) tissues using ImageJ software (NIH, Bethesda, MD, USA). For consistent sets of thresholds across studies, consistent staining and scanning conditions are required. The volume of white tissue on the ipsilateral hemisphere (Vwhi), volume of the whole ipsilateral hemisphere (Vips), and volume of the whole contralateral hemisphere (Vcon) were determined using the measurement tool in ImageJ. To avoid overestimation caused by edema, the percent of infarction was calculated indirectly:


   Infarction     ( % )  =    V con  −   V ips   +  V whi     V con    × 100 %  



(1)







The brain swelling was estimated by calculating the percent of tissue swelling:


   Swelling     ( % )  =     V ips   −  V con     V con    × 100 %  



(2)








4.5. Data Analysis


Quantities of brain infarction from MCAO rats were partitioned into two clusters using the k-means algorithm in MATLAB (The MathWorks Inc., Natick, MA, USA) to determine the grouping of mild and severe infarction (Figure 2). To compare the degree of edema between groups, the two-tailed unpaired t-test was performed using the software GraphPad Prism (version 5.01; GraphPad Software, San Diego, CA, USA) with the significance set as p < 0.05. The percentages of edema are presented as means ± standard deviation (SD).



The mean value of each NIRS measurement was obtained by averaging the recording trace. The NIRS parameters were then grouped according to the size of the infarct revealed by TTC staining for further investigation of the relationship between hemodynamic changes and ischemic severity (Figure 3). Two-way repeated-measures ANOVA was performed to test whether there was any effect on these parameters contributed by the ischemic severity (sham, mild, and severe infarction), by the time courses of evolving ischemia, or by the interaction between time course and severity. When differences or interactions were detected, Tukey’s post-hoc test was applied to compare the means from sham, mild, and severe infarctions at various time courses. The data are presented as means ± standard error of the mean (SEM), and the significance level was set as p < 0.05. Since the sampling distribution of Pearson’s correlation coefficient is not normally distributed, Fisher’s Z-transform was applied to convert IHCCs to normally distributed variables. Two-way ANOVA and Tukey’s test were applied to the transformed IHCCs with the significance level set as p < 0.05. In the plots, all IHCC values are expressed as untransformed means ± SEM.





5. Conclusions


A reproducible and invariable preclinical animal study is critical for translational research on the treatment of stroke. Considering the nature of variabilities of ischemic infarction, it has become an urgent need to detect or early predict the outcome of animal models [20,22,27,29,50,53]. Featured as a real-time and non-invasive tool that can provide cerebral hemodynamics and optical properties, FD-NIRS has the potential to monitor the outcome of the MCAO surgery. In addition, the nature of absolute quantification makes FD-NIRS measurements the universal variables that are comparable among different batches or labs.



In the present study, we reported sequential changes relative to MCAO modeling, including the tissue optical properties, the cerebral hemodynamics, and the interhemispheric correlation of hemodynamic oscillation. Bimodal infarction severity was identified after MCAO surgery, based on which the FD-NIRS parameters were grouped and analyzed. When comparing the results from the severe infarction and sham groups, significant differences were shown in [HbO], [HbT], and StO2 during occlusion and d3, in IHCC after early reperfusion, and in tissue scattering on d2 and d3. However, there was no significant difference observed in most of the parameters derived from the mild infarction versus sham groups, except [HbO] and StO2 on d3. Therefore, our finding supports that FD-NIRS parameters may be associated with severe ischemia in the MCAO model. The potential application of FD-NIRS parameters as the indicators for success modeling requires further study to overcome the limitations mentioned earlier. Future clinical studies are also inspired to characterize the utility of NIRS parameters as early prognostic biomarkers [67] for ischemic stroke.







Author Contributions


Conceptualization, C.-W.W. and J.-J.C.; methodology, C.-W.W. and J.-J.C.; software, C.-W.W. and C.-A.C.; validation, T.-H.H. and B.-S.L.; formal analysis, C.-W.W. and C.-A.C.; investigation, C.-W.W.; resources, I.-S.H.; data curation, T.-H.H. and B.-S.L.; writing—original draft preparation, C.-W.W., C.-A.C. and C.-I.W.; writing—review and editing, J.-J.C., C.-C.K.L., I.-S.H. and C.-W.P.; visualization, C.-W.W., C.-A.C. and C.-I.W.; supervision, J.-J.C., C.-C.K.L. and C.-W.P.; project administration, J.-J.C.; funding acquisition, J.-J.C., C.-C.K.L. and C.-W.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Health Research Institutes in Taiwan, grant number EX103-10139EI; and National Science and Technology Council in Taiwan, grant number 104-2314-B-006-007-MY3, 101-2221-E-006-006-MY3, 110-2314-B-038-001, 110-2811-E-038-500-MY3, 110-2314-B-305-001, 109-2314-B-305-001, 109-2221-E-305-001-MY2, 109-2221-E-038-005-MY3, and 109-2314-B-038-132. This work was also financially supported by the University System of Taipei Joint Research Program (USTP-NTUT-TMU-111-03 and A-111-029) and the Higher Education Sprout Project (DP2-111-21121-01-N-03-04) of the Ministry of Education (MOE) in Taiwan.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of the Laboratory Animal Center in National Cheng Kung University (IACUC Approval No.: 101203).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors gratefully thank of research assistants from Chou-Ching K. Lin’s and Ing-Shiou Hwang’s Labs in National Cheng Kung University for administrative and technical support for the animal experiments.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Benjamin, E.J.; Blaha, M.J.; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R.; de Ferranti, S.D.; Floyd, J.; Fornage, M.; Gillespie, C.; et al. Heart disease and stroke statistics-2017 update: A report from the american heart association. Circulation 2017, 135, e146–e603. [Google Scholar] [CrossRef]

	



Offner, H.; Ihara, M.; Schabitz, W.R.; Wong, P.T. Stroke and other cerebrovascular diseases. Neurochem. Int. 2017, 107, 1–3. [Google Scholar] [CrossRef] [PubMed]

	



Fluri, F.; Schuhmann, M.K.; Kleinschnitz, C. Animal models of ischemic stroke and their application in clinical research. Drug Des. Dev. Ther. 2015, 9, 3445–3454. [Google Scholar] [CrossRef]

	



Navarro-Orozco, D.; Sánchez-Manso, J.C. Neuroanatomy, Middle Cerebral Artery. In StatPearls; StatPearls Publishing LLC.: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Ng, Y.S.; Stein, J.; Ning, M.; Black-Schaffer, R.M. Comparison of clinical characteristics and functional outcomes of ischemic stroke in different vascular territories. Stroke 2007, 38, 2309–2314. [Google Scholar] [CrossRef] [PubMed]

	



Koizumi, J.-I.; Yoshida, Y.; Nakazawa, T.; Ooneda, G. Experimental studies of ischemic brain edema 1. A new experimental model of cerebral embolism in rats in which recirculation can be introduced in the ischemic area. Jpn. J. Stroke 1986, 8, 1–8. [Google Scholar] [CrossRef]

	



Longa, E.Z.; Weinstein, P.R.; Carlson, S.; Cummins, R. Reversible middle cerebral artery occlusion without craniectomy in rats. Stroke J. Cereb. Circ. 1989, 20, 84–91. [Google Scholar] [CrossRef] [PubMed]

	



Belayev, L.; Busto, R.; Zhao, W.; Ginsberg, M.D. HU-211, a novel noncompetitive n-methyl-d-aspartate antagonist, improves neurological deficit and reduces infarct volume after reversible focal cerebral ischemia in the rat. Stroke 1995, 26, 2313–2320. [Google Scholar] [CrossRef]

	



Narayan, S.K.; Grace Cherian, S.; Babu Phaniti, P.; Babu Chidambaram, S.; Rachel Vasanthi, A.H.; Arumugam, M. Preclinical animal studies in ischemic stroke: Challenges and some solutions. Anim. Models Exp. Med. 2021, 4, 104–115. [Google Scholar] [CrossRef] [PubMed]

	



Carmichael, S.T. Rodent models of focal stroke: Size, mechanism, and purpose. NeuroRx 2005, 2, 396–409. [Google Scholar] [CrossRef]

	



Durukan, A.; Tatlisumak, T. Acute ischemic stroke: Overview of major experimental rodent models, pathophysiology, and therapy of focal cerebral ischemia. Pharmacol. Biochem. Behav. 2007, 87, 179–197. [Google Scholar] [CrossRef] [PubMed]

	



Macrae, I.M. Preclinical stroke research--advantages and disadvantages of the most common rodent models of focal ischaemia. Br. J. Pharmacol. 2011, 164, 1062–1078. [Google Scholar] [CrossRef] [PubMed]

	



Ström, J.O.; Ingberg, E.; Theodorsson, A.; Theodorsson, E. Method parameters’ impact on mortality and variability in rat stroke experiments: A meta-analysis. BMC Neurosci. 2013, 14, 41. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Mayhan, W.G.; Sun, H. A modified suture technique produces consistent cerebral infarction in rats. Brain Res. 2008, 1246, 158–166. [Google Scholar] [CrossRef] [PubMed]

	



Gubskiy, I.L.; Namestnikova, D.D.; Cherkashova, E.A.; Chekhonin, V.P.; Baklaushev, V.P.; Gubsky, L.V.; Yarygin, K.N. MRI guiding of the middle cerebral artery occlusion in rats aimed to improve stroke modeling. Transl. Stroke Res. 2018, 9, 417–425. [Google Scholar] [CrossRef]

	



Soriano, M.A.; Sanz, O.; Ferrer, I.; Planas, A.M. Cortical infarct volume is dependent on the ischemic reduction of perifocal cerebral blood flow in a three-vessel intraluminal MCA occlusion/reperfusion model in the rat. Brain Res. 1997, 747, 273–278. [Google Scholar] [CrossRef]

	



Woitzik, J.; Schneider, U.C.; Thomé, C.; Schroeck, H.; Schilling, L. Comparison of different intravascular thread occlusion models for experimental stroke in rats. J. Neurosci. Methods 2006, 151, 224–231. [Google Scholar] [CrossRef]

	



Henninger, N.; Bouley, J.; Bråtane, B.T.; Bastan, B.; Shea, M.; Fisher, M. Laser Doppler flowmetry predicts occlusion but not tPA-mediated reperfusion success after rat embolic stroke. Exp. Neurol. 2009, 215, 290–297. [Google Scholar] [CrossRef] [PubMed]

	



Riva, M.; Pappadá, G.B.; Papadakis, M.; Cuccione, E.; Carone, D.; Menendez, V.R.; Sganzerla, E.P.; Beretta, S. Hemodynamic monitoring of intracranial collateral flow predicts tissue and functional outcome in experimental ischemic stroke. Exp. Neurol. 2012, 233, 815–820. [Google Scholar] [CrossRef]

	



Hedna, V.S.; Ansari, S.; Shahjouei, S.; Cai, P.Y.; Ahmad, A.S.; Mocco, J.; Qureshi, A.I. Validity of laser Doppler flowmetry in predicting outcome in murine intraluminal middle cerebral artery occlusion stroke. J. Vasc. Interv. Neurol. 2015, 8, 74–82. [Google Scholar] [PubMed]

	



Cai, Q.; Xu, G.; Liu, J.; Wang, L.; Deng, G.; Liu, J.; Chen, Z. A modification of intraluminal middle cerebral artery occlusion/reperfusion model for ischemic stroke with laser Doppler flowmetry guidance in mice. Neuropsychiatr. Dis. Treat. 2016, 12, 2851–2858. [Google Scholar] [CrossRef]

	



Cuccione, E.; Versace, A.; Cho, T.-H.; Carone, D.; Berner, L.-P.; Ong, E.; Rousseau, D.; Cai, R.; Monza, L.; Ferrarese, C.; et al. Multi-site laser Doppler flowmetry for assessing collateral flow in experimental ischemic stroke: Validation of outcome prediction with acute MRI. J. Cereb. Blood Flow Metab. 2017, 37, 2159–2170. [Google Scholar] [CrossRef] [PubMed]

	



Schmid-Elsaesser, R.; Zausinger, S.; Hungerhuber, E.; Baethmann, A.; Reulen, H.J. A critical reevaluation of the intraluminal thread model of focal cerebral ischemia: Evidence of inadvertent premature reperfusion and subarachnoid hemorrhage in rats by laser-Doppler flowmetry. Stroke 1998, 29, 2162–2170. [Google Scholar] [CrossRef]

	



Hungerhuber, E.; Zausinger, S.; Westermaier, T.; Plesnila, N.; Schmid-Elsaesser, R. Simultaneous bilateral laser Doppler fluxmetry and electrophysiological recording during middle cerebral artery occlusion in rats. J. Neurosci. Methods 2006, 154, 109–115. [Google Scholar] [CrossRef]

	



Morris, G.P.; Wright, A.L.; Tan, R.P.; Gladbach, A.; Ittner, L.M.; Vissel, B. A Comparative study of variables influencing ischemic injury in the Longa and Koizumi methods of intraluminal filament middle cerebral artery occlusion in mice. PLoS ONE 2016, 11, e0148503. [Google Scholar] [CrossRef]

	



Yuan, L.; Li, Y.; Li, H.; Lu, H.; Tong, S. Intraoperative laser speckle contrast imaging improves the stability of rodent middle cerebral artery occlusion model. J. Biomed. Opt. 2015, 20, 096012. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zhu, S.; Yuan, L.; Lu, H.; Li, H.; Tong, S. Predicting the ischemic infarct volume at the first minute after occlusion in rodent stroke model by laser speckle imaging of cerebral blood flow. J. Biomed. Opt. 2013, 18, 76024. [Google Scholar] [CrossRef]

	



Røhl, L.; Sakoh, M.; Simonsen, C.Z.; Vestergaard-Poulsen, P.; Sangill, R.; Sørensen, J.C.; Bjarkam, C.R.; Gyldensted, C.; Østergaard, L. Time evolution of cerebral perfusion and apparent diffusion coefficient measured by magnetic resonance imaging in a porcine stroke model. J. Magn. Reson. Imaging 2002, 15, 123–129. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, J.-I.; Woo, C.-W.; Kim, K.-W.; Choi, Y.; Kim, S.-T.; Kim, Y.J.; Kang, J.; Lee, D.-W.; Tak, E.; Kim, J.-K.; et al. Does the apparent diffusion coefficient value predict permanent cerebral ischemia/reperfusion injury in rats? Acad. Radiol. 2019, 26, e348–e354. [Google Scholar] [CrossRef] [PubMed]

	



Strangman, G.; Boas, D.A.; Sutton, J.P. Non-invasive neuroimaging using near-infrared light. Biol. Psychiatry 2002, 52, 679–693. [Google Scholar] [CrossRef]

	



Jöbsis, F.F. Noninvasive, infrared monitoring of cerebral and myocardial oxygen sufficiency and circulatory parameters. Science 1977, 198, 1264–1267. [Google Scholar] [CrossRef] [PubMed]

	



Obrig, H.; Steinbrink, J. Non-invasive optical imaging of stroke. Philos. Trans. A Math Phys. Eng. Sci. 2011, 369, 4470–4494. [Google Scholar] [CrossRef]

	



Obrig, H. NIRS in clinical neurology—A ‘promising’ tool? Neuroimage 2014, 85, 535–546. [Google Scholar] [CrossRef]

	



Schytz, H.W. Near infrared spectroscopy—Investigations in neurovascular diseases. Dan. Med. J. 2015, 62, B5166. [Google Scholar]

	



Pellicer, A.; Bravo, M.d.C. Near-infrared spectroscopy: A methodology-focused review. Semin. Fetal Neonatal Med. 2011, 16, 42–49. [Google Scholar] [CrossRef]

	



Lin, P.-Y.; Lin, S.-I.; Penney, T.; Chen, J.-J. Review: Applications of near infrared spectroscopy and imaging for motor rehabilitation in stroke patients. J. Med. Biol. Eng. 2009, 29, 210–221. [Google Scholar]

	



Muehlschlegel, S.; Selb, J.; Patel, M.; Diamond, S.; Franceschini, M.; Sorensen, A.; Boas, D.; Schwamm, L. Feasibility of NIRS in the neurointensive care unit: A pilot study in stroke using physiological oscillations. Neurocritical Care 2009, 11, 288. [Google Scholar] [CrossRef] [PubMed]

	



Lo, C.C.; Lin, P.Y.; Hoe, Z.Y.; Chen, J.J.J. Near infrared spectroscopy study of cortical excitability during electrical stimulation-assisted cycling for neurorehabilitation of stroke patients. IEEE Trans. Neural Syst. Rehabil. Eng. 2018, 26, 1292–1300. [Google Scholar] [CrossRef]

	



Nguyen, V.-T.; Lu, Y.-H.; Wu, C.-W.; Sung, P.-S.; Lin, C.-C.; Lin, P.-Y.; Wang, S.-M.; Chen, F.-Y.; Chen, J.-J.J. Evaluating interhemispheric synchronization and cortical activity in acute stroke patients using optical hemodynamic oscillations. J. Neural Eng. 2022, 19, 036034. [Google Scholar] [CrossRef]

	



Wolf, T.; Lindauer, U.; Reuter, U.; Back, T.; Villringer, A.; Einhaupl, K.; Dirnagl, U. Noninvasive near infrared spectroscopy monitoring of regional cerebral blood oxygenation changes during peri-infarct depolarizations in focal cerebral ischemia in the rat. J. Cereb. Blood Flow Metab. 1997, 17, 950–954. [Google Scholar] [CrossRef]

	



Liu, L.-F.; Yeh, C.-K.; Chen, C.-H.; Wong, T.-W.; Chen, J.-J. Measurement of cerebral blood flow and oxygen saturation using laser doppler flowmetry and near infrared spectroscopy in ischemic stroke rats. J. Med. Biol. Eng. 2008, 28, 5. [Google Scholar]

	



Xia, M.; Yang, S.; Simpkins, J.W.; Liu, H. Noninvasive monitoring of estrogen effects against ischemic stroke in rats by near-infrared spectroscopy. Appl. Opt. 2007, 46, 8315–8321. [Google Scholar] [CrossRef]

	



Abookasis, D.; Lay, C.C.; Mathews, M.S.; Linskey, M.E.; Frostig, R.D.; Tromberg, B.J. Imaging cortical absorption, scattering, and hemodynamic response during ischemic stroke using spatially modulated near-infrared illumination. J. Biomed. Opt. 2009, 14, 024033. [Google Scholar] [CrossRef]

	



Culver, J.P.; Durduran, T.; Furuya, D.; Cheung, C.; Greenberg, J.H.; Yodh, A.G. Diffuse optical tomography of cerebral blood flow, oxygenation, and metabolism in rat during focal ischemia. J. Cereb. Blood Flow Metab. 2003, 23, 911–924. [Google Scholar] [CrossRef]

	



Lin, Z.J.; Ren, M.; Li, L.; Liu, Y.; Su, J.; Yang, S.H.; Liu, H. Interleaved imaging of cerebral hemodynamics and blood flow index to monitor ischemic stroke and treatment in rat by volumetric diffuse optical tomography. Neuroimage 2014, 85, 566–582. [Google Scholar] [CrossRef]

	



Bluestone, A.Y.; Stewart, M.; Lei, B.; Kass, I.S.; Lasker, J.; Abdoulaev, G.S.; Hielscher, A.H. Three-dimensional optical tomographic brain imaging in small animals, part 2: Unilateral carotid occlusion. J. Biomed. Opt. 2004, 9, 1063–1073. [Google Scholar] [CrossRef] [PubMed]

	



Demet, G.; Talip, A.; Nevzat, U.; Serhat, O.; Gazi, O. The evaluation of cerebral oxygenation by oximetry in patients with ischaemic stroke. J. Postgrad. Med. 2000, 46, 70–74. [Google Scholar] [PubMed]

	



van Meer, M.P.A.; van der Marel, K.; Wang, K.; Otte, W.M.; El Bouazati, S.; Roeling, T.A.P.; Viergever, M.A.; Berkelbach van der Sprenkel, J.W.; Dijkhuizen, R.M. Recovery of sensorimotor function after experimental stroke correlates with restoration of resting-state interhemispheric functional connectivity. J. Neurosci. 2010, 30, 3964–3972. [Google Scholar] [CrossRef]

	



van Meer, M.P.A.; Otte, W.M.; van der Marel, K.; Nijboer, C.H.; Kavelaars, A.; van der Sprenkel, J.W.B.; Viergever, M.A.; Dijkhuizen, R.M. Extent of bilateral neuronal network reorganization and functional recovery in relation to stroke severity. J. Neurosci. 2012, 32, 4495–4507. [Google Scholar] [CrossRef]

	



Wen, Z.; Xu, X.; Xu, L.; Yang, L.; Xu, X.; Zhu, J.; Wu, L.; Jiang, Y.; Liu, X. Optimization of behavioural tests for the prediction of outcomes in mouse models of focal middle cerebral artery occlusion. Brain Res. 2017, 1665, 88–94. [Google Scholar] [CrossRef]

	



Laing, R.J.; Jakubowski, J.; Laing, R.W. Middle cerebral artery occlusion without craniectomy in rats. Which method works best? Stroke 1993, 24, 294–297. [Google Scholar] [CrossRef] [PubMed]

	



Kuge, Y.; Minematsu, K.; Yamaguchi, T.; Miyake, Y. Nylon monofilament for intraluminal middle cerebral artery occlusion in rats. Stroke 1995, 26, 1655–1658. [Google Scholar] [CrossRef]

	



Taninishi, H.; Jung, J.Y.; Izutsu, M.; Wang, Z.; Sheng, H.; Warner, D.S. A blinded randomized assessment of laser Doppler flowmetry efficacy in standardizing outcome from intraluminal filament MCAO in the rat. J. Neurosci. Methods 2015, 241, 111–120. [Google Scholar] [CrossRef]

	



Ingberg, E.; Dock, H.; Theodorsson, E.; Theodorsson, A.; Ström, J.O. Effect of laser Doppler flowmetry and occlusion time on outcome variability and mortality in rat middle cerebral artery occlusion: Inconclusive results. BMC Neurosci. 2018, 19, 24. [Google Scholar] [CrossRef] [PubMed]

	



Howells, D.W.; Porritt, M.J.; Rewell, S.S.J.; O’Collins, V.; Sena, E.S.; van der Worp, H.B.; Traystman, R.J.; Macleod, M.R. Different strokes for different folks: The rich diversity of animal models of focal cerebral ischemia. J. Cereb. Blood Flow Metab. 2010, 30, 1412–1431. [Google Scholar] [CrossRef]

	



Mourant, J.R.; Fuselier, T.; Boyer, J.; Johnson, T.M.; Bigio, I.J. Predictions and measurements of scattering and absorption over broadwavelength ranges in tissue phantoms. Appl. Opt. 1997, 36, 949–957. [Google Scholar] [CrossRef]

	



Wang, X.; Pogue, B.; Jiang, S.; Song, X.; Paulsen, K.; Kogel, C.; Poplack, S.; Wells, W. Approximation of Mie scattering parameters in near-infrared tomography of normal breast tissue in vivo. J. Biomed. Opt. 2005, 10, 051704. [Google Scholar] [CrossRef] [PubMed]

	



Kawauchi, S.; Nishidate, I.; Nawashiro, H.; Sato, S. Near-infrared diffuse reflectance signals for monitoring spreading depolarizations and progression of the lesion in a male rat focal cerebral ischemia model. J. Neurosci. Res. 2018, 96, 875–888. [Google Scholar] [CrossRef]

	



Xie, J.; Qian, Z.; Yang, T.; Li, W.; Hu, G. Minimally invasive assessment of the effect of mannitol and hypertonic saline therapy on traumatic brain edema using measurements of reduced scattering coefficient (μs’). Appl. Opt. 2010, 49, 5407–5414. [Google Scholar] [CrossRef]

	



Thiagarajah, J.R.; Papadopoulos, M.C.; Verkman, A. Noninvasive early detection of brain edema in mice by near-infrared light scattering. J. Neurosci. Res. 2005, 80, 293–299. [Google Scholar] [CrossRef] [PubMed]

	



Slivka, A.; Murphy, E.; Horrocks, L. Cerebral edema after temporary and permanent middle cerebral artery occlusion in the rat. Stroke 1995, 26, 1061–1066. [Google Scholar] [CrossRef]

	



Silasi, G.; MacLellan, C.L.; Colbourne, F. Use of telemetry blood pressure transmitters to measure intracranial pressure (ICP) in freely moving rats. Curr. Neurovasc. Res. 2009, 6, 62–69. [Google Scholar] [CrossRef]

	



Cheng, R.; Shang, Y.; Hayes, D., Jr.; Saha, S.P.; Yu, G. Noninvasive optical evaluation of spontaneous low frequency oscillations in cerebral hemodynamics. Neuroimage 2012, 62, 1445–1454. [Google Scholar] [CrossRef]

	



Schytz, H.W.; Hansson, A.; Phillip, D.; Selb, J.; Boas, D.A.; Iversen, H.K.; Ashina, M. Spontaneous low-frequency oscillations in cerebral vessels: Applications in carotid artery disease and ischemic stroke. J. Stroke Cerebrovasc. Dis. 2010, 19, 465–474. [Google Scholar] [CrossRef]

	



Franceschini, M.A.; Joseph, D.K.; Huppert, T.J.; Diamond, S.G.; Boas, D.A. Diffuse optical imaging of the whole head. J. Biomed. Opt. 2006, 11, 054007. [Google Scholar] [CrossRef]

	



Sim, J.; Jo, A.; Kang, B.-M.; Lee, S.; Bang, O.Y.; Heo, C.; Jhon, G.-J.; Lee, Y.; Suh, M. Cerebral hemodynamics and vascular reactivity in mild and severe ischemic rodent middle cerebral artery occlusion stroke models. Exp. Neurobiol. 2016, 25, 130–138. [Google Scholar] [CrossRef]

	



Kwon, H.; Kim, K.; Jo, Y.H.; Park, M.J.; Ko, S.-B.; Kim, T.J.; Kang, J.; Bae, H.-M.; Lee, J.E. Early detection of cerebral infarction with middle cerebral artery occlusion with functional near-infrared spectroscopy: A pilot study. Front. Neurol. 2018, 9, 898. [Google Scholar] [CrossRef] [PubMed]

	



Gholampour, S.; Mehrjoo, S. Effect of bifurcation in the hemodynamic changes and rupture risk of small intracranial aneurysm. Neurosurg. Rev. 2021, 44, 1703–1712. [Google Scholar] [CrossRef]

	



Hajirayat, K.; Gholampour, S.; Sharifi, I.; Bizari, D. Biomechanical Simulation to Compare the Blood Hemodynamics and Cerebral Aneurysm Rupture Risk in Patients with Different Aneurysm Necks. J. Appl. Mech. Tech. Phys. 2017, 58, 968–974. [Google Scholar] [CrossRef]

	



Taher, M.; Gholampour, S. Effect of Ambient Temperature Changes on Blood Flow in Anterior Cerebral Artery of Patients with Skull Prosthesis. World Neurosurg. 2020, 135, e358–e365. [Google Scholar] [CrossRef]

	



Lidington, D.; Wan, H.; Bolz, S.S. Cerebral Autoregulation in Subarachnoid Hemorrhage. Front. Neurol. 2021, 12, 688362. [Google Scholar] [CrossRef] [PubMed]

	



Lang, E.W.; Diehl, R.R.; Mehdorn, H.M. Cerebral autoregulation testing after aneurysmal subarachnoid hemorrhage: The phase relationship between arterial blood pressure and cerebral blood flow velocity. Crit. Care Med. 2001, 29, 158–163. [Google Scholar] [CrossRef] [PubMed]

	



Gholampour, S.; Yamini, B.; Droessler, J.; Frim, D. A New Definition for Intracranial Compliance to Evaluate Adult Hydrocephalus After Shunting. Front. Bioeng. Biotechnol. 2022, 10, 900644. [Google Scholar] [CrossRef]

	



Fantini, S.; Franceschini, M.A.; Gratton, E. Semi-infinite-geometry boundary problem for light migration in highly scattering media: A frequency-domain study in the diffusion approximation. J. Opt. Soc. Am. B 1994, 11, 2128–2138. [Google Scholar] [CrossRef]

	



Fantini, S.; Franceschini, M.-A.; Maier, J.S.; Walker, S.A.; Barbieri, B.B.; Gratton, E. Frequency-domain multichannel optical detector for noninvasive tissue spectroscopy and oximetry. Opt. Eng. 1995, 34, 32–42. [Google Scholar] [CrossRef]

	



Franceschini, M.-A.; Wallace, D.J.; Barbieri, B.B.; Fantini, S.; Mantulin, W.W.; Pratesi, S.; Donzelli, G.P.; Gratton, E. Optical study of the skeletal muscle during exercise with a second-generation frequency-domain tissue oximeter. In Optical Tomography and Spectroscopy of Tissue: Theory, Instrumentation, Model, and Human Studies II; SPIE: Bellingham, WA, USA, 1997; pp. 807–814. [Google Scholar] [CrossRef]

	



Joshi, C.N.; Jain, S.K.; Murthy, P.S.R. An optimized triphenyltetrazolium chloride method for identification of cerebral infarcts. Brain Res. Brain Res. Protoc. 2004, 13, 11–17. [Google Scholar] [CrossRef] [PubMed]

	



Regan, H.K.; Detwiler, T.J.; Huang, J.C.; Lynch, J.J.; Regan, C.P. An improved automated method to quantitate infarct volume in triphenyltetrazolium stained rat brain sections. J. Pharm. Toxicol. Methods 2007, 56, 339–343. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 10318 g001 550] 





Figure 1. Schematic presentation of the principles of the CW-NIRS, FD-NIRS, and TD-NIRS. 
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Figure 2. Ischemic lesion induced by MCAO model. (A) This shows 1% TTC staining of the brain slices collected on the third day after MCAO. The lesion appeared in white while the vital tissue was stained in red. The result shows two types of ischemic infarction: mild infarction (n = 14), rats with small-sized lesions mainly in subcortical tissue (left column of mild infarction), some involving small ventrolateral cortex (right column of mild infarction); severe infarction (n = 14), rats with large lesions covering major cortex and subcortical tissue. Minimum unit in scale bar: 1 mm. (B) Scatter plot showing distribution of infarct volume from two groups of MCAO rats partitioned using k-means clustering. Data are presented as means ± SD. (C). Tissue swelling of lesioned hemisphere from two groups was estimated from volumetric changes (%) between both hemispheres. Data are presented as means ± SD, * p < 0.05 using t-test. 
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Figure 3. Hemodynamic measurements at various time courses in MCAO model. (A) μa at 690 nm wavelength, (B) μa at 830 nm wavelength, (C) μs’ at 690 nm wavelength, (D) μs’ at 830 nm wavelength, (E) [HbO], (F) [HbR], (G) [HbT], and (H). StO2 measured for sham, mild, and severe infarctions. Data are presented as means ± SEM. n = 14 for each group. *: p < 0.05, **: p < 0.01, ***: p < 0.001, versus sham group; #: p < 0.05, ##: p < 0.01, ###: p < 0.001, versus mild infarction. 
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Figure 4. Interhemispheric correlation coefficients (IHCCs) measured at various time courses in MCAO model. Untransformed IHCCs calculated from [HbO] traces of both hemispheres are presented as means ± SEM; *: p < 0.01, **: p < 0.001, versus sham group; #: p < 0.01, versus mild infarction. 
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Figure 5. Experimental setup of bilateral FD-NIRS assessment of MCAO rat. (A) Schematic diagram showing optical probes arranged on rat’s head. Optical probes were positioned and firmly attached to the pre-shaved scalp. Each light source contains laser beams from 690 and 830 nm laser diodes. The relative positions of all the light sources and detectors are presented. (B) Scheme showing timeline of experimental design. FD-NIRS measurements were performed at the following time points: 15 min before surgery (pre), 15 min after MCAO was induced (occ), 15 min after reperfusion (post), and 1 day (d1), 2 days (d2), and 3 days (d3) after surgery. 






Figure 5. Experimental setup of bilateral FD-NIRS assessment of MCAO rat. (A) Schematic diagram showing optical probes arranged on rat’s head. Optical probes were positioned and firmly attached to the pre-shaved scalp. Each light source contains laser beams from 690 and 830 nm laser diodes. The relative positions of all the light sources and detectors are presented. (B) Scheme showing timeline of experimental design. FD-NIRS measurements were performed at the following time points: 15 min before surgery (pre), 15 min after MCAO was induced (occ), 15 min after reperfusion (post), and 1 day (d1), 2 days (d2), and 3 days (d3) after surgery.



[image: Ijms 23 10318 g005]







[image: Table] 





Table 1. FD-NIRS measurements obtained at various time courses of MCAO rats.
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Parameter

	
µa (690 nm) (cm−1)

	
µa (830 nm) (cm−1)

	
µs’ (690 nm) (cm−1)

	
µs’ (830 nm) (cm−1)




	
Group

	
Sham

	
Mild

	
Severe

	
Sham

	
Mild

	
Severe

	
Sham

	
Mild

	
Severe

	
Sham

	
Mild

	
Severe






	
pre

	
0.256 ± 0.005

	
0.237 ± 0.006

	
0.239 ± 0.004

	
0.261 ± 0.004

	
0.260 ± 0.007

	
0.245 ± 0.005

	
17.98 ± 0.48

	
17.75 ± 0.52

	
16.93 ± 0.50

	
12.94 ± 0.25

	
12.64 ± 0.37

	
12.30 ± 0.33




	
occ

	
0.256 ± 0.005

	
0.257 ± 0.009

	
0.256 ± 0.011

	
0.240 ± 0.005

	
0.240 ± 0.009

	
0.218 ± 0.008

	
17.20 ± 0.60

	
16.42 ± 0.83

	
14.99 ± 0.69

	
12.03 ± 0.26

	
12.11 ± 0.73

	
10.49 ± 0.41




	
post

	
0.254 ± 0.006

	
0.257 ± 0.009

	
0.247 ± 0.007

	
0.242 ± 0.005

	
0.233 ± 0.008

	
0.230 ± 0.006

	
16.30 ± 0.56

	
16.64 ± 0.96

	
16.95 ± 0.82

	
11.93 ± 0.36

	
12.68 ± 0.81

	
12.38 ± 0.38




	
d1

	
0.264 ± 0.007

	
0.254 ± 0.006

	
0.238 ± 0.007

	
0.249 ± 0.006

	
0.242 ± 0.007

	
0.226 ± 0.006

	
16.92 ± 0.62

	
17.08 ± 0.84

	
17.08 ± 0.56

	
12.24 ± 0.34

	
13.07 ± 0.66

	
12.67 ± 0.28




	
d2

	
0.262 ± 0.006

	
0.251 ± 0.006

	
0.264 ± 0.008

	
0.261 ± 0.004

	
0.268 ± 0.007

	
0.270 ± 0.008

	
18.57 ± 0.53

	
18.58 ± 0.51

	
21.68 ± 0.62

	
13.51 ± 0.24

	
14.19 ± 0.66

	
16.35 ± 0.43




	
d3

	
0.263 ± 0.005

	
0.249 ± 0.006

	
0.275 ± 0.010

	
0.255 ± 0.003

	
0.269 ± 0.006

	
0.290 ± 0.007

	
18.41 ± 0.44

	
17.51 ± 0.57

	
22.62 ± 0.60

	
13.51 ± 0.12

	
13.29 ± 0.36

	
17.40 ± 0.35




	
Parameter

	
[HbO] (µM)

	
[HbR] (µM)

	
[HbT] (µM)

	
StO2 (%)




	
Group

	
Sham

	
Mild

	
Severe

	
Sham

	
Mild

	
Severe

	
Sham

	
Mild

	
Severe

	
Sham

	
Mild

	
Severe




	
pre

	
83.25 ± 1.73

	
85.48 ± 3.06

	
78.13 ± 2.14

	
34.86 ± 1.25

	
30.77 ± 0.69

	
32.70 ± 0.73

	
118.1 ± 1.5

	
116.3 ± 3.6

	
110.8 ± 2.0

	
70.70 ± 1.03

	
73.40 ± 0.52

	
70.35 ± 0.84




	
occ

	
71.78 ± 2.51

	
70.36 ± 3.33

	
56.79 ± 2.74

	
37.12 ± 0.93

	
37.69 ± 1.40

	
40.88 ± 1.72

	
108.9 ± 2.5

	
108.1 ± 4.2

	
97.7 ± 3.8

	
65.62 ± 1.02

	
64.89 ± 1.03

	
59.56 ± 0.86




	
post

	
73.15 ± 1.63

	
66.57 ± 2.97

	
65.23 ± 2.70

	
36.64 ± 1.14

	
38.50 ± 1.67

	
38.28 ± 1.71

	
109.8 ± 2.1

	
105.1 ± 3.8

	
103.5 ± 2.5

	
66.58 ± 0.81

	
63.21 ± 1.20

	
63.71 ± 1.61




	
d1

	
74.09 ± 2.86

	
72.33 ± 3.28

	
66.28 ± 2.73

	
38.50 ± 1.34

	
36.77 ± 1.21

	
35.58 ± 1.66

	
112.6 ± 2.9

	
109.1 ± 3.4

	
101.9 ± 2.6

	
66.31 ± 1.23

	
65.93 ± 1.31

	
65.41 ± 1.60




	
d2

	
81.96 ± 1.87

	
87.67 ± 3.30

	
86.69 ± 2.85

	
37.03 ± 1.06

	
33.21 ± 0.85

	
35.93 ± 1.62

	
119.0 ± 2.2

	
120.9 ± 3.6

	
122.6 ± 3.3

	
69.14 ± 0.75

	
72.32 ± 0.82

	
70.44 ± 1.18




	
d3

	
78.67 ± 1.65

	
87.58 ± 2.46

	
96.47 ± 2.63

	
37.16 ± 1.28

	
32.64 ± 0.88

	
36.41 ± 2.29

	
115.8 ± 1.3

	
120.3 ± 2.8

	
132.9 ± 2.2

	
67.90 ± 1.11

	
72.78 ± 0.70

	
72.02 ± 1.75








n = 14 for each group. Data are presented as means ± SEM.
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Table 2. Summarized F and p-values derived from two-way repeated-measure ANOVA of effects of factors (time course, severity of infarction, and interaction between them) on cerebral optical properties (µa and µs’) and hemodynamics parameters ([HbO], [HbR], [HbT], and StO2).
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	Factor
	µa (690 nm)
	µa (830 nm)
	µs’ (690 nm)
	µs’ (830 nm)





	Time course
	F5,195 = 4.35, p = 0.0009
	F5,195 = 41.29, p < 0.0001
	F5,195 = 28.71, p < 0.0001
	F5,195 = 41.53, p < 0.0001



	Severity
	F2,39 = 0.69, p = 0.5063
	F2,39 = 0.38, p = 0.6873
	F2,39 = 1.57, p = 0.2201
	F2,39 = 2.24, p = 0.1201



	Interaction
	F10,195 = 2.87, p = 0.0023
	F10,195 = 6.55, p < 0.0001
	F10,195 = 9.01, p < 0.0001
	F10,195 = 12.05, p < 0.0001



	Factor
	[HbO]
	[HbR]
	[HbT]
	StO2



	Time course
	F5,195 = 72.10, p < 0.0001
	F5,195 = 11.59, p < 0.0001
	F5,195 = 41.29, p < 0.0001
	F5,195 = 51.30, p < 0.0001



	Severity
	F2,39 = 0.76, p = 0.4744
	F2,39 = 1.22, p = 0.3068
	F2,39 = 0.34, p = 0.7138
	F2,39 = 1.35, p = 0.2717



	Interaction
	F10,195 = 10.33, p < 0.0001
	F10,195 = 2.56, p = 0.0062
	F10,195 = 7.48, p < 0.0001
	F10,195 = 5.63, p < 0.0001
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