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Purpose: To improve the accuracy of cerebral blood flow (CBF) measurement in mice by accounting for the anesthesia effects.
Methods: The dependence of CBF on anesthesia dose and time was investigated by simultaneously measuring respiration rate (RR) and heart rate (HR) under four different anesthetic regimens. Quantitative CBF was measured by a phase-contrast (PC) MRI technique. RR was evaluated with a mouse monitoring system (MouseOX) while HR was determined using an ultrashort-TE MRI sequence. CBF, RR, and HR were recorded dynamically with a temporal resolution of 1 min in a total of 19 mice. Linear regression models were used to investigate the relationships among CBF, anesthesia dose, RR, and HR.
Results: CBF, RR, and HR all showed a significant dependence on anesthesia dose (p < 0.0001). However, the dose in itself was insufficient to account for the variations in physiological parameters, in that they showed a time-dependent change even for a constant dose. RR and HR together can explain 52.6% of the variations in CBF measurements, which is greater than the amount of variance explained by anesthesia dose (32.4%). Based on the multi-parametric regression results, a model was proposed to correct the anesthesia effects in mouse CBF measurements, specifically [image: image]. We also reported awake-state CBF in mice to be 142.0 ± 8.8 mL/100 g/min, which is consistent with the model-predicted value.
Conclusion: The accuracy of CBF measurement in mice can be improved by using a correction model that accounts for respiration rate, heart rate, and anesthesia dose.
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1 INTRODUCTION
Cerebral blood flow (CBF), which denotes the amount of blood supplying the brain tissue per unit of time, is a fundamental parameter of brain physiology (Lassen, 1959; Lotz et al., 2002). As a quantitative marker, CBF directly evaluates the delivery capacity of the cerebral vascular system and indirectly reflects the brain metabolism through the flow-metabolism coupling (Peterson et al., 2011). Therefore, the measurement of cerebral blood flow (CBF) in humans provides a powerful biomarker for normal aging and various brain diseases, e.g., Alzheimer’s disease, Parkinson’s disease, cancer, and ischemic stroke (Kawabata et al., 1991; Copen et al., 2011; Lu et al., 2011; Yeom et al., 2014; Kisler et al., 2017). Furthermore, the evaluation of the efficacy of agents or drugs should be conducted in the context of CBF due to the simple fact that agents or drugs are delivered by blood flow. CBF may also be used as an index for toxicity in that it will inform us about the extent to which an agent perturbs the physiology (Mathew and Wilson, 1991).
Rodent models provide valuable opportunities for the mechanistic understanding of pathological processes, trials of novel therapies, or validation of biomarkers that were originally proposed based on human studies (Ericsson et al., 2013; Liu et al., 2021; Wei et al., 2023). Paralleling the popularity of CBF measurement in human studies, there has been a continuous interest in developing techniques for measuring CBF in small animals (e.g., mice) (De Visscher et al., 2006; Hedna et al., 2015; Hirschler et al., 2018; Wei et al., 2019). One potential confounding factor in such studies is anesthesia, which is used in virtually all studies of mice. Most anesthetic agents are known to have a vasoactive effect (Fukuda et al., 2013; Li et al., 2013; Slupe and Kirsch, 2018), either dilating or constricting blood vessels. For example, as the most broadly used inhalational anesthesia due to its advantages of easy implementation and safety (i.e., animal will recover soon after stopping exposure), isoflurane is associated with a dose-dependent vasodilative effect (Li et al., 2013). In contrast, dexmedetomidine, which is typically administered with injection, has an opposite effect of reducing CBF (Fukuda et al., 2013). Apart from the vasoactive differences across anesthetic agents, even if the same agent is used, there may be a time-dependent change in the actual anesthetic dose throughout an experimental session (Wei et al., 2022). Therefore, in order to correctly interpret CBF measurements in mice, the effects of anesthesia must be elucidated and, ideally, accounted for.
Here, we aimed to systematically understand the relationship between CBF and related physiological factors, not only the anesthesia dose but also respiration rate (RR), heart rate (HR), and exposure time to anesthesia. We then applied these relationships to develop a correction scheme for anesthesia-independent CBF estimation.
2 METHODS
2.1 MRI experiments
The institutional animal care and use committee approved the experimental protocol. MRI experiments were performed on an 11.7T Bruker Biospec system (Bruker, Ettlingen, Germany) with a horizontal bore equipped with an actively shielded pulse field gradient (maximum intensity of 0.74 T/m). Images were acquired using a 72-mm quadrature volume resonator as a transmitter, and a four-element (2 × 2) phased-array coil as a receiver. The homogeneity of B0 field over the mouse brain was optimized with a global shimming (up to 2nd order) based on a subject-specific pre-acquired field map.
A total number of 19 C57BL/6 mice (8 female and 11 male mice; age: 32.5 ± 2.5 weeks [mean ± standard error]; body weight: 29.7 ± 1.4 g) was used in the present study. All mice had free access to food/water and were housed in a quiet environment with a 12-h day/night cycle. Anesthesia was administered with 1.5% isoflurane for 15 min as induction and 1.0% isoflurane as maintenance before the planned anesthetic regimens (detailed later) started. Approximately 10th minute after the anesthetic induction, the mice were relocated to a water-heated animal bed with temperature control and positioned with a bite bar, ear pins and a customized holder (generated with Ultimaker 2 Extended + 3D printer, Ultimaker, Utrecht, Netherland) to minimize motions. Soft tapes were used at the dorsal sides of the mice with gauze in-between to avoid direct contact between tapes and dorsal fur.
Our previous study suggested that the effects of anesthesia on brain physiology not only depend on the dose but also on how long the anesthesia has been applied to the animal (Wei et al., 2022). Therefore, here we systematically studied the time courses of CBF under a variety of dose combinations, which is either used in previous studies or designed to expand the dynamic ranges of the observed physiological parameters, as follows: (a) Regimen I (Figure 1A, N = 5 mice) with a constant 1.00% isoflurane, which is a commonly used regimen in prior studies (Schroeter et al., 2014; Wei et al., 2020); (b) Regimen II (Figure 1B, N = 4) with time-varying isoflurane doses ranging from 0.75% to 1.25%; (c) Regimen III (Figure 1C, N = 4) with time-varying isoflurane doses ranging from 1.00% to 1.25%; (d) Regimen IV (Figure 1D, N = 6) with progressively reducing isoflurane from 1.50% to 0%. Experiments with Regimen IV will result in the mouse waking up toward the end of the session. We, therefore, stopped the CBF scanning when mice exhibited severe motions. Throughout all experimental sessions, anesthesia was delivered with the medical air (21% oxygen and 78% nitrogen) at a constant flow rate of 0.5 L/min.
[image: Figure 1]FIGURE 1 | Anesthetic regimens to explore the relationships between CBF and other basic parameters (isoflurane dose, exposure time to anesthetic regimen, respiration rate, and heart rate): (A) Regimen I (N = 5); (B) Regimen II (N = 4); (C) Regimen III (N = 4); and (D) Regimen IV (N = 6). Isoflurane was delivered with medical air (21% oxygen) at 0.5 L/min.
CBF was evaluated with quantitative flow phase-contrast (PC) MRI. The experimental procedure is illustrated in Figure 2. Prior to the PC scans, we performed a coronal TOF angiogram (7 slices, slice thickness = 0.5 mm, no inter-slice gap, TR/TE = 45/2.6 ms, scan duration = 2.0 min) to visualize the feeding arteries (Figure 3A). Next, a sagittal TOF (single slice, tilted to contain the target artery identified from coronal TOF images, thickness = 0.5 mm, TR/TE = 60/2.5 ms, scan duration = 0.4 min) was applied to visualize the in-plane trajectory of each targeted artery. PC MRI was then positioned using both TOFs and performed with the following parameters: TR/TE = 15/3.2 ms, FOV = 15 × 15 mm2, matrix size = 300 × 300, slice thickness = 0.5 mm, number of averages = 4, dummy scan = 8, receiver bandwidth = 100 kHz, flip angle = 25°, partial Fourier acquisition factor = 0.7, and scan duration = 0.6 min (Wei et al., 2019). Before starting the planned anesthetic regimens, baseline CBF in each mouse was evaluated with four separate PC scans covering the four major feeding arteries (left/right internal carotid artery, LICA/RICA; left/right vertebral artery, LVA/RVA) of brain (Wei et al., 2019). The total blood flow from LICA, RICA, LVA, and RVA was then normalized by brain weight, which was obtained from a T2-weighted fast-spin-echo MRI protocol (TR/TE = 4,000/26 ms, FOV = 15 × 15 mm2, matrix size = 128 × 128, slice thickness = 0.5 mm, echo spacing = 5 ms, 35 axial slices, and scan duration = 1.1 min), to gain unit-mass CBF (in a unit of ml/100 g/min) (Wei et al., 2021). For convenience, this baseline CBF was dubbed CBF0. After starting the anesthetic regimen (i.e., Regimen I, II, III, or IV), PC MRI was applied to the LICA only in order to obtain a higher temporal resolution (0.6 min as opposed to 2.4 min), and the single-artery CBF value was converted to a unit-mass value by referencing to the CBF0, i.e., [image: image], where BFLICA denoted the dynamic blood flow in LICA measured under different anesthetic regimens and BFLICA,0 denoted the baseline blood flow in LICA of that mouse.
[image: Figure 2]FIGURE 2 | Schematic diagram of the experiments under different anesthetic regimens (I, II, III, and IV). T2-weighted (T2w) MRI was performed for evaluating brain volume and time-of-flight (TOF) MRI was performed for visualizing arteries. Baseline CBF was measured with 4-artery PC MRI prior to the planned anesthetic regimens. LICA PC and UTE sequences were utilized in an interleaved manner with a temporal resolution of 1 min.
[image: Figure 3]FIGURE 3 | Representative dataset of PC MRI. (A) shows the TOF image displaying the slice locations of PC MRI (yellow solid lines perpendicular to the vessel trajectory) focusing on different arteries (LICA, RICA, LVA, and RVA). (B) shows the complex difference (CD), flow map, and complex average images of a PC scan focusing on the LICA. (C) presents the CD images and flow maps of four feeding arteries. ROIs for quantifying blood flow were delineated on the CD images (yellow boxes) and then applied to the flow maps.
Respiration rate (RR) was monitored with an air cushion, which was connected to a monitoring system (MouseOX), placed under the chest of the mouse while allowing free breathing. Heart rate (HR) was recorded with an MRI method, i.e., an ultrashort TE (UTE) MRI sequence, to avoid needle penetrations into the limbic muscle and thereby minimize the potential physiological perturbation to the mouse (Wei et al., 2020). In the UTE sequence, the center k-space was repeatedly recorded at an interval of 8.0 ms to produce a time course of MR signal, the period of which was the R-R interval. The scan duration of a single UTE MRI was 0.4 min. LICA PC and UTE MRI were interleaved (Figure 2) to obtain a simultaneous and dynamic measurements of CBF and HR. RR values were recorded for each pair of PC and UTE scans.
2.2 Data processing
All processing was conducted using custom-written MATLAB (MathWorks, Natick, MA) scripts. PC MRI data were processed according to a previous report (Wei et al., 2019). Briefly, the artery of interest was first manually delineated on the complex-difference image, which showed an excellent contrast between the vessel and surrounding tissue (e.g., Figure 3B). The mask was then applied to the velocity map and blood flow (mL/min) through that artery was calculated using the integration of arterial voxels.
The brain volume was estimated using T2-weighted images. Briefly, we first manually delineated the brain boundary on a slice-by-slice basis by reference to a mouse brain atlas (https://atlas.brain-map.org/) as reported (Wei et al., 2020). Numbers of voxels inside the masks were summed to yield the total brain volume in mm3. The total brain volume was converted into brain mass based on an assumed brain tissue density [1.04 g/mL (Leithner et al., 2010)].
To obtain unit-mass CBF0, the total blood flow from PC MRI of the four feeding arteries was divided by brain mass. The CBF0 was used to scale the dynamic PC flow data, as described above, assuming that the relative fractions of blood flow across the four arteries remain unchanged during the dynamic data acquisition.
2.3 Statistical analyses
The time dependences of CBF under different anesthetic regimens were investigated with linear regression where CBF was the dependent variable and time was the independent variable. To elucidate the relationship between CBF and isoflurane dose, between RR and isoflurane dose, and between HR and isoflurane dose, linear regression was utilized with dose as the independent variable and CBF, RR, or HR as the dependent variable, respectively. To further investigate the dependence of CBF on RR, HR, and dose, a step-wise multi-linear regression analysis was conducted with CBF as the dependent variable and RR, HR, and dose were independent variables. The significant variables were included as predictors for a multi-linear regression model where CBF was the response, i.e., [image: image], where Ci denoted the coefficient of a predictor, ξ denoted the predictors with significant effect. All data will be used for fitting the coefficients Ci. The obtained calibration can further be normalized by a reference CBF value to match cases with relative CBF measurements. A p-value smaller than 0.05 was considered statistically significant.
3 RESULTS
Figure 3 presents the TOF image, complex difference image and velocity map of a representative LICA, RICA, LVA, and RVA PC dataset. It can be seen that the arteries are evident in the complex difference images (Figure 3B), which facilitate the delineation of regions-of-interest (ROIs) (as shown by the yellow circles in Figure 3C) and quantification of CBF.
Figure 4 shows RR and HR time-courses during each of the four Regimens. Figure 5 shows the corresponding time-courses for CBF. It can be seen that the patterns of physiological variations are more complex than the anesthetic dose. Even in Regimen I in which the anesthetic dose was held constant, physiological parameters showed a clear time alteration. Therefore, dosage in itself is not sufficient to explain the modulation of CBF by the anesthetic agent.
[image: Figure 4]FIGURE 4 | Temporal dynamic respiration rate (A) and heart rate (B) courses under different anesthetic regimens. Error bar denoted the standard error across mice.
[image: Figure 5]FIGURE 5 | Temporal dynamic curves of CBF under Regimen I (A), II (B), III (C), and IV (D). Error bar showed the standard error of CBF values across mice at each time point, and solid lines represented the fitted equations with linear regression model.
Figure 6 shows the correlations between isoflurane dose and CBF, RR, and HR, when combining data from all four Regimens. CBF was positively correlated with isoflurane dose (Figure 6A, p < 0.0001), consistent with the expected vasodilatory effects of isoflurane (Li et al., 2013). However, the coefficient of determination of the correlation (R2 = 0.324) was modest. Additionally, there was a significant negative correlation between RR and dose (Figure 6B, p < 0.0001) and a significant positive correlation between HR and dose (Figure 6C, p < 0.0001).
[image: Figure 6]FIGURE 6 | Scatter plots between isoflurane dose and CBF (A), RR (B), and HR (C). Red, green, cyan, and blue symbols corresponded to data collected under Regimens I, II, III, and IV, respectively. Solid lines denoted the fitted equations with linear regression model.
Figure 7 shows the relationships between CBF and RR or HR. There was a significant negative correlation between CBF and RR (Figure 7A, p < 0.0001), and a positive correlation between CBF and HR (Figure 7B, p < 0.0001). By including both RR and HR into a linear regression model, it was found that both RR and HR can explain a significant amount of variations in CBF data. Note that the above regression model can account for R2 = 0.526 of the variances in our entire data, greater than that when using the anesthesia dose (R2 = 0.324). If the anesthesia dose was further added to the model, R2 increased to 0.544 and the final model became [image: image], where CBF is in the unit of ml/100 g/min, RR is in the unit of breath/min, HR is in the unit of beat/min, and dose is in %. This model can provide a calibration method to estimate anesthesia-independent CBF for anesthetized mice. When the exposure time was added into the regression model, improvement in R2 was not significant (p = 0.24).
[image: Figure 7]FIGURE 7 | Scatter plots between CBF and RR (A) and between CBF and HR (B). Red, green, cyan, and blue symbols corresponded to data collected under Regimens I, II, III, and IV, respectively. Solid lines denoted the fitted equations with linear regression model.
4 DISCUSSION
To the best of our knowledge, the present report is the first MRI study to systematically investigate quantitative measurements of rodent CBF in the context of anesthesia effects. We showed that anesthesia dose in itself cannot fully characterize this effect. Respiration rate and heart rate, which presumably provide a real-time index of the depth of anesthesia, are needed to better explain the CBF variance. An empirical model to correct the anesthesia effect, specifically [image: image], was proposed to provide an anesthesia-corrected CBF estimation. This calibration approach is expected to reduce the physiological variations in CBF data and facilitate CBF comparisons under pathological conditions.
The vasodilative effect of isoflurane on the brain is well-known. It is thought to be due to the modulation of isoflurane on ATP-sensitive K+ channels and increased production of endothelium-derived nitric oxide and prostanoids after isoflurane exposure (Moore et al., 1994; Iida et al., 1998). It has also been shown that the anesthesia effect is time-dependent, even under a constant dose (e.g., inhaling gas mixture with 1% isoflurane). This is because the net isoflurane concentration in mice depends on both the clearance and uptake processes. As a result, the physiological state of the animal is not always at a steady state with constant isoflurane concentration. Accordingly, it is expected that CBF change during an anesthesia regimen is a dynamic process. The present study found that RR and HR are important parameters to explain the CBF variations in a typical, hour-long MRI experiment. The reason that RR and HR can explain CBF variance may be: (a) activities of medullary neurons, which mediates breathing and cardiac rate (Salo et al., 2009), were dynamically affected by isoflurane; therefore heart rate and respiration rate are indirect markers for isoflurane concentration; (b) respiration rate is associated with end-tidal CO2 level (Takaki et al., 2017), which has a well-known effect on CBF. Note that it is technically challenging to measure end-tidal CO2 directly in mice without invasive procedures. Under a general non-invasive setup sampling and detecting gas, the fast respiration rate and low tidal volume in mice will hinder the accurate determination of end-tidal CO2 with severe diffusion effect. Mechanical ventilation can improve the measurement accuracy of end-tidal CO2, but it is invasive and can increase the risk of lung injuries (Wolthuis et al., 2009). Respiration is the basis of gas exchange in lung. When respiration rate is suppressed under isoflurane, end-tidal CO2 level will increase due to insufficient gas exchange, which is supported by the notion of increased end-tidal CO2 under breath holding (Bright and Murphy, 2013). As a result, CBF will increase, showing consistency with the dose-dependent vasodilative property of isoflurane. In addition, our findings of a decreasing RR and an increasing HR with increasing isoflurane doses were consistent with previous reports (Picker et al., 2001; Constantinides et al., 2011; Ewald et al., 2011).
CBF is an early biomarker in many brain diseases and has a relatively large effect size. A pathology can alter CBF by up to 80% before structural changes in the brain occur (Fan et al., 2022). Unfortunately, normal variations in CBF also tend to be large, potentially masking out the disease effects. In humans, the variations could be due to differences in breathing patterns, intake of caffeine or medications, or body temperatures. In rodent studies, a major contributor to the CBF variations is anesthesia, which is used in virtually all imaging studies of mice (Muir et al., 2008; Munting et al., 2019; Wei et al., 2019). As a result, a wide range of CBF values have been reported in mice. For example, C57BL/6 mice were reported to have a CBF of ∼200 mL/100 g/min under 1.0% isoflurane (Wei et al., 2020) and ∼280 mL/100 g/min under 1.2% isoflurane (Wei et al., 2023). The present report proposed a model to correct the anesthesia effect on CBF by considering not only dose but also related physiological variables of RR and HR, which are broadly available in animal studies. The proposed model can therefore benefit many mouse studies by providing an anesthesia-corrected CBF estimation.
Along with this goal, we also aimed to provide a reference value of awake-state CBF in mice. As a reminder, in Regimen IV of this study, we gradually reduced the anesthesia dose until the mouse woke up. We were able to acquire some CBF data after the mice woke up but before severe motion occurred, and found a global CBF value of 142.0 ± 8.8 mL/100 g/min. These experimental values are highly consistent with those estimated using the model, which found an awake-state CBF of 148.6 mL/100 g/min when using an averaged awake-state HR and RR of 243 beat/min and 216 breath/min, respectively. Note that these CBF values in the awake state of mice are substantially lower than values reported under anesthetized states (Evans et al., 2020; Wei et al., 2020).
As a technical consideration, PC MRI was used in the current study to measure CBF due to its short scan duration and immunity to arterial transit time influence. However, it should be pointed out that the applicability of the correction model is not limited to the PC MRI, because blood flow is a physiological parameter and should not be affected by the choice of imaging modality. However, it is expected that, due to differences in signal modeling and assumptions used, there may be systematic differences in absolute CBF values across different techniques (e.g., PC MRI versus arterial spin labeling MRI). To extend our model to other quantitative or semi-quantitative (i.e., an arbitrary value of CBF index) CBF techniques, we also derived a correction model for relative CBF. Specifically, we first converted absolute CBF (in ml/100 g/min) to relative CBF by referencing awake-state CBF. After normalizing CBF by the awake-state CBF (i.e., 148.6 mL/100 g/min), the calibration equation becomes [image: image] (unit: %).
We point out that, although the present study focused on correcting the anesthesia effects on CBF measurement, similar correction approaches can be developed for other cerebral physiological parameters such as oxygen extraction fraction (Wei et al., 2018), cerebral metabolic rate of oxygen (CMRO2) (Lu et al., 2011), and cerebrovascular reactivity (CVR) (Wei et al., 2022). Furthermore, findings from the present study may also be relevant for clinical studies of patients who are undergoing anesthesia, e.g., during the MR-guided laser interstitial thermal therapy of drug-resistant epilepsy (Lewis et al., 2015). Physiological measurements, e.g., CBF, should be interpreted in the context of the respiration rate and heart rate of these patients.
For a proof-of-principle demonstration of our calibration scheme, we tried to perform the calibration equation ([image: image]) in a retrospective dataset (N = 10 mice), which recorded CBF twice (gapped by 30 min) by PC MRI with RR recorded. Since the HR information was unavailable, it was estimated based on the HR-RR correlation with a linear regression, i.e., [image: image], which changed the calibration equation to be [image: image]. A significant improvement (p = 0.003) has been noticed by comparing the coefficient-of-variation (CoV) values in original CBF (11.9% ± 2.6%) and in corrected CBF (8.3% ± 2.0%).
This study has a few limitations. First, different anesthetic agents will alter cerebral physiology in different manners, e.g., dexmedetomidine, which is vasoconstrictive to reduce CBF, has an opposite effect in comparison with isoflurane, which is vasodilative to increase CBF (Munting et al., 2019). It is, therefore, not directly feasible to apply the proposed correction scheme to CBF data collected under other anesthesia types. Instead, similar experiments as in the present study can be performed to obtain a specific correction model. Second, despite our best effort, the proposed correction model can still only explain 54% of the total variance in CBF data. There is still approximately half of the variance in the data that cannot be accounted for. Apart from the vasoactive effect, isoflurane has also been reported to decrease metabolism level (Oshima et al., 2003). Therefore, metabolism alterations under isoflurane may partly account for the unexplained variations via the flow-metabolism coupling. Cerebral blood pressure and body temperature may also influence CBF measurements by affecting the cerebral hemodynamics (Croughwell et al., 1992; Smirl et al., 2016). Further work towards these directions is needed to better understand the remaining differences in CBF values within and across animals. Finally, the awake state at the end of Regimen IV where mice recovered from anesthesia could be different from the awake state without any anesthesia history due to the residual effect of isoflurane, e.g., lactate accumulation after long exposure. It is technically challenging but ideal to run experiments with behaviorally adapted animals without anesthetic exposure as reference.
5 CONCLUSION
Variations in CBF values measured in mice can be explained by differences in respiration rate and heart rate, in addition to the anesthesia dose. Therefore, the accuracy of CBF measurement in mice can be improved by using a correction model that accounts for these physiological factors.
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