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Introduction: Age-related changes in cerebral hemodynamics are controversial and discrepancies may be due to experimental techniques. As such, the purpose of this study was to compare cerebral hemodynamics measurements of the middle cerebral artery (MCA) between transcranial Doppler ultrasound (TCD) and four-dimensional flow MRI (4D flow MRI).
Methods: Twenty young (25 ± 3 years) and 19 older (62 ± 6 years) participants underwent two randomized study visits to evaluate hemodynamics at baseline (normocapnia) and in response to stepped hypercapnia (4% CO2, and 6% CO2) using TCD and 4D flow MRI. Cerebral hemodynamic measures included MCA velocity, MCA flow, cerebral pulsatility index (PI) and cerebrovascular reactivity to hypercapnia. MCA flow was only assessed using 4D flow MRI.
Results: MCA velocity between the TCD and 4D flow MRI methods was positively correlated across the normocapnia and hypercapnia conditions (r = 0.262; p = 0.004). Additionally, cerebral PI was significantly correlated between TCD and 4D flow MRI across the conditions (r = 0.236; p = 0.010). However, there was no significant association between MCA velocity using TCD and MCA flow using 4D flow MRI across the conditions (r = 0.079; p = 0.397). When age-associated differences in cerebrovascular reactivity using conductance were compared using both methodologies, cerebrovascular reactivity was greater in young adults compared to older adults when using 4D flow MRI (2.11 ± 1.68 mL/min/mmHg/mmHg vs. 0.78 ± 1.68 mL/min/mmHg/mmHg; p = 0.019), but not with TCD (0.88 ± 1.01 cm/s/mmHg/mmHg vs. 0.68 ± 0.94 cm/s/mmHg/mmHg; p = 0.513).
Conclusion: Our results demonstrated good agreement between the methods at measuring MCA velocity during normocapnia and in response to hypercapnia, but MCA velocity and MCA flow were not related. In addition, measurements using 4D flow MRI revealed effects of aging on cerebral hemodynamics that were not apparent using TCD.
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INTRODUCTION
Cerebral hemodynamics are important biomarkers of brain health (Kleiser and Widder, 1992) and have been shown to be impaired with advancing age. These hemodynamic impairments include a reduction in cerebral blood flow (CBF), even in individuals free of cardiovascular disease (Wu et al., 2016; Alwatban et al., 2021). Another measure of cerebral hemodynamics, cerebral pulsatility, is elevated with advancing age (Alwatban et al., 2021; Fico et al., 2022). When the cerebral vasculature is challenged using elevations in CO2 (i.e., hypercapnia), cerebrovascular reactivity is lower in healthy older adults compared to young adults (Barnes et al., 2012; Leoni et al., 2017; Yew et al., 2022). Importantly, these cerebral hemodynamic alterations with age (including lower CBF and elevated cerebral pulsatility) and impaired cerebrovascular reactivity to hypercapnia are associated with Alzheimer’s disease and vascular-related dementias (Richiardi et al., 2015; Rivera-Rivera et al., 2016; Leeuwis et al., 2017; Wolters et al., 2017).
A commonly used method to assess cerebral hemodynamics is transcranial Doppler ultrasound (TCD), which transmits ultrasound waves from the Doppler probe and detects reflected waves from red blood cells passing through the vessel of interest. TCD ultrasound provides rapid, noninvasive measures of cerebral artery blood velocity with excellent temporal resolution and can be utilized by researchers in a variety of settings (Purkayastha and Sorond, 2013). TCD has been used to demonstrate age-related reductions in middle cerebral artery blood velocity and elevations in pulsatility index with advancing age (Alwatban et al., 2021).
Studies using TCD have demonstrated age-related differences in cerebrovascular reactivity based on cerebral artery blood velocity (Bakker et al., 2004; Barnes et al., 2012; Flück et al., 2014). These findings are contrary to studies that show no difference with age (Murrell et al., 2013; Miller et al., 2018), higher values in older adults (Galvin et al., 2010), or sex specific differences (Kastrup et al., 1998). Moreover, when participants are evaluated with multiple methods, such as TCD and magnetic resonance imaging (MRI), these age-related comparisons are inconsistent (Burley et al., 2021a). The discrepancy between reports in age differences in cerebral hemodynamics and cerebrovascular reactivity may be dependent on the sensitivity of the techniques used. A well-known limitation of TCD is the ability to measure blood velocity only, and not blood flow volume rate, because imaging of the arterial diameter or cross-sectional area is not possible. Additionally, the TCD measurement of blood velocity is sensitive to the angle of insonation with error increasing at greater angles (Purkayastha and Sorond, 2013). Thus, if TCD is used to obtain blood velocity, as a surrogate for blood flow, this may result in inconsistent results (Hoiland and Ainslie, 2016b; Brothers and Zhang, 2016).
There are several MRI or neuroimaging methods used to quantify cerebral hemodynamics and cerebrovascular reactivity (Williams et al., 2021). Specifically, blood oxygen level dependent (BOLD) MRI measures the relative levels of oxyhemoglobin and deoxyhemoglobin, which is an indirect measure of CBF and represents activity at the capillary level (Ogawa et al., 1990). Other MRI techniques such as arterial spin labelling (ASL) measures microvascular perfusion (Alsop et al., 2015) and phase contrast angiography (PCA) measures blood flow through the large cerebral vessels such as the middle cerebral artery (MCA). More recently, four-dimensional flow MRI (4D flow MRI or 3D time-resolved PCA) has been used to measure blood velocity in all three spatial dimensions throughout the duration of the cardiac cycle allowing for a direct calculation of blood flow (Markl et al., 2012; Schrauben et al., 2015). However, 4D flow MRI is sensitive to partial volume effects especially when a region of interest is oversized (Tang et al., 1993). Interestingly, MRI based analyses of age-related differences in cerebral hemodynamics and cerebrovascular reactivity also have inconsistent findings (Burley et al., 2021a; Burley et al., 2021b). For example, Burley et al. (2021a) showed that older adults had higher cerebrovascular reactivity to hypercapnia using TCD, but lower cerebrovascular reactivity using BOLD, compared with young adults, further emphasizing the importance of the measurement used to quantify CBF. The discrepancy in findings is likely due to fundamental differences in the MRI methodology and what is quantified. As such, the agreement between the various measurement techniques for cerebral hemodynamics and cerebrovascular reactivity is necessary to be able to compare studies. The commonly used TCD technique may provide various age-related results based on the hypercapnia protocol used (Al-Khazraji et al., 2021) due to its inherent limitation of only capturing blood velocity. Therefore, a more direct method (4D flow MRI) of assessing cerebral blood flow in response hypercapnia may provide further insight into age-related differences.
To our knowledge, no study has directly compared 4D flow MRI with TCD technique to investigate cerebral hemodynamics and cerebrovascular reactivity to hypercapnia in young and older healthy adults. Therefore, the purpose of this study was to compare cerebral hemodynamics of the MCA between TCD and 4D flow MRI in young and older adults at rest and in response to hypercapnia. We hypothesized that the MCA velocity measured using TCD and 4D flow MRI would be correlated and demonstrate good agreement between the two methods. In contrast, we hypothesized that there would be disagreement between the methods when we compared MCA blood velocity using TCD with MCA blood flow volume rate using 4D flow MRI. We also hypothesized that age-associated differences in cerebral hemodynamics and cerebrovascular reactivity would be detected using 4D flow MRI, but not TCD.
MATERIALS AND METHODS
Participants
Twenty young (between 18 and 35 years) and nineteen older (between 50 and 68 years) physically active healthy adults participated in the study. Participants were excluded from the study if they had a body mass index (BMI) > 30 kg/m2, and if they 1) were current smokers; 2) were diagnosed with hypertension based on the latest guidelines (Whelton et al., 2018) or taking blood pressure medications; 3) presented with a history or evidence of hepatic or renal disease, hematological disease, peripheral vascular disease, stroke, neurovascular disease, cardiovascular disease, diabetes; or 4) had contraindications for a MRI scan (as determined by a health history questionnaire and MRI screening form). All scans were reviewed by a neuroradiologist (HAR) for incidental findings. Of note, data from the participants in this study were also included in our previous publication (Miller et al., 2019). All study procedures were approved by the Institutional Review Board of the University of Wisconsin–Madison and were performed according to the Declaration of Helsinki, including obtaining written informed consent from each participant. This study was registered under ClinicalTrials.gov #NCT02840851.
Experimental procedures
All procedures were completed at the Bruno Balke Biodynamics Laboratory and the Wisconsin Institutes for Medical Research at the University of Wisconsin–Madison. The study consisted of a screen day visit and two experimental study days. The two experimental study days, with an average of 8 days apart, were randomized and utilized identical protocols for cerebral hemodynamics testing. For each participant, the randomized study days were scheduled for the same time of day to limit the effects of diurnal variation. Premenopausal women were studied in the early follicular phase of their menstrual cycle (or the low-hormone phase of oral contraceptive use) to minimize the influence of ovarian hormone status. Due to the potential influence of diet and exercise on cerebrovascular function, participants were asked to record 3 days of normal dietary intake and exercise prior to their first study day and asked to repeat these prior to their second study day. Prior to the study days, participants were asked to fast for 4 h, to abstain from non-steroidal anti-inflammatory drugs (NSAIDs) for 5 days, avoid nicotine for 2 h, and to abstain from caffeine, exercise, and alcohol for 24 h prior to the visits. Additionally, participants did not take any over the counter medications, vitamins or supplements on the days of the study visits. All tests were conducted in controlled ambient temperature between 20°C and 22°C.
Screen day visit
Upon arrival to the Bruno Balke Biodynamics Laboratory, height and weight were measured using a standard scale (Seca no. 769, Vogel & Halke, Hamburg, Germany). BMI was calculated as kg/m2. Physical activity was determined using a weekly exercise log and physical activity questionnaire (Amireault and Godin, 2015). After 10 min of supine rest, mean arterial pressure (MAP) was taken in triplicate with a non-invasive brachial blood pressure cuff (Datex Ohmeda, GE Healthcare, Fairfield, CT, United States). Participants then had a familiarization session that included TCD set-up with probe location being noted.
Experimental study day: TCD
We utilized a 2 MHz TCD probe (Spencer Technologies, Redmond, WA, United States) to measure left MCAv (Bishop et al., 1986; Poulin and Robbins, 1996). The 2 MHz probe was placed over the temporal bone above the zygomatic arch between the frontal process and front of the ear with the participants lying supine. The probe was secured using a headband to ensure optimal insonation position and angle throughout the study hypercapnia protocol (Barnes et al., 2012).
Experimental study day: MRI
Cranial MRI scans were performed at the Wisconsin Institutes for Medical Research using a 3T clinical MRI system (MR750, GE Healthcare, Waukesha, WI, United States) and a 32-channel head coil (Nova Medical Head Coil, Nova Medical, Wilmington, MA, United States) with a gradient strength of 50 mT/m, and a gradient slew rate of 200 mT/m/ms. Left and right middle cerebral artery hemodynamics were assessed using 4D flow Phase Contrast MRI using a 3D radially undersampled sequence that included volumetric, time-resolved PC MRI data with three-directional velocity encoding (PC-VIPR) (Gu et al., 2005; Johnson et al., 2008). Comparisons between TCD and 4D flow MRI utilized the left MCA since TCD measured left MCAv, unless otherwise noted. The imaging parameters were as follows: velocity encoding (Venc) = 80 cm/s, field of view = 220 mm, acquired isotropic spatial resolution = 0.7 mm × 0.7 mm × 0.7 mm, repetition time (TR) = 7.4 ms, echo time (TE) = 2.7 ms, flip angle = 10°, bandwidth = 83.3 kHz, 14,000 projection angles and scan time ∼7 min. Time-resolved velocity and magnitude data were reconstructed offline by retrospectively gating into 20 cardiac phases using temporal interpolation (Jing et al., 2006; Miller et al., 2019).
Cerebrovascular reactivity to hypercapnia
Hypercapnia trials were performed as previously described in detail using a steady-state, open-circuit technique (Berkenbosch et al., 1989; Miller et al., 2019). Briefly, for both experimental study day visits (study day TCD and study day MRI) participants were in the supine position and fitted with a mask covering their nose and mouth containing a one-way valve to prevent re-breathing (Hans Rudolph Inc., Shawnee, KS, United States). After baseline (using medical grade normocapnic gas), stepwise elevations of 4% and 6% inspired CO2, 21% oxygen, and balanced nitrogen were administered. Between stepwise elevations in CO2, 2 min were allowed to reach steady state ETCO2 prior to collecting cerebral hemodynamics. ETCO2 was elevated and maintained constant for approximately 9 min at each level of inspired CO2.
Data analysis
Data from the TCD were collected at 250 Hz and analyzed off-line using signal processing software (WinDaq, DATAQ Instruments, Akron, OH, United States). Cerebral hemodynamics included MCAv and pulsatility index. When using TCD, pulsatility index was calculated as (maximum velocity–minimum velocity)/mean velocity. Beat-by-beat hemodynamic measurements were averaged over 1 min of steady state during normocapnic gas, 4% inspired CO2, and 6% inspired CO2. To account for changes in perfusion pressure that may affect MCAv, cerebrovascular reactivity was calculated as the linear relationship between cerebrovascular conductance index (CVCi) calculated as MCAv/MAP and changes in ETCO2 during hypercapnia (cm/s/mmHg/mmHg).
The 4D flow MRI scans were also evaluated offline. The scans underwent background phase offset correction, eddy current correction (Schrauben et al., 2015) and automatic phase unwrapping to minimize potential for velocity aliasing (Loecher et al., 2016). Vessel segmentation of the left and right MCA was performed in MATLAB using an in-house tool as previously described for semi-automated cerebrovascular hemodynamic analysis (Schrauben et al., 2015). The MCA was measured at the M1 segment. Measurements included MCAv, blood flow volume rate, and vessel cross sectional area. Hemodynamic measurements were averaged during steady state at normocapnic gas, 4% inspired CO2, and 6% inspired CO2. When using 4D flow MRI, pulsatility index was calculated as (maximum flow–minimum flow)/mean flow. To account for changes in perfusion pressure that may affect flow, cerebrovascular reactivity was calculated as the linear relationship between cerebrovascular conductance (CVC) calculated as [(blood flow/MAP) x 100] and changes in ETCO2 during hypercapnia (mL/min/mmHg/mmHg).
Statistical analyses
Data analyses were performed using the Statistical Package for the Social Sciences version 28 (SPSS, IBM Corp., Armonk, NY, United States). Statistical differences in participant characteristics were evaluated by the Student’s t-tests for unpaired data. Cerebrovascular measurements between young and older adults across conditions were evaluated using two-way (group x condition) analysis of variance. The Greenhouse-Geisser correction of degrees of freedom was used when sphericity assumptions were violated. Significant effects were further analyzed with Bonferroni post hoc comparisons. Cerebrovascular reactivity statistical differences between TCD vs. 4D flow MRI were evaluated by the Student’s t-tests for paired data and age-related comparisons were evaluated by the Student’s t-tests for unpaired data. Associations of interest were analyzed by Pearson correlational analyses and intraclass correlation coefficients were used to determine reproducibility. The intraclass correlation coefficients differs from the Pearson correlations by taking into account differences in the means of the measures being considered (the data are centered and scaled using a pooled mean and standard deviation). The differences between TCD and 4D flow MRI may be minimal at baseline, but the differences may expand at higher levels of CO2, due to vessel responses. Using intraclass correlation coefficients we evaluated whether the changes in response to a vasodilatory stimulus agreed between the two methods, at each condition. The statistical procedure proposed by Bland and Altman was used to compare the 2 different methods of TCD vs. 4D flow MRI (Bland and Altman, 1986). Statistical significance was set α priori at p < 0.05.
RESULTS
Participant characteristics
Participant characteristics are presented in Table 1. There were no group differences between the young and older adults for height, weight, BMI, resting heart rate, metabolic equivalent minutes per week, systolic blood pressure, and MAP. However, the older adults had elevated diastolic blood pressure compared with the young adults.
TABLE 1 | Characteristics of participants.
[image: Table 1]MCAv comparisons using TCD vs. 4D flow MRI
We first compared MCAv obtained using TCD with MCAv obtained using 4D flow MRI in the left MCA. There was a significant difference in MCAv between the two imaging methods, with higher MCAv being observed with TCD compared with 4D flow MRI across all conditions (all p < 0.001; Table 2). Additionally, the percent change in MCAv from normocapnia to 6% CO2 was significantly different between TCD and 4D flow MRI (p < 0.001; Table 2). Despite these differences, there was a significant intra class correlation coefficient (r = 0.329, p = 0.016) between the two methods for MCAv, highlighting repeatability. Moreover, although biased, this agreement between MCAv measurements was consistent with the results of the Bland–Altman plot (Figure 1B), and MCAv between the methods was significantly correlated (r = 0.262; p = 0.004) (Figure 1A).
TABLE 2 | Cerebral hemodynamics during normocapnia and hypercapnia.
[image: Table 2][image: Figure 1]FIGURE 1 | Pearson correlation between MCAv with TCD and 4D flow MRI (A), Bland-Altman plot evaluating agreement between MCAv with TCD and 4D flow MRI (B), Pearson correlation between MCAv with TCD and blood flow volume rate with 4D flow MRI (C), Bland-Altman plot evaluating agreement between MCAv with TCD and blood flow volume rate with 4D flow MRI (D), Pearson correlation between pulsatility index with TCD and 4D flow MRI (E), and Bland-Altman plot evaluating agreement pulsatility index with TCD and 4D flow MRI (F) during normocapnia, 4% CO2, and 6% CO2 including all participants (N = 39).
MCAv and MCA flow comparisons using TCD vs. 4D flow MRI
We compared MCAv obtained using TCD with MCA flow obtained using 4D flow MRI. The percent change in MCAv from normocapnia to 6% CO2 using TCD vs. the percent change in MCA flow using 4D flow MRI was similar (p = 0.327; Table 2). There was no correlation between the left MCAv using TCD and left MCA flow using 4D flow MRI (r = 0.079; p = 0.397; Figure 1C); however, the Bland-Altman plot suggested moderate agreement (Figure 1D).
Pulsatility index comparisons using TCD vs. 4D flow MRI
When directly comparing pulsatility index using TCD (calculated from velocity) vs. pulsatility index using 4D flow MRI (calculated from flow), there were significant differences between the methods at normocapnia (p < 0.001), and during hypercapnia at 4% CO2 (p < 0.001) and 6% CO2 (p < 0.001; Table 2). However, the percent change in pulsatility index from normocapnia to 6% CO2 was similar between TCD and 4D flow MRI (p = 0.141; Table 2). Additionally, there was a significant intra class correlation coefficient (r = 0.345, p = 0.012) between the two methods for pulsatility index measurements, highlighting repeatability. Moreover, there was a significant positive correlation between the pulsatility index measurements using TCD vs. 4D flow MRI (r = 0.236; p = 0.010; Figure 1E), but with weak agreement based on the results of the Bland–Altman plot (Figure 1F).
Cerebrovascular reactivity comparisons using TCD vs. 4D flow MRI
Cerebrovascular reactivity values between the two methods were not correlated (r = 0.104; p = 0.528). Using TCD, there were no age-related differences in cerebrovascular reactivity between young and older adults (0.88 ± 1.01 cm/s/mmHg2 vs. 0.68 ± 0.94 cm/s/mmHg2, respectively; p = 0.513; Figure 2A). In contrast, using 4D flow MRI, cerebrovascular reactivity was higher in young adults compared with older adults (2.11 ± 1.68 mL/min/mmHg/mmHg vs. 0.78 ± 1.68 mL/min/mmHg/mmHg, respectively; p = 0.019; Figure 2B).
[image: Figure 2]FIGURE 2 | Differences in cerebrovascular reactivity (CVR) between young (N = 20) and older adults (N = 19) evaluated using TCD (A) and 4D flow MRI CVR (B). Comparisons were made using Student’s t-tests for unpaired data. Data are presented using box and whiskers plots with the boxes indicating where 50% of the data are found, horizontal lines are the medians, and whiskers identify the minimum and maximum values. The mean difference is presented on the far right of each panel with the error bars showing the standard deviation.
Age group comparisons in hemodynamics using TCD vs. 4D flow MRI
Comparisons between young and older adults revealed age group differences in MCA blood flow volume rate (using 4D flow MRI) at each condition (p < 0.001; Figure 3B). Specifically, young adults had higher blood flow volume rate at normocapnia (p = 0.016), 4% CO2 (p = 0.008), and 6% CO2 (p = 0.004) as demonstrated in Table 3. There was no difference between young and older adults in MCAv (using TCD) at normocapnia (p = 0.069), 4% CO2 (p = 0.116) and 6% CO2 (p = 0.080) as demonstrated in Table 3, although there is a significant overall age group effect (p = 0.003; Figure 3A). These results highlight that cerebral blood flow measured using 4D flow MRI is more sensitive to age group differences than blood velocity measured using TCD at each condition. Importantly, this is independent of MCA diameter, as there were no differences between the young and older adults MCA diameters at normocapnia, 4% CO2 and 6% CO2 as demonstrated in Table 3. Additionally, during normocapnia the difference in CVCi (using TCD) between young and older adults did not reach the threshold of significance (Table 3), while CVC (using 4D flow MRI) is higher in young adults compared to older adults (Table 3).
[image: Figure 3]FIGURE 3 | Differences in MCAv (A), blood flow volume rate (B), pulsatility index using TCD (C) and pulsatility index using 4D flow MRI (D) between young (N = 20) and older adults (N = 19) across all conditions. Age group differences were evaluated using two-way (age group x condition) analysis of variance. Error bars show the standard deviation across the group, * denotes a significant difference (p < 0.05) using pairwise comparisons between age groups at each condition.
TABLE 3 | Age comparisons of cerebral hemodynamics during normocapnia and hypercapnia.
[image: Table 3]Pulsatility index age group comparisons using TCD vs. 4D flow MRI
There were no differences in cerebral pulsatility index (using TCD) between the young and older adults during normocapnia (Table 3). Similarly, cerebral pulsatility index measured using 4D flow MRI was not different between young and older adults during normocapnia (Table 3). There was an interaction effect showing that young adults had a steeper decline in cerebral pulsatility index (measured using TCD) during hypercapnia, compared with the older adults (p = 0.011; Figure 3C). Using 4D flow MRI, there was only a condition effect with a similar decrease with hypercapnia between the young and older adults (p = 0.021; Figure 3D).
DISCUSSION
This is the first study to compare cerebral hemodynamics between TCD and 4D flow MRI in healthy adults during normocapnic and hypercapnic conditions. Our results indicate good agreement between the methods for MCAv measured by TCD and MCAv measured by 4D flow MRI. Yet, there was no significant correlation between MCAv measured by TCD and MCA flow measured by 4D flow MRI or cerebrovascular reactivity measured between the two methods. When examining the effect of age, 4D flow MRI was more sensitive to age-related differences in cerebral hemodynamics in response to hypercapnia compared with TCD. Thus, 4D flow MRI may be a useful tool to investigate the impact of age on cerebral hemodynamics.
Our findings that MCAv are in agreement between methods is consistent with recent work demonstrating TCD and 4D flow MRI correlated well for MCAv at normocapnia (Ha et al., 2021). We have further expanded this by comparing MCAv between TCD and 4D flow MRI methods during normocapnia and in response to hypercapnia where cerebral blood flow increases. We demonstrated that MCAv increases with hypercapnia using both TCD and 4D flow MRI; however, the increase in MCAv was greater using TCD when compared to 4D flow MRI. Interestingly, we observed a trend for MCA dilation in response to hypercapnia, which may contribute to the linear bias seen with increasing MCAv between TCD and 4D flow MRI. In other words, we are demonstrating increasing variance between the two methods in response to hypercapnia. It should be noted that there is variability in the literature between the TCD and 4D flow MRI values for MCAv. For example, previous work has demonstrated approximately 30% lower mean velocities with 4D flow MRI compared to TCD (Chang et al., 2011). These differences are likely due to limited insonation angle correction and lack of verification of the same region of interest of vessel segment selected with TCD (Tsuchiya et al., 1991; Hoksbergen et al., 1999). In this context, 4D flow MRI uses velocity encoding multi-directionally inside a 3D volume across time, within a specific vessel segment of interest, allowing for a more averaged MCAv measurement compared to TCD (Markl et al., 2012; Meckel et al., 2013). We speculate that MCAv using TCD is higher than the values reported using 4D flow MRI because the sample volume (region of interest) with TCD is narrower and captures the velocity in the middle of the vessel where the velocity is the highest due to laminar flow. While 4D flow MRI captures and averages the MCAv throughout the entire vessel (average velocity across the voxels included in the region of interest), this lowers the average MCAv compared with TCD. In addition, TCD is highly operator dependent and could limit reproducibility (Baumgartner et al., 1994), while 4D flow MRI has been demonstrated to have good test-retest reliability, multicenter reproducibility, and interobserver agreement (Wen et al., 2019).
The benefit of using 4D flow MRI is that assessments of blood flow volume rate (rather than only blood velocity) can be made because of the cross-sectional area data (Markl et al., 2012). In addition, 4D flow MRI allows for simultaneous segmentation of multiple cerebral vessels (Markl et al., 2012; Rivera-Rivera et al., 2016; Miller et al., 2019). In the present study, we were interested in comparing cerebrovascular hemodynamics using blood flow volume rate with 4D flow MRI vs. blood velocity with TCD. Importantly, we observed similar increases in blood flow volume rate and blood velocity in response to hypercapnia. We also observed moderate agreement between blood flow volume rate using 4D flow MRI and blood velocity using TCD. Taken together, our results indicate MCAv can be used as an indicator for blood flow responses to hypercapnia in healthy young and older adults.
In the present study, we were interested in comparing changes in cerebral pulsatility in response to hypercapnia with both imaging modalities. We observed similar decreases in cerebral pulsatility with TCD and 4D flow MRI. We also evaluated age-related differences between the methods. For example, cerebral pulsatility index decreased similarly in response to hypercapnia in the young and older participants with 4D flow MRI, yet we reported a steeper decrease in young adults compared with older adults when using TCD. Our results are in agreement with previous research demonstrating cerebral pulsatility decreases in response to mild hypercapnia using 4.5% CO2 (DuBose et al., 2022). Importantly, we demonstrated TCD provided agreement and similar age-related results for MCAv when compared with the more advanced measurement technique of 4D flow MRI.
Previous work has demonstrated variability in age-related findings of cerebrovascular reactivity, particularly when comparing young and older adults (Peng et al., 2018; Miller et al., 2019). When investigating age-related differences using two methods TCD vs. MRI (BOLD; PCA), Burley et al. (2021a) reported higher cerebrovascular reactivity using TCD in older adults compared to younger adults, but the opposite results when using BOLD MRI, with younger adults having greater cerebrovascular reactivity than the older adults. Our results showed age-related differences in cerebrovascular reactivity between young and older adults, when using 4D flow MRI, but not with TCD. One possible reason for these differences is based on methods because TCD relies on the assumption that the MCA diameter does not change during hypercapnia. Based on this assumption, MCAv would be a reasonable surrogate for MCA flow; however, this assumption is still debated (Hoiland and Ainslie, 2016a; Brothers and Zhang, 2016). Although the present study did not show a correlation between MCAv and MCA flow in response to hypercapnia, it is possible that age may influence MCA cross-sectional area (Miller et al., 2019), and explain why the results regarding age differences were linked to the specific methodology. The discrepancies in the previous research may be explained by potential MCA cross sectional area changes (Verbree et al., 2014), with evidence that percent change increases in MCA cross-sectional area with hypercapnia are attenuated in older adults compared to young adults (Coverdale et al., 2017; Miller et al., 2019). Because of the user-dependent nature of TCD, it is possible that the lack of age-related differences in cerebrovascular reactivity in this study was related to sample size. In order to detect significant age differences in cerebrovascular reactivity using TCD, a greater sample size may be necessary.
Cerebral hemodynamics and cerebrovascular reactivity are emerging biomarkers for a range of conditions, including Alzheimer’s disease (Roher et al., 2012; Rivera-Rivera et al., 2017; Sur et al., 2020). Because there is currently no “gold standard” for cerebral hemodynamic measurements, the purpose of this project was to compare two common methods to assess cerebral hemodynamics. 4D flow MRI is a newer method of assessing vessel-specific flow parameters compared with TCD and offers many benefits including the ability to measure cerebral hemodynamics in multiple vessels simultaneously. There are other benefits to TCD compared with MRI, including 1) portability; 2) that it is comparatively cost-effective; and 3) TCD can be less invasive/intrusive than MRI procedures (Ghorbani et al., 2010). In the present study TCD was able to distinguish a greater decrease in cerebral pulsatility in the young adults compared to older adults. In addition, TCD has excellent temporal resolution for rapid physiological responses, which are not yet available with MRI. Additionally, TCD has clinical applications such as diagnosing cerebral vasospasm, guiding transfusion therapy, and providing preoperative evaluation for patients with cerebrovascular disease (Kincaid, 2008). Our findings may help future studies in determining the methodology that provides the best approach for the intended research question.
This study is not without limitations. For example, it was not possible to capture TCD and 4D flow MRI hemodynamics on the same day. Therefore, some variability between the measurements would be expected due to individual variation in hemodynamics (Rickards and Tzeng, 2014; Ismaili et al., 2018). A strength of the study is we attempted to minimize day-to-day variability by replicating the same procedures for each visit within a relatively short time frame with strict diet and exercise routines being duplicated. Specifically, we had participants record 3 days of normal dietary intake and exercise prior to their first study day and asked them to repeat these prior to their second study day. As mentioned, an inherent limitation when comparing TCD vs. 4D flow MRI is TCD relies on the assumption that blood velocity is a surrogate for blood flow and may not be ideal in experimental set-ups that elicit MCA dilation. Another limitation is that the instrumentation between visits was not identical due to constraints with MRI compatibility. Additionally, we did not examine relationships between TCD or 4D flow MRI with BOLD-based cerebrovascular reactivity measurements, which are commonly used. The goal of this project was to investigate MCA vessel-specific velocity and flow responses, but future studies could compare 4D flow MRI with BOLD-based cerebrovascular reactivity assessments. A final limitation is that the older adults included in this study were healthy and met or exceeded published physical activity guidelines, which may limit the translation of this study to the general population who are sedentary, may have vascular risk factors or established disease.
In conclusion, our study demonstrated good agreement between the two imaging methods for MCAv. There was no correlation between MCAv measured by TCD and MCA flow measured by 4D flow MRI or cerebrovascular reactivity measured between the two methods. When performing age-related comparisons, 4D flow MRI was more sensitive to age-related differences between young and older adults. Due to these capabilities when using 4D flow MRI, we were able to demonstrate lower blood flow volume rate and CVC in older adults when compared to younger adults, which was not possible with TCD. Additionally, 4D flow MRI provides clinical utility such as characterizing changes in cerebrovascular hemodynamics with Alzheimer’s disease (Rivera-Rivera et al., 2016; Berman et al., 2017; Rivera-Rivera et al., 2017). Future studies could compare cerebral hemodynamics and cerebrovascular reactivity between 4D flow MRI and other MRI techniques (e.g., BOLD, ASL) to help determine the appropriate methodology for the proposed research questions.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Institutional Review Board of the University of Wisconsin–Madison. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
KM and JB designed the experiments. KM, AC, AH, NL, AP, and JB collected the data. BF, KM, AH, LR-R, HR, and JB analyzed the data. BF, KM, LR-R, OW, KJ, SJ, and JB interpreted the data. BF and JB wrote the manuscript and prepared figures. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This study was supported by the National Institutes of Health (R00HL118154 and NS117746 to JB). This investigation was also supported by the National Institutes of Health, Ruth L. Kirschstein National Research Service Award T32’s under the National Institute on Aging to the University of Wisconsin–Madison Biology of Aging & Age-Related Diseases (AG000213 to BF) and under the National Heart Lung and Blood Institute to the University of Wisconsin–Madison Cardiovascular Research Center (HL007936 to KM) as well as the Wisconsin Alumni Research Foundation (JB). This study was also supported by Alzheimer’s Association Research Fellowship (AARF-22-924325 to BF).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Al-Khazraji, B. K., Buch, S., Kadem, M., Matushewski, B. J., Norozi, K., Menon, R. S., et al. (2021). Protocol-dependence of middle cerebral artery dilation to modest hypercapnia. Appl. Physiol. Nutr. Metab. 46 (9), 1038–1046. doi:10.1139/apnm-2021-0220
 Alsop, D. C., Detre, J. A., Golay, X., Günther, M., Hendrikse, J., Hernandez-Garcia, L., et al. (2015). Recommended implementation of arterial spin-labeled perfusion MRI for clinical applications: A consensus of the ismrm perfusion study group and the European consortium for ASL in dementia. Magn. Reson Med. 73 (1), 102–116. doi:10.1002/mrm.25197
 Alwatban, M. R., Aaron, S. E., Kaufman, C. S., Barnes, J. N., Brassard, P., Ward, J. L., et al. (2021). Effects of age and sex on middle cerebral artery blood velocity and flow pulsatility index across the adult lifespan. J. Appl. Physiology 130 (6), 1675–1683. doi:10.1152/japplphysiol.00926.2020
 Amireault, S., and Godin, G. (2015). The godin-shephard leisure-time physical activity questionnaire: Validity evidence supporting its use for classifying healthy adults into active and insufficiently active categories. Percept. Mot. Ski. 120 (2), 604–622. doi:10.2466/03.27.pms.120v19x7
 Bakker, S. L., de Leeuw, F. E., den Heijer, T., Koudstaal, P. J., Hofman, A., and Breteler, M. M. (2004). Cerebral haemodynamics in the elderly: The rotterdam study. Neuroepidemiology 23 (4), 178–184. doi:10.1159/000078503
 Barnes, J. N., Schmidt, J. E., Nicholson, W. T., and Joyner, M. J. (2012). Cyclooxygenase inhibition abolishes age-related differences in cerebral vasodilator responses to hypercapnia. J. Appl. Physiol. 112(11), 1884–1890. doi:10.1152/japplphysiol.01270.2011
 Baumgartner, R. W., Mathis, J., Sturzenegger, M., and Mattle, H. P. (1994). A validation study on the intraobserver reproducibility of transcranial color-coded duplex sonography velocity measurements. Ultrasound Med. Biol. 20 (3), 233–237. doi:10.1016/0301-5629(94)90063-9
 Berkenbosch, A., Bovill, J. G., Dahan, A., DeGoede, J., and Olievier, I. C. (1989). The ventilatory CO2 sensitivities from Read's rebreathing method and the steady-state method are not equal in man. J. Physiol. 411, 367–377. doi:10.1113/jphysiol.1989.sp017578
 Berman, S. E., Clark, L. R., Rivera-Rivera, L. A., Norton, D., Racine, A. M., Rowley, H. A., et al. (2017). Intracranial arterial 4D flow in individuals with mild cognitive impairment is associated with cognitive performance and amyloid positivity. J. Alzheimer's Dis. 60 (1), 243–252. doi:10.3233/jad-170402
 Bishop, C. C., Powell, S., Rutt, D., and Browse, N. L. (1986). Transcranial Doppler measurement of middle cerebral artery blood flow velocity: A validation study. Stroke 17 (5), 913–915. doi:10.1161/01.str.17.5.913
 Bland, J. M., and Altman, D. G. (1986). Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1 (8476), 307–310. doi:10.1016/s0140-6736(86)90837-8
 Brothers, R. M., and Zhang, R. (2016). CrossTalk opposing view: The middle cerebral artery diameter does not change during alterations in arterial blood gases and blood pressure. J. Physiology 594 (15), 4077–4079. doi:10.1113/jp271884
 Burley, C. V., Francis, S. T., Thomas, K. N., Whittaker, A. C., Lucas, S. J., and Mullinger, K. J. (2021a). Contrasting measures of cerebrovascular reactivity between MRI and Doppler: A cross-sectional study of younger and older healthy individuals. Front. physiology 12, 656746. doi:10.3389/fphys.2021.656746
 Burley, C. V., Francis, S. T., Whittaker, A. C., Mullinger, K. J., and Lucas, S. J. E. (2021b). Measuring resting cerebral haemodynamics using MRI arterial spin labelling and transcranial Doppler ultrasound: Comparison in younger and older adults. Brain Behav. 11 (7), e02126. doi:10.1002/brb3.2126
 Chang, W., Landgraf, B., Johnson, K. M., Kecskemeti, S., Wu, Y., Velikina, J., et al. (2011). Velocity measurements in the middle cerebral arteries of healthy volunteers using 3D radial phase-contrast HYPRFlow: Comparison with transcranial Doppler sonography and 2D phase-contrast MR imaging. Am. J. Neuroradiol. 32 (1), 54–59. doi:10.3174/ajnr.a2240
 Coverdale, N. S., Badrov, M. B., and Shoemaker, J. K. (2017). Impact of age on cerebrovascular dilation versus reactivity to hypercapnia. J. Cereb. Blood Flow Metabolism 37 (1), 344–355. doi:10.1177/0271678x15626156
 DuBose, N., Ainslie, P., Sherman, S., Baynard, T., Hoiland, R., Smith, K., et al. (2022). Exercise and hypercapnia differentially modify ratios of extracranial and intracranial pulsatility. FASEB J. 36. doi:10.1096/fasebj.2022.36.S1.R5027
 Fico, B. G., Miller, K. B., Rivera-Rivera, L. A., Corkery, A. T., Pearson, A. G., Eisenmann, N. A., et al. (2022). The impact of aging on the association between aortic stiffness and cerebral pulsatility index. Front. Cardiovasc. Med. 9, 821151. doi:10.3389/fcvm.2022.821151
 Flück, D., Beaudin, A. E., Steinback, C. D., Kumarpillai, G., Shobha, N., McCreary, C. R., et al. (2014). Effects of aging on the association between cerebrovascular responses to visual stimulation, hypercapnia and arterial stiffness. Front. physiology 5, 49. doi:10.3389/fphys.2014.00049
 Galvin, S. D., Celi, L. A., Thomas, K. N., Clendon, T. R., Galvin, I. F., Bunton, R. W., et al. (2010). Effects of age and coronary artery disease on cerebrovascular reactivity to carbon dioxide in humans. Anaesth. Intensive Care 38 (4), 710–717. doi:10.1177/0310057x1003800415
 Ghorbani, A., Ashtari, F., and Fatehi, F. (2010). The assessment value of transcranial Doppler sonography versus magnetic resonance angiography in vertebrobasilar stroke. J. Res. Med. Sci. 15 (3), 133–139.
 Gu, T., Korosec, F. R., Block, W. F., Fain, S. B., Turk, Q., Lum, D., et al. (2005). PC vipr: A high-speed 3D phase-contrast method for flow quantification and high-resolution angiography. AJNR Am. J. Neuroradiol. 26 (4), 743–749.
 Ha, S. Y., Kang, Y., Lee, H. J., Hwang, M., Baik, J., and Park, S. (2021). Intracranial flow velocity quantification using non-contrast four-dimensional flow MRI: A prospective comparative study with transcranial Doppler ultrasound. Diagn. (Basel) 12 (1), 23. doi:10.3390/diagnostics12010023
 Hoiland, R. L., and Ainslie, P. N. (2016a). CrossTalk proposal: The middle cerebral artery diameter does change during alterations in arterial blood gases and blood pressure. J. Physiology 594 (15), 4073–4075. doi:10.1113/jp271981
 Hoiland, R. L., and Ainslie, P. N. (2016b). Rebuttal from ryan L. Hoiland and philip N. Ainslie. J. Physiology 594 (15), 4081. doi:10.1113/jp272241
 Hoksbergen, A. W., Legemate, D. A., Ubbink, D. T., and Jacobs, M. J. (1999). Success rate of transcranial color-coded duplex ultrasonography in visualizing the basal cerebral arteries in vascular patients over 60 years of age. Stroke 30 (7), 1450–1455. doi:10.1161/01.str.30.7.1450
 Ismaili, A. R. A., Vestergaard, M. B., Hansen, A. E., Larsson, H. B. W., Johannesen, H. H., Law, I., et al. (2018). Components of day-to-day variability of cerebral perfusion measurements – analysis of phase contrast mapping magnetic resonance imaging measurements in healthy volunteers. PLOS ONE 13 (6), e0197807. doi:10.1371/journal.pone.0197807
 Jing, L., Redmond, M. J., Brodsky, E. K., Alexander, A. L., Aiming, L., Thornton, F. J., et al. (2006). Generation and visualization of four-dimensional MR angiography data using an undersampled 3-D projection trajectory. IEEE Trans. Med. Imaging 25 (2), 148–157. doi:10.1109/tmi.2005.861706
 Johnson, K. M., Lum, D. P., Turski, P. A., Block, W. F., Mistretta, C. A., and Wieben, O. (2008). Improved 3D phase contrast MRI with off-resonance corrected dual echo VIPR. Magnetic Reson. Med. 60 (6), 1329–1336. doi:10.1002/mrm.21763
 Kastrup, A., Dichgans, J., Niemeier, M., and Schabet, M. (1998). Changes of cerebrovascular CO2 reactivity during normal aging. Stroke 29 (7), 1311–1314. doi:10.1161/01.str.29.7.1311
 Kincaid, M. S. (2008). Transcranial Doppler ultrasonography: A diagnostic tool of increasing utility. Curr. Opin. Anaesthesiol. 21 (5), 552–559. doi:10.1097/ACO.0b013e32830edc0b
 Kleiser, B., and Widder, B. (1992). Course of carotid artery occlusions with impaired cerebrovascular reactivity. Stroke 23 (2), 171–174. doi:10.1161/01.str.23.2.171
 Leeuwis, A. E., Benedictus, M. R., Kuijer, J. P. A., Binnewijzend, M. A. A., Hooghiemstra, A. M., Verfaillie, S. C. J., et al. (2017). Lower cerebral blood flow is associated with impairment in multiple cognitive domains in Alzheimer's disease. Alzheimer's Dementia 13 (5), 531–540. doi:10.1016/j.jalz.2016.08.013
 Leoni, R., Oliveira, I., Pontes-Neto, O., Santos, A., and Leite, J. (2017). Cerebral blood flow and vasoreactivity in aging: An arterial spin labeling study. Braz. J. Med. Biol. Res. 50, e5670. doi:10.1590/1414-431X20175670
 Loecher, M., Schrauben, E., Johnson, K. M., and Wieben, O. (2016). Phase unwrapping in 4D MR flow with a 4D single-step laplacian algorithm. J. Magnetic Reson. Imaging 43 (4), 833–842. doi:10.1002/jmri.25045
 Markl, M., Frydrychowicz, A., Kozerke, S., Hope, M., and Wieben, O. (2012). 4D flow MRI. J. Magnetic Reson. Imaging 36 (5), 1015–1036. doi:10.1002/jmri.23632
 Meckel, S., Leitner, L., Bonati, L. H., Santini, F., Schubert, T., Stalder, A. F., et al. (2013). Intracranial artery velocity measurement using 4D PC MRI at 3 T: comparison with transcranial ultrasound techniques and 2D PC MRI. Neuroradiology 55 (4), 389–398. doi:10.1007/s00234-012-1103-z
 Miller, K. B., Howery, A. J., Harvey, R. E., Eldridge, M. W., and Barnes, J. N. (2018). Cerebrovascular reactivity and central arterial stiffness in habitually exercising healthy adults. Front. Physiology 9, 1096. doi:10.3389/fphys.2018.01096
 Miller, K. B., Howery, A. J., Rivera-Rivera, L. A., Johnson, S. C., Rowley, H. A., Wieben, O., et al. (2019). Age-related reductions in cerebrovascular reactivity using 4D flow MRI. Front. Aging Neurosci. 11, 281. doi:10.3389/fnagi.2019.00281
 Murrell, C. J., Cotter, J. D., Thomas, K. N., Lucas, S. J. E., Williams, M. J. A., and Ainslie, P. N. (2013). Cerebral blood flow and cerebrovascular reactivity at rest and during sub-maximal exercise: Effect of age and 12-week exercise training. AGE 35 (3), 905–920. doi:10.1007/s11357-012-9414-x
 Ogawa, S., Lee, T. M., Kay, A. R., and Tank, D. W. (1990). Brain magnetic resonance imaging with contrast dependent on blood oxygenation. Proc. Natl. Acad. Sci. U. S. A. 87 (24), 9868–9872. doi:10.1073/pnas.87.24.9868
 Peng, S.-L., Chen, X., Li, Y., Rodrigue, K. M., Park, D. C., and Lu, H. (2018). Age-related changes in cerebrovascular reactivity and their relationship to cognition: A four-year longitudinal study. NeuroImage 174, 257–262. doi:10.1016/j.neuroimage.2018.03.033
 Poulin, M. J., and Robbins, P. A. (1996). Indexes of flow and cross-sectional area of the middle cerebral artery using Doppler ultrasound during hypoxia and hypercapnia in humans. Stroke 27 (12), 2244–2250. doi:10.1161/01.str.27.12.2244
 Purkayastha, S., and Sorond, F. (2013). Transcranial Doppler ultrasound: Technique and application. Seminars Neurology 32 (04), 411–420. doi:10.1055/s-0032-1331812
 Richiardi, J., Monsch, A. U., Haas, T., Barkhof, F., Van de Ville, D., Radü, E. W., et al. (2015). Altered cerebrovascular reactivity velocity in mild cognitive impairment and Alzheimer's disease. Neurobiol. aging 36 (1), 33–41. doi:10.1016/j.neurobiolaging.2014.07.020
 Rickards, C. A., and Tzeng, Y. C. (2014). Arterial pressure and cerebral blood flow variability: Friend or foe? A review. Front. Physiol. 5, 120. doi:10.3389/fphys.2014.00120
 Rivera-Rivera, L. A., Schubert, T., Turski, P., Johnson, K. M., Berman, S. E., Rowley, H. A., et al. (2017). Changes in intracranial venous blood flow and pulsatility in Alzheimer’s disease: A 4D flow MRI study. J. Cereb. Blood Flow Metabolism 37 (6), 2149–2158. doi:10.1177/0271678x16661340
 Rivera-Rivera, L. A., Turski, P., Johnson, K. M., Hoffman, C., Berman, S. E., Kilgas, P., et al. (2016). 4D flow MRI for intracranial hemodynamics assessment in Alzheimer’s disease. J. Cereb. Blood Flow Metabolism 36 (10), 1718–1730. doi:10.1177/0271678x15617171
 Roher, A. E., Debbins, J. P., Malek-Ahmadi, M., Chen, K., Pipe, J. G., Maze, S., et al. (2012). Cerebral blood flow in Alzheimer’s disease. Vasc. Health Risk Manag. 599. doi:10.2147/vhrm.s34874
 Schrauben, E., Wåhlin, A., Ambarki, K., Spaak, E., Malm, J., Wieben, O., et al. (2015). Fast 4D flow MRI intracranial segmentation and quantification in tortuous arteries. J. Magnetic Reson. Imaging 42 (5), 1458–1464. doi:10.1002/jmri.24900
 Sur, S., Lin, Z., Li, Y., Yasar, S., Rosenberg, P., Moghekar, A., et al. (2020). Association of cerebrovascular reactivity and Alzheimer pathologic markers with cognitive performance. Neurology 95 (8), e962–e972. doi:10.1212/WNL.0000000000010133
 Tang, C., Blatter, D. D., and Parker, D. L. (1993). Accuracy of phase-contrast flow measurements in the presence of partial-volume effects. J. Magnetic Reson. Imaging 3 (2), 377–385. doi:10.1002/jmri.1880030213
 Tsuchiya, T., Yasaka, M., Yamaguchi, T., Kimura, K., and Omae, T. (1991). Imaging of the basal cerebral arteries and measurement of blood velocity in adults by using transcranial real-time color flow Doppler sonography. AJNR Am. J. Neuroradiol. 12 (3), 497–502.
 Verbree, J., Bronzwaer, A.-S. G., Ghariq, E., Versluis, M. J., Daemen, M. J., van Buchem, M. A., et al. (2014). Assessment of middle cerebral artery diameter during hypocapnia and hypercapnia in humans using ultra-high-field MRI. J. Appl. physiology 117 (10), 1084–1089. doi:10.1152/japplphysiol.00651.2014
 Wen, B., Tian, S., Cheng, J., Li, Y., Zhang, H., Xue, K., et al. (2019). Test–retest multisite reproducibility of neurovascular 4D flow MRI. J. Magnetic Reson. Imaging 49 (6), 1543–1552. doi:10.1002/jmri.26564
 Whelton, P. K., Carey, R. M., Aronow, W. S., Casey, D. E., Collins, K. J., Dennison Himmelfarb, C., et al. (2018). 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the prevention, detection, evaluation, and management of high blood pressure in adults: A report of the American college of cardiology/American heart association task force on clinical practice guidelines. Hypertension 71 (6), e13–e115. doi:10.1161/hyp.0000000000000065
 Williams, R. J., MacDonald, M. E., Mazerolle, E. L., and Pike, G. B. (2021). The relationship between cognition and cerebrovascular reactivity: Implications for task-based fMRI. Front. Phys. 9, 645249. doi:10.3389/fphy.2021.645249
 Wolters, F. J., Zonneveld, H. I., Hofman, A., van der Lugt, A., Koudstaal, P. J., Vernooij, M. W., et al. (2017). Cerebral perfusion and the risk of dementia: A population-based study. Circulation 136 (8), 719–728. doi:10.1161/circulationaha.117.027448
 Wu, C., Honarmand, A. R., Schnell, S., Kuhn, R., Schoeneman, S. E., Ansari, S. A., et al. (2016). Age-related changes of normal cerebral and cardiac blood flow in children and adults aged 7 Months to 61 years. J. Am. Heart Assoc. 5 (1), e002657. doi:10.1161/jaha.115.002657
 Yew, B., Jang, J. Y., Dutt, S., Li, Y., Sible, I. J., Gaubert, A., et al. (2022). Cerebrovascular reactivity deficits in cognitively unimpaired older adults: Vasodilatory versus vasoconstrictive responses. Neurobiol. Aging 113, 55–62. doi:10.1016/j.neurobiolaging.2022.02.006
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Fico, Miller, Rivera-Rivera, Corkery, Pearson, Loggie, Howery, Rowley, Johnson, Johnson, Wieben and Barnes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1198615-t002.jpg
Variable TCD N = 39 4D flow MRI N = 39

MCAv (cm/s)

Normocapnia 53+12 ME7 < 0.001
4% CO, 60 + 14 326 < 0.001
>6%(:0; 1 64 £15 3+7 < 0.001
Normocapnia to 6% CO, 16 = 10 < 0.001

MCAv (%A) vs. MCA Flow (%A)

Normocapnia to 6% CO, 16 + 10 13+ 10 0327
Normocapnia 0.78 £0.13 1.07 £ 0.21 < 0.001
4% CO, 0.73 £ 0.09 1.03 + 0.17 < 0.001
‘G%CO; 0.71 £ 0.09 | 1.00 £ 0.17 < 0.001
Normocapnia to 6% CO, -5+12 0.141

Data are presented as mean + standard deviation. MCA, middle cerebral artery; MCAv, middle cerebral artery velocity.
Seusistical SEnifoNEs I B0k G BEloE a por G Wit sibibenl voviloes inticated inhalk





OPS/images/fphys-14-1198615-t003.jpg
Variable

MCAv with TCD (cm/s)

Normocapnia
4% CO,

6% CO,

Flow with 4D flow MRI (mL/min)

Young adults N = 20

57+ 11

63+ 14

68+ 14

Older adults N = 19

50+ 12
56+ 14

59+ 15

0.069

0.116

0.080

Normocapnia 129 +31 105 + 28 0.016

4% CO, 137 £31 12427 0.008
\

6% CO, 152 + 39 121+ 28 0.004

MCA diameter with 4D flow MRI (mm)

Normocapnia
4% CO,
|

6% CO,

CVCi with TCD (cm/s/mmHg)

Normocapnia

CVC using 4D flow MRI (mL/min/mmHg)

Normocapnia

Pulsatility Index with TCD

Normocapnia
% CO,

6% CO,

Pulsatility Index with 4D flow MRI (a.u.)

Normocapnia
4% CO,

6% CO,

Data are presented as mean + standard deviation. CVC, cerebral vascular conductance; CVCi, cerebral vascular conductance index; MCA, middle cerebral artery; MCAv, middle cerebral artery

296 +0.14

295+ 015

300 £ 017

139 +35

080 + 0.14

073 £ 0.09

0.69 £ 0.09

101 £ 0.19

094 £ 0.15

093 +0.16

sty SRl e truer wis vt i SHo Ak < 008 vk Sl sl ot i Bald.

297 £ 026

298 +027

2.99 + 029

59+ 17

105 + 28

076 + 0.12

073 £ 0.10

072 £ 0.10

113+ 021

112 £015

107 + 016

0.886

0.720

0.891

0.085

0.249

0.983

0.449

0.061

0.001

0.008






OPS/images/fphys-14-1198615-g003.gif





OPS/images/fphys-14-1198615-t001.jpg
Variable Young adults N = 2

Older adults N

Males/Females (n) 10710 10/9

Age (years) 25%3 626 <0.001

» Height (cm) 173+8 1729 0.678
Weight (kg) 71£10 7015 0.841
Body Mass Index (kg/m’) 22 23+3 0.900
Heart rate at rest (beats per minute) 538 5557 0.488
MET minutes per week 3259 + 1839 3973+ 2383 0.300
Systolic blood pressure (mmHg) [ 120 £ 11 1225 11 0.707
Diastolic blood pressure (mmHg) 696 748 0026
Mean arterial pressure (mmHg) 867 909 0120

Data are presented as mean + standard deviation. MET, metabolic equivalent.
Srattitical skpritfes aios s a0k o it ik pee DU vt siplcant novaloes indioined ik bald






OPS/xhtml/nav.xhtml
Contents

		Cover

		Cerebral hemodynamics comparison using transcranial doppler ultrasound and 4D flow MRI		Introduction

		Materials and methods		Participants

		Experimental procedures

		Screen day visit

		Experimental study day: TCD

		Experimental study day: MRI

		Cerebrovascular reactivity to hypercapnia

		Data analysis

		Statistical analyses





		Results		Participant characteristics

		MCAv comparisons using TCD vs. 4D flow MRI

		MCAv and MCA flow comparisons using TCD vs. 4D flow MRI

		Pulsatility index comparisons using TCD vs. 4D flow MRI

		Cerebrovascular reactivity comparisons using TCD vs. 4D flow MRI

		Age group comparisons in hemodynamics using TCD vs. 4D flow MRI

		Pulsatility index age group comparisons using TCD vs. 4D flow MRI





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1198615-g001.gif





OPS/images/fphys-14-1198615-g002.gif
P00










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





