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Introduction:

Congenital anemias, including sickle cell anemia and thalassemia, are some of the most common monogenic disorders in the world and lead to an array of clinical manifestations in many organ systems. [START_REF] Mentzer | Prospects for research in hematologic disorders: Sickle cell disease and thalassemia[END_REF] In the brain, chronic anemia is associated with compensatory increases in cerebral blood flow to preserve global brain oxygen delivery. [START_REF] Borzage | Predictors of cerebral blood flow in patients with and without anemia[END_REF][START_REF] Bush | Determinants of resting cerebral blood flow in sickle cell disease[END_REF] However, this compensatory cerebral hyperemia is maldistributed, leaving deep watershed areas hypoxic [START_REF] Chai | White matter has impaired resting oxygen delivery in sickle cell patients[END_REF][START_REF] Fields | Regional oxygen extraction predicts border zone vulnerability to stroke in sickle cell disease[END_REF] and prone to increased stroke risk [START_REF] Kassim | Silent cerebral infarcts and cerebral aneurysms are prevalent in adults with sickle cell anemia[END_REF][START_REF] Kaiafa | Anemia and stroke: Where do we stand?[END_REF][START_REF] Chinawa | Prevalence of hypoxemia among children with sickle cell anemia during steady state and crises: A cross-sectional study[END_REF][START_REF] Elsayh | Hypoxia biomarkers, oxidative stress, and circulating microparticles in pediatric patients with thalassemia in upper Egypt[END_REF] , while the cerebral cortex is spared. Recent work using MRI tissue oximetry and arterial spin labeling demonstrate that these areas have inadequate oxygen delivery, [START_REF] Chai | White Matter Has Impaired Resting Oxygen Delivery in Sickle Cell Patients[END_REF] increased oxygen extraction fraction (OEF) [START_REF] Fields | Regional oxygen extraction predicts border zone vulnerability to stroke in sickle cell disease[END_REF] and impaired vasodilatory reserve. [START_REF] Václavů | Hemodynamic provocation with acetazolamide shows impaired cerebrovascular reserve in adults with sickle cell disease[END_REF] Consequently, there is significant shrinkage of the deep white matter, while cortical thickness is preserved. [START_REF] Choi | Hemoglobin and mean platelet volume predicts diffuse T1-MRI white matter volume decrease in sickle cell disease patients[END_REF][START_REF] Choi | Anemia predicts lower white matter volume and cognitive performance in sickle and non-sickle cell anemia syndrome[END_REF][START_REF] Jonassaint | Lower hemoglobin is associated with poorer cognitive performance and smaller brain volume in older adults[END_REF] In sickle cell disease (SCD) mouse models, the use of 100% oxygen gas challenge has been shown to identify chronically hypoxic brain regions. [START_REF] Kennan | Decreased cerebral perfusion correlates with increased BOLD hyperoxia response in transgenic mouse models of sickle cell disease[END_REF] The hyperoxic ventilation increases arterial oxygen content by approximately 1.1 ml O2/ml blood through increases in dissolved oxygen concentration. Although this is a modest effect in healthy non-anemic subjects, this addition would increase oxygen content by approximately 10% in anemic patients of hemoglobin of 7 g/dl. We postulated that the increased O2 capacity with 100% oxygen supplementation could be beneficial in the deep white matter where compensatory hyperemia is blunted. Furthermore, we anticipated that deep white matter structures would exhibit greater improvements in oxygen saturation compared with the cerebral cortex. Therefore, to investigate for possible regional cerebral oxygen delivery impairment, we performed a hyperoxia challenge and used non-invasive near-infrared spectroscopy (NIRS) and Blood-Oxygen-Level-Dependent (BOLD) MRI acquisitions to measure hyperoxic responses in a cohort of healthy volunteers, patients with sickle cell anemia, and patients with non-sickle anemia. We hypothesized that hyperoxia would reveal brain regions with pathologic flow limitations and elevated peak extraction at baseline conditions by way of greater increase in BOLD signal compared to adequately perfused, healthy tissue. We augmented this analysis with measurements of global oxygen delivery and metabolism under baseline and hyperoxic conditions to further shed light on the supply-demand mismatch and the brain's compensation mechanism for the decreased oxygen carrying capacity in SCD and other anemias.

Methods:

Study population: All studies were performed at Children's Hospital Los Angeles and approved by the Committee on Clinical Investigation (CCI#2011-0083). Informed consent or assent was obtained from all study participants. This study was performed in accordance with the Declaration of Helsinki of 1975. A total of 94 subjects were tested between April 2012 and February 2018. Only subjects older than 12 years of age were included in the study because of the challenge of complying with the respiratory apparatus. Imaging, vital signs and blood samples were obtained on the same day for each subject.

The first group consisted of 38 SCD subjects: 34 subjects with SS hemoglobin and four subjects with SC hemoglobin. Exclusion criteria were prior overt stroke, pregnancy, acute chest or pain crisis hospitalization within one month and major medical problems outside of their chronic anemia. Asymptomatic iron overload was permitted. Out of 38 SCD subjects, 15 patients were receiving blood transfusions every three to four weeks to lower their hemoglobin S percentage to below 30%. Of the remaining 23 SCD patients, 15 were receiving hydroxyurea with good MCV and hemoglobin F response.

The second group of anemic control (ACTL) subjects consisted of 25 individuals with nonsickle chronic anemia. This group was not race-matched to the SCD group, with eleven subjects with β thalassemia major, two subjects with thalassemia intermedia, three subjects with Eβ thalassemia, one subject with autoimmune hemolytic anemia, one subject with aplastic anemia, three subjects with hemoglobin H constant spring, one subject with congenital dyserythropoietic anemia and three subjects with hereditary spherocytosis. Patients were excluded if they had any chronic organ dysfunction such as diabetes, abnormal renal function, or chronic active hepatitis. Asymptomatic iron overload was permitted. The three patients with spherocytosis had been splenectomized and had supranormal hemoglobin levels. Fifteen out of 25 ACTL subjects were receiving blood transfusions every three to four weeks. All chronically transfused patients (SCD and ACTL) were studied on the same day of their regularly scheduled blood transfusion, prior to receiving blood, when their hemoglobin levels were at the lowest. Four of the ACTL subjects had >10% hemoglobin F or fast moving hemoglobin species that exhibit high oxygen affinity.

The third group of healthy volunteers was race-matched to the SCD population, consisting of 31 African and Hispanic American controls (CTL). Subjects were excluded if they had any poorly controlled chronic illnesses such as diabetes, hypertension or hepatitis. Since most subjects in this group were first or second-degree relatives of the SCD patients, sickle cell trait was common, occurring in 16/31 of the controls; these are subjects who had approximately 40% HbS in their blood but no cells containing exclusively HbS.

Imaging and blood samples were obtained on the same day for each subject. All imaging was performed on a Philips Achieva 3T MR system with an eight-channel, receive-only head coil. Complete blood count, reticulocytes, quantitative hemoglobin electrophoresis and cell-free hemoglobin levels were analyzed in our clinical laboratory. Demographic and clinical variables of each subject group are summarized in Table 1.

Hyperoxia gas challenge:

The gas challenge setup has been previously reported [START_REF] Vu | Quantitative perfusion mapping with induced transient hypoxia using BOLD MRI[END_REF] and is illustrated in Figure 1. At the start of the image acquisitions, patients were breathing through a two-liter reservoir rebreathing circuit supplied by pressurized, non-humidified room air at 12 liters per minute. This system included one-way valves to prevent partial gas mixtures and respiratory bellows (Invivo Corporation, Gainesville, FL) to display the breathing pattern and frequency. At 50 seconds into the data acquisition, the room air gas mixture was switched to 100% oxygen until the end of the acquisition (total oxygen duration 5.1 minutes). Peripheral arterial oxygen saturation (SpO2) was acquired by fingertip pulse oximetry concurrently with forehead NIRS and BOLD MRI during the gas challenge.

Near-infrared spectroscopy (NIRS):

A NIRS system (NIRO-200 system, Hamamatsu Photonics, Hamamatsu City, Japan) was used to measure relative changes in oxygenated hemoglobin (OxyHb), deoxygenated hemoglobin (DeoxyHb) and tissue oxygen index (TOI) of the mixed venous-weighted blood in the cerebral circulation continuously throughout the anatomical and challenge imaging exam (Figure 1). [START_REF] Jöbsis | Noninvasive, infrared monitoring of cerebral and myocardial oxygen sufficiency and circulatory parameters[END_REF] The probes were placed on the subject's forehead to record oxygenation in the watershed area between the anterior and medial cerebral arteries. [START_REF] Scheeren | Monitoring tissue oxygenation by near infrared spectroscopy (NIRS): background and current applications[END_REF] NIRS signals were acquired and synchronized via a Biopac MP150 data acquisition system (BioPac, Goleta, CA) oversampled at 1kHz.

NIRS measurements were recorded concurrently during the hyperoxia challenge (Figure 1). A modified Beer-Lambert law was used to calculate the relative change in OxyHb, DeoxyHb, TOI, and total hemoglobin (TotalHb, equivalent to the sum of OxyHb and DeoxyHb). Experimental setup. Anatomical 3D T1 and T2-FLAIR, BOLD, T2-Relaxation-Under-Spin-Tagging (TRUST) and phase contrast scans were performed in all subjects under normoxia and hyperoxia conditions. BOLD imaging was performed under 50 seconds of normoxia and 4 minutes of hyperoxia to capture the cerebral hemodynamic response to 100% oxygen inspiration. Near-infrared spectroscopy (NIRS) and peripheral SpO2 were measured simultaneously with the BOLD acquisition during hyperoxia.

Magnetic resonance imaging:

Each participant underwent an MRI study using a 3T Philips Achieva with an 8-element phased-array coil. Anatomical 3D T1, T2-Relaxation-Under-Spin-Tagging (TRUST) [START_REF] Lu | Calibration and validation of TRUST MRI for the estimation of cerebral blood oxygenation[END_REF] to measure venous saturation (Yv) and phase contrast [START_REF] Enzmann | Blood flow in major cerebral arteries measured by phase-contrast cine MR[END_REF] to measure global cerebral blood flow (CBF) were performed in all subjects under normoxic condition. Following the last baseline imaging sequence, the hyperoxic ventilation commenced after 50 seconds into the five-minute BOLD acquisition. After BOLD imaging, repeated TRUST and phase contrast scans under hyperoxia were performed. The sequence of all MR acquisitions is illustrated in Figure 1. All MR acquisition parameters are listed below and were identical between normoxic and hyperoxic imaging.

A 3D T1-weighted image was acquired covering the whole brain (160 sagittal slices) with TR = 8ms, TE = 4ms, flip angle = 8°, in-plane resolution = 1mm × 1mm, FOV = 256mm × 256mm and slice thickness = 1.0mm. The T2-weighted FLAIR 3D image was acquired with the following parameters: TR = 4800 msec, TE = 257.9 msec, inversion time (TI) = 1650 msec, in-plane resolution = 1 × 1 mm, FOV = 256 × 256 mm, and slice thickness = 1.3 mm. MR angiography image was acquired: TR = 23 msec, TE = 3.45 msec, flip angle = 18, FOV = 220 × 220 mm, resolution = 0.38 × 0.38 mm, and slice thickness = 1.4 mm.

To measure CBF, phase contrast MRI was obtained, positioned just above the carotid bifurcation: FOV = 260 x 260 mm, TE = 7.5ms, slice thickness = 5 mm, encoding velocity = 150 cm/s, and 10 signal averages. A VENC of 150 cm was chosen because of the increased blood velocities observed in chronically anemic subjects. To measure T2 relaxation of blood, TRUST was acquired at the superior sagittal sinus with the following parameters: CPMG T2 preparation with effective echo times of 0, 40, 80 and 160 ms, TR = 1978 ms, delay time = 1022 ms, resolution = 3.4 × 3.4 × 5 mm and FOV = 220 × 220 × 5 mm. BOLD images were acquired using gradientecho echo-planar-imaging sequence: TR = 2000 ms, TE = 50 ms, in-plane resolution = 2.3 × 2.3 mm, FOV = 220 × 220 mm, 26 axial slices, slice thickness = 5 mm, SENSE factor of 2. A total of 150 volumes were collected in five minutes. All MR acquisition parameters have been detailed in prior publications. [START_REF] Chai | White Matter Has Impaired Resting Oxygen Delivery in Sickle Cell Patients[END_REF][START_REF] Bush | Diminished cerebral oxygen extraction and metabolic rate in sickle cell disease using T2 relaxation under spin tagging MRI[END_REF][START_REF] Coloigner | Contrasting resting-state fMRI abnormalities from sickle and non-sickle anemia[END_REF] T1, T2-FLAIR, and MRA angiography images were reviewed by a board certified neuroradiologist. Silent cerebral infarcts were defined according to the Silent Ischemia Trial criteria, [START_REF] Debaun | Controlled Trial of Transfusions for Silent Cerebral Infarcts in Sickle Cell Anemia[END_REF] which requires a white matter hyperintensity > 3 mm in orthogonal planes.

Definitions of NIRS and BOLD changes in response to hyperoxia:

The following definitions of hypoxic parameters were provided for DeoxyHb but without loss of generality were used to compute response dynamics for OxyHb, TotalHb, TOI and BOLD time series:

(1) DeoxyHbbaseline was the mean DeoxyHb signal before hyperoxic gas, calculated from the start of the BOLD acquisition to the start of oxygen gas administration at 50 seconds.

(2) DeoxyHbhyperoxia was the mean signal after the signal has stabilized during hyperoxia, calculated from 120 seconds to the end of the BOLD acquisition.

(3) ∆DeoxyHb (the depth of the hyperoxic change, µmol for NIRS and % for BOLD changes) was calculated as ∆DeoxyHb = |DeoxyHbbaseline -DeoxyHbhyperoxia|.

Pictorial illustrations of these definitions can be found in Figure 2. 

Image processing:

Structural T1 images were registered to the Montreal Neurological Institute (MNI) template with the FMRIB Software Library (FSL); BOLD images were preprocessed with FSL and registered to MNI template space using a standard spatial functional pipeline. [START_REF] Coloigner | Contrasting resting-state fMRI abnormalities from sickle and non-sickle anemia[END_REF] Global ΔBOLD values were computed as an average within a whole-brain mask derived from an average of 152 T1-weighted MRI scans in the common MNI coordinate system. [START_REF] Grabner | Symmetric atlasing and model based segmentation: an application to the hippocampus in older adults[END_REF] MNI-based grey matter mask, an eroded white matter mask and three vascular territories masks were used to calculate average ΔBOLD for these different brain regions. Masks of the anterior cerebral artery, middle cerebral artery and posterior cerebral artery circulations were based on the published templates of vascular territories in both hemispheres. [START_REF] Tatu | Arterial Territories of the Human Brain[END_REF] The territories were created from anatomic studies of cerebral vascularization and evaluated on the bicommissural plane.

Whole-brain CBF was measured using phase contrast MRI, [START_REF] Enzmann | Blood flow in major cerebral arteries measured by phase-contrast cine MR[END_REF] and phase contrast images were analyzed using an in-house MATLAB program (Mathworks, Natick, MA). Stationary tissue pixels were identified in the complex difference images by simple thresholding using a mean plus two standard deviations from a remote, nonvascular region. Vessel boundaries were semiautomatically segmented from complex difference images using Canny edge detection and mapped to the phase difference image for flow calculation. Total CBF, which was the sum of the flow in left and right interior carotid arteries and vertebral arteries, was corrected for brain size assuming a brain density of 1.05 g/ml.

For the TRUST acquisition, the difference signals between tag and control images of the superior sagittal sinus cross sections were fitted to a mono-exponential decay equation ∆S=∆S 0 e eTE×(1 T 1b ⁄ -1/T 2b ) , where eTE = 0, 40, 80 and 160ms, T1b and T2b are the relaxation parameters of blood. T1b was estimated from the hematocrit in patients with normal hemoglobin or as a value of 1818ms for patients with sickle. [START_REF] Bush | Pseudo Continuous Arterial Spin Labeling Quantification in Anemic Subjects with Hyperemic Cerebral Blood Flow[END_REF] T2b was derived from nonlinear least squares fit to the signal decay equation. Afterward, T2b and hematocrit were used to estimate venous saturation from a previously-published calibration curve for non-sickle [START_REF] Bush | Empirical model of human blood transverse relaxation at 3 T improves MRI T 2 oximetry[END_REF] and SCD blood. [START_REF] Bush | Calibration of T2 oximetry MRI for subjects with sickle cell disease[END_REF] 

Physiological parameters:

Several physiological parameters were derived using the following equations:

𝐶 " 𝑂 # = 1.34 × 𝐻𝑏 × 𝑌 " + 0.003 × 𝑃 " 𝑂 # (ml O2/ml blood) [5] where PaO2 is the arterial partial pressure of oxygen estimated to be 100 mmHg at normoxia and 400 mmHg at hyperoxia, PvO2 is the venous partial pressure of oxygen estimated to be 40 mmHg at normoxia and 52 mmHg at hyperoxia, [START_REF] Reinhart | Reversible decrease of oxygen consumption by hyperoxia[END_REF] CaO2 is the arterial oxygen content, CvO2 is the venous oxygen content, Hb is the hemoglobin level of each subject, Yv is the venous saturation measured by TRUST, Ya is the arterial saturation measured by pulse oximetry and OEF is the cerebral oxygen extraction fraction.

[1] 𝐶 $ 𝑂 # = 1.34 × 𝐻𝑏 × 𝑌 $ + 0.003 × 𝑃 $ 𝑂 # (ml O2/ml blood) [2] 𝑂𝐸𝐹 = 1 - & ! ' " & # ' " [3] 𝑂 # 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑦 = 𝐶𝐵𝐹 × 𝐶 " 𝑂 # (ml/100g/min) [4] 𝐶𝑀𝑅𝑂 # = 𝐶𝐵𝐹 × (𝐶 " 𝑂 # -𝐶 $ 𝑂 # ) (ml O2/100g/min)

Statistical analysis:

Statistical analysis was performed in JMP (SAS, Cary, NC). One-way ANOVA with Dunnett's post hoc correction was used to examine the difference in clinical and oxygenation variables between SCD and control, and between ACTL and control; independent samples t-test was used to compare SCD and ACTL groups. Univariate and stepwise multivariate regressions were performed against hemoglobin, HbS, transfusion status, fetal hemoglobin, white blood cells, platelets, reticulocytes and cell-free hemoglobin; multivariate predictors were retained in the final model for p<0.05. Two-sample t-maps were generated with Analysis Functional NeuroImages (AFNI) [START_REF] Cox | AFNI: software for analysis and visualization of functional magnetic resonance neuroimages[END_REF] . Age and sex regressions were performed in JMP, and the average was added to the regressed values to ensure final values were within physiologically meaningful range.

Results: Demographics:

Pre-and post-hyperoxia CBF, arterial and cerebral venous saturations were recorded in all patients in this study. All patients were included in the oxygen delivery and metabolism analysis. Of the 94 participating subjects, only 76 subjects were included in the BOLD analysis; the rest were excluded due to severe subject motion or incomplete BOLD acquisition. The NIRS analysis included 21 SCD subjects, 13 ACTL subjects and 20 controls, and the rest were excluded due to sensor and data acquisition system malfunctions.

The demographics for this study population is summarized in Table 1; the results are reported separately for the Bold MRI and NIRs subcohorts. There were no differences in the demographic and hematologic data between the complete cohort presented in Table 1 and the cohort after subject exclusion in the BOLD and NIRS analyses.

Since the SCD group trended younger and had more male subjects compared to controls, all subsequent analyses were corrected for age and sex. There was no significant difference between sickle-cell trait and non-trait controls in NIRS (p=0.74 for ΔOxyHb, p=0.95 for ΔDeoxyHb, p=0.54 for ΔTOI), global ΔBOLD (p=0.52), CBF (p=0.76), or CMRO2 (p=0.28). Thus, trait and nontrait control data was pooled. 

Hematologic markers:

The SCD and ACTL groups had significantly lower hemoglobin levels (p<0.01), lower hematocrit (p<0.01) and higher cell-free hemoglobin (p<0.01) compared to healthy controls. Within the two groups of anemic subjects, SCD patients had higher reticulocytes (p<0.01), white blood cells count (p<0.01), fetal hemoglobin (p<0.01) and fraction of S-cells (p<0.01). Of all the participating ACTL subjects, 60% subjects were transfused whereas only 40% of SCD patients received regular transfusion; the transfused SCD subjects had a median HbS percentage of 19.7%, significantly lower than 76.8% in the non-transfused subgroup. Pulse oximetry values were lower in the SCD patients than control subjects at baseline (p<0.01).

Clinical imaging:

Based on MR angiography, one SCD patient had severe bilateral anterior cerebral artery stenosis, but no of Moya-Moya disease. All of the other angiograms were completely normal in all three populations. None of the subjects had history of stroke, but T2-FLAIR imaging demonstrated silent cerebral infarcts in 19/38 SCD patients and 8/25 ACTL patients, compared to 7/31 control patients (p=0.04).

NIRS and BOLD response to hyperoxia:

Based on the difference in silent stroke rate between anemic and healthy subjects, oxygenation imaging was performed to shed light on the oxygen supply and demand mismatch in ischemia-prone cerebral regions. During the respiratory challenge, none of the patients consciously perceived the hyperoxia episode, and no complications were encountered. The gas challenge produced a maximum SpO2 values of 100%. Compared to ΔSpO2 in healthy controls (1.1±0.7%), ΔSpO2 was greater in SCD (2.4±1.6%, p<0.01) and in ACTL subjects (1.8±0.7%, p=0.06). This translated to increases in O2 content of 1.1, 1.2, and 1.2 ml O2/ml blood for control, ACTL, and SCD respectively.

Hyperoxia significantly increased the OxyHb concentration (p<0.01) and tissue oxygenation index (p<0.01) in the entire cohort, while DeoxyHb and total hemoglobin level decreased (both p<0.01). A summary of NIRS signal changes in each subject group is shown in Table 2. SCD subjects showed larger magnitude of change in OxyHb (p=0.01) and TOI (p<0.01) compared to controls, but there was no significant difference in the hyperoxic effect on TotalHb between the three groups (p=0.95). All NIRS changes were correlated with ΔSpO2 (r 2 =0.14, p<0.01 for OxyHb; r 2 =0.09, p=0.03 for OxyHb; r 2 =0.12, p<0.01 for TotalHb; r 2 =0.07, p=0.06 for TOI).

In addition to the NIRS signal, global BOLD signal was significantly increased during hyperoxic ventilation (p<0.01) and correlated with ΔSpO2 (Figure 3A). Global and regional ΔBOLD trended higher in SCD subjects compared to healthy controls, but the difference was not statistically significant (Table 2). Additionally, ΔBOLD was correlated with changes in tissue oxygenation, with 26% of the variation in ΔBOLD explained by TOI (Figure 3B). The BOLD signal varied with both ΔOxyHb and ΔDeoxyHb (Figure 3C and3D). Even though global ΔBOLD was not correlated with total hemoglobin level (p=0.38), grey matter ΔBOLD had a significant association with TotalHb (r 2 =0.10, p=0.02), whereas white matter ΔBOLD did not (p=0.07).

Overall, grey matter displayed a change of 3.5±1.5% in the BOLD signal in response to hyperoxic ventilation, significantly larger compared to 1.1±0.9% in the white matter (p<0.01). This pronounced grey-white matter differentiation is demonstrated by the group average ΔBOLD maps in Figure 4A. Deep white matter structures did not demonstrate a different hyperoxic effect compared to gyral or more superficial white matter, and there was no significant difference in ΔBOLD within the anterior, middle and posterior cerebral artery perfusion territories (p=0.14). Voxelwise comparison of ΔBOLD between SCD and ACTL subjects and control subjects failed to identify any systematic differences after correction for multiple comparisons. Group ΔBOLD response to hyperoxic ventilation for sickle cell disease (SCD), non-sickle anemic (ACTL) and healthy controls (CTL). Mean ΔBOLD maps for each group. T-scores between SCD and ACTL groups versus control subjects failed to identify any systematically different regional behavior (not shown).

Table 2. Group average of whole-brain and regional BOLD and NIRS changes due to hyperoxic ventilation. Bold letterings indicate statistical significance (p<0.05). GM = grey matter; WM = white matter; ACA = anterior cerebral artery territory; MCA = middle cerebral artery territory; PCA = posterior cerebral artery territory. 

Oxygenation parameters at baseline and in response to hyperoxia:

Table 3 compares oxygen content, CBF, oxygen delivery, and cerebral metabolic rate across the patient groups at baseline and in response to hyperoxia. Arterial and sagittal sinus oxygen contents are significantly lower in both ACTL and SCD subjects compared with controls under both conditions (p<0.01 for all), but not different between them (p=0.05). There is corresponding cerebral hyperemia in both anemia groups, but to a greater extent in the SCD subjects (p<0.01); this difference did not retain significance under hyperoxia (p=0.08). Importantly, oxygen delivery was identical among all three groups under both conditions (p=0.20 for normoxia and p=0.58 for hyperoxia). OEF was lower in the anemic cohorts under both conditions (p<0.01 for both) and significantly lower in SCD subjects (p=0.02). OEF and CBF were reciprocally related to one another (r 2 =0.36 room air, r 2 =0.32 hyperoxia). CMRO2 was also decreased in the anemic subjects compared with control subjects under both conditions (p<0.01 for both), proportional to anemia severity (r 2 =0.20, p<0.01 for normoxia; r 2 =0.07, p=0.01 for hyperoxia). Table 3. Table of oxygen supply and utilization parameters under normoxia and hyperoxia. Values are expressed as mean ± standard deviation. Analysis of variance was performed with post-hoc correction using Tukey-Kramer honestly significant differences. Bold lettering depicts significant differences (p<0.05) with respect to control subjects; p-value comparing the two anemic groups is shown the rightmost column with significant values in italics. Table 4 contrasts the absolute and relative changes across groups for all the brain metabolism parameters. Although the absolute increase in arterial oxygen content was identical across groups, the percentage increase was 43% -67% higher in anemic subjects (p<0.01). In contrast, both the absolute increase (p=0.38) and percentage increase (p=0.63) in venous oxygen content was similar across groups. The absolute decline in CBF was greater in SCD patients (p<0.01 compared to controls). However, the percentage change in CBF was independent of disease state (p=0.08), averaging 22.1%. Since hyperoxia triggered a larger percentage reduction in CBF compared with the increase in oxygen content, cerebral oxygen delivery fell in all three cohorts (p<0.01). Neither the absolute decrease (p=0.31) nor the percentage decrease (p=0.48) in oxygen delivery were different across groups. Both the absolute and relative change in OEF trended higher in anemic subjects, however these differences did not reach statistical significance (p=0.09 for absolute and p=0.09 for relative changes). CMRO2 declined in response to hyperoxia to a similar degree across all three cohorts (p=0.57). 

Normoxia

Discussion:

The purpose of the present study was to determine whether we could use 100% oxygen as a contrast agent to identify brain regions having increased oxygen extraction secondary to flow limitation, as has successfully been performed in sickle cell mouse models. [START_REF] Kennan | Decreased cerebral perfusion correlates with increased BOLD hyperoxia response in transgenic mouse models of sickle cell disease[END_REF] We postulated that chronically hypoxic deep brain regions in the deep watershed areas [START_REF] Fields | Regional oxygen extraction predicts border zone vulnerability to stroke in sickle cell disease[END_REF][START_REF] Ford | Silent infarcts in sickle cell disease occur in the border zone region and are associated with low cerebral blood flow[END_REF][START_REF] Shen | Anemia Increases Oxygen Extraction Fraction in Deep Brain Structures but Not in the Cerebral Cortex[END_REF][START_REF] Guilliams | Large-Vessel Vasculopathy in Children With Sickle Cell Disease: A Magnetic Resonance Imaging Study of Infarct Topography and Focal Atrophy[END_REF] would demonstrate greater rise in BOLD signal than better perfused neighboring tissue. In this study, we evaluated the oxygen supply and utilization in the brain in response to four minutes of hyperoxic ventilation in chronically anemic patients and healthy controls. We observed higher BOLD signal and NIRS tissue oxygenation, in response to the increased blood oxygen content during hyperoxia. BOLD signal changes were more than 3-fold higher in grey matter than white matter, consistent with known relative differences in cerebral blood volume. [START_REF] Losert | Oxygen-enhanced MRI of the brain[END_REF] However, we failed to identify any systemic regional differences in BOLD signal changes within or across groups, suggesting that 100% oxygen could not be used to identify chronically ischemic brain regions.

The failure to replicate the results from the mouse model may stem from many reasons. Firstly, changes in white matter BOLD may mirror the grey matter response because white matter tissues are downstream in the cerebral perfusion chain. Thus, when grey matter vasoconstricts in response to 100% oxygen, there is an obligate parallel drop in white matter perfusion. Secondly, white matter BOLD signal changes are much weaker than grey matter changes because of the lower blood volume. Previous work has shown that tissue oxygenation improvements due to hyperoxia are small in low CBF areas such as the white matter compared to cortical regions, [START_REF] Hlatky | Brain Tissue Oxygen Tension Response to Induced Hyperoxia Reduced in Hypoperfused Brain[END_REF] so it is possible that the improvement to OEF in flow-limited areas was simply too small to observe in our study. Thirdly, our SCD population has significantly less severe disease than observed in sickle cell anemia mouse models, which were not receiving any disease modifying therapy [START_REF] Kennan | Decreased cerebral perfusion correlates with increased BOLD hyperoxia response in transgenic mouse models of sickle cell disease[END_REF] .

Eighty percent of our study population was on transfusions or effective hydroxyurea treatment and some of the remaining untreated subjects had milder forms of SCD (SC and Sb+). Our anemic and SCD subjects did not demonstrate any vasculopathy and were thus unlikely to have fixed flow limitations. Fourthly, mouse brain architecture is quite different from humans, lacking cortical infolding, and having significantly smaller frontal neocortices. As result, cerebrovascular regulation in response to oxygen and carbon dioxide challenges are likely to differ between mice and humans. Lastly, it is possible that flow limitations were spatially inconsistent, such that any regions of increased BOLD response were diluted by the group averaging.

The effect of supplemental oxygen therapy to increase cerebral partial pressure of oxygen was clearly observed in our NIRS measurements, with an average of 3% boost in tissue oxygenation index in the entire cohort. The larger TOI effect size observed in anemic patients reflects the proportionally larger increase in oxygen content in anemic subjects. [START_REF] Reinhart | Reversible decrease of oxygen consumption by hyperoxia[END_REF] NIRS and BOLD changes with hyperoxia were correlated, [START_REF] Huppert | A temporal comparison of BOLD, ASL, and NIRS hemodynamic responses to motor stimuli in adult humans[END_REF] providing inter-modality corroboration of our results. However, in contrast to a previous hypoxic gas challenge in which the strongest correlation was observed between ΔBOLD and ΔDeoxyHb, [START_REF] Coloigner | Transient Hypoxia Model Revealed Cerebrovascular Impairment in Anemia Using BOLD MRI and Near-Infrared Spectroscopy[END_REF] the hyperoxic BOLD changes was best correlated with ΔOxyHb demonstrating that hemoglobin saturation was the strongest influence of the BOLD signal rather than blood flow changes. In fact, ΔTotalHb was inversely proportional to the BOLD signal. This observation supports the use of hyperoxia in calibrated fMRI, in which the increase arterial saturation rather than hyperemia is the main driving force of the changes in capillary and venous saturation observed on quantitative BOLD imaging. [START_REF] Chiarelli | A calibration method for quantitative BOLD fMRI based on hyperoxia[END_REF] MRI and NIRS evidence of improved oxygenation was accompanied by powerful cerebral vasoconstriction. The vasoconstriction effect of hyperoxic ventilation was reflected by both decreased NIRS TotalHb signal and phase contrast CBF. The 20-25% decrease we observed was concordant with previous works [START_REF] Watson | The effect of hyperoxia on cerebral blood flow: A study in healthy volunteers using magnetic resonance phase-contrast angiography[END_REF][START_REF] Floyd | Independent cerebral vasoconstrictive effects of hyperoxia and accompanying arterial hypocapnia at 1 ATA[END_REF] from independent groups. Hyperoxia with 100% oxygen administration has previously been shown to produce a ~3-7% decrease in end-tidal CO2, but hypocapnia of this magnitude cannot explain a 20-25% reduction in CBF. [START_REF] Watson | The effect of hyperoxia on cerebral blood flow: A study in healthy volunteers using magnetic resonance phase-contrast angiography[END_REF][START_REF] Floyd | Independent cerebral vasoconstrictive effects of hyperoxia and accompanying arterial hypocapnia at 1 ATA[END_REF] Therefore, the vasoconstriction in our results could be attributed mostly to hyperoxia, [START_REF] Mouren | Mechanisms of coronary vasoconstriction induced by high arterial oxygen tension[END_REF] which attenuates the effective nitric-oxide concentration and leads to an increase of reactive oxygen species in the brain. [START_REF] Demchenko | Hyperbaric oxygen reduces cerebral blood flow by inactivating nitric oxide[END_REF] Improved oxygen content with hyperoxia was more than counterbalanced by the reduction in CBF. As a result, cerebral oxygen delivery declined an average of 17.7%. The decreased delivery contradicted several previous studies which found no significant change in oxygen delivery. [START_REF] Reinhart | Reversible decrease of oxygen consumption by hyperoxia[END_REF][START_REF] Karetzky | The effect of oxygen administration on gas exchange and cardiopulmonary function in normal subjects[END_REF][START_REF] Smit | Hyperoxia does not affect oxygen delivery in healthy volunteers while causing a decrease in sublingual perfusion[END_REF] However, these studies had much smaller cohort sizes compared to the 94 subjects in this current work. In contrast, recent work by Bodetoft et al. has reported a significant decrease in systemic and coronary oxygen delivery of 4-11%, independent of arterial carbon dioxide pressure. [START_REF] Bodetoft | Effects of oxygen inhalation on cardiac output, coronary blood flow and oxygen delivery in healthy individuals, assessed with MRI[END_REF] Decreased oxygen delivery was associated with a parallel reduction in CMRO2 during hyperoxia. This observation is concordant with other reports of lower metabolic rate in both the systemic [START_REF] Bush | Calibration of T2 oximetry MRI for subjects with sickle cell disease[END_REF][START_REF] Lauscher | Hyperoxia Reversibly Alters Oxygen Consumption and Metabolism[END_REF] and cerebral circulations with hyperoxia. [START_REF] Xu | Effect of hypoxia and hyperoxia on cerebral blood flow, blood oxygenation, and oxidative metabolism[END_REF] The changes in oxygen delivery and metabolic rate were well-correlated, but it would be difficult to decipher whether the CMRO2 reduction was a primary physiological response, triggering a subsequent reduction in O2 delivery, or a secondary response to reduced oxygen delivery. However, given the rise in BOLD signal and NIRS tissue oxygenation index with hyperoxia, the former possibility seems more likely.

Despite the heterogenous patient groups and conditions, oxygen delivery was independent of the underlying oxygen carrying capacity and the study group, suggesting that this parameter is strongly regulated. CMRO2 was also independent of study group, after controlling for differences in hemoglobin level as previously demonstrated. [START_REF] Vu | Reduced global cerebral oxygen metabolic rate in sickle cell disease and chronic anemias[END_REF] The observed reciprocal relationship between OEF and CBF is a natural consequence of the tradeoff between vasomotor tone and oxygen extraction. In contrast, OEF is not regulated but varies significantly with the p50 of hemoglobin, [START_REF] Wood | Red Cells, Iron, and Erythropoiesis: Brain O2 reserve in sickle cell disease[END_REF] which in turn is impacted by red cell 2,3-DPG content and hemoglobin type. [START_REF] Shen | Anemia Increases Oxygen Extraction Fraction in Deep Brain Structures but Not in the Cerebral Cortex[END_REF] Transfused red blood cells are deficient in 2-3 DPG, while hemoglobins F and H bind 2-3 DPG less tightly, leading to much higher oxygen affinity. This contributes to the low OEF observed in the ACTL and SCD patient groups. Our findings are consistent with the results of Croal et al, who demonstrated a mean sagittal sinus OEF of 24% in young, hydroxyurea-treated patients with SCD, compared with 32% in matched control subjects. [START_REF] Croal | Quantification of pathophysiological alterations in venous oxygen saturation: A comparison of global MR susceptometry techniques[END_REF] Our work in an independent cohort suggests that much of the disparity in OEF between controls in anemic subjects can be explained by the p50 effects introduced by hemoglobins F and H. [START_REF] Shen | Anemia Increases Oxygen Extraction Fraction in Deep Brain Structures but Not in the Cerebral Cortex[END_REF] However, decreased oxygen unloading also occurs from cerebral hyperemia, leading to capillary transit time heterogeneity, [START_REF] Angleys | The effects of capillary transit time heterogeneity (CTH) on brain oxygenation[END_REF] or functional shunting. [START_REF] Bush | Pseudo Continuous Arterial Spin Labeling Quantification in Anemic Subjects with Hyperemic Cerebral Blood Flow[END_REF][START_REF] Juttukonda | Reduced oxygen extraction efficiency in sickle cell anemia patients with evidence of cerebral capillary shunting[END_REF] Hyperoxia, often in the form of 100% oxygen therapy, has traditionally been a transport and emergency room treatment for conditions related to poor oxygen delivery to vital organs, such as during stroke or myocardial infarction. However, subsequent studies demonstrating neutral or negative benefits have led to limiting oxygen therapy to the correction of hypoxia. [START_REF] Chu | Mortality and morbidity in acutely ill adults treated with liberal versus conservative oxygen therapy (IOTA): a systematic review and meta-analysis[END_REF][START_REF] Iscoe | Supplementary oxygen for nonhypoxemic patients: O 2much of a good thing?[END_REF][START_REF] Kallet | Should oxygen therapy be tightly regulated to minimize hyperoxia in critically ill patients?[END_REF] Considering that CMRO2 is already impaired in anemia at baseline, [START_REF] Vu | Reduced global cerebral oxygen metabolic rate in sickle cell disease and chronic anemias[END_REF] further hyperoxia-induced reduction in oxygen delivery and CMRO2 observed in this study support that change in practice, although it is unclear whether similar responses would be observed in at risk tissues.

Our study had some important limitations. Since we were interested in a potentially clinically useful diagnostic, we did not attempt to "clamp" exhaled CO2 levels. End-tidal CO2 sensors were built into the breathing circuit, but technical difficulties prevented us from using these data. This study also assumed the blood pO2 levels 30 instead of measuring it in individual patient using a radial arterial catheter. However, a 10% variation in pO2 only leads to less than 1% change in oxygen delivery and CMRO2 without changing our results. The use of a velocity encoding of 150 cm/s in phase contrast MRI was driven by the desire to avoid aliasing in anemic subjects but had suboptimal signal-to-noise for control subjects. Nonetheless, we documented inter-scan variability of 4.6% in control and anemic subjects in previous work, [START_REF] Bush | Determinants of resting cerebral blood flow in sickle cell disease[END_REF] providing sufficient robustness for the current comparisons. Additionally, our work only evaluated oxygen metabolism after a four-minute administration of 100% oxygen. Since vasoconstriction effects in hyperoxia has been shown to be reversible, [START_REF] Reinhart | Reversible decrease of oxygen consumption by hyperoxia[END_REF][START_REF] Lauscher | Hyperoxia Reversibly Alters Oxygen Consumption and Metabolism[END_REF] and oxygen toxicity does not manifest until several days under sustained oxygen therapy, further assessment of oxygen utilization is required to determine whether adaptation and normalization of CMRO2 occurs under prolonged hyperoxic ventilation. Lastly, the SIT criteria for SCI was established from young children scanned on 1.5T scanners. The added sensitivity of 3T, plus the inexorable increase in cerebral microvascular disease with age leads to a high prevalence of SCI in our control population. Thus, the simple existence of SCI in our SCD population cannot be viewed as pathologic, but has to be placed into the broader context of normal aging.

In summary, this work evaluated the oxygen delivery and consumption in the brain during normoxic and hyperoxic ventilation. From our results, we were unable to identify brain regions of flow limitation in chronically anemic patients. However, we were able to demonstrate higher tissue oxygenation as well as arterial and venous oxygen content during hyperoxia. Even though chronic anemia is associated with hyperemia at baseline, this degree of vasodilation in SCD and anemic subjects was not enough to compensate for the hyperoxia-induced vasoconstriction in response to abnormally high pO2, leading to diminished oxygen delivery and metabolic rate. Both controls and chronically anemic subjects showed proportional CMRO2 decline compared to baseline, but the hyperoxic CMRO2 values in SCD and non-sickle anemic subjects were abnormally low in our studies. Therefore, further work is needed to evaluate the risk of prolonged oxygen therapy, especially in anemic populations at risk for oxygen toxicity and cerebral dysfunction.
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 1 Figure1. Experimental setup. Anatomical 3D T1 and T2-FLAIR, BOLD, T2-Relaxation-Under-Spin-Tagging (TRUST) and phase contrast scans were performed in all subjects under normoxia and hyperoxia conditions. BOLD imaging was performed under 50 seconds of normoxia and 4 minutes of hyperoxia to capture the cerebral hemodynamic response to 100% oxygen inspiration. Near-infrared spectroscopy (NIRS) and peripheral SpO2 were measured simultaneously with the BOLD acquisition during hyperoxia.

Figure 2 .

 2 Figure 2. Sustained hyperoxia model signals. Representative recordings of (A) global BOLD, SpO2, tissue oxygen TOI, (B) deoxygenated hemoglobin DeoxyHb, oxygenated hemoglobin OxyHb and total hemoglobin TotalHb changes during the hyperoxia challenge.
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Figure 3 .

 3 Figure 3. Correlation between changes in BOLD, NIRS and pulse oximetry signals. Correlation between ΔBOLD and (A) pulse oximetry ΔSpO2, (B) tissue oxygenation ΔTOI, (C) oxygenated hemoglobin ΔOxyHb, and (D) deoxygenated hemoglobin ΔDeoxyHb.

Figure 4 .

 4 Figure 4. Group ΔBOLD response to hyperoxic ventilation for sickle cell disease (SCD), non-sickle anemic (ACTL) and healthy controls (CTL). Mean ΔBOLD maps for each group. T-scores between SCD and ACTL groups versus control subjects failed to identify any systematically different regional behavior (not shown).

Table 1 .

 1 Patient demographic and hematologic data. Bold letterings indicate statistical significance (p<0.05).

			Cohort with valid BOLD results		
		CTL (N = 28)	SCD (N = 31)	ACTL (N = 18)	p-value (SCD vs. CTL)	p-value (ACTL vs. CTL)	p-value (SCD vs. ACTL)
	Age (Years)	25.4 ± 10.3	22.3 ± 7.7	26.9 ± 12.1	0.46	0.87	0.27
	Sex	10M, 18F	20M, 11F	9M, 9F	0.04	0.37	0.33
	Transfusion	0/28	12/31	12/18	<0.0001	<0.0001	0.079
	Arterial Saturation (%)	99.4 ± 1.0	97.6 ± 1.9	98.8 ± 1.1	<0.0001	0.39	0.02
	Hemoglobin Electrophoresis	14AA, 14AS	27SS, 4SC 16AA, 2AE			
	Hemoglobin (g/dl)	13.6 ± 1.1	9.8 ± 1.9	10.6 ± 2.3	<0.0001	<0.0001	0.225
	Hematocrit (%)	40.2 ± 3.2	27.7 ± 4.8	32.3 ± 6.0	<0.0001	<0.0001	0.003
	White Blood Cell Count (x10 3 )	5.7 ± 2.0	9.9 ± 4.8	6.9 ± 2.3	<0.0001	0.50	0.001
	Platelet Count (x10 3 /µl)	242 ± 53	304 ± 111	271 ± 27	0.05	0.60	0.50
	Reticulocytes (%)	1.4 ± 0.6	9.9 ± 5.3	2.3 ± 2.8	<0.0001	0.69	<0.0001
	S-cells Fraction (%)	0	52.0 ± 31.0	0	<0.0001	1.00	<0.0001
	Fetal Hemoglobin (%)	0.5 ± 2.2	7.6 ± 8.8	1.8 ± 3.6	<0.0001	0.78	0.004
	Cell-free Hemoglobin (%)	6.7 ± 5.3	21.4 ± 20.6 17.8 ± 22.0	0.004	0.09	0.76
			Cohort with valid NIRS results		
		CTL (N = 20)	SCD (N = 20)	ACTL (N = 13)	p-value (SCD vs. CTL)	p-value (ACTL vs. CTL)	p-value (SCD vs. ACTL)
	Age (Years)	26.8 ± 10.7	23.7 ± 8.8	23.4 ± 6.8	0.54	0.55	1.0
	Sex	6M, 14F	12M, 8F	6M, 7F	0.11	0.47	0.49
	Transfusion	0/20	10/20	9/13	0.0004	<0.0001	0.31
	Arterial Saturation (%)	99.4 ± 0.9	97.3 ± 2.1	99.1 ± 1.0	0.0002	0.87	0.0045
	Hemoglobin Electrophoresis	11AA, 9AS 18SS, 2SC 11AA, 2AE			
	Hemoglobin (g/dl)	13.5 ± 1.1	9.5 ± 1.8	10.6 ± 2.4	<0.0001	<0.0001	0.19
	Hematocrit (%)	39.8 ± 3.1	27.5 ± 4.7	32.3 ± 5.9	<0.0001	<0.0001	0.01
	White Blood Cell Count (x10 3 )	5.5 ± 1.9	10.2 ± 4.7	7.5 ± 1.9	<0.0001	0.053	0.22
	Platelet Count (x10 3 /µl)	236 ± 54	275 ± 93	275 ± 126	0.36	0.38	0.99
	Reticulocytes (%)	1.4 ± 0.7	10.6 ± 5.6	3.7 ± 3.2	<0.0001	0.62	<0.0001

Table 4 .

 4 Absolute and relative changes between hyperoxia and normoxia conditions in cerebral oxygenation across groups. Values are expressed as mean ± standard deviation. Bold values are significant relative to control subjects at p<0.05.

			CTL	SCD	ACTL
		Absolute	Percentage	Absolute	Percentage	Absolute	Percentage
		Change	Change	Change	Change	Change	Change
	Arterial O2						
	Content	1.1 ± 0.2	6 ± 1 %	1.2 ± 0.2	9 ± 3 %	1.1 ± 0.2	8 ± 3 %
	(mlO2/ml blood)						
	Venous O2						
	Content	0.8 ± 1.1	7 ± 10 %	0.6 ± 0.7	7 ± 8 %	0.5 ± 0.8	5 ± 8 %
	(mlO2/ml blood)						
	CBF (ml/100g/min)	-12.9 ± 7.6 -20 ± 10 % -26.1 ± 15.5	26 ± 13 %	-20.1 ± 9.7	-24 ± 9 %
	O2 Delivery (ml/100g/min)	-1.9 ± 1.4	-16 ± 11 %	-2.4 ± 1.8	-19 ± 14 %	-2.1 ± 1.3	-18 ± 10 %
	OEF (%)	-0.6 ± 5.7	-1 ± 16 %	1.8 ± 4.6	9 ± 23 %	1.9 ± 5.6	7 ± 20 %
	CMRO2 (mlO2/100g/min)	-0.7 ± 0.7	-17 ± 17 %	-0.5 ± 0.6	-13 ± 18 %	-0.5 ± 0.7	-12 ± 21 %