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Abstract: Baseline hematocrit fraction (Hct) is a determinant for baseline cerebral blood flow (CBF)
and between-subject variation of Hct thus causes variation in task-based BOLD fMRI signal changes.
We first verified in healthy volunteers (n =12) that Hct values can be derived reliably from venous
blood T, values by comparison with the conventional lab test. Together with CBF measured using
phase-contrast MRI, this noninvasive estimation of Hct, instead of using a population-averaged Hct
value, enabled more individual determination of oxygen delivery (DO,), oxygen extraction fraction
(OEF), and cerebral metabolic rate of oxygen (CMRO;). The inverse correlation of CBF and Hct
explained about 80% of between-subject variation of CBF in this relatively uniform cohort of subjects,
as expected based on the regulation of DO, to maintain constant CMRO,. Furthermore, we compared
the relationships of visual task-evoked BOLD response with Hct and CBF. We showed that Hct and
CBF contributed 22%-33% of variance in BOLD signal and removing the positive correlation with Hct
and negative correlation with CBF allowed normalization of BOLD signal with 16%—22% lower vari-
ability. The results of this study suggest that adjustment for Hct effects is useful for studies of MRI
perfusion and BOLD fMRI. Hum Brain Mapp 39:344-353, 2018.  © 2017 Wiley Periodicals, Inc.

Key words: MRI; Hct; CBF; DO,; OEF; CMRO,; BOLD

L 4 *

Contract grant sponsor: NIH; Contract grant number: K25 Institute, 707 N. Broadway, Baltimore, MD 21205, USA. E-mail:
HL121192; Contract grant sponsor: American Society of Hematol-  qin@mrijhu.edu

ogy; Contract grant number: Scholar Award; Contract grant spon-  Received for publication 17 July 2017; Revised 22 September 2017;
sor: NIH; Contract grant number: P41 EB015909 Accepted 4 October 2017.

Feng Xu and Wenbo Li contributed equally to this work. DOI: 10.1002/hbm.23846

“Correspondence to: Qin Qin, PhD; Department of Radiology,  published online 11 October 2017 in Wiley Online Library
Johns  Hopkins University School of Medicine, F.M. Kirby  (wileyonlinelibrary.com).

Research Center for Functional Brain Imaging, Kennedy Krieger

© 2017 Wiley Periodicals, Inc.


http://orcid.org/0000-0002-6432-2944

¢ Role of Hematocrit for Cerebral Hemodynamic Parameters and BOLD Response ¢

INTRODUCTION

Magnetic resonance imaging (MRI) allows quantification
of several baseline cerebral physiological parameters and
the investigation of brain functional activity using blood-
oxygenation-level-dependent (BOLD) signal changes. Under-
standing the physiological sources of between-subject vari-
ability is critical for the interpretation of these measures,
especially for studies employing group comparison between
healthy subjects and populations with various neurological
or pathological conditions.

The hematocrit or proportion of whole blood that is red
blood cells (Hct) governs an individual’'s oxygen (O,)
carrying capacity, and together with arterial oxygenation
fraction (Y,) and cerebral blood flow (CBF), determines the
oxygen delivery (DO,) to tissue.

DO, = [Hbyor) X Yo XCBF=Cery XHctXY,XCBF (1)

in which [Hby] is the total hemoglobin concentration in
mM and [Hby,] X Y, is the arterial oxygen content in
pmol/mL. This can be determined from erythrocyte hemo-
globin content, Cey, which is the amount of the Hb mono-
mer in a unit volume of fully oxygenated red blood cells.
When taking a standardized mean corpuscular hemoglo-
bin concentration or MCHC of 33.86 g/dL and a molecular
mass of 16,125 g/mol for the monomer, C.r, equals 21.00
umol Hb/mL or 21.00 umol O,/mL blood cells [Chanarin
et al., 1984]. The oxygen concentration in arterial blood can
then be obtained by multiplying Ce, with the Hct and Y.

Baseline activity of neuronal and glial cells is propor-
tional to the cerebral metabolic rate of oxygen (CMRO,).
Owing to the requirement of a constant oxygen delivery to
maintain a constant CMRO,, any reduction in Hct leads to
an increase in CBF and vice versa. This relationship has
been well confirmed with positron emission tomography
(PET) and single-photon emission computed tomography
(SPECT), where this inverse correlation between Hct and
CBF has been repeatedly observed, either by comparing
between normal controls and patients with anemia or
polycythemia [Brown et al., 1985; Henriksen et al., 2013;
Herold et al.,, 1986; Ibaraki et al., 2010; Kuwabara et al.,
2002; Prohovnik et al., 1989, 2009] or by examining within
subjects before and after blood transfusion or hemodilu-
tion [Hino et al.,, 1992; Hudak et al., 1986; Massik et al.,
1987; Metry et al., 1999; Vorstrup et al., 1992]. The require-
ment to maintain constant CMRO, through regulated DO,
is described by the oxygen extraction fraction (OEF):

OEF =CMRO, /DO, =(Y,— Y,)/Y, @)

which is constant in healthy volunteers and generally
stated in terms of a coupling between CMRO, and CBF.
OEF was reported to show less variations than CBF among
anemic patients with sickle cell disease [Herold et al.,
1986] or chronic renal failure [Kuwabara et al., 2002; Metry
et al., 1999].

In the MRI field, absolute CBF measurements using arte-
rial spin labeling (ASL) techniques [Dai et al., 2008; Detre
et al, 1992; Wong et al., 1998] are being standardized
[Alsop et al., 2015]. Methods for OEF estimation have been
introduced based on MR susceptometry [Fan et al.,, 2014;
Fernandez-Seara et al., 2006; Haacke et al., 1997; Zhang
et al., 2015] and T, relaxometry [Lu and Ge, 2008; Oja
et al., 1999; Qin et al., 2011a; Wright et al., 1991]. Whole-
brain CMRO, quantification by combining obtained CBF
and OEF values has been done [Jain et al., 2010; Xu et al.,
2009; Zhang et al., 2015]. Measurement of individual Hct
values should allow more accurate estimation of DO, and
CMRO:s. Furthermore, knowledge of Hct can help improve
determination of OEF when using Hct-dependent suscepti-
bility [Fan et al., 2014; Fernandez-Seara et al., 2006; Zhang
et al.,, 2015] or T,-Y, calibration curves [Lu et al., 2012;
Qin et al., 2011a].

The BOLD functional MRI (fMRI) signal reflects changes
in cerebral blood volume (CBV), CBF, and CMRO,
through complex biophysical mechanisms [Blockley et al.,
2013; Hua et al., 2011; Kim and Ogawa, 2012; van Zijl
et al., 1998, 2012]. The main cause of the effect is a tempo-
rary uncoupling of CBF and CMRO; [Blockley et al., 2013;
Hua et al., 2011; Kim and Ogawa, 2012; van Zijl et al,,
1998, 2012]. Positive correlation between Hct and BOLD
amplitude has been observed in hemodilution experiments
on anesthetized rats [Lin et al., 1998a,b] and in task-based
fMRI studies on both healthy subjects [Gustard et al., 2003;
Levin et al., 2001] and children with sickle cell anemia
[Zou et al., 2011]. This is easy to understand because
increased Hct causes a lower baseline CBF and thus a pro-
portionally larger increase in BOLD signal change. Part of
the interindividual variability of BOLD signal changes
may therefore be due to between-subject variation of Hct.
As such, incorporation of Hect measurement in MRI perfu-
sion or functional protocols would allow adjustment for
this global baseline factor. However, the conventional mea-
sure of Hct through laboratory analysis of a venous blood
sample requires venipuncture, which may be painful and/
or inconvenient for subjects in a research study.

Fortunately, the longitudinal relaxation time (T;) of
blood has a clear dependence on Hct, which is larger than
on oxygenation [Brooks and Dichiro, 1987; Bryant et al.,
1990; Grgac et al., 2013; Li et al., 2016a; Lu et al., 2004; Sil-
vennoinen et al., 2003]. As blood T, values are important
for MRI-based CBF quantification, fast MR sequences have
been developed to obtain venous T; from large cerebral
veins [Qin et al.,, 2011b; Varela et al.,, 2011, Wu et al,,
2010]. Recently, we validated this technique with in vitro
measurements and confirmed that blood T; values closely
correlated with individual Hct [Li et al., 2016b]. The aim
of this study is to demonstrate and verify that the Hct val-
ues converted from blood T; per subject can help improve
MRI-based measurements of baseline DO,, OEF, and
CMRO,, and account for the differences of CBF and BOLD
effect among normal volunteers.
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METHODS

All MR experiments were conducted on a 3.0 T MR Sys-
tem (Philips Healthcare, Best, The Netherlands) using a
body coil for radiofrequency transmission and a 32-
channel head coil for reception. Foam padding was used
to stabilize the participant’s head to minimize motion. A
total of 13 healthy adults (35 =7 years old, 6 females and
7 males) were enrolled in this study and blood was sam-
pled intravenously for complete blood count (CBC) imme-
diately before or after the MRI scans. Each participant
provided written informed consent and the study was
approved by the Johns Hopkins Medicine Institutional
Review Board.

MRI Experiments

The experiments and participants analyzed here were
reported in a recent paper for measurement of arterial and
venous blood T; values [Li et al., 2016b]; additional scans
for venous blood T, global flow rates of the brain, and
BOLD fMRI are reported in this study.

The protocols for obtaining arterial and venous blood T;
values at ICA and IJV, respectively, have been described
previously [Li et al., 2016b]. Acquiring the arterial T; from
ICA requires extra repositioning of the subjects to have
their chest covered by the body coil for complete inversion
of the inflowing arterial blood [Li et al., 2016b].
Conversely, venous blood T; can be measured under the
neuroimaging setup (centering at eye level). Thus, despite
having an additional influence from oxygenation, obtain-
ing venous blood T; is more straightforward for brain
function studies. As an improvement to our earlier proto-
col for venous T; measurement at the IJV [Qin et al,
2011b], we replaced the segmented echo-planar imaging
(EPI) acquisition with segmented turbo field echo (TFE)
readout for better flow compensation [Li et al., 2016b]. The
total acquisition time was 1 min.

To visualize the major neck vessels (ICA, internal carotid
artery; VA, vertebral artery; IJV, internal jugular vein), a
quick time-of-flight (TOF) angiogram was employed with
parameters: TR/TE/flip angle (FA)=26 ms/5.8 ms/20°
field of view (FOV)=201 X 201 X 80 mm> nominal voxel
size=0.8 X 1.0 X 2.0 mm>. A 60 mm saturation slab was
positioned above the imaging slab to suppress the venous
blood.

To acquire baseline whole-brain CBF, the blood flow
rates at the bilateral ICA and VA were measured using
phase-contrast (PC) MR angiography (MRA). PC MRA has
been validated for quantitative flow measurements [Bakker
et al., 1999; Evans et al., 1993; Zananiri et al., 1991]. Four
runs of PC MRA were planned using a plane orientation
perpendicular to the corresponding arteries as described
previously [Liu et al., 2013b]: nominal voxel size =0.5 X
0.5 X 5 mm®, FOV =200 X 200 X 5 mm’, TR/TE/FA =19
ms/9 ms/15°, maximum velocity encoding =60 cm/s and

40 cm/s for ICA and VA, respectively, without cardiac
triggering. Scan duration of each PC MRI scan was 20 s.

Additionally, a T;-weighted magnetization-prepared rapid
gradient-echo (MPRAGE) scan was added for brain volume
estimation: TR/TE/FA =12 ms/3.2 ms/9°, TI=1,110 ms,
FOV =220 X 220 X 180 mm?®, nominal voxel size of 1.1 mm
isotropic, SENSE factor =2 X 2, duration of 5 min.

To obtain global OEF information, venous T, values
were also measured at the IJV by employing a T2prep
module with five separate effective echo times (eTE) of 20,
40, 80, 120, 160 ms. All the RF pulses used in the T2prep
module were nonselective, to minimize sensitivity to flow.
Composite refocusing pulses (90°,180°,90°,) were applied
with constant interecho spacing of 10 ms. The MR protocol
followed an earlier study [Qin et al., 2011a] and the acqui-
sition parameters were identical to the ones used for blood
T; measurements, with 1 min acquisition time as well.

BOLD fMRI experiments used a radial yellow/blue-col-
ored checkerboard flashing at 8 Hz. The visual paradigm
had 30 s stimulation followed by 30 s of fixation on a
cross-sign in the center of the screen, with four repetitions.
An additional fixation period of 30 s was used at the
beginning of the experiment. BOLD sequence parameters
were as follows: TR/TE/FA =2,000 ms/30 ms/70° nomi-
nal voxel size 2.5 X 2.5 X 2.5 mm®; SENSE factor = 2.1, 35
slices; FOV =200 X 180 X 104 mm?>; with 136 dynamics.

Data Analysis

Matlab (MathWorks, Inc., Natick, MA) was used for
data processing. Venous Ty (T7,) was quantified following
the fitting procedure described in Li et al. [2016b]. A linear
fitting was performed between 1,000/T;, and Hct(lab), the
Hct values provided by the CBC lab. Based on this calibra-
tion of Hct values from T; ,, subsequent studies used Ty,
to determine Hct, which we indicate as Hct(T v).

Analysis of PC MRI data followed methods used in pre-
vious studies [Liu et al., 2013b]. ROI of each of the four
arteries was drawn manually on the magnitude image by
tracing the boundaries of left and right ICAs and VAs.
The velocity values calculated from the phase information
within the mask were summed to yield the flux (in mL/
min) of each artery. To account for brain size differences,
the unit volume CBF (in mL/min/100 g) was obtained by
normalizing the flux (in mL/min) of all four arteries to the
parenchyma mass (in 100 g), which was estimated from the
high-resolution T;-weighted MPRAGE image using the soft-
ware FSL (FMRIB software Library, Oxford University).

Assuming Y, = 0.98, OEF was calculated as OEF = 1—Y,/
Y,. Based on previously reported Hct-dependent T, —Y,, cali-
bration curves [Lu et al., 2012], Y, was determined from T,
using either assumed Hct = 0.42 or Hct(Ty ).

Oxygen delivery was determined from Eq. (1) using
Cery =21.00 umol O,/mL, Y, =0.98, and the Hct and CBF
determined experimentally. CMRO, was calculated from
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Figure I.

(a) Scatter plot of the inverse of MR-measured venous blood T,
and pathology lab measured Hct, Hct(lab). The fitted linear
equation is used to determine Hct from the individual T, values.
(b) Correlation plot of Hct(lab) and T;,-converted Hct,
Hct(T,,). The dashed line is the unity line. (c) Agreement

DO, and OEF using Eq. (2). The units of DO, and CMRO,
were pmol O,/min/100 g.

Analysis of BOLD fMRI data was conducted using the
software Statistical Parametric Mapping (SPM) (Univer-
sity College London, UK, version 5.0) and in-house MAT-
LAB scripts. Dynamic BOLD fMRI time series were
registered to the respective first volume to remove
motion. Then all BOLD images were co-registered to the
template of Montreal Neurological Institute (MNI) with a
resampled voxel size of 2 X 2 X 2 mm®. Finally, the
BOLD images were smoothed using a Gaussian filter
with a full-width half-maximum (FWHM) of 8 mm.
General linear analysis between voxel time course and
stimulus paradigm convolved with an SPM-defined
hemodynamic function was used to compute voxelwise T
score comparing BOLD signal strength during visual
stimulation with respect to that during epochs of visual
fixation. Then T score was ranked from high to low. Visual
activation was defined by the top 2,000 voxels within the
occipital lobe (an approximation of visual cortex volume) on
an individual basis. Time courses were averaged across
these voxels. Percentage change of BOLD signal (SpoLp) was
given by linear regression of averaged time course with
respect to the paradigm regressor.

Mean, standard deviation (STD), and coefficient of vari-
ation (CoV =STD/mean) across subjects were calculated
for different physiological and functional parameters.
Baseline CBF was investigated for a linear relationship
with Het(T, ) by linear regression, y =a X x + b. P values
<0.05 were considered significant. The coefficient of
determination, R?, represents the percentage of the vari-
ance of one parameter explained by the variation of the
other using a best-fit linear model. Adjusted R* was also
calculated as

(Bland—Altman plot) between Hct(lab) and Hct(T,,). The hori-
zontal solid line represents the mean difference of all subjects.
The top and bottom dashed lines indicate two times the stan-
dard deviation from the mean difference.

R34=1-(1-R*) X (n-1)/ (n-m-1) 3)
This is to take into account the sample size (1) and num-
ber of variables (model complexity, m), and to correct the
potential over-fitting issue caused by adding more regres-
sors [Yin and Fan, 2001]. Although in this study we only
performed linear regression with one variable (m = 1), the
adjusted R? is intended to facilitate comparison with stud-
ies using multiple regressors.

Regression analyses of BOLD signal change were
performed separately for its linear relationships (y=a X
x + b) with Het and CBFE. R?, Rgdj, and P values of the fit-
ting were also calculated. Furthermore, covariate effects
were removed by subtracting the fitted equation from the
initial BOLD response to calculate the normalized BOLD
response:

SBOLD,n = SBOLD—(a Xx+ b) + mean(SBOLD)

4)

Equation (4) eliminates the dependence on both the slope
(2) and the intercept of the fitted covariate model (b) [Liau
and Liu, 2009]. It also preserves the mean of the BOLD
signal changes for consistent comparison of CoV [Lu et al.,
2010]. The residual correlation and the between-subject
CoV of SpoLp,, after normalizing with different baseline
parameters were evaluated.

RESULTS

The Hct values from the CBC tests and the venous T;
values measured in vivo for all 13 subjects were previously
reported [Li et al.,, 2016b]. Similar to the arterial blood T,
values reported in the same paper [Li et al.,, 2016b], the
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TABLE I. Summary of mean, standard deviation (STD), and coefficient of variance (CoV) of different parameters

Y,

Hct Hct

DO, (umol/ CMRO; (umol/
min/100 g) OEF min/100 g)
CBF (mL/ Hct Hct Hct

Tiy (ms) T, (ms) Hct (lab) (Ty,) Hct=042 (T;,) min/100 g) Hct=042 (Ty,) Hct=042 (Ty,) Hct=042 (Ty,)

Mean 1,788 62.9 0.43 0.43 0.61 0.61
STD 83 11.8 0.034  0.036 0.058 0.048
CoV (%) 4.6 18.7 8.0 8.4 9.6 8.0

53.2 460.1 461.5 0.38 0.38 170.5 173.7
9.4 81.1 47.8 0.059 0.049 21.1 19.5
17.6 17.6 104 157 13.0 12.4 11.2

Yy, DO,, OEF, and CMRO, were calculated based on Hct = 0.42 and Hct(T} ).

venous T, values correlated significantly with Hct (Fig. 1a)
and the derived Hct values were calibrated as

1403

Hct (Tl ,V) = m

—0.36 ()

Linear regression (Fig. 1b) showed significant correlation
(P <0.0001) and Bland-Altman analysis (Fig. 1c) showed
strong agreement between Hct(lab) and Hct(T,,) (n =12).
We therefore from here on use only Hct(T;,). Note that
one subject was removed from this calibration as an out-
lier. The outlier detection was applied using the Grubbs
criteria [Grubbs, 1950], which removes data with a differ-
ence more than 2 STD from the mean of the difference of
Hct(lab) and Hct(T, ). This outlier was rejected at the sig-
nificance level of 0.05 (two-sided).

The group-averaged Hct(T,,) values along with the
baseline hemodynamic and metabolic parameters are
listed in Table I. The CoV was 8.4% for Hct(T;,) and
17.6% for CBF (Table I). The CoV for DO,, OEF, and
CMRO, derived from Hct(T;,) were 10.4%, 13.0%, and
11.2%, which were very close to the numbers using
Hct(lab) and lower than the values using an assumed
population-averaged Hct of 0.42: 17.6% (CBF effect only),
15.7%, and 12.4% (P < 0.05, t test on subsamples).

90 -
o)
70 A (o)
=
o o 8
50
y=-263.0x+172.0 ©O
R?=0.79, P <0.001
30 L] ] 1 1
0.3 035 04 045 05
Het(T,,)
Figure 2.

Scatter plots of baseline CBF with Hct(T,,). The linear regres-
sion is illustrated with a solid line. CBF shows inverse correla-
tion with Hct values significantly (P < 0.001).

The significant inverse correlation of CBF with Hct(T; )
(P <0.001) is shown in Figure 2. The calculated Rfldj value
indicates that 77% of the between-subject variation of CBF
can be explained by Hct (Table II).

The BOLD signal response showed positive correlation
with Het(Ty ), along with negative correlation with CBF
(P <0.05) (Fig. 3a,b). Based on the Ridj values, Hct alone
explained 22% of the between-subject variation of SgoLp,
which was close to 33% for CBF (Table II). After eliminat-
ing the effects of Hct and CBF, respectively, the normal-
ized BOLD responses, SgoLp,,, displayed no correlation
with these parameters (Fig. 3c,d). The CoV of Sgorp was
reduced by 16% and 22% (from 18.5% to 15.5% and 14.4%)
after normalizing with Hct and CBF separately (Table III).

DISCUSSION

In this study, we adopted a recently developed fast
sequence to quantify blood T; at IJV to estimate each indi-
vidual’s Hct. We investigated the correlation of Hct with
baseline CBF and their relationship with BOLD signal,
which were all obtained from the same session on healthy
volunteers in completely noninvasive fashion. This study
highlights three roles Hct plays in baseline perfusion and
hemodynamics functional responses: (1) using individual
Hct and CBF enabled more precise estimation of DO,,
OEF, and CMRO,; (2) Hct explained about 80% of the
between-subject variation of CBF (Table II and Fig. 2); (3)
22% of intersubject variability of BOLD response was asso-
ciated with Hct (Table II and Fig. 3a) and normalization of
BOLD with Hct reduced its CoV by 16% (Table III). The
interrelations derived wusing blood T;-converted Hct

TABLE Il. Summary of the R* and R:dj for regression
analysis of CBF values on Hct and BOLD signal changes
on Hct and CBF

CBF SBOLD
Hct(Ty ) Het(Ty ) CBF
R? 0.79 0.29 0.39
RZ 0.77 0.22 0.33
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Figure 3.

Scatter plots of BOLD signal change (SgoLp) with (a) Hct(T,,) and (b) CBF. SgoLp were posi-
tively correlated with (a) Hct (P =0.06) and negatively correlated with (b) CBF (P = 0.03). (c,d)
Scatter plots of normalized BOLD signal change (SgoLp,,) after removing the variance explained

by each effect [Eq. (4)].

information were consistent with those attained using lab
test-based Hct values.

To prevent impairment of brain function, cerebral autor-
egulation relies on complex relationships between different
hemodynamic and metabolic variables: CBF, CBV, DO,,
OEF, and CMRO; [Derdeyn et al., 2002; Ito et al., 2005].
Monitoring these parameters concurrently facilitates
comprehensive examination of both oxygen supply and
oxygen metabolism. During the last decade, the MRI field

TABLE Ill. CoV of the BOLD and residual BOLD signal
after removing the variance explained by Hct and CBF,
respectively

SsoLD SpoLp,n: Het(T1,,) SgoLpn: CBF
Mean 2.98 297 2.98
STD 0.55 0.46 0.43
CoV (%) 185 15.5 14.4

has seen growing interest in developing noninvasive tech-
niques for quantifying physiologic variables beyond CBF
[Ewing and Lu, 2013; Wong, 2013]. As observed in the pre-
sent results, the between-subject CoV of DO,, OEF, and
CMRO, were only 56%—-67% of CBF’s CoV (10%-13% vs
18%, Table I). This reduced intersubject variability of DO,,
OEF, and CMRO, emphasizes their roles as more stable
parameters in the presence of large physiological variation.
Note that our measured CBF values have an inverse corre-
lation with the measured OEF (data not shown), as
expected based on Egs. (1) and (2) and observed previ-
ously [Jain et al., 2010; Liu et al., 2013b; Peng et al., 2014;
Xu et al., 2009]. Thus CMRO,, as their product, is more
constant across individuals, compared to these covarying
parameters. Here we showed that by converting blood T
to Hct, more precise estimation of these parameters per-
subject was made both directly (DO, and CMRO,) and
indirectly (OEF, through using a Hct-dependent T,,—Y,
calibration model), compared to the typical practice of
assuming the same Hct value for all subjects.
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In this study, ~80% between-subject CoV of CBF was
associated with Hct (Table II and Fig. 2). To our best
knowledge, this is the first MRI study on young healthy
adults that confirmed previous understanding that between-
subject variations of CBF can be partially explained by the
variance in Hct [Brown et al., 1985; Henriksen et al., 2013;
Herold et al., 1986; Ibaraki et al., 2010; Kuwabara et al., 2002;
Prohovnik et al., 1989, 2009]. Such a highly significant corre-
lation between CBF and Hct was also found in an early
report including subjects with both normal hematology and
various blood disorders [Brown et al.,, 1985]. Our results
indicate that, at least for the young healthy subjects recruited
in this work, Hct is the primary determinant of the variabil-
ity of CBF. Sex is often considered to be a covariate for CBF,
which is largely due to the Hct difference between females
and males [Henriksen et al., 2013; Ibaraki et al., 2010] (36%
~ 44% vs 41% ~ 50%) [Chanarin et al., 1984].

CBF is known to be affected by many other factors, such
as arterial partial pressure of carbon dioxide (PaCO,),
cardiac function, age, caffeine, smoking status, alcohol,
psychiatric state, cardiovascular diseases, and pharmaceu-
tical drugs [Giardino et al.,, 2007; Henriksen et al., 2013;
Ibaraki et al., 2010; Ito et al., 2005; Lu et al., 2011; van der
Veen et al., 2015]. In a recent study examining factors
affecting global CBF among a relatively healthy elderly
group, 14% of between-subject CBF variation is explained
by Hct, along with 17% by end-tidal PCO, (PgrCO;), 11%
by caffeine, and 10% by homocysteine [Henriksen et al.,
2014]. This much reduced effect of Hct to CBF variation is
perhaps largely due to the difference of age (mean age
[range] = 35 [27-51] years old vs 64 [50-75] years old) and
sample size (n =12 vs 38) between the two studies. It is
expected that a range of additional factors other than Hct
may contribute to CBF variability among an aged group
compared to a younger population. For group-comparison
studies, taking into account individual Hct could help dis-
entangle the multiple covariates influencing the obtained
CBF values.

Our inspection showed that the R? values of the correla-
tion between BOLD signal change for 8 Hz checkerboard
visual activation and Hct(T; ;) and CBF were 0.29 and 0.39
(Table II and Fig. 3ab). Previous task-evoked functional
studies reported R values for correlation between BOLD
and Hct as 0.23 [Gustard et al., 2003] and 0.28 [Levin et al.,
2001], and R® values for correlation between BOLD and
CBF as 0.17 [Lu et al., 2008] and 0.46 [Liau and Liu, 2009].
The high correlation between Hct and baseline CBF as dis-
cussed above elucidates the overlapping origin of these two
regressors for BOLD response. These fitted correlation not
only illustrate various sources of the variability for BOLD
signal but also were useful for the normalization of the
SgoLp to lower its CoV [Eq. (4), Table III, and Fig. 3c,d].
The reduction of between-subject CoV of SgoLp, is desired
for enhancing the detection power in the group-level com-
parisons [Liau and Liu, 2009; Liu et al., 2013a,c; Lu et al,,
2010].

A few notes of the methodology of this study need to be
commented upon. First, the measured venous T; values
are dependent on both Hct and Y, [Brooks and Dichiro,
1987; Bryant et al., 1990; Grgac et al., 2013; Li et al., 2016a;
Lu et al,, 2004; Silvennoinen et al., 2003]. Except during
ischemia, arterial T; is only affected by Hct as Y, is close
to 1, thus is in theory a better surrogate for Hct estimation.
Comparing to measuring arterial T; values, measuring
venous T, values is relatively straightforward. Our data
suggested that venous T; values are also largely modu-
lated by Hct among normal volunteers and Hct values
derived from T;, show high correlation and agreement
with lab measured Hct (Fig. 1). When Y, values of the
populations under investigation have large variations,
arterial blood T; is suggested for more accurate Hct esti-
mation using a previously developed conversion formula
[Li et al., 2016b]. Note that several methods were devel-
oped to rapidly measure venous T; in vivo, all of which
used a Look-Locker scheme but with various acquisition
modules: segmented balanced steady-state free precession,
bSSFP [Wu et al., 2010]; single-shot EPI [Varela et al.,
2011]; segmented EPI [Qin et al., 2011b]; and segmented
TFE [Li et al., 2016b]. The reported average T4, values for
healthy females and males agree well: 1,831/1,746 ms [Li
et al.,, 2016b], 1,779/1,662 ms [Varela et al., 2011], and
1,827/1,677 ms [Wu et al., 2010]. Based on our calibration
formula [Eq. (5)], 5% error of T;, measurement would
cause 9%-10% underestimation or overestimation of Hct,
respectively. Thus, the Hct method does not depend criti-
cally on the sequence used.

Second, this work obtained global CBF using PC MRA
instead of regional CBF using ASL. Compared to ASL, PC
MRA is a faster approach for estimating global flow rate
with simpler methodology for both acquisition and analy-
sis. In contrast, ASL can provide local perfusion values. It
is expected that regional differences in the correlation
between baseline CBF and Hct may exist, due to the rela-
tionship between CBF and local neuronal activity. ASL can
be technically challenging and has low signal sensitivity.
Additionally, ASL is sensitive to blood T; [Alsop et al.,
2015] and CBF values could be underestimated using over-
estimated blood T;. A recent study in a large population
reported significant correlation between these two meth-
ods [Dolui et al., 2016]. More variance in CBF values esti-
mated with PC MRA was reported and may be related to
inaccurate placement of a single imaging plane through all
arteries of interest [Dolui et al., 2016]. Note that nongated
PC MRA scans were performed in our study for estimat-
ing global CBF values. Additionally, the dynamic variation
of arterial lumen area over the cardiac cycle was not con-
sidered. Changes in lumen area of up to 27% have been
reported between diastolic and systolic phases in common
carotid arteries [Chow et al., 2008]. Nonetheless, the effect
of cardiac pulsation might be canceled out by signal aver-
aging during the 20 s PC MRA scans. Earlier work from
small groups of subjects did not find significant difference
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of averaged velocity from PC MRA with or without car-
diac gating [Qin et al., 2011b; Xu et al., 2009].

Third, one limitation of our visual stimuli-evoked BOLD
experiments is that no MR-compatible vision-correction
lenses were provided for subjects with myopia, which
resulted in additional subject-dependent variations into
the BOLD signal [Lu et al., 2010]. This may have increased
the interindividual variation in BOLD signals reported in
this study.

Last, we did not separate the between-subject variations
of each MRI outcome from the within-subject variations or
measurement noise of the techniques used. This is usually
determined by repeated measures on each subject.
Recently we reported that the intrasession, intersession,
and intersubject CoV of obtained arterial blood T; values
were 1.1%, 2.1%, and 5.6%, respectively [Li et al., 2016b].
A previous study using the same PC MRA protocol for
CBF estimation showed its intrasession, intersession, and
intersubject CoV to be 2.8%, 7.4%, and 17.4%, respectively
[Liu et al., 2013b]. CoV of BOLD signal reproducibility for
the visual task was 14% depending on the extent of spatial
smoothing applied [Raemaekers et al., 2012].

Although Hct effects have been separately analyzed in
various studies of CBF, DO,, OEF, CMRO,, and functional
BOLD as aforementioned, this work sought to revisit and
emphasize its importance in adopting a more multi-
parametric and integral approach in MRI field. As blood
T, itself is an important parameter for quantifying CBF
using ASL [Alsop et al., 2015] and CBV change using vas-
cular space occupancy (VASO) techniques [Lu et al., 2003],
Hct measures from blood T; values will prove to be an
effective noninvasive approach assisting perfusion and
functional MRI studies, at least for healthy volunteers. The
calibrated Hct—T; , relation [Eq. (5)] is not expected to be
valid for patients with different hemoglobin (e.g., sickled
blood or fetal blood). Recent advances in multiwavelength
pulse oximetry permit estimation of total hemoglobin or
Hct using a percutaneous sensor [Barker and Badal, 2008;
Lindner and Exadaktylos, 2013]. The accuracy of this tech-
nique has been evaluated in different clinical settings and
promising results have been demonstrated [Frasca et al.,
2011; Lindner and Exadaktylos, 2013]. Our internal com-
parison with CBC lab test on both healthy volunteers and
those with anemia found lack of accuracy for a subgroup
(data not shown). Once further improved and validated, a
handheld pulse oximeter would be an ideal point of care
device for both Hct and Y, determination for a broad
population.

CONCLUSION

We utilized a recently developed MR technique to
quickly (1 min) and noninvasively (no blood draw) esti-
mate Hct values in normal volunteers. This allowed more
convenient and precise per-subject determination of physi-
ological parameters that characterize oxygen delivery,

extraction, and consumption in the brain. The close corre-
lation of Hct with baseline CBF and task-based BOLD sig-
nal changes indicates that Hct may play an important role
in explaining interindividual variance of baseline CBF and
thus BOLD signal responses. In addition, we showed that
BOLD signal normalized with Hct had less variability than
original BOLD signal. These findings are pertinent to a
wide range of MRI-based brain perfusion and function
studies.
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