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Abstract

Purpose: Sickle cell anemia (SCA) is a blood disorder that alters the morphology and the
oxygen affinity of the red blood cells. Cerebral oxygen extraction fraction (OEF) measurements
using quantitative blood oxygenation level dependent (BOLD) contrast have been employed for
assessing inadequate oxygen delivery and the subsequent risk of ischemic stroke in SCA. The
BOLD signal in magnetic resonance imaging (MRI) studies relies on A y,4,, the bulk volume

susceptibility difference between fully oxygenated and fully deoxygenated blood. Several studies
have measured A y,4, for normal hemoglobin (HbA). However, it is not known if the value is

different for sickle hemoglobin (HbS). In this study, A y,, was measured for both HbA and HbS.

Methods: Six SCA patients and six controls were recruited. Various blood oxygenation levels
were achieved via in vivo manipulations to keep the blood close to its natural state. To account for
the differences in oxygen affinity, Hill’s equations were used to translate partial pressure of
oxygen to oxygen saturation for HbA, HbS and HbF separately. pH and PCO, corrections were

performed. Temperature and magnetic field drift were controlled for. A multivariate generalized
linear mixed model with random participant effect was employed.

Results: Assuming that A y,, is similar for HbA and HbF and that A ;g5 1S 5/4 of A 4, for
HDbA, it was found that the A y,, values for HbA and HbS were not statistically significantly
different from each other.

Conclusion: The same A y,, value can be used for both types of hemoglobin in quantitative
BOLD analysis.

Corresponding author: Hongyu An, DSc, Mallinckrodt Institute of Radiology, Washington University School of Medicine, 510 S
Kingshighway, WPAV CCIR, CB 8131, St. Louis, MO 63110, hongyuan@wustl.edu.
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Introduction

Sickle cell anemia (SCA) is an inherited blood disorder which leads to lifelong disability
and early mortality (1). Hemoglobin (Hb) is a tetrameric protein in red blood cells (RBC)
that is responsible for carrying oxygen from the lungs to the whole body. SCA is caused by a
genetic mutation that changes hemoglobin A (HbA) to abnormal sickle hemoglobin (HbS)
(2). HbA consists of two a- and two g-globin chains (ay,)(3), and comprises 97% of the

hemoglobin in healthy adult blood. The dominant hemoglobin in patients with SCA,
however, is HbS, (azﬁzs), where g% is a qualitatively abnormal g-globin that results from a

single base pair mutation in the sixth codon of the p-globin gene, substituting valine for
glutamic acid (4,5). Upon deoxygenation, HbS aggregates and polymerizes, leading to the
morphological deformation, or sickling, of the red blood cells (6,7). This polymerization
reduces the oxygen affinity of HbS under hypoxic conditions, with the amount of reduction
depending on the severity of polymerization (8,9). Fetal hemoglobin (HbF), on the other
hand, contains two «- and two y-globin chains (ay2) (10). The percentage of HbF in blood

normally decreases to less than 1% during the first two years after birth, but may persist in
adults with certain disorders. The percentage of HbF can reach approximately 30% in
patients with SCA (11). HbA, HbF, and HbS can all bind oxygen, albeit with different
oxygen affinities. However, hemoglobin cannot bind oxygen if the iron in the heme group is
in the ferric state (Fe+3) rather than in the ferrous state (Fe+2), termed methemoglobin
(MetHDb); or when carbon monoxide is bound, termed carboxyhemoglobin (COHDb). In SCA,
the levels of MetHb and COHb are elevated due to intravascular hemolysis, compared to
those that are unaffected (12).

In their seminal work, Pauling and Coryell demonstrated that oxygen-carrying hemoglobin
(OxyHb) and COHb contain no unpaired electrons, while deoxyhemoglobin (DeoxyHb) has
4 unpaired electrons per heme. As a result, both OxyHb and COHb are diamagnetic, while
DeoxyHb is paramagnetic (13). The discovery that DeoxyHb is paramagnetic has led to the
development of blood oxygenation level-dependent (BOLD) contrast in MRI (14). The
BOLD signal can be used to monitor cerebral hemodynamic alterations due to brain activity
(15,16), and to quantify tissue hemodynamic parameters such as oxygen extraction fraction
(OEF) (17-19). Additionally, Coryell et al. have found that MetHb is paramagnetic with 5
unpaired electrons per heme(20). In SCA, there has been great interest in the measurement
of tissue-level cerebral OEF as an index of hypoxia-ischemia due to chronic anemia and
subsequent risk of ischemic stroke (21-24). In this respect, quantitatively measured
alterations in cerebral oxygenation using BOLD contrast may provide insight into tissue
vulnerability in SCA (21,22,25). This quantitation, however, requires the knowledge of the
bulk volume susceptibility difference between fully oxygenated blood and fully
deoxygenated blood, which is denoted as A y,.
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Magnetic susceptibility () is a proportionality constant that governs the amount of
magnetization induced in an object by an external field, while bulk volume susceptibility
(xp) is the average of this effect throughout the whole volume of the object. Measuring

A x40 involves the measurement of bulk volume susceptibility, y;, of blood at various

oxygenation levels.

A number of studies have examined A y,, for HbA. Thulborn et a/. made use of blood
samples drawn from rats and rabbits, and arrived at A y;, = 0.2 ppm in cgs units (26).
Weisskoff and Kiihne found A y,;, =0.18 [cgs, ppm] by imaging expired human whole

blood or packed red cells obtained from the hospital blood bank, with an asymmetric spin-
echo echo-planar imaging (EPI) sequence(27). Spees et al.(28) obtained A y,4, = 0.27 [cgs,

ppm] by using a spin-echo-based spectroscopy sequence. This value was later confirmed by
Jain et al. (29) who found A 4, =0.273 [cgs, ppm] by using the phase images obtained

from a double-echo gradient-echo (GRE) sequence. In all of the studies mentioned above
(26-29), various oxygenation levels were obtained by in vitro manipulation of blood.

Studies to date have measured A y,, for HbA only. However, it is unknown whether the
value of A y,4, for HbS differs from that for HbA. This study measures A y,, for both HbA

and HbS by using blood from healthy participants and SCA patients. Furthermore, to
evaluate bulk volume susceptibility variations across a range of physiological blood oxygen
levels, we manipulated oxygenation in vivo, rather than in vitro, so as to keep the blood as
close as possible to its natural state. Moreover, previously published oxygen dissociation
curves were used for deriving isoform-specific sO, values for a more accurate DeoxyHb
calculation. In addition, P50 was adjusted based on the pH and PCO, measurements in each
blood sample. Finally, we measured A y,4, after controlling for factors known to affect the

susceptibility measurements such as magnetic field drift and temperature.

Blood Preparation

The study was approved by the Institutional Review Board (IRB). Six SCA patients (age
range 28.3+9.4, 3 females) and six healthy volunteers (with no kinship with the patients, age
range 38.2+9.8, median age was not statistically significantly different from that for the SCA
patients, Wilcoxon rank sum test P=0.17, 2 females) were recruited with informed consent.
No participant was excluded from the data analysis. For each participant, venous blood was
drawn from the antecubital vein into heparinized tubes at four different oxygenation
conditions: [1] normoxemia, [2] hypoxemia (due to ischemia), [3] recovery to normoxemia,
and [4] hyperoxemia (hyperoxia). We achieved the reduced and elevated blood oxygenation
levels in vivo, rather than in vitro, in order to minimize the potential damage to red blood
cells. For Condition 1 (baseline), participants breathed ambient air. For Condition 2
(ischemia), a tourniquet was applied about 3—4 inches above the antecubital vein on one of
the arms and the participants exercised the hand on the same side by squeezing a ball for up
to three minutes to achieve a reduced-oxygenation state. We removed the tourniquet after
blood sampling. The samples for Condition 3 (recovery after hypoxia) were collected after
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10 minutes of breathing room air. For Condition 4 (hyperoxemia), the participants breathed
100% oxygen through a simple face mask for 10 minutes. Two 3-mL samples were drawn at
the end of each blood oxygenation condition. The first blood sample was immediately hand-
carried to the hospital’s CLIA-certified laboratory in an approximately 37-degree-Celsius
water bath for co-oximetry, venous blood oxygen saturation measurements (s0,), and

hemoglobin analysis for quantification of hemoglobin isoforms. The second blood sample
was used for MR imaging. The air bubbles in the sample were removed as quickly as
possible and the sample was then kept in a 37.5°C water bath for 3 minutes prior to imaging.

A custom phantom holder made of thermally insulating styrofoam minimized the cooling of
the blood sample in the scanner (Figure 1). To examine the effectiveness of temperature
insulation, we used a fiber-optic temperature probe placed inside two distilled water samples
— one kept inside, one kept outside the phantom holder, and measured the temperature as a
function of time.

All imaging was performed on a 3T Siemens mMR Biograph scanner. Two 4-channel
carotid artery coils were used for imaging — one at the top and one at the bottom of the
phantom holder, which was carefully placed so that the long axis of the five syringes would
be parallel to B,. Five syringes filled with distilled water at room temperature were first

scanned to perform frequency adjustment and shimming. Next, the blood sample was
transported from the water bath to the scanner (3 meters walk) in a warm towel. During the
transportation, the blood sample syringe was gently rotated so that the red blood cells would
be mixed well with the plasma. The blood sample syringe was then placed at the center,
replacing the middle syringe, while the other 4 water syringes were kept in place.

An 8-echo GRE sequence with monopolar readout was used to obtain the susceptibility
measurements with the following imaging parameters: TR=40 ms. TE(i)=3.36+(i-1)*4.55
ms for i =1,2,...,8, Matrix size = 192x54, single slice, voxel size = 0.75x0.75x5 mm. The
acquisition time of the GRE sequence was 2.5 seconds. The total time from the blood
sample leaving the water bath to the completion of the GRE scan was less than 30 seconds.

Susceptibility Measurements

The complex phase of the signal collected by Coil element cat any given voxel can be
described as follows (30):

D(x,y,2,TE)= @, .—7v- AB(x,y,z)-TE

4
= QO’C -r [%(36.05‘20 - I)Ib(x’ Vs Z) ‘ Bo] -TE [1]

4
=o,c— 7" ?)(b(x’ Vs Z) -B,-TE
where @, . is the baseline phase-offset for Coil element ¢, y is the gyromagnetic ratio, 6 = 0
is the angle the syringes make with the z-axis, y,(x, y, z) is the bulk volume susceptibility

value for the voxel located at (x, y, z), B, is the magnetic field strength of the scanner and TE
is the echo time. The complex images from multiple coils were combined for obtaining
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phase images with high signal-to-noise-ratio (SNR) that would be used for estimating ;.
Since @,, . varies from coil element to coil element, a simple complex summation can lead to
signal loss due to phase cancellation. To overcome this problem, phase images were
obtained as follows(31):

. For each element of the receiver coil, the multi-echo phase data was first
unwrapped across echo times, and then a linear regression was applied to obtain
the intercept value, @, ..

. The coil-specific intercept was subtracted from the phase data of each individual
coil element.
. The phase images were then computed as the phase of the complex sum of these

phase-aligned coil element data.

In order to obtain the bulk volume susceptibilities, y;, on a per-voxel basis, the images were

processed as follows:

. The combined phases were unwrapped across echo times.
. The combined magnitude images were smoothed with a 2.25%2.25-mm kernel.
. A weighted linear least-squares fit was applied to the unwrapped phase to

estimate y,. The weight used for each echo was the square of the smoothed

magnitude value for that echo since the variance of the phase noise is inversely
proportional to magnitude for large-SNR regions(32). The first echo was masked
with a threshold equal to 7 background noise standard deviations. The later
echoes were also excluded from the least-squares fitting if the signal dropped
below one fifth of this threshold.

. Over time, the main magnetic field may drift. To account for this drift, the
average susceptibility of the distilled water syringes on the two sides of the blood
sample was used as a reference since the bulk volume susceptibilities of these
syringes were expected to be constant over time. Any changes in this average
bulk volume susceptibility was considered to be caused by magnetic field drift
and was subtracted from the bulk volume susceptibility measured in the blood
sample.

Controlling for temperature

Air bubble removal could take 30—-40 seconds in some cases, potentially leading to changes
in temperature. For this reason, we examined whether keeping the sample for 3 minutes
inside the water bath was sufficient to reach the desired temperature after air bubble
removal. Temperature measurement was performed in 3 distilled water samples that
simulated air bubble removal times of 0, 30 and 60 sec. Moreover, considering the
importance of temperature on susceptibility(33), the bulk volume susceptibility of a water
sample was measured in a separate experiment as a function of temperature values covering
body temperature and ambient temperature inside the scanner room. The difference between
the susceptibility of water at body temperature and the room temperature was then used for
correcting the offset in the susceptibility measurements.
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Bulk Volume Susceptibility of Various Hemoglobin Isoforms

DeoxyHb and MetHb are paramagnetic, and hence contribute to the overall susceptibility,
b Measured in the blood. In this respect, y, can be expressed as:

Ib=04A Yao,A+OF A Xao,F + O5 A Ydo,s + OM A Ymer + % [2]
where

Q4 =Hct(1 - COHb— MetHb) rp (1-507, 4)

QF = Het(1 — COHb— MetHb) rf (1 — sO2, F)

Qg = Hct (1- COHb— MetHb) rg (1 - 502, 5)

Op = Hcet MetHb

and «g is the intercept of the linear model. Here, A yg5 4, A x40, Fand A gy, g arethe

bulk volume susceptibility differences between fully oxygenated and fully deoxygenated
HbA, HbF and HbS, respectively. Het is the hematocrit level. sOy 4,50, Fand sO, g are the

oxygen saturation fractions of HbA, HbF and HbS, respectively. COHb and MetHb are the
fractions of COHb and MetHb out of all hemoglobins, in respective order. r4, g and rg are
the “protein-based fractions” of HbA, HbF and HbS, respectively, with r4 + rg+rg = 1.
According to these definitions, (1 — COHb — MetHb) is the fraction of functional
hemoglobin that can bind oxygen, regardless of the isoform (A, F or S).

50, derived from PO, using oxygen dissociation curves

Please note that the sO, values provided by the co-oximetry were ratios between oxygenated

Hb and total Hb, regardless of the hemoglobin isoform. Given that HbA, HbF and HbS have
different oxygen affinities (34,35), the co-oximetry-provided sO, values cannot be simply

distributed in proportion to the percentages of these hemoglobins to obtain sO,, 4,50, r and
50y, s. In order to overcome this issue, for each sample, the partial pressure of oxygen in the
blood, PO,, and the oxygen dissociation curves specific to each hemoglobin isoform were
employed to obtain the oxygen saturation fractions sO, based on Hill’s equation:

50, = (PO,/ P50)"/(1 + (PO,/ P50)") 3]

where n is the Hill coefficient, P50 is the value of PO, at 50% oxygen saturation.
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For HbA, n=2.7 and P50=26.8 were used based on the results reported by Dash et al. (36).
The cord blood oxygen dissociation curve published by Maurer et a/. (34) was used to fit
Hill’s equation to obtain » and P50 for HbF. Finally, the sickle cell oxygen dissociation
curves reported by Becklake et al. (35) and Wagner et al. (37) were used to derive the
parameters of Hill’s equation for HbS as two alternative models. Given that P50 is a function
of pH, PCO2, and 2,3-DPG, we implemented the P50 correction via Equations 9 and 10 in
Dash et al.(36). Since 2,3-DPG was not measured in this study, its effect on P50 was not
accounted for. The values of sO, 4,50, F and sO, g derived via Equation 3 were substituted
into Equations 2 and 4. The model using Becklake et al.’s HbS curve was termed as Dash-
Becklake-Maurer (DBM), while the model using Wagner et al.’s HbS curve was termed as
Dash-Wagner-Maurer (DWM). In order to examine how well these models would represent
the measured data, the derived oxygen saturation values were weighted by the fraction of
each hemoglobin isoform, and the sum of these values was then compared with the overall
oxygen saturation values provided by the co-oximetry for each blood sample.

Reduced models

Since there were multiple blood samples at different oxygenation levels from each
participant, a multivariate generalized linear mixed model with random participant effect
was employed using all data from both controls and SCA patients. Considering that the
fractions of HbF were much smaller than those of HbA and HbS (Table 1), we combined
HbA and HbF in the statistical analysis with the assumption that HbA and HbF have similar
A x4, values. Moreover, since MetHb has 5 unpaired electrons per heme, while

. 5
deoxygenated HbA has 4 unpaired electrons (20), we assumed that A y,,,; IS T o AF

This way, the number of independent variables was reduced, increasing the statistical power.
Here is the reduced model:

5
Xb=(QA+QF+ZQM)AXd F+QSAXdo,s+ao [4]

0, A
assumingthat A yg, AF~ A x40, AR A o, F-

The independent variables included in the multivariate model were deoxygenated (HbA
+HbF) and deoxygenated HbS, with a type | error rate of 0.05 for determining the regression
coefficients and overall model significance. Possible interaction between the clinical
predictors was statistically assessed.

To compare the value of A y;, 4 measured in this study to those reported in the literature, a

separate linear mixed model with random participant-specific effect was fitted using healthy
controls only:

_ 5
Xb= (QA + ZQM) A 4o A + ag [5]

The empirical difference between A y, 4rand A x4, s was tested using the regression
coefficients from the multivariate linear mixed model, parameter variance, and parameter

Magn Reson Med. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eldeniz et al.

Results

Page 8

covariance with a two-sided significance threshold of 0.05. For a z-score greater than 1.96,
the null hypothesis, Ho: A x4, AF = A x40, s, Will be rejected. Akaike information criterion
(AIC) were computed for both the DBM and DWM maodels. Difference in modeled values
for susceptibility and observed values were analyzed with a linear regression using R? for
goodness-of-fit.

Participant Characteristics

Table 1 lists the participant characteristics and blood analysis results.

Drift in imaging frequency

With the imaging frequency being about 123.21 MHz, the drift in the imaging frequency
measured via the reference distilled water syringes ranged from -4.88 Hz to 1.15 Hz across
all samples collected from all participants. The per-participant frequency difference between
the most deoxygenated and the most oxygenated states in blood ranged from 1.68 to 7.65
Hz, whereas the per-participant frequency drifts in the reference distilled water syringes
ranged from 0.22 to 2.89 Hz, which demonstrated that the magnetic field drifts over time
were not negligible and accounting for the drift was essential.

Sample Temperature Control

After two water syringes at an initial temperature of 37.5°C were allowed to cool down by
being exposed to room temperature for 30 seconds and 60 seconds, respectively, and then
placed in the water bath maintained at 37.5 £ 0.5 °C, it took about 30 seconds and 70
seconds, in respective order, for the samples to reach a steady-state within the target
temperature range of 37.5 £ 0.5 °C. Therefore, as an extreme example, even if the removal
of the air bubbles lasted for up to 70 seconds, 3 minutes of water bath immersion was found
to be sufficient to stabilize the temperature of the blood samples.

Figure 2 shows the temperature decrease in the syringes with and without foam insulation
after they left the water bath. This figure plots the discrete measurements collected every 30
seconds, as well as the following exponential function used for estimating the temperature
decay constant, z:

T(t)= T+ (T~ Ty)e s [6]

where T; is the initial temperature, T is the room temperature and  is the decay constant.
This plot suggests that the insulating foam decreases the decay constant approximately by
half. For example, a sample at 37.5°C cools down by 0.47°C inside the foam holder after 30
seconds (i.e. the total measurement time inside the scanner), while it cools down by 0.92°C
in the absence of the holder.

The dependence of bulk volume susceptibility on temperature

As Figure 3 depicts, the relationship between bulk volume susceptibility and temperature is
mostly linear within the temperature range of interest. According to this figure, the change in
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bulk volume susceptibility is expected to be about 2.6x1073 ppm in cgs units for an
estimated decrease of 1°C in temperature. While this is negligible when compared with the
levels of bulk volume susceptibility variations due to various oxygenation levels of the
blood, we minimized sample heat loss using identical methods in both controls and patients.

50, derived from PO,using oxygen dissociation curves

Based on Maurer ef a/.’s data for HbF, the fitted parameters of the Hill equation were n=3
and P50=20. The parameters for Becklake et al’s HbS curve were »=2.55 and P50=32 for
HbS, while they were n=3 and P50=40 for Wagner et al.’s HbS curve.

Figure 4 examines how well the weighted sum of the sO, values obtained from literature (as
mentioned in the Methods section) agrees with the co-oximetry-measured sO, values. For

both the DBM (Figure 4a) and the DWM (Figure 4b) models, the points are clustered around
the identity line (green line), with few outliers. The regression coefficient for these points
and the corresponding 95% confidence interval for the DBM model were 0.9981

(0.9707,1.0255) with an R value of 0.8500, while the statistics for the DWM model were

1.0301 (1.0003,1.0600) with an R” value of 0.8330. Both regressions showed good
agreement between the modeled (weighted sum) vs. measured oxygen saturation.

Bulk volume susceptibility difference measurements using the reduced models
For the DBM model, the estimated values of A y4, 4rand A yg4, s (and their 95%
confidence intervals) were 0.195 (0.159, 0.230) [cgs, ppm] and 0.274 (0.174, 0.373) [cgs,
ppm] for (HbA+HbF) and HbS, respectively, with an R? value of 0.827. A Zdo, AF and
A x40, s Were not statistically different from each other (P=0.121). For the DWM model, the
estimated values of A yg, 4 and A yg,, s, and their 95% confidence intervals were 0.197
(0.162, 0.232) [cgs, ppm] and 0.225 (0.146, 0.304) [cgs, ppm] for HbA+HbF and HbS,
respectively, with an R value of 0.831. A Xdo, AF aNd A x4, 5 were not significantly

different from each other (P=0.490), which is consistent with the conclusion obtained by
using the DBM model. The AIC were computed as —307.3 and —308.1 for the DBM and
DWM models, respectively.

In the analysis of the data obtained from the control group, A x4, 4 in Equation 5 was found

to be 0.193 (0.154, 0.234) [cgs, ppm] with random participant effect. The excellent
agreement between the A y,4, 4F value estimated from all participants using Equation 4 and

the A x4, 4 value estimated only from the healthy controls using Equation 5 suggests that
our A x4, 4 Measurements are highly reliable.

Figure 5 demonstrates the measured and modeled susceptibilities using the DBM and DWM
models.
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Sensitivity Analysis
Estimation of the effect of unknown temperature variability on the regression coefficients

from the reported mixed model (y;, = (04 + O + %QM) + 05 A x40, 5 + ag) Tor the

A Xgo, AF
DBM and DWM datasets indicated non-significant changes in the regression coefficients for
A ydo. AF (p=0.967 and p=0.958, respectively) and A x4, s (p=0.939 and p=0.931,
respectively). This was estimated using a modified bootstrap that introduced statistical noise
(u=0°C, 0=0.3°C) to the measured susceptibility over 500 iterations assuming a slope of
0.0026 ppm/°C. Variability attributed to temperature change represents on average a 1.8%
(1.4%, 2.2%) of the patient specific variability accounted for within the model.

Discussion and Conclusions

The bulk volume susceptibility difference between deoxygenated and oxygenated
hemoglobin, A y,,, provides the basis for the calculation of OEF using quantitative BOLD

methods (17,19,38). OEF measurements are of great clinical interest in SCA where low
blood oxygen content due to anemia and other downstream disease mechanisms lead to
inadequate oxygen supply to meet tissues’ metabolic demands. Various hemoglobin
isoforms including HbA, HbS, and HbF co-exist in the blood of SCA patients. Moreover, the
fractions of COHb and MetHb are elevated in SCA. DeoxyHb and MetHb are paramagnetic,
while OxyHb and COHb are diamagnetic. To ensure accurate OEF measurements in SCA
patients, it is important to measure A y,, of various hemoglobins that contribute to the

overall bulk volume susceptibility. Due to their different oxygen affinities, the oxygen
saturation values for a given PO, level are different among HbA, HbS and HbF. In this study,
we accounted for the distinct bulk volume susceptibility differences of these hemoglobins as
indicated in Equation 2. We assumed that the bulk volume susceptibility differences were
similar between DeoxyHbA and DeoxyHbF, and that MetHb’s susceptibility was 5/4 higher
than that of DeoxyHbA; thus, we estimated A y 4, for HbA and HbS only. Our findings

suggest that A y4, 4 and A yg4,, s are not statistically different, implying that a single A x4,

value can be used for both HbA and HbS to measure OEF in SCA using a quantitative
BOLD method. To the best of our knowledge, our study is the first to investigate A y,, for

the human HbS.

Our study has several strengths which add confidence to our findings: 1) All blood
oxygenation manipulations were performed in vivo using simple maneuvers (exercising,
oxygen breathing), keeping the blood cells as intact as possible, 2) The temperature of the
blood samples were carefully controlled and the temperature-dependent change in the
susceptibility of water was taken into account; 3) The temporal drift in the magnetic field
was corrected using the two water samples placed next to the blood sample to serve as
reference; 4) Given the partial pressure of oxygen recorded for each blood sample, oxygen
saturation values were obtained for each hemoglobin isoform by using the oxygen
dissociation curve particular to that hemoglobin isoform; 5) P50 was corrected based on the
pH and PCO, measurements in each blood sample; 6) We measured A y,, 4 for all

participants and also for healthy controls only. The agreement between the two
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measurements of A y,4, 4 further supports the accuracy of our findings. Several bulk volume

susceptibility results have been reported for HbA. Reported values include: = 0.18 [cgs,
ppm] (27), 0.2 [cgs, ppm] (26) and 0.27 [cgs, ppm] (28),(29). In the current study, we found
A xdo, 4 = 0.193 (0.154, 0.234) [cgs, ppm]. Our value for A y4, 4 fall within the 95%

confidence interval of two previous studies (26,27), however, our values fall outside of
values reported in two other studies (28,29). A number of factors might have led to this
discrepancy. First, our blood samples were scanned within minutes of being drawn as
opposed to being stored for use within 24 hours (28) or 6 hours (29). Therefore, the blood
was fresh and closest to its in vivo state. Second, the GRE acquisition in our study took only
2.5 seconds, minimizing blood cell aggregation. For this reason, the samples did not need to
be tumbled as in (28) and (29), which minimized potential damage to the blood cells. Third,
in contrast with (28), our blood samples were not diluted with human plasma. Finally, to the
best of our knowledge, in all of the prior published studies, various blood oxygenation levels
were always achieved by in vitro manipulation such as exposure to gases, while oxygenation
alteration was achieved in vivo in our study. Our experimental setup therefore imposes the
least risk of artificially altering red blood cells.

In this study, three oxygen dissociation curves were used to derive HbA-, HbS-, and HbF-
specific sO, values from PO, values. There are very few studies in the literature that provide

oxygen dissociation curves for HbS and HbF. Maurer et al.(34) published the oxygen
dissociation curve for HbF using the cord blood, while Becklake et a/(35) and Wagner et al.
(37) reported oxygen dissociation curves for HbS. 4 SCA patients were studied in Becklake
et al. compared to 1 patient in Wagner et al. There is a recent study published by Young et al.
on oxygen dissociation for HbS that used data from 45 patients (39). We found conflicting
results in Young et al.’s paper (more specifically, Table 1 vs. Figure 1). In addition, the
model constructed by using Hill’s equation parameters for HbA, HbS and HbF in Young’s
study, which we will refer to as the “YYY” model in what follows, has lower AIC (AIC=
-305.5) than that of the DBM model (AIC=-307.3) and the DWM model (AIC=-308.1). It
is only 0.27 times as probable for the YYY model to minimize the information loss when
compared with the DWM model. Moreover, the YY'Y model did not fit the experimental
data as well as the DBM and DWM models did — the R? value for the YYY model (0.821)
was lower than those for both the DBM (0.827) and the DWM (0.831) models. Therefore,
we decided not to include the results from the YYYY model. Despite the difference in the
modeling of the HbS dissociation curve between the DBM and the DWM models, A y4, 4F

and A yg4, s Were not significantly different from each other in both models.

There are limitations in this study. First, 2,3-diphosphoglycerate (2,3-DPG) may affect the
oxygen affinity of the hemoglobins (36,40,41). However, 2,3-DPG was not measured in this
study protocol. Therefore, its effect was not accounted for. Second, at low oxygenation
levels, HbS may polymerize, potentially leading to variabilities in the A y,4, s values across
low and high oxygenation levels. We were unable to account for the impact of HbS
polymerization as noninvasive means to measure polymerization do not exist. Finally, the
current sample size was inadequate to investigate interaction effects between HbA and HbS
within SCA patients. A larger sample size would allow for the assessment of within-subject,
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between-subject, and between-cohort variability of HbS and HbA, thereby providing more
accurate parameter estimates.

In conclusion, the volume susceptibility of HbS is not statistically different from that of
HbA. Our findings lay the groundwork for quantitative BOLD and voxel-wise OEF
measurements in SCA patients.
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(b)

Figure 1 -
Custom holder with (a) no syringes, (b) with syringes. The blood sample was always placed
at the central holder.

Magn Reson Med. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Eldeniz et al.

w w B I S
(0] o o N B

Temperature [°C]

w
N

30

28

26

Figure 2 —.

w
n

T T T T T T

* |nsulated [ = 1038.66 sec]
© Open [T =520.28 sec]

L

0 100 200 300 400 500 600 700 800 900
Time [sec]

Temperature decrease for samples placed inside or outside the custom holder.

Magn Reson Med. Author manuscript; available in PMC 2022 June 01.

Page 16



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Eldeniz et al.

-9.01

-9.02

x [pPpm,cgs]
©
o
w

-9.04

-9.05
2

Figure 3 —.

Bulk volume susceptibility as a function of temperature over the experimental range.
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