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Abstract

Purpose: To demonstrate the feasibility of measuring pulmonary hematocrit
(Hct) in blood in vivo using oscillation of hyperpolarized '?°Xe MR signals and
its potential for disease assessment in animal models.

Methods: Hyperpolarized 2Xe dynamic MR spectroscopy was performed on
10 anemia model rats and 10 control rats. A concise model based on hyperpolar-
ized 1?°Xe MR signal oscillations was built for calculating pulmonary Hct. Blood
tests and chemical shift saturation recovery were conducted on each rat to obtain
Hct. Correlations of Hct obtained from different methods were analyzed using
SPSS 22.0.

Results: Hct measurements were strongly correlated with blood test (Spearman
correlation coefficient r=0.871, p < 0.001) and chemical shift saturation recov-
ery measurements (r=0.956, p < 0.001). Hct was 0.198 + 0.054 for the anemic
cohort and 0.457 = 0.039 for the control group (p < 0.001).

Conclusion: We developed an approach that provided a way to quantify
changes in pulmonary Hct using oscillations of hyperpolarized '?°Xe signals.
This method shows promise for noninvasive pulmonary Hct assessment and
disease evaluation.
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1 | INTRODUCTION

Hematocrit (Hct), defined as the volumetric percentage of
red blood cells (RBCs) in blood,! is sensitive to various
physiological and pathological changes.>* Variations in
Hct levels are indicative of blood disorders or other med-
ical conditions that affect blood composition. Clinically,
Hct serves as a crucial tool for diagnosing blood disor-
ders, including anemia,> characterized by a deficiency of
RBCs, and polycythemia, a relatively rare disorder marked
by an overabundance of RBCs and an increase in blood
viscosity.® Moreover, Hct is invaluable for monitoring the
progression and treatment response of various diseases,
including renal disorders and leukemia.” It also plays a
pivotal role in assessing a patient’s blood volume and deter-
mining transfusion requirements.’ Accurate Hct measure-
ments are critically needed for these applications.
Typically, Hct levels are measured using blood tests as
the percentage of RBCs in the blood. Although blood tests
provide a comprehensive overview of Hct levels through-
out the circulatory system, they may not fully capture
variations in Hct levels within specific organs or tissues.!”
Notably, differences in Hct levels between vessels of vary-
ing diameters complicate the accurate measurement of
Hct in deep tissues and microvessels, such as pulmonary
vessels.!112 In addition, the complex microvasculature of
the lung, where air-blood exchange occurs, further hin-
ders accurate pulmonary Hct measurements.
Hyperpolarized (HP) '°Xe gas MRI has emerged as a
promising tool for assessing pulmonary function changes
caused by various lung diseases.’>"!® Due to the high lipid
solubility and sensitivity to environmental changes, 1*Xe
exhibits three distinct resonances in the lung, with distin-
guishable chemical shifts of 0 ppm in lung airspace, about
198 ppm in tissue and plasma (TP), and about 220 ppm
for RBCs.! These resonances of TP and RBC are referred
to as dissolved-phase xenon. HP '?*Xe MR has been used

for the measurements of pulmonary Hct using the chem-
ical shift saturation recovery (CSSR) method.?*-*2 How-
ever, CSSR is time consuming and tends to yield weak
signals at short exchange times.?32* Additionally, the com-
plex CSSR gas-blood exchange model and the interde-
pendence of its multiple parameters, particularly Hct and
the barrier-to-septum ratio (6/d), could lead to ambiguous
interpretations of the results.?>2° Previous studies demon-
strated oscillations of dissolved *Xe signals in the lung
caused by cardiac motion using CSSR.?” These signal oscil-
lations are primarily attributed to fluctuations in blood
volume within the pulmonary capillaries during cardiac
motion. This finding offers new avenues for measuring
pulmonary Hct using HP '?°Xe signal oscillations.

In this study, we presented a theoretical model and
an acquisition strategy for pulmonary Hct measurement
based on the oscillations of the dissolved 12°Xe signals in
the lung. Hct values measured using our method were
compared with those obtained from blood tests and CSSR.
Additionally, Hct changes due to anemia were also evalu-
ated by the proposed method in an animal model.

2 | THEORY

Dissolved-phase 2°Xe signals exhibit high sensitivity to
cardiac motion, marked by oscillations that align with
the cardiac cyclical activities.?” These oscillations are pos-
tulated to arise from volumetric fluctuations in the pul-
monary vascular bed due to cardiac motion.?’-?° Using
this phenomenon, a theoretical model for quantifying pul-
monary Hct was developed in this study.

Because blood is primarily composed of plasma and
RBCs, the remaining elements, such as leukocytes and
platelets, constitute less than 1% of the total blood vol-
ume.’® Consequently, Hct can be calculated as follows:
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Hct= —mM8M8
VRBC + Vplasma

where Vgpc and Vpjasma are the volumes of RBCs and
plasma in the blood, respectively.

Previous studies show that there is negligible impact
of cardiac motion on Hct measurements.31-33 Therefore,
we think that Hct of pulmonary vasculature mirrors Hct
of the oscillating blood throughout the cardiac cycle. Con-
sequently, the volumes of RBCs and plasma in Eq. (1)
could be replaced with the oscillation volumes of RBCs and
plasma over one cardiac cycle, as follows:

V]
Hct = Hctpse = RBC ose (2)
VRBCfosc + Vplasmafosc

where Hctosc denotes Hcet derived from oscillating blood
during a cardiac cycle, and Vrpc_osc and Vplasma_osc r€P-
resent the oscillating volumes of RBCs and plasma,
respectively.

To establish a quantifiable metric in MR experiments,
it is essential to correlate the signal intensity of 12°Xe with
the volumes of RBCs and plasma. Upon inhalation, xenon
gas dissolves into lung tissue, plasma and RBCs, reach-
ing a dynamic equilibrium after a sufficient long exchange
time.?2! Consequently, the signal intensity of dissolved
129Xe (S) is proportional to the volume (V) of the alveolar
components, as follows:

S=kAV (3)

where k represents the factors caused by polarization,
acquisition parameters, and hardware performance; and
A denotes the solubility of xenon in RBCs, plasma, or
lung tissue. As such, the volume oscillations in RBCs and
plasma could be rewritten as follows:

SRBC 0sc
VRBC_osc = (4)
krscArBC
Spl
plasma_osc
Vplasmafosc =T (5)

kTP Aplasma

where Srpc_osc and Spasma_osc are the amplitudes of *Xe
signal oscillations in RBCs and plasma, respectively; krpc
and krp are the scaling factors of 2°Xe signal in RBCs
and plasma, respectively; and Argc and Aplasma are the Ost-
wald solubility coefficients of xenon in RBCs (0.27) and
plasma (0.09), respectively.>* Combining Egs. (1), (4) and
(5), Eq. (2) could be rewritten as follows:

S RBC_osc / ARBC

Hct =
SRBC_osc/ /lRBC + Splasma_osc / /lplasma
1 (6)
B 1 + kRBC X j'RBC Splasma,osc
k’['P }‘plasma SRBCfosc
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To determine Hct, the ratio kgpc/krp should be cal-
culated. Two approaches can be used: the first involves
accurately determining the exact value of proportional-
ity factor, whereas the second simplifies the process by
selecting acquisition parameters that minimize the differ-
ence between krpc and krp, thereby reducing the influ-
ence of k. The latter approach is more practical and less
complex. Assuming consistent polarization and hardware
performance, attention is primarily directed toward acqui-
sition parameters, exchange rates, and relaxation proper-
ties. To mitigate the effect of radiofrequency (RF) effects,
the RF excitation should be centered between the RBC
and TP resonance frequencies, and a pulse with a sym-
metrical excitation profile should be used. This ensures
that both compartments are exposed to uniform RF con-
ditions. Although the RBC and TP compartments may
exhibit different exchange rates, choosing a sufficiently
long exchange time allows the measured signal to predom-
inantly reflect the compartment volumes rather than the
exchange kinetics. For relaxation effects, an apparent T
fitting can be applied to account for differences in T; relax-
ation between compartments. Additionally, during data
processing, T} effects can be corrected by incorporating the
full width at half maximum in the peak fitting procedure,
ensuring accurate signal quantification for both compart-
ments. By following this approach, we can reasonably
assume that kgpc/krp~ 1.

Because the '%Xe signal in the TP compartment orig-
inates from both tissue and plasma, and given that the
tissue volume remains essentially constant during car-
diac motion, we attribute the oscillations observed in the
129X e TP signal to variations in plasma volume. Therefore,
Splasma_osc could be rewritten as follows:

Splasma_osc = STP_ocs (7)

where Stp_osc are the amplitudes of 12°Xe signal oscillations
in TP. Then, Eq. (6) could be rewritten as follows:

Het = 1 (8)

1 + }‘RBC x STPiocs
A

plasma SRBC_osc

Therefore, Hct could be obtained by extracting the ratio
of Stp_osc/SrBC_osc from the dynamic MR sequence. Given
the excellent synchronization of the pulsations in both TP
and RBC peaks,?’ the signal intensity of RBC and TP can
be expressed as follows?®:

SRBC(t) = SRBC_con + SRBC_osc X Sil’l(zﬂ'ft + (P) (9)

Stp(t) = STP_con + STP_ocs X Sil’l(ZT[ﬂ' + @) (10)

where Srpc(t) and Stp(t) are the signal intensities of RBC
and TP, respectively; Srpc_con @nd Stp_con are the constant
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129Xe signal intensity in RBC and TP, respectively; f is the
cardiac frequency; and ¢ is a phase offset.

Before further analysis, Srsc con and Stp con Were
obtained using temporal averaging.?® Subtracting the aver-
age values, Sgrpc_con @nd Stp_con, from Sgpc(t) and Stp(f),
respectively, fast Fourier transform is subsequently applied
to both Egs. (9) and (10), to transform time-domain sig-
nals into their corresponding frequency-domain represen-
tations. Within the frequency domain, each sinusoidal
function generates a peak at its designated frequency. The
magnitude of this peak directly corresponds to the ampli-
tude of the time-domain sinusoidal function.?® The signal
intensity at frequency @ =f was used to ascertain the
amplitude ratio Stp osc/SrBc_osc- Then, Hct can be calcu-
lated using Eq. (8).

3 | METHODS

3.1 | 12%Xe polarization and delivery
Isotopically enriched xenon gas (86% '*Xe) was polar-
ized using a commercial polarizer (verImagin Healthcare,
Wuhan, China) in a continuous mode. The available polar-
ization of xenon gas in the Tedlar bag was approximately
40%. Polarized xenon gas was administered to the rats
using a home-built, MR-compatible gas delivery system,
which was controlled by a home-built LabVIEW pro-
gram.>%37 During MR examinations, the rat was ventilated
with xenon and oxygen gas alternately, and the airway
pressure of the lung was monitored in real time.

3.2 | Animal preparation

All the experiments were conducted with the approval of
the institutional review board and in compliance with all
relevant ethical guidelines. Twenty male Sprague-Dawley
rats (body weight: 180 + 20 g) were randomly assigned to
the experimental (n = 10) and control group (n=10). Rats
in the experimental group received intraperitoneal injec-
tions of phenylhydrazine (40 mg/kg, once a day for 2 days)
to generate an anemic rat model.33° Meanwhile, rats from
the control group received an intraperitoneal injection of
an equivalent volume of saline.

Before MR acquisition, the rats were anesthetized with
pentobarbital sodium (30mg/kg, intraperitoneal injec-
tion) and maintained with isoflurane (2%). After tra-
cheotomy, rats were intubated with a catheter (14 gauge)
and then connected to the gas delivery system.?” The rats
were alternately ventilated with oxygen or hyperpolarized
xenon gas with a tidal volume of 2.5 mL, and the pressure
of the trachea was less than 15 cm H,O.

3.3 | Dataacquisition

Data acquisitions were performed on the second day after
the last injection. Before ?Xe MR measurements, blood
samples were collected from the orbit for subsequent blood
tests. All MR examinations were performed on a 7T ani-
mal MRI scanner (Bruker Biospec 70/20 USR, Germany)
using a home-built birdcage coil.>” CSSR and dynamic MR
spectroscopy were performed on each rat.

Schematic of the breathing strategy and '?°Xe MRS
pulse sequences are shown in Figure 1. Following the
final xenon inhalation, 2°Xe MR data were collected
during a controlled breath-hold. For CSSR data collec-
tion, two Gaussian-shaped RF pulses centered at the
dissolved '?°Xe resonance (approximately 204 ppm) with
durations of 0.5 and 0.3 ms were used for saturating and
exciting the MR signals of dissolved '?°Xe in the lung,
respectively. Spectra were acquired with a bandwidth
of 25kHz and 1024 sampling points, using 24 exchange
time points ranging from 2 to 400 ms.3” For dynamic MR
spectroscopy acquisition, a Gaussian-shaped RF pulse,
centered at the dissolved '?Xe resonance with a duration
of 0.3 ms was used, and 55 spectra were collected with the
following acquisition parameters: repetition time = 50 ms,
flip angle=90°, repetitions=55, bandwidth=25kHz,
and sampling points =1024. The first five spectra were
excluded from further analysis. Additionally, only the first
128 sampling points were used for subsequent analysis
of the dynamic spectra data, while 512 points were used
for CSSR data to improve the signal-to-noise ratio, con-
sidering the T,* of both the dissolved phase and gaseous
xenon. The T,* of the gaseous xenon is approximately
4 ms, while the corresponding values for TP and RBC are
approximately 0.5 ms and 0.7 ms, respectively.

The repetition time of 50 ms was chosen to meet the
Nyquist sampling criterion for accurate measurement
of cardiac rates.** Additionally, within the interval of
50 ms, xenon reaches near dynamic equilibrium in alve-
olar spaces, RBCs, tissues, and plasma.?”#' Therefore,
the intensity of 12°Xe signal oscillation would accurately
reflect actual volume changes rather than exchange rate.
Using the peak intensity ratio directly after Fourier trans-
formation aims to minimize error accumulation associated
with individually fitting signal oscillation amplitudes, a
critical consideration given the high signal oscillation fre-
quency and low oscillation amplitude observed in our rat
model.?’

3.4 | Dataprocessing

All MR data sets were processed using MATLAB (The
MathWorks, Inc., Natick, MA, USA). Signal intensity and
chemical shift of RBC and TP were extracted using an
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FIGURE 1 Schematic of the breathing strategy and 2°Xe MRS pulse sequences for chemical shift saturation recovery (CSSR) (A) and

dynamic MR spectroscopy (MRS) (B). A respiratory cycle includes multiple oxygen inhalations, followed by three xenon breaths. Following
the final xenon inhalation, 2*Xe MR data acquisition was performed during the breath hold. ADC, apparent diffusion coefficient; RF,

radiofrequency; TR, repetition time.

open-source toolkit,*? and the T,* effect was corrected
using full width at half maximum in the peak fitting proce-
dure. The Het was derived from CSSR measurements using
the MOXE model.?1:25:37:43

The dynamic MR spectra were first corrected by fitting
129Xe signals in TP and RBC to a single exponential decay,
S(t) = Ax e /Taw, to mitigate the effects of apparent
T;.278 In this equation, A is the corrected signal inten-
sity; t is the time index of one spectrum in the dynamic
series; and T1,p, is the apparent T of signal decay, which
includes the effects of T; relaxation, RF depolarization,
and air-blood exchange. The average corrected '2°Xe
MR signal intensities in RBC and TP were obtained and
subtracted as described in Section 2. Subsequently, the
average-removed ?°Xe signal intensities in RBC and TP
were transformed to the frequency-domain using fast
Fourier transform. The peak signal intensities of RBC
and TP, denoted as Sgpc_osc and Stp_osc, Were obtained.
Hct was obtained using Eq. (8). A typical workflow for
12Xe dynamic MR spectroscopy data analysis in rats
is presented in Figure 2. The SNR of the spectra after
fast Fourier transform (corresponding to Figure 2F) are
summarized in Table S1.

3.5 | Statistical analysis

All the statistical analyses were conducted using SPSS 22.0
(IBM Corp., Armonk, NY, USA). An independent t-test

was used to compare the measured physiological param-
eters between the anemia and control groups. Spearman
correlation coefficients were used to determine the rela-
tionship between Hct provided by various methods. A
statistical significance level of p < 0.05 was considered.

4 | RESULTS

Hct was successfully measured for each rat using all
three methods, and these measurements are summa-
rized in Table 1. There were significant differences in
Hct between the anemia and control groups measured
with blood tests (0.221 +0.012 vs. 0.394 + 0.055, p < 0.001),
CSSR (0.112+0.014 vs. 0.209+0.011, p<0.001), and
the proposed method (0.198 +0.0540 vs. 0.457 +0.039,
p <0.001). These comparisons are illustrated in Figure 3A.
Hct obtained using the proposed method was strongly
correlated with CSSR (r=0.956, p<0.001) and blood
tests (r=0.871, p<0.001), as shown in Figure 3B,C.
Bland-Altman plots comparing Hct obtained from differ-
ent methods are presented in Figure S1.

Significant differences were found in RBC/TP and the
chemical shift of TP between the two groups (p < 0.001).
RBC/TP ratios were 0.174 +0.048 for the anemia group
and 0.385+0.054 for the control group (p <0.001). The
chemical shift of 12°Xe signal in TP were 196.55 + 0.18 ppm
and 196.13 +0.28 ppm for the anemia and control groups
(p <0.001), respectively.
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FIGURE 2

Workflow for 12Xe dynamic MR spectroscopy data analysis. (A) The dynamics of ?Xe signal in red blood cells (RBCs) and

tissue and plasma (TP) measured from a typical control rat. The corrected '*°Xe signal in RBC (B) and TP (C) with apparent T;. The
average-removed 12°Xe signal intensities in RBC (D) and TP (E). (F) Spectra of 12°Xe signal oscillations in RBC and TP after fast Fourier
transform (FFT). The Sgpc_osc and Stp osc Values were used for calculating pulmonary hematocrit.

TABLE 1 Parameters measured with different methods in anemia and control groups.

Parameters

(Mean + SD) Methods Control (n=10) Anemia (n =10) p-Value

Hcet Blood tests 0.394 £0.055 0.221 £0.012 < 0.001%**
CSSR 0.209+£0.011 0.112+0.014 < 0.001%**
Dynamic MR spectroscopy 0.457 +£0.039 0.198 +0.054 < 0.001%**

RBC/TP Dynamic MR spectroscopy 0.385 +0.054 0.174 +0.048 <0.001%**

Srec (ppm) 210.42 +0.57 209.20 +1.83 0.059

51p (ppm) 196.55+0.18 196.13 +0.28 < 0.001%*+*

Abbreviations: CSSR, chemical shift saturation recovery; Hct, hematocrit; RBC, red blood cells. RBC/TP, the ratio of '*°Xe signal in red blood cells versus barrier
(lung tissue and plasma); SD, standard deviation; Sggc, 12°Xe chemical shift in red blood cells; §1p, 2°Xe chemical shift in lung tissue and plasma.

o

Two-tailed t-test, p <0.001.

5 | DISCUSSION

In this study, Hct was measured in vivo using the oscil-
lations of dissolved '*Xe signal in the lung. Hct obtained
using the proposed method was strongly correlated with
that derived from blood tests and CSSR. In addition, this
method was used to evaluate the changes in Hct induced
by anemia in rats. These initial findings demonstrate
the potential of using the proposed approach to measure
pulmonary Hct with additional capability of assessing
changes in Hct caused by various diseases.

The Hct values determined through our proposed
method demonstrated strong correlation with blood test
measurements and the capability of detecting Hct changes
induced by anemia in rats. By capturing Hct levels in blood
undergoing volume changes due to cardiac motion, our
method provides a way to measure the intrinsic Hct within
the pulmonary vasculature. This methodology relies on
the assumption that the ratio of oscillating plasma volume
(Vplasma_osc) to oscillating red blood cell volume (Vgpc_osc)
is equivalent to the static ratio (Vplasma/Vrec), indicating
negligible Hct variation within the pulmonary vasculature
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measured hematocrit (Hct) with different methods between control and anemic rats. Significantly decreased Hct was observed in anemic rats
when compared with that in the control group using all three methods. (B) Correlation of the measured Hct with the proposed method and
blood tests. (C) Correlation of the Hct measurements with the proposed method and chemical shift saturation recovery (CSSR). CI,

confidence interval.

during both systole and diastole.>! This assumption is
grounded in the observation that changes in vascular
diameter during cardiac motion are minimal, with sig-
nal oscillation amplitudes about 5%. Such small varia-
tions are unlikely to produce significant changes in the
Hct. Previous studies have also supported this hypothe-
sis through experimental or theoretical simulations.3!-33
Although further validation is necessary, our preliminary
findings suggest that this methodology effectively mea-
sures changes in pulmonary Hct caused by anemia in
agreement with traditional blood test results.

Compared with CSSR, our proposed method yielded
substantially higher Hct measurements that were in closer
alignment with blood test results. This difference may
be attributed to challenges in distinguishing 12°Xe signals
originating from plasma versus tissue due to their shared

chemical shift. Existing CSSR models, such as MOXE, may
mistakenly assign a portion of the tissue signals to the
plasma signals.*® This could result in overestimation of the
plasma volume and underestimation of Hct, as evidenced
by previous studies in which Hct measured with CSSR
was significantly lower than that obtained from blood
tests.?>374344 However, in the proposed method, 12°Xe sig-
nals in plasma and tissue were effectively separated by
cardiac motion. Specifically, the 12°Xe signal in the plasma
would oscillate with the heart motion, while the *°Xe
signal within the tissue remained relatively unaffected.
The anemia rat model induced by phenylhydrazine
was used to demonstrate the feasibility of using our pro-
posed method to assess Hct changes induced by anemia.
The anemia model replicates pathophysiological changes
observed in various types of anemia, primarily oxidative
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damage to erythrocytes, accelerating RBC breakdown and
reducing Hct levels.’®*> All three methods revealed sig-
nificantly lower Hct levels in the anemia group, with the
anemic rats exhibiting a significant decrease in RBC/TP
ratio, reflecting RBCs’ destruction. The significant decline
in the TP chemical shift in the anemic rats suggests altered
plasma composition due to hemolytic anemia.*

As a proof-of-concept study, our research could be
expanded in several ways. In this study, dynamic hemat-
ocrit during cardiac motion was used to represent the static
hematocrit within the pulmonary vasculature. Although
the obtained hematocrit results showed a good correlation
with CSSR and blood tests, future research should incor-
porate other methods for validation to serve as a compara-
tive benchmark. Moreover, the feasibility of the proposed
method for assessing pulmonary Hct was demonstrated in
animal models, and the following studies could verify its
feasibility in human. Given the higher signal oscillation
amplitudes and lower oscillation frequencies observed in
humans, our method shows promise for use in human
studies. Meanwhile, global pulmonary Hct was measured
with the proposed method, and the local assessment of
Hct within the lung could be considered in the further
studies.?®* For example, with the keyhole techniques,?**’
which have been used for oscillation amplitude mapping
in humans, our method could potentially enable local pul-
monary Hct measurement. Additionally, the development
of advanced theoretical models is essential for extracting
comprehensive physiological parameters, particularly for
assessing diseases related to cardiac or pulmonary blood
flow abnormalities. For the Hct calculation, we simplified
the model by carefully optimizing the acquisition param-
eters. However, various factors may still affect the accu-
racy of the results. Future studies could incorporate more
sophisticated modeling approaches, such as Bloch simula-
tions, to enhance precision and improve the reliability of
these measurements.

6 | CONCLUSIONS

In this study, we proposed a new method for assessing pul-
monary Hct using the properties of dissolved 12°Xe MR sig-
nal oscillations. Hct measured with the proposed method
was strongly correlated with that provided by CSSR and
traditional blood tests and could be used for assessing the
Hct changes caused by anemia in animal, suggesting its
potential application for assessment of Hct changes caused
by lung diseases.
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Figure S1. Bland-Altman plots comparing hematocrit
(Hct) values obtained from different methods. (A) Com-
parison between Hct values from the proposed method and
blood tests. (B) Comparison between Hct values from the
proposed method and chemical shift saturation recovery
(CSSR). (C) Comparison between Hct values from blood
tests and CSSR.

Table S1. Signal-to-noise ratio (SNR) of the spectrum after
fast Fourier transform.
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