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Abstract

Purpose: 129Xe MRI and MRS signals from airspaces, membrane tissues (M), and red blood
cells (RBCs) provide measurements of pulmonary gas exchange. However, 129Xe MRI/MRS
studies have yet to account for hemoglobin concentration (Hb), which is expected to affect the
uptake of 129Xe in the membrane and RBC compartments. We propose a framework to adjust the
membrane and RBC signals for Hb and use this to assess sex-specific differences in RBC/M and
establish a Hb-adjusted healthy reference range for the RBC/M ratio.

Methods: We combined the 1-dimensional model of xenon gas exchange (MOXE) with the
principle of TR-flip angle equivalence to establish scaling factors that normalize the dissolved-
phase signals with respect to a standard 5" (14 g/dL). 129Xe MRI/MRS data from a healthy,
young cohort (n=18, age=25.0+3.4 yrs) were used to validate this model and assess the impact of
Hb adjustment on M/gas and RBC/gas images and RBC/M.

Results: Adjusting for Hb caused RBC/M to change by up to 20% in healthy individuals with
normal Hb and had marked impacts on M/gas and RBC/gas distributions in 3D gas-exchange
maps. RBC/M was higher in males than females both before and after Hb adjustment (p<0.001).
Post Hb adjustment, the healthy reference value for RBC/M for a consortium-recommended
acquisition of TR=15 ms and flip=20° was 0.589+0.083 (mean+SD).

Conclusion: MOXE provides a useful framework for evaluating the Hb dependence of the
membrane and RBC signals. This work indicates that adjusting for Hb is essential for accurately
assessing 129Xe gas-exchange MRI/MRS metrics.
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Introduction

Hyperpolarized (HP) 129Xe MRI and MRS have emerged as valuable ways of measuring
regional pulmonary gas exchange function non-invasively and without the use of ionizing
radiationl~8. When HP 129Xe gas is inhaled, it freely diffuses from the airspaces, through
the alveolar-capillary interstitial membrane, and into the capillary blood. In each of these
individual compartments, the 129Xe gas undergoes a distinct chemical shift, and can thus

be quantified separately into MR signals from the airspace, interstitial membrane tissue

(M), and red blood cells (RBCs). The latter two comprise the dissolved-phase signal.
Through 129Xe MRS, we can measure the aggregate signals from each of these three
individual components, providing global measurements of lung function’. This framework
can be extended to three-dimensional (3D) imaging, allowing us to visualize specific regions
of ventilation and gas exchange abnormalities®. Ultimately, 129Xe MRI provides spatially
resolved estimates of the constituents of the diffusing capacity for carbon monoxide (DL¢g),
a metric of gas exchange that is currently the most comprehensive standard physiological
measurement of lung function®.

129%e MRI and MRS have been used to characterize a range of pulmonary diseases,
including chronic obstructive pulmonary disease (COPD), idiopathic pulmonary fibrosis
(IPF), cystic fibrosis (CF), asthma, nonspecific interstitial pneumonia (NSIP), and
pulmonary hypertension (PH)1-8-10. Within individual research sites, the ratio of RBC to
membrane signal (RBC/M) has emerged as one of the most repeatable 129Xe gas exchange
metrics and appears to be a highly sensitive metric of gas exchange impairment in IPF
patients®11,

To date, however, the RBC/M values reported by different research groups for healthy
subjects still exhibit significant heterogeneity12-16, This is due in part to variable
recruitment of reference cohorts, different acquisition parameters, and varying curve-fitting
techniques used in calculating the measurement. An additional source of variance in
RBC/M, which has yet to be addressed, is individual hemoglobin concentration (Hb).
Indeed, the effects of Hb are not a unique problem to 129Xe MRI. Hb is known to

affect DLco measurements, which has led to the development of numerous adjustment
approaches!’. Given that the 129Xe signal in RBCs is known to arise from transient
interactions of 129Xe with hemoglobin molecules!8, we expect subjects with high Hb to
exhibit increased RBC signals relative to those with lower Hb. As a result, changes in Hb
across subjects and in the same subject over time could mask differences in gas exchange
function. Moreover, since males tend to have higher Hb than females, adjusting for Hb is
also essential to examining sex differences!®. Thus, it is necessary to adjust for the effect
of Hb on 129Xe dissolved-phase signals in order to more accurately measure underlying gas
exchange function and to establish more accurate reference values for membrane uptake
and RBC transfer imaging, as well as the global RBC/M ratio. We approach this problem
by using the model of xenon gas exchange (MOXE) and the principle of TR-flip angle
equivalence to estimate how the dissolved phase signals vary with Hb20:2, In addition to
examining the sensitivity of the adjustment factors to physiological parameters, we assess
their impact on gas-exchange images and the RBC/M ratio, examine sex-specific differences
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in Hb-adjusted RBC/M values, and establish a Hb-adjusted reference value and range for
young healthy adult subjects.

2. Methods
2.1 Model of xenon gas exchange (MOXE)

The effects of Hb on 129Xe gas exchange can be investigated through the model of

xenon gas exchange (MOXE) developed by Chang2%. MOXE describes the short-term
(~10 to 900 ms) recovery of the dissolved-phase signals after applying a saturating 90°
radiofrequency (RF) pulse. This type of spectroscopy, known as chemical shift saturation
recovery (CSSR), has been used in conjunction with MOXE to extract key physiological
parameters, including hematocrit (Hcr), alveolar surface area to volume ratio (S./V,), air-
blood membrane width (5), total alveolar septal width (d), and pulmonary capillary transit
time (r,)122%-22, The model assumes a 1D symmetric alveolar septum (Figure 1) and uses
the 1D diffusion equation to describe the penetration of polarized 129Xe from the airspaces
into the alveolar septum. After integrating the solution over the air-blood membrane and
capillary and accounting for blood flow, MOXE yields expressions for the signal in the
air-blood membranes (.S,,) and total capillary blood (.S,,):
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where 4 is the Ostwald solubility of xenon in lung parenchyma and T is the xenon-exchange
time constant: T = d/z2D. Here, D is the diffusion coefficient of dissolved xenon.

Finally, the membrane (S,,) and RBC (Sksc) Signals are constructed from S,, and .S, using #,
the fraction of xenon in total blood interacting with RBCs.

SRBC(I) = ﬂSdz(t) [3

Su(t) = Su+ (1 —n)Sx(t) [4]

n is related to Hct by the Ostwald solubility of xenon in RBCs (Axsc) and plasma (4,) and
can be written as a function of Hb by a simple scaling factor of 2.953x1072 dL/g23. We
note that Hb is typically measured directly from a venous blood sample or with an optical
finger sensor?4. However, /n vivo estimates in humans and dogs indicate that the regional
Hct in the lungs is lower than that in the systemic veins at a ratio, A,, of roughly 0.92526
phenomenon thought to be caused by the Fahraus effect and plasma skimming?’. Thus, we
rescale our peripherally-measured Hb by &, to yield:
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where a = h, - 2.953 x 10~ 2dL/g . All MOXE parameter values were taken from the current
literature for healthy populations, as summarized in Table 1. We note that the value of 12
um for total septal thickness is approximated in Vasilescu et al.28 using data from Gehr

et al.2% and the average diameter of an erythrocyte?8. Further, we parameterized air-blood
membrane thickness using the arithmetic mean value. While diffusion resistance is driven
by the harmonic mean, the arithmetic mean is recognized to be more relevant to oxygen
consumption and thus, analogously for 129Xe membrane uptake3.

The standard MOXE model is intended to capture dissolved-phase signal recovery as a
function of the repetition time (TR), assuming application of 90° dissolved-phase flip
angles20. However, typical 122Xe gas-exchange MRI/MRS acquisitions use a dissolved-
phase flip angle of 207. We therefore model the steady-state magnetization for such
acquisitions by using the principle of TR-flip angle equivalence, where, for a given TR
and flip angle a < 90° 21.31;

TR

TRy = 1——cos a

[6]
Here, TRy, is the TR that, when used with a 90° flip angle, yields the equivalent recovery as
the TR and flip angle combination of interest. We note that while Eq. 6 breaks down as «
approaches 90°, this effect has been shown to be relatively small in practice?l.

2.2 Deriving the Hb adjustment factors

At a fixed time + = TRy, Hb adjustment scaling factors (Z) for both the membrane and RBC
compartments were determined by the ratio of the corresponding dissolved-phase signals at
a standardized Hb (H5°) to the signals at a subject’s measured Hb (H5). Due to the relatively
long exchange times used in this work (TR=15 ms), .S,,; and S, can be approximated in the
scaling factor relationships by dropping the terms in the series summations. Thus, on this
timescale, the adjustment factor equations can be written such that the dependence on é/d, ty,
and TRy, is more discernible.

Su 169 [7
A S, 26 t
Sau(f) = 77g(l - 7)(1 + E) [8]

This yields the following adjustment factors for the membrane, RBC, and RBC/M signals:
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For the purposes of this study, we set H'=14 g/dL, which was determined by averaging the
healthy literature values for males (14.6 g/dL) and females (13.4 g/dL)1%. Some insights into
these factors can be gleaned in the limiting case of ignoring blood flow in Eq. 8 ¢/ty — 0),

in which case these Hb adjustment factor relationships reduce to a simple 1D model of the
septum in which the signal from each compartment is proportional to its thickness and 5
simply provides the contributions of .S,, to the membrane and RBC resonances. However, in
this work we opt to retain the blood flow term in Eq. 8 to provide a more complete treatment
of Hb dependency at different TRs20. For estimating the RBC/M signal at different values of
TR and Hb, S, and 5,, were approximated by using the first five terms of the series in Egs.

1 and 2. Thus, the decay time constant (T/»2) associated with the fifth term (» = 9) in each
summation is <1 ms, which is well below the shortest recovery time examined in this study
(T Ry~249 ms) and ensures sufficient precision in modeling the signal dynamicsZC.

For ease of display, we will write Egs. 9 and 10 in terms of the patient-specific Hb, the
reference H5°, and in terms of the simplified expressions, R, (dimensionless), M,(dL/g), and
M,(T Ry,)(dL/g):

1+ M,Hb
Z (Hb) =
(Hb) =7 + M HE® — M(TRy)+ (Hb" — Hb) [12]
H(1-R)
. = Pl StV 3
Zunc(Hb) = R + = [13]
R, = n(HbO)(l _ e ) [14]
! ARBC
M, = a(%‘:c— 1) [15]
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The adjustment factors for the membrane signal and RBC/M ratio were determined using
approximate literature values for §/d and z.. However, we also conducted a sensitivity
analysis to determine the effect of these parameters on Z,, and Z,,, by allowing each
parameter to vary, while holding the remaining variables fixed according to Table 1. A
sensitivity analysis was also conducted to assess the effect of 4, on Zgse, Zy, and Zgpe/u,
as experiments with artificial microvascular networks suggest that the amount of reduction
of Hct in small vessels may depend on the feeding Hct and perfusion pressure2’. We

note that adjustment factors are independent of S,/V,, which was therefore not included in
the sensitivity analysis. We also note that membrane and RBC/M adjustment factors are
dependent on TR, and therefore specific to the TR-flip angle combination used.

2.3 Correcting for unequal RF excitation

The current 129Xe MRI clinical trials consortium standard for gas-exchange MRI/MRS
applies RF excitation at the RBC chemical shift of 218 ppm’. However, this
disproportionately amplifies the RBC signal relative to the 198-ppm membrane signal. We
sought to obtain a more accurate measure of the RBC/M ratio by considering the scenario
of equal excitation centered at 208 ppm between the two resonances. To determine a
theoretical scaling factor that captures the difference between 218- and 208-ppm excitation,
a Hanning-windowed 0.69 ms sinc RF pulse was simulated at both frequencies using the
Bloch equations in MATLAB by applying a series of rotations about the time-varying B
vector. The relative strength of signal at the membrane and RBC resonances was then
visualized by plotting the distribution of transverse magnetization (Myy) over frequency.
The theoretical result was then compared with a scaling factor empirically determined from
RBC/M values measured at both frequencies.

2.4 Human subjects

Study protocols were approved by the Institutional Review Board of Duke University
Medical Center. The primary cohort for this work consisted of 22 healthy volunteers
between 18 and 30 years old (age=25.3+3.4 yrs, 8 female). All subjects provided written and
informed consent prior to participation. Subjects had no cardiac arrhythmias, <5 pack-years
of smoking, no tobacco use in the last 5 years, no history of using other inhaled products
more than once per week in the past year, had never been diagnosed with a pulmonary
disorder, had no respiratory illness within 30 days of their scan, and were not pregnant

or lactating. All subjects underwent DL measurement, spirometry, and non-invasive Hb
measurement with a point of care optical finger sensor (Masimo Pronto, Irvine, CA, USA).
All subjects were scanned according to the recommended protocols for 129Xe gas-exchange
MRI/MRS outlined in Niedbalski et al., with the exception that several MRS scans were
done at different TRs (15 ms (n=10 subjects, four of whom were later excluded), 20 ms
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(n=12), and 73 ms (n=4))”. We note that the number of subjects scanned at each TR does not
add up to the 22 unique subjects in our sample because four subjects were scanned at both
TR=20 and 73 ms. Two subjects were excluded because their measured K¢, FVC (forced
vital capacity), or FEV1(forced expiratory volume in one second) was less than 80% of the
value predicted by the Global Lung Function Initiative (GL1)32. Two subjects had an FEV1
79% of predicted but were included because their ventilation MRI exhibited no defects.

An additional subject was excluded due to insufficient signal in the Hb sensor and another
due to abnormal gas-exchange MRI that was attributed to a subsequent neurofibromatosis
diagnosis. This left a final sample of 18 subjects (age=25.0+3.4 yrs, 6 female).

A secondary cohort of healthy volunteers with a broader age range (n=19, age=40.2+15.2, 8
female) underwent standard 129Xe gas-exchange MRS with RF excitation pulses centered
at both 208 and 218 ppm, with the order of the two scans randomized for each subject.
While current protocol recommendations use 218-ppm excitation (at the RBC resonance)’,
future protocols may use excitation at 208 ppm (directly between the RBC and membrane
resonances). This sample was used to empirically measure the ratio of RBC/M values
obtained when using RF excitation centered at 208 ppm vs 218 ppm. Two subjects were
included in both the primary and secondary cohorts.

2.5 Acquisition and image processing

2.5.1 129%e spectroscopy—All spectra and images were acquired at 3 Tesla. Subjects
inhaled HP 129Xe and spectra were acquired during a 10-16 second breath-hold®. Gas-

and dissolved-phase 129Xe were excited using 0.69 ms Hanning-windowed sinc-shaped RF
pulses applied at frequencies corresponding to the 129Xe gas chemical shift of 0 ppm and to
the RBC chemical shift of 218 ppm (or at 208 ppm for the secondary cohort), respectively.
Free induction decays (FIDs) (n=200 to 600) were acquired at a target dissolved-phase flip
angle of 20°, and TR of 15, 20, or 73 ms. The spectra from these FIDs were used to measure
the strength of the RBC and membrane signals.

FIDs from the first 2 seconds of the breath-hold were discarded to remove signal that
accumulated during inhalation in the larger vasculature, downstream of the pulmonary
capillary bed’. FIDs from the next 1 second were averaged and fit, in the time domain,

to Voigt and Lorentzian models, to calculate the areas of the membrane and RBC spectral
peaks respectively. These areas were used to determine the RBC/M ratio®. These values
were adjusted for Hb by multiplying by the RBC/M adjustment factor, Zusc/u(T Ry, Hb),
corresponding to the acquisition TR and Hb measured prior to the scan. To expand the
TR=15 ms cohort, we included 12 subjects acquired at TR=20 ms, whose RBC/M ratios
were decreased by a correction factor of 3% determined using the MOXE model to relate
RBC/M ratios measured at these TRs. Data from this combined TR=15 ms and TR=20 ms
cohort were used to compare the trend in measured RBC/M versus Hb to that predicted by
MOXE as well as to calculate adjusted RBC/M reference values.

2.5.2 129%e gas-exchange imaging—Gas exchange images were acquired during
a 16-second breath-hold according to established protocols (TR=15 ms, dissolved flip
angle=20°)". Per the consortium standard, the dissolved-phase signals were decomposed
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via the 1-point Dixon method, using non Hb-adjusted RBC/M values to produce images

of gas, membrane, and RBC signal distributions’. Off-resonance gas-phase excitation was
suppressed by tailoring a Hanning-windowed sinc-shaped RF pulse duration to keep the
ratio of gas to dissolved-phase signal ratio <10%,; the optimal duration was found to be

0.69 ms for 218-ppm excitation33 and 0.71 ms for 208-ppm excitation. Ventilation maps
were adjusted for B, inhomogeneity, segmented, and normalized according to established
protocols33. Membrane and RBC images were further segmented to exclude regions of
ventilation defect and then divided voxel-wise by the ventilation images, creating maps of
membrane/gas (M/gas) and RBC/gas signal. To adjust these images for Hb, every voxel was
multiplied by the appropriate membrane (Z,,) or RBC (Zxsc) Hb adjustment scaling factor.
The M/gas and RBC/gas images were then color binned as previously described into 6 and
8 bins (respectively), each of which represents one additional standard deviation away from
the mean of a corresponding healthy reference distribution34. We note that the reference
distributions used for these examples were not adjusted for Hb35. Images were quantified by
recording the fraction (relative to the thoracic cavity volume) of voxels in the lowest bin,
second lowest bin, and the 2 highest RBC/gas bins and 3 highest M/gas bins. Respectively,

these are referred to as the “defect”, “low”, and “high” percentages.

3. Results

The primary cohort had the following pulmonary function values (mean£SD):
FVC=101.5+7.8% predicted, FEV1=98.2+11.6% pred., FEV1/F\VC=0.82+0.07,
DLcp=100.3+11.1% pred., and Kcp=104.7+9.5% pred. Mean Hb for the total sample
was 14.0£1.6 g/dL (range: 10.2 to 16.5 g/dL) and was significantly higher in males
(14.7+1.3 g/dL vs. 12.8+1.4 g/dL, p<0.05). For a Hb range of 7-19 g/dL and the TRs
examined, the neglect of the series summation terms in Egs. 1 and 2 resulted in <0.6%
change in Hb adjustment factors. Figure 2 shows the calculated Hb adjustment curves for
membrane, RBC, and RBC/M (Z,, Zrse, aNd Zypeins) for TR=15 ms and flip angle=20°
acquisitions. As Hb increases, Zg,c and Zgxc,,, decrease while z,, increases. Thus, for

patients with Hb < H°, application of the adjustment factors will increase the RBC signal
while decreasing the membrane signal. For a typical healthy Hb range of 12 to 17 g/dL3,
adjustments can yield changes as large as 9% and 13% in membrane and RBC signal,
respectively. Since alterations in Hb cause the membrane and RBC signals to move in
opposite directions, these individual adjustment effects are compounded in the RBC/M ratio,
which can change by up to 20% across this range. The effects are even larger for patients
with anemia, who might exhibit Hb in the range of 7-12 g/dL. The RBC and RBC/M
adjustment factor curves are also notably non-linear, causing 10% and 20% more change
(respectively) for patients at the lower versus upper ranges of healthy Hb.

Figure 3 shows the distribution of 122Xe transverse magnetization (Myy) over frequency
from simulations of 218- and 208-ppm Hanning-windowed sinc RF pulses. The distributions
reveal that centering an RF pulse at 218 ppm causes the membrane signal to experience

only 89% of the maximum excitation, whereas centering the pulse at 208 ppm causes

the membrane and RBC components to be equally excited at 97% of the maximum.
Collectively, the simulated RBC/M ratio decreases by a factor of 0.89 when using a 208-
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versus 218-ppm excitation. We measured this factor empirically by scanning our secondary
sample of subjects at both 208- and 218-ppm RF excitation, yielding an identical ratio of
0.89 with a standard deviation of £0.11.

Figure 4A shows a plot of non Hb-adjusted RBC/M vs Hb for all subjects in the primary
cohort after correcting for unequal excitation along with the Hb scaling curve calculated
from the MOXE model. The dashed curves denote the predicted MOXE values + the
coefficient of repeatability (CR) for the RBC/M ratio, about 0.0937. Thus, for points that lie
within the bounded region, the MOXE curve is within the expected range of repeatability.
Figure 4B depicts the distribution of Hb-adjusted RBC/M values measured at TRs of 15,
20, and 73 ms after adjusting for unequal excitation along with the RBC/M modeled by

MOXE at H5"=14 g/dL. In both plots, the MOXE curve provides a good approximation of

the trend and scale of the data. These results suggest that MOXE provides a reasonable basis
for estimating how RBC/M scales with Hb in healthy subjects.

Given that we have used fixed healthy reference parameters in MOXE to establish
adjustment factors, we must also understand how these factors change in patients whose
parameters vary from published healthy reference values. This is shown in Figure 5 where
5/d, t., and h, were varied while all other variables were held constant according to the values
in Table 128, The figure shows that the membrane and RBC/M Hb adjustment factors are
sensitive to changes in relative air-blood membrane thickness but robust to variation in z,

and h,.. Because the Hb adjustment factors are smaller when /4 is larger, the proposed
calculations may overestimate the required changes in patients with interstitial thickening.
When applied to these patients, the proposed adjustment factors are accurate to within about
+8% for those within the typical Hb range, and about +15% for those with abnormal Hb.

Figure 6 shows representative images of gas, membrane uptake, and RBC transfer after
application of a thoracic cavity mask (A) for a healthy subject with Hb=10.2 g/dL and
demonstrates the effect of applying the Hb adjustment factors to the 3D gas exchange

maps of M/gas (B) and RBC/gas (C). Given the subject’s relatively low Hb, applying

the adjustments caused M/gas to decrease significantly in the left lung while RBC/gas
visibly increases in the apex of the right lung and center of both lungs. These changes

are also readily visualized in the histograms used to characterize the M/gas and RBC/gas
distributions as well as in the effects on the quantitative defect, low, and high metrics for
each. In this case, the high M/gas and low RBC/gas percentages decreased by 8-9% and the
high RBC/gas percentage increased by 7%.

Figure 7 shows the distribution of RBC/M values for a standard TR=15 ms and 20°

flip acquisition at 218-ppm excitation for all 18 healthy subjects before and after Hb
adjustment. Data are differentiated by sex and lines connect unadjusted and adjusted values
for the same subject. RBC/M was significantly higher in the male vs female samples

both before adjustment (0.663+0.070 vs. 0.458+0.059, p<0.0001) and after (0.631+0.069

vs. 0.506%0.031, p<0.001). Prior to Hb-adjustment, the mean healthy RBC/M of the total
sample was 0.594+0.118, which was slightly reduced by adjustment to 0.589; however, the
standard deviation decreased by over 50% to +0.083. Scaling this result to the scenario of
equal dissolved-phase excitation (208 ppm), yields a reference RBC/M ratio of 0.525+0.074.
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4. Discussion

In this work, the MOXE framework was used to evaluate the Hb dependence of dissolved-
phase 129Xe signals by allowing Hb to vary while other structural variables were fixed.

This differs from the typical way in which MOXE is fit to CSSR curves in order to

estimate these microstructural parameters as an average over the lungs. Here, we instead
exploit the model’s established ability to robustly recapitulate 129Xe signal saturation and
recovery19:20.22,38-41 and yse this capability as a framework for understanding the impact

of Hb on consortium-adopted protocols for 129Xe MRI/MRS’. While using MOXE with
CSSR can provide information on lung structure, this latter approach is better suited

toward connecting gas-exchange MRI/MRS to lung function in that it can be related to

the constituents of DLc8. The model-predicted dependence of RBC/M on Hb matches the
trend we observed in 18 healthy subjects. By combining the model with the principle of
TR-flip angle equivalence, we established scaling factors to adjust the consortium-standard
dissolved-phase signals relative to a standard Hb of 14 g/dL. We found that the proposed Hb
adjustment can have a large impact on the RBC/M ratio and maps of M/gas and RBC/gas
signal. Over a healthy Hb range, the shape of the RBC adjustment curve is similar to

the curve for DLco*2. However, the percentage change caused by the RBC and RBC/M
factors is 1.7 and 2.7 times greater than that of DLcq, respectively#2. We note that it would
also have been possible to estimate Hb dependencies from more straightforward correlation
analysis. While this would have the advantage of requiring no underlying physiological
model, it would have been limited in several ways. Without the use of a physiological model,
the exact non-linearity of Hb dependence in the dissolved-phase signals would be difficult to
infer from limited amounts of empirical data. Moreover, such correlation approaches would
not be likely to highlight the potential effects of membrane thickness on the adjustment
factors.

As illustrated by our healthy volunteer imaging, low Hb can result in regions of abnormally
high M/gas signal, which are removed upon adjustment. Given the emergence of high
M/gas as a biomarker for detecting the presence of interstitial lung disease (ILD)10:43:44,

it is imperative to avoid misdiagnoses due to non-pulmonary factors. In this case, we

see that applying the Hb adjustment brings the M/gas map back into the normal range.
RBC/M values from our sex-specific samples reveal how the Hb adjustment reduces, but
does not eliminate, the difference in male and female values. This suggests that, while
generally lower Hb in the female sample exacerbates the difference in unadjusted RBC/M
distributions, there remains another underlying mechanism driving this disparity. This could
reflect sex-specific differences in relative capillary blood volume or membrane tissue
volume but could also be attributable to flaws in the study design. For example, our study
used a mixture of fixed (1 liter) and tailored 129Xe dose volumes across subjects. Given
that females have generally lower thoracic cavity volumes, some may have been scanned

at higher lung inflation#. Notably, RBC/M has been shown to be inversely correlated with
inflation level46.47,

We found that the Hb adjustment factors for membrane and RBC/M presented here are
sensitive to changes in the ratio of air-blood membrane to total septal thickness. This
is because the ratio changes the fraction of dissolved-phase signal originating from the
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capillary. When the air-blood membranes are thicker (as in patients with ILD), this fraction
is lower and the effect of Hb on RBC/M is reduced, particularly in the extremes of the Hb
ranges. For patients with thickening of air-blood membranes, the proposed adjustment could
be overestimated by up to ~8% for those in the extremes of the normal range of Hb and up to
~15% for those with abnormal values. However, the impact of Hb on the RBC signal itself is
independent of alveolar septal thicknesses and thus Z,,. represents a minimum required Hb

adjustment for RBC/M.

It is instructive to compare our Hb-adjusted healthy reference RBC/M values with age-
matched cohorts that have been reported in the literature (Table 2). Note that this Hb
adjustment is distinct from the common practice of reporting PFTs as a percentage of a
predicted reference value. The Hb adjustment here seeks to remove a confounding factor
prior to forming a consolidated estimate of reference values for 18-30 yr old subjects. Here,
we have again used the MOXE model and TR-flip angle equivalence to generate scaling
factors to transform the literature data to the standardized TR=15 ms and flip=20° regime.
The Bier et al.b data were also rescaled by 0.89 and the Grist et al.*8 data by 1/0.89 to
account for unequal dissolved-phase excitation at 218 ppm and 198 ppm, respectively. As
shown in the table, our 208-ppm reference RBC/M of 0.53+0.07 is in good agreement

with prior literature values. In evaluating these comparisons, we note that Xie et al. did

not consider DL¢co or K¢g in evaluating volunteer health, while Grist et al. and Bier et al.
made no exclusions based on PFTs6:16:48 By contrast, the sample size presented here is
significantly larger, contains a more even sex distribution, and was collected with stricter
inclusion/exclusion criteria than the other three studies. Thus, in addition to considering Hb
adjustment, our measurements arguably provide the most robust reference value for RBC/M
available to date.

4.1 Limitations and next steps

The MOXE model captures the general shape of 129Xe saturation and recovery curves

and serves as a starting point for understanding the impact of Hb on the dissolved-phase
signal. However, there remains some uncertainty regarding the accepted MOXE parameters
even in healthy subjects. In several studies, the best-fit values for the Hct parameter

are significantly lower than typical clinical reference values®20:22, This could be the

result of not accounting for reduced Hct in the pulmonary capillaries, the large number

of interdependent fit parameters'®, and MOXE’s inability to capture variance in tissue
thickness and asymmetry about the capillaries?9-2249, |n this work, the air-blood membrane
thickness and total capillary width were based on cross-sections of histological samples that
have an analogous geometry to the 1D design of MOXE. However, this representation of
the alveolar capillaries greatly oversimplifies their more complex 3D mesh structure®0:51,
Furthermore, the ratios of air-blood membrane to capillary width often associated with
MOXE are significantly lower than typical tissue to blood volume ratios measured in the
lung?9:52.53_ There are several possible reasons for this discrepancy. Firstly, acquisition at

a high flip angle and short TRs limits the diffusion of 129Xe into distal structural tissues.
Secondly, because the solubility of 129Xe is unknown in some structures, such as collagen,
there may be some tissues into which it does not readily diffuse. Finally, volumetric ratios
in the 3D regime may be inherently incomparable to thickness ratios in a 1D projection
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such as MOXE. This simplification of a complex 3D alveolar-capillary geometry could thus
introduce bias into the way dissolved-phase 129Xe signals appear to depend on Hb. The
number of fit parameters in MOXE could be reduced by fixing those that can be estimated or
measured through other means, such as Hb. Further, MOXE’s simplistic 1D structure could
be addressed by transitioning to 2D or 3D gas diffusion models that incorporate varying
tissue thickness and asymmetric gas exchange on either side of the capillaries*9:%4,

We also note limitations in our empirical validation of the proposed Hb dependence of
RBC/M. Our comparison of MOXE to the observed trend in RBC/M vs Hb was limited by
variation in RBC/M measurements. For two thirds of subjects, the MOXE curve fell within
the expected range of repeatability, indicating that intra-patient variability could account
for some of the variation in RBC/M. Variation between subjects could also be the result

of using different dose volumes across subjects. However, a significant amount of variation
is likely due to physiological differences between subjects. Thus, validation studies would
benefit from scanning the same sample or subject before and after interventions that alter
Hb, but not underlying pulmonary physiology. Notably, the Hb dependence from the RBC
compartment could be evaluated by examining 12°Xe dissolved-phase signals in whole blood
samples of varying Hb. Moreover, this could be complemented by in vivo validation such
as scanning blood donors, whose Hb is expected to drop ~1 g/dL after donation®®. More
significant changes in Hb could be expected from anemic patients undergoing a blood
transfusion, which can drive up Hb by 2-3 g/dL%6. And finally, there is subset of subjects
with hemochromatosis who regularly undergo therapeutic apheresis or phlebotomies that
induce changes in Hb®’. Given the dependence of the proposed adjustment factors on
relative air-blood membrane thickness, such studies are particularly warranted in patients
with interstitial lung disease.

Furthermore, while our Hb-adjusted RBC/M distributions measured at TRs of 15, 20, and 73
ms are in approximate agreement with MOXE, a more robust validation of the Hb-adjusted
RBC/M vs. TR curve requires data at more exchange times. We also note that the deviation
of the distribution at TR=73 ms from MOXE could be the result of a low sample size at that
TR (n=4). A more appropriate validation method would be to apply a sequence of 20° RF
pulses on a single subject with known Hb and measure the dissolved-phase signal recovery
after different exchange times.

It is also important to note limitations in our healthy reference data and sample. All

subjects were Hb-adjusted according to b0 = 14g/dL, regardless of sex. However, because
males tend to have higher Hb than females, sex-specific adjustment factors may be more
appropriatel®. Furthermore, the M/gas and RBC/gas reference distributions used to color bin
our gas-exchange maps were built with unadjusted data. In future studies, new Hb-adjusted
imaging reference distributions should be constructed. Finally, while our sample’s age range
of 18-30 yrs. gives insight into the upper range of healthy lung function, reference data
should also be collected for older and younger age ranges. This will allow us to account for
healthy, age-related changes in 129Xe gas-exchange metrics, such as reductions in RBC/M
with increased age*’-°8. Finally, we note that the use of two different TRs and both fixed
and tailored dose volumes could introduce bias and variability into our resulting healthy
reference distributions. While we attempted to mitigate bias between subjects scanned at
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TR=15 ms and TR=20 ms by applying an adjustment factor, future reference data should
be drawn from subjects scanned with the same acquisition parameters and tailored dose
volumes.

5. Conclusion

In this work, we used the MOXE framework to estimate the dependence of 129Xe dissolved-
phase signals on Hb and showed that it is consistent with empirical RBC/M data from

a young, healthy cohort. Our findings show that performing even the minimum required
adjustments can result in significant changes in RBC transfer and RBC/M, and thus,
adjusting 129Xe gas-exchange MRI/MRS metrics for Hb is essential for accurately assessing
lung function. This model can be used to establish Hb-adjustment factors that normalize
M/gas, RBC/gas, and RBC/M measurements to a fixed reference Hb value, allowing for
meaningful comparisons of Hb-independent lung function across patients or within the same
patient. This approach will enable investigations of sex-driven differences in membrane
uptake and RBC transfer, analysis of gas exchange MRI in patients with significant anemia
(such as transplant patients), and the creation of Hb-adjusted healthy reference distributions.
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Figure 1.
The simplified lung microstructure assumed by MOXE, where the total width of the septum

is d. The structure consists of two air-blood membranes of length &, placed symmetrically
on either side of the pulmonary capillary. 129Xe diffuses in from the airspaces on either
side, first entering the 198-ppm membrane compartment, which originates in the air-blood
membranes and the plasma component of the blood. The atoms then reach the RBCs, which
gives rise to the 218-ppm signal2C.
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Figure 2.
Hb adjustment scaling factors (Z., Zrse, Zzsein) @S a function of systemic venous Hb.

Within the typical Hb range, z,, scales approximately linearly whereas the magnitude of
Zrse @Nd Zgpepy, 15 significantly larger at lower Hb than higher Hb.
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Figure 3.

Simulated distribution of transverse magnetization (Myy) generated by 208- and 218-ppm
Hanning-windowed sinc RF pulses. Vertical, dashed lines indicate the 198- and 218-ppm
resonance frequencies corresponding to the chemical shifts of 129Xe in membrane tissues
and RBCs. Percentages show the magnitude of Myy at the indicated point relative to the
maximum M,y plotted.
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A: Non Hb-adjusted RBC/M values at TR=15 ms and 20° flip from the healthy cohort
plotted vs Hb, along with the MOXE-predicted curve. RBC/M from MOXE*CR for RBC/M
is plotted over the data. B: Distributions of Hb-adjusted RBC/M values measured at three
different TRs (15, 20, and 73 ms). The black line depicts the RBC/M curve predicted by

MOXE at H° = 14g/dL .
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Changes in Hb adjustment curves with respect to different §/4, z,, and A, values. Adjustment
factors vary minimally with changes in z, and A, but are sensitive to changes in 6/d, with
higher ratios dampening the membrane and RBC/M Hb adjustment factors. Note, §/d and ¢,
sensitivity plots are not shown for the RBC adjustment factors as Z;c is not dependent on

these parameters.
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Figure 6.

Representative images of gas, M, and RBC after application of a thoracic cavity mask (A)
for a healthy subject with Hb=10.2 g/dL along with the application of Hb adjustment factors
to the 3D gas exchange maps of M/gas (B) and RBC/gas (C). We also show the changes in
voxel intensity distributions and defect (D), low (L), and high (H) percentages along with
the thresholds that define the color bins. The subject’s low Hb causes membrane uptake

to be over-estimated, while RBC transfer is underestimated. After adjusting the images

to Hp" = 14g/dL, the apparent high membrane uptake decreases from 11% to 2%, while

low RBC transfer decreases from 19% to 11%. Arrows indicate regions where particularly
high membrane uptake and low RBC transfer are resolved after adjustment. Notably, this
subject’s RBC/M ratio increases by ~40% from 0.38 to 0.53 after adjustment.
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Non Hb-adjusted and Hb-adjusted RBC/M ratios from the healthy young cohort (n=18,
age=25.0+3.4 yrs) for dissolved-phase excitation at 218 ppm, TR=15 ms and 20° flip
angle. RBC/M in the male sample was significantly higher than in the female sample both
before adjustment (0.663+0.070 vs. 0.458+0.059, p<0.0001) and after (0.631+0.069 vs.
0.506+0.031, p<0.001). Applying subject-specific Hb adjustments causes the mean/SD of
the total sample to change from 0.594+0.118 to 0.589+0.083.
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Parameters used in the MOXE model, as determined from current literature for healthy populations.

Table 1.

Variable  Description Literature value
Su/V,(cm —1) | Alveolar surface area to volume ratio2 250
d (um) | Total septum thickness?® 12
6 (um) | Air-blood membrane thickness?® 2.22
tx (s) | Capillary transit time20 1.6
D (cm?2/s) | Diffusion coefficient of dissolved xenon® 3.3x1078
A | Ostwald solubility of xenon in lung parenchyma?? 0.2
Arpc | Ostwald solubility of xenon in RBCs® 0.19
Ap | Ostwald solubility of xenon in plasma%® 0.091
HB (g/dL) Healthy reference value for volume of venous hemoglobinl® 14
h, | Ratio of regional pulmonary Hct to venous Hct? 0.9
a(dL/g) | h, - (Hct to Hb conversion factors) (0.9) - (2.953%x1072)
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Table 2.

Page 25

Hb-adjusted RBC/M reference values (meanSD) for dissolved-phase excitation at 208 and 218 ppm

compared with values from age-matched healthy cohorts. Rescaled values have been adjusted for TR and flip
angle in reference to TR=15 ms and flip=20°. Values from Bier et al. and Grist et al. have also been adjusted
for unequal dissolved-phase excitation.

Reference Flipangle TR (ms) Averageage (yrs) Sample size Published RBC/M  Rescaled RBC/M
Xie et al. (2019)16 90° 100 25.8+1.5 4 (0 female) 0.47+0.06 0.51+0.07
Grist et al. (2021)*8 40° 23 29.0+3.0 5 (5 female) 0.50+0.1 0.62+0.12
Bier et al. (2019)8 20° 20 26.3+5.0 8 (1 female) 0.59+0.12 0.52+0.11
This work RBC/M (208 ppm) | 20° 15 25.0+£3.4 18 (6 female) 0.53+0.07
This work RBC/M (218 ppm) | 20° 15 25.0+£3.4 18 (6 female) 0.59+0.08
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