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Abstract

Purpose—To evaluate whether regional alveolar oxygen tension (PA0») vertical gradients
imaged with hyperpolarized 3He can identify smoking-induced pulmonary alterations. To compare
these gradients with common clinical measurements including pulmonary function tests, the six
minute walk test, and the St. George’s Respiratory Questionnaire.

Materials and Methods—8 healthy nonsmokers, 12 asymptomatic smokers, and 7 symptomatic
subjects with chronic obstructive pulmonary disease (COPD) underwent two sets of back-to-back
PO, imaging acquisitions in supine position with two opposite directions (top to bottom and
bottom to top), followed by clinically standard pulmonary tests. The whole-lung mean, standard
deviation (DPAO>) and vertical gradients of PAO, along the slices were extracted, and the results
were compared with clinically derived metrics. Statistical tests were performed to analyze the
differences between cohorts.

Results—The anterior-posterior vertical gradients and DP 0> effectively differentiated all three
cohorts (p<0.05). The average vertical gradient PAoO> in healthy subjects was —1.03 + 0.51
Torr/cm toward lower values in the posterior/dependent regions. The directional gradient was
absent in smokers (0.36 £ 1.22 Torr/cm) and was in the opposite direction in COPD subjects (2.18
+ 1.54 Torr/cm). The vertical gradients correlated with Smoking History (£=0.004); BMI
(0=0.037), PFT metrics (FEV1, p=0.025; and %RV/TLC, p=0.033) and with distance walked in six
minutes (p=0.009).

Discussion—Regional PAO5 data indicate that cigarette smoke induces physiological alterations

that are not being detected by the most widely used physiologic tests.
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INTRODUCTION

Non-invasive, regional assessment of lung function has the potential to markedly enhance
early diagnosis and management of chronic obstructive pulmonary disease (COPD), to
accelerate drug discovery and trials, and to provide fundamental insights into lung disease
pathogenesis [1-4]. Accordingly, over the last decade, quantitative hyperpolarized gas MRI
techniques have been developed to regionally investigate critical aspects of lung function
and structure [5]. This approach has yielded several promising imaging parameters for
regional evaluation of lung disease progression. These include regional measurements of
alveolar oxygen tension (PAO>) [6-13], ventilation [14-17], perfusion [18,19], ventilation-
to-perfusion ratio [20,21], and apparent diffusion coefficient (“ADC’, a measure of lung
microstructure). Although their refinement continues, particularly with respect to use with
small animals, these imaging techniques have now been transferred successfully to humans.
In this paper, we expand the potential of P50, imaging to detect variations in pulmonary
function induced by smoking. Specifically, we demonstrate for the first time that it is
possible to estimate the gravitational gradient in the alveolar oxygen tension in healthy
supine subjects using a non-invasive imaging technique.

Hyperpolarized (HP) 3He P50, imaging provides a quantitative and regional map of lung
function—namely, the quality of local gas exchange and ventilation in parenchyma-that can
serve as a powerful tool for the investigation of physiological changes in different lung
diseases. This technique was introduced by Deninger et. a/[6] and was subsequently
modified [7,8] and optimized [9, 10] by many other investigators. In a previous study, we
assessed the systematic variability of this technique in asymptomatic subjects [13].
Measurements of P50, changes with respect to disease severity have also been previously
reported [11-13], and have shown that imaged PoO5 heterogeneity correlates with disease
states and symptoms.

Here, we assess the ability of the PAO vertical gradient to detect changes in symptomatic
and asymptomatic smokers. It was previously shown that the spatial variations in the lung
provide sensitivity to early changes in some pulmonary diseases [11-13]. Other imaging and
non-imaging studies have shown that the physiological gravity gradients observed in healthy
subjects are altered in COPD patients and less so in smokers [22—29]. In this study, we
evaluate the vertical PAoO» gradients observed in the anterior-posterior direction of the
subject’s lung to non-invasively estimate the gravitational gradients in the alveolar oxygen
tension in healthy and unhealthy subjects. The estimated gradients are then compared to
standard clinical pulmonary measurements and the sensitivity of this contrast to small,
subclinical changes is assessed.

MATERIALS AND METHODS
Subject Groups

All human experiments were Health Insurance Portability and Accountability Act compliant.
The study was performed under a protocol approved by the local Institutional Review Board,
and all subjects signed an informed consent form prior to any test or experiment.
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Twenty-seven human subjects, all 40-70 years of age, were grouped into three independent
cohorts: healthy nonsmokers who had never smoked cigarettes; subjects with a smoking
history of at least 20 pack-years and with a FEV1/FVC > 70% and no clinical symptoms;
and subjects diagnosed with COPD (Mild to Severe) or with both chronic cough and phlegm
(Stage 0: based on ATS/ERS 2006 guidelines) as diagnosed by a pulmonary physician. The
COPD 0 stage is no longer utilized in practice and has been removed from latest version of
the Global Initiative for COPD criteria (ATS/ERS 2013 guideline). Nevertheless, the
document does refer to these patients as abnormal but lacking sufficient evidence that they
will necessarily progress to COPD.

Respiratory Clinical Tests

A standard clinical six minute walk (6MWT) was performed on all subjects at the beginning
of each study. The distance traveled and maximum SPO,% drop were recorded [30].
Immediately after the walk, subjects were asked to fill out a standard self-administered St.
George’s Respiratory Questionnaire (SGRQ), and the scores were calculated [31]. The
questionnaire is divided into three subscales: symptoms (8 items), activity (16 items), and
impacts (26 items). For each subscale in the questionnaire, scores range from zero (no
impairment) to 100 (maximum impairment). An overall score is also calculated.

Prior to the imaging session (45 * 15 minutes), all subjects underwent spirometry,
plethysmography, a diffusing capacity test, and a six minute walk test in a hospital
pulmonary function laboratory in accordance with ATS/ERS 2006 guidelines. Common
parameters tested in this study included forced expiratory volume in 1 second (FEV 1),
forced vital capacity (FVC), forced expiratory flow between 25% and 75% of the patient's
exhaled volume (FEF,5_754), total lung capacity (TLC), residual volume (RV), diffusing
capacity for carbon monoxide (DL¢g), the distance walked during a six minute walk test
(6MWTp), and the highest oxygen saturation drop recorded during the six minute walk test
(6MWTspop)-

Imaging Technique

Depolarization of hyperpolarized gas in the lung is primarily caused by the RF pulses used
in imaging and the dipole-dipole interaction of 3He nuclei with the strong magnetic
moments of the paramagnetic oxygen molecule. The longitudinal relaxation rate of HP 3He
depends linearly on the oxygen concentration [32]. In a series of back-to-back images with a
flip angle of a, the 3He spin density signal detectable in the /2" acquired image can be
expressed as [9]:

S, =S0.[cos(a)]"NPE x exp[—P, 0.1, /€] (1)
where € ~ 2.6 [bar.sec] at body temperature, Spand S, are the signal levels in the initial and
M images, and ¢, is the delay between the initial and /21 image. Nz is the number of phase

encoding excitations. In the case of a time-varying oxygen concentration, PoO> in the above
expression refers to the time-average between =0 and ¢= ¢,
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PAO> Scheme and Image Acquisition

For a successful decoupling of the oxygen-induced depolarization from that of the imaging
pulses, a series of at least three back-to-back images is necessary, and the delays between
successive images must differ. In this work, an interleaved multi-slice single-breath four-
time-point acquisition was used for P40, imaging, covering the whole lung in coronal
direction [9]. A gradient-echo imaging pulse sequence was used covering the lung with Ng =
12 slices (slice thickness; ST = 13 mm) and an inter-slice gap of 20% ST, with the field of
view = 40x30 cm?, matrix size = 48%36, anominal = 5°, and Tr/Tg = 6.8/3.1 ms. For each
slice, two interleaved sets of back-to-back images with no time gap (slice imaging time =
Npex Tr =36 x 6.8 = 0.25 sec) were repeated for the whole lung. This scheme results in
four time points in an AABBCC...LLAABBCC...LL manner with a time interval vector for
slice sof t, s = 2NpeTR % [$-1 5% Ng+5-1 Ng+5-2] seconds. Analysis yields a PO, map
for each slice with a voxel size of 8.3x8.3x15.6 mm?3 in a 12-second breath-hold.

A whole-body 1.5-T MRI scanner (MAGNETOM Sonata, Siemens Medical Solutions,
Malvern, PA) generated the 3He images using a chest coil with an 8-channel receive and a
separate, saddle-shaped transmit coil (Stark Contrast, Erlangen, Germany) tuned to 48.48
MHz 3He resonance frequencies.

HP 3He Production

Imaging gas (3He:N, = 99.19:0.81, Linde, Branchburg, NJ) was hyperpolarized using a
commercial prototype polarizer (IGI1 9600.He, GE Healthcare, Durham, NC) through spin-
exchange collisions with optically pumped rubidium atoms. Polarization levels of 25-35%
were achieved after 15 hours of optical pumping.

Human Experiments

Two Tedlar bags, one containing a mixture of the hyperpolarized gas with pure N5 and the
other containing O, gas, were transferred to the MRI scanner, where they were connected to
a three-way pneumatic valve. The total inhaled gas volume equaled 12% of the subject’s
TLC, and FiO, was kept at approximately 21%. Subsequent to the actuation of a pneumatic
valve, the subject was instructed to inhale the full contents of both bags simultaneously and
then to begin a 12 second breath-hold. We did not perform an independent measurement to
confirm the fraction of the gas inhaled by the subject; however enough practice was
performed to make sure the contents of both bags are inhaled. Immediately after the breath-
hold, the subject exhaled back into the Tedlar bags, and the exhaled gas was collected and
analyzed with a gas analyzer (CWE Inc., GEMINI Respiratory Gas Analyzer, Ardmore, PA)
for the fraction of exhaled oxygen and carbon dioxide (mixed-expired PEO, and PECO,).
The subjects’ vital signs were monitored at 5-minute intervals throughout the imaging
session under the supervision of a technician.

Two sets of PAO, imaging were performed on each subject in the supine position
approximately 5 minutes apart. In the first set, the multi-slice acquisition was performed
from the anterior slice (A) to the posterior slice (P); in the second set, the direction of image
acquisition was changed (P to A).
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Image Analysis

Custom software was developed using MATLAB (MathWorks, Inc., Natick, MA) for image
analysis. Prior to the analysis, the acquired signal was bias-corrected for the background

noise according to §— /52 _ 52, Where 5=B 2/ and Bis the average background
noise. For lung segmentation, Contrast Limited Adaptive Histogram Equalization (CLAHE)
was used to improve the contrast in the images [33] followed by Ostu’s method to
automatically threshold [34] each of the four-time-point raw 3He spin density images to
mask the background noise. The lung was then segmented based on all the four-time-

point 3He images for each slice, where voxels were included for at least 2 of the four masked
images.

Two separate sets of slice-by-slice PAO, images were computed using a least-squares fit of a
model (Equation 1) of RF-corrected O,-induced relaxation: i) to each voxel’s signal
intensity drop in the image series, and ii) to each slice’s sum of all voxels’ signal drop in the
four time-point series (slice PoO2). Across all twelve slices, the mean (MPA0O5) and
standard deviation (DPAO5) of all voxels” PAO, were calculated from a Gaussian fit to the
whole-lung distribution histogram generated from i) and a slice Po0, value (SPA05) from
ii) for each slice. The latter fit has higher accuracy since it is estimated from the sum of all
the signals in each slice (i.e., much higher SNR). This analysis was separately performed for
A—P and P—A acquisitions.

Complete acquisition of the images for each slice (four time-points) takes about 6 seconds,
and assuming a constant rate of oxygen uptake during this time, the resulting map for each
slice corresponds to the PAO, midway through the imaging sequence for that specific slice;
that is, for slice sin acquisition order out of a total of N,

P,0,=P, 05(0) — VO3 N, T, (N +2s — 3 /2) )

where, PA05(0) is the true oxygen concentration at the beginning of the imaging sequence,
and VO, is the constant rate of oxygen uptake.

Vertical Gradients

Figure 1 illustrates the strategy we used to calculate the corrected vertical gradients from the
two opposite directions of MRI acquisition (A—P and P—A). The anterior-posterior PAO,
gradient along the slices in this imaging scheme originates from two distinct mechanisms: 1)
the different imaging time for each slice, and 2) the known physiological gravity effects on
both ventilation and perfusion [22,35-38]. In the multislice imaging scheme used in this
study, it takes approximately 12 seconds for the imaging sequence to cover the whole lung.
During this time, the presence of oxygen uptake results in a lower oxygen level in the slices
that are imaged later. As a result, the two opposite imaging acquisitions produce different
PAO> values for the identical slices. To correct for this effect and thereby estimate the true
vertical gradient in the lung, we averaged the P50, acquired from the two opposite imaging
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directions for identical slices. Note that the image acquisition order is opposite for the two
directions, i.e.,

SPAA:NS—l_]‘ —Sap (3)

Thus, if the two measured PO, values are averaged,

. 1
=P, 05(0) — VO3, T, (2N, - 3)

P—>A:|

(4)

and the dependence on slice acquisition order is eliminated.

The global PAO, (SPAO,; computed from the sums of signals in each slice) for the identical
slices of A—P and P—A acquisition were averaged to cancel the effect of oxygen uptake
during the breath-hold. The pure spatial gradient was then estimated by fitting a line to

2

SPAO»(2) as a function of slice position z, weighted by 1/ \/SEMLPJFSEM%A, where

standard errors of means (SEM) for each slice were estimated as @ / \/77; o and nare the
standard deviation of PAO, (DPA0;) and the number of valid voxels in the given slice,
respectively. The most anterior and most posterior slices were excluded in this procedure
due to the greater inhomogeneity of coil profiles close to the surface of the coils as well as
the partial volume effects resulting from sub-voxel motions of lung boundaries. Generally,
the fit quality of PAO, in the first and last slices is noticeably lower. After these operations,
and in the absence of confounding effects to be discussed later, the resulting slope of

P, O4(z) represents the pure physiologic gradient.

Global alveolar partial pressure of oxygen

To elucidate the validity of our oxygen measurements, the expected P/A@Q was estimated

from the mixed-expired gas analysis. Global alveolar oxygen tension (P/A@Q) was roughly
approximated assuming a two-compartment model in the Tedlar bag containing the mixed-
expired gas: 1) a dead space compartment and 2) an alveolar compartment. Dead space
volume (V) was estimated based on the subjects’ weight [39]. The total subject’s expired
gas volume assumed to be equal to the Tedlar bag volume. Based on subjects’ TLC, two
different bag sizes were used: 500 ml for TLC < 5 liters and 1000 ml for TLC >5 liters. The
alveolar compartment’s oxygen fraction was derived from:

. P Oy3x V, —POyxVy
P,Oy=—"2 2 VB“g Vl 2 :
— Vg

Bag

This rough estimation of P/AEQ was regressed against the HP imaged PAO, measured from a
least-squares fit of a model (Equation 1) to the whole lung’s sum of all voxels’ signal drop in
the four time-point series (global PAO5). This regression model serves as a measure of
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departure of the expected P:(?Q from the measured HP imaged PAO5,. We interpret the
intercept of this regression to indicate bias in the oxygen measurements.

Statistical Analysis

All statistical analysis was performed using the R software [40]. R is an open-source project
that is distributed under the GNU General Public License (Copyright 2007 Free Software
Foundation, Inc.). Univariate Pearson correlations were used to analyze the relationship
between MRI measures of respiratory function and important non-imaging measurements.

To investigate whether multiple levels of combined measured variables are statistically
different among the cohorts, multivariate analysis of variance was performed. For each
variable, ANOVA models were analyzed separately to compare all the possible paired
combinations of the variable cohorts; this was followed by post hoc tests only for the
variables that were significant. For post hoc analysis, the Tukey HSD test was used, which
provides the mean difference between each cohort and a p value to indicate whether two
cohorts are significantly different. A 95% confidence interval was also computed for each
pair. The Tukey method is fundamentally a #test that corrects for experiment-wise error rate
(type 1), and it is thus more appropriate than a normal #test for multivariate comparisons in
multiple cohorts. An alpha level of 0.05 was considered significant in all analyses.

RESULTS
Non-imaging clinical tests (Demographics, PFT, 6MWT and SGRQ)

The 27 subjects enrolled in this study were classified into three cohorts: eight healthy
subjects with no history of smoking (HN: 4M, 5047 years old), twelve asymptomatic
smokers (AS: 7M, 48+5 years old, 29+5 pack-years), and seven symptomatic smokers with
clinical symptoms (symptomatic smokers: 4M, 58+9 years old, 41+8 pack-years). The
symptomatic smokers group contained three subjects diagnosed with moderate COPD
(Stage 1l: 2M, 58414 years old, 43+11 pack-years), one with severe COPD (Stage I11: M, 62
years old, 35 pack-years) and three subjects exhibiting chronic cough and phlegm (Stage 0:
1M, 56+14 years old, 41+8 pack-years, SGRQ overall score 31+17%). Figure 2
demonstrates the boxplots of the subjects’ demographics, a subset of pulmonary function
test parameters, SGRQ scores, and 6MWT distance. Table 1 summarizes the analysis of
variance results for the three cohorts (for more details, see online supplementary table). The
three cohorts (HN, AS, and SS) were not significantly different with respect to body mass
index (BMI) and TLC. Aside from the obvious smoking history, the healthy nonsmokers and
asymptomatic smokers did not differ in age, FEV4, FEV1/FVC, DL¢o, FEV1% pred.,
6MWTsgpop, and SGRQ overall score. Symptomatic smokers smoked significantly more
than asymptomatic subjects and were older and had significantly worse FEV, FEV1/FVC,
DLco, FEV1% pred., RV/TLC % pred., and SGRQ overall. While the distance symptomatic
smokers subjects walked in six minutes (6MWTp) is not different from that of healthy
nonsmokers and asymptomatic smokers, the maximum drop in oxygen saturation level
(6MWTgpg») during the walk of symptomatic subjects was significantly more than that of
healthy nonsmokers.
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SHe MRI alveolar oxygen tension

Figure 3 shows the 3He MRI PO, maps (oxygen tension) for a healthy and a COPD
subject. This figure qualitatively shows the variation in spin density and oxygen tension
across the lung. The heterogeneity of the maps is increased in the COPD subject compared
to the healthy—a quality that was also generally observed in the symptomatic smoker
subjects not shown. The whole-lung averages and standard deviations (MPAO»£DPA05)
were extracted from a Gaussian fit to the whole-lung distribution. Table 2 lists the whole-
lung averages and standard deviations as well as the results of collected end-tidal gas
analysis (exhaled partial pressure of carbon dioxide) for A—P and P—A in all individual
subjects. The average MPAO» (all voxel’s PAO») in all subjects for the two directions of
acquisition does not differ (HZ: MPAO, (A—P) # MPAO, (P—A); p=0.98), and the global
average for all the subjects and all the experiments (97.03 Torr) is consistent with the
prediction of the alveolar gas equation (P40, = F1Ox(Parpns— pH> O) — P,CO/ RQ = 99.7
Torr). It should be mentioned that the imaged PO is less than PAO»(0) due to oxygen
uptake during the breath-hold. The results of analysis of variance for both directions of
PaO> separately among the three cohorts are listed in Table 3. The MPAO, (whole-lung
average) measurements are not significantly different among the cohorts. However, the
DPAO; (whole-lung standard deviation)—a measure of heterogeneity—significantly
increases from healthy subjects to asymptomatic smokers subjects (in the case of anterior to
posterior acquisition) and from the asymptomatic smokers cohort to the symptomatic
smokers cohort (see Table 3 for the statistic significances).

Figure 4 shows the association between the estimated @2 (derived from the mixed-
expired PEO») and imaged global HP PO, for all of the studies. Regressing the estimated

P, O, on the global imaged HP PAO; gave a slope of 0.90 (SE: 0.113; p < 0.001). The
constant term was found to be 10.5 Torr.

Slopes of PpO», gradients along the slices

Figure 5 represents the imaged whole-slice PAoO5 as a function of the distance from the most
dependent/posterior region of the subject’s lung. Each column shows a group-averaged
observation for all of the subjects in that group (HN, AS, and SS). This figure shows the

average of the two acquisition directions (P, O,), which was computed to correct for bias
related to the uptake of oxygen and the order of acquisition (refer to the Methods section).
The observed slope of the linear fit is therefore more closely related to the true vertical
gradient of PAoO».

Table 4 shows the derived gradient slopes for both acquisitions (Sa—p and Sp—, ) and the

: . o A—P+P— A
resulting corrected gradient computed from the two opposing directions (f),

for all the subjects from the three cohorts. In healthy nonsmokers subjects, all the observed
PaO> gradients in both imaging directions (A—P and P—A) trend toward higher values
when moving from the posterior to the anterior slices with one exception in which the
gradient was in the opposite direction in the P—A acquisition (HN-05). This results in a
corrected vertical gradient slope (=1.03 £+ 0.51 Torr/s) in the same direction as the A—P and
P—A cases (higher in anterior slices). In the case of the asymptomatic smoker subjects, the
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same observation is true for the A—P acquisitions in 9 out of the 12 cases; the anterior
slices still have higher values than the middle and posterior slices, although the slope
changed direction in all but one of the asymptomatic smoker subjects (AS-04) for the P—A
acquisition. This change in gradient direction leads to an insignificant corrected (averaged)
vertical gradient for the whole asymptomatic smoker cohort (vertical gradient = 0.36 +1.22).
The large deviations between the A—P and P—A slopes in asymptomatic smoker subjects
resulted in a high standard deviation in this group. In nearly all of the symptomatic smoker
subjects, the slopes are completely opposite to those of the healthy nonsmoker group—i.e.,
the posterior slices show higher values than the middle and anterior slices in both A—P and
P—A directions. As a result, the vertical gradient is significantly positive (vertical gradient
=2.18 +1.54).

Vertical gradients differences among cohorts

Table 5 shows a summary of the differences among the cohorts based on the observed
gradients in A—P and P—A imaging directions and the resulting vertical gradients. The
symptomatic smoker subjects can be effectively distinguished from the healthy nonsmoker
and asymptomatic smoker cohorts based on each of the three sets of gradient slopes (Sa—p,
Sp—.a and vertical gradient). The Sa—.p can also differentiate the symptomatic from
asymptomatic smokers. While none of the individual gradient slopes of Sp_.p or Sp_,a are
able to distinguish the asymptomatic smokers from nonsmokers (p > 0.05), the computed
pure vertical gradient slopes from the two acquisition schemes differentiate all three cohorts
from each other.

Correlations between gradients and non-imaging parameters

Figure 6 offers a graphical view of associations between the measured corrected vertical
gradients and the clinical tests. Smoking history and BMI directly correlate with vertical
gradient for the subjects in this study. There is no association between FEV1/FVC and the
gradients, but FEVq negatively correlate with the gradients. DLCO shows a weak but non-
significant negative association with vertical gradient (o= 0.055). A significant correlation
exists between vertical gradient and RV/TLC, which is a measure of air trapping. Finally,
subjects’ walking distance in six minutes inversely correlates with vertical gradient, while
SGRQ overall score directly correlates with vertical gradient (not shown).

DISCUSSION

In this study, we expanded the application of PoO5 imaging to detect physiological
variations in pulmonary function induced by smoking. We were able to estimate the
gravitational gradient in the alveolar oxygen tension using a non-invasive imaging technique
in healthy subjects in supine position. We subsequently compared the PoO, vertical
gradients of healthy non-smokers, asymptomatic smokers, and symptomatic smokers. This
study demonstrated that the imaging derived PoO5 vertical gradients are capable of
differentiating between the lung function of non-smokers, asymptomatic smokers, and
COPD patients.
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We have previously shown that PAoO, maps are sensitive to small changes in lung function;
specifically, the heterogeneity of Po0O, maps was significantly larger in diseased lung [9,13].
In addition, this work added to the contrasts that can be derived via hyperpolarized gas MRI
by demonstrating that PAoO5 vertical gradients differed significantly among the three groups.
In all the healthy subjects studied, PAO, decreased from anterior to posterior regions
regardless of which direction the multi-slice MRI acquisitions were performed (anterior to
posterior and vice versa). In asymptomatic smokers, 75% of the cohort exhibited higher
PAO> in anterior slices than posterior when imaging was performed in the A—P direction,
although the average slope was reduced. This trend reversed when we imaged P—A. After
averaging the PAO5 of each slice to cancel out the effect of oxygen uptake, the apparent
vertical gradient for the asymptomatic smoker cohort was lost, an effect also observed in
other recent studies [23,24]. Finally, in the case of the symptomatic cohort (with two
exceptions), the trend observed in healthy subjects was completely reversed in both A—P
and P—A acquisitions. COPD subjects actually showed larger PAO> values in dependent
regions.

While both the elevated heterogeneity of oxygen tension and the loss of vertical gradients
separated the three cohorts with a highly significant statistical power, the vast majority of the
clinical tests (PFT, 6BMWT and SGRQ) — although able to differentiate the COPD group —
did not differentiate between healthy non-smokers and asymptomatic smokers. The latter set
of pulmonary tests only provides a global knowledge of lung function, and it is thus
incapable of detecting early, small, localized changes associated with smoking. These
changes may be related to early disease, although the present study does not support that
conclusion.

In addition to distinguishing between the three cohorts, the PAO, gradients meaningfully
associated with a number of the well-established clinical tests, suggesting that the gradients
are reflective of various smoking-induced functional changes. The weak but significant
relationship between vertical PAO» gradients and spirometric indices was confirmed by the
gradients’ correlation with FEV; and FEF25_7504, both sensitive measures of obstructive
pathologies. The gradients exhibited a weak (nonsignificant) correlation with FEVq percent
predicted (p= 0.052), which is an important criterion for GOLD diagnosis of COPD
patients. Increased RV/TLC, as a measure of both pulmonary obstruction and restriction—
also relate to “air trapping” in the lung—had the strongest association with the vertical
gradient of PAO,. The observed vertical gradient also showed a weak (nonsignificant)
correlation with DL¢o. No correlation was observed with FEV1/FVC, the most common
spirometry parameter in PFTs. A correlation between the imaged alveolar oxygen tension

and the rough estimation of P, O, based on the mixed-expired gas analysis (7=0.75,
p<0.001) was also demonstrated. The observed offset (~10 Torr) in these measurements is

likely the result of error induced in calculation of P/A@2 due to the assumptions we made in
this estimation: dead space was estimated based on weight, FiO, was assumed to be 21% for
all the subjects and the total exhaled gas volume was assumed to be the Tedlar bag’s volume.

It should also be noted that the imaged P50, and estimated P/A@ do not belong to the same
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time point; the estimated PZEQ belongs to the end of the 12-second breath-hold, while
imaged P05 shows the oxygen tension midway through the imaging sequence.

The gravity gradient is admittedly a very complicated concept [35-38], and its interpretation
still poses a challenge in the field of pulmonary physiology [37]. Nonetheless, in the case of
healthy nonsmokers, our range of corrected vertical gradients is in accordance with West’s
[35] findings, which suggests that the PoO» gradients are real observed physiology. The
average of the estimated vertical gradient in supine healthy normal subjects (-1.03 £ 0.51
Torr/cm) was slightly less than what West [35] reported in upright human subjects (-1.5
Torr/cm, obtained from the slope of a linear fit to his reported PoO> in different heights of
the lung). This lower average in supine position can be explained by previous studies, which
demonstrated that the effect of gravity on pulmonary function is dependent on body posture
and is larger when upright [38].

In the case of smokers and COPD subjects, research is still in progress to explain the loss of
the vertical gradient. Consequently, it is not yet entirely clear if and how a decline in PAoO»
gradient is reflective of physiological alterations caused by smoking. This decline could be
related to a whole host of smoking-induced changes in the properties of the lung. Michaels
et al., [41], for example, found that cigarette smoke may damage the elastic properties [42]
of the lungs. Moreover, ventilation and ventilation-to-perfusion ratio decrease in the basal
lung regions of subjects with chronic bronchitis, while patients with early emphysema
exhibit a relative reduction in ventilation and perfusion in the upper zones [29, 43-45]. Melo
et al., [24] studied perfusion and ventilation in COPD subjects using 13N PET. They
observed an anterior-posterior gradient (larger in the dependent region) in healthy subjects,
but not in COPD. They also reported greater heterogeneity of perfusion and ventilation—
perfusion ratio in COPD patients. Several other investigators have shown that pulmonary
hypertension and vascular/airway remodeling can change the regional distribution of
ventilation and perfusion [23,46].

It is also possible that the observed vertical gradient contrast between healthy and diseased
subjects originates from abnormal gas redistribution in the diseased lung during the end-
inspiratory 12-second breath-hold required for imaging. The PoO, imaging technique is
highly dependent on gas dynamics, so it is possible that artifacts arising from gas flow
during the breath-hold could be in some extent responsible for the altered gradients.
Marshall et a/and Hamedani et a/ reported the limitations of the PAO5 technique in severely
diseased subjects, which results in non-physiological PoO5 values in regions where
significant gas flow is present during the breath-hold [9,13, 47,48]. The gas motion during
the breath-hold is minimal in healthy subjects, or is at least not made evident by gas MRI.
However, in the case of symptomatic subjects, the probable gas redistribution during breath-
hold can skew the results in diseased regions. In regions with high diffusion and in presence
of gas flow, the change in the location of gas signal can mimic the effect of oxygen. Ina
limiting case, when gas first reaches a voxel after the first image (due to slow filling), the fit
to PAO, equation results in very low or even negative values—since flow is not explicitly
included in the modeled signal dynamics, increasing signal is interpreted as the
‘depolarization’ arising from a negative oxygen. Using the sum of entire voxels’ signal for
computation of slice PAO, instead of calculating the average of voxel-by-voxel P50,
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computations cancels the artifacts originated from gas transfer between voxels in each slice.
Nevertheless, the gas flow is still present between the slices (~15 mm), and this can skew the
results in diseased regions. The presence of these artifacts in symptomatic subjects should
therefore cause us to take care in attributing alterations in the PAO» gradient entirely to
physiological phenomena, although the ability of the technique to highlight subclinical
alterations is useful regardless of the origin of the contrast.

CONCLUSION

The suite of imaged PoO, parameters may provide an extremely useful diagnostic tool for
the detection of smoking-related alterations in lung function. Both DPAO5 and the newly
developed PAO» vertical gradient successfully differentiated between healthy non-smoker,
asymptomatic smoker, and COPD subjects, a distinguishing power that was not observed in
conventional clinical measurements of pulmonary function. The weak correlations that were
observed between the PAO, parameters and many of the clinical tests suggest that the PAO,
vertical gradients measure a physiologic abnormality not appreciated in routine pulmonary
function tests. This combination of results indicates that cigarette smoke induces alterations
in the lung that are not being captured by the most widely used clinical tests. Further
investigation of PoO, imaging techniques and lung physiology will help to elucidate the
origin of these previously hidden changes.
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FIGURE 1.
Two separate multislice acquisitions were performed for each subject in two opposite slice
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order acquisition (anterior slice first A—P, and posterior slice first P—A). Left panel shows

a schematic of two sets (A—P and P—A) for 12 slices. It takes about 6 seconds to image
the whole lung once from top to bottom (and vice versa). Therefore, the slices that are

imaged later will show lower PAO5 values due to oxygen uptake during this time. The PAO2

extracted from each acquisition is shown on the right panels for each slice (two values for
each slice). The two P50, values evaluated for each identical slice can be averaged to
eliminate the effect of different timings for that slice.
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FIGURE 2.
Boxplots representing demographics and a subset of clinical test results (PFT, 6BMWT and

SGRQ) in all subjects from the three cohorts (healthy nonsmoker, asymptomatic smoker and
symptomatic smoker). The middle line in the boxplots shows the median, and the circle
shows the mean value for each cohort. The small dots are the individual data for each
subject, randomly offset in the horizontal direction for better visibility. The symptomatic
(SS) group contains all of the COPD subjects (COPD I1-111) as well as smokers with
symptoms (COPD-0). The AS group contains smokers with no symptoms, as judged by
conventional clinical tests and SGRQ.

NMR Biomed. Author manuscript; available in PMC 2016 September 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hamedani et al.

Spin Density

Oxygen Tension

Spin Density

Oxygen Tension

Page 18

Age =45 Years BMI=26.9 FEV1/FVC=82% FEV1=101%pred. DLCO =41.0

N AN AN E

Age =62 Years BMI=34.2 FEV1/FVC=46% FEV1=46 %pred. DLCO=11.2

Torr

FIGURE 3.
In this figure, 3He spin density for the 15t time-point and the resulting P40, maps are shown

for slices ##2,4,6,8,10. The PFT results and demographics are also shown for comparison.
The color maps are designed such that the normal PO, values near 100 Torr are in green.
Voxels in yellow and red show lower and higher values, respectively.
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A linear regression to illustrate the association between the imaged global PAO; in each
subject and the estimated PAO» based on the end-tidal gas analysis collected from the lung
after the 12-second breath-hold. The solid line shows the regression line and the dashed line
refers to the 95% and 99% confidence interval. Solid circles are HN, asterisks shows AS and

hollow triangles refer to symptomatic subjects.
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FIGURE 5.

Imaged slice P<sub>A</sub>0<sub>2</sub> distribution boxplots for all the subjects from
each cohort (healthy nonsmokers, asymptomatic smokers, and symptomatic smokers).
Boxplots illustrate the corrected vertical gradients obtained from the average of the identical
slice PAO, in the two directions. Each individual box presents the imaged slice PAO» as a
function of the distance from the most dependent region of the subject’s lung to the anterior
slices (from bottom to top). The dot in the boxplot for each slice shows the average, while
the line shows the median of the distribution in the entire subject in that cohort.
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Correlation plots between the vertical gradients and non-imaging metrics. Regression lines
are shown by the solid line and 95% and 90% confidence intervals with dashed lines. The
solid line shows the regression line and the dashed line refers to the 95% and 99%
confidence interval. Healthy nonsmokers are illustrated with solid circles, asymptomatic

smokers with asterisks and symptomatic group with hollow triangles.
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Table 1

Summary Results of Analysis of Variance for Three Cohorts

Post Hoc Tukey HSD Test!

Variables Cohorts  Mean Diff 95% CI™ p
HN-AS 1.96 (-5.74,9.66)  0.802
[YAegfs] SS-AS 9.44 (1.42,175)  0.019
HN-SS 7.48 (-1.25,16.2)  0.103
HN-AS ~ -28.67  (-34.6,-22.8) <0.001
[PSaTko_sie’;?s] SS-AS 12.05 (5.89,182)  <0.001
HN-SS 4071 (34.0,47.4)  <0.001
HN-AS 0.13 (-0.76,1.01)  0.934
['T_'i\e’rl] SS-AS -120  (-2.13,-0.28)  0.009
HN-SS -133  (-2.33,-0.32)  0.008
HN-AS 3.50 (-5.29,12.3)  0.587
FE\{g/ﬁ']:VC SS-AS -1218  (-21.3,-3.02)  0.008
HN-SS -1568  (-25.6,-5.71)  0.002
HN-AS 2.62 (-417,9.41)  0.607
[mI/mD"']‘/rCnOmHg] SS-AS -8.10 (-15.2,-1.03)  0.023
HN-SS -1072  (-184,-3.02)  0.005
FEV., % pred.  HN-AS 5.96 (-13.7,256)  0.733
%] SS-AS -2038  (-40.9,0.12)  0.052
HN-SS -2634  (-48.6,-4.03)  0.019
RVITLC, %pred HN-AS  -1258  (-321,6.93) 0.261
(] SS-AS 18.42 (-1.92,38.8)  0.081
HN-SS 31.00 (8.87,53.1)  0.005
HN-AS -0.96 (-2.85,0.94)  0.429
BMWTgp0,  SS-AS 1.74 (-0.24,3.71)  0.092
HN-SS 2.70 (0.55,4.84)  0.012
HN-AS -4.97 (-16.7,6.71)  0.546
SGRQ[;%?V”""” SS-AS 18.94 (6.77,3L1)  0.002
HN-SS 2391 (10.7,37.2)  <0.001

*
The numbers in the parenthesis shows the 95% confidence interval

fPost Hoc Tukey HSD test was perfomed when the ANOVA test was significant.

AOVA test failed for BMI, TLC and BMWTD: (BMI: F(2, 24) = 0.656, Pr(>F) = 0.528) (TLC: F(2, 24) = 0.760, Pr(>F) = 0.479) ; (6MWTD: F(2,
23) = 2.442, Pr(>F) = 0.109)
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Table 4

The Summary of Imaged pAO2 Gradients for all the Subjects

ID A—P* P—>A™ Gravity
[Torr/icm] [Torr/cm] [Torr/cm]
HN-01 -0.06 0.21 -0.44
HN-02 -2.06 0.07 -1.00
HN-03 -1.26 -0.67 -0.96
HN-04 -1.56 -1.27 -1.42
HN-05 -1.84 1.55 -0.74
HN-06 -0.31 -0.68 -0.49
HN-07 -2.86 -1.09 -1.98
HN-08 -2.32 -0.05 -1.18
M+SD -153+096 -0.24+0.90 -1.03+0.51
AS-01 -0.36 1.86 0.75
AS-02 0.61 1.31 0.96
AS-03 -1.68 0.08 -0.80
AS-04 -1.64 -1.04 -1.34
AS-05 -1.78 1.05 -0.37
AS-06 1.42 5.51 3.47
AS-07 -1.35 0.98 -0.18
SS-05 -1.82 1.54 -0.14
SS-06 1.61 0.84 1.22
AS-08 0.10 1.05 0.58
AS-09 -0.90 1.59 0.34
AS-10 -1.73 1.48 -0.12
M+SD -063+1.28 1.36%1.52 0.36 +1.22
SS-01 3.99 -0.14 1.92
SS-02 441 1.24 2.83
SS-03 3.21 5.68 4.45
SS-04 1.63 4.61 3.12
SS-05 1.33 1.84 1.59
SS-06 -1.28 0.25 -0.52
SS-07 0.46 3.27 1.86

M+SD 1.97+2.04 2.39+2.20 2.18+1.54

*
Vertical gradients for opposite directions of imaging acquisitions

A: anterior and P: posterior
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Table 5

Results of Analysis of Variance for Gradients Among Cohorts

Post Hoc Tukey HSD Test T

Gradients
Cohorts  Mean Diff 95% C1* p
HN-AS -0.91 (-2.54,0.73) 0.364
A—> P
[Torr/cm] SS-AS 2.59 (0.89, 4.30) 0.002
HN-SS 3.50 (1.64, 5.35) <0.001
HN-AS -1.60 (-3.40,0.21) 0.091
P—> A _
[Torr/cm] SS-AS 1.04 (-0.85, 2.92) 0.370
HN-SS 2.63 (0.58, 4.68) 0.010
HN-AS -1.39 (-2.72,-0.06)  0.039
G
[Torr/cm] SS-AS 1.81 (0.43, 3.20) 0.009
HN-SS 3.20 (1.70, 4.71) <0.001

*
The numbers in the parenthesis shows the 95% confidence interval

#

Post Hoc Tukey HSD test was perfomed when the ANOVA test was significant.
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