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Abstract
To presents the first systematic reproducibility measurement of alveolar partial pressure of oxygen
(pAO2) in the human lung, regional variability is defined in terms of an intraclass correlation
coefficient (ICC) between co-localized, same-subject measurements separated by one-week or
couple of minutes (short-term). In addition, the repeatability of the average lung pAO2 is compared
to that of the standard pulmonary function tests (PFT).

PFT and pAO2 imaging were performed on eight subjects: 4 nonsmokers (1 man, 3 women; 56 ±
1.7 years), 4 smokers (1 woman, 3 men; 52 ± 7.5 years) in three visits during two weeks. Regional
variability was assessed based on a mixed-effects model and an ICC. The coefficient of variation
(CV) of mean and standard deviation of pAO2 in three days was also compared to CV of PFT
results.

Short-term regional reproducibility based on ICC was 0.71 and 0.63 for nonsmokers and smokers;
respectively. The one-week variability was lower (ICC=0.59 and 0.47; respectively). The CV of
whole-lung average pAO2 was significantly higher than that of FVC(forced vital capacity; P=0.02)
but not from DLCO (diffusing capacity).

The smoker group shows more variability in pAO2 measurements both between experiments and
in each individual pAO2 maps. pAO2 had a similar repeatability to DLCO.

INTRODUCTION
A variety of lung evaluation methods are in current use, which are sensitive to different
aspects of pulmonary health. Among imaging techniqes, high-resolution chest-CT in
particular can give excellent structural images, highlighting tumors and other disorders with
a distinctive structural component. Imaging techniques to measure lung function, however,
are not as well developed. CT-angiography is used clinically to detect blood clots and
AVMs (arteriovenous malformation), and ventilation-perfusion scans can detect gross
abnormalities of ventilation-perfusion mismatch. Other tests of lung function, such as
pulmonary function tests, the six-minute walk test, cardiopulmonary exercise testing and
methacholine challenge/bronchodilator response only measure overall lung function and do
not give any insight into regional abnormalities.
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A measurement of alveolar partial pressure of oxygen (pAO2) provides information about
the quality of gas exchange in the functional units of the lung. Global pAO2 can be
ascertained using two indirect techniques: helium washout and analysis of the mixed expired
partial pressures of CO2, O2, and their arterial concentrations (1, 2). Yet these methods fail
to provide enough information, as they lack the sensitivity to detect regional and small
changes in the ventilation to perfusion ratio (VA/Q). Certain invasive techniques have been
used in animals to overcome these regional limitations (3, 4). Such approaches, however, are
not feasible in a clinical setting for human subjects.

Recently, hyperpolarized (HP) gas magnetic resonance imaging (MRI) has emerged to fill
this void. This new technique, which is safe and sensitive, provides direct imaging of gas in
the airways and parenchyma. The use of 3He gas in particular has enabled imaging of both
structural and functional aspects of the lung. Specifically, pAO2 imaging using
hyperpolarized (HP) 3He MRI has the potential to provide a quantitative and regional map
of lung function (5–18), which can be a valuable tool for investigating the physiological
changes in lung disease, the response to stress in the healthy lung, and innate differences
among individuals (13, 19, 20). The pAO2 changes linked to disease state have been
previously observed; with the aim of defining the significance of these changes and those of
future investigations, this study presents a systematic short-term and repeat-visit variability
measurement of pAO2 in the human lung. Regional variability is defined in terms of an
intraclass correlation coefficient (ICC) between co-localized, same-subject measurements
separated by one-week or several minutes (short-term test-retest). In addition, the
repeatability of the average lung pAO2 is compared to that of the standard pulmonary
function tests (PFT).

MATERALS AND METHODS
Subject Groups

All experiments proceeded under a protocol approved by the local Institutional Review
Board with the subjects’ informed consent and were Health Insurance Portability and
Accountability compliant. Eight human subjects were divided into two independent cohorts:
1) four healthy nonsmokers who smoked less than 100 cigarettes in their lifetime, 2) four
asymptomatic smokers with smoking history of at least 20 pack/years.

Pulmonary Function Tests
Spirometry, plethysmography and diffusing capacity for carbon monoxide testing was
performed on all individuals just prior to each imaging session according to ATS/ERS 2005
guidelines (21) in a hospital pulmonary function laboratory.

Imaging Acquisition
A whole-body 1.5-T MRI scanner (MAGNETOM Sonata, Siemens Medical Solutions,
Malvern, PA) using an 8-channel chest coil (Stark Contrast, Erlangen, Germany) tuned to
the 3He resonance frequency of 48.48 MHz was used for all 3He imaging.

Regional pAO2 was measured from a set of successive HP 3He spin-density signals, based
on the linear relationship between the O2-induced 1/T1 decay rate of 3He spin polarization
and the local oxygen concentration (22). A multi-slice, paired single-breath acquisition
scheme involving an interleaved sequence was used for pAO2 imaging based on an earlier
study (18). This multi-slice scheme utilizes four series of images for each slice; four images
of the twelve coronal slices (A to L) were produced continuously in an “AABBCC…
KKLLAABBCC…KKLL” pattern following the interleaved acquisition scheme. Each
experiment utilized twelve coronal slices imaged using a gradient-echo imaging pulse-
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sequence with the field of view (FOV) = 40 × 30 cm2, slice thickness (ST) = 13 mm, inter-
slice gap = 20% ST, αnominal = 5°, matrix size = 48 × 36 pixels, and TR/TE = 6.69/3.1 ms.
This multislice pAO2 imaging took approximately 12 seconds with 8.3 × 8.3 × 15.6 mm3

voxel-size resolution.

A commercial prototype polarizer (IGI 9600.He, GE Healthcare, Durham, NC)
hyperpolarized the imaging gas (3He:N2 = 99.19:0.81, Linde, Branchburg, NJ) through spin-
exchange collisions with optically pumped rubidium atoms. 15 hours of optical pumping
produced polarization levels of 25–35%. In all experiments, hyperpolarized 3He gas was
diluted with medical-grade nitrogen gas (3:1). Dispensed into a Tedlar plastic bag (Jenset
Inert Products, Coral Springs, FL), the gas mixture was brought to the MRI scanner for use.

Human Experiments
Testing on each subject occurred on three days over a two-week period. On each day of the
experiment, each subject underwent two pAO2 measurements in the supine position
performed 5 ± 3 minutes apart. The temporal ordering of slices in the two same-day
acquisitions was reversed, with the first proceeding in the anterior-toposterior (A→P)
direction and the second in the P→A direction. Throughout testing, subjects’ vital signs
were constantly monitored under the supervision of a physician. Images were acquired
during a breath-hold following the subjects’ inhalation of a mixture of HP 3He, N2, and O2
at a prescribed ratio with FiO2 at approximately 21%. The inhaled gas volume was 12% of
total lung capacity (TLC) as measured by plethysmography. The Tedlar bag and
hyperpolarized gas mixture (9.5% TLC) was transferred to the bore of the MRI scanner and
connected to a three-way pneumatic valve along with a bag containing O2 gas (2.5% TLC).
Subjects were instructed to breathe normally over three breath cycles with an inhale:exhale
ratio of 3:4 at a uniform rate before inhalation. Then, a three-way valve was actuated and the
subject inhaled the full contents of both bags simultaneously. Imaging began three seconds
after the initiation of the breath-hold in order to ensure appropriate post-inspiratory mixing
of gases and to minimize gas redistribution and flow artifacts in the measurements. The total
breath-hold lasted ～15 seconds. The subject then exhaled forcefully back into the bag upon
completion of the imaging. The exhalation also enabled the measurement of end-tidal O2
and CO2 using the respiratory gas analyzer.

Image Analysis
Custom software developed by the MATLAB environment (MathWorks, Inc., Natick, MA)
was used for image analysis on a slice-by-slice basis. Using each voxel’s signal-intensity
drop in consecutive images, a least-square fit to a model of O2-induced 1/T1 decay rate
of 3He spin was performed in order to calculate pAO2 for each voxel in all slices (18).
Twelve pAO2-maps were generated for each subject. The mean (µpAO2) and standard
deviation (σpAO2) of all voxels’ pAO2 over the twelve slices were calculated for whole-lung
comparisons.

For regional comparisons, an affine-based coregistration (23) was performed on pAO2 maps
of each subject’s six measurements in three days. Then, the voxels were binned into 12×9×5
isotropic (3.3×3.3×3.1 cm3) regions of interest (ROIs) by summing 4×4 inplane voxels and 2
voxels in the slice direction. The most anterior and posterior slices were excluded from
analysis due to relatively low signal and motion sensitivity.

Statistical Analysis
The coefficient of variation (CV) of the µpAO2 and σpAO2 was compared to the CV of the
PFT results using a paired t-test to discern the relative repeatability of these measurements
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(the CV of a quantity refers to the standard deviation of the 3 days’ measurements divided
by its average).

Regional variability analysis was performed using STATA 12 (StataCorp, College Station,
TX). A mixed-effect regression model was fit to the pAO2 values of each corresponding
ROI. Using a maximum likelihood technique during model construction, the models were fit
with the backward elimination procedure based on likelihood ratio tests and the Akakie
information criterion (24). Once the final fixed covariates were determined, the final model
was reconstructed using the restricted maximum likelihood technique (25). Two models
were fit according to the variance structure presented in the mixed-effect model below; the
first was designed to estimate the weekly follow-up variability and second to evaluate the
test-retest repeatability (～5 minute apart). The latter exploits the observation that the image
acquisition direction represents a small effect and serves as a surrogate for measurements
taken in short succession with opposing slice acquisition direction. We therefore derive the
proportion of variability in measurements between the two acquisition directions to estimate
the test-retest repeatability. For this short-term repeatability, the second day’s back-to-back
measurements (～ 5 minutes) were used. An Intraclass Correlation Coefficient (ICC) was
derived from ratios of the calculated variances. Formally, the ICC represents the within-ROI
correlation; conceptually it can be thought of as the proportion of total measurement
variance that can be explained by subject identifier alone.

To compare the variability of short- and long-term measurements, the standard error of the
difference between the weekly and minute intraclass correlation coefficients was estimated
using the bootstrap sampling method. 500 samples were used for this calculation. We
obtained the 95% confidence intervals for the difference using the normal approximation
and the estimated standard errors. The differences were assumed to be statistically
significant if the 95% confidence intervals did not include zero.

Mixed Effect Model
Tested fixed effects include a subject group factor, a gradient term by slice, image
acquisition direction, weight, sex, and BMI. The derived variances were used to estimate the
follow-up variability and the test-retest repeatability. It seems reasonable to assume that
pAO2 values will be more correlated within subjects than between subjects, and that pAO2
values will be more correlated within slices than between slices (because slice data were
obtained independently). We therefore account for random-effects due to subject, slice, and
ROI in our regression model and assume that the ROI term is nested within the slice term,
which is nested within the subject term.

For this study, all statistical tests used a significance level of α = 0.05, and distributions
were deemed significant if P < 0.05. Based on (26), an ICC<0.4 indicates poor repeatability,
0.4 – 0.80 is fair to good and over 0.80 is assumed excellent repeatability.

RESULTS
Human Experiments

Demographic characteristics are provided in Table 1 for the 8 subjects enrolled in the study
(4 nonsmoker and 4 smoker). The average and standard deviations are also summarized in
the table. Subjects’ age, weight, body mass index (BMI) and total lung capacity (TLC)
averages were not significantly different between the two groups.

During all the imaging studies, we monitored blood pressure, heart rate, and oxygen
saturation and observed no adverse events. Oxygen saturation level did not fall below 90%
in any of the subjects during the breath-hold. One subject (subject 7) in the smoker group
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was not able to hold her breath and exhaled before the imaging on the first experiment of the
first day. All the subjects tolerated the 15-second breath-hold, although one smoker (subject
5) was not able to remain motionless during the image sequence. Some subjects did not
inhale the full contents of both oxygen and helium bags in their first attempt, but improved
in the follow-up experiments. Three subjects (subject 2, subject 4 and subject 5) still had
some difficulties either in their second or last day experiments, as was indicated by few gas
remaining in the bags before imaging.

pAO2 maps
Figure 1 displays pAO2 maps and histograms for two representative subjects, a healthy non-
smoker (subject 1) on the top and an asymptomtic smoker (subject 5) on the bottom. In this
figure, each series of both pAO2 maps and ventilation images are listed. The most anterior
and posterior slices are not shown for brevity. The histogram displays the pAO2 values of the
whole-lung for each subject, which consists of all voxels from all slices. The pAO2 mean
values and standard deviation (dispersion) are also listed for each slice as well as the whole-
lung.

Whole-lung observations and repeatability
Whole-lung µpAO2 and σpAO2 (mean ± standard deviation) are listed in Table 1 for all of
the A→P studies. The standard deviation is a heterogeneity marker for each subject. The
highest µpAO2 (125.2 Torr) was observed in subject 4 (nonsmoker) and the lowest value
(71.4 Torr) was observed in subject 6 (smoker). The lowest σpAO2 was 19.5 Torr in subject
4 (nonsmoker) and the highest σpAO2 was 42.9 Torr in subject 7 (smoker). Three days’
average µpAO2 in smokers was lower than that of nonsmokers (Smokers: 87.5 ± 11.1 Torr,
Nonsmokers: 103.0 ± 17.0) and three days’ average σpAO2 in smokers was significantly
higher than that of nonsmokers (Smokers: 36.2 ± 4.3 Torr, Nonsmokers: 27.7 ± 5.6 Torr,
t(6) = 2.39; P = 0.05). The medians of the distribution (shown by small triangles in Figure 1)
were in the range of 110–130 Torr for all representative subjects.

As shown in Figure 2, we assessed between three-days’ repeatability of µpAO2 and σpAO2
for all subjects using a linear regression model. The slope of the regression for µpAO2 for all
subjects and days was 0.94 and for σpAO2 the slope was 0.85. The corresponding test-retest
Pearson correlation coefficients between day 1 and day 2 were significant for both µpAO2 (r
= 0.91; 95% CI: 0.49, 0.99; P < 0.01) and σpAO2 (r = 0.67; 95% CI: −0.16, 0.95; P = 0.05).
The correlations were stronger between day 2 and day 3; µpAO2 (r = 0.95; 95% CI: 0.72,
0.99; P < 0.001), σpAO2 (r = 0.95; 95% CI: 0.73, 0.99; P < 0.001).

Table 2 summarizes the results of the three PFT tests on each individual (mean ± standard
deviation). The repeatability of the µpAO2 and σpAO2 was compared to the repeatability of
the FVC, FEV1, FEF25–75%, TLC and the DLCO based on the measurement’s CVs and is
displayed in bottom portion of Table 2. The t-test results between PFT results and global
pAO2 values show that the repeatability of the pAO2 was significantly less than the FVC and
FEV1 but did not differ significantly from the repeatability of the DLCO and FEF25–75%.

Slice distributions
As can be observed in the representative nonsmoker (Figure 1), the anterior slices show
higher pAO2 values. These values decrease monotonically from slice to slice. This
monotonic gradient along the slices can be observed in the representative smoker subject as
well, and was also seen in the subjects not depicted (see summary plots of Figure 5b).

Figure 3 shows the pAO2 distribution for slices in A→P direction for the two representative
subjects. Superimposed histograms obtained on the three different days are also shown for
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each subject. Each row of box-plots shows an individual and repeatable slice-dependent
pattern and each subject displays a visually apparent consistency among overall histograms.

Figure 4 compares pAO2 maps of each slice from the other two days of testing in the
nonsmoker and smoker representative subjects (Figure 1) and the histograms of the three
days. Similar visual consistencies can be seen, particularly in the patterns of elevated and
low pAO2.

Mixed-effect model
To formally test the empirical observations, data was fit using a mixed-effect linear model
for follow-up and short-term test-retest studies. Spatially binned pAO2 data (isotropic ～32-
cm3 cubes as introduced in the Methods section) were used for this purpose. The summary
box plots of Figure 5 shows binned pAO2 data versus imaging day, slice number and
imaging direction. Regression and random-effect results are presented in Table 3 for weekly
follow-up and in Table 4 for short-term test-retest measurements. All effects not listed were
found to be insignificant. The constant fixed-effect coefficient is the average pAO2 of the
binned data among all subjects in all experiments. Smokers had lower average pulmonary
oxygen levels than nonsmokers (−33.57 and −23.38 Torr for long-term and short-term,
respectively). There is a slice-dependent gradient with oxygen levels falling for each binned-
slice from anterior to posterior (−10.56 and −12.83 Torr). The quadratic slice terms in both
long-term (1.14 Torr) and short-term (1.58 Torr) cases, shows that the oxygen levels do not
drop linearly but bottom off at the posterior slices. There is a cross term between slice and
smoker (4.99 and 4.30 Torr, for long-term and short-term, respectively) which suggests that
the gradient is less strong in smokers.

The nonsmoker and smoker random effect residuals in short-term studies are 12.95 and
15.68 Torr, respectively and the corresponding values for long-term studies are 14.60 and
18.84 Torr. Subject variability was small at 13.13 Torr for long-term and 14.24 Torr for
short-term, and of interest was the observation that the variation between slices (3.57 and
4.83 Torr) was much smaller than the variation (11.12 and 13.65 Torr) between ROIs within
a slice.

The subject, slice, voxel, and residual errors were used to estimate the conditional
ICC(subject, slice, ROI), for the nonsmoker and smoker subjects, yielding 0.591 and 0.465,
respectively for long-term measurements. These values represent the floor estimate of
follow-up variability for an individual ROI oxygen measurement on the week time-scale.

For ～5-minute test-retest studies, the residual errors dropped, demonstrating that there is
less variability in an individual ROI oxygen measurement over the minute time scale than
over weeks. The improved ICC for the nonsmoker and smoker are 0.71 and 0.63,
respectively for short-term repeatability; the significance of this improvement is confirmed
by the fact that the 95% confidence intervals do not overlap. The bootstrapping results are
summarized in Table 5.

DISCUSSION
The main finding of this study is a determination of the temporal repeatability among co-
localized, same-subject pAO2 measurements and its relationship to the variability of the
average pAO2 across subjects. This variability metric, summarized as the ICC, can be
considered to show a fair to good (26) repeatability among healthy smokers and nonsmokers
(ICC = 0.465 and 0.591, respectively) when comparing measurements separated by a week.
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Several effects may limit the one-week repeatability. Chief among these is a true variation in
the pAO2 at different times. In an effort to quantify this physiological variation, we
compared one-week to short-term variability; the latter is likely to be minimally affected by
changes in physiological state. We note that assuming minimal dependence on the order of
slice acquisitions, we may take the A→P and P→A measurements (separated by
approximately five minutes) as representative of short-term repeatability; these will show a
higher ICC to the extent that physiological change determines variability in the pAO2
measurements. We found that the fixed-effect coefficients changed insignificantly, but the
residuals dropped significantly, corresponding to a short-term ICC of 0.627 and 0.711 in
smoker and nonsmoker. This demonstrates that there is less variability in individual ROIs
over minutes than over weeks, and suggests that a significant amount of variability can be
attributed to true physiology-dependent pAO2 changes between visits.

Furthermore, it is important to note that the between-visit variability is significantly larger in
the smoker group than in the nonsmoker group. Because the experimental conditions are
fixed by design, there is minimal chance that variation of other factors would change
drastically between subject groups. This provides additional support for the hypothesis that
temporal variability, particularly in the smoking subjects, is substantially physiological in
origin.

Nonetheless, there are several other potential sources of measurement variability. As is
discussed in (18), the measurement uncertainty is a strong function of signal-to-noise (SNR).
Among the experiments in this study, the average SNR for ROIs were 425, corresponding to
an expected random error of 2.5 Torr, or approximately 1/6 of the observed pAO2
distribution width in nonsmokers. It should be mentioned that the average SNR for
individual voxels was much less than the abovementioned value and as a result the
variability in the reported whole-lung dispersions that were based on all voxels, contributes
more variability due to noise (～ 10–15 Torr).

Another potential source of measurement error is the diffusion or flow of gas between
regions of interest over the course of the measurement. Flow into or out of the region of
interest can mask or mimic the effect of oxygen with confounding signal dynamics. In
healthy subjects, the majority of signal comes from gas contained within acinar regions, for
which both diffusion and pressure-induced flow are expected to be very small. In
accordance with (18), a 20% inter-slice gap was included to minimize any residual errors;
nonetheless, non-negligible error may exist in airways, in severely emphysematous regions,
and whenever air trapping causes pressure gradients to persist for many seconds into a
breath hold.

In a similar manner, physical motion of the subject or the lung (e.g., near the beating heart)
leads to coregistration uncertainty and erroneous measurements (17, 18). We ameliorated
this effect in the analysis by choosing relatively large regions of interest, and believe that
severe registration errors would have been detectable as a significantly larger variability in
regions near the heart and diaphragm. This was not observed. Nonetheless, the effect of gas
flow and motion on the measurements is not yet quantifiable.

Finally, there is potential for measurement errors related to the delivery of gas to the
subjects and the subjects’ ability to hold their breath in a reproducible manner. As opposed
to some previous studies (12, 17), subjects breathed a normoxic gas mixture to avoid the
potential for significant physiological response to hypoxia (3). However, to limit premature
signal loss, the gases were kept in separate bags until administration and delivered together
through a single mouthpiece. In a few cases, subjects stopped inhaling before both bags
were completely empty, presumably in response to additional resistance encountered as the
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bag is deflated. This apparent difficulty suggests the use of sufficient practice prior to the
measurements and also criteria for exclusion of erroneous measurements, in a manner
similar to the criteria used to evaluate the validity of FEV1 measurements (21). Subjects
were instructed to inhale and exhale normally three times right before inhaling the contents
of the bags in order to begin inhalation from the true baseline functional residual capacity.
Subjects who inadvertently exhaled more or less forcefully in preparation for hyperpolarized
gas administration may skew the results. To avoid or identify these types of error, a real time
inspiratory/expiratory measurement is desirable, which was not used in this study. Similarly,
some subjects experienced difficulty controlling the breath-hold and involuntarily inhaled or
exhaled slightly. For example, during the breath-hold, one subject (subject 5) was seen
shaking while trying to hold his breath, which may explain unusually the large measurement
variability between visits. A real-time monitoring scheme would justify rejection and
repetition of these measurements as well.

In addition to introduction of ICC as a measure of regional variability, the one-week
repeatability of the whole-lung pAO2 mean and dispersion were also assessed and are
evaluated in the correlation plots of Figure 2. Both µpAO2 and σpAO2 show reasonable
repeatability. These metrics provide a useful comparison to previous works and highlight a
measure of reproducibility that is not limited by SNR or inter-ROI gas redistribution.

Beyond the potential to characterize subjects by their highly repeatable µpAO2, it is notable
that the pAO2 histogram contains visually apparent features that are highly repeatable as
well. In Figure 3, the pAO2 histogram shows clear differences between the two subjects; in
addition to a distinct mean and dispersion, each subject is characterized by a distinct
skewness and other qualitative features as well. As with the histogram width, skewness
appears to be larger in the smoker cohort, although a larger study will be needed to
demonstrate the significance of this effect.

In addition, we can observe a visual consistency in the box plots of Figure 3 for each
subject, suggesting a unique and repeatable A→P or gravitational dependence of pAO2 for
each subject. This trend is also present in subjects not included in Figure 3 (see Figure 5b).
Interestingly, we observed less gradient as a characteristic of smoking and do not know the
origin of this signature.

We note that when quantifying the test-retest reproducibility of the pAO2 measurements,
introducing a suitable descriptive intraclass correlation coefficient (ICC) is critical (27). Due
to high intersubject and intrasubject variability in pAO2 distributions, a random intercept
mixed-effect model is utilized for defining such a coefficient (28). We constructed the
model, based on the candidate fixed and random-effects that was discussed in the Methods
section. After the first regression, all the insignificant covariates were removed from the
model. None of the physical characteristics of the subjects (age, weight, length, BMI and
TLC) show significant covariates in the linear mixed-effect model.

Short-term variation of lung function has been well documented (29–31). In this study, we
extend these results to regional measurements, and also compare the variability of these
regional metrics to that of standard PFT. Clinical metrics directly related to ventilation
appeared to be more repeatable than the pAO2. This is not surprising since the pAO2 is a
result of both variation of ventilation and perfusion. The DLCO, which might better reflect
the intrasubject variation of ventilation and perfusion, had a similar repeatability to the
pAO2. Short-term variability of the test results within a few minutes was used to compare the
variability due to the testing procedure to variability due to day-to-day physiological
changes within a patient. The results of these evaluations suggest that there is a sufficient
test repeatability of the pAO2 in nonsmokers to distinguish characteristics of individual
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subjects. Coupled with the differences observed between nonsmokers and healthy smokers,
this suggests that imaging-based measurements of pAO2 could be of clinical diagnostic
utility for early changes to the lung, as well as the evaluation of therapeutic response.
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Figure 1.
Whole-lung signal intensity (B/W) and pAO2 maps for representative nonsmoker (top) and
smoker (bottom) subjects and the associated pAO2histograms for all the voxels. The mean
and standard deviation is listed above the histograms. The small triangle over the histograms
shows the median of the distribution.
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Figure 2.
Day-to-day correlation between whole-lung pAO2 means and standard deviations
(dispersion) from the same subject. All the day’s measurements is shown in one figure;
hollow-markers indicate day1 vs. day2 and the solid-markers indicate day2 vs. day3
measurements.
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Figure 3.
Derived pAO2 measurements by slice for representative nonsmoker (top) and smoker
(bottom) subjects by slice on each study day (left panel) and same-subjects whole-lung
histograms from each study day (right panel).
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Figure 4.
Day-to-day comparison of same-subject pAO2 maps (Torr) in the representative nonsmoker
(top) and smoker subject (bottom). Slices are shown in the anterior to posterior direction.
Seven middle slices are shown (##4–10) from days 2 and 3. along with the corresponding
overlaid histograms from all three days.
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Figure 5.
Summary box plots depicting pAO2 variation with day (A), slice (B), and acquisition
direction (C).

Hamedani et al. Page 15

Magn Reson Med. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hamedani et al. Page 16

Ta
bl

e 
1

Su
m

m
ar

y 
of

 s
ub

je
ct

 d
em

og
ra

ph
ic

 c
ha

ra
ct

er
is

tic
s

Su
bj

ec
t

A
ge

[Y
rs

]
Se

x
W

ei
gh

t
[L

b]
B

M
I†

[k
g/

m
2 ]

P
ac

k
Y

ea
rs

T
L

C
††

[L
]

P
A

O
2 

(m
ea

n 
± 

st
an

da
rd

 d
ev

ia
ti

on
) 

[T
or

r]

D
ay

 1
D

ay
 2

D
ay

 3

N
on

sm
ok

er
s

1
56

F
15

0
23

.4
-

5.
9

11
6.

1 
±

 2
5.

0
11

7.
9 

±
 2

1.
8

11
9.

7 
±

 2
2.

4

2
56

M
18

5
28

.5
-

7.
4

88
.4

 ±
 2

8.
3

10
2.

0 
±

 2
8.

4
94

.7
 ±

 2
8.

5

3
57

F
18

0
29

.4
-

4.
6

80
.3

 ±
 3

4.
5

82
.6

 ±
37

.3
85

.6
 ±

 3
4.

2

4
53

F
17

0
23

.7
-

7.
1

10
6.

7 
±

 2
6.

0
11

6.
8 

±
 2

5.
7

12
5.

2 
±

 1
9.

8

av
e 

±
 s

td
56

 ±
 1

.7
-

17
1 

±
 1

5
26

.3
 ±

 3
.1

-
6.

3 
±

 1
.3

sm
ok

er
s

5
47

M
19

0
26

.2
30

8.
5

85
.5

 ±
 3

1.
7

10
4.

7 
±

 3
6.

6
96

.1
 ±

33
.5

6
52

M
23

0
32

.2
35

5.
5

71
.4

 ±
 4

1.
0

75
.7

 ±
 3

2.
4

73
.3

 ±
 2

9.
3

7*
63

F
11

5
21

.0
45

4.
4

-
94

.6
 ±

42
.3

99
.8

 ±
 4

2.
9

8
47

M
18

0
26

.5
25

6.
4

83
.8

 ±
 3

1.
7

83
.8

 ±
35

.2
83

.6
 ±

 3
4.

6

av
e 

±
 s

td
52

 ±
 7

.5
-

17
9 

±
 4

8
26

.5
 ±

 4
.6

34
 ±

 9
6.

2 
±

 1
.7

av
e 

± 
st

d
54

 ±
 5

.4
17

5 
± 

33
26

.4
 ±

 3
.6

34
 ±

 9
6.

2 
± 

1.
4

† B
od

y 
M

as
s 

In
de

x:
 w

ei
gh

t [
kg

] 
/ l

en
gt

h2
 [

m
2 ]

††
A

ve
ra

ge
 T

ot
al

 L
un

g 
C

ap
ac

ity

* Su
bj

ec
t 7

 w
as

 n
ot

 a
bl

e 
to

 in
ha

le
 th

e 
ga

s 
co

nt
ec

nt
 c

or
re

ct
ly

 a
nd

 f
ai

le
d 

th
e 

br
ea

th
-h

ol
d 

in
 D

ay
 1

.

Magn Reson Med. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hamedani et al. Page 17

Ta
bl

e 
2

Su
m

m
ar

iz
ed

 p
ul

m
on

ar
y 

fu
nc

tio
n 

te
st

 r
es

ul
ts

 f
ro

m
 a

ll 
st

ud
y 

su
bj

ec
ts

 a
nd

 c
om

pa
ri

so
n 

w
ith

 p
A

O
2 

m
ea

su
re

m
en

ts
.

P
F

T
 R

es
ul

ts
 in

 3
 D

ay
s

*
p A

O
2 

in
 3

 D
ay

s

F
V

C
†

F
E

V
1†

F
E

F
25

–7
5%

†
T

L
C

†
D

L
C

O
†

μ
p A

O
2
σ

p A
 O

2

M
ea

n
SD

C
V

††
M

ea
n

SD
C

V
††

M
ea

n
SD

C
V

††
M

ea
n

SD
C

V
††

M
ea

n
SD

C
V

††
C

V
††

C
V

††

Su
bj

ec
t

[L
]

[%
]

[L
]

[%
]

[L
/s

]
[%

]
[L

]
[%

]
[m

l/m
in

/m
m

H
g/

L
]

[%
]

[%
]

[%
]

N
on

sm
ok

er
s

1
3.

88
0.

09
2.

23
3.

29
0.

06
1.

85
3.

90
0.

03
0.

64
5.

78
0.

11
1.

85
26

.1
6

1.
46

5.
57

1.
53

7.
37

2
5.

03
0.

03
0.

64
4.

03
0.

04
0.

87
3.

75
0.

32
8.

58
7.

26
0.

11
1.

53
31

.7
4

0.
74

2.
34

7.
16

0.
35

3
2.

68
0.

05
1.

97
2.

15
0.

05
2.

14
2.

09
0.

21
10

.1
8

4.
45

0.
19

4.
27

22
.5

1
1.

42
6.

30
3.

21
4.

84

4
4.

90
0.

08
1.

66
4.

03
0.

07
1.

65
4.

33
0.

17
3.

95
6.

89
0.

40
5.

87
25

.7
1

1.
78

6.
91

7.
97

14
.6

7

C
V

av
e±

st
d

1.
63

 ±
 0

.7
1.

63
 ±

 0
.5

5.
84

 ±
 4

.4
3.

38
 ±

 2
.1

5.
28

 ±
 2

.0
μ

4.
97

 ±
 3

.1

σ
6.

81
 ±

 6
.0

Sm
ok

er
s

5
6.

42
0.

16
2.

54
4.

44
0.

08
1.

76
2.

88
0.

12
4.

09
8.

38
0.

14
1.

69
23

.8
1

0.
87

3.
65

10
.0

8
7.

30

6
3.

86
0.

10
2.

70
3.

08
0.

09
3.

02
2.

99
0.

25
8.

21
5.

88
0.

41
6.

91
29

.8
1

2.
54

8.
54

2.
93

17
.7

1

7
2.

50
0.

02
0.

61
2.

05
0.

02
1.

01
2.

17
0.

04
2.

01
4.

40
0.

04
0.

82
10

.9
3

1.
18

10
.8

3.
78

1.
00

8
4.

55
0.

02
0.

51
3.

60
0.

09
2.

41
3.

32
0.

28
8.

37
6.

23
0.

22
3.

58
27

.5
6

1.
50

5.
44

0.
14

5.
53

C
V

av
e±

st
d

1.
59

 ±
 1

.2
2.

05
 ±

 0
.9

5.
67

 ±
 3

.1
3.

25
 ±

 2
.1

5.
84

 ±
 2

.5
μ

4.
23

 ±
 4

.2

σ
7.

88
 ±

 7
.1

**
F

V
C

†
F

E
V

1†
F

E
F

25
–7

5%
†

T
L

C
†

D
L

C
O

†

t-
te

st
μ

p A
O

2
0.

02
0.

04
0.

74
0.

35
0.

44

σ
p A

O
2

0.
02

0.
02

0.
55

0.
07

0.
74

† FV
C

: F
or

ce
d 

V
ita

l C
ap

ac
ity

; F
E

V
1:

 F
or

ce
d 

E
xp

ir
at

or
y 

Fl
ow

 in
 1

 S
ec

on
d;

 F
E

F:
 F

or
ce

d 
E

xp
ir

at
or

y 
Fl

ow
; T

L
C

: T
ot

al
 L

un
g 

C
ap

ac
ity

; D
L

C
O

: D
if

fu
si

ng
 C

ap
ac

ity

††
C

oe
ff

ic
ie

nt
 o

f 
V

ar
ia

tio
n

* T
he

 m
ea

ns
 a

nd
 s

ta
nd

ar
d 

de
vi

at
io

ns
 a

re
 r

ep
or

te
d 

in
 T

ab
le

 1

**
T

he
 r

es
ul

ts
 o

f 
pa

ir
ed

 t
-t

es
t b

et
w

ee
n 

co
ef

fi
ci

en
t o

f 
va

ri
at

io
ns

 o
f 

im
ag

in
g 

re
su

lts
 a

nd
 P

FT
 p

ro
pe

rt
ie

s

Magn Reson Med. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hamedani et al. Page 18

Ta
bl

e 
3

M
ix

ed
-e

ff
ec

t m
od

el
 c

oe
ff

ic
ie

nt
s,

 c
on

fi
de

nc
e 

in
te

rv
al

s 
an

d 
si

gn
if

ic
an

ce
 f

or
 m

ul
tip

le
 m

ea
su

re
m

en
ts

 a
cr

os
s 

a 
tw

o-
w

ee
k 

pe
ri

od
.

C
oe

ff
ic

ie
nt

[T
or

r]
St

an
da

rd
 E

rr
or

[T
or

r]
P

-v
al

ue
C

I†
[T

or
r]

F
ix

ed
 E

ff
ec

ts

C
on

st
an

t
12

1.
55

6
7.

54
3

<
0.

00
1

10
6.

77
3,

13
6.

34
0)

Sm
ok

er
−

33
.5

74
9.

86
2

0.
00

1
−

(5
2.

90
3,

14
.2

43
)

B
in

ne
d 

Sl
ic

e
−

10
.5

62
2.

58
<

0.
00

1
−

(1
5.

61
7,

5.
50

6)

B
in

ne
d 

Sl
ic

e2
1.

13
9

0.
41

38
0.

00
6

(0
.3

28
,1

.9
50

)

B
. S

lic
e 

x 
Sm

ok
er

4.
99

2
0.

99
2

<
0.

00
1

(3
.0

47
,6

.9
36

)

E
st

im
at

e 
SD

[T
or

r]

R
an

d.
 E

ff
ec

ts

Su
bj

ec
t

13
.1

27
3.

87
4

(7
.3

61
,2

3.
40

8)

Sl
ic

e
3.

56
5

0.
75

5
(2

.3
53

,5
.4

01
)

V
ox

el
11

.1
19

0.
45

1
(1

0.
26

9,
12

.0
39

)

R
es

id
ua

ls
N

or
m

al
14

.5
98

0.
26

9
(1

4.
07

9,
15

.1
36

)

Sm
ok

er
18

.8
39

0.
40

8
(1

8.
05

6,
19

.6
56

)

† T
he

 n
um

be
rs

 in
 p

ar
an

th
es

es
 a

re
 9

5%
 C

on
fi

de
nc

e 
In

te
rv

al
s.

Magn Reson Med. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hamedani et al. Page 19

Ta
bl

e 
4

M
ix

ed
-e

ff
ec

t m
od

el
 c

oe
ff

ic
ie

nt
s,

 c
on

fi
de

nc
e 

in
te

rv
al

s 
an

d 
si

gn
if

ic
an

ce
 f

or
 m

ul
tip

le
 m

ea
su

re
m

en
ts

 f
or

 s
ho

rt
-t

er
m

 te
st

-r
et

es
t m

ea
su

re
m

en
ts

.

C
oe

ff
ic

ie
nt

[T
or

r]
St

an
da

rd
 E

rr
or

[T
or

r]
P

-v
al

ue
C

I†
[T

or
r]

F
ix

ed
 E

ff
ec

ts

C
on

st
an

t
14

2.
53

7
17

.7
01

<
0.

00
1

10
7.

84
2,

17
7.

23
2)

Sm
ok

er
−

23
.3

75
10

.9
74

0.
03

3
−

(4
4.

88
4,

1.
86

6)

B
in

ne
d 

Sl
ic

e
−

12
.8

28
3.

37
8

0.
00

4
−

(1
9.

44
9,

-6
.2

07
)

B
in

ne
d 

Sl
ic

e2
1.

58
3

0.
13

0.
00

4
(0

.5
20

,2
.6

45
)

B
. S

lic
e 

x 
Sm

ok
er

4.
30

2
1.

29
9

0.
00

11
(1

.7
56

,6
.8

48
)

E
st

im
at

e 
SD

[T
or

r]

R
an

d.
 E

ff
ec

ts

Su
bj

ec
t

14
.2

4
3.

68
6

(8
.5

74
,2

3.
65

1)

Sl
ic

e
4.

83
3

0.
91

6
(3

.3
33

,7
.0

08
)

V
ox

el
13

.6
5

0.
52

7
(1

2.
65

4,
14

.7
23

)

R
es

id
ua

ls
N

or
m

al
12

.9
45

0.
38

1
(1

2.
21

8,
13

.7
14

)

Sm
ok

er
15

.6
82

0.
53

8
(1

4.
66

1,
16

.7
75

)

† T
he

 n
um

be
rs

 in
 p

ar
an

th
es

es
 a

re
 9

5%
 C

on
fi

de
nc

e 
In

te
rv

al
s.

Magn Reson Med. Author manuscript; available in PMC 2014 January 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hamedani et al. Page 20

Table 5

The difference between the short- and long-term variability.

Difference
(Long-term - Short-term)

Estimate Bias Bootstarp
Standard Error

CI†

Nonsmoker −0.151 0.021 0.021 −(0.193 , 0.110)

Smoker −0.198 0.02 0.253 −(0.248 , 0.148)
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