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Abstract

Purpose—To determine whether helium-3 diffusion MR can detect the changes in the lungs of
healthy nonsmoking individuals who were regularly exposed to secondhand smoke.

Materials and Methods—Three groups were studied (Age: 59+9 years): 23 smokers, 37
exposure-to-secondhand-smoke subjects, and 29 control subjects. We measured helium-3 diffusion
values at diffusion times from 0.23 to 1.97 seconds.

Results—One-Way ANOVA revealed that the mean area under the helium-3 diffusion curves
(ADC AUC) of the smokers was significantly elevated compared to the controls and to the
exposure-to-secondhand-smoke subjects (P < 0.001 both). No difference between the mean ADC
AUC of the exposure-to-secondhand-smoke subjects and that of the controls was found (P=0.115).
However, application of a receiver operator characteristic derived rule to classify subjects as either
a “control” or a “smoker”, based on ADC AUC, revealed that 30% (11/37) of the exposure-to-
secondhand subjects were classified as “smokers” indicating an elevation of the ADC AUC.

Conclusion—Using helium-3 diffusion MR, elevated ADC values were detected in 30% of
nonsmoking healthy subjects who had been regularly exposed to secondhand smoke, supporting
the concept that, in susceptible individuals, secondhand smoke causes mild lung damage.
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INTRODUCTION

Exposure to secondhand tobacco smoke, which consists of smoke from burning tobacco in
cigarettes, cigars or pipes and smoke exhaled by smokers, is an established cause of lung
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cancer and coronary artery disease in healthy nonsmoking individuals (1). A causal
relationship between exposure to secondhand smoke and the development of chronic
obstructive pulmonary disease (COPD) is less clear since the results from a variety of
studies, some of which involved large study populations, are contradictory with some
showing no effects and others finding minor changes (1-8).

Hyperpolarized helium-3 is a gaseous contrast agent for magnetic resonance imaging (MRI)
that provides high-resolution images of the lung airspaces after the gas is inhaled (9-12). By
using specific MR pulse-sequences, the diffusivity of the gas, which reflects the
displacement of the helium-3 atoms due to random thermal motion, can be measured. In the
airspaces of the lung, the diffusion of helium-3 atoms is restricted by the alveolar walls and
associated structures. This restricted diffusion, denoted as the Apparent Diffusion
Coefficient (ADC) (13), is relatively low in healthy subjects due to the uniformly small
dimensions of the distal lung airspaces (14-17). When there is damage or destruction of the
alveolar walls as happens in emphysema, the airspaces enlarge and as a result, the measured
helium-3 diffusion increases leading to ADC values that are greater than those found in
healthy individuals (14-16). Studies in animal models of emphysema have shown a strong
correlation between the helium-3 ADC and the histological measurement of alveolar size
(15, 18). Elevated ADC values have also been demonstrated in smokers who were otherwise
healthy, had normal lung function, and had no other lung diseases. This suggests that
hyperpolarized helium-3 diffusion MR may be highly sensitive to early structural changes in
emphysema (19, 20). However, it is unknown whether helium-3 diffusion MR can detect
similar changes in individuals who have never smoked themselves but have been regularly
exposed to secondhand smoke for a considerable period of time.

The purpose of this study was to determine whether helium-3 diffusion MR can detect
changes in the lungs of healthy nonsmoking individuals who were regularly exposed to
secondhand smoke. Since only 20-35% of heavy smokers developed clinical COPD, we
expect that only a portion of healthy non-smoking individuals with high secondhand smoke
exposure will have elevated helium-3 diffusivity (21-26). The presence of such findings
would support the concept that exposure to secondhand smoke in susceptible individuals
leads to lung injury and possibly subclinical emphysema.

MATERIALS AND METHODS

Participants

Three groups of subjects were recruited from the local community by advertisement:
Subjects who smoked actively or were prior smokers (smoker group), healthy subjects who
had never smoked themselves but had regular exposure to secondhand smoke (exposure-to-
secondhand-smoke group), and healthy subjects who had never smoked and only had
occasional exposure to secondhand smoke (control group). The smoker group consisted of
current and former smokers with a self-reported smoking history of at least 6 pack-years.
Exclusion criteria for the exposure-to-secondhand-smoke and control groups were a personal
history of active smoking, abnormal spirometry defined as a forced expiratory volume in the
first second (FEV1) < 80% predicted or the portion of the forced vital capacity exhaled in the
first second (FEV1/FVC) < 70%, a history of chronic lung disease, symptoms of asthma or
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other lung disease, allergies, or a history of pneumonia requiring hospitalization.
Requirement for the exposure-to-secondhand-smoke subjects was that they had never
smoked themselves but had lived for at least 10 years with a smoker who smoked in the
home. Requirement for the controls was that they had never lived with a smoker, were never
employed in an occupation with high secondhand smoke exposure, such as bartender or
flight attendant, and never shared an office with a smoker. To minimize the influence of age,
only subjects older than 40 years were recruited. A total of 89 subjects were enrolled in the
study, including 23 in the smoker group, 37 in the exposure-to-secondhand-smoke group,
and 29 in the control group. The smokers reported an average smoking history of 45 + 27
pack years.

The study was performed under an institutional review board approved protocol, and
informed written consent was obtained from all subjects. In addition, all imaging was
performed under an FDA-approved investigational new drug application (IND # 57,866) for
hyperpolarized helium-3 as an inhaled MR contrast agent.

Study Design

Each subject made one study visit during which gender, age, weight, height, and a medical
history, including details on personal smoking and secondhand smoke exposure, were
assessed. During the same visit, spirometry and hyperpolarized helium-3 diffusion MR were
performed. Spirometry was performed seated (PB100, Puritan Bennett; Lenexa, KS) using
the Knudson tables for predicted normal limits (27). Hyperpolarized helium-3 diffusion MR
was performed using a 1.5-T commercial scanner (Magnetom Sonata, Siemens Medical
Solutions, Malvern, PA) equipped with the multi-nuclear imaging package and a flexible,
vest-shaped chest RF coil (Clinical MR Solutions, Brookfield, WI) tuned to the helium-3
resonance frequency.

The helium-3 gas was polarized by collisional spin exchange with an optically-pumped
rubidium vapor using a commercial system (Model 9600 Helium Polarizer; Magnetic
Imaging Technologies Inc., Durham, NC) (28); polarizations of 27% — 37% were achieved.
Immediately prior to imaging, approximately 50 ml of hyperpolarized helium-3 gas was
dispensed into a Tedlar bag (Jensen Inert Products, Coral Springs, FL), and medical grade
N, was added to yield a total volume that was approximately 1/3 of the subject’s forced vital
capacity (FVC). The bag was transported to the scanner room where the gas mixture was
inhaled through a small plastic straw by the study subject while positioned supine in the MR
scanner. All subjects were instructed to exhale completely (e.g. to residual volume)
immediately prior to inhaling helium-3 gas mixture.

Hyperpolarized helium-3 diffusion MR was performed during breath holding immediately
following inhalation of the gas mixture. Since the optimal diffusion time for detecting
smoking-related lung changes was unknown, a diffusion MR pulse sequence was used that
obtained global (whole lung) data for 29 different diffusion times during a single breath hold
lasting less than 10 seconds (29). The diffusion times were equally spaced with the gap of 62
ms between a minimum value of 0.23 s and a maximum value of 1.97 s. The key imaging
parameters included: tag wavelength (the wavelength of the sinusoidal modulation for
longitudinal magnetization), 10 mm; flip angle, 5°; readout bandwidth, 1500 Hz/pixel; and
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diffusion-sensitization direction, anterior-posterior. Additional details of the pulse sequence
are described in Ref (29). Following the MR acquisition, the data were transferred from the
MR scanner to a personal computer, and the ADC values were calculated at each diffusion
time using an in-house program written in MATLAB (The Math Works, Inc, Natick, MA)
(29).

Statistical Analysis

Demographics and Spirometry—Demographic categorical data were analyzed via the
Pearson chi-squared test. Continuous scaled demographic and spirometry data were
analyzed via One-way ANOVA.

Helium-3 ADC Analysis—We measured the ADC values at a series of diffusion times
from 0.23 to 1.97 s. Rather than to compare the ADC values at a single diffusion time, we
calculated the area under ADC time-profile curve (ADC AUC) (the integral of the ADC
from 0.23 to 1.97 s) as a summary measure of the subject-specific ADC time-profile. A
Principal Component Analysis of the ADC time-profile curve was used to determine
whether the ADC AUC is a good summary measure, that is whether it captures most of the
information in the ADC time-profile curve (30). After that, the ADC AUC data were
analyzed via One-Way ANOVA and between-group comparisons of mean ADC AUC were
conducted via the Welch t-test (31). A A< 0.05 decision rule was utilized as the criterion for
rejecting the null hypothesis of equal means.

Since only a fraction of heavy smokers (~20-35%) develop clinical COPD (21-26), we
expect that at most a similar fraction of the exposure-to-secondhand-smoke subjects would
have elevations in the measured ADC values and that the magnitude of the elevations in
ADC would be much smaller than that found in the smokers. To detect a small change that
occurs in only a fraction of the exposure-to-secondhand-smoke subjects, we used the ADC
AUC data from the smoker and control group to develop an optimal classification rule for
classifying a subject as a "control™ or a "smoker" based on a receiver operator characteristic
(ROC) analysis (32, 33). We then applied this classification rule to the exposure-to-
secondhand-smoke group to determine the percentage of these subjects classified as a
"smoker". To determine a plausible range for the 95% confidence interval of this percentage,
we used the bootstrap method as described below (34).

Classification Rule Development—Let Y ;be an indicator variable that equals the value
1 if subject 7 belongs to the smoker group and equals the value 0 if the subject 7 belongs to
the control group. Let ADC AUC, denote the value for the integrated area under the ADC

. exp[B,+5,(ADC AUC;)]
profile curve of subject /. Let pi:1+ezp[[§o+ﬁ1(ADC AUC;)] denote the logistic
regression predicted probability that subject 7belongs to the “smoker group” based on ADC
AUC of subject 7 (B is the intercept from the linear regression equation while B is the
regression coefficient). Let p denote a cutoff point in the unit interval [0, 1], such that if g;=
psubject /is classified as a "smoker" and as a "control" otherwise. Let pprimum be the value
of the cutoff point p that minimizes the false classification error rate across all controls and
smokers.
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To find Poptimum We first produce an empirical receiver operator characteristic curve of the
relationship between the true positive (TP) and the false positive (FP) probabilities of
classification based on a 0.001 incremental sequence of cutoff point values pin the unit
interval [0, 1]. Then by utilizing the two parameter (i.e. R and E are fitting parameters to
specify the functional form of the ROC curve as weighted exponential) exponential model of
England: TP=R-FPILEl+(1-R).[1-(1-FP)[E]] (33), we estimate TP as a smooth function of FP.
The next step in finding popzimum is to find the optimum threshold point zon the exponential
ROC curve (EROC) such that the false classification error rate is minimized. The final step
in finding Popimun 1s to find the cutoff point p that produces a 2 x 2 cross classification table
which matches the EROC optimum FP and FN error rates.

After Poptimum 1 determined, the optimum classification rule was applied to the ADC AUC
values of the exposure-to-secondhand-smoke subjects to determine what proportion of these
individuals would be classified as a "smoker".

Finally, a plausible range of values (95% confidence interval) for the true percentage of
exposed-to-secondhand-smoke subjects who would be classified as a "smoker" based on
their ADC AUC was derived via the bootstrap resampling methods of Efron and Tibshirani
(34).

Bootstrap 95% Confidence Interval Construction—The resampling methods of
Efron and Tibshirani were utilized to derive the bootstrap sampling distribution for the
percentage of exposed-to-secondhand-smoke subjects in the target population who would be
classified via the optimum threshold classification rule as a "smoker" based on their ADC
AUC values (34). At each of 10,000 bootstrap sampling repetitions, ADC AUC
measurements were randomly selected with replacement from the set of all ADC AUC
measurements of the exposure-to-secondhand-smoke group. Each ADC AUC measurement
in the bootstrap sample was then inserted into the original logistic regression equation (i.e.
the equation that was optimize to predict the log-odds of being a smoker based on the ADC
AUC measurements of the controls and the smokers) and the prediction (g,) for the
probability of being a smoker was calculated. Utilizing the individual g, as well as the
optimum threshold cutoff probability (0ypfimum), each of the selected ADC AUC
measurements in the random sample was classified as either a "control" or a "smoker".
Based on the classifications generated by the 10,000 bootstrap samples, we estimated the
bootstrap frequency distribution, and the bootstrap cumulative distribution function for the
percentage of exposed-to-secondhand-smoke subjects in the study population who would be
classified via the optimum threshold classification rule as a "smoker" based on their ADC
AUC measurements. The cumulative distribution function was then used to determine the
lower and the upper limits of the bootstrap 95% confidence interval.

Statistical Software—The aforementioned analyses were conducted with the software of
SAS version 9.2 (SAS Institute Inc., Cary, NC) and Spotfire Splus 8.1 (TIBCO Inc., Palo
Alto, CA).
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Demographics and Spirometry

There were no significant differences in age, gender, height, weight or Body Mass Index
(BMI) between the three groups, Table 1. Either FEV1% predicted or FEV1/FVC was
abnormal in 14 (61%) of 23 smokers, and both were normal in the remaining 9 smokers. Of
the 37 exposure-to-secondhand-smoke subjects, 34 (92%) had been exposed for at least 10
years at home during their childhood and 19 (56%) of these also had lived with one or more
smokers for 5 or more years during adulthood. Only one (3%) was exposed only as an adult.

For the exposure-to-secondhand-smoke and the control groups, the FEV1% predicted and
FEV1/FVC were normal for all subjects, and there were no significant differences in
spirometry indices between these two groups (P> 0.436), Table 1.

Helium-3 ADC Analysis

The ADC values as a function of the diffusion time for the controls, exposure-to-
secondhand-smoke subjects, and smokers are displayed in Figure 1. A Principal
Components Analysis showed that 97.1% of the variations in the ADC measurements were
explained by the first principal component score and a subsequent linear regression analysis
showed that over 99.8% of the variations in the first principal component score were
explained by the ADC AUC, proving that ADC AUC is a good summary measure of the
ADC time-profile (30). The corresponding measurements for ADC AUC for each group are
displayed in Figure 2. The corresponding ADC AUC are 0.04 + 0.01, 0.05 £ 0.02 and 0.08
+0.03 (cm? [0.23 s — 1.97 s]), respectively for the controls, exposure-to-secondhand-smoke
subjects and smokers.

As expected, the One-Way ANOVA analysis indicated that the mean of the ADC AUC
differed between the controls and the smokers (0.04 + 0.01 vs. 0.08 + 0.03, A< 0.001).
Similarly, the One-Way ANOVA analysis indicated that the mean of the ADC AUC differed
between the exposure-to-secondhand-smoke subjects and smokers (0.05 + 0.02 vs. 0.08
+0.03, < 0.001). Not surprisingly, the One-Way ANOVA analysis failed to indicate that
the mean of ADC AUC differed between the controls and exposure-to-secondhand-smoke
subjects (0.04 £ 0.01 vs. 0.05 £ 0.02, =0.115)

Classification Rule Performance

The ROC and EROC curves that were generated from the predictions of the logistic
regression model, in which the ADC AUC measurements from the controls and smokers
were utilized as the predictor of smoking status, are displayed in the Figure 3 (32, 33). At
the optimum threshold cutoff probability, the specificity of the classification rule was 0.83,
and the sensitivity of the classification rule was also 0.83. Out of the 23 smokers, 4 were
misclassified as controls (false negative (FN) error rate = 17%), while out of the 29 controls,
5 were misclassified as smokers (false positive (FP) error rate = 17%). Area under the EROC
was 0.90, Table 2.
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Classification of the Exposed-to-Secondhand-Smoke Subjects

Applying the optimum threshold classification rule to the ADC AUC data of the 37
exposure-to-secondhand-smoke subjects resulted in 11 out the 37 subjects (30%) being
classified a "smoker". Based on the bootstrap cumulative sampling distribution function as in
Figure 4b, the 95% confidence interval for the percentage of exposure-to-secondhand-smoke
subjects who would be classified “smokers” via the optimum classification rule extends from
16% to 46%.

DISCUSSION

Two important observations were made in this study. First, the ADC AUC values of the
smokers were significantly elevated compared to those of the non-smoking healthy subjects.
This is not surprising considering that the ADC is sensitive to detect increases in the size and
connections of the distal lung airspaces and can thus detect the early structural changes of
emphysema that occur in subjects who have smoked for a considerable time (14-16). The
second and more striking observation was the ADC AUC was also found to be elevated/
abnormal in 30% of the exposure-to-secondhand-smoke subjects (16% — 46%, 95%
confidence interval). Although these elevations were not as large as those found in the
smokers, the findings indicate that there were changes in the microstructure of the lungs of
some of the healthy non-smoking subjects who had been exposed for a prolonged period to
secondhand smoke.

Although it has long been postulated that exposure to secondhand smoke damages the lung
and may lead to COPD, this has been difficult to prove (1-8, 35). In most studies spirometry
or pulmonary function tests were used as the endpoint and such approaches are inherently
insensitive because a considerable fraction of the lung must be damaged before changes in
lung function are detectable (36, 37). Our findings suggest that hyperpolarized helium-3
diffusion MR is a more sensitive test than spirometry for detecting the early alterations of
the lung structure that may be associated to prolonged exposure to secondhand smoke.
Further, that the percentage of subjects with elevated ADC from secondhand smoke
exposure is similar to the percentage of heavy smokers who develop clinical COPD suggests
that there may a subgroup of the population that is particularly susceptible to the deleterious
effects of cigarette smoke (26).

The vast majority of subjects in our exposure-to-secondhand-smoke group were exposed
during childhood, and a number of these also had substantial additional exposure as an adult.
Unfortunately, due to the relatively low number of subjects, we were not able to determine
whether there were any differences in ADC between those exposed only in childhood
compared to those with exposure only as an adult. As a result, we were not able to assess
whether prolonged exposure to secondhand smoke during childhood is potentially more
damaging than inhalation as an adult, but future studies using hyperpolarized helium-3
diffusion MR might address this issue.

Alveolar destruction induced by cigarette smoke is not the only process that has been
associated with an increase in helium-3 ADC values. In a recent study involving subjects
with difficult-to-treat asthma and no history of active or prior smoking, ADC values were
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elevated compared to healthy subjects (38). It is uncertain what these alterations represented
in this group of patients, particularly since asthma is not primarily an alveolar-destructing
disease such as emphysema; possibly the changes were related to airway remodeling after
chronic inflammation. However, in this study exposure to secondhand smoke was not
assessed, and therefore it is uncertain whether tobacco smoke had any effect on these
findings. Nevertheless, other airway diseases may also lead to increases in helium-3
diffusion detectable with diffusion MR. Thus, the results of our current study involving
healthy subjects with extensive exposure to secondhand smoke should be interpreted as
indicative of lung injury but it is unclear whether this is subclinical emphysema, related to
an airway process, or another form of lung injury. To better understand the types of
structural changes underlying our observations, smoking animal models could be used to
determine whether early-stage emphysema can be detected with our method.

To our knowledge there has only been one prior study investigating the effects of
secondhand smoke using hyperpolarized helium-3 diffusion MR (39). In this study 13
subjects with such exposure had elevated ADC values compared to 11 never smokers with
normal values. However, the study is limited because of the small number of subjects, the
unmatched population age, and the criteria for the intensity and duration of secondhand
smoke exposure were not defined.

A limitation of our method of measuring the ADC globally over the entire lung was that it
did not provide information about regional differences in ADC values, and thus we could not
determine which areas of the lung were most affected. Wang et al. previously developed an
MRI pulse sequence that provides regional maps of the ADC values at a specific diffusion
time. And this technique was found to be more discriminatory than other studies (29, 38). It
could potentially increase our understanding of the local effects of secondhand smoke in the
lung by using this technique.

In conclusion, 30% of non-smoking healthy subjects who had prolonged exposure to
secondhand smoke, and who had normal lung function and no other lung disease had
abnormalities in helium-3 diffusion that were similar to those found in smokers, albeit to a
lesser degree. These abnormalities likely reflect lung injury from exposure to secondhand
smoke, although it is uncertain whether these abnormalities represent subclinical
emphysema. Hyperpolarized helium-3 diffusion MR appears to be a sensitive test for
assessing the potential harmful effects of secondhand smoke in the lung.
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ADC values as a function of diffusion time for the three groups over the range of diffusion
times from 0.23 to 1.97 s. (a) Control; (b) Exposure-to-secondhand-smoke; and (c) smoker.

Horizontal dotted lines are lines of reference.
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Empirical (observed data) distributions for ADC AUC, displayed as box-whisker plots, with

the lower whisker defining the minimum value of ADC AUC, the upper whisker defining the
maximum value, the box defining the inter-quartile range between the values at the 25t and
75™ percentiles of the distribution, and the horizontal line extending through the box
defining the location of median of the distribution. There is considerable overlap of values
but in both the Exposed-to-Secondhand-Smoke group and the Smoker group, there are more
outliers.
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Figure 4.
(a) Bootstrap sampling frequency distribution and (b) bootstrap sampling cumulative

distribution for the percentage of the exposed-to-secondhand smoke individuals in the target
population who would be classified “smokers” based on their ADC AUC values and the
optimum threshold classification rule. The bootstrap frequency distribution and the bootstrap
cumulative distribution function were generated based on 10,000 bootstrap random samples
of size 37 (i.e. sampling with replacement) drawn from the sample of 37 exposed to second
hand smoke subjects.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 October 20.



Page 15

Wang et al.

Author Manuscript

I3YOWS v_oEm.@

*3)0LUS-pURYPU093S-0}-81ns0dx ”mmm_m

'|0U0D 0D
: 4

"sueaw [enb3 :sisayiodAH [INN :0H

£

‘[enba sueawi || :snonunuo? ‘suoiiodoid snousbowoH :Jeariobared :sisayiodAH [INN :0H

Z

“(UuoneINBD paBpUEIS) SFURSL B8 SBNJEA

.

100°0> JOWS SA SS3
T00°0>  XOWS 'SAJU0D

98’0 SS3'SA0D 000> Z'STFZHI SYFLLL  TYFS8L rONdIFA3A
100°0> J0WS 'SA SS9
1000> OWS 'SAU0D - ~ B PPy A2y
1860 SSI'SAOD  TOO0>  T'SZFO'LL LTIF986  T6¥.86 I o
8vT0  9'GF0'SC VST TEFSLT ring
65T0  9'9TFV 0L 6viTey, gzTErg.  r(0)Iubem
GET0  ¥'8F9L9T 98Ty TeTreor  r(Wo)IubleH
¥2E0  £870TY £'876'85  0'6%E'LS 7 (s3) eby
TEE0 9T ‘AL 482 ‘W6 T ‘WeT 19puaD
uostiedwo) asimired
gOH ZOH
(2e=u)
ayows
(ez=u)  -pueypuocss (62=U)
anpeAd BYows  -01-04nsodx3y |0J1U0D a|qelren

's193[qns e J0J erep oLawodlds pue o1ydesbowsq

T alqeL

Author Manuscript

Author Manuscript

Author Manuscript

J Magn Reson Imaging. Author manuscript; available in PMC 2016 October 20.



Page 16

Wang et al.

‘[(uorreanyisseyd 10841ad Bunousp) 0'T 01 (UoKEIISSE|D Wopues Bunouap) g'0] abues yum :(DOY) aAInd Jojelado JaAladal ay) Japun eale pajelbaul ayy

s

*dnoub Bujows ay 4o Jaquiawl e Ajjenioe sem 19algns ay) uaym dnoif [03U00 8y} JO Jaquisw e se 10algns ayl palyIsse|d ajnJ UoITedlsIsse|o ayl eyl Ajigeqo.d [euonipuod ayy
¥

*dnoJb 10302 8y JO Jaquisw e Ajjenoe sem 1aalgns ayp usym dnolb Buiyows ayy Jo Jaquiaw e se 103lgns ay) PalyIsse|d ajnJ UoIedIHISSe|d 8yl Jeyl Aujigeqold [euonipuod m£+

"dnoJb Buiows ay) Jo Jaquiaw e Ajjenioe sem 10algns ayr usym dnolb Buijows ay Jo Jaquiaw e se 19algns ay) palyIsse|d ajnJ UoIeIIISSe|d ayl Jeyl Alljigeqold uonipuod ay}

7
"dnouf 1043u02 8y} JO Jaquiaw e Ajfenioe sem 19algns ayl uaym dnoJb |013U0d 3y} JO Jaquiawl e se 193[qns syl paiyIsse]d ajnt UoIealISse|d ayl eyl Ajiqeqold [euonipuod msw
060 v.T0 A1) 9280 8280 T0€°0
E:E.e%&
Lordong | erey Jou AHNgeqo.d
(N4) (dd) Homno
annebaN 3A1)ISOd ploysaiyL
§00d asfeq asfe Aunmsuss | Anouioads | pwndg
7S
62 vz g [043u0D
€¢ 14 6T Iows
u |041u0D Ijows lenoy
pajoIpaid

(wnuidogry fyiqeqoad 4oIno ploysalyl wnwndo sy} 1 SISOWS PUe S|04IU0D JO UOIEIIISSe|D

¢ dlqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Magn Reson Imaging. Author manuscript; available in PMC 2016 October 20.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Study Design
	Statistical Analysis
	Demographics and Spirometry
	Helium-3 ADC Analysis
	Classification Rule Development
	Bootstrap 95% Confidence Interval Construction
	Statistical Software


	RESULTS
	Demographics and Spirometry
	Helium-3 ADC Analysis
	Classification Rule Performance
	Classification of the Exposed-to-Secondhand-Smoke Subjects

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1
	Table 2

