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Abstract
Purpose—To investigate short- and long-time-scale 3He diffusion in asthma.

Materials and methods—A hybrid MRI sequence was developed to obtain co-registered short-
and long-time-scale ADC maps during a single breath-hold. Study groups: asthma (n=14); healthy
(n=14); COPD (n=9). Correlations were made between mean-ADC and %ADC-abn (%pixels with
ADC>mean+2SD of healthy) at both time-scales, and spirometry. Sensitivities were determined
using ROC analysis.

Results—For asthmatics, the short- and long-time-scale group-mean ADC were 0.254±0.032
cm2/s and 0.0237±0.0055 cm2/s, respectively, representing a 9% and 27% (p=0.038 and p=0.005)
increase compared to healthy group. The group-mean %ADC-abn were 6.4%±3.7% and 17.5%
±14.2%, representing a 107% and 272% (p=0.004 and p=0.006) increase. For COPD much greater
elevations were observed. %ADC-abn provided better discrimination than mean-ADC between
asthmatic and healthy subjects. In asthmatics ADC did not correlate with spirometry.

Conclusion—With long-time-scale 3He diffusion magnetic resonance imaging (MRI) changes in
lung microstructure were detected in asthma that were more conspicuous regionally than at the short
time scale. The hybrid diffusion method is a novel means of identifying small airway disease.
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INTRODUCTION
With hyperpolarized 3He (H3He) diffusion Magnetic Resonance Imaging (MRI), information
about the lung microstructure is obtained by measuring the degree to which diffusion-driven

*To whom correspondence should be addressed: Chengbo Wang, PhD, Department of Radiology, University of Virginia School of
Medicine, Charlottesville, Virginia 22908, USA, Phone: 202-403-1875, Fax: 434-924-9435, chengbo@gmail.com.

NIH Public Access
Author Manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2010 March 5.

Published in final edited form as:
J Magn Reson Imaging. 2008 July ; 28(1): 80–88. doi:10.1002/jmri.21408.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



displacement of inhaled 3He atoms is restricted by the walls of the airways (1–17). Studies in
animals and humans have demonstrated increases in the apparent diffusion coefficient (ADC)
in subjects with chronic obstructive pulmonary disease (COPD) compared to those with healthy
lungs, resulting from the enlargement of the airspaces caused by breakdown of the alveoli (1,
3,6,8,12,15,17–20). Further, regional differences in ADC values within a given subject have
also been shown to correspond to differences in the degree of lung destruction (15,18). More
recently, increases in ADC values have been demonstrated in healthy smokers, suggesting high
sensitivity of H3He diffusion MRI for early detection of alveolar breakdown in asymptomatic
individuals (6). In addition, it has been shown in children that there is a natural increase in
ADC with age resulting from the normal alveolar enlargement during development (21).

There is little information on ADC changes that may occur in patients with asthma. In one
study, involving 21 asthmatics, 24 healthy never smokers and 16 subjects with COPD or who
were smokers, there appeared to be a slightly lower mean ADC in the asthma group compared
with the healthy subjects (22). However, when corrected for age, the asthma group did not
differ significantly from the healthy subjects, suggesting that the lower mean ADC in asthma
was, in part, explained by their younger age. The mean ADC of the patients with COPD and
the smokers was markedly elevated, as expected (22). In another study, involving only a single
patient with reactive airway disease, the mean ADC was similar to that of the healthy subjects
although the measured kurtosis was different (23).

H3He diffusion MRI has been used to investigate two diffusion-time regimes: the short-time
scale at which H3He diffusion is observed over a few milliseconds, resulting in measured ADC
values for the healthy lung in the range of 0.1 – 0.3 cm2/s (1,3,4,16,18,20,21,24), and the long-
time scale at which diffusion is observed over the period of approximately a second, yielding
ADC values in the range of 0.015 – 0.045 cm2/s for the healthy lung (25–28). The commonly
used technique for measuring short-time-scale H3He diffusion has been an interleaved
gradient-echo (GRE) based pulse sequence with a bipolar diffusion-sensitizing gradient (2,
18,20). Using this technique, the diffusion time corresponds to displacements of the 3He atoms
on the order of a few hundred micrometers, i.e., in the range of the alveolar diameter. For long-
time-scale diffusion, several techniques have been developed based on the principle of storing
diffusion-encoded magnetization along the longitudinal direction to substantially extend the
measurable diffusion time compared to that for the GRE-based method (25–28). As noted
above, the long-time-scale diffusion results in ADC values that are roughly an order of
magnitude smaller than those for the short-time scale (25–28). The corresponding displacement
of 3He atoms is on the order of a centimeter, i.e., in the range of the acinus (29), the functional
respiratory unit. Preliminary results suggest that the long-time-scale H3He diffusion method
is more sensitive, permitting detection of early emphysematous changes that are not evident
with the short-time-scale H3He technique (25,27). The aforementioned studies in asthma
reported only short-time-scale diffusion results and, therefore, subtle differences between the
asthmatics and healthy subjects could potentially have gone undetected (22,23).

The purpose of our study was to measure short- and long-time-scale diffusion of H3He in
patients with asthma, and to compare the results with those from healthy volunteers and patients
with COPD. To facilitate this comparison, we developed a pulse sequence that acquires co-
registered ADC maps at both time scales during a single breath hold, allowing precise
correlation between the H3He diffusion findings at any given anatomic level of the lung.

MATERIALS AND METHODS
ADC maps can be obtained with the established interleaved-GRE-based method for short-time-
scale (diffusion time ~ 1 ms) H3He diffusion measurements while consuming only a small
fraction of the H3He magnetization (2,18,20). Such a short-time-scale measurement can
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therefore be appended before a stimulated-echo acquisition mode (STEAM) based long-time-
scale (diffusion time ~ 1.5 s) diffusion pulse sequence (which requires a larger fraction of
magnetization to yield adequate image quality) (25). Thus, by combining the two methods
ADC maps with the same spatial registration corresponding to two distinct diffusion times can
be acquired in a single breath-hold (30). We implemented this hybrid MRI pulse sequence
using a GRE-based method identical to that used in numerous previous studies (2,18,20), and
the STEAM-based method described in detail in reference (25). This hybrid pulse sequence
was then used to obtain co-registered short- and long-time-scale ADC maps for this study.

To test this pulse sequence under conditions of relatively free diffusion, the pulse sequence
was performed in a pillow-shaped Tedlar gas bag with dimensions 150 × 150 × 80 mm that
contained 100 ml of H3He gas and 900 ml of N2. The diffusion time was about 1 ms for the
short-time scale and set to 160 ms for the long-time scale.

Healthy subjects and patients with either asthma or COPD were recruited for the study. To
minimize the influence of age on the diffusion measurements, only subjects older than 40 years
were included. Healthy subjects had no history or symptoms of asthma or other lung disease,
no allergies, no history of smoking, and no history of routine exposure to passive smoking.
The asthmatics were recruited from our institution’s asthma clinics and were diagnosed by a
specialist in asthma and allergy as having asthma that was considered difficult to treat. Since
the goal was to image the asthmatics with as little active airway wall inflammation as possible,
the patients were treated with oral corticosteroids for at least 7 days prior to being imaged. An
exclusion criterion for the asthmatics was a history of smoking. Subjects with COPD had a
history of smoking, a percent-predicted forced expiratory volume in one second (FEV1%
predict) less than 80%, and no other known lung diseases.

All experiments were performed under a physician’s Investigational New Drug application
(IND 57,866) for imaging with H3He using a protocol approved by our institutional review
board. All subjects gave written informed consent prior to participation in the study.
Throughout each study, the subject’s heart rate and oxygen saturation level were monitored
(Omni-Track Vital Signs Monitoring System, model 3100; Invivo Research Inc., Orlando FL);
all studies were supervised by a radiologist.

Spirometry was performed in a seated position in each subject immediately prior to imaging
using a model PB100 spirometer (Puritan Bennett; Lenexa, KS) and the Knudson 1983
reference tables for predicted normal limits (31). The FEV1%predict and the forced vital
capacity (FVC) were recorded; FEV1%predict > 80% and FEV1/FVC > 70 were considered
normal.

3He gas was polarized by collisional spin exchange with an optically pumped rubidium vapor
using a prototype commercial system (Model 9600 Helium Polarizer; Magnetic Imaging
Technologies Inc., Durham, NC) (32). The polarization was typically between 30% and 40%.
Immediately prior to imaging, the desired volume of H3He gas (~ 400– 700 ml) was dispensed
into a Tedlar bag (Jensen Inert Products, Coral Springs, FL) and diluted with medical grade
N2 to a total volume that equaled, in all but 3 healthy subjects, roughly one-third of the subject’s
FVC as measured by spirometry on the day of imaging. In the 3 healthy subjects, H3He was
diluted with N2 to a total volume of 1 L without consideration of FVC.

Imaging was performed using a commercial 1.5-T whole-body MR scanner (Magnetom
Sonata; Siemens Medical Solutions, Malvern, PA), modified to operate at the 3He resonant
frequency, and a vest-shaped 3He chest coil (Clinical MR Solutions, Brookfield, WI). With
the subject supine in the MR scanner, breath-hold proton images of the chest were obtained
for positioning the H3He images. Subsequently, the bag containing the H3He/N2 mixture was
transported to the scanner and inhaled by the subject and, using the hybrid MRI pulse sequence
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a set of short- and long-time-scale axial diffusion-weighted images covering the entire lung
was obtained during a breath-hold period lasting no more than 15 s. The total time for this
procedure, including positioning of the subject in the chest coil on the MR-scanner table,
acquiring scout proton images, and acquiring H3He images, was typically less than 20 min.

The pulse-sequence parameters for the short-time-scale ADC measurement included: TR, 7.5
ms; TE, 4.8 ms; flip angle, 1.7°; b values, 0 and 1.6 s/cm2. The pulse-sequence parameters for
the long-time-scale ADC measurement included: TR, 6.4 ms; TE1, 1.3 ms; flip angle, 5°;
TE2, 7 ms; TM, 1.39 s; δ, 0.15 ms; Δ, 1.385 s; diffusion time, 1.5 s; b value, 60 s/cm2. Other
parameters of the hybrid pulse sequence included: field-of-view, 300 – 350 × 350 – 400
mm2; matrix, 48 – 60 × 64; slice thickness, 30 – 40 mm; interslice gap, 0 – 20%.

The raw (untransformed) measurement data were transferred from the scanner to a personal
computer for post-processing. All analyses were performed using our custom routines
programmed in MATLAB (The Mathworks, Natick, MA). Since the hybrid MRI pulse
sequence combined the commonly used GRE-based short-time-scale diffusion sequence as
described in Reference (18) and the STEAM-based long-time-scale diffusion sequence as
described in Reference (25), the ADC maps were computed from diffusion-weighted images
on a pixel-by-pixel basis following the respective formulas at the corresponding time scales
(18,25).

The axial ADC maps were reviewed by a radiologist blinded to the demographic information
and disease status. The reviewer scored the ADC maps at the short- and long-time scales
independently without knowledge of the time scale. For each time scale and each subject, the
ADC maps were scored as homogeneous, mildly (<15% of lung area with focally elevated
ADC), moderately (15–50% of lung area with elevated ADC) or severely heterogeneous (>50%
of lung area with elevated ADC), and the regional distribution of elevated ADC values were
scored as upper lobe predominant, lower lobe predominant, or mixed.

The mean signal-to-noise ratio (SNR) of the b=0 image, and mean and standard deviation (SD)
of the ADC values were calculated for both time scales in each subject. Since there is, to our
knowledge, no standard, generally-accepted upper limit for ADC values in healthy subjects
we used, as an upper-limit threshold for the normal ADC value for each of the two time scales,
the value that was two standard deviations (SDs) above the mean based on the ADC values
from all pixels for all healthy subjects (33). The percentage of pixels whose ADC value was
greater than the respective threshold was then calculated for each subject and each time scale,
and termed %ADC-abn where abn stands for abnormal. After the SNR, ADC and %ADC-abn
values were calculated for each subject, the mean, SD and coefficient of variation of these three
parameters for each time scale were calculated for the three groups (healthy, asthma and
COPD). A pairwise comparison of the group mean values of ADC and %ADC-abn was
performed using an unpaired two tailed t-test. The relationship between the ADC and
spirometry parameters was analyzed with linear regression in each of the three groups. The
performances of the various parameters in discriminating asthma or COPD from healthy
subjects were studied by using non-parametric receiver operating characteristic (ROC) curves
(34), and areas under the ROC curves were determined.

RESULTS
For the ADC map from the Tedlar gas-bag phantom, the mean ADC was 0.86 ± 0.01 cm2/s
(mean ± SD) at a diffusion time of 1 ms, which is within the range of values reported for the
free diffusion coefficient of dilute 3He in air or N2 (reported normal range: 0.83 – 0.88 cm2/s)
(20,27,35). The mean ADC was 0.80 ± 0.11 cm2/s at a diffusion time of 160 ms.
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Fourteen clinically healthy subjects (6 males, 8 females; age: 54.9 ± 6.3 yrs), 14 patients with
asthma (8 males, 6 females; age: 56.6 ± 11.2 yrs) and 9 subjects with smoking-related COPD
(5 males, 4 females; age: 64.9 ± 4.8 yrs) were enrolled in the study, Table 1. All subjects were
able to inhale the H3He/N2 gas, perform the required breath-hold maneuvers and tolerate the
MR scan without difficulty. Co-registered ADC maps at both short- and long-time scales were
obtained in all subjects. Among the three groups of subjects, there were no significant
differences in gender, height, or weight. The asthma and healthy groups were similar in age;
the COPD group was slightly older than other two groups, p<0.026, Table 1.

Twelve (86%) of the 14 healthy subjects had a homogeneous appearance of short-time-scale
ADC maps, while only 4 (29%) of 14 had homogeneous long-time-scale ADC maps, p=0.006.
However, of those that had heterogeneous ADC maps at the long-time scale, 9 (90%) of 10
were mildly heterogeneous, and 5 (50%) of 10 had upper lobe predominance of elevated ADC
values. Representative ADC maps from a healthy subject at both short- and long-time scale
are shown in Figs. 1a and 1b, respectively, showing homogenously low ADC values. As shown
in Table 1, the group-mean ADC for healthy subjects was 0.234 ± 0.020 cm2/s for the short-
time scale and 0.0186 ± 0.0026 cm2/s for the long-time scale, almost a factor of 13 difference.
The upper-limit threshold for normal ADC values, determined as that value which was two
SDs above the mean of the set of all ADC values from all healthy subjects, was 0.35 cm2/s for
the short-time scale and 0.034 cm2/s for the long-time scale. In concordance with the visual
scoring, only a small percent of the ADC values exceeded these thresholds in the majority of
healthy subjects. At the short-time scale the %ADC-abn for all healthy subjects was ≤ 6%, and
for the long-time scale it was ≤ 5% in 12 (86%) of 14 subjects and 22% and 12%, respectively,
in the remaining two. For the short-time scale both the mean ADC and the %ADC-abn were
concentrated in a very narrow range, Fig. 2a and Fig. 3a. For the long-time scale the larger
ranges were predominantly determined by the two aforementioned outliers, Fig. 2b and Fig.
3b. All healthy subjects had FEV1%predict and FEV1/FVC values within the clinically
accepted normal range. There was no correlation between mean ADC or %ADC-abn at either
time scale and FEV1%predict or FEV1/FVC in the healthy group (|r|<0.43; p>0.120).

In the group of patients with asthma there were 10 (71%) of 14 who had a mildly heterogeneous
appearance of short-time-scale ADC maps. At the long-time scale, 12 (86%) of 14 had a
heterogeneous appearance, with 9 of these being mild, 2 moderate, and 1 severe. Co-registered
ADC maps for a representative asthmatic subject with focal elevations in the ADC maps are
presented in Figs. 1c and 1d, showing greater conspicuity of the findings at the long-time scale.
The group-mean ADC of the asthmatics was elevated relative to that for the healthy group for
both time scales (short-time scale, 0.254 ± 0.032 cm2/s, an increase of 9% compared to healthy
group, p=0.038; long-time scale, 0.0237 ± 0.0055 cm2/s, an increase of 27%, p=0.005), Figs.
2a and 2b. The group-mean %ADC-abn for patients with asthma was also elevated relative to
the healthy subjects (short-time scale, 6.4% ± 3.7%, an increase of 107% compared with the
healthy subjects, p=0.004; long-time scale, 17.5% ± 14.2%, an increase of 272%, p=0.006),
Figs. 3a and 3b. There was no correlation between mean ADC or %ADC-abn and FEV1%
predict or FEV1/FVC in the asthmatic group (|r|<0.29; p>0.350) for either time scale. The areas
under ROC curve were 0.72 and 0.82 for the mean ADC, and were 0.83 and 0.85 for %ADC-
abn for the short- and long-time-scale, respectively, Figs. 4a and 4b.

For the group with COPD, the ADC maps for both time scales were severely heterogeneous
in 6 (67%) of 9 subjects; in the remaining three heterogeneity was either mild or moderate. Co-
registered ADC maps at the two time scales from a representative subject with COPD
(FEV1%predict: 69%) showing severely elevated ADC values are presented in Figs. 1e and
1f. For the COPD subjects, the group-mean ADC was 0.404 ± 0.113 cm2/s for the short-time
scale, and 0.0404 ± 0.0077 cm2/s for the long-time scale. As expected, these values were
significantly greater relative to the healthy subjects (short-time scale, 71% elevation, p=0.002;
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long-time scale, 117% elevation, p<0.001), Figs. 2a and 2b. The group-mean %ADC-abn for
subjects with COPD was markedly elevated relative to that for the healthy subjects (short-time
scale, 53.7% ± 29.4%, p<0.001; long-time scale, 66.6% ± 23.1%, p<0.001), Figs. 3a and 3b.
These values were also significantly greater than those for patients with asthma, p<0.005, Fig.
2 and Fig. 3. There was a strong negative correlation between short-time-scale mean ADC and
FEV1%predict or FEV1/FVC in the COPD subjects (r<−0.8; p<0.010), also a strong negative
correlation between short-time-scale %ADC-abn and FEV1/FVC (r=−0.82; p=0.008), while
only a moderate negative correlation appeared between short-time-scale %ADC-abn and
FEV1%predict (r=−0.60; p=0.089); however, no correlation was observed between long-time-
scale mean ADC or %ADC-abn and spirometry parameters (|r|<0.38; p>0.314). The areas
under the ROC curves comparing COPD with healthy subjects were 1.00 for both the mean
ADC and the %ADC-abn for both time scales.

The mean ADC and %ADC-abn values of the short- and the long-time scale for each subject
are plotted in Figs. 5a and 5b. There was a moderate correlation between the short- and long-
time-scale mean ADC in the asthmatic group (r=0.57, p=0.033) which was not present in the
healthy group (r=0.05, p=0.847) or the COPD group (r=0.31, p=0.426), Fig. 5a. Similarly for
%ADC-abn, there was a stronger, but still moderate, correlation for asthmatics (r=0.67,
p=0.009), but not for the healthy group (r=0.18, p=0.548) or the COPD group (r=0.22,
p=0.570), Fig. 5b.

DISCUSSION
The main advantage of the hybrid MRI pulse sequence that we developed is that the short- and
long-time-scale ADC maps are generated from the exact same anatomic level because the data
for the two time scales are obtained during the same, single breath hold. As a result, pixel-by-
pixel comparisons can be accurately performed and differences in 3He displacement can be
determined without the interference of artifacts from misregistration. Considering that H3He
diffusion measurements at different time scales are thought to probe different anatomic length
scales, it would seem that alterations in the lung microstructure can be more readily detected
using this pulse sequence. We found in the patients with asthma that both short- and long-time-
scale ADC values were increased significantly compared with those of healthy subjects. In the
COPD patients these values were even more elevated, as would be expected from the
enlargement of the airspaces that typically occurs in this disease (36). However, the cause of
the ADC elevation in the lungs of the patients with asthma is less certain as breakdown of the
alveoli is not an expected feature in this disease (37). Nevertheless, focal hyperlucencies on
CT are commonly found in asthmatics and are frequently ascribed to regional “air-trapping”,
a process whereby there is abnormal regional retention of air in the lungs after expiration
(38). Air enters the terminal bronchi and alveoli on inspiration but closure of the bronchi on
expiration “traps” the air. This is occurring in the small airways and is not ideally detected by
the FEV1, the test that reflects the function of both large and small airways (39). It seems
plausible that these regions of air-trapping would lead to focal elevation in ADC values.
Alternatively, emphysema, including subclinical emphysema, can cause elevations in ADC
(6). However, since emphysema is uncommon in asthmatics, as was shown in autopsy studies
(37), it seems more likely that air-trapping was a dominant factor causing the ADC elevations
in the asthmatic subjects in this study. As seen in prior studies (1,3,6,8,12,17,18,27,28), we
found that the subjects with COPD had markedly elevated ADC values over large regions,
which previously has been assumed to be secondary to emphysematous changes within the
lung. However, our results in the asthmatics suggest that the ADC elevations in patients with
COPD may be caused by a combination of emphysematous tissue destruction and regional
lung hyperexpansion, both processes known to occur in patients with COPD (36).
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Asthma is a chronic inflammatory, respiratory disease that affects predominantly either the
small or large airways, or sometimes both. The inflammation that is present in the airway walls
makes the airways sensitive to irritants; however, the microstructural changes in lung tissue of
subjects with asthma are not well understood. The ADC maps from most of the subjects with
asthma were heterogeneous with focal elevations, suggesting that microstructural changes
within the lung are heterogeneous. Although the exact cause of these ADC elevations is not
yet known, they likely represent important changes of the lung microstructure. The regional
distribution of these changes lends insight into the underlying pathophysiology of asthma and
the related abnormalities of the lung microstructure. This has important implications. Since
patients with small airway disease may have different disease processes than those with large
airway disease, it may be that the disease has different phenotypes (40,41). Further, as small
airway disease is not well reflected in the usual spirometric measures used to monitor asthma,
patients can have severe disease that could thereby be missed by spirometry (39). Also, there
are therapeutic implications with respect to inhalant drugs that are normally used to treat asthma
as these may not necessarily access the small airways.

As noted above, measurement of H3He diffusion at two time scales during a single breath hold
is thought to provide information about the lung microstructure on two anatomic levels. The
length scale corresponding to short-time-scale ADC values is such that these measurements
are thought to primarily be sensitive to changes at the alveolar level (16,18). Because long-
time-scale ADC values correspond to longer length scales, such measurements may be
sensitive to factors that affect the connectivity of the small airways (25,27,28). From our results
it appears that, on a regional basis, the changes in the long-time-scale ADC are more extensive
and more severe than those in the short-time-scale ADC. This increase in regional sensitivity
did not translate into much improvement in the discrimination between healthy subjects and
asthmatics, at least with the summary ADC metrics used in this study. However, the apparently
increased sensitivity of the long-time-scale ADC to regional changes in the lung may be of
importance in understanding asthma and assessing the response to treatment.

Most asthmatics had only small, focally elevated areas on their ADC maps, and such small
regions of elevation had little effect on the mean ADC. However a metric such as %ADC-abn
is designed to be sensitive to small areas of ADC elevation, and thus, it is not surprising that
this parameter provided better discrimination between the healthy subjects and asthmatics than
mean ADC. The subjects with COPD had such marked and extensive elevations in ADC that
all of the ADC metrics we evaluated perfectly discriminated between the healthy subjects and
the subjects with COPD.

The ADC values for healthy subjects were clustered in a very small range which may have
resulted in the lack of correlation between the long- and short-time-scale ADC in this group,
as shown in Figs. 5a and 5b. For the subjects with COPD the lack of correlation may have been
due to a relative clustering of the long-time-scale ADC values toward the top of the scale. Thus,
the increased regional sensitivity of the long-time-scale ADC is useful in detecting mild or
early disease. However, in patients with severe disease, the ability to distinguish relative disease
severity may be lost which is confirmed by the stronger correlation of the short-time-scale
ADC than the long-time-scale ADC with spirometry in the COPD patients. Interestingly, in
the asthmatics, there was a moderate correlation between the short- and long-time-scale ADC,
suggesting that, whatever process is causing the elevations at one time (length) scale, it is likely
affecting the other time (length) scale as well. However, in the asthma group, we did not find
an association between the ADC metrics and spirometry. Thus, the imaging may provide new
information about the changes in the lung microstructure in asthma that may not be obtainable
by other means. Of course, the patient’s position may have played a role since imaging was
done in supine position while spirometry was measured with the patients sitting upright.
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Our results in the healthy subjects and patients with COPD agree well with the results from
many prior studies, that is, there were large differences in ADC values between groups at both
time scales (3,6,8,16–18,20,27,28). In our study we also found significant differences in ADC
values between asthmatic and healthy subjects. No such differences were found by others
(22,23). However, in one of those studies involving 21 patients with asthma, the asthmatic
patients were generally younger in age and had higher FEV1 values compared to our patients
(22). Also only the asthmatic patients who were difficult to treat were included in our study.
Another study involved only one subject with reactive airway dysfunction syndrome, an
asthma-like syndrome that occurs in nonallergic individuals in response to an inhalational
injury (23). Since our patients with asthma all had oral corticosteroids before imaging to
suppress active inflammation, it is likely that the changes in diffusion we observed do not
represent acute inflammation or bronchospasm but might reflect tissue remodeling including
permanent changes in airway structure.

A disadvantage of the hybrid pulse sequence is that a longer breath hold time is required to
acquire the data than when a single diffusion technique was used. However, the extended breath
hold period used in this study was tolerated by all subjects without difficulty. Furthermore, the
registration of ADC maps at the two time scales is sensitive to patient motion during the
acquisition. Another drawback of the long-time scale method with the parameters used in this
study is that, in case of very large ADC values, the diffusion-weighted signal is quickly driven
below the noise level (25). As a result, in subjects such as patients with COPD who have
extremely elevated ADC values, these long-time scale ADC values cannot be determined
accurately, and this may have affected the results in the COPD group.

In conclusion, we used a novel hybrid MR pulse sequence to obtain co-registered ADC maps
at both short- and long-time scales during a single breath hold, and demonstrated significant
elevations in ADC values in patients with asthma compared to healthy subjects, and, as
expected, even more markedly elevations in the patients with COPD. On the long-time scale
ADC maps the elevations in the asthma group were heterogeneous and substantially larger than
on the short-time scale images, and involved, in most cases, greater areas of the lung. The cause
of the elevations in asthma is uncertain but possibly, the changes reflect tissue remodeling
including permanent changes in airway structure. Further studies will be needed to determine
the nature of these abnormalities. The hybrid diffusion MR pulse sequence might provide a
novel means of identifying small airway disease.
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Figure 1.
Co-registered axial ADC maps from: healthy subject #7 at diffusion times of (a) 1 ms and (b)
1.5 s; asthma subject # 6 at diffusion times of (c) 1 ms and (d) 1.5 s; and COPD subject #1 at
diffusion times of (e) 1 ms and (f) 1.5 s. The healthy subject has homogeneously low ADC
values at both time scales. The asthmatic has focal areas of elevated ADC values anteriorly
that are larger and more conspicuous on the long-time-scale ADC maps. The subject with
COPD has diffusely, markedly elevated ADC values.
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Figure 2.
Box plot of mean ADC values from each subject group for (a) the short-time scale (t = 1 ms)
and (b) the long-time scale (t = 1.5 s). All mean ADC values of the healthy subjects are
concentrated in a narrow range. The asthmatics have mildly elevated mean ADC values, and
the subjects with COPD have markedly elevated mean ADC values. The three groups are better
separated on the long-time-scale ADC (Short-time-scale: Pasthma-healthy = 0.038;
PCOPD-healthy = 0.002; PCOPD-asthma = 0.005. Long-time-scale: Pasthma-healthy = 0.005;
PCOPD-healthy < 0.001; PCOPD-asthma = 0.005.). Each box extends from the 25th percentile at
lower edge to the 75th percentile at upper edge; the median is shown as a short line within the
box. The upper and lower lines outside of the boxes represent the extreme values.
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Figure 3.
Box plot of %ADC-abn values from each subject group for (a) the short-time scale (t = 1 ms)
and (b) the long-time scale (t = 1.5 s). The three groups are better separated on the long-time-
scale %ADC-abn (Short-time-scale: Pasthma-healthy = 0.004; PCOPD-healthy < 0.001;
PCOPD-asthma = 0.001. Long-time-scale: Pasthma-healthy = 0.006; PCOPD-healthy < 0.001;
PCOPD-asthma < 0.001.). The figure notation is the same as in Fig. 2.
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Figure 4.
ROC curves of healthy subjects and asthmatics at both time scales for (a) the mean ADC; and
(b) the %ADC-abn. The long-time-scale mean ADC has a larger area under the ROC curve
than the short-time-scale mean ADC indicating that it provides better discrimination between
the asthmatic and healthy subjects. Further, the %ADC-abn provides better discrimination
between the asthmatic and healthy subjects than the mean ADC at both time scales. (The areas
under the ROC curves were 0.72 for the short-time-scale mean ADC, 0.82 for the long-time-
scale mean ADC, and were 0.83 and 0.85 for the short- and long-time-scale %ADC-abn,
respectively.)
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Figure 5.
Scatter plots for all subjects between both time scales showing (a) the mean ADC values; and
(b) the %ADC-abn values. The healthy subjects are clustered with small mean ADC and %
ADC-abn values at both time scales. The majority of COPD subjects have markedly elevated
mean ADC and %ADC-abn values at both time scales. The asthmatics have a moderate
correlation between mean ADC (r=0.57, p=0.033) at the two time scales; similarly for %ADC-
abn, there was a stronger, but still moderate correlation (r=0.67, p=0.009).
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