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The purpose of this study was to explore new insights in non-linearity, hysteresis and ventilation hetero-
geneity of asthmatic human lungs using four-dimensional computed tomography (4D-CT) image data
acquired during tidal breathing. Volumetric image data were acquired for 5 non-severe and one severe
asthmatic volunteers. Besides 4D-CT image data, function residual capacity and total lung capacity image

1<€yW0deI ) data during breath-hold were acquired for comparison with dynamic scans. Quantitative results were

f\oug'd'mensmnal computed tomography compared with the previously reported analysis of five healthy human lungs. Using an image registration
sthma . technique, local variables such as regional ventilation and anisotropic deformation index (ADI) were esti-

Ventilation heterogeneity . . .. . . .

Hysteresis mated. Regional ventilation characteristics of non-severe asthmatic subjects were similar to those of

healthy subjects, but different from the severe asthmatic subject. Lobar airflow fractions were also well
correlated between static and dynamic scans (R? > 0.84). However, local ventilation heterogeneity signif-
icantly increased during tidal breathing in both healthy and asthmatic subjects relative to that of breath-
hold perhaps because of airway resistance present only in dynamic breathing. ADI was used to quantify
non-linearity and hysteresis of lung motion during tidal breathing. Non-linearity was greater on inhala-
tion than exhalation among all subjects. However, exhalation non-linearity among asthmatic subjects
was greater than healthy subjects and the difference diminished during inhalation. An increase of non-
linearity during exhalation in asthmatic subjects accounted for lower hysteresis relative to that of healthy
ones. Thus, assessment of non-linearity differences between healthy and asthmatic lungs during exhala-
tion may provide quantitative metrics for subject identification and outcome assessment of new
interventions.

Image registration

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction Lange et al., 2006), single-photon emission computed tomography

(SPECT) (King et al., 1997; King et al., 2010) and X-ray computed

In obstructive lung diseases, such as asthma, accurate quantifi-
cation of regional features and their heterogeneity is essential for
advancing our understanding of the underlying mechanisms of dis-
ease. Due to non-linear behavior and hysteresis of lung motion, the
analysis for breathing lungs is desirable to characterize alterations
of regional ventilation and tissue deformation in asthmatic lungs.
Magnetic resonance (MR) imaging (Campana et al., 2009; de
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tomography (CT) (Chae et al., 2010) have recently been used to
advance understanding of the lung function in asthmatic patient,
but imaging has been carried out during inspiratory and expiratory
breath-holds. Using those static breath-hold techniques, regional
analysis has been performed to identify the regions of airflow
obstruction and airway resistance in asthmatics (Choi et al.,
2013; de Lange et al., 2007). However, it is well recognized that
hysteresis, representative of regional differences in lung mechan-
ics, is minimized or eliminated during step-wise inflation or defla-
tion of the lung. Although MR imaging and SPECT have advantages
that they are non-invasive and SPECT can provide information
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related to both perfusion and ventilation simultaneously, these
imaging modalities have limitation in analysis of lung functions
due to their long scanning time and higher cost especially during
dynamic breathing (Chang et al., 1987). With the introduction of
four-dimensional CT (4D-CT) methods for assessing lungs under
well controlled tidal breathing (Jahani et al., 2015) and with the
introduction of ultra low-dose CT imaging methods which main-
tain quantitative accuracy of the reconstructed image (Newell
et al., 2015), dynamic imaging for total lung volume is feasible dur-
ing active respiration. Advances in image registration techniques
provide the ability to assess regional functional and structural met-
rics such as ventilation and directional tissue deformation (Jahani
et al., 2014; Reinhardt et al., 2008; Yin et al., 2009).

Jahani et al. (2015) have utilized 4D-CT image data for healthy
human lungs to estimate regional ventilation and hysteresis of
lung motion. The study demonstrated that non-linearity was
greater in lower regions and it was smaller during exhalation.
Although some studies have applied 4D-CT imaging in patients
with emphysema (Yamamoto et al., 2011) and lung cancers
(Boldea et al., 2008; White et al., 2013), it has yet to be investigated
for asthmatics. In a study of healthy vs. asthmatic lungs, with
matching of breath-hold scans, Choi et al. (2014) showed similar
lung function for healthy and non-severe asthmatic lungs by esti-
mating ventilation and air trapping. In a different study, they quan-
tified structural and functional alterations for non-severe and
severe asthmatics, yet the alterations in non-severe asthmatics
were not significant as compared with severe asthmatics (Choi
et al., 2015). It is our hypothesis that because of airway resistance,
dynamic imaging will serve to enhance the heterogeneity of lung
function metrics. Furthermore, it is expected analysis of dynamic
imaging provide new information about lung deformation in asth-
matics which can be extracted by quantifying non-linearity and
hysteresis of lung motion.

This study aims to assess regional ventilation and deformation
for asthmatic human lungs using 4D-CT technique for comparison
with our already reported healthy population (Jahani et al., 2015).
We utilize a unique dual rolling-seal piston to control tidal breath-
ing for consistent reconstruction of lung volumes (Fuld et al., 2012;
Jahanietal,, 2015).In addition, a mass preserving image registration
(Yin et al., 2009) is employed to derive regional ventilation and ani-
sotropic deformation. In this study, ventilation heterogeneity esti-
mated from dynamic images of healthy and asthmatic subjects are
compared with those obtained from static deep-breathing images.
We seek to establish tools for assessing heterogeneity, for the devel-
opment and assessment of new interventions and to better sub-
phenotype an asthma population. In addition, precise estimation
of regional ventilation during breathing can provide physiological
boundary conditions for computational fluid dynamic (CFD) analy-
sis in quantifying airflow and pressure distribution (Yin et al., 2010;
Yin et al., 2013). Furthermore, anisotropic deformation is utilized to
quantify non-linearity and hysteresis of lung motion for healthy vs.
asthmatic lungs. A motivation for quantification of non-linearity
and hysteresis is to capture abnormal movements and sensitive
regions regarding to motion within asthmatic lungs.

2. Method
2.1. Image data acquisition

Datasets were acquired from 5 non-severe asthmatics and one severe asthmatic
volunteers for comparison with previously acquired set of 5 healthy subjects
(Jahani et al., 2015). A full set of pulmonary function tests (PFTs) were performed
in upright body posture. The PFTs provided preliminary information such as total
lung capacity (TLC), functional residual capacity (FRC), residual volume (RV), vital
capacity (VC), forced vital capacity (FVC), and forced expiratory volume in 1 second
(FEV1). Asthmatics and their severity were categorized based on National Heart
Lung and Blood Institute (2007) guidelines for the diagnosis and management of
asthma.

CT scanning was performed to acquire static and dynamic MDCT images in
supine position, withholding of bronchodilators for 12 h to observe baseline lung
function. Static scans were acquired approximately at FRC (~15% VC) and TLC
(95% VC) using a pneumotachometer-controlled device to achieve accurate
breath-hold volumes (lyer et al., 2014). For dynamic imaging, a dual rolling-seal pis-
ton system (Fuld et al., 2012) was utilized to control amplitudes of inhalation and
exhalation during breathing as previously described (Jahani et al., 2015). Recon-
struction of volumetric image was performed at 10-14 selected phases of each sub-
ject’s respiratory cycle.

All subjects were studied under the University of lowa Institutional Review
Board and the radiation safety committee approval and with informed consent. Sie-
mens Somatom Definition Flash dual-source 128-slice MDCT scanner (Forchheim,
Germany) was utilized for the scanning. The parameters for scanner such as scan
type, slice thickness, peak voltage and effective current were set to spiral,
0.75 mm, 120 kV and 75 mAs, respectively. All images were acquired at a recon-
struction matrix of 512 x 512 and a section spacing of 0.5 mm with use of B35f ker-
nel. Furthermore, to segment lungs for every volumetric image, a semi-automatic
segmentation software, Apollo (VIDA Diagnostics, Coralville, lowa), was employed
in the same way as for the prior healthy volunteers (Jahani et al., 2015).

2.2. Single respiratory cycle

The lung volume in each phase was achieved by reconstructing multi-slices
acquired from several respiratory cycles. To construct a single respiratory cycle,
air volumes and corresponding times, recorded by a turbine-based flow meter, were
normalized at the nth cycle (V. and t*", respectively). The mean of those normal-
ized air volumes for all cycles was obtained for a single respiratory cycle and was
denoted by V. (t*) at each normalized time t* where 0 < t* < 1. Thus, V;;, is nor-
malized air volume defined as (Vair — Vairge)/(Vairer — Vairpe) Where Vg, is total air
volume in each phase (EE: end exhalation; EI: end inhalation), for more details,
see Jahani et al. (2015). Thus, the normalized total airflow Q" at time point ¢, was

computed as:

0 - (W) ~YolGenn) Vel
P

p-1/2
The time step (t; + 12 — t; — 12) was set to 0.01.

. (1)

* -
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2.3. Image registration

We extracted fractions of lung tissue and air volume using CT density in Houns-
field Unit (HU) as:

I(x) — HUqgir

_ HUtissue - I(X)
HU[issue - HUair ’

and ﬁair (X) - HU[issue - HUuir ’

Brissue (X) )
where Biissue(X), Bair(X), [(X), HUpissue and HUy;, are tissue fraction, air fraction, image
density at position x, HU of tissue and HU of air, respectively. We set 55 for HUj;ssye
and —1000 for HUy;;.

A mass preserving registration method (Yin et al., 2009) was utilized to obtain a
spatial transformation T(x) to match each pair of images at differing inflation levels.
A free form deformation (FFD) interpolated by cubic B-spline functions was applied
to estimate motion of each voxel. One image was considered as a reference image,
and the other was considered as a moving image. To preserve local tissue volumes,
we minimized a similarity function (E) defined based on the sum of squared tissue
volume difference (SSTVD), as:

E= [0r(X)Buissuer(X) —

xeQ

Un(T(X)) Brssuesm (T(X)) 3)

where v is local volume in each voxel and subscripts r and m are for reference and
moving volumes, respectively. For dynamic images at time points in the respiratory
cycle, the lung image at the EE was adopted as the reference for registration. For the
registration between static scans the image at TLC was taken as the reference.

2.4. Registration-derived variables

Local air volume, vy, at location X was computed with T(x) as

Yair(X) = V(T(X)) fair(T(X))- (4)

With Eq. (4), regional air volume fraction, v 4, was defined as the ratio of sum
of v, in each region (voxels or lobes) to total air volume. Furthermore, for consis-
tency with air volume measured by the turbine-based flow meter, normalized local
air volume (v;;,) during tidal breathing was calculated as:

UZir _ Vair — Vair EE ) (5)
Vairer — Vair e

where Vi (or Vi ge) is the sum of local air volumes at EI (or EE) within the whole
lung.
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Furthermore, air trapping percentage (AirT%) was defined as the ratio of number
of voxels with air trapping to total number of voxels in each lobe or total lung.
Instead of single density-threshold-based air trapping approach (Iipreshord = —850
HU) (Busacker et al, 2009), we used a fraction-threshold-based approach
(Buairthreshoia = 0.9) to eliminate inter-subject variability (Choi et al., 2014). The
subject-specific threshold (Itpreshoia) is calculated as

Tihreshold = (1 - ﬂair.threshold)HUtissue + .Buir.rhreshuldHUair trachea <6)

where HU i racheq 1S the median of CT density of air extracted from tracheal region. To
derive HU i trachea, We first extracted airway masks using Apollo pulmonary analysis
software, and consistently eroded the airway masks with a ball-shaped element of
radius of six voxels for the purpose of excluding partially contaminated voxels.

We then assessed local anisotropic deformation using principle strains, i.e.,
J1> Jp > /3, obtained from lung displacement field (Amelon et al., 2011). The aniso-
tropic deformation index (ADI) was calculated as

2 s 2
ADI = ﬂ"l - 22) + <”‘2 — h) @
Ja 3
ADI quantified the degree of preferential deformation of a local volume. We
normalized ADI with its value at EI (ADI*). Non-linearity, dap, at each location
was defined as the deviation of the ADI* curve from identity line between EE and
EL In addition, the hysteresis, Hys,, was quantified by the absolute difference

between the ADI* of inhalation and exhalation at the same normalized total air vol-
umes V.

2.5. Interpolation method

A cubic spline interpolation was utilized to estimate a continuous function for
each variable. The interpolated values at phase i were computed from the values
derived from given lung images as a function of Vi, [si(V,;)] (Jahani et al., 2015),
where s; is a local variable interpolated in the interval of (V;;, V., ). The variable

dvg,

s was either ;. or ADI*. Thus, the local normalized airflow ( e ) was calculated as

sc— (%) by chain rule from the composition of the derivative of v;; and the

derivative of breathing waveform (Eq. (1)). Consequently, the local airflow fraction
(q;) was computed as the ratio of local airflow to total airflow:

g = i ®)

To compare air volume change between static and dynamic scans, we assumed
linear interpolation between TLC and FRC and the average values from cubic inter-
polation between EE and EI, respectively. For linear assumption, g; was simplified as
the ratio of local air volume change to total air volume change ( A,/ AVq;,). Further-
more, regional coefficient of variations (CV) of air volume changes (defined as stan-
dard deviation of A,;/mean of Ay, in total lung or in each lobe) was calculated to
quantify heterogeneity.

Table 1

3. Results
3.1. PFT-, CT-based volumes, and air-trapping percentage

Table 1 indicated demographic information and PFT, %predicted
values, (Stocks and Quanjer, 1995; Hankinson et al., 2010;
Hankinson et al., 1999) of five healthy, five non-severe, and one
severe asthmatic subjects. FEV1, %predicted values and FEV1/FVC
for non-severe asthmatic subjects were significantly smaller than
those of healthy subjects (P < 0.01). FRC and RV, %predicted values
of non-severe asthmatics were within normal range while those of
the severe asthmatic subject were greater than normal range. Fur-
thermore, TLC and FRC values obtained from CT images in supine
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Fig. 1. Means + standard errors (SE) of normalized airflow (Q') measured by the
turbine-based flow meter for exhalation (positive value) and inhalation (negative
value) in the total lung for both asthmatic and healthy subjects.

Demographic and PFT information for five healthy, five non-severe asthmatic and one severe asthmatic subjects.

Healthy Non-severe asthmatic Severe asthmatic Mann-Whitney U test® (P value)
Subjects, n (female) 5(2) 5(2) 1(1)
Age, yr 40+15 37+13 52 0.89
BMI, kg/m? 27+3 265 31 0.91
Race, n (white non-Hispanic/Hispanic/Asian) 4/1/0 5/0/0 0/0/1 -
TLC, %predicted 94+7 95+7 99 0.92
FRC, %predicted 82+10 95+16 128 0.12
RV, %predicted 83+12 89+t6 153 0.76
FVC, %predicted 94+9 92+9 72 0.75
FEV1, %predicted 92+6 76 +7 36 <0.05
FEV1/FVC x 100 79+2 67+5 39 <0.01

Values are means + standard deviation (SD); n, no. of subjects.

@ Statistical tests were performed between five healthy and five non-severe asthmatic subjects.

Table 2

Means + SD of total and lobar AirT% at FRC for 5 healthy, 5 non-severe asthmatic, and 1 severe asthmatic subjects.

Healthy subjects (%) Non-severe asthmatics (%)

Severe asthmatic (%) Mann-Whitney U test® (P value)

Total 9.1+7.6 6.1+43
LLL 1.5+1.1 1.3+0.5
LUL 10.7+9.9 6.7+43
RLL 1.1+£0.7 1.8+21
RML 27.4+20.2 242 +164
RUL 9.3+84 6.4+6.9

513 0.60
62.7 0.75
421 0.74
54.3 0.75
66.6 0.92
30.3 0.46

@ Statistical tests were performed between five healthy and five non-severe asthmatic subjects.
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Fig. 2. Means (+SE) of lobar air volume fraction for five non-severe asthmatics A: during exhalation and B: during inhalation, and for the severe asthmatic subject C: during

exhalation and D: during inhalation.

position were significantly correlated with those obtained from
PFT (R* > 0.88). Next, with the image at FRC, we calculated air-
trapping percentages (AirT%) for all subjects (Table 2). There was
no significant difference of AirT% between healthy and non-
severe subjects (P> 0.46), whereas AirT% was considerably ele-
vated in the severe asthmatic, being consistent with the increased
RV and FRC of the subject (Table 1).

3.2. Total and lobar air volume and airflow

Air volumes from CT images at respective phases were signifi-
cantly correlated with corresponding air volumes measured con-

tinuously by the turbine-based flow meter (R? > 0.97). With the
meter-measured air volumes, we estimated normalized total air-
flow (Q* Eq. (1)) for all subjects. Fig. 1 indicated Q* as a function
of V;, for healthy and asthmatic subjects. All subjects demon-
strated similar trends during tidal breathing. However, the asth-
matics had greater Q* during exhalation (P<0.05) while the
difference was not significant during inhalation (P > 0.15).

We obtained the means of lobar air volume fraction, vy, i.e.
the ratio of lobar air volume to total air volume, for five non-
severe asthmatics and one severe asthmatic (Fig. 2). The trends
of non-severe asthmatics (Fig. 2A and B) were similar with those
of healthy subjects (Jahani et al., 2015) in that vy of upper lobes

decreased and vy of lower lobes increased with increasing total

lung volume (P < 0.05, between EE and EI). On the other hand,
the severe asthmatic subject exhibited the opposite trends
(Fig. 2C and D). Lobar flow fractions gy (Eq. (7)) for all subjects were
then compared between static and dynamic scans in Fig. 3. Linear
interpolation was employed to calculate gy for static scans between
TLC and FRC (g; 5cr), and cubic interpolation was used to calculate gy
for dynamic scans between EE and EI (q;4p.cr). The gyser values
were in similar range for all subjects (Fig. 3A). However, the
s ap-cr for the severe asthmatic subject showed different values
in the left lower lobe (LLL), left upper lobe (LUL) and right upper
lobe (RUL) as compared with those for healthy and non-severe
asthmatic subjects (Fig. 3B). Fig. 3C indicated that there was a good
correlation between lobar ¢psr and ¢pgp.cr for both healthy
(R? = 0.84) and non-severe asthmatic (R? = 0.90) subjects. However,
statistical test between healthy and non-severe asthmatic subjects
did not show significant difference (P > 0.05). Nonetheless, the sev-
ere asthmatic showed deviations from the identity line in three
lobes.

3.3. Heterogeneity of regional ventilation

To quantify global and lobar heterogeneity for airflow, we cal-
culated CVs of local air volume changes for static (FRC vs. TLC)
and dynamic (EE vs. EI) scans (Table 3). Heterogeneity in dynamic
images significantly increased as compared with that in static
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images for healthy and asthmatic subjects (P < 0.005). In addition,
heterogeneity of lower lobes in the severe asthmatic was much
greater than that of upper lobes in dynamic images while this fea-
ture was not observed in static images. To demonstrate the differ-
ence in heterogeneity between dynamic and static images, Fig. 4
displayed normalized histograms for the relative local air volume
change, normalized by the average air volume change over the
whole lung for two representative subjects. One was a healthy sub-
ject with FEV1/FVC=0.81 and the other was a non-severe asth-
matic with FEV1/FVC=0.60. In the Figure, “Normalized
Frequency” means the number of voxels counted for each value
divided by the total number of voxels. Dynamic images showed
more widespread distribution, signifying greater variation in air
volume change at local (image-voxel) scale although lobar airflow
fractions at global scale for static and dynamic images were similar
(see Fig. 3).

3.4. Non-linearity and hysteresis of lung motion

The normalized anisotropic deformation index (ADI*) was used
to quantify non-linearity and hysteresis of lung deformation. For
both healthy and asthmatic subjects, ADI* and non-linearity
(dapr) during inhalation were in a same range and greater than
those of exhalation (Fig. 5). However, during exhalation, the Jap;
values for asthmatics were greater than those of healthy subjects.
Fig. 6 shows the means of non-linearity and hysteresis of different
phases in each lobe. Consistent with total lungs, in all lobes except
RUL, the 64p values for asthmatic subjects during exhalation were
greater than those of healthy subjects (Fig. 6A, P < 0.05). Further-
more, for both healthy and asthmatic lungs, the left lungs had
greater d4pp during exhalation (Fig. 6A), while the right lungs had
greater d4p during inhalation (Fig. 6B, P < 0.05). Furthermore, the
lower lobes had greater J,p than the upper lobes for all subjects
(P<0.05). Consequently, greater values of J4p in asthmatics dur-
ing exhalation resulted in less global and lobar Hysapy, (Fig. 6C).
Hysapr, of asthmatics was less than that of healthy subjects in all
regions. Hysapy,. of the right lungs was greater than that of the left
lungs for all subjects.

4. Discussion

Using the unique dataset of dynamic 4D-CT images, we ana-
lyzed regional ventilation, heterogeneity and lung deformation
for asthmatics including five non-severe asthmatics and one severe
asthmatic. The results were compared with the previously pub-
lished 4D-CT data of five healthy subjects (Jahani et al., 2015).
We further compared the differences between the analyses based
on dynamic and static images. A dual rolling-seal piston system
(Fuld et al., 2012) was utilized to control tidal volume and reduce
inter-subject viability (Fig. 1). For analysis, we employed an image
matching technique (Yin et al., 2009) to derive regional ventilation
as well as metrics, such as ADI, to quantity non-linearity and
hysteresis.

4.1. Regional ventilation

We first investigated air trapping (AirT%) at FRC scans, because
it has been widely used as a putative index of small airways dis-
ease (Busacker et al., 2009; Choi et al.,, 2014; Newman et al,,
1994). In the current study, AirT% in non-severe asthmatics was
similar with that of healthy subjects (Table 2), implying that the
baseline lung functions of non-severe asthmatic are close to nor-
mal lung. This was further supported by the fact that both healthy
and non-severe asthmatic subjects showed similar trends of lobar
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Table 3

Means + SD of coefficient of variations of whole and lobar air volume change for healthy and asthmatic subjects during deep and tidal breathing.

Healthy subjects Non-severe asthmatics

Severe asthmatic Mann-Whitney U test® (P value)

Cvstanc Cdenamic Cvstatic Cdenamic Cvstatic Cdenamic
Whole 0.31+£0.03 0.79+0.29 0.29 £ 0.02 0.68 £0.18 0.413652 0.934951 <0.005
LLL 0.22+0.02 0.73+0.19 0.22+0.01 0.65+0.20 0.412511 1.78656 <0.005
LUL 0.27 £0.05 0.80 £0.36 0.27 £0.02 0.63 £0.25 0.40323 0.62237 <0.005
RLL 0.23 £0.02 0.61+0.21 0.23 £0.02 0.61£0.15 0.370018 0.932261 <0.005
RML 0.49+0.15 2.4+3.04 0.43+0.16 1.11£0.39 0.534224 0.972335 <0.005
RUL 0.26 £ 0.02 0.59+0.19 0.25 +£0.02 0.55+0.14 0.332232 0.398269 <0.005

CVtatic, Coefficient of Variation during deep breathing; CVgynamic, Coefficient of Variation during tidal breathing.
@ Statistical tests were performed between CVatic and CVqynamic for both healthy and non-severe asthmatic subjects.
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Fig. 4. Ventilation histogram for A: a representative healthy subject and B: a
representative asthmatic subject.

air volume fraction during tidal breathing (Jahani et al. (2015) and
Fig. 2A and B). However, unlike the non-severe asthmatic and
healthy subjects, the air volume fraction in upper lobes increased
at larger lung volumes in the severe asthmatic (Fig. 2C and D). This
is possibly due to significant air trapping of the lower lobes
(Table 2) as demonstrated by Choi et al. (2013) that air trapping
predominantly occurs in the lower lobes of severe asthmatics.
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04
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Fig. 5. Means of ADI" in the total lungs for five healthy and six asthmatic subjects.

Ventilation heterogeneity during tidal breathing was predomi-
nantly increased relative to those during deep breathing for both
healthy and asthmatic subjects. However, there was no significant
difference of ventilation heterogeneity between healthy and non-
severe asthmatic subjects. The increased heterogeneity in dynamic
scans may be attributable to the presence and heterogeneous vari-
ation of airway resistance during breathing and the absence of
resistance during breath-hold for static scans (Hasan, 2010). Simi-
lar characteristics of airway resistance between asthmatic and
non-asthmatic lungs were also observed in study done by
Wongviriyawong et al. (2013). In their study, at baseline, airway
resistances for healthy and asthmatic subjects were similar,
whereas greater resistance, as expected, was found in asthmatic
lungs after methacholine challenge. Investigation of lobar ventila-
tion heterogeneity also increased during dynamic breathing, but
their quantities were different in each lobe. For example, the sev-
ere asthmatic exhibited higher heterogeneity especially in lower
lobes. Furthermore, since lobar airflow fractions between static
and dynamic scans were well correlated for both healthy and
non-severe asthmatic subjects in lobar scale (Fig. 3C), smaller
regions such as constricted small airways might be responsible
for different ventilation heterogeneity between dynamic and static
images (Venegas et al., 2005).

Because of increased heterogeneity and airway resistance
during tidal breathing, if asthmatics respond to some prevailing
techniques (e.g. methacholine challenge), 4D-CT analysis can be
combined with those techniques to assess ventilation heterogene-
ity. Physiologically, ventilation heterogeneity can be used to
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healthy and six asthmatic subjects.

determine airway hyper-responsiveness in asthmatics and is a sen-
sitive metric for asthmatic alteration (Downie et al., 2007). Thus,
ventilation heterogeneity estimated from 4D-CT analysis could be

utilized as a quantitative biomarker to determine asthma severity,
airway hyper-responsiveness and response to the treatment.

In addition, several studies utilized SPECT/CT images to quantify
regional ventilation, its heterogeneity and particle deposition dur-
ing deep breathing (Conway et al., 2012; De Backer et al., 2010).
Fleming et al. (2015) indicated that asthma would not change frac-
tion of inhaled particles in the lungs, which is in agreement with
our findings for air flow fraction (Fig. 3). However, none of those
studies have investigated ventilation during dynamic breathing.
Although SPECT/CT provides good visualization of ventilation
heterogeneity and enables evaluation of the distribution of particle
depositions, there are limitations such as long acquisition time and
irregular breathing pattern during dynamic breathing and the need
for using radioactive tracer. De Backer et al. (2010) showed that
there is a good correlation between air flow distributions and ven-
tilation heterogeneity derived from quantification of a radioactive
tracer distribution using SPECT/CT technique and the one through
the combination of CT imaging and CFD simulation. Furthermore,
over dynamic breathing, Fuld et al. (2008) demonstrated in a
supine sheep that regional ventilation derived from a xenon-CT
method is in good correlation with regional specific volume change
extracted from CT image analysis. Therefore, CFD can be combined
with 4D-CT images acquired during consistent dynamic breathing
using the dual piston system to provide physiological boundary
conditions to analyze air flow and particle deposition (Miyawaki
et al. (2016a,b)). The analysis could provide information to
improve the efficacy of inhalation drug delivery in patients with
chronic lung diseases such as asthma.

4.2. Non-linearity and hysteresis

Assessment of lung deformation illustrated larger non-linearity
for all asthmatics (non-severe and severe: Fig. 5) relative to healthy
subjects during exhalation. Physiologically, airflow resistance due
to airway narrowing would be elevated during exhalation as com-
pared with that during inhalation, because transpulmonary pres-
sure is negative during exhalation (Hughes and Black, 2011).
Therefore, the respiratory system needs to provide higher forces
and works to overcome the resistance during exhalation (Hughes
and Black, 2011; Levitzky, 2013). Some of those forces, such as
shear forces, are correlated with anisotropic deformation (Fung,
1965; Jahani et al., 2014). Thus, we speculated that larger anisotro-
pic deformation and non-linearity of asthmatic lungs during exha-
lation were due in part to increased shear forces produced during
exhalation. Furthermore, the characteristics in lungs showing the
increase of non-linearity during exhalation were demonstrated in
most regions of asthmatics as compared with healthy subjects.
Thus, lower total and regional hysteresis during exhalation in
asthma is due to the higher non-linearity of increased shear forces,
relative to healthy subjects. Assessment of local deformation,
forces and pressure distribution would explain their contribution
on bronchoconstriction in certain airways of asthmatics. Knowing
the regional information of abnormality would help utilizing more
effective region-specific treatment.

5. Conclusions

In this study, we found two significant differences between
healthy and asthmatic subjects (both non-severe and severe) dur-
ing exhalation. First, the increased normalized airflow and the
other was the increased anisotropic deformation in asthmatics. In
addition to the metrics discussed here, there is a need to investi-
gate the relationship of local lung mechanics with global alter-
ations. Analysis of 4D-CT can provide actual regional airflow and
physiologically consistent boundary condition for CFD simulation
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to be used to shed light on the underlying mechanics and estimate
pressure distribution. Having airflow and pressure distribution
would provide information to identify and predict regional airflow
obstruction and airway resistance in asthmatics. Furthermore, CFD
simulation can predict particle deposition and aerosol behaviors
crucial for improvement of inhaler devices and the inhaled
particles.

Increased ventilation heterogeneity during dynamic breathing
was observed in both healthy and asthmatic subjects. Although,
the one severe subject indicated greater heterogeneity rather than
heterogeneity of non-severe subjects, there is only one severe asth-
matic and a statistical statement is not possible. To define common
characteristics among asthmatic and healthy populations, an anal-
ysis with more subjects is desirable in the future when CT tech-
nologies are advanced with increased resolutions, reduced cost
and reduced radiation dose. Given the limited number of samples,
we focused the analysis on regional differences (both voxel-wise
and lobar-wise analysis) between healthy and asthmatic subjects,
such as regional ventilation, non-linearity and hysteresis and
expanded physiological discussions of the current findings along
with existing literatures.
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