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Abstract

Purpose—To develop a biomechanical model for free-breathing motion and compare it to a
published heuristic 5-dimensional free-breathing lung motion model

Method and Material—An ab-initio biomechanical model was developed to describe the
motion of lung tissue during free breathing by analyzing the stress-strain relationship inside lung
tissue. The first order approximation of the biomechanical model was equivalent to a heuristic 5-
dimensional free-breathing lung motion model proposed by Low, et al. in 2005, in which the
motion was broken down to a linear expansion component and a hysteresis component. To test the
biomechanical model, parameters that characterize expansion, hysteresis and angles between the
two motion components were reported independently from and compared between two models.

Results—The biomechanical model agreed well with the heuristic model within 5.5% in the left
lungs and 1.5% in the right lungs for patients without lung cancer. The biomechanical model
predicted that a histogram of angles between the two motion components should have two peaks at
39.8° and 140.2° in the left lungs and 37.1° and 142.9° in the right lungs. The data from the 5D
model verified the existence of those peaks at 41.2° and 148.2° in the left lungs and 40.1° and
140° in the right lungs for patients without lung cancer. Similar results were also observed for the
patients with lung cancer, but with greater discrepancies. The maximum likelihood estimation of
hysteresis magnitude was reported to be 2.6mm for the lung cancer patients.

Conclusion—The first order approximation of the biomechanical model fit the heuristic 5D
model very well. The biomechanical model provided new insights into breathing motion with
specific focus on motion trajectory hysteresis.

1. Introduction

Breathing motion affects radiation treatment of lung tumors by averaging and shifting dose
distribution over the path of the motion. To compensate for these effects, extra margins are
added at the cost of increase lung complications and limiting maximum tumor dose. One
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possible means of accommodating breathing motion is to reposition the radiation beam
following tumor position predicted by a breathing model based on surrogate breathing
signals. Currently, breathing motion is mostly modeled as a function of breathing phases on
the assumption of regular breathing. This model breaks down for patients, especially those
with lung diseases, who breathe irregularly both in magnitude and frequency. A model that
accommodates the nonstationary correlation among breathing motion, breathing volume and
frequency would be more robust and accurate. A heuristic 5-dimentional free-breathing
(respiratory volume, airflow rate and the three coordinates of tissue position at zero
respiratory volume and zero airflow rate) lung motion model was previously proposed by
Low, et al (Low et al., 2005). The 5D model predicted lung tissue trajectories as functions of
respiratory volume and airflow rate,

- = —
X=Xo+a V455 O

where X was the tissue trajectory that varied with respiratory volume V and airflow rate f,
and quwas the tissue reference position defined at zero respiratory volume and zero airflow
rate. Respiratory volume in this study was defined as the normal volume of air displaced
between respiration at any breathing phase and end of expiration when no extra breathing
effort was applied. a characterized a linear motion due to air filling (motion as a function of
respiratory volume) and B_f:haracterized motion hysteresis. Although the accuracy and
application of the 5D lung motion model were discussed by Low et al (Low et al., 2010), the
physical meaning behind the 5D lung motion model parameters was not described. The goal
of this manuscript is to derive the free breathing lung motion model by examining
biomechanical lung tissue properties and determine if the biomechanical properties could
predict aspects of the motion parameters in the 5D free-breathing model. The stresses on the
lung tissue were analyzed to establish the relationship between the driving forces and the
resulting deformation. The biomechanical model was compared against the published 5D
free-breathing model (Low et al., 2005, Zhao et al., 2009). To distinguish the model
developed in this study from the original 5D free-breathing model, the current model was
termed the biomechanical model and the original termed the 5D model.

2. Methods

2.1 Theory

2.1.1 Stress Distribution in the Lung—Alveoli have an irregular polyhedral
configuration. A close observation of fluorescently labeled lung parenchyma showed a
roughly hexagonal arrangement of alveoli (Brewer et al., 2003). In this study, we
approximated this structure by employing a simple hexagonal network to model the alveoli
arrangement. The projection of this arrangement is illustrated in Fig. 1 (a); the hexagonal-
shaped alveolus was subjected to distending stresses that inflate the alveolus on the surfaces,
each operating at an angle of 90° with respect to the shared alveolar wall. The distending
stresses came from the pressure drop whose direction was determined by the gradient of the
pressure across the alveolar cell, which ultimately arose from the pressure drop between the
alveolar cell and the pleural wall as will be demonstrated below. The direction of distending
stress was normal to the surface upon which it acted.
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A slow breath was broken down into a series of stages where stresses on any alveolar wall
were infinitely close to equilibrium,

P+ PP+ Ty=Ps"+P'+T1 ()

where p2 and pgt were the alveolar pressures in alveoli 1 and 2 respectively. p and Py
were the radial stresses arising from the surface tension on the alveolar membrane, with
subscripts 1 and 2 indicating the source of the surface tension. T; and T, were resistance
from the alveolar wall against inflation and deflation. The source of the recoil stresses was
indicated by the subscript. The pressure balance described in equation 2 was achieved only
when the airflow rate was infinitesimally slow. As the airflow rate changed during
respiration, the pressure drop between the atmosphere and inside of alveoli changed non-
uniformly. This slight fluctuation in the alveolar pressure distribution was non-trivial,
especially when considering hysteresis, which was hypothesized to be caused by the
imbalance of pressure along the moving path.

One question addressed in this study was how the stress that distends the alveolus was
related to the pleural pressure. Applying Eq. (2) to a sac of alveoli i as illustrated in Fig.
(1b), a series of equations

P P AT =PE{+ PP+ T;

were defined for a chain of alveoli indexed from i to n toward pleural interface on which
stresses were specifically given by

PY=p,+ PY4T,

n

Ppi was the intrapleural pressure.
Summing the equations above resulted in

(2

Eqg. (3) stated that if a transient balance of stresses was achieved, any alveolus, wherever it

was, was exposed to the pleural pressure. The transpulmonary pressure P — P, provided
the stress that expanded the alveolar cell. p and T; together provided the recoil stress from
the it alveolar unit. Many publications have described the measurement of recoil stress
(Rodarte et al., 1999). The recoil stress was passive and served as the response of lung
structure to the transpulmonary pressure that inflated the lung. We hypothesized that under
the condition of quiet respiration, the alveolar wall responded fast enough to balance the
change of alveolar pressure. The recoil stress was virtually equivalent to the transpulmonary
pressure in magnitude under the condition of quiet respiration.

2.1.2 Strain—In this study, we defined a unit tissue as a piece of lung tissue with unit
dimensions. The concept of unit tissue was introduced more qualitatively than
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quantitatively. The unit tissue was small enough to be virtually homogeneous inside, while
still containing enough alveoli that its response to stimuli from respiratory muscles was
statistically stable. The volume presented by one image voxel acquired from a contemporary
CT scanner ranged typically from 1mms3 to 3mm3, and the number of alveoli inside was
estimated to be between 125 and 375. Therefore, one voxel in a CT image was regarded
statistically as a unit tissue with stable response to stimulus.

A stress vector on any face of the unit tissue could be resolved into two components, a
normal stress that followed the expansion of the unit tissue during inspiration and a shear
stress that was perpendicular to the normal stress. The latter was a function of air flow since
it did not contribute to the change of volume. The stress vector was written

S.=T.(V, N+T() @

where o;(V, f) denoted the normal stress whose magnitude equaled the transpulmonary
pressure and t(f) denoted the shear stress (see appendix for more details).

We hypothesized that breathing motion explicitly depended on the respiratory volume V and
airflow rate f. Suppose the strain of the unit tissue was x in the n direction. As the respiratory
volume changed from V to V + 8V and the airflow rate changed from f to f + 5f, the strain
followed from x to x + 6x by

5? :?n(‘/+5‘/a f+5f7 ?O) - ?n(‘/a fv E)0) +?n(f+5fa E>0) B ?n(.ﬂ E>0)
" E(?(]) G(?U)

®)

where xg Was the location of the tissue at zero respiratory volume and airflow rate. E(xg) was
tissue Young’s modulus and G(xg) was the shear modulus. § indicated an infinitesimal
variation from the original value. Time was implicit and the change of the strain didn’t
necessarily follow the time.

Since it was reasonable to assume that oﬁ(v, f, o) was differentiable with respect to V and f,
the Taylor expansion of o, (V + 8V, f + 8f, Xg) at V = Vg and f = fy was

S VAV = Vo) (F48f — fo) | 9H T u(V, £, To)
— VA / x = ( 0 0 = — -
@ (VAHOV, f+5f, T0) ;;) il aViafi

V=V,

f=ro

Similarly, the Taylor expansion of m;(f + 8f, Xg) at f = fy was

— — - of — J 8/_)n a_)
Tn(f+0f, o:o):Z(ij f~g = ( JTa(fJ; =

) ]
f=fo

Vp and fg were selected to minimize the approximation error. The correlation between recoil
pressure, lung volume and air flow rate had been previously studied by Stubbs and Hyatt.
(Stubbs and Hyatt, 1972). Their results suggested that a linear relationship existed between

= 7
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recoil pressure, lung volume and airflow rate, especially during quiet respiration. Strictly
speaking, the response of lung tissue to the respiratory stimulus was nonlinear. However,
nonlinear functions like o;(V, f, Xg) and r;(f, XoJ could be always divided into linear and
nonlinear components. We hypothesized that the linear component dominated the breathing
motion. Therefore, the first order approximation was applied in Eq. (6) and Eq. (7). Then
Eqg. (5) was reduced to

— (1 —
+5f O'n(‘()afa iE())

57— L[5 97n(Vi fo, 7o)
) Vv of

When respiratory volume changes from zero to V and air flow from zero to f, the strain was
accumulated to

— — V 1 87.(V,fo,T
AT ,=[6Z =/ (-Jo. Z0)

B?V,L(Vo,f,?o)
0 E(Z0) d d

f_ 1
AV+[o 5570
V=Vp I=fo

df"‘fg G(:‘i o) o7

where Ax,, Was the strain vector of the unit tissue. The total displacement Aanof the unit
tissue was accumulated by all pieces of tissue moving behind it,

1 07 ,(V, fo, 7)
() ov

2 1 97.(Vo,f, @)
o rf n\v0,J>
+f0 fO E(?) f)f F=fo

dvdz

V=V

— Zo vV
AXn:fOIOfU E

dfdz (10)

1 87’n(f,?)‘

f=fo

where 0 denoted the lung apex which remained stationary during respiration. x marked the
tissues involved in the integrals by specifying their positions at reference respiratory volume
and airflow rate.

To further simplify Eq. (10), three variables were introduced

— = T 1 a?n(‘/’ f0> ?0) —

Oz( U) = fO OE(?) v . dz (11)

=%

- 1 90,(Vo,f, @) -

Joj To)= [T0 R ‘ dr (12
R T B B PP
— - 1 a?n('f ?) —
Bo(To)=[T° d ‘ dT (13

2( 0) 0 G(?) of —h (13)

Since a?BIand B;were inherent properties of the concerned tissue, which was labelled
according to its position xg at zero respiratory volume and zero airflow rate, the total
displacement vector AX, was reduced to
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—

\4 — — —
Aangﬁ(?o)d‘q—fg B1(Zo)df+[] Bo(Fo)df=a(Fo)V+5(To)f 14

where Xg Was the position of the tissue at zero respiratory volume and zero airflow rate, and
B =PB1 + Bo. This terminology was consistent with the original 5D breathing motion model
(Low et al., 2005)

Physiologically, a(xo)’ characterized the displacement of lung tissues due to air filling, and B_)
(xg) characterized the hysteresis motion that was described by Seppenwolde et al.
(Seppenwoolde et al., 2002). While a was determined by the overall integral of the
respiratory volume derivative of the normal stress, BTNas composed of two independent
components, Bfand [3;. The former was parallel or anti-parallel with a and the latter was
perpendicular to a.

2.1.3 Angle Between ; and E—An evaluation of the terms a and B_from Eg. (11), Eq.
(12), and Eq. (13) was illustrated in Fig.(2). a was the integral of the respiratory volume
derivative of normal stress over the lung space at constant airflow rate, and similarly, Bfthe
combination of B;and B; was the integral of the airflow rate derivative of stress over the
lung space at constant respiratory volume. The  motion component was contributed to
entirely by the change of respiratory volume, or equivalently, the change of lung volume.
The B_éomponent, which came from changes of airflow rate during breathing, characterized
the hysteresis component of the motion and contributed nothing to the volume change. The
chomponent, which was parallel to qfaligned with the displacement vector that was driven
by the normal pressure gradient purely from volume change. Therefore it contributed to a
displacement that further inflated or deflated the lung and subsequently changed the volume
of any individual piece of tissue on which it worked. However, the changes of volume added
up to zero over the whole lung space because, according to the definition, Bfwas the airflow
rate derivative of normal stress at a fixed respiratory volume. The B;component, which was
perpendicular to qfserved as a rigid-body rotation of the q?:omponent and did not change
the volume of the tissue it worked on. A clinical verification that the summation of B_f)ver
the lung space equaled zero was published by Low et al (Low et al., 2010).

In the region where the normal stress decreased as airflow rate increases, the direction of BI
was anti-parallel to a. In the region where normal stress increased as airflow rate increased,
the direction of Bfwas parallel to a._)Bany at a specific angle 6 with respect to a and this
angle was predicted and measured as described in section 2.3.

2.2. Model Validation

48 patients were enrolled in an IRB-approved protocol. 28 were lung cancer patients and 20
were non-lung cancer patients. Patients were scanned using a 16-slice CT scanner operating
in ciné mode and acquiring scans with a spatial resolution of 0.98 x 0.98 x 1.5 mm3. 25
scans were acquired contiguously at each 24 mm wide couch position. One dataset usually
required 8 or 9 couch positions to cover the whole lung. Two external respiratory
measurements were simultaneously acquired; the respiratory volume measured using a
spirometer (VMM-400, Interface Associates), and a bellows pressure signal measured using
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a pneumatic belt system that was wrapped around the abdomen. The bellows pressure
measurement was correlated with the spirometry measurement to provide the respiratory
volume and airflow rate at each scan. (Lu et al., 20053, Lu et al., 2005b)

2.2.1 Calculations from the heuristic 5D Lung Motion Model—The tissue positions
were mapped for each scan using a normalized cross-correlation method (Lewis, 1995). The
scan with respiratory volume closest to zero was employed as the reference scan. The
remaining scans were sorted according to respiratory volume and categorized into inhalation
and exhalation. The position matching was performed in the inhalation and exhalation
categories respectively in order of respiratory volume, with zero motion as the initial
estimate for the first registration in one category and the result from previous matching as
the initial estimate for the remaining registrations in that category.

The registration results, together with the corresponding respiratory volumes and airflow
rates were fit to Eq. (1) employing the Nelder-Mead Optimization Algorithm by minimizing
the root-mean least-squares average distance between the fitting and measurements for each
voxel,

. — — N —
min S HXZ-—XO— av— B f;
m
- :

where Xﬁ/vas the it location of the measurements, and v; and f; were the respiratory volume
and airflow rate, respectlvely, for scan i. In this study, 25 scans were obtained for each
couch position, so Xo a and B in Eq. (15) were overdetermined to suppress the impact of
image motion artifacts and registration errors.

For each dataset, we defined |CL|90 and |[3|90 as the 90t percentile of the a and B magnltudes
respectlvely We selected the 90™ percentile as the indicator to represent the maximum a
and magnltudes because it was stable against registration and fitting errors.

2.2.2 Calculations from the biomechanical model—a and Bzharacterized the lung
tissue response to the change of stresses in the lung parenchyma. Theoretically, they could
be predicted through Eq. (11), Eq. (12) and Eq. (13) if the Young’s modulus, shear modulus,
respiratory volume, airflow rate derivative of stress, and the distance from the investigated
tissue to a fixed reference point were known. Although in-vivo acquisition of patient-
specific parameters required in Eq. (11), Eq. (12), and Eq. (13) were infeasible, values in the
literature were used here for estimations. The Young’s modulus E was estimated to be
27.65+0.67 cm H,O for patients with average age of 75 and undergoing quiet breathing

(Lai-Fook and Hyatt, 2000). The average respiratory volume derivative of normal stress %

was determined to be 3.80 cm H,O/L by Rodarte et al. (Rodarte et al., 1999). The typical
do,,

airflow rate derivative of normal stress 5f was derived to be 0.40 cm H,0 s/L by Stubbs

and Hyatt (Stubbs and Hyatt, 1972). Since no published literature data on the shear stress

inside of the lung were available, only B;could be estimated from published data. The

reference point was set at the apex of the lung, which typically exhibited minimal breathing
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motion. The lung height Loy was defined as the 90t percentile of distances of all points
inside the lung to the reference point. Using these values, |a|gg Was predicted using Eq. (11),

— Lgoaon 380
= = T
[@loo="T7 5V =275 L0 @O

IBIlgO was predicted using Eq. (12),

- Lgo adn o 040

==t
1‘90 E 8f 27.65

—
‘ 90 (17)

Uncertainties of the model parameters were propagated as

— aan 2 2 2
%oy (7—) BB+ (%Loo)? (1)

oV
and
— 80'n 2 2 2
7| 31| = (% i f> HRE+(%oLeo)?  (19)

where % indicated the percentage uncertainty of the parameter that followed.

2.3 Comparison of a and_[; from 5D model and the biomechanical model

A comparison of the 90t percentile of |arfrom both the 5D model and the biomechanical
model was conducted to evaluate how well both models agreed with each other. § was a
vector composed of two orthogonal vectors, p1 and B,, and the angle between |31] and |B| was
given by

cos(? (20)

BIM)

The subscript BM indicated the angle was calculated from the biomechanical model.
Although B?:ould be determined by fitting the patient data to the 5D model, it could not be
fully determined from the biomechanical model because of the lack of data on shear stress
that was necessary to evaluate B;. Therefore, the angle gy Was calculated by taking |[3I|90
from the biomechanical model and |BBO from the 5D model. Assuming that the parameters
taken from the literature were averaged over measurements exhibiting a Gaussian
distribution, Eq. (12) gave the estimation of |B]90 with the maximum likelihood. gy from
Eqg. (20) was consequently the maximume-likelihood angle between a and B.ﬁ

An alternative way to calculate the angle between a and BT/vas to use only the results from
the 5D model. While dpy indicated the angle between a and B_t)hat were calculated from the
biomechanical model, a new variable 3 was introduced to indicate the angle between a and
B?hat were obtained from the 5D model through

Phys Med Biol. Author manuscript; available in PMC 2015 January 15.
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-
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cos(¥)=

= @
[

Unlike Jgy calculated from published literature data on bulk biomechanical and
physiological properties through the biomechanical model, ) was obtained from aand B_)
throughout the lungs by fitting acquired patient data to the 5D model. Due to the variation of
lung properties, < was a distribution instead of a single value. A new parameter Jsp was
introduced to indicate the peaks of the 1 spectrum. 3sp referred to the angle with the
maximum likelihood over the spectrum obtained from the 5D model. As demonstrated by
the biomechanical model conducted above, Bl is parallel to a. SBM, the angle between 3 and
Bl, is expected to be equal to Jgp that is the angle between a ‘and B. The comparison of Jgy
and Jgp provided another indicator of how well the biomechanical model agreed with the
5D model.

2.4. Zenith angle distribution

Angles between two vectors with randomly assigned components were strongly biased
towards 90°. To obtain a meaningful statistic for angles between vectors that reflected the
interplay of various biomechanical properties, the angle bias was eliminated by a factor of
the sine of the angle.

3. Results

Lgg were measured using the CT images. The average value of Lgg was 192.3 mm (190.0
mm for lung cancer patients and 195.5 mm for non-lung cancer patients) in the left lung and
191.3 mm (188.3 mm for lung cancer patients and 195.5 for non-lung cancer patients) in the
right lung (Table 1).

Table 2 provided details on model parameters in two subject groups. The average Ian in the
left lungs as estimated from the biomechanical model was 26.3 mm/L (26.1 mm/L for lung
cancer patients and 26.9 mm/L for non-lung cancer patients). The average |0trgo calculated
from the 5D model was 25.5 mm/L in the left lungs, with little difference observed between
lung cancer patients and non-lung cancer patients. The average discrepancy of |aB0 between
the two models was 0.8 mm/L or 3.0% (0.6 mm/L or 2.3% in lung cancer patients and
1.Amm/L or 5.5% in non-lung cancer patients).

The average |O,|_g.;0 in the right lungs was 26.2 mm/L from the biomechanical model (25.9
mm/L in lung cancer patients and 26.9 mm/L in non-lung cancer patients). The average |CLBO
from the 5D model was 29.2 mm/L (30.5 mm/L in lung cancer patients and 27.3 mm/L in
non-lung cancer patients). The average discrepancy of |€1E)0 between the two models was 3.0
mm/L (4.6 mm/L in lung cancer patients and 0.4 mm/L in non-lung cancer patients), or
11.5% (15% in lung cancer patients and 1.5% in non-lung cancer patients).

The average |BI|90 from the biomechanical model was 2.8 mm-s/L in the left lungs (2.7
mm:-s/L in lung cancer patients and 2.8 mm-s/L in non-lung cancer patients). The average |

Phys Med Biol. Author manuscript; available in PMC 2015 January 15.
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BBO from the 5D model was 4.1 mm-s/L (4.4 mm-s/L in lung cancer patients and 3.7 mm-s/L
in non-lung cancer patients).

The average |BI|90 from the biomechanical model was 2.8 mm-s/L in the right lungs (2.7
mm:-s/L in the lung cancer patients and 2.8 mm:-s/L for in non-lung cancer patients). The
average |BBO measured from the 5D model was 4.1 mm-s/L (4.4 mm-s/L in the lung cancer
patients and 3.5 mm-s/L in the non-lung cancer patients) in the left lungs.

Three typical patterns of the angles between a and B?or patients, together with the
histograms of the angles, were illustrated in Fig. (3) and Fig. (4) for the left and right lungs
respectively. Peaks in the histograms were very close to the predictions from the
biomechanical model.

The histograms of 3 in the left lungs of all patients were illustrated in Fig. (5a) which
showed J5p at 43.0° and 150.1° in the lung cancer patients, and 41.2° and 148.2° in the non-
lung cancer patients; the predicted angles dgpy from the biomechanical model were 51.1°
and 128.9° in the lung caner patients, and 39.8° 140.2° in the non-lung cancer patients. Fig.
(5b) showed similar results in the right lungs, with J5p at 35.3° and 129.3° in the lung
cancer patients, and 40.1° and 140.0° in the non-lung cancer patients; the predicted angles
Jgm from the biomechanical model were 52.1° and 128.9° in the lung cancer patients, 37.1°
and 142.9° in the non-lung cancer patients.

The average maximum respiration volume was 477mL and maximum airflow rate was
468mL/s in the lung cancer group. The maximum likelihood estimation of the distance
between trajectories during inhalation and exhalation was 19.4% of the motion magnitude or
2.6mm as determined using average values of |CLE,0, |BBO and dsp Similar results with
smaller magnitudes (15.8% and 2.3mm) were measured for the non-lung cancer patients.

9o, ooy,
Because no confidence intervals were available for the published quantities of —— Fita Zand 57 af »
the minimal percentage uncertainties of |a|90 and |Bllgo were estimated to be 12.5%, using
average %E = 2.4% and %Lgg = 12.2% from all patients.

4. Conclusions and Discussion

This study established a link between the heuristic 5D breathing motion model parameters
published by Low and lung tissue biomechanical properties such as stress and Young’s
modules. Analysis of the published biomechanical properties of lung tissues provided
predictions of the 5D model parameters. They were found to be in good agreement with the
directly measured parameters, especially for subjects without lung cancer since the
parameters that were fed into the biomechanical model are from healthy subjects.

The angle 3 between a and BWas an interplay of stress, Young’s modulus and shear
modulus. It was a parameter that characterized breathing trajectory elongation. The distance
between trajectories during inhalation and exhalation was maximal for tissue with 3 =90°
and minimal with 3 =0° or 180°. A large portion of the lung exhibited some hysteresis. The
estimated hysteresis in the lung cancer group fell within the observed range (Seppenwoolde
etal., 2002).

Phys Med Biol. Author manuscript; available in PMC 2015 January 15.
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The spectrum of 3 also provided insight into the stress distribution inside the lung
parenchyma. The hysteresis lag in the anterior left lung might be explained by the presence
of heart as a geometrical constrain to tissue motion. As the anterior portion of the left lung
moved towards the heart, the resistance from the hearts was enhanced by squeezing the lung
tissue against the heart. The increased resistance in the anterior portion of the left lung
caused the transpulmonary pressure to drop locally, reducing the amount of air moving into
the affected region to a level less than without heart as a geometrical constrain.
Physiologically, the extra air that would have moved into the squeezed region was now
redistributed to regions with less resistance and greater transpulmonary pressure, such as the
posterior region. Therefore, in the anterior portion of the left lung, Bfwas most likely to be
anti-parallel to the motion of the lung tissue and dgy, was indeed observed to be greater than
90°. As indicated in Fig. (3), the motion of the anterior portion of the left lung was most
likely to lag due to the hysteresis component.

Similar phenomena were observed in the inferior and posterior portion of the right lung, but
for a different reason. Since the heart impacted breathing motion primarily in the inferior
portion of the left lung, the right lung had less geometrical confinement than the left lung
does. Instead, gravity played a relatively important role in distributing the air in the right
lung. Since the inferior posterior region of the right lung bore more stress from gravity, it
had a smaller resting volume at the beginning of inhalation compared to that of the anterior
region of the right lung. The elasticity of the lung, which was a monotonically decreasing
function of lung volume (Zapletal et al., 1976), had greater elasticity in smaller alveoli than
in larger ones. Therefore, the inferior posterior region of the right lung was easier to inflate
than the superior and anterior region and consequently received more ventilation. However,
the relatively smaller air space and greater ventilation in the inferior posterior region would
have escalated the pressure inside of alveolus more than in the superior anterior region as
airflow rate increases. The transient greater alveolar pressure would have redistributed the
air from region with greater alveolar pressure to region with lower alveolar pressure, and
macroscopically from the inferior posterior region to the superior anterior region, to balance
the alveolar pressure inside lung parenchyma. Therefore, the motion of the region with
better ventilation was subject to a hysteresis lag and 13 was observed to be greater than 90°,
as illustrated in Fig. (4) where a hysteresis lag was present in the inferior posterior region of
the right lung. On the other hand, the region with less ventilation would have been boosted
by the extra air flow and moved further along the direction than it would have moved at a
constant airflow rate.

This study established that the 5D model is the first order approximation of the
biomechanical model, which provided not only a physical interpretation of the parameters in
the 5D model, but more insights into the breathing motion. One of the applications of the
biomechanical model is in vivo measurement of Young’s modulus that characterizes the
resistivity of lung parenchyma. Pathological tissues are usually stiffer than normal tissues
and the stiffness were observed in patients with lung fibrosis (Levental et al., 2007) and
cancer (Paszek et al., 2005, Butcher et al., 2009). According to the biomechanical model,
Young’s modulus was linked to the transpulmonary pressure and the divergence of a.qu
inserting an esophageal balloon to measure transpulmonary pressure while scanning a
patient, the patient-specific map of Young’s modulus can be calculated in vivo. If a standard
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map of Young’s modulus for healthy lungs is established, a patient-specific map of Young’s
modulus may aid in the diagnosis of pulmonary diseases. In radiation therapy, specifically,
the in vivo acquisition of Young’s modulus will help to monitor radiation-induced damages
such as fibrosis, as well as the tumor progression during and after the treatment.

In summary, the hysteresis lag was present in the left lung because the air was redistributed
from regions with a greater resistance to regions with lesser resistance. In the right lung, the
hysteresis lag was present because the alveolar pressure decreased during airflow rate
increase due to the relatively easy and rapid redistribution of air through airways. Both the
increase in resistance and the decrease of alveolar pressure lead to a decline in the stress that
drove the lung to inflate and deflate.

In this study, a biomechanical model was developed by modeling the lung as an elastic
material subjected to driven forces from diaphragm and other breathing muscles. The first
order approximation of this biomechanical model led to a lung motion model orlgmally
proposed by Low (Low et al., 2005). Two parameters in the biomechanical model, a ‘and B
were calculated using published literature data on the biomechanical and physiological
properties of lung, while the same parameters in the 5D lung motion model were fit using
clinical datasets. The two models reached close agreement both on the magnitude of the
parameters and on the angle of hysteresis with respect to lung tissue motion.
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In general, stress is presented by a second-order Cartesian tensor at a point xg,

su(V, £, Zo) si2(V,f, @o) si3(V,f, Zo)
sa(V, [, Zo) sV, f,Z0) sus(V.f,Zo) |, (22
ss1(Vo f, o) ss2(Vif, To) ss3(Vof, Zo)

—
S

where s11, S and s33 are the stresses normal to the three orthogonal planes. s, and s13, 1
and sy3, S31 and s3p are 3 pairs of shear stresses parallel to the orthogonal planes. We
hypothesized that all nine elements in the stress tensor are functions of respiratory volume
and air flow.

Introducing

Wij:SijQﬂ (23)
and

=

the stress tensor can be decomposed into a symmetric and anti-symmetric components,

Phys Med Biol. Author manuscript; available in PMC 2015 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhao et al.

>

Page 13

> >
S=S5 symm+ S anti—symm

(V. £, @0) w2V, f, Zo) mis(V,f, Zo) 0 m2(V, £, Zo) 73(V, f, 7o)
— — — — —

mo1(Vo f, o) moa(V, f, To) ma3(Vi f, o) | + | m1(V, f, To) 0 T23(V, f, o)
— — — — —

71 (V. f, o) m2(V,f, o) ms33(V, f, x0) 1 (V, f, o) m32(V, f, @0) 0

where S;mm is a symmetric Cauchy stress tensor working on a body that is in equilibrium
and satisfies conservation of angular momentum; Syptj-symm is an anti-symmetric Cauchy
stress tensor that gives net moments to the body, causing rigid rotation.

A symmetric Cauchy stress tensor can be transformed to a tensor with three orthogonal
planes, termed principal planes, on which normal stresses are maintained and shear stresses
vanish.

g1 0 0
—
S symm™— 0 o2 O (26)

where 01 = 09 = 3. Under transient equilibrium of stresses, the magnitude of principal stress
is a combination of the pressure across the alveolar wall and the stress from gravity,

oi=p(V, f)+gi (@)
where g is the pressure component caused by gravity along the principal direction i.

On any plane that passes through a point on which the symmetric Cauchy stress tensor S;mm
works, the maximum shear stress tmax is given by (Chatterjee, 1999)

1 1
Tnlax:§(01 - 05)25(91 - gd) (28)

The maximum difference between pressures caused by gravity is given by the stress from
the weight of the alveolus on the cross section area. Comparing to the isotropic pressure
drop across the alveolar wall caused by the breathing muscles, the anisotropic pressures
from gravity is negligible. Ignoring the impact of gravity, the maximum shear stress tmax
goes to zero. Therefore, the principal stress can be simply written as the transpulmonary
pressure. The symmetric Cauchy stress tensor S;mm is reduced into

- p(V.f) 0 0
N symm=— 0 p(‘fv f) 0 (29)
0 0 p(V.f)

On the other hand, the rigid-rotation tensor Sa;ti_wmm, part of the shear stress in S%omes
from the relative motion between adjacent tissues. It is reasonable to assume the correlation
between the elements in S‘;ti_wmm and respiratory volume V is negligible based on the
observation that the relative motion reaches its minimum at beginning of inhalation and end
of exhalation when airflow rate is minimal, and maximum at the middle of inhalation and
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exhalation when airflow rate is maximal. Therefore Syyti.symm Can be parameterized as
functions of airflow rate only and reduced to

0 m12(f, @o)  T13(f, To)
anti—symm=— T21 (f7 ?0) 0 723 (fa ?O) (30)
m1(f, o) Ta2(f, 7o) 0

—
S

The stress tensor Sis a simple combination of Eq. (29) and Eq. (30),

- p(V,f)  ma(f, To) m3(f,Z0)
S=| m(f,z0) pV,f) 7s(f 20) (31)
m31(f,20) T32(f, o) p(V, )

The stress vector S:that works on a plane normal to unit vector n = (nq, ny, Ng) is given by
S,=7 - S =47, (2

where o;is the normal stress that works on the plane, whose magnitude is given by

>
W=7 S W =niptndptniptninamiatninatey +n1naTianina e +nang Tz tnanamae=p(V, f)  (33)

r;is the shear stress that works on the plane. It is perpendicular to the normal stress 0;
working on the same plane, and its magnitude is given by

|7 n|= \/|Sn|2 — |on 2= \/7'122—|—'r123—|—7'223 — (namia — namis — nyms)’ = 7(f)  (34)
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Fig. 1.
(a) Stresses normal to the wall shared by two adjacent alveoli. P2V is the alveolar pressure

and P™ comes from the surface tension of the liquid membrane that defines the boundary of
alveolus. T is the recoil stress from the resistance of the alveolar wall against the deflation or
inflation of the alveolus inside.

(b): Arrangement of alveoli on a 2D plane.
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Histogram of 6 in Patient 1
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Fig. 3.

(a)—(f): Sagittal view of unbiased 0 distribution in the left lungs of 3 patients.
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Histogram of 6 in Patient 4
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(a)—(f): Sagittal view of unbiased 0 distribution in the right lungs of 3 patients.
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Fig. 5.
0 from the 5D model in all patients. Predictions from out biomechanical model are indicated

with ¥ for lung cancer patients and A for non-lung cancer patients.(a): Left lungs; (b) Right
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Table 2
Lung Patients Non-Lung Patients
Left Right Left Right
Lgo (M) 190.0+19.7 | 188.3+15.9 | 1955:28.2 | 195.5+31.2
. 255+10.0° | 305+105° | 25547.6" 27.3+85"
|atlgo (Mm/L)
26.1% 25.9% 26.9% 26.97
PBloo (MmsiL) | 4.422.3* 4.4+18" 3.7+1.2" 3.5+1.4"
Baloo (mm-siL) | 2.7+ 27+ 2.8+ 28+
Osp(°) 43.01150.1° | 35.3/129.3" | 41.2/148.2" | 40.1/140.0°
Oem(%) 51.1/128.9% | 52.1/128.9% | 39.8/140.2* | 37.1/142.9%

Parameters obtained from 5D model (*) and the biomechanical model (*) in lung cancer group and non-lung cancer group.
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