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Abstract
We present a novel image-based technique to estimate a subject-specific boundary condition (BC)
for computational fluid dynamics (CFD) simulation of pulmonary air flow. The information of
regional ventilation for an individual is derived by registering two computed tomography (CT)
lung datasets and then passed to the CT-resolved airways as the flow BC. The CFD simulations
show that the proposed method predicts lobar volume changes consistent with direct image-
measured metrics, whereas the other two traditional BCs (uniform velocity or uniform pressure)
yield lobar volume changes and regional pressure differences inconsistent with observed
physiology.
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1. Introduction
Computational fluid dynamics (CFD) has become a vital tool in understanding the nature of
pulmonary air flow in the human lungs from the large central bronchial airways to the acinar
regions. A representative though not exhaustive list of such studies can be found in Choi et
al. (2009), Freitas and Schröder (2008), Kumar et al. (2009), Lin and Hoffman (2005), Lin et
al. (2007, 2009), Liu et al. (2003), Ma and Lutchen (2009), Stapleton et al. (2000), van
Ertbruggen et al. (2005) and Xia et al. (2010). One of its applications is to predict the local
deposition of pollutant or therapeutic particles for the purpose of understanding the etiology
of lung pathology and for the improvement of drug delivery methods. Since particle
deposition is highly dependent on flow characteristics, which, in turn, are dependent on the
geometrical configuration of airways and regional ventilation of the lungs, it is desirable to
conduct subject-specific CFD with an anatomically realistic airway geometry and a
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physiologically consistent boundary condition (BC). Due to the complexity of the human
tracheobronchial tree, most earlier CFD studies of pulmonary air flow used either the
symmetric Weibel (1963) model or the asymmetric Horsfield et al. (1971) model. Although
those studies provide some insights into the characteristics of flow in systems of bifurcating
tubes, their idealized airway models lack subject-specific geometrical features for assessing
an individual’s response to inhaled particulates and for better tailoring a treatment plan for
the individual. With rapid advances in medical imaging and computational techniques,
three-dimensional (3D) realistic airway geometries with major branches derived from high
resolution computed tomography (CT) images have recently been used in CFD analyses
(Choi et al., 2009; Freitas and Schröder, 2008; Lin et al., 2007, 2009). In addition, one-
dimensional (1D) centerline airway models generated from subject-specific lobe
configurations, such as by Tawhai et al. (2004), have also been used to investigate gas
mixing (Tawhai and Hunter, 2001). However, in most of these studies simple uniform BCs
(either uniform velocity, uniform pressure, or uniform flow distribution) were imposed at
the ending airway segments, which may limit the accuracy of the results due to the inability
to take into consideration the realistic nonuniform ventilation. De Backer et al. (2008)
attempted to describe a subject-specific BC by using two different pressure values at the 3D
CT-resolved ending segments in the left and right lungs for a steady inspiratory flow. While
De Backer et al. (2008) predicted a different flow rate between left and right lungs, their
approach is not sufficient to capture the heterogeneity of ventilation inherent to both normal
function and pathophysiology of the lung. Recently, Tawhai et al. (2006, 2009), developed a
soft-tissue-mechanics-based model for elastic deformation of the compressible lung tissue,
in which the local volume change of the peripheral tissue can be used for setting a flow BC
for the 1D centerline airway model. And Lin et al. (2009) proposed a multi-scale CFD
framework that couples a 3D CT-resolved central airway tree with a 1D centerline airway
tree in a physiologically and morphometrically consistent manner: the 1D peripheral airway
tree serves as a link between 3D central airway tree and lung parenchyma. With the 1D and
3D coupling framework, a subject-specific BC can be imposed on the 3D central airways via
the 1D tree using the information of regional ventilation.

Regional ventilation has been measured using imaging techniques, such as magnetic
resonance (MR) (Salerno et al., 2002; van Beek et al., 2004) and xenon CT (Chon et al.,
2005, 2007). Currently MR is only partially quantitative because of a limited capability for
depiction of anatomic detail. MR is also costly, requiring specialized equipment to
hyperpolarize the gas that is used for imaging. Xenon CT can predict a high resolution
ventilation map but it requires the use of expensive xenon gas and the associated hardware
for controlled gas delivery. Alternatively, regional ventilation can be generated by
registering two volumetric CT datasets (Christensen et al., 2007; Guerrero et al., 2006;
Reinhardt et al., 2008; Yin et al., 2009a). In contrast to MR or xenon CT, such registration-
based analysis of regional ventilation requires only two volumetric datasets of the lung at
different levels of inflation and the resulting ventilation map has a high resolution.

The purpose of this work is to describe a technique to estimate a subject-specific BC with
two CT lung datasets by means of an image registration method. The derived BC is then
applied for CFD simulation of pulmonary air flow and is compared against two traditional
BCs.

2. Methods
Fig. 1 shows a flow chart of the entire process. Two CT datasets are acquired at different
levels of inflation in the same scanning session and are matched using a mass-preserving
image registration (Yin et al., 2009b) to estimate regional ventilation. Meanwhile, a subject-
specific 1D centerline airway tree is generated based on the image with larger lung volume
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using a volume filling method (Tawhai et al., 2004) that fills lobes with bifurcating tree
spanning the entire conducting airways from the ending segments of CT-resolved central
airways to terminal bronchioles. The registration-derived regional ventilation map is then
associated with the 1D tree to estimate air flows at the approximately 30,000 terminal
branches. Terminal airway flows are used to produce the subject-specific flow BC for the
3D CT-resolved central airways by utilizing the connectivity information between the 3D
airways and the associated downstream 1D airway branches. The proposed subject-specific
BC is then applied to CFD and is compared against two traditional outlet BCs (either
uniform velocity or uniform pressure).

In this study, the two 3D CT volumetric datasets were acquired from a normal human
subject (a 32-year-old non-Hispanic white male) during breath-holds in a single scanning
section. Scan parameters were: 120kV, 100mAs, slice thickness 1.3mm, reconstruction
kernel B, field of view 350 mm, rotation speed 0.5s, pitch 1.25. The protocol was approved
by the University of Iowa’s Institutional Review Board. The subject lay supine and breathed
through a mouthpiece during the scanning session. One volumetric dataset was acquired at
85% of VC, referred to hereafter as image I1, and the other was at 55% of vital capacity
(VC), referred to hereafter as image I2. Each dataset consists of 553 slices with a spacing of
0.6 mm and a reconstruction matrix of 512 × 512 pixels. In-plane pixel spatial resolution is
0.68 × 0.68mm2. The two datasets were processed using a software package Pulmonary
Workstation 2 (PW2: VIDA Diagnostics, Coralville, Iowa) to segment the lungs, lobes and
central airways. The segmented airways were further skeletonized to obtain the centerlines
of individual branches.

A mass preserving image registration method was used to match the two volumetric CT
datasets. This registration method estimates local tissue (parenchyma plus blood) and air
fraction within the lung and minimizes the local tissue volume difference. Let I(x) denote the
Hounsfield unit (HU) for a voxel at x. The tissue and air fraction can be estimated as
(Hoffman, 1985; Hoffman et al., 2003)

(1)

where HUair and HUtissue refer to the HUs of air and tissue, respectively. In this work, we
used – 1000 for HUair and 55 for HUtissue.

Based on Eq. (1), we can then define the similarity measure as the sum of squared local
tissue volume difference (SSTVD):

(2)

where T(x) is the transform function to be optimized and a cubic B-spline model is adopted
in this work. V1 and V2 are total volumes of corresponding regions in the two images,
respectively, and V2 can be calculated from the Jacobian value JT of the deformation as V2 =
JT V1. For complete details, please refer to Yin et al. (2009b). We have previously validated
this method based on six pairs of volumetric CT datasets and it has been shown to be
effective at registering intra-subject lung CT datasets (Ding et al., 2009;Yin et al., 2009b).

Once the image registration is performed, we can further calculate regional ventilation,
which is also referred to as the local air volume difference in this work. The local air volume
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difference is jointly estimated from changes in local air fraction along with the registration-
derived local Jacobian value (Yin et al., 2009a). The regional ventilation map describes local
air volume changes between the two volumetric datasets. Thus, it can be used to provide a
subject-specific BC for the 3D central airways in a 3D and 1D coupling framework (Lin et
al., 2009).

The current 1D airway tree was generated using a previously proposed volume filling
method. The volume filling method takes the lobes as “boundary conditions” and the
skeleton of the 3D CT-resolved central airways as “initial conditions” (Tawhai et al., 2004).
To date, this is the only published method that has been demonstrated to produce human
airway models consistent with morphometric measurements. The volume filling method
generates the 1D centerline airway model based on the image close to TLC with the
assumption that the pulmonary acini are uniformly distributed. A set of seed points is
uniformly distributed in the lung with the number approximately equal to the expected
number of terminal bronchioles (30,000). Each terminal branch supplies a unique point that
represents the center of an acinus, i.e. a parenchymal unit. The air flow at each terminal
bronchiole can then be calculated as the sum of registration-derived regional ventilation of
all voxels in that unit. By mass conservation the air flow at an ending segment of the CT-
resolved 3D central airways can be determined by summing the air flows of terminal
bronchioles with the connectivity information between the 3D airway and the associated
downstream 1D airway branches.

Simulations of inspiratory flows using the proposed BC and two conventional uniform BCs
were performed in this study. Large eddy simulation (LES) was adopted to capture
transitional and turbulent flow. The governing equations consist of the filtered continuity
equation and Navier–Stokes equations for incompressible flow:

(3)

(4)

where ui, p, ρ, ν, and νT are the i th component of velocity, pressure, density, kinematic
viscosity, and subgrid-scale eddy viscosity, respectively. The density and the kinematic
viscosity of the air are 1.2kg/m3 and 1.7 × 10−5 m2/s, respectively. The overbar denotes
resolved quantities. The eddy-viscosity subgrid-scale model proposed by Vreman (2004)
was used to account for the transitional and anisotropic flow characteristics. A fractional
four-step and characteristic Galerkin method based finite element scheme was employed in
solving Eqs. (3) and (4) (Lin et al., 2005). An unstructured mesh with 899,465 nodes and
4,644,447 tetrahedral elements was generated for the CT-resolved upper and central
airways. The whole computational domain was divided into 256 partitions and the
simulation was conducted on the Lonestar cluster at the Texas Advanced Computing Center.
The time step was set to 2.0 × 10−5 s, resulting in an average Courant–Friedrichs–Lewy
(CFL) number of about 0.044. Further details of the 3D fluid solver including validation can
be found in Lin et al. (2007) and Choi et al. (2009), where LES solutions were compared
with those of refined LES and direct numerical simulations. A flow rate of 0.342 L/s at the
peak inspiration was imposed at the mouthpiece inlet, resulting in a Reynolds number of
1380 in the trachea. The outlet BCs at the ending airway segments were set with the
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proposed subject-specific BC (case 1), uniform velocity BC (case 2) and uniform pressure
BC (case 3), respectively. The reference pressure was selected at the tracheal inlet.

3. Results
Registration-derived regional ventilation was validated by comparing with measured global
values: (1) the average Jacobian value and (2) the total air volume difference. The measured
average Jacobian value is defined as the ratio of the total lung volume of image I2 to that of
image I1, where the total lung volumes for images I1 and I2 are 7.60 L and 6.09 L,
respectively. The measured total air volumes can be calculated from the total lung volume
and the average air fraction, where the average air fraction is estimated from average HU
inside the lung with Eq. (1). For the images I1 and I2 used in this study, the measured total
air volumes are 6.72 and 5.20 L, respectively. Thus, the measured total air volume
difference is 1.52 L between the two images. In contrast to the measured values, the
registration-derived average Jacobian value is calculated from local Jacobian values in the
lungs and the registration-derived total air volume difference is the sum of local air volume
difference of all voxels in the lungs. Table 1 presents the comparison between the measured
values and the registration-derived values. It is clear that the registration-derived average
Jacobian value matches well with the measured one and the registration-derived total air
volume difference is also close to the measured value with a small error of 2.6%.

Fig. 2(a) shows the surface geometries of the lobes, CT-resolved upper and central airways
for image I1. These surface geometries are obtained by converting the segmentation into
surface meshes with a Marching Cubes algorithm (Lorensen and Cline, 1987) and further
smoothing the meshes using a without-shrinkage smooth technique (Taubin, 1995). Fig. 2(b)
shows the generated 1D centerline airway tree. The 3D CT-resolved upper and central
airways with the central airway skeleton are also shown in Fig. 2(b). The lobes and lobar
airway trees are shown in different colors: green for the left upper lobe (LUL), red for the
left lower lobe (LLL), cyan for the right upper lobe (RUL), blue for the right middle lobe
(RML) and purple for the right lower lobe (RLL).

Fig. 3 compares the distributions of outlet velocity and static pressure for the three cases.
The distributions in Fig. 3(a) for the proposed BC are more heterogeneous than those of the
uniform velocity BC in Fig. 3(b) and the uniform pressure BC in Fig. 3(c). In particular, the
proposed BC predicts much greater pressure drop at the airways in the LLL and the RLL
shown in Fig. 3(a). In contrast, the uniform velocity BC yields greater pressure drop in the
RML than others, whereas the uniform pressure BC enforces the same pressure drop in all
five lobes.

Quantitative comparisons of lobar distribution of air flow are presented in Fig. 4. The
proposed method results in larger deviation between lobes, reflecting the nature of
heterogeneity of ventilation in the human lung. The measured values (the lobar difference of
air content) are also shown. The lobar distributions predicted by the proposed method match
well with these measured values with an overall relative error of 4.79%, seen from Table 2.
The large relative error for RML is due to the small measured value for that lobe (0.052).
However, the uniform outlet velocity and uniform outlet pressure methods yield errors of
43.42% and 27.08%, respectively. The uniform velocity BC results in over-prediction (more
than twice) of the ventilation to the RML, yielding a greater pressure drop in the RML
shown in Fig. 3(b). Both uniform pressure and uniform velocity BCs under-predict the
ventilation to the two lower lobes LLL and RLL.
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4. Discussions
In conclusion, we have described a technique to estimate a subject-specific BC for CFD
simulation of pulmonary air flow. In contrast to the idealized symmetric airway models, the
real human airways are asymmetric and BCs most certainly play an important role in
determining the regional distributions of basic flow properties. Advantages of the current
BC have been investigated by comparing the CFD results using the proposed subject-
specific BC against two traditional BCs (uniform outlet velocity and uniform outlet
pressure). The results showed that the lobar and regional distributions of pressure and flow
rates in the bronchioles were noticeably affected by the outlet BCs. As compared with the
measurement data, the proposed method yielded physiologically reasonable regional
distribution of flow, which was not accomplished by the other two BC methods.

To our knowledge, this work is the first attempt to provide realistic BCs for CFD
simulations based upon image registration. The method proposed here uses two volumetric
images of the lung acquired at different lung volumes and produces BCs that are specific to
the subject and to their change in regional lung volume. This method can be extended to
match multiple lung volumes acquired between TLC and FRC in the same scanning session,
thus providing a way to develop a computational lung model with realistic time-varying BCs
in a breathing period. In addition, the proposed method would benefit from further
validation of the registration-derived regional ventilation, such as comparing with the
measurements from xenon CT, or hyperpolarize 3He MR (Chon et al., 2005, 2007; Fuld et
al., 2008). The validated technique would then be applicable to study pulmonary airflow in
subjects with lung diseases that affects ventilation distribution, such as asthma or chronic
obstructive pulmonary disease. In these cases, a next step will be to adjust the airway model
based upon additional image-based information related to regional tissue destruction (Hogg
et al., 2009).
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Fig. 1.
A flow chart of the entire process.
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Fig. 2.
(a) Surface geometries of the lobes (LUL: left upper lobe; LLL: left lower lobe; RUL: right
upper lobe; RML: right middle lobe; and RLL: right lower lobe), CT-resolved upper and
central airways for image I1; (b) combination of generated 1D centerline airway tree with
the 3D CT-resolved upper airway, central airway tree and central airway skeleton.
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Fig. 3.
Outlet velocity vectors (pink) and pressure contours for the three different outlet BCs: (a)
proposed; (b) uniform velocity; and (c) uniform pressure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4.
Lobar distribution of flow rate ratio for the three cases with different outlet BCs.
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Table 1

Comparison between measured and registration-derived values for average Jacobian value and total air volume
difference.

Average Jacobian value Total air volume difference (L)

Measured 0.80 1.52

Registration-derived 0.80 1.56

Error percentage (%) 0.0 2.6
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Table 2

Relative errors of the lobar distributions of flow rate ratio for the three outlet BCs against measured values.

Proposed (%) Uniform velocity (%) Uniform pressure (%)

LUL 3.13 38.61 39.19

LLL 0.09 28.81 16.56

RUL 3.86 18.99 1.00

RML 14.73 117.93 67.69

RLL 2.12 12.76 10.94

Overall 4.79 43.42 27.08
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