MDCT-Based 3D-1D Coupled Airflow Simulation In The
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ABSTRACT Time-varying regional ventilation Airflow simulation: normal and deep breathing

RATIONALE: The capability of predicting air flow and particle deposition with computation fluid Local properties such as air volume content at 80 p In-house parallel finite element LES code (Lin et al., 2007, Resp Physiol Neurobiol 157:295; Choi

»

dynamics (CFD) is desirable for understanding the structure and function relationship in the human  parenchymal units are determlned_ as fun_ct|ons ;;VE A N ;/‘"?: : et al., 2009, Phys Fluids 21:101901) provides physically accurate predictions of multiscale airflow
lungs. In order to take into account the effects of physiologically consistent multiscale physics of ~Of the global lung volume by non-linear (linear) ¢ =r & ;’{ § physics according to the physiologically consistent breathing conditions such as normal breathing
the pulmonary air flow, we propose an integrative, image-based computational framework for hnatlte;poczclfﬁlr(;ré t())ert\r/nv(e)?en (rtségol?t\?;leudmlrensage-derlved > | with end expiratory volume at FRC and tidal volume of 500 ml and deep breathing. Three-volume-
subject-specific breathing lungs, and demonstrate the regional distribution of airflow properties In | | | - | ﬁv | . i data model predicts reasonable regional distributions of ventilation and pressure at a given time,
the entire conducting airway. Figure 2: A schematic of the interpolation of time- @ Ve |-~y s ~ while single-volume-data leads to relatively lower and randomly distributed pressures at distal
varying local variable during a specific breathing T It | 05 11, 1 . . . . o
: airways without modeling deformation. Geometry and pressure distributions from two-volume-data

METHODS: The proposed three-dimensional (3D) and one-dimensional (1D) coupled framework, cycle, with respect to global lung volume and
which spans from the mouth to the terminal bronchioles, is built to incorporate the desired level of reference time. Dashed (red) and dot-dashed
geometric details. The image-derived deforming airway geometries and regional ventilation are
acquired with a mass-preserving nonrigid image registration method to guide CFD simulation. An
In-house parallel large-eddy simulation (LES) technique Is adopted to capture turbulent-

model deviate from three-volume-data results.

(blue) lines represent two sections of respective
Interpolation curves based on three image data.
Solid circles denote three image-derived data
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transitional-laminar flows in the central large airways (3D) and an energy-balance-based model is e - e R b 1 / ?E?E ¥ ’ ,/ gg?;* e e
utilized to predict pressure drop in the peripheral small airways (1D), thus predicting ventilation and | 0  1E-05 2E-05 3E-05 4E-05 SE-O5 | - - 4 B f I E SEE =

- - - - - - \ \ ) ) Figure 3: Deforming airway , » "B j ? B g
pressure In the entire conducting airways. Three volumetric multi-detector row computed AL \Lo \ \ _ _ . S _. i
. . . . . . \ \is \ \42 geometry and time-varying A7 A\ J
tomography (MDCT) lung images of the same subject are used to derive non-linear time-varying A X BT R cR AR regional air flow fraction PN Peak 94 Peak
- - i i1t - - e K& $5 8T Uk S . . 77 X inspirati 77 irati
def(;r-rtr.ung l:c";urwady ant(:] reg-lonal ventilation. Thz CFF) rtetshults |n]c both n(:rma-tl and deep breathing S Sl e Savd iy S J; . distribution associated with / } Inspiration N expiration
conditions based on three images are compared against those of one or two images. DS BRI BhLanel fBrh %1 ST i i . . . . g .
J P J J FEEA R e AN N AL e tde_][fmlnai ltr)_ronchlpltes_at Figure 7: Airflow simulation results in 3D airway at (a,b) peak
RESULTS: The results show that the three-image-based breathing lung model vyields s R e T SR S ) or e:u?\in g cyeclgobet?/veea;l msplratlon_ and (c,d) pea[( expiration of normal breathing. (a,c)  Figure 8: Comparlsor_l Of.
physiologically consistent airway deformation and ventilation distributions. At peak inspiration =00 o Sian il gia 0 BEe e mes Ve and V. show the isosurface at air speed of 5 m/s color-coded by pressure at the peak inspiratory
dur . . . . " TR Sk B S At v e R 9 3 1 pressure contours. (b,d) show the instantaneous air speed flow between (a) the three-image-
uring normal breathing, the 3D-1D coupled simulation yields an average pressure drop of 78 Pa ; L PPARER R S Ra g iy (a) t"=0.01; (b) t'=0.17; (c) . . . .
. . . . . . RORS B e L N e ) D o contours in a vertical plane through the trachea. based realistic normal breathing
(110 Pa) in the entire lung (in the lower lobes) from the mouthpiece to the terminal bronchioles. | o d o 1t1=0.33; (d) t1=0.49. Pressure (Pa) case and (b) the single-image
These values are within the typical range in normal breathing. And it agrees with known regional (a) (b) (c) (d) [ based case near 78%VC with
distribution of pressure drop in the lung. The detailed pressure distribution inside 3D airway IS By 3D-1D coupling and mass conservation, the flow rate distribution at the distal ends of 3D airway JQ// 14 traditional boundary condition
shown In Figure 8 in comparison with the one-volume-based case. The pressure drop is overall model is determined from regional ventilation map at terminal bronchioles as a function of the global »:\:‘;‘ 1% (uniform flow).
greater in the pathway of dorsal branches in Figure 8(a) due to the ventral-dorsal regional lung volume. Both in parenchymal level and in large airways, ventilation in the dorsal and basal b L
ventilation tendency. However, the one-volume-based model in Figure 8(b) under-predicts pressure 91N> relatively increases as mflatlog nereases. ,_ L}: 22 Figure 9: Comparison of pressure drop at
drop and does not recover regional ventilation at the whole lung level. In addition, the two-volume- (a) (b) - i (c) Ap'ca"w S | - Presae ) Pressure () an msplratory phase of UT = 0.15 of deep
. . _ - j | & O o m me breathing, using the approaches based on
based model (results not shown), to some extent, can account for airway deformation and non- i i ) s | [LUL S | BT 1o . .
_ | > | 008 e | R = - 5 “of _ . i o (a) three images and (b) two images. (c)
uniform regional ventilation, but not non-linear features of the lung. I ST ] 7 = 8, b = Enlarged views of LLL (dashed box) from
L A T Joos =0, B FLL | g | o ¢ 6 2 - .
CONCLUSION: The proposed multiscale breathing lung model from MDCT volumetric data sets ~ §°°[ -~ PITTE venwral 97 porsal @ Op e g S z e (?)I (Iteft)t_andtg_tl)_)_(rcl)ggg. (d) The same views
acquired at different inflation levels, providing regional ventilation and airway deformation, predicts § R N e " ANG  Eof ¢ ° ° t/T=0.30 atlaertime it =154,
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physiologically consistent air flow field in breathing lung. Three volumes allows dynamic behaviors g [k B g4 § or ° .
of regional ventilation and non-linear motions of airway geometry. = e e e JRML S or e ¢ :
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Flow chart: Multiple MDCT images to CFD e s 3 ; - S | g
% 02 04" 08 708 1 ° e _ Normalized height (ventral to dorsal) (%) 0
Mass-preserving nonrigid image registration (Yin et al., 2009, Med Phys 36(9):4213) derives airway I
and lobe geometry, regional ventilation map and deformation map, from multiple MDCT volume Figure 4: Time varying ventilation at distal ends of 3D model. (a) The time-varying flow rate
scans of lung. 1D airway tree generated by volume-filling (Tawhai et al., 2004, J Appl Physiol fractions with respect to the global lung volume and (b) the two-image-based constant flow rate
97:2310) links CT-resolved airway to lung parenchyma where localized air volume changes are fractions at distal ends of 3D airway model illustrated in (c). (c) A side (left) view of 3D airway
compared between global (total) lung volumes. Figure 1 shows the flow chart. model. The upper airway is not shown. Boxed numbers denote the indices of four selected
Registration boundaries. (d) The ventral-to-dorsal dependency of the flow rate fraction increases at normalized o | SR : .‘ 8 AR
(a (b . .
| | — 1D Generation by the average values between V,; and V. Figure 10: 3D-1D coupled entire of Figure 12: Demonstration of
Segmentation 1D Generatlon | — Airway Deformation 0.4 2001 | | conducting airway model. Each average air speed in individual pressure distribution in the
\ . . s E] : | F|gure 5: COmpaI‘ISOH Of IObar - " k entire Conductin airwa at
Boundary Condition _ g £=0.17 e | color denotes each of five lobes.  alrway segments at pea g y
S o3l [ :fgjg ventilation (flow rate fracﬂqns) inspiration of normal breathing. Inspiration.
— | 8| ) % 5 vl 3% of three-volume-based regional
| g s ! I 1vo [T ventilation model at 4 reference SUMIMARY
g 02r 3, 273, times of deep breathing with | | | | |
i —> E the two-volume-based constant Ve proposed a technique to build a multiscale breathing lung model from MDCT volumetric data
lmagli:g‘istmﬁon 3 o1l regional ventilation model and sets acquired at different inflation levels. Three-(two-) volume-data model allows predicting subject-
L 2 - e . . . . . . . .
o J Transform T,, “1, the one-volume-based model specific time-varying (time-constant) regional flow rate fractions and non-linear (straight-trajectory)
Registration | Bk Time-varying Time-varying Regional I M Wlth uniform VelOCit - - - - 1: - - - . : .
Transform T, @ |7, 1, |\ 3DAIway | Air Volume 1 Regional Air Ventilation Fraction ] Y. motions of airway deformation, thus providing physiologically consistent regional ventilation and
(Tiz *Tys as i | volume lg) (03D Mass LUL LLL RUL RML RLL deformation in addition to physically accurate predictions of airflow field in the entire conducting
a start point ) 2l ‘ .= : onservation 5 i i i i i
- - airway according to global lung volume change of breathing cycles. In contrast, physiologically
‘I;nage L, o X Non-linear deformation f j IJ— consistent deformation and regional distributions of ventilation and pressure are not available with
l r[ljlegi:trati;n Deformed vl Local coordinates of airway and lobe surfaces are obtained f f [ ) single volume data. Parts of this work has been submitted for publication and is under review.
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