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Abstract

Phase-contrast (PC) magnetic resonance imaging (MRI) with hyperpolarized 3He is potentially
useful for developing and testing patient-specific models of pulmonary airflow. One challenge,
however, is that PC-MRI provides apparent values of local 3He velocity that not only depend on
actual airflow but also on gas diffusion. This not only blurs laminar flow patterns in narrow
airways but also introduces anomalous airflow structure that reflects gas-wall interactions. Here,
both effects are predicted in a live rat using computational fluid dynamics (CFD), and for the first
time, simulated patterns of apparent 3He gas velocity are compared with in-vivo PC-MRI. Results
show 1) that correlations (R?) between measured and simulated airflow patterns increase from
0.23 to 0.79 simply by accounting for apparent 3He transport, and 2) that remaining differences
are mainly due to uncertain airway segmentation and partial volume effects stemming from
relatively coarse MRI resolution. Higher-fidelity testing of pulmonary airflow predictions should
therefore be possible with future imaging improvements.
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1. Introduction

Computational fluid dynamics (CFD) provides a quantitative basis for predicting respiratory
airflow and inhaled material transport [1]. Since both depend intimately on airway shape and
curvature [2], modern CFD often employs anatomical imaging for rapidly compiling
realistic descriptions of airway geometry [3,4]. Predicted transport, however, is so detailed
that new experimental methods are needed to assess simulation results [5]. Phase-contrast
(PC) magnetic resonance imaging (MRI) with hyperpolarized 3He is particularly promising
since it has already been successfully applied for visualizing respiratory airflows in rats [6]
and humans [7]. This is especially important for inhalation toxicology given the rat’s
widespread use as a human surrogate for safety testing, and the established role of CFD for
relating airborne exposure from one species to another [8].
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During PC-MRI, pulsed magnetic field gradients make acquired data sensitive to all types of
transport, including gas diffusion [9]. This is particularly challenging when comparing PC-
MRI to CFD since rapid gas diffusion blurs laminar flow structure in measured results
[6,10]. Physically, this occurs when gas diffuses across shear-induced velocity gradients and
excited nuclei traverse different laminar flow steams during raw data collection. In straight
pipes this process has been described analytically, and predicted patterns of measured
airflow have been experimentally validated [6]. Results show explicitly how 3He PC-MRI
provides apparent values of local gas velocity that not only depend on actual airflow but also
on the rate of gas diffusion and underlying imaging parameters [6]. No general approach,
however, has yet been described for predicting apparent velocity in more complex airway
geometry.

In typical respiratory CFD, mass transfer from flow and diffusion is predicted by solving the
Navier-Stokes and convection-diffusion equations [11]. Here, a similar approach is utilized
for generally describing the combined influences of flow and diffusion on 3He PC-MRI. To
benchmark CFD predictions, simulated values for apparent 3He transport in straight tubes
are first shown to agree with previous analytical results. Validated CFD approaches are then
applied to carry out the first ever comparison between measured and predicted airflow
patterns in rat pulmonary airways. Findings not only demonstrate the integrated use of 3He
PC-MRI for developing and assessing predicted airflow in-vivo, but also for testing the
mass-transfer models that are fundamental to gas mixing in respiratory physiology.

2.1. Apparent Gas Velocity (Vapp)

PC-MRI for this study is shown in Fig. 1. During raw data collection pulsed magnetic field
gradients encode gas motion and location. Motion is encoded first using a bipolar gradient
waveform that can be applied along any orthogonal imaging axis (j). Shortly after, spatial
location along the z-axis is registered using standard phase encoding, whereas radial position
in the xy-plane is frequency-encoded. To measure each vector component of apparent gas

velocity (v,,), four separate three-dimensional (3D) images are acquired. One reference
image is collected with no motion encoding, and each of the others is collected with motion
encoding gradients applied along a different axis. Apparent gas velocity at each image
location rg is then calculated using the known motion sensitivity (a) and the relative
difference in MRI signal phase (@), such that [6] —

D;(ro) 0;— 6o

J
Vypp (To) =
app (To a; a;

@

Here, 6 represents the measured phase for spatially resolved MRI signal in the reference
image, ©;is the phase when motion encoding is along the f-axis, and motion sensitivity (o)
is determined by the time-dependent amplitude for motion encoding gradients (G{#) and the
gyromagnetic ratio (y= 20376 radian Gauss™1 s71) [9] -

aj=y [1G(n)dr. @

For the bipolar waveform in Fig. 1, a =y G;8A - where G;is the gradient pulse amplitude
(Gauss cm™1), & is the pulse duration, and A is their leading-edge separation time.

Equation 1 recognizes that molecular motion alters the relative phase (®)) of local MRI
signal in images collected using different motion encoding [9]. If each molecule’s
instantaneous location is denoted by r(2), statistical analysis shows that relative changes
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induced by a large number of molecules can be described in terms of an ensemble average
(()) over all gas encoded at a given image location rq [6,12] —

Dj(ro)=y [G (1) (rj(n)) d1. ®)

Mathematically, this describes how relative changes in image phase (&) depend on motion-
encoding gradients (G/(t)) and average gas motion along their applied direction (rj(l)).
Combining results from Eqgs. 1-3 then gives a more convenient expression for apparent gas
velocity measured in Fig. 1 —

1

53, [Gi{(riw) . @

J
’Uapp(ro):

In classical PC-MRI analysis it is traditionally assumed that - 1) all molecules contributing
to the localized MRI signal undergo constant flow at some velocity v, and 2) flow does not
carry molecules outside of resolved volume elements during different encoding events. In

this case, (r/() =rs+v;t, and it is seen from Eq. 4 that v7,, () =v;. More generally, if
motion is not constant, the same equation correctly describes the time averaging inherent to
PC-MRI [6]. There is also no necessary assumption about molecules remaining in resolved
volumes since the ensemble average is strictly over only those molecules encoded at a
particular image location (rg). Equation 4 therefore correctly describes so-called
“displacement artifacts” that occur in Fig. 1 when upstream dynamics is inevitably mapped
to downstream image locations [13].

2.2. Statistical Dynamics & Foundations for CFD

Equation 4 forms the foundation for a general CFD approach that predicts apparent 3He gas
velocity from simulated airflow, measured gas diffusion, and known imaging conditions. It
is noted, however, that predicted values are strictly a first order approximation. This is
because higher order correlations generally contribute to the relative phase measured in PC-
MRI [6,12]. Nevertheless, previous work shows that these are negligible in straight pipes
with diameters typical for rat airways [6]. Possible impact is therefore not considered.

In previous PC-MRI studies of rat pulmonary airflow, 3He gas was delivered during
inhalation at a constant flow rate (~3.00 cc s71) [6]. In the trachea, where the typical
diameter (d) is roughly 0.2 cm, the average gas velocity across the airway lumen () is then
~95 cm s™1. Given the kinematic viscosity (1/p) for 3He gas at atmospheric pressure and
typical body temperature (~37.5°C for a rat) is ~ 1.7 cm? s~ [14], PC-MRI is conducted at a
low Reynold’s number (Re = vap/m ~ 11). Since this is much lower than the transitional
value to turbulence (~2100), laminar airflow is expected. Moreover, because the diffusion
coefficient (D) for pure 3He gas is ~ 1.85 cm? s~ [15], gas transport is also characterized by
a small Péclet number (v d/D < 11). Consequently, the combined effects of convection (17a)
and diffusion (D) are both expected to be important.

When convection-diffusion governs mass transport, and flow is steady, it is customary to
describe each molecule’s time-dependent location r(Z) as a stationary Markov process [16].
It is also helpful to recognize that phase encoding and echo refocusing are both relatively
short in Fig. 1, and as a consequence, it is reasonable to assume that spatial encoding is
instantaneous at the center of each encoding event. In this case, Ar| ro, tj — §af describes
the conditional probability that a gas molecule initially within at of r at time zwill be at rg
when location is encoded at #=<;in Fig. 1. The ensemble average in Eq. 4 is then calculated
as an integral over all possible starting locations within the flow domain Q, such that —
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<’r'j(t)> :grjP(r|r0, Tj— t) dr. (5)

Substituting back into Eq. 4, and letting r’=tj— 1, then gives the following expression for
apparent velocity —

i 1% INYE (N T4
vzipp(ro):@h[Rj(ro,t )Gj(t )dr'. (6)

Here, the time origin is simply shifted to define the effective gradient waveform (Gj) -
G;(Z/)ZGJ'(T]' - l‘l), ©)

and Rfro, £) represents a “tracking field” that logs the average time-dependent coordinates
for all molecules encoded at each image location rg —
Ri(ro, )= [7;P(r|ro,t)dr. ®
Q

Since the conditional probability density Ar|ro, ') obeys the convection-diffusion (i.e.
forward Fokker-Planck) equation, it is known that [16] —

PO v oS ) DR P ra) 0. O

for £ >0and rg € Q. Here, V(rg) represents the CFD predicted airflow velocity at the image
location rg, and D is the measured diffusion coefficient for 3He gas. It is also known that for
reflective boundary conditions [17] —

V., P (r|r0, t') e n (ry) =0, (10)

where n(rg) is the unit normal to any boundary at rg. In this case, the Appendix shows that
each component of the tracking field (/) satisfies the convection-diffusion equation with
reflective boundary conditions and an initial state defined by image coordinates (i.e.
R;(r,0)=r)). In practice, this is efficiently exploited by using the convection-diffusion
equation and zero Neumann boundary conditions to independently evolve the tracking field
(R)) after it is first initialized with image coordinates. Evolution over encoding events in Fig.
1 then provides a basis for numerically evaluating Eq. 6 and predicting apparent gas velocity

(v,{m,) from simulated airflow patterns V(rg) and measured gas diffusion (D).

3. Materials and Methods

3.1. 3He Gas Generation & Delivery

Previous methods have been described for producing two 110-ml vessels that are each
pressurized with ~ 7.5 atmospheres of hyperpolarized 3He gas [6,18]. Like previously, one
vessel was used to acquire a high-resolution, 3D view of rat pulmonary airways, and the
other for lower-resolution, 3D PC-MRI [6]. Prior to use, pure 3He gas from a single vessel
was released into a 2-liter Tedlar bag (Jensen Inert Products, Coral Springs, FL) where it
was immediately diluted with N, to ensure sufficient gas volume.
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Imaging was performed on a male Sprague-Dawley rat (Charles River Laboratories,
Wilmington, MA) weighing ~267 grams. Prior to raw data collection, the rat was
anesthetized with ~3% isoflurane in oxygen-enriched air (3:7 volume mixture of O, in Ny).
It was then intubated using a 14-gauge catheter tube pre-cut to the proper length. After
intubation, pulmonary gas flow was measured by attaching one end of a Fleisch 000
pneumotach (Emka Technologies, Paris, France) to the tracheal catheter, and the other to a
homebuilt, computer-controlled ventilator that was previously described [19]. During
ventilation the pressure differential across the pneumotach was monitored using a
commercial transducer (TRD5100, Buxco Electronics, Troy, NY) whose signal was
amplified and displayed on a digital oscilloscope. Prior to use, the transducer was calibrated
using standard methods [20]. Measured voltage registered on the oscilloscope could then be
read directly as volumetric flow (cc s™1), and temporal integration provided direct estimates
for inhaled gas volume.

Like in prior work, two 0.8-second-long breathing cycles were continuously repeated [6].
For ventilator setup, drive pressures were adjusted so the first cycle administered ~3.5 ml of
oxygen-enriched air (with ~3% isoflurane) over a 320 ms inhalation that was then followed
by a 480 ms exhale. The second cycle then delivered ~0.7 ml of gas out of the Tedlar bag
during its first 240 ms [6]. This was immediately followed by a push of pure oxygen that
lasted 296 ms and was delivered at the same inhalation rate (i.e. ~0.7cc/0.24 s ~ 2.9 cc s71)
[6]. To trigger MRI data acquisition during this part of the breathing cycle, the ventilator
generated a TTL pulse 25 ms after the start of each oxygen push. The last 264 ms of the 2"
cycle was then used for exhale.

After setting ventilator drive pressures to achieve specified flows, the pneumotach was
removed so the tracheal tube could be attached directly to the ventilator during imaging.
Generally, this was necessary because the pneumotach completely depolarized 3He gas. It
was also observed that delivered gas flow was sensitive to the entry angle and insertion
depth of the tracheal catheter. Since the ventilator is pressure controlled, this suggests that
precise catheter orientation (and possibly the amount of phlegm near the tip) significantly
mediates system backpressure. Consequently, initial flow rates set with the pneumotach
merely served as a guide and were not strictly maintained when it was detached for imaging.

All MRI was performed at 2.0T and previous work describes all hardware, raw data
collection, and image reconstruction [19]. In the current study 3D PC-MRI was performed
using motion-encoding gradients (G)) of 4, 4, and 3 Gauss cm~Lalong x, y, and z
respectively. Like previously [6,19], radial sampling employed 128 different projections that
were each collected using 128 complex time-domain points, a field-of-view (FOV) of 6.4
cm, and a 51 kHz bandwidth. Phase encoding along the z-axis employed 32 steps and the
same FOV. After raw data collection, radial data was regridded onto a Cartesian
128x128x32 matrix, and 3D images were Fourier reconstructed with a sampling resolution
of ~ 0.5%0.5%2 mm [19].

During mechanical ventilation each TTL pulse triggered 32 phase-encoded projections that
were acquired using an 8 ms repetition time (TR) over 256 ms of constant inhaled gas flow.
Raw data for each 3D image therefore took 128 breaths consuming ~ 90 ml (i.e. ~128*0.7)
of total gas from the Tedlar bag. Since 1 trigger occurred every 1.6 seconds, each 3D data
set required ~ 3.4 minutes to collect. Total time for PC-MRI was therefore about 14 minutes.
Although the T4 for 3He in the bag was over 30 minutes [19], data acquisition was
interleaved so Tq-losses would be the same for all PC-MRI data. This was achieved by — 1)
acquiring phase-encoded data with different motion-encoding over four consecutive breaths,
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2) incrementing the projection angle, and 3) repeating to accumulate all remaining data
[6,19].

After Fourier reconstruction all PC-MRI results were processed in Mathematica™ using Eq.
1. Velocity values were then compiled into (legacy) VTK file format (http://www.vtk.org/)
for rendering and analysis in ParaView— an open-source visualization environment
(http://www.paraview.org/). Estimated uncertainty for each velocity component (y) was also
compiled for integrated display and analysis. At each pixel this was calculated as the

predicted standard deviation (5{) using the signal-to-noise ratio (SNR) and known motion
sensitivity (a)) [21] -

‘5{:”/(SNR ja))” (1)

Here, values for SNR are derived using the localized PC-MRI signal strength and the
magnitude of average noise.

3.3. High-Resolution 3He MRI

3.4. CFD

To more accurately capture airway structure for CFD, PC-MRI was supplemented with
higher-resolution 3He images acquired using a pulse sequence similar to that in Fig. 1. This
utilized the second vessel of hyperpolarized 3He gas, had no motion encoding, and increased
spatial resolution by employing 200 projections and 128 phase encoding steps. All other
acquisition parameters were the same except that the oxygen push was decreased slightly to
reduce possible image blurring. Re-gridding of planar radial data was also onto a 256x256
matrix rather than the 128x128 used for PC-MRI. Sampling resolution was then
0.25x0.25%0.5 mm along X, y, and z respectively [19]. To achieve isotropic volume
elements of 0.25 mm, zero filling was employed along the phase-encode axis prior to
Fourier reconstruction.

High-resolution 3He images were segmented using a 3D connected threshold with
subsequent surface mesh generation [22]. The surface mesh was then smoothed using a
volume-conserving algorithm that was previously described [23]. To help impose boundary
conditions for CFD, terminal airways in the smoothed surface mesh were automatically
chopped to create well-defined outlets perpendicular to the lung’s medial axis [24]. A
tetrahedral volume mesh was then generated using in-house code that automatically varies
the size of mesh elements to match the scale of local airway features [25]. For efficient CFD
using a lower number of mesh elements, a “honeycomb” polyhedral mesh dual to the
tetrahedral volume mesh was created using the polyDualMesh utility in OpenFOAM
(OpenCFD Ltd, Reading, UK). Simulated airflow was then predicted in OpenFOAM by
solving the laminar, 3D, incompressible Navier-Stokes equations for fluid mass and
momentum on the polyhedral mesh. To formulate a steady state solution, no-slip boundary
conditions were employed at all airway walls, inlet pressure at the trachea was arbitrarily set
to zero, and PC-MRI results were used to specify airflow (cc s71) at the trachea and all
terminal outlets.

Once local airflow patterns (i.e. V(rg)) were predicted, results were employed to compute

apparent velocity values (vi,,,,) according to Eq. 6. This first required predicting the tracking
field Rj(ro,z")— which has already been shown to satisfy the convection-diffusion equation
with zero-Neumann boundary conditions. Specific solutions were formulated in
OpenFOAM after initializing starting values with imaging coordinates, such that -
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R;(1ro,0) =r! . Generally, this is dictated by Eq. 8 and the fact that Ar|rg,# =0) is, by
definition, the Dirac delta function.

After initializing the tracking field at # =0, starting values were evolved in time using the
convection-diffusion equation and discrete time steps df’ (1 ps). The integral in Eq. 6 was

then approximated using the sum of R; (re,) G () d | (5AG;). In Fig. 1 G()/G is just

1,0, or -1. It can therefore be seen that v}, in Eq. 6 is simply the time-averaged value of
the tracking field R{ro, t) during the second gradient pulse minus the average during the
first — all divided by their separation time (A). Of course, actual gradient pulses have a finite
rise-time that could potentially influence numerical integration. In the current study,
however, the measured rise-time (~60 s) was much shorter than either the gradient pulse
duration (8) or separation time (A). Possible effects are therefore expected to be small and
are ignored.

4.1. CFD Benchmarking

Numerical methods for predicting apparent velocity were benchmarked against analytical
solutions formulated for laminar gas flow at 1.0 cc s~1 through a straight tube with a 0.3 cm
diameter. Gas was assumed to be a binary mixture of 3He in N, with a mole fraction of 0.4
for 3He. In this case the 3He diffusion coefficient (D) is expected to be ~ 1.0 (cm? s71) [15]
and the dynamic viscosity is ~ 186.6 x 107 Poise (g cm™1 s71) [26].

Figure 2 shows that CFD and analytical solutions to the Navier-Stokes equations are
identical for laminar airflow in a straight tube. In both cases, predicted flow is directed down

the tube’s symmetry (z) axis and local velocity (V) exhibits a familiar radial profile. Results

also show that CFD and analytical predictions for apparent velocity (vg,,) are the same. Like

the actual velocity (V ), apparent values also display radial symmetry. The apparent profile
is, however, different — being lower at the tube’s center and higher at its wall. Physically,
this is the direct result of gas diffusion across multiple streamlines during different encoding

events in Fig. 1. The end result is that PC-MRI measures a blurred flow structure (v, that
does not strictly reflect the actual flow domain (V) but rather its spatial and temporal
average (dictated through Eq. 6).

In directions transverse to the tube’s symmetry axis, solutions to the Navier-Stokes
equations predict zero velocity (i.e. V=V ,=0). Nevertheless, molecular diffusion still
occurs, and Fig. 3 shows that associated Brownian displacements give rise to finite apparent

velocity in off-axis directions (i.e. v,,, and v,,,). If one were to imagine their vector sum,
results in Fig. 3 would exhibit a radial profile that is zero at the tube’s center and points
outward with increasing amplitude near tube walls. The outward orientation of their vector
sum therefore makes it appear as if there is a net outward flow that radiates from the tube’s
center in off-axis directions. Since these results are identical whether predicted using either
analytical or CFD methods, their equivalence is confirmed. The peculiar behavior, however,
warrants brief explanation since it was not previously discussed [6,10].

To understand apparent flow in Fig. 3 it is helpful to first recognize that motion is encoded
before position in Fig. 1. If gas location is therefore encoded at the tube wall, it is
statistically likely that molecules encoded at that position must have diffused from some
interior point. This is different for gas position encoded at the tube’s center, since there it is
equally likely to have diffused from any direction. Averaging over all possibilities then
gives zero for apparent velocity at the tube’s center. More generally, as encoded location in

J Magn Reson. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Minard et al.

Page 8

the transverse plane moves off center towards the tube wall it becomes more and more likely
that gas had initially diffused from an interior location, thereby resulting in larger and larger
values of apparent outward velocity. Of course, the precise behavior depends on the gas
diffusion rate and encoding times. Both therefore mediate the precise flow structure
predicted in Fig. 3.

Despite the anomalous structure of apparent gas velocity in a narrow tube, volumetric flow
is conserved. This was tested in ParaView by selecting arbitrary slices at different oblique
angles across CFD results. Flow was then calculated by integrating the vector dot product
between apparent velocity (V) and the normal for each slice. In all cases the same flow
rate used for CFD (1 + 0.01 cc s™1) was obtained. This generalizes previous analytical
results where gas flow measured with PC-MRI was shown to be correct in straight narrow
tubes, specifically, when calculated using only axial velocity [6]. Here, a more general result
for oblique slices is obtained simply by exploiting a full 3D formulation of the same
problem.

4.2. MRI Data and CFD Input

Figure 4A shows high-resolution 3He imaging results, and Fig. 4B highlights segmented
airways after a global threshold is applied to retain only those regions where the SNR is
greater than 20. Segmentation is seen to effectively isolate conducting airways; specifically,
by eliminating weaker MRI signal from surrounding parenchyma. By comparison,
architectural detail in PC-MRI is generally less evident due to its lower spatial resolution
(and deeper gas penetration since the O, push was not reduced). This is illustrated in Fig. 4C
where segmented airways are overlaid with measured values for inhaled gas speed.
Structural differences are especially apparent along the z-axis where coarse PC-MRI
resolution is comparable to smaller airway dimensions. This is particularly challenging for
defining inlet and outlet flows for CFD since uncertainty in structural boundaries can
adversely affect the accuracy of flow measurements performed with PC-MRI [27]. To
minimize this as much as possible, linear interpolation was employed to re-sample measured
gas dynamics onto segmented airways. This was performed in ParaView using its

‘ ResampleWithDataser filter, and results in Fig. 4D highlight resulting integration of
measured structure and dynamics. Also shown in Fig. 4E is a colorized map identifying
different airways that were used to measure regional airflow for CFD boundary conditions.

Table 1 summarizes regional airflow measurements performed using MRI data shown in
Fig. 4D. Results generally reflect the varying severity of partial volume effects that occur
when resolved volume elements in PC-MRI are large enough to contain substantially
different flow velocities [28]. This is particularly problematic for accurately measuring flow
to each lung lobe where small airway size and close proximity to the surrounding
parenchyma means that measured phase often reflects the complex sum of MRI signal from
both gas-filled regions. Since Fig. 4C shows that gas in the parenchyma is more-or-less
stationary, this partial volume effect artificially slows measured gas velocity [28]. This
likely explains why the total airflow calculated by summing individual flows to all lung
lobes (1.68 + 0.10 cc s71) is significantly lower than the measured flow in the upper trachea
(2.58 + 0.08 cc s71). Table 1 also shows that cross-sectional area is often substantially lower
in distal airways. This is important because — 1) segmented structures derived from a
threshold are preferentially eroded as their actual size decreases relative to image resolution
[29], and 2) this makes PC-MRI flow measurements in narrow structures even more
susceptible to underestimation [28].

Partial volume effects also influence measured airflow in the transition zone (2.25 £ 0.13 cc
s™1) where the tracheal lumen rapidly broadens before splitting into right and left bronchi. In
Fig. 4 it is seen that this broadening occurs on a length-scale comparable with the z-
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resolution of PC-MRI data. Rapid changes in airway lumen therefore mean that different gas
velocities ultimately contribute to local PC-MRI results. Curvature away from the z-axis
(not shown) also means that resolved volume elements contain different streamlines as
inhaled airflow is directed into the deep lung. This in contrast with the upper trachea where
the airway lumen is relatively constant, orientation is well aligned with the z-axis, and MRI
signal from the parenchyma is not mixed in.

In light of above results it is clear that no single inhaled flow rate characterizes all PC-MRI
data. Since the mean airflow in the trachea, transition zone, and airways feeding each of the
lung’s 5 lobes is ~2.0 (cc s71) - this value was used for CFD. Measurements of 3He gas
diffusion at the center of larger airways could also be derived using PC-MRI data [19], and
since the typical value (~ 1.0 cm? s71) is expected for a binary mixture of 3He in N, when
the 3He mole fraction is ~0.4 [15], this composition was assumed for pulmonary CFD. The
same dynamic viscosity already used for benchmarking numerical predictions in straight
tubes was therefore employed.

In addition to specifying inhaled airflow at the trachea, CFD also required airflows at all
terminal outlets. Since partial-volume effects and uncertainty in actual airway boundaries
prevented accurate measurement with PC-MRI, required values were estimated by first
determining the fraction of inhaled airflow going to each lung lobe. This was calculated
from Table 1 simply by dividing the measured flow to each lobe by the lobar total (1.68 £
0.10 cc s71). Now, for any specified airflow at the trachea (i.e. 2 cc s71), the total flow
feeding each lung lobe could be estimated by multiplying the tracheal airflow by the lobar
fraction. The airflow at any outlet within a lobe was then set to the expected lobar flow and
weighted by the ratio of that outlet’s cross-sectional area to the total area for all outlets
within the same lobe. This generally accounts for measured flow splits and utilizes simple
scaling that is commonly employed to partition flow in branched airway models [30].

4.3. MRl and CFD Comparisons

Fig. 5A shows predicted gas velocity along the z-axis when CFD is used to solve the Navier-
Stokes equations for V, in rat pulmonary airways. Due to the low Reynold’s number, results
exhibit laminar flow patterns that are characterized by zero gas velocity along airway walls

and higher values at airway centers. This is less evident in Fig. 5B where predicted values

for apparent velocity (vg,,,) are shown. In the trachea, diffusion across different laminar flow

streams is seen to reduce apparent velocity at the airway center and increases it near the wall
— just like in straight tubes [6,10]. As pulmonary airways become less aligned with the z-
axis restricted diffusion then introduces anomalous flow structure that appears along
different airway edges where free gas diffusion along the z-axis is impeded by airway walls.
Measured values for apparent 3He velocity along the z-axis (vg,p) are shown in Fig. 5C.
Although qualitatively similar to Fig. 5B, local velocity is clearly different depending on
location. In principle, this is due to the fact that CFD was performed using the average flow
rate from PC-MRI measurements in different airway regions. In the upper trachea, where
partial volume effects and segmentation errors are both relatively minor, this means that
measured airflow in PC-MRI is higher than the average used for CFD. In Figs. 5B&C this is
accurately reflected by obvious tracheal differences between predicted and measured
velocity. Similar rationale also explains differences in the deeper lung where more
significant partial-volume effects mean that measured airflow is lower than the average used
for CFD and, as a consequence, predicted values for apparent z-velocity are somewhat
higher than measured. Fig. 6A shows these regional differences more quantitatively in a
correlation plot. There, higher PC-MRI values in the trachea fall below a perfect correlation;
whereas, lower values in the deeper lung fall above. Despite these differences, however,
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overall correlation throughout pulmonary airways is reasonably good (R? = 0.68). By
comparison, Fig. 6B shows that correlations are substantially worse (R2 = 0.37) if apparent
transport is ignored and PC-MRI is simply compared with straight CFD (i.e. V).

Figure 7A shows predicted gas velocity along the x-axis when CFD is used to solve the
Navier-Stokes equations for V. In most airways velocity is much slower than along the z-
axis. In the trachea, for example, V is nearly zero. Figure 7B however, predicts substantial

values for apparent velocity (v;,,,). Generally, these are dominated by restricted diffusion
since actual flow velocity (i.e. V,) is slow. Under these conditions apparent velocity patterns
in the trachea are nearly identical to those in straight tubes (see Fig. 3). As gas moves deeper
into pulmonary airways the same patterns are repeated but appear roughly superimposed
with larger local velocity values (i.e. V). Figure 7C shows very similar patterns in PC-MRI,
and in Fig. 6C regression analysis shows good correlation (R2 = 0.87) between measured

and predicted values of apparent velocity (v,,,). Like z-values, however, correlations are
relatively poor (R? = 0.20) if apparent transport is ignored and straight CFD (i.e. V,) is
simply compared with PC-MRI (Fig. 6D).

Overall, x- and y-velocity components behave similarly. Like V,, Fig. 8A shows that actual
gas velocity along the y-axis (V,) is relatively slow. Consequently, predicted values for

apparent velocity (v, are again dominated by restricted diffusion (Fig. 8B). Predicted
patterns of apparent velocity along the y-axis also agree well with PC-MRI (Fig. 8C), and
linear regression gives comparable correlations (Fig. 6E / R? = 0.83) that are again relatively
poor if apparent transport is ignored (Fig. 6F / R? = 0.14).

4.4, Predicted Effects of Apparent Transport on Pulmonary Airflow Measurements

Unlike actual PC-MRI data, CFD is unencumbered by either partial volume effects or
segmentation errors. Simulation results therefore provide a unique opportunity for
examining how apparent transport potentially impacts pulmonary airflow measurements if
based on idealized PC-MRI data. Assuming actual airflow is defined by straight CFD results
(i.e. V), Table 2 summarizes the percentage of actual airflow measured from numerical
predictions of apparent 3He velocity (Vapp)- In the trachea and left bronchi, where airway
structure is similar to a straight tube, airflow is seen to be fairly accurate when measured
from numerical predictions of apparent transport. In smaller pulmonary airways, however,
measured airflow exhibits a distinct upward bias. Values are also highly variable with the
largest flows being measured nearest the parent airway. In the right upper (RU) branch, for
example, Figs. 7B&C show that restricted diffusion causes anomalous velocity in the
trachea near the entrance into the RU branch. Measured flow in the vicinity is therefore
enhanced by anomalous values that point directly into the RU lobe. The same occurs near
the right middle and accessory branches where Figs. 8B&C show significant y-
contributions. Of course, in-vivo flow measurements are also susceptible to partial-volume
effects. Reduced flow in Table 1 therefore indicates that these generally override the upward
bias predicted from apparent transport alone. As a whole, this suggests that the best
approach to measure lobar flow from actual in-vivo PC-MRI data is nearest to the lobe’s
parent airway, particularly since enhanced flow from apparent transport then partially
compensates reductions from partial volume effects. This overall strategy was therefore
employed for measurements summarized in Table 1.

5. Discussion

Results in Fig. 6 show that correlations between predicted values of apparent velocity and
PC-MRI are better in the xy-plane than along the z-axis. This is likely due to the fact that
transport along z is more impacted by flow. This is important since flow velocity scales
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roughly with the square of airway diameter [30], whereas it can be shown that apparent
velocity at the airway wall is independent of airway size when restricted diffusion
dominates. Small errors in airway geometry specified for CFD therefore introduce more
variance in apparent z-velocities than xy-counterparts.

Based on the above arguments it is not surprising that scatter for x- and y-correlations (Figs.
6C & E) falls largely within predicted standard deviations based on estimated PC-MRI
measurement uncertainty (i.e. Eq. 11). The only other trend from linear regression is a
slightly steeper slope — which is consistent with expected partial volume effects since coarse
PC-MRI resolution inevitably slows measured velocity. A similar trend is observed for z-
components in Fig. 6A. In this case, however, higher sensitivity to flow and associated
segmentation errors makes variations fall outside those simply predicted from PC-MRI
measurement uncertainty alone.

Although apparent 3He gas velocity is accurately predicted by CFD it is unclear if inverse
methods can be applied to recover actual airflow patterns from PC-MRI. Current use for
assessing patient-specific airflow models is therefore indirect, whereby, CFD must be used
to predict PC-MRI results. While still useful, this inevitably limits model testing since
diffusion-mediated effects reduce laminar detail and introduce anomalous structure that can
obscure slow flow. Since diluting 3He with a heavier gas like C3Fg significantly

decreases 3He diffusion rates (from ~ 1.0 in the current study to ~0.36 cm? s71), and this has
already been found to increase laminar detail in PC-MRI [6], higher-fidelity CFD testing is
feasible. It can also be shown that anomalous velocity at airway walls scales with VD - so
diluting 3He with heavier gas also likely improves model assessments in slow airflow
regions.

Like quick gas diffusion, lengthy delays between PC-MRI encoding events can exaggerate
apparent transport. One common approach to minimize this is to place any phase-encoding
between the alternating gradient pulses used for encoding motion [13]. In aerodynamic
studies with a heavier (less MRI sensitive) gas this approach is so affective that the idea of
apparent transport is unnecessary and good agreement between PC-MRI and straight CFD
(i.e. V) is observed simply by employing pure phase encoding together with superimposed
motion encoding [31]. While impractical for 3D in-vivo imaging due to excessively long
acquisition times, these results demonstrate how coincident encoding and more favorable
gas composition can be combined to dramatically reduce apparent transport and facilitate
higher-fidelity CFD testing.

Results from this study clearly indicate that improved imaging resolution would be
beneficial for future CFD assessments in small laboratory animals. It would therefore be
beneficial to employ variable RF flip angles since this improves the SNR in 3He MRI and
reduces artifacts for higher-resolution imaging [32]. Compressed sensing also reduces
required spatial encoding [33], and this allows for improved SNR and resolution in PC-MRI
[34]. By exploiting both it seems feasible to at least double z-resolution in the current study
without significant loss in either SNR or measurement accuracy. Of course, higher
resolution might be achievable but then precise trade-offs in SNR and flow accuracy need to
be more carefully examined [34].

Finally, it is important to consider recent in-vitro work where 3He PC-MRI was successfully
employed to assess CFD predictions in a human-size model of proximal airways [35]. In that
study, good agreement between straight CFD (i.e. V) and 3He PC-MRI was observed even
though apparent transport wasn’t considered. This agreement, however, was primarily
limited to axial velocity in regions dominated by high airflow. By comparison, significant
differences were reported near airway walls and in off-axis directions [35], precisely where
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molecular diffusion and apparent transport is expected to be more important. Correlations
between measured and predicted gas velocity were also reduced in high shear regions [35]
where conditions are more similar to rat airways, and laminar blurring occurs due to rapid
gas diffusion across neighboring flow streams. These observations suggest that apparent
transport is not only important for improving CFD assessments in rats but also at the human
scale.

6. Conclusions

Results from this study show that 3He PC-MRI provides apparent values of local gas
velocity that are accurately predicted using CFD, measured gas diffusion, and information
about PC-MRI encoding. In rat pulmonary airways, apparent velocity measured with 3He
PC-MRI reduces laminar detail and introduces anomalous flow structure that reflects
restricted gas diffusion at airway walls. Since such anomalous structure can also obscure
slow flow, apparent transport generally reduces the testable detail that 3He PC-MRI can
capture for quantitative comparisons with patient-specific airflow predictions. Partial
volume effects also complicate PC-MRI data and, as a result, future improvements aimed at
higher-fidelity CFD testing should not only reduce the severity of apparent transport but also
increase achievable image resolution.
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Appendix

Mathematical proof exploits the commutation of the convection-diffusion operator -

(%+V(ro) oV, - Dvio) Rj(ro,t)

:(iw(ro) v, _sz,o) [P (rlront)dr
Q

Py
[61’( rlra.)

(A1)

_frj

+V(ry) e V,.OP( |7'0, ) DV%,OP(r|r0,t’) dr=0,

and similarly

Voo Rj (10,1 )on (15) = (V,,o frjP (r|r0, t') dr)on (ro) =frj (V,.O P (r|r0, t’) on (ro)) dra9)
Q Q
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Figure 1.

3D PC-MRI. A square (i.e. non-shaped) radio-frequency (RF) pulse (500 ps long)

excites 3He gas using a low flip angle (~10°). Gas motion is then encoded along any
orthogonal axis using a bipolar gradient waveform (black) with pulse duration (&) and
separation (A) of 300 and 700 s respectively. Spatial location along the z-axis is registered
using a 430 ps phase-encoding pulse, and standard frequency encoding registers radial
position in the xy-plane. Phase encoding occurs 1565 s after gas excitation (t;) and an
asymmetric gradient echo is refocused after 2339 ps (tyy).
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Analytical

Vz..

Figure2.

CFD benchmarking for axial velocity at 1.0 cc s71 in a straight 3.0-mm-diameter tube. V , is
the predicted gas velocity down the tube’s symmetry (z) axis when the Navier-Stokes
equations are solved using either CFD or analytical methods. Apparent axial velocity (v,
describes the combined effects of flow and diffusion when measured during PC-MRI in Fig.
1 and 3He gas diffusion is 1.0 cm? s™. Values for v, are formulated using either CFD
(Egs. 6-10) or analytical expressions (from prior work[6]). Color in 2D images scales
linearly from 0 (blue) to 28.3 cm s™1 (red), and 1D profiles show gas velocity across the
tube’s center along the x-axis.
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CFD Analytical

So

Figure 3.

CFD benchmarking for apparent gas velocity in the x- and y-directions when flow specified
in Fig. 2 is measured with PC-MRI shown in Fig. 1. Although the Navier-Stokes equations
predict no actual flow structure in these off-axis directions PC-MRI is still sensitive to the
Brownian displacements of diffusing gas. In the absence of actual flow these displacements
gives rise to apparent velocity values that are predicted from either CFD (Egs. 6-10) or
analytical expressions (formulated using Eqgs. 4-5 and the same conditional probability used
in prior work[6]). Color in 2D images scales linearly from +15.9 (red) to —=15.9 cm s71
(blue), and 1D profiles show gas velocity across the tube’s center along the x-axis.
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Figure4.

A) High-resolution 3He MRI displayed using a grayscale that varies with the SNR derived
from local MRI signal strength and average noise in magnitude data. B) Segmented airways
after a global threshold is used to eliminate MRI signal from gas-filled regions with SNR <
20. C) Overlay showing segmented airways derived from high-resolution MRI and local gas
speed measured with PC-MRI. D) Fused MRI data after PC-MRI results are linearly
interpolated to fill segmented airways. E) Colorized map showing different airway regions
used to measure regional airflow and define CFD boundary conditions. The color scale in C)
and D) depicts local gas speed (cm s~1) and the small vertical bar at the lower left corner in
each image is 2.0 mm long to highlight z-resolution in PC-MRI.
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Figureb5.
Inhaled gas velocity along the z-axis. A) Navier-Stokes solution (V) predicted by CFD, B)

simulated values for apparent velocity (v,,,), and C) measured values.
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-20

Figure6.
Regression analysis for comparing CFD and PC-MRI in overlapping regions for all 2D
slices shown in Figs. 5, 7, and 8. Each plot shows CFD predictions on the y-axis and use

either apparent (v},,,) or straight (V)) velocity values in left or right columns respectively.
Plots in the top row show z-velocity components (i.e. j= z), and plots in the middle and
bottom show data for x and y. In each plot all velocity units are cm s™1, the solid line
represents perfect correlation, and dashed counterparts are plus or minus the mean standard
deviation predicted from Eq. 11. Regression results (y-intercept, slope, R2) are — A)
(7.7£0.1, 0.61+0.01, 0.68), B) (6.0+0.3, 0.59+0.01, 0.37), C) (-2.8+0.1, 1.40+0.01, 0.87),
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D) (<0.3%0.1, 0.40+0.04, 0.20), E) (~1.5+0.1, 1.27+0.01, 0.83), F) (-3.520.1, 0.28+0.01,
0.14).
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— X

Figure7.
Inhaled gas velocity along the x-axis. A) Navier-Stokes solution (V,) predicted by CFD, B)

simulated values for apparent velocity (v,,,,), and C) measured values.
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Figure8.
Inhaled gas velocity along the y-axis (points into page). A) Navier-Stokes solution (V)

predicted by CFD, B) simulated values for apparent velocity (vy,,), and C) measured values.
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