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Abstract

Purpose—To measure lung motion between end-inhalation and end-exhalation using a
hyperpolarized helium-3 (HP 3He) magnetic resonance (MR) tagging technique.

Methods and material—Three healthy volunteers underwent MR tagging studies after
inhalation of 1L HP 3He gas diluted with nitrogen. Multiple-slice 2D and volumetric 3D MR
tagged images of the lungs were obtained at end-inhalation and end-exhalation, and displacement
vector maps were computed.

Results—The grids of tag lines in the HP 3He MR images were well defined at end-inhalation
and remained evident at end-exhalation. Displacement vector maps clearly demonstrated the
regional lung motion and deformation that occurred during exhalation. Discontinuity and
differences in motion pattern between two adjacent lung lobes were readily resolved.

Conclusions—HP 3He MR tagging technique can be used for direct /77 vivo measurement of
respiratory lung motion on a regional basis. This technique may lend new insights into the
regional pulmonary biomechanics and thus provide valuable information for the deformable
registration of lung.
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INTRODUCTION

Deformable image registration has become a vital methodology among the emerging motion

management methods for the purpose of time-encoded 4D radiation therapy. Numerous

methods have been proposed to model lung deformation (1-5). However, validation of these
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methods has been hampered by the lack of methodologies for direct /77 vivo measurement of
organ motion. Proton (*H) magnetic resonance (MR) tagging is a technique to generate a
spatially-encoded pattern on tissue and subsequently monitor the tissue movement /n vivo.
This technique has been widely used for the assessment of the motion and deformation of
myocardial tissue (6, 7). The application of IH MR tagging in assessing pulmonary
mechanics has also been reported (8, 9), but the low proton density and numerous magnetic-
susceptibility interfaces in the lung result in a low MR signal that limits the quality of
information obtained with this technique. Hyperpolarized helium-3 (HP 3He) is a gaseous
MR contrast agent that, when inhaled, provides a very high signal from the lung airspaces
(10-12). Furthermore, within the lung, 3He has relatively long relaxation times and is less
affected by susceptibility interfaces than protons (11). Thus, HP 3He appears to be an ideal
species for creating tagged MR lung images. In the work presented here, an HP 3He MR
tagging technique was developed that acquires images of human lungs at end-inhalation and
end-exhalation in a single acquisition. A semi-automated tracking algorithm was developed
to monitor the motion of each tissue element defined by the grid of tags, permitting the
measurement of displacement vectors corresponding to the motion between the two
respiratory phases.

METHODS AND MATERIALS

RESULTS

HP 3He MR tag imaging was performed in three healthy volunteers (1 male, 2 female, ages
32, 25 and 29). The study was approved by our institutional review board. All studies were
performed on a 1.5T MR scanner (Magnetom Sonata, Siemens, Malvern, PA), and 3He gas
was polarized to approximately 40% using a commercial system (Model 9600 Helium
Polarizer, MITI, Durham, NC). Following inhalation of a 1L mixture of ~400 ml HP 3He
and ~600 ml N, tagging grids were created at breath hold, by spatially selectively tipping
down 3He magnetizations in a 2D or 3D grid pattern (13). Tag spacing was set to be 18-22
mm, large enough to prevent 3He gas diffusion from obscuring the tagging grid during the
scan. A gradient-echo MR pulse sequence (TR/TE, 1.9/0.6 ms; FOV, 320-360x260-315
mm; matrix, 56x64; flip angle, 5°; and slice thickness, 30 mm) was subsequently used to
acquire two sets of tag images: the first immediately following application of the tag pattern
(end-inhalation) and the second 2-3 seconds later after the subject had exhaled (end-
exhalation). For the 3D tag imaging, 22 partitions with a slice thickness of 9 mm were used.

Raw images were interpolated by a factor of 3 to improve the definition of tags. Grid peaks
were located and analyzed using a semi-automated image reconstruction and processing
procedure implemented in MATLAB (The MathWorks, Natick, MA), with occasional
manual intervention when the tagging grids shifted out of the imaging plane, overlapped
with other grids, or were corrupted by the pulmonary bronchi. Displacement vectors were
computed from the observed motion of the grid peaks.

The 2D tagging grids were very well defined in the HP 3He MR images at end-inhalation
(Fig. 1a, d), and remained quite visible, although deformed by the intervening lung
movement, at expiration (Fig. 1b, e). The grids are somewhat blurred and rounded in shape
primarily due to fast 3He diffusion and interpolation of low-resolution raw images. The
images at end-exhalation visibly illustrate the regional lung deformation of the tags that
occurred between two respiratory phases. Some grid elements, particularly along the fissure
between two lung lobes, appeared to move relative to each other creating a shear effect
presumably due to the different motion pattern of the two lobes (arrows).
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Fig. 1c, f shows the 2D maps of the corresponding displacement vector maps. As expected,
the largest displacement is in the lung bases adjacent to the diaphragm. The shear effect of
motion is evident in the displacement maps, especially in the sagittal plane where a longer
inter-lobe fissure exists. Fig. 1f clearly depicted the difference in the motion pattern between
the superior lobe and the inferior lobe. The corresponding distributions of the displacement
vectors (length and direction), as shown in Fig. 2, revealed that the superior lobe moves
greater (mean length: 30.6 mm) and primarily in the craniocaudal direction (mean direction:
66.3°), while the interior lobe moves relatively less (mean length: 18.0 mm) and primarily in
the anterior-posterior direction (mean direction: 6.4°).

Fig. 3 shows the surface rendered 3D HP 3He tagged images of the lungs (a) at end-
inhalation (golden) and at end-exhalation (blue) and the corresponding 3D displacement
vectors (b). Movement of the 3D tagging grids is apparent between the two respiratory
phases. 3D displacement showed regional motion differences in adjacent lung grids, and
revealed a twisting effect of motion in the middle and lower regions of the left lung (right
side of the image). Possible causes of the twisting are the cardiac motion and the difference
in the frictional forces that the interior lung region and the posterior lung region are
experiencing during breathing.

DISCUSSION

In this paper, we reported an HP 3He tagging MRI technique that permits direct in vivo
measurement of lung motion and deformation on a regional basis between two respiration
phases. We found that the majority of the tagging grids remained discernible at expiration,
and deformed due to the intervening motion of the lung tissue. This technique has great
promise in solving one of the most challenging questions in advanced motion management
of lung tumor radiotherapy: the validation of deformable registration, which may yield an
infinite number of solutions and is intrinsically ambiguous. Compared to 4D-CT and other
cine imaging modalities, HP 3He MR tagging of lungs carries tracking information that is
unambiguously encoded in the grids. Our preliminary results revealed a discontinuity
between two adjacent lobes that is not considered in current deformable registration
modeling. Furthermore, HP 3He tagging images provide hundreds of control points (tagging
grids) that considerably reduce the number of freedoms for deformable registration, and
therefore can largely eliminate the ambiguity.

The accuracy of the HP 3He grid-tagging technique is reduced by any effect other than lung
motion that causes distortion of the tags. Measurement error is expected at lung boundaries
due to the irregular shape of the tissue grid elements. In addition, the loss of tagging grids
was observed after exhalation near large pulmonary bronchi and in anterior lung regions.
Furthermore, data processing (interpolation, filtering and thresholding) could have
introduced some error in the determination of grid-element positions.

One extension of this work is to increase the temporal resolution of image acquisition using
fast MR imaging techniques (14), which allows acquiring dynamic images of tagged lung
motion throughout the breathing cycle and can potentially reveal the nonlinear effect of lung
motion such as hysteresis. Reducing the imaging time will also reduce the sensitivity to
diffusive motion of the inhaled 3He gas, enabling the use of smaller tag spacing, and thereby
increasing the spatial resolution of the displacement maps. With the optimization of spatial/
temporal resolution and the improvement of automatic 3D tag tracking, we anticipate
establishing a gold standard of lung deformation based on the HP 3He MR direct
measurement that can be used to improve current deformable registration methods.
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CONCLUSIONS

An HP 3He tagging technique was validated in healthy volunteers for direct measurement of
lung motion between two respiratory phases. This technique may lend new insights into the
complexities of regional pulmonary mechanics and provide valuable information for
improving deformable image registration methods of the lungs.
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Fig. 1.

Representative slices of 2D HP 3He grid-tagged MR images of the lung, acquired from
healthy volunteers in the coronal (a, b) and sagittal planes (d, €) at end-inhalation (a, d) and
at end-exhalation (b, e), with the corresponding displacement maps (c, f). The tail of each
displacement vector indicates the position of the associated tissue grid element at end-
inhalation and the solid round head indicates the position at end-exhalation. The coronal
plane was from the posterior lung region and the sagittal plane was from the middle right
lung region. Tag spacing was 22 mm and 18 mm in the coronal and sagittal images
respectively. Sliding motion effect was observed at the fissure between the superior lobe and
inferior lobe in both the MR tagging images and the displacement maps (red arrows).
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Fig. 2.

Distributions of displacement vectors (length and direction) for the interior lobe and the
superior lobe correspond to Fig. 1f. Direction is defined as 0° is the horizontal direction

point to the left and 90° is the vertical direction point to the top.
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Fig. 3.

Surface rendering of 3D tagging grid peaks (a) and the corresponding 3D displacement
vectors (b). MR HP 3He tagged lung images were obtained at end-inhalation (golden) and at
end-exhalation (blue), showing the distribution of the tagging grid throughout the lung. The
tail of each displacement vector indicates the position of the associated tissue grid element at
end-inhalation and the solid round head indicates the position at end-exhalation.
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