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Background: Assessment of lung function is vital for the diagnosis of a variety of pathological conditions. 
Research has been proposed to study pulmonary mechanics and kinematics using two-dimensional (2D) 
magnetic resonance imaging (MRI). This allows estimation of regional lung tissue mechanics but is limited 
to 2D information. An approach based on three-dimensional (3D) contrast-enhanced MR angiogram of 
pulmonary blood vessels and a non-rigid image registration technique is proposed for quantification of lung 
regional deformations, which can potentially be used for assessment of pulmonary parenchymal mechanics 
and regional ventilation for disease diagnosis without ionizing radiation. 
Methods: On three volunteers, an end-expiration scan and end-inspiration scan was acquired successively 
for each volunteer using a 3D breath-hold contrast-enhanced MRI sequence several minutes after 
gadolinium injection. Subsequently, a rectangle box lung mask is manually selected for each end-expiration 
scan, applying non-rigid registration algorithms using cubic B-splines as transformations to align each pair of 
images. This incorporates the Normalized Correlation Coefficient similarity with the bending energy term 
as cost function with a multi-resolution multi-grid approach. Finally, the lung regional 3D deformations 
were obtained using the transformations obtained by registration. The alignment accuracy after non-
rigid registration was estimated by using a set of branch points of pulmonary blood vessels as anatomical 
landmarks for each pair of images.
Results: With contrast enhancement, the pulmonary blood vessel signal was enhanced, which greatly 
facilitated the non-rigid registration in the lung parenchyma. The average landmarks distances in three 
pairs of datasets are reduced from 17.9, 20.3 and 16.3 mm, to 1.0, 1.6 and 1.2 mm, respectively, by non-
rigid registration. After registration, the average distances error of each pair of datasets was less than 0.6 mm 
in the right-to-left (RL) direction, less than 0.9 mm in the inferior-to-superior (IS) direction, and less than  
1.2 mm in the anterior-to-posterior (AP) direction. 
Conclusions: Results demonstrated that the proposed method can accurately register lungs with large 
deformations to evaluate lung regional deformation. It may be used for quantitative assessment of 3D lung 
regional ventilation avoiding ionizing radiation.
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Introduction

Assessment of lung function is vital for the diagnosis of 
a variety of pathological conditions, such as emphysema 
and pulmonary embolism. The pulmonary function test 
(PFT) has been a standard method for evaluation of lung 
function; however, PFT is a global measurement and does 
not provide an assessment of regional lung function, which 
is desirable for evaluating heterogeneous conditions such as 
chronic obstructive pulmonary disease (COPD).

Many methods have been proposed for evaluation of 
regional lung function using different imaging modalities, 
including single-photon emission computed tomography 
(SPECT) (1), positron emission tomography (PET) (2), 
computed tomography (CT) (3-7), and magnetic resonance 
imaging (MRI) (8-13). Both SPECT and PET are based 
on the application of radioactively labeled tracers, directly 
provide three-dimensional (3D) lung ventilation images, and 
are widely accepted as standard methods for measurement 
of regional pulmonary function, but are subject to relatively 
poor spatial resolution. For CT-based methods, aligning two 
volumes (14-16) or multivolume CT (17,18) using non-rigid 
image registration offers a way of obtaining 3D pulmonary 
function at high-resolution. After alignment of two or more 
volumes, the regional lung ventilation can be measured 
using information of regional intensity changes at different 
volumes or spatial Jacobian of the transformation obtained 
by image registration, which has been demonstrated to have 
significant correlations with PFT, PET measurements as 
well as SPECT measurement (7). The cost of CT-based 
methods is the exposure to ionizing radiation, which limits 
their values for frequent follow-up examinations in children 
and young adults. 

Recent advances in MRI permit lung ventilation 
assessment using hyperpolarized noble gasses, such as 
3He (19), as contrast agents. Research has been proposed 
to study pulmonary mechanics and kinematics using 

two-dimensional (2D) MRI (20). This allows estimation 
of regional lung tissue mechanics but is limited to 2D 
information. We propose a method for quantification of 3D 
regional deformation of the lung parenchyma by registering 
two volumetric contrast-enhanced MR angiography  
(CE-MRA) images. We hypothesize that the greatly 
enhanced conspicuity of pulmonary blood vessels due to 
gadolinium contrast injection will facilitate non-rigid image 
registration of two CE-MRA images acquired at end-
inspiration and end-expiration, respectively. The goal is to 
develop a technique to evaluate lung regional deformation via 
registration of 3D CE-MRA images which avoids ionizing 
radiation while achieving acceptable accuracy and can provide 
accurate 3D lung regional deformation information.

Methods

Image acquisition

The study was approved by the Institutional Review Board 
and was compliant with the Health Insurance Portability 
and Accountability Act. Three pairs of 3D CE-MRA data 
sets, acquired from three healthy volunteers, were used 
in this study. For each volunteer, two breath-held CE-
MRA scans were acquired 5 min after gadolinium contrast 
injection: one at end-expiration and one at end-inspiration. 
The images were acquired using a 3D spoiled gradient echo 
sequence with the same flip angle =30 degrees and parallel 
imaging (2X GRAPPA) on a 1.5 T scanner (Avanto, Siemens 
Healthcare, Erlangen, Germany). Detailed parameters of 
the three pairs of datasets were summarized in Table 1. They 
were modified to make the breath-holds time less than 25 
seconds for all volunteers. For volunteer 1 and volunteer 3, 
the end-inspiration scans were acquired immediately after 
the end-expiration scans, while for volunteer 2, the end-
expiration scan was acquired immediately after the end-
inspiration scan.

Table 1 Parameters for CE-MRA scans of each volunteer 

Volunteer TE/TR (ms) Resolution (mm) Matrix size FOV (mm)

Volunteer 1 (dataset A) 0.93/2.23 1.1×1.1×1.3 406×448×128 453×500×166

Volunteer 2 (dataset B) 0.89/2.19 1.1×1.1×1.9 406×448×128 453×500×243

Volunteer 3 (dataset C) 0.90/2.20 1.1×1.1×2.0 322×448×80 359×500×160

CE-MRA, contrast-enhanced MR angiography.
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Image registration

Registration algorithm
Non-rigid image registration is widely used in medical 
image applications, including registration of lung CT 
images with application to measuring regional lung 
function. Various non-rigid registration algorithms have 
been proposed and evaluated (21). The Elastix tool (22) for 
the non-rigid image registration was used in this work, and 
the applied formulation of the image registration algorithm 
was adopted as the following parameterized optimization 
problem:

arg min[ ( ; , ) ( )]= − +u r s uu
u S T I I kP T  [1]

where Ir and Is denote the reference and source image 
respectively, Tu is the spatial transformation relating the two 
and vector u is its parameters, S() is the similarity measure 
that defines the alignment quality, P is a penalty term that 
regularizes the transformation Tu, and k is a parameter that 
weighs the regularity against similarity.

For registration of each dataset, the end-expiration 
image was always set as the reference image, and the end-

inspiration image was set as the source image. The main 
components of image registration applied in this work 
included lung mask selection, spatial transformations, 
similarity measure, penalty term, optimization algorithm 
and hierarchical strategy, which are described as follows.

Lung mask selection
A rectangle box was manually selected as a mask in the 
reference image (end-expiration image) for each dataset, and 
no mask was selected in the source image. The registration 
algorithm was only applied in the mask area of the reference 
image. The mask was required to cover the whole lungs 
in both right-to-left (RL) and inferior-to-superior (IS) 
dimensions. A limited area outside of the lungs but inside 
the mask in these two directions are acceptable (Figure 1A),  
where the yellow rectangle is drawn on the maximum 
intensity projections (MIPs) of the end-expiration scan 
represents the selected mask edges in RL and IS directions. 

In the posterior area of the lungs, there are denser 
and brighter blood vessel signals in end-expiration scans 
than that in end-inspiration scans, which may cause larger 
misalignment of blood vessels in other areas of the lungs 
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Figure 1 Maximum intensity projections (MIPs) of lung contrast-enhanced MR angiography (CE-MRA) (zoomed, same windowing level) 
acquired from volunteers 2 in anterior-to-posterior (AP) and inferior-to-superior (IS) directions. With contrast enhancement, numerous 
blood vessels were observed in the images. The selected landmarks were labeled using numbers at their projection positions, and the same 
number represents the same branching point of blood vessels.
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if this area is included in the lung mask. Therefore, in 
the anterior-to-posterior (AP) direction, a few coronal 
slices that covered the last posterior area of the lungs were 
excluded when manually selecting the mask (Figure 1B), 
where the yellow rectangle is drawn on the MIPs of the 
end-expiration scan represents the selected mask edges in 
RL and AP directions. 

Spatial transformations and hierarchical strategy
Cubic B-splines were used as non-rigid transformations 
for registration due to its computational efficiency and 
performance in capturing non-rigid deformation (23,24). An 
important parameter that influences registration accuracy 
in this transformation is the grid spacing of the B-splines 
control points. A multi-gird strategy (22) was applied with 
B-splines transformation, which requires the setting of the 
B-spine control point spacing to accommodate different 
strategies. The grid spacing was set to 120, 60, 36, 18, 12, 
and 6 mm in each direction for each resolution, respectively. 
The larger grid spacing is used to initially capture the 
coarse deformations, and then progressively smaller grid 
spacing was used to gradually capture smaller structures.

The registration process was initiated using smoothed 
and down-sampled images to increase the robustness 
of successful registration. To ensure compatibility with 
the multi-grid approach applied in transformation, six 
resolutions were used for the registration. The images were 
down-sampled (22) with a factor of 16, 8, 4, 2, 1 and 1 in 
RL and IS directions and a factor of 8, 4, 2, 1, 1 and 1 in AP 
direction, for each resolution. Table 2 lists the corresponding 
parameters.

Similarity measure and penalty term
Normalized cross correlation (NCC) (25) was selected as 
the similarity measure, which can compensate for global 
intensity differences between end-expiration and end-
inspiration images for mono-modal image registration. The 

bending energy term was applied to restrict sharp deviations 
of the transformation to avoid undesired deformation (24). 
The weight for the bending energy term was set to 0.05 in 
this work.

Optimization algorithm
Iterative procedures were applied to optimize Eq. [1]. The 
adaptive stochastic gradient descent (ASGD) (26) algorithm 
was used, and the iteration number was set to 2,000 for each 
resolution.

Data analysis

To validate and quantitatively analyze the accuracy of image 
registration results, branching points of pulmonary blood 
vessels were selected manually as landmarks for validation 
and analysis. Pairs of landmarks were chosen in the lung 
area for each pair of the 3D images by an experienced 
observer. Two other observers were shown the chosen 
landmarks on the end-expiration scans and asked to locate 
the corresponding landmarks on the end-inspiration scans. 
Each landmark position in end-inspiration scans was 
calculated by averaging the three positions corresponding 
to the same landmark in the end-expiration scan selected 
by the three observers. These sets of averaged landmarks 
were treated as “ground truth” sets of landmarks for end-
inspiration scans.

The landmark distance before registration, which is the 
displacement of a pulmonary blood vessel branching point 
from end-expiration to end-inspiration, was calculated using 
positions of the selected end-expiration landmarks and the 
corresponding averaged end-inspiration landmarks. The 
landmark distance after registration was calculated using the 
landmarks positions in the source image (end-inspiration 
scan) and the predicted landmarks positions by applying the 
calculated transformation to the landmarks in the reference 
image (end-expiration scan).

Table 2 Grid spacing and down-sample factors for resolution levels R1–R6

Parameters R1 R2 R3 R4 R5 R6

Grid spacing (mm) 120 60 36 18 12 6

Down-sample factor in RL and IS directions 16 8 4 2 1 1

Down-sample factor in AP direction 8 4 2 1 1 1

RL, right-to-left; IS, inferior-to-superior; AP, anterior-to-posterior.
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Results

Image acquisition

The MIPs of end-expiration scans and end-inspiration 
scans acquired from volunteer 2 are shown in Figure 1 
as an example. Figure 1A and Figure 1C show the AP 
direction MIPs of the end-expiration and end-inspiration 
scans, respectively. Figure 1B and Figure 1D show the IS 
direction MIPs of the end-expiration and end-inspiration 
scans, respectively. With gadolinium contrast enhancement, 
numerous blood vessels signals were enhanced in the 
images, providing significant contrast information for non-
rigid image registration in the lung area. 

Validation

Landmarks validation
The selected landmarks for end-expiration scan of volunteer 
2 were displayed using numbers as labels in Figure 1A,B, and 
the corresponding “ground truth” sets of landmarks for end-
inspiration images were labeled using the same numbers 
shown in Figure 1C,D. The same number represents the same 
branching point of blood vessels. 

The average of landmarks distances between end-
expiration and end-inspiration scans before registration 
are listed in Table 3, which shows that there are primarily 

large distances in IS and AP directions. Average landmarks 
distances after registration are summarized in Table 4. 
Comparing Tables 3,4, it is clear that the original landmarks 
distances are greatly reduced by non-rigid registration, and 
the average landmarks distances in three pairs of datasets 
are reduced from 17.9, 20.3 and 16.3 mm, to 1.0, 1.6 and  
1.2 mm, respectively. After registration, the average 
distances error of each pair of datasets were less than 
0.6 mm in the RL direction, less than 0.9 mm in the IS 
direction, and less than 1.2 mm in the AP direction.

Visual inspection
Figure 2 shows the alignment of blood vessels in the lung 
area before and after registration using MIPs from datasets A 
(volunteer 1). The red channel in each color image (Figure 2)  
represents the reference image (the end-expiration scan); the 
green channel in (Figure 2A-C) represents the source image 
(the end-inspiration scan); the green channel in (Figure 
2D-F) represents the warped image obtained by non-rigid 
registration; and the value of blue channels are all set to 
be zero. Figure 2A,D shows the composited MIP images 
in AP direction. Figure 2B,E shows the composited MIP 
images of the right lung in RL direction, and Figure 2C,F  
depict the composited MIP CE-MRA images of the left 
lung in RL direction before and after registration. All the 
images in Figure 2 are shown in the same window level. 

Table 3 Average landmarks distances before registration at different directions

Datasets
Average landmarks distances before registration (mm)

RL direction IS direction AP direction Total

A 1.85±2.25 16.40±10.34 5.31±2.77 17.85±10.02

B 3.57±3.37 14.61±9.53 12.46±3.16 20.33±8.79

C 1.34±0.90 9.01±6.25 12.67±2.51 16.25±4.85

RL, right-to-left; IS, inferior-to-superior; AP, anterior-to-posterior.

Table 4 Average landmarks distances after registration at different directions

Datasets
Average landmarks distances after registration (mm)

RL direction IS direction AP direction Total

A 0.55±0.45 0.39±0.38 0.49±0.42 0.99±0.47

B 0.53±0.38 0.60±0.44 1.19±1.97 1.62±1.89

C 0.37±0.23 0.84±0.96 0.49±0.35 1.16±0.89

RL, right-to-left; IS, inferior-to-superior; AP, anterior-to-posterior.
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With these settings, the well-aligned structures in the lung 
area show yellow color, and the places with separate red and 
green colors represent misaligned structures. The alignment 
of blood vessel structures in each direction in the lung area 
was greatly improved after registration. 

Figure 3 compares the reference image of datasets A and 
the corresponding warped image obtained from registration 
in two slices (coronal and sagittal). A coronal slice of the 
reference image is shown in Figure 3A, the corresponding 
slice of the warped image is shown in Figure 3B, and the 
slice of the source image at the same coronal position is 

shown in Figure 3C. A sagittal slice of the reference image 
is shown in Figure 3D, the corresponding slice of the 
warped image is shown in Figure 3E, and the slice of the 
source image at the same coronal position is also shown 
in Figure 3F. The excellent conspicuity of the pulmonary 
blood vessels, even at distal branches, helped the non-rigid 
registration algorithm achieve accurate registration results. 

Lung regional deformation estimation

Figure 4 shows the sampled deformation vector fields 

Figure 2 Composite maximum intensity projections (MIPs) of lung contrast-enhanced MR angiography (CE-MRA) images (zoomed, same 
windowing level) of the first volunteer before registration and after registration, where the red channel in each RGB image represents the 
reference image, the green channel in image (A-C) represent the source image, and the green channel in image (D-F) represent the warped 
image obtained by non-rigid image registration. (A,D) the composite MIP images in AP direction; (B,F) the composite MIP images of the 
right lung in RL direction; (C,F) the composite MIP images of the left lung in right-to-left (RL) direction. The area with yellow color 
represents good alignment in this area.
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obtained by non-rigid registration of end-expiration and 
end-inspiration scan images. The sampled deformation 
vector fields are overlaid on one coronal slice and one axial 
slice of each end-expiration scan for illustration using green 

vectors. Green vectors indicate corresponding lung regional 
movement from end-expiration to end-inspiration breath-
hold.

Discussion

We investigated the potential quantification of lung regional 
deformation by non-rigid registration of two 3D CE-MRA 
images acquired at end-expiration and end-inspiration. 
The 3D CE-MRA lung imaging experiment demonstrated 
that, with gadolinium contrast, pulmonary blood vessel 
signal was greatly enhanced, providing sufficient contrast 
and structural information for non-rigid image registration 
to work in the lungs, which are well known to have 
lower MRI signal in the absence of contrast agents. The 
non-rigid registration methods were applied using the 
B-splines transformation, the NCC similarity measure, 
combined with the bending energy penalty term, and the 
multi-resolution approach with refined grid spacing. To 
quantitatively validate the accuracy of non-rigid image 
registration, pairs of anatomical landmarks at various places 
in the pulmonary vascular tree were identified in end-
expiration and end-inspiration scans. Quantitative results 
demonstrated that, with carefully selected parameters, each 
pair of 3D CE-MRA images could be aligned well with 
average landmarks registration error less than a voxel size 
for each dataset, therefore providing reliable lung regional 
deformation estimation. 

In this work, we observed that end-expiration scans had 
denser and brighter signals in the posterior area of the 
lungs. We speculate that this might be due to the gravity 
of the blood, the heart and adjacent structures (27), which 
could compress the posterior area of the lung when the 
patient is in the supine posture and result in higher density 
in those areas. As we used NCC as similarity measure in 
the registration, it can compensate for global intensity 
differences between end-expiration and end-inspiration 
images. Therefore, our methods can work well for global 
intensity change due to global volume change between 
end-inspiration and end-expiration scans. Furthermore, we 
expect our method to work well in the presence of signal 
intensity changes due to phased array coil profile alterations 
or coil signal intensity correction/normalization methods, 
as long as these changes are smooth in space. However, in 
the presence of large regional signal changes between end-
inspiration and end-expiration, such as in the posterior 
area of the lungs, the registration accuracy may be reduced 
if these regions were included. This is a limitation of our 

Figure 3 A comparison between the reference image and the 
warped image of the first volunteer. (A) A coronal slice from 
the reference image; (B) a sagittal slice of the right lung from 
the reference image; (C) a coronal slice from the warped image 
obtained by non-rigid registration; (D) a sagittal slice of the right 
lung from the warped image; (E) a coronal slice from the source 
image; and (F) a sagittal slice of the right lung from the source 
image.
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technique. As a proof of concept study, only three subjects 
were studied in this work, which is a limitation; further 
studies, especially in patient populations, are warranted to 
evaluate the effectiveness of our method. In our study, the 
breath-holding time was approximately 25 seconds, which 
could be problematic for patients with lung disease. We 
used a modest 2× parallel imaging and further acceleration 
factor may be used for patients who cannot hold their 
breath for 25 seconds.

Our approach may potentially be useful for evaluating 
regional expansion/compression of the lung parenchyma, 
an important index for regional pulmonary ventilation 
assessment, and be useful for evaluating heterogeneous 
conditions such as COPD. Similar approaches have been 
studied based on CT images, and to our knowledge, our 
study was the first 3D contrast-enhanced MRI-based 
approach to evaluate 3D lung regional deformations. 
Aside from assessing lung ventilation using our approach, 
contrast-enhanced MRI also has the capability to measure 
the pulmonary perfusion. Hence, we speculate that once 
our technique is clinically validated, the lung ventilation 
measurements  obtained from our technique may 
complement perfusion assessment from conventional first-
pass contrast-enhanced MR (28) such that a perfusion-
ventilation mismatch may be diagnosed in a variety of lung 

diseases.
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