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ABSTRACT

Images collected by intravital microscopy suffer from motion arti-
facts which necessitates the use of image registration techniques to
reconstruct three-dimensional or time series data. In this paper, we
describe a multi-resolution/multi-level approach to non-rigid image
registration using B-splines with a coarse-to-fine strategy. A control
lattice with a coarse grid spacing is used first to account for slowly
changing deformations. Next, a control lattice with a finer grid spac-
ing is used to account for more localized and quickly changing de-
formations. We demonstrate this method on a sequence of images
acquired from the lung of a living rat.

Index Terms— image registration, intravital microscopy

1. INTRODUCTION

One of the most exciting forms of microscopy is “intravital mi-
croscopy,” the technique of microscopic imaging of living animals.
Increasingly, intravital multiphoton microscopy is used to collect not
just single images, but a series of images, both in time-series and in
three-dimensions. Collection of a series of images is complicated by
motion resulting from respiration and heartbeat. We describe an im-
age processing method that effectively corrects for motion artifacts
in sequences of intravital microscopy images, using an enhanced,
multi-resolution non-rigid registration technique using B-splines.
This image registration method will aid in segmentation and other
image analysis techniques.

2. PROPOSED REGISTRATION METHOD

The non-rigid registration technique described here uses B-splines
and is based on the work proposed in [1]. We will extend this tech-
nique to use multiple stages in a multi-resolution fashion to further
enhance image registration performance. While typically used with
only a single pair of grayscale images, we also extend this method
to be used with a large series of multi-channel images.

This non-rigid registration method deforms an image by first es-
tablishing an underlying mesh of control points. The control points
are then optimized such that they maintain a smooth and continuous
transformation. A grid of control points, ¢; ;, is initially constructed
with equal spacings J, and J, between points, in the horizontal
and vertical directions, respectively. The non-rigid transformation
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T of a point (x, y) in the image being registered to the correspond-
ing point (z’,%’) in the reference image is given by the mapping
T(z,y) — (2',y") [2]:
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where ¢ = |2/6z] — 1 and j = |y/dy] — 1 are the indices of

the nearest control point ¢; ; above and to the left of (z,y), and

u=1x/0s — |x/ds| and v = y/d, — |y/d, | are such that (u,v)

is the relative position of (z,y) relative to ¢;, ;. Additionally, B,

represents the /-th basis function of the B-spline [3, 4]:
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The optimal deformation of the grid of control points is found
by optimizing a cost function. This cost function includes two terms
with two competing goals. The first goal is to maximize the similar-
ity and alignment between the reference image and the image being
deformed. The second goal is to smooth and regularize the defor-
mation to create a realistic transformation. The similarity metric,
Csim, may be defined as one of numerous possibilities, including
sum of squared differences, sum of absolute differences, or normal-
ized mutual information. In this paper, we use sum of log of absolute
differences:
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where X and Y are the horizontal and vertical dimensions of the
image in pixels, respectively. While being an uncommon metric,
our experiments have shown that this similarity metric significantly
outperformed any of the above metrics for our microscopy image
sets.

As previously stated, in addition to the non-rigid deformation
maximizing the similarity between the registered image and the ref-
erence image, the deformation must be realistic and smooth. To con-
strain the deformation field to be smooth, a penalty term that regular-
izes the transformation is introduced into the cost function as [5, 6]:
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This regularization is necessary because each pixel in the image is
free to move independently. In an extreme case, it is possible that all
pixels with one particular intensity in the moving image may map
to a single pixel having this same intensity in the reference image,
causing the resulting deformation field to be unrealistic [7]. This is
one of the primary reasons why non-rigid image registration is con-
sidered difficult, as an appropriate balance and compromise must be
reached between allowing large amounts of independent movement

and ensuring smoothness of the transformation.
Combining these two metrics, the total cost function is given as:

’

Ctotal - Csim (In—l(xv y)7 In (T(x,y))) + ACsmooth(T) (5)

where n denotes the current image number, I’ denotes the registered
image, and A is a weighting coefficient which defines the trade-off
between the two competing cost terms. To maximize image similar-
ity after registration, and to minimize sharp warping elements in the
transformation T, we desire to minimize Clota;.

This registration method also assumes grayscale, single channel
images, not multi-channel images. Therefore, for multi-channel data
sets, a particular channel must be selected for registration. Simply
using one of the multiple channels directly may be enticing due to its
simplicity. However, using only one of the channels and discarding
the remaining channels omits much information which may cause
improper image registration in these discarded channels. We have
obtained results with higher registration accuracy using a composite
gray channel, Ig,qy, that is similar to the luminance component of
each image. This new gray image is defined as:
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where 7 = Y > Tca(m,n), g = >, >, Igreen(m,n), and
b=>,.> Ibue(m,n). Then, for each image, a final deforma-
tion field based on the gray image is obtained. This deformation field
is then used to transform all channels of the image.

Since intravital microscopy data sets consist of entire stacks of
images, non-rigid registration is performed on an image by image
basis. In this case, for the current image (or moving image), the
reference image is simply not the prior image in the stack. Instead,
the reference image used is the registered or warped prior image.
This ensures that each image is warped only once so that images do
not undergo additional interpolation from multiple warpings.

The degree of deformation allowed is not only affected by the
choice of A, but also by the choice of d,,d,. The resolution of
the grid of control points affects how readily Cs;,, may be mini-
mized. A large, sparse spacing of control points corresponds with
a more global non-rigid deformation, which may not allow Cls;m, to
reach values near zero. Alternatively, a small, dense spacing of con-
trol points corresponds with highly local non-rigid deformations and
more readily allows Cl;p, to reach values near zero, but may also
encourage more unrealistic deformations. In our work, we have ex-
perimented with various grid spacings, and have found that spacings
that work well are highly dependent on image size, the content of
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Table 1: Single-stage non-rigid registration results

Registration Percent Improvement | Percent Improvement
parameters using SSD using GC

0y = 0y = 128 55.8% 197.7%

0y = 0y = 64 61.5% 258.9%

O0p = 0y = 32 64.3% 299.3%

0y = 0y = 16 64.9% 304.6%

these images, and the degree of motion artifacts present throughout
the stack of images.

It has been observed that some regions of the images being reg-
istered may benefit from a coarse grid spacing, while other regions
may benefit from a fine grid spacing. Therefore, rather than us-
ing a single grid spacing for our control points, we use a multi-
resolution/multi-level approach in a coarse-to-fine strategy. Non-
rigid registration is first performed using a control lattice with a
coarse grid spacing to account for slowly changing deformations.
Next, a control lattice with a finer grid spacing is used to account for
more localized and quickly changing deformations. The registered
images resulting from a coarse grid spacing are registered again us-
ing a fine grid spacing. Additional non-rigid registration iterations
using a control lattice with increasingly finer grid spacings may be
performed until the user achieves no further improvement in image
registration. We will show that this multi-resolution approach is able
to achieve more accurate matching between a registered image and
its reference image.

3. EXPERIMENTAL RESULTS

We demonstrate our multi-resolution non-rigid registration method
on a stack of approximately 150 images collected in time-series
from the lung of a living rat." Motion artifacts present an enor-
mous challenge for intravital microscopy. In order to reconstruct
a three-dimensional volume from a series of images collected over
a range of depths in a tissue, or to quantify dynamic changes in
fluorescence in a series of images collected from the same structure
over time, motion-induced artifacts resulting from respiratory and
cardiac function must be eliminated. Figure 1(a) shows a single
image from this stack.

We first use non-rigid registration using a single-stage process,
where only one control point spacing is used. We use this method for
multiple trials with a variety of spacings, including 128, 64, 32, and
16 pixels between control points. After registration, we determine
the average of both sum of squared differences (SSD) of pixel inten-
sities and sum of gradient correlation (GC) across all images in the
sequence as quantitative measures of registration performance [9].
We choose metrics that are unrelated to the similarity metric used in
the cost function. Results for this image sequence are shown in Ta-
ble 1 which compares the SSD and GC before and after single-stage
registration. For all of these trials, we empirically choose A = 0.01,
as it demonstrated the best results over a wide range of possible val-
ues. We see that non-rigid registration has significantly improved
image alignment. Note that using a densely spaced grid of control
points, which permits increased bending and warping to correct more
intense motion artifacts, slightly improves image alignment. How-
ever, this is not necessarily true for all data sets. With the transfor-
mation able to deform more rapidly, particular control points during
the optimization may be more likely to become attracted to local
minimums rather than global minimums.

IData provided by Dr. Irina Petrache, Indiana University School of
Medicine, as part of the collaboration that resulted in [8].



Table 2: Two-stage non-rigid registration results

Registration Percent Improvement | Percent Improvement
parameters using SSD using GC
(M) _ (M) _
2(2) g(m 128 67.6% 293.1%
(1) (1)
6(2> 61(/2) 71.5% 341.4%
699) B 651) o 73.7% 364.1%
170 170
5(2> 5(2)
5(1) 5(1)
74.0% 365.8%
5(2) 5(2) ¢ ¢

Table 3: Three-stage non-rigid registration results

Registration Percent Improvement | Percent Improvement
parameters using SSD using GC
5(1) 5(1) 128
5(2) 5(2) 74.2% 368.8%
5(3) 5(3)
5(1) 5(1)
5(2) 5(2) 76.4% 393.4%
y
5(3) 5(3)
s = 55” =
53(3) —s@ _ 54 77.8% 407.2%

Y
s =5 =8

Next, we use the proposed multi-resolution approach and ex-
ecute non-rigid registration in multiple stages, using multiple grid
spacings in a coarse-to-fine manner. For an arbitrary number of
stages in the multi-resolution process, the grid spacings for the hor-
izontal and vertical directions for the n-th stage are denoted 6;71)
and één), respectively. We begin with a two-stage registration, with
5 = 6&1)/2 and 6§2> = 61(,1)/2. Again, we choose a variety of
spacings, including 128, 64, 32, and 16 pixels between control points
for 5;1), 6;1). Results comparing the SSD and GC for this two-stage
process are shown in Table 2. We notice that the percent improve-
ments in average SSD and GC per image have increased substan-
tially when comparing similar grid spacings for single-stage regis-
tration. A multi-resolution approach has improved image alignment
with minimal computational cost.

To further improve image alignment, we investigate three-stage
registration, with 5¢% = §2)/2 = 6&”/4 and 6(3 <2)/2
63(,1) /4. As before, we choose a variety of spacings, including 128,
64, and 32 pixels between control points for 6;1), 615,1). Results com-
paring the SSD and GC for this three-stage process are shown in
Table 3. Note that the percent improvements in average SSD and
GC per image have increased, but not as much compared with the
two-stage registration process. One drawback of using an additional
stage in the registration is that the registered images undergo an addi-
tional interpolation stage, possibly blurring and obscuring important
cellular structures. One may argue that the percent improvements in
SSD and GC are not beneficial enough to offset the loss in image
sharpness. Two-stage registration appears to be a moderate compro-
mise between registration accuracy and image quality.

To obtain a more qualitative and visual evaluation of registra-
tion accuracy, we compare maximum projection images from before
registration, after single-stage registration, and after two-stage reg-
istration. Maximum projection images are assembled by pixel-wise
comparison of the intensities of each of the images in the stack and
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(b) Maximum projection before registration

(d) Maximum projection after two-stage registration

Fig. 1: Maximum projection images of registration results. Image
field is 205 pm wide.

retaining the largest value. For ideally registered images, structures
will have perfectly sharp edges with no ghosting or smearing in the
maximum projection images. In contrast, before registration, we see
in Figure 1(b) that the maximum projection image exhibits distinct
blurring of object edges, indicating severe misalignment of objects.
Particular areas of interest that exhibit large amounts of smearing
are indicated by the two arrows. Figure 1(c) shows that single-stage
registration has improved the alignment of cellular structures as the
smeared appearance has been reduced. Comparing the same areas of
interest indicated by the two arrows, we see that the vasculature is
narrower and has more sharply defined edges, indicating improved



(a) Before registration

(b) After single-stage registration

(c) After two-stage registration

Fig. 2: Line projection images of registration results. Image field is
205 pm wide.

image alignment. However, in Figure 1(d), after two-stage registra-
tion, the maximum projection image shows incredible and vast im-
provement of object alignment compared to Figure 1(b), indicating
extraordinary reduction of the motion artifacts in the original image
series. The two areas of interest confirm this by showing further
improvement in image alignment with significantly increased edge
sharpness and increased narrowness of the vasculature.

As an additional visual comparison, line scan projection images
are created from before registration, after single-stage registration,
and after two-stage registration. Line scan projection images are
assembled by selecting a single line of pixels as one axis and plotting
this against time/depth on the other axis. These images are shown
in Figure 2, with the line selected to create the projection image
shown as a dashed line in Figure 1. For ideally registered images,
we should see perfect aligned, solid, continuous, vertical structures
in the line projection images. In contrast, before registration, we see
in Figure 2(a) that the line scan projection exhibits disjointed cellular
structures as there is distinct back-and-forth motion. In Figure 2(b),
after single-stage registration, the two nuclei labeled in blue on both
the left and right side of the image show much improved vertical
continuity. However, the vasculature labeled in green in the middle
of the projection image exhibit drifting. In Figure 2(c), after two-
stage registration, both the nuclei and vasculature show continuity
and no drifting and are vastly improved compared to Figure 2(a)
and Figure 2(b). We have used both the SSD metric for quantitative
evaluation, and maximum projection and line scan projection images
for qualitative evaluation in our previous work [10].

4. CONCLUSION

We have described a non-rigid image registration method using B-
splines to improve the quality of images collected in intravital mi-
croscopy, supporting both reconstruction of three-dimensional im-
ages and quantitative analyses of images collected in time-series.
This is achieved by using multi-resolution non-rigid registration to
reduce motion artifacts and improve image alignment, according to
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both quantitative SSD and GC metrics and visual evaluation. A two-
stage registration process provides significant improvement to reg-
istration accuracy over a single-stage process. A three-stage regis-
tration process allows further improvement in registration accuracy,
but may degrade image quality. The computational runtime of our
method is approximately 1-3 minutes per image in the series per
stage, depending on image size and d,, d,. We are examining auto-
mated approaches to determine the appropriate number of stages in
a multi-resolution approach, along with the optimal grid density.
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