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ABSTRACT

A new feature-based tracking algorithm was developed for
measuring diameter of vessels in intravital video microscopy
image sequences. Testing was performed with ten synthetic
image sequences with known diameters and ten intravital mi-
croscopy sequences. The automatic measurements were com-
pared with the manual measurements using linear regression
analysis. The regression analysis indicated that our method
is in agreement with manual measurements by human ob-
servers. The reproducibility of the method was evaluated ba-
sed on Bland-Altman analysis. Bland-Altman statistic for the
automated method was narrower than for the manual mea-
surements, indicating that the automated method has a better
reproducibility than human raters.

Index terms—intravital microscopy, microcirculation, vessel
diameter, feature tracking

1. INTRODUCTION

In microcirculation studies, the blood vessel diameter is of-
ten measured to help quantify the effects of various stimuli
[1]. Typically, intravital video microscopy is used to observe
blood vessels in vivo [2]; video image sequences are recorded
of the subjects and later analyzed to obtain diameter measure-
ments. Image sequences frequently span several minutes of
time resulting in the acquisition of several thousand images.
The current manual measurement method is for an operator to
measure the diameter with electronic calipers in every image
frame, a time-consuming task that is prone to measurement
error and operator fatigue. In this paper a computer algo-
rithm is presented which, once the diameter is marked in the
first image frame, automatically computes the diameter for all
subsequent image frames. The automated method uses an im-
age feature tracking algorithm based on the seed points in the
first image frame.

While the specific task of measuring vessel diameter in
intravital microscopy image sequences using computer vision
techniques has not received much attention, there have been
many proposed algorithms and techniques for object track-
ing and vessel measurements for other applications in other
imaging modalities. Magers et al. [3] proposed a method
for measuring microvascular diameters in video microscopy.
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Their algorithm used feature tracking with cross-correlation
in one dimensional search space. Their method would not be
able to deal with the shifting of the vessel due to the con-
strained search space. Sonka et al. [4] developed an auto-
mated method for analysis of brachial ultrasound image se-
quences. The vessel borders were detected in the image se-
quence using the globally optimal graph-search algorithm,
and the vessel diameter was estimated from the border loca-
tions. Tyml et al. [5] proposed a method to measure arteri-
olar diameter and hemodynamic resistance in intravital video
microscopy images. Their algorithm would require several
markings of each edge along the lumen on every image frame,
thus making it unsuitable for automatic measurement in a se-
quence of multiple frames.

The algorithms using edge detection to measure the ves-
sel diameters work well only if there is a clear distinction be-
tween lumen and tissues surrounding the vessel. The previous
methods using feature-based tracking cannot deal with shift-
ing of the vessels which is common in the intravital video
microscopy images. Our work focuses on the accurate mea-
surement of the vessel diameter using image feature tracking
that can deal with the shifting vessels and uses the appropriate
features.

2. METHODS AND MATERIALS

2.1. Image Acquisition

A set of ten grayscale videos of blood vessels of unknown
diameter were obtained from intravital microscopy at differ-
ent vessel locations. The microvasculature was observed with
an Olympus BX50WI microscope. The microscope image
was displayed via charge-coupled device camera (Dage MTI
CCD72S) and recorded on a DVD-RW using Sony DVO-
1000MD. Final magnification of the site was 1420x with a
resolution of 3.66 pixels/um. The videos were sampled at 30
frames per second to obtain sequences of image frames.

A rectangular region of interest was clipped from each
image sequence and rotated to position the vessel horizon-
tally (Figure 1). An interactive user-friendly tool has been
developed for preparing the intravital images of vessel.

For determination of accuracy, ten synthetic image se-
quences were created. The synthetic sequences were created
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Fig. 1. Intravital microscopy image prepared for tracking.
First frame of the sequence is shown.

by taking a portion of the background from a real image se-
quence and overlaying two higher intensity lines meant to rep-
resent the vessel walls. The vessel wall width and diameter
were varied along the vessel. To better model the intensity
profile of the real vessel walls, Gaussian blurring with a o of
1.0 was applied to each image. Gaussian noises with varying
variances were then applied to the images.

2.2. Image Registration

Once an image sequence is prepared, image registration is
performed to reduce shifts among image frames. Each im-
age frame is shifted appropriately so that it yields the least
difference when compared to the first frame of the sequence.
The sum of squared differences in pixel values was used to
compare image frames. Registering the image sequence re-
sults in less movement of the vessel and therefore allows for
smaller search space and faster tracking.

2.3. Patch Definition

After the image registration process, the user must define two
starting points in the first frame, one point on each side of the
vessel lumen. These seed points should form a line perpen-
dicular to the lumen. For each seed point, a surrounding box
is established, and we refer to this box as “patch” throughout
this paper. The properties of the patches are determined by
the user-specified parameters (Figure 2). The algorithm at-
tempts to locate the same two patches in new frames based
on the reference patches. The reference patch can be the cor-
responding patch in the first frame of the sequence, previous
frame, or the blend of both. The frame to use as a reference is
also a parameter that can be specified by the user.

The Euclidean distance between the two patches is con-
sidered the vessel diameter. It should also be noted that most
of the interesting features lie outside of vessel walls. The
blood may be flowing within the vessels, or the vessel may
be too narrow so that the patches include the opposite vessel
wall. The patches are shifted outward to reduce errors due
to these distractions. The amount of shifting is user-specified
with the parameter ¢n, as shown in Figure 2.
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Fig. 2. User-specified parameters. The size of patches are
determined by zs and ys, and the search area is determined
by h and v. The parameter in is used to offset the patches.

Algorithm 1 Linear exhaustive search with linked patches
MSE;in = MAXV AL
pl= p(ma yl)
P2 = p(z,y2)
for all x; € search area do
y1; = argming{MSE(pl,p(z;,y)) | y € search area}
y2; = argming {MSE(p2, p(z;,y)) | y € search area}
MSE; =MSE(p1, p(zi, y1;)) +MSE(®2, p(zi, y2;))
if MSE; < MSE,,;, then
MSEin = MSE;
T =iy YL =Yg Yo = Yoy
end if
end for
pl' =p(@',y1)
p2' =p(a',y;)

2.4. Tracking

After two patches have been established, we search for a new
patch in the next frame that best matches the patch from the
current frame. The mean squared error (MSE) of gray levels
within patches is used as a matching metric for locating the
patches in image frames. The implicit assumptions are that
the gray level pattern is approximately constant between suc-
cessive frames and that local texture contains sufficient unam-
biguous information [6].

If separate feature tracking is used for each patch, it is
possible that two patches will drift toward opposite directions
as image frame progresses. This is especially true for image
sequences with shifting vessel. This will incur inaccurate es-
timation of vessel diameter, as we want to measure the length
of a line perpendicular to vessel walls.

To address this problem, the horizontal motion of the two
patches is linked. Because the patches are linked, a new mat-
ching metric has to be introduced. Our algorithm uses the
sum of MSE for two patches being considered. Instead of
finding the best 2 and y coordinates separately for each patch,
the best = coordinate is sought to optimize the matching met-
ric for both patches, while for each patch the best y coor-
dinate is sought separately within each x coordinate in the
search space. In other words, given two reference patches
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Fig. 3. Result for an intravital microscopy sequence. The
black edge on (¢) is the result of image registration. The au-
tomated measurements are within 1 pixel from the manual
measurements in most frames.

pl(z,y1) and p2(x, y2), the best matching patches p1’(z', y1)
and p2'(x',y}) in each frame are found using linear exhaus-
tive search. The procedure for carrying out linear exhaustive
search is shown in Algorithm 1. Linking the patches in this
way prevents them from drifting toward opposite directions.
If the patches of interest have shifted horizontally in the fol-
lowing image frame, the patches will both shift horizontally
by the same amount.

3. RESULTS

The tracking result for each case was visually inspected us-
ing an image viewing tool to evaluate the correctness of the
tracking (i.e. whether the algorithm tracked the vessel walls
or tracked other structures). Out of ten intravital microscopy
sequences, there was one case in which the algorithm failed
to track the vessel walls, and this case was excluded from the
analysis of the result. This particular case had a strong back-
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Fig. 4. Regression analysis of manual and automated mea-
surements, r2=0.982 and n=1022. The regression plot indi-
cates the strong agreement between manual and automated
measurements.

ground patterns across the lumen which interfered with the
correct tracking of the vessel walls.

The resulting plot of a successful diameter measurement
along with the screenshots of different frames is shown in Fig-
ure 3. To establish a point of reference for the intravital mi-
croscopy sequences, three raters manually marked intravital
microscopy sequences. The interactive web-based marking
interface was developed for this purpose. The rater’s task was
to identify the same two points in all frames for each intravital
sequence.

Better tracking of vessel diameter should result in more
accurate and consistent determination of the diameter. Two
methods were used to compare the manual and automated
measurements.

A regression analysis was used for the intravital sequences
since the true diameter was not known (Figure 4). The av-
erage of measurements by three raters was plotted against
the automated method’s measurement. The plotted points in-
cluded 1022 frames from intravital image sequences that had
manual measurements by the raters. The slope of the fitted
line was 0.987, and the intercept was 0.447. The correlation
coefficient (r2) for the model was 0.982.

The reproducibility of the automated method was com-
pared with that of the manual measurements by the raters.
Bland-Altman analysis [7] was used to compare the repro-
ducibility (Figure 5). Two automated measurements were
generated with the same algorithm using different seed points
and parameters. Then, using two sets of measurements, the
diameter differences were plotted against the average of two.
The plot for manual measurements was generated in a similar
way. 95% of the measurement differences for the automated
method lied between -1.97 and 2.2 pixels, compared to -4.473
and 3.1384 pixels for the raters.



Bland-Altman analysis for manual method

++

+ 1 1 1 1

-10 1 1 1
0 10 20 30 40 50 60 70 80

Average diameter (pixel)

©

£ 10 T T T T T T T

e

@ 5F ++ + B

o o AR 4+

c + T R +

> + A E T

o o s A

> 0F AR bbb b b e P T e

£ L e JAIFUPLILL LIPS U

= bbb b bbb bbb iy JAARAARIN ¥+

S FARRR MV A o +
b thE +

= -5+ LI, + 4

(9]

E

o

o

(a) Manual
R Bland-Altman analysis for automated method
2 10 . . . . . . .
e
8 5 1
% + + o bR b b
s g AR AR AR AR RS SS i
g fghann A jAnnAny
= + ot A o
©
g 5 1
IS
S 10 L L L L L L L
a

0 10 20 30 40 50 60 70 80
Average diameter (pixel)

(b) Automated

Fig. 5. Bland-Altman analysis for two raters’ measurements
(a) and two automated measurements (b) using different seed
points and parameters. Automated method has narrower
range of diameter difference, indicating better reproducibil-

ity.

All synthetic image sequences were tracked successfully
with the automated method. The ground truth diameters are
known for the synthetic image sequences, and the average
MSE from ten synthetic image sequences was calculated. The
average MSE for the automated method was 0.0 pixel while
the human raters performed with the average MSE of 1.74
pixels and the variance of 1.93.

4. CONCLUSIONS AND FUTURE WORK

An accurate, robust automated method to measure blood ves-
sel diameter is crucial in obtaining quality results in microcir-
culation studies. Very little previous work has been done on
this task, though there has been much work on measuring di-
ameters in other imaging modalities for applications such as
measuring arteries in ultrasound images, retinal vessels, and
airways in CT. A feature-based algorithm was developed for
an accurate measurement of the vessel diameter in intravital
video microscopy image sequences.

The preliminary results from our algorithm are encour-
aging. Our method was able to successfully track all syn-
thetic image sequences in the presence of random transla-
tional movement and varying amounts of noise, yielding bet-
ter MSE than human raters for all sequences. This suggested
that the automated measurement is more accurate than the
manual measurement. Futher, the regression analysis using

363

the intravital image sequences indicated that the automated
method gave comparable measurements as the raters. The
Bland-Altman analysis was used to evaluate the reproducibil-
ity and showed that the automated method had better repro-
ducibility than the manual measurements.

The automated diameter measurements were successful in
majority of cases, and we believe that it will soon replace the
current manual method with calipers. However, there are still
many opportunities for improvemnts. The algorithm was sen-
sitive to the background patterns from tissues above or below
the focal plane of interest. Another unsolved problem with
the automated method is an inability to recover from errors;
once the algorithm loses track, it is unable to correct itself.

In the future, we plan to enhance the algorithm by resolv-
ing these issues. One possible solution for the background
pattern is an automated patch size selection to reduce the amo-
unt of background included. To rectify the propagation of er-
ror, an error correcting mechanism with user involvement will
be employed.
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