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Abstract

Diabetes is a major disease and known to impair microvascular recruitment due to insulin
resistance. Previous quantifications of the changes in microvascular networks at the capillary

level were being performed with either full or manually selected region-of-interests (ROISs)

from super-resolution ultrasound (SR-US) images. However, these approaches were imprecise,
time-consuming, and unsuitable for automated processes. Here we provided a custom software
solution for automated multiscale analysis of SR-US images of tissue microvascularity patterns.
An Acuson Sequoia 512 ultrasound (US) scanner equipped with a 15L8-S linear array transducer
was used in a nonlinear imaging mode to collect all data. C57BL/6J male mice fed standard

chow and studied at age 13-16 wk comprised the lean group (N = 14), and 24-31 wk-old

mice who received a high-fat diet provided the obese group (N = 8). After administration of a
microbubble (MB) contrast agent, the proximal hindlimb adductor muscle of each animal was
imaged (dynamic contrast-enhanced US, DCE-US) for 10 min at baseline and again at 1 h and
towards the end of a 2 h hyperinsulinemic-euglycemic clamp. Vascular structures were enhanced
with a multiscale vessel enhancement filter and binary vessel segments were delineated using
Otsu’s global threshold method. We then computed vessel diameters by employing morphological
image processing methods for quantitative analysis. Our custom software enabled automated
multiscale image examination by defining a diameter threshold to limit the analysis at the capillary
level. Longitudinal changes in AUC, Ipk, and MVD were significant for lean group (0 < 0.02
using Full-ROI and p < 0.01 using 150 pm-ROI) and for obese group (p < 0.02 using Full-ROI, p
< 0.03 using 150 um-ROI). By eliminating large vessels from the ROI (above 150 pm in diameter),
perfusion parameters were more sensitive to changes exhibited by the smaller vessels, that are
known to be more impacted by disease and treatment.
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INTRODUCTION

Considering the high mortality and morbidity rate as well as the high costs related to the
treatment, diabetes is one of the diseases with the greatest impact across the world. Type

2 diabetes occupies 90 percent of 400 million individuals diagnosed with diabetes®. Type 2
diabetes and its relation to skeletal muscle microvascular environment have long been one
of the important topics in diabetes research?-5:5. Microvascular blood supply is found to
be critical in many diseases including, but not limited to, reduction of the lower extremity
muscle strength®, hyperinsulinemia, and cardiovascular diseases’.DCE-US imaging was
employed successfully for the investigation of the microvascular changes®. With its real-
time, low-cost, and non-ionizing capabilities, ultrasound (US) was the imaging modality
of choice. The resolution of DCE-US images was increased by 10x with the recently
introduced technique of SR-US®. Increased resolution enabled ultrasound imaging at the
capillary level where the microvascular recruitment occurs in vivo. Different parameters,
such as microbubble size, dose, imaging frame rate, and data acquisition time were
examined to optimize in vivo SR-US imaging for the analysis of type 2 diabetes!. The
quantification of tissue perfusion was performed not only from intensity values but also from
the number of microbubbles!1-16,

Manual selection of the region-of-interest (ROI) is a subject-dependent and time-consuming
process. It is also not suitable for automated analysis. Given the fact that the larger

vessels are not affected by microvascular recruitment*17: it is crucial to develop an
automated strategy for eliminating large vessels from the data analysis. The purpose of

this research project was to develop a custom software tool for improving the sensitivity

of the microvascular recruitment analysis by eliminating the larger vessels selectively.

This approach helped to provide the individual contribution of vessel groups at different
scales to the temporal changes. Specifically, larger vessels have more blood flow which
would minimize the estimation variance. Using a diameter threshold, longitudinal changes
in perfusion parameters were more precise which can help to reduce the sample size for the
study. Furthermore, the automated ROI selection granted the objectivity for understanding
the regulation of the glucose uptake /in vivo microvascular networks.

METHODS
2.1 Animal preparation and SR-US imaging

Studies were performed in male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME).
Lean mice (AMV=14) were fed standard chow for their entire post-weaning life and studied at
13-16 wk of age. For obese group (/A=8), to promote obesity and invoke insulin resistance,
at 5 wk of age additional mice were placed on a high-fat diet (D1233i, Research Diets Inc,
New Brunswick, NJ) until the time of study at age 24-31 wk. Following an overnight fasting
period, mice were anesthetized using isoflurane inhalation and normal body temperature
(36.5 +£0.5°C) was maintained throughout the procedure using a rectal probe and heating pad
temperature monitor and homeothermic controller (Kent Scientific Corp, Torrington, CT).
The proximal hindlimb adductor muscle group (adductor magnus and semimembranosus)
were shaved to minimize any US imaging artifacts. The animals were instrumented with a
jugular venous catheter and a 4-way connector which insulin, glucose, and a MB contrast
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agent were administered. After a 60-min delay to allow stabilization, baseline SR-US
imaging was performed for 10 min before and following a slow bolus injection of a custom
MB contrast agent (2.5 x 107 MBs diluted to 100 pL with saline)18. MB concentrations
were measured prior to injection using established methods (Multisizer 3 Coulter Counter,
Beckman Coulter, Brea, CA). The US imaging transducer was positioned and secured on
the proximal hindlimb adductor muscle group to help capture any microvascular changes
along the same image plane. A grayscale US scan was collected before MB injection. These
imaging sessions were performed at baseline and in response to insulin (20 mU-kg-1-min-1)
at 1h and towards the end of a 2 h hyperinsulinemic-euglycemic clamp, which is the most
widely used experimental procedure for the determination of insulin sensitivity. During the
clamp procedure, blood glucose levels were monitored every 5 min by a glucometer and
maintained at 120 £ 5 mg/dL.

Using a clinical US scanner (Acuson Sequoia 512, Siemens Healthcare, Mountain View,
CA) equipped with a 15L8 linear transducer array and operating in a nonlinear contrast
mode, DCE-US images were collected for 10 min at 15 frames per second for each

cine. Potential microbubble (MB) destructions were minimized using a mechanical index
less than 0.2. The proposed image processing pipeline illustrated in Figure 1 started with

a temporal sequence of DCE-US images. The first frame of each DCE-US dataset was
subtracted from its subsequent frames. After this normalization step, tissue and MB signals
were separated using a singular value decomposition filter10:11.19 After localization of
individual MBs, a maximum intensity projection image (MIP) was created as a cumulative
MB count map over the whole stack of frames1%:11.20, Custom MATLAB software (Release
2018a, Mathworks Inc, Natick, MA) installed on an Alien Aurora desktop computer (Dell
Inc, Round Roc, TX) was used for parallel processing to reduce computational time.

2.2 Multiscale Vessel Enhancement

A multiscale vessel enhancement filter was applied to detect the larger vessels in the

ROI from MIP with MB count values. Known as Frangi filter, it was widely used to
improve the diagnostic quality of X-ray angiography images?L. This method considered
vessels as tubular structures in 2D images. The proportional relation between the eigenvalues
of the Hessian matrix for a specific point and the curvature at that point was used to

detect the tubular shapes. Specifically, high curvature in one direction and low curvature

in the orthogonal direction was defined as a vessel. The derivatives of the image were
obtained using derivatives of Gaussian convolutions. Having applied Gaussian kernels with
different standard deviations, vessels from a range of diameters were found. The vesselness
function?! responded with a high value to the vessel-like pixels and minimized the impact
of the image noise. After enhancing the tubular structures of the image, Otsu’s clustering-
based global threshold method?2 was used to create the binary images as a preparation of
morphological image processing steps as seen in Figure 1.

2.3 Morphological image processing

Based on mathematical set theory, morphological image processing was applied to
extract image components for representing and describing region shape23. Operating with
binary images that consist exclusively from foreground and background values 1 and 0,
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morphological image processing methods were intensity invariant and they rely on pixel
locations. The connectivity of the pixels that embody an object in the image, contained the
information about its geometrical shape. We used 8 connectivity which requires two pixels
to share either an edge or a vertex in its direct and indirect neighborhood as shown in Figure
2.

Vessel segments were identified as connected components, and their centerlines were found
using a thinning algorithm while preserving their topology as shown in Figure 1. For each
foreground pixel on the centerline, the nearest background pixel was searched. Figure 3
depicted how the Euclidian distance (D) between the centerline pixel (p) and the edge pixel
(g) with their coordinates (X, y) and (s, t) respectively, was computed as the radius at p.

r=Ddp.g) = \(x =9+ (-1 o

Multiplying this metric by two provided the ultimate estimation of the diameter for the
respective vessel segment at the specific centerline point. Finally, taking all diameters from
one vessel segment into account, the average diameter was computed. Once all the diameters
were computed, we were able to restrict the ROl based on the vessel diameters using a
diameter threshold.

2.4 Perfusion parametric analysis

Time-microbubble count (TMC) curve parametric analysis'! was performed as an improved
version of the time-intensity curve (TIC) analysis'41520, TMC curve describes the temporal
history of contrast agent flow dynamics. After approximating the TMC data as a gamma-
variate function smooth curve, surrogate measurements derived from the shape of the

curve were analyzed. As seen in Figure 1, peak intensity (Ipk) which represents the peak
microbubble count, area under the curve (AUC), wash-in rate (WIR), wash-out rate (WOR),
and microvessel density (MVD) as the ratio of the number of vessel pixels over number of
pixels in the ROI were analyzed for four different ROIs. Specifically, the full image was
used for Full-ROI, and the three diameter thresholds were set to restrict the ROI for large
vessels to be excluded from the analysis, such as all vessels above 300 pm, 200 um, and 150
um. For the remaining part of the paper, we will use the following naming for the respective
ROIs: Full-ROI, 300 um-ROl, 200 um-ROl, and 150 um-ROl.

2.5 Statistical tests

Perfusion parameters derived from the TMC curves of lean and obese group are summarized
as mean + standard error. Comparisons for the longitudinal measurements of individual
parameters were performed using paired t-test for each group separately. Finally, the
differences between the relative changes from baseline to 1h measurements for lean

and obese group were tested using Wilcoxon rank-sum test. Since the distributions of
relative changes were significantly different than the normal distribution, a non-parametric
alternative of two-sample t-test was chosen.
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3. RESULTS

Morphological image processing strategy for multiscale analysis of the SR-US images from
tissue microvascular networks was evaluated using an animal model of type 2 diabetes. We
showed our results in qualitative visualizations of a representative subject and in quantitative
statistical outcomes from all subjects included in the study.

SR-US images before and after multiscale vessel enhancement filter were shown in Figure 4.
The microvascular recruitment from two consecutive time points was observed in the SR-US
images (A and B) while the large vessels stayed unaffected as it was observed in enhanced
images (C and D). Multiscale vessel enhancement filter helped to delineate the large vessels
and used as preprocessing step before segmentation.

TMC curves for four different ROIs of the same representative subject were depicted in
Figure 5. The results from parametric perfusion analysis demonstrated a shift in the MB
count values as the ROI was restricted more in smaller vessels. TMC curve from Full-ROI
started with a MB count greater than zero. MB count from 150 um-ROlI started and ended
close to zero which reflects real-world expectations.

Absolute changes in longitudinal measurements for the obese group were significant for
the AUC, Ipk, and MVD parameters from baseline to 1h (p < 0.02 using Full-ROI or 300
um-ROI and p < 0.03 using 200 um-ROI or 150 um-ROI). WIR values were significant (p
< 0.03) only for the 150 pm-ROI and WOR values were significant (o < 0.03) only for 200
um-ROI and 150 pm-ROIl. The results for the obese group were shown in Figure 6.

Longitudinal measurements for the lean group were significant for the absolute changes
in AUC, Ipk, MVD, WIR, and WOR parameters from baseline to 1h (p < 0.01 using all
different ROIs). The results for the lean group were shown in Figure 7. A * denotes p< 0.01.

The changes at 1h relative to baseline were increased gradually for the lean group when
we used the smaller diameter threshold, as seen in Figure 8. \We demonstrated also the
differences between the lean and obese group with regard to the changes relative to the
baseline in Figure 8. A summary of the relative changes was presented in Table 1.

4. DISCUSSION

Morphological image processing for multiscale analysis of SR-US images was used for
understanding insulin-mediated microvascular changes in skeletal muscle. Quantification
of impairment of microvascular function in skeletal muscle was important for several
studies?3:57.1L17 As ROI for comparing temporal changes in microvasculature, either the
full image or a subjective drawing was used. This method was time-consuming, imprecise,
and not suited for automated image processing pipelines. Our method used a quantification
of microvascular morphology information, vessel diameter, to enable a multiscale analysis
by restricting ROI automatically based on a diameter threshold. It can easily be integrated
into the automated image processing pipelines. Selection of small vessel regions based on
diameter measures was faster and provided objectivity. For this reason, the results were
reproducible when using the same diameter threshold.
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Focusing our analysis into the relevant scale of microvascular recruitment in skeletal
muscle, the significant differences between longitudinal SR-US images were preserved.
Using restricted ROIs, TMC curve was shifted towards zero by its starting and ending point
which depicts a realistic starting and ending MB count for a bolus injection. For that reason,
our results suggested that removing larger vessels from the skeletal muscle parametric
measurements characterizing the insulin-induced microvascular response or dysfunction,
significant changes were maintained. In addition, absolute changes in WIR and WOR

were not significant for Full-ROI while they were significant when using restricted ROIs
with smaller diameter thresholds. Therefore, our method can increase the sensitivity of the
analysis depending on the selected diameter threshold and reduce the sample size needed
for the study. A comparison of relative changes between lean and obese group was not
significant for any of the ROIs. Regarding the relative changes, a linearly increasing trend
for the lean group was observed for all the parameters when using restricted ROIs which was
not the case for the obese group.

The use of the Gaussian convolutions in multiscale vessel enhancement filter caused some
smoothing on the vessel edges. As demonstrated in Figure 2, this did not affect the detection
of large vessels. Also, the relation between large and small vessels was preserved in the
binary images using Otsu’s global threshold method. Morphological image processing
methods were suitable to measure the diameter of the vessels from the binary images.

5. CONCLUSION

Morphological image processing for multiscale analysis of SR-US images provided a
reproducible, automated, and more sensitive analysis of functional characteristics and
contributions of microvascular networks at different scales to the pathogenesis of type 2
diabetes. Future work should focus on improving the quantification methods by adding
motion correction steps into the image processing pipeline.
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Figure 3.
Distance transform between pixels on the centerline and pixels on the edge.
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Figure4.
SR-US images of a representative lean subject at baseline (A) and 1h (B) after insulin/

glucose injection. Image (C) and (D) show the detection of the large vessels from (A) and
(B) respectively.
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obese) and using different ROIls. Bar graphs detail the percentage changes relative to
baseline measures for AUC, WIR, WOR, Ipk, and MVD parameters. Note the increased
changes of AUC and Ipk in lean group compared to obese group when using restricted ROls.
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Summary of relative changes in perfusion parameters using different ROIs for lean and obese group.

Table 1.

ROI AUC (%) Ipk (%) MVD (%) WIR (%) WOR (%)
Lean Obese Lean Obese Lean Obese Lean Obese Lean Obese
Full 3045 29.69 3131 27.67 2501 23.07 5806 137.23 56.75 44.48
300um 4499 23.89 4348 2388 3137 2234 6417 13746 7202 4374
200pum 56.09 50.62 5397 46.68 3503 3719 8040 79.01 7349 99.03
150pm 66.02 56.63 61.97 50.70 37.67 3998 9092 6157 79.65 92.69
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