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Background: Multi-photon imaging of the cerebrovasculature provides rich data on the dynamics
of cortical arterioles, capillaries, and venules. Vascular diameter is the major determinant of blood flow
resistance, and is the most commonly quantified metric in studies of the cerebrovasculature. However, there
is a lack of accessible and easy-to-use methods to quantify vascular diameter in imaging data.

Methods: We created VasoMetrics, a macro written in Image]/Fiji for spatiotemporal analysis of
microvascular diameter. The key feature of VasoMetrics is rapid analysis of many evenly spaced cross-
sectional lines along the vessel of interest, permitting the extraction of numerous diameter measurements
from individual vessels. Here we demonstrated the utility of VasoMetrics by analyzing in vivo multi-photon
imaging stacks and movies collected from lightly sedated mice, as well as data from optical coherence
tomography angiography (OCTA) of human retina.

Results: Compared to the standard approach, which is to measure cross-sectional diameters at arbitrary
points along a vessel, VasoMetrics accurately reported spatiotemporal features of vessel diameter, reduced
measurement bias and time spent analyzing data, and improved the reproducibility of diameter measurements
between users. VasoMetrics revealed the dynamics in pial arteriole diameters during vasomotion at rest,
as well as changes in capillary diameter before and after pericyte ablation. Retinal arteriole diameter was
quantified from a human retinal angiogram, providing proof-of-principle that VasoMetrics can be applied to
contrast-enhanced clinical imaging of microvasculature.

Conclusions: VasoMetrics is a robust macro for spatiotemporal analysis of microvascular diameter in

imaging applications.
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Introduction determinant of blood flow resistance, and as such, vessel

) . . L . diameter is modulated to best serve the energetic demands
In vivo multi-photon imaging is a common preclinical

technique to study the 3-D architecture of microvascular of surrounding neurons and other brain cell types (2).

networks and the perfusion of blood vessels in the living
brain (1). Cerebral blood flow must be constantly and
carefully regulated because the brain lacks its own energy
reserve. The diameter of the vascular lumen is one major
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Neurally-evoked modulation of arteriole diameter
(neurovascular coupling) is crucial for on-demand local
supply of oxygen and nutrients to brain cells during periods

of activity. This process is overlaid on slow ongoing

Quant Imaging Med Surg 2021;11(3):969-982 | http://dx.doi.org/10.21037/qims-20-920


https://crossmark.crossref.org/dialog/?doi=10.21037/qims-20-920

970

oscillations in diameter under basal conditions (3,4). Below
the brain surface, the vast majority of vascular length is
composed of tortuous capillary networks, where even
miniscule changes in capillary diameter can profoundly
influence blood flow. Recent studies have shown that
capillary flow rates homogenize to improve oxygen and
nutrient delivery during functional hyperemia, suggesting
that this process may involve fine adjustments in capillary
diameter to modulate red blood cell (RBC) passage (5-7).

In a typical multi-photon study of brain vasculature,
imaging is performed through a cranial window in an
anesthetized or awake rodent. The vasculature is labeled by
intravenous injection of a high molecular weight fluorescent
dye (8). Data are then collected as single images or image
z stacks for snapshots of vascular structure, or sequential
images (movies) to assess spatiotemporal dynamics.
Measurements of vascular diameter in these data have been
performed manually using image analysis software such as
Image]/Fiji (9), where the user defines the location of the
vessel wall edges and measures the distance between these
edges. However, this approach can be prone to error as
the precise location of the vessel edge is often difficult to
pinpoint. The problem can be addressed by obtaining the
fluorescence intensity profile across the vessel lumen, and
then quantifying the full-width at half-maximum (FWHM)
of this intensity profile for a less subjective measure of
vessel diameter (10). Similar algorithms have been used
to locate the point of sharpest fluorescence decrease
along the vessel wall for unbiased measurement (11).
Another approach has been to binarize the image of pial
vessels and divide vessel area by vessel length to deduce
vessel diameter (12). All these approaches are effective for
quantifying vascular diameter, but are limited in two ways.
First, they assume that the entire vascular length of interest
is undergoing the same degree of change. Second, they are
generally implemented by custom-written codes that are
less accessible to other researchers.

Vascular diameter is heterogeneous and the dynamics
of dilation and contraction may occur unevenly across a
single vessel segment. For instance, during neurally-evoked
arteriole dilation, the stimulation of a sensory representation
such as the forelimb will produce a center-surround effect,
where arterioles at the epicenter of neuronal activity dilate,
while arterioles of surrounding regions predominantly
constrict (13). This is necessary for efficient allocation of
blood across the cortex. Another example is in the case of
pericytes in the capillary bed, which tend to constrict near
their soma in response to stimuli such as pharmacological
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activation or exposure to hypoxic conditions (14,15). Thus,
the location to collect a diameter measurement along a
vascular segment has a critical effect on outcome, and
poorly chosen locations would both increase measurement
bias and overlook relevant biological effects. To address
this issue, we created a macro in Image]/Fiji that collects
vessel intensity profiles at multiple, evenly spaced locations
along a user-defined length of vasculature. This enables
FWHM diameter to be calculated along an entire vascular
segment, and spatiotemporal variation of vessel diameter
can be examined in greater detail. It further allows all
values across the entire vessel to be averaged together for
a single, representative diameter of a given vessel segment.
We show that the approach can be used to produce rich
data sets of vasomotor responses in pial vessels, and also to
study diameter changes in the capillary bed following loss of
pericyte coverage.

Methods
Mice

TdTomato reporter mice (Ail4) on a C57BL/6 background
were purchased from Jackson Labs (stock no. 007914) (16).
These mice were bred with constitutive PDGFRB-Cre mice (17)
to express tdTomato in all mural cells (18). Mice were
maintained in standard cages on a 12-hour light-dark cycle,
and housed 5 or less per cage. Following cranial window
implantation, PDGFRB-tdTomato mice were housed
singly. Mice were between 5 to 7 months of age at the start
of imaging. This study was approved by The Institutional
Animal Care and Use Committee at the Seattle Children’s
Research Institute.

Surgery

Cranial imaging windows (1,19) were generated under
guidance of a stereoscope (SXZ10; Olympus). Anesthesia
was induced with isoflurane (Patterson Veterinary) at
4% mean alveolar concentration in 100% oxygen and
maintained at 1-2% during surgery. Body temperature was
maintained at 37 °C with a feedback-regulated heat pad
(FHC Inc.). For analgesia, all animals were administered
buprenorphine prior to or immediately following the
surgery at a concentration of 0.05 mg/kg. The windows
were ~3 mm in diameter and placed over the somatosensory
cortex, i.e., windows were centered at 2 mm posterior
and 3 mm lateral to Bregma. For imaging of pial arteriole
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vasodynamics, we generated polished and reinforced
thinned-skull windows, as previously described (19,20). For
capillary imaging and pericyte ablation experiments, we
generated chronic, skull-removed windows using methods
previously described (21).

In vivo two-photon imaging

Imaging was performed with a Bruker Investigator and
a Spectra-Physics Insight X3 laser source. For studies
examining arteriolar vasodynamics, chlorprothixene sedation
was used. We injected 30 pL of 1 mg/mL chlorprothixene
solution intramuscularly (thigh muscle), immediately after
cranial window surgery with isoflurane (Sigma C1671).
We then injected 2 MDa FITC-dextran (FD2000S;
Sigma-Aldrich) retro-orbitally under 2% isoflurane,
turned off the isoflurane, and waited 15-30 minutes
for chlorprothixene to take effect. FITC-dextran was
prepared at a concentration of 5% (w/v) and 0.03 mL was
injected. For studies examining capillary diameter, mice
were imaged under isoflurane anesthesia (~1.25% MAC
in medical air), which leaves the mouse anesthetized but
reactive to light toe pinch during imaging. In isoflurane
experiments, 2 MDa FITC-dextran was also used for
vascular labeling. Body temperature was maintained at 37 °C
with a feed-back regulated heat pad. Iz vivo imaging of
FITC-dextran was performed at 800-nm excitation. High-
resolution imaging of microvasculature was performed
using a 20-X, 1.0 NA water-immersion objective lens
(Olympus XLUMPLFLN 20XW). Lateral sampling (x, y)
was ~1 pm/pixel (arterioles) or 0.5 pm/pixel (capillaries),
and axial sampling (z) was 1 pm/pixel. All lumen diameter
quantifications were made in the lateral plane. When
imaging with the 20-X objective, laser power ranged between
20-100 mW at the sample, with higher powers required for
greater cortical depth. To ablate a single capillary pericyte,
a restricted line-scan was applied to only the soma of the
target pericyte for ~60 seconds at a power of ~50 mW and
excitation wavelength of 725-nm, as previously described (22).

VasoMetrics

The latest version of VasoMetrics macro can be downloaded
from a GitHub repository located at https://github.
com/mcdowellkonnor/ResearchMacros. A readme file
is available to guide the user for macro installation and
analysis procedures. Issues, feature suggestions, and code

suggestions can be logged through the GitHub repository.
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Important updates to VasoMetrics will prompt update
requests on the user’s Image] after the macro is launched.

Diameter measurement

The data file to be analyzed is first opened in ImageJ/Fiji.
After installing the VasoMetrics macro, a toggle with the
symbol “V” on the toolbar of the GUI interface initiates
the macro. The user should ensure that the scale of the data
is properly set. After an image is opened, the scale of the
image can be adjusted by clicking “Analyze” and then “Set
Scale...” VasoMetrics will report measurements in the scale
provided on the “Set Scale...” menu.

Length and spacing of cross-lines

The program first surveys the data to determine whether the
image provided is a single frame, or composed of multiple
slices over increasing depth (image stack). If the latter, the
image is maximally projected prior to display of a prompt
to draw a line along the central axis of the vessel segment
to be analyzed (“through-line”). The code then provides
an estimate of initial vessel diameter to decide the length
of subsequent cross-lines for vessel diameter measurement.
The automatic length is determined by drawing a long line
perpendicular to the first through-line segment, calculating
the FWHM for that line and then adding padding equal
to 65% of that FWHM. If a cross-line length cannot be
estimated, the user is prompted for this information. Once
the trajectory of the through-line is generated, the user is
prompted for the spacing of the cross-lines to distribute
across the through-line. The default setting provides cross-
lines spaced evenly with 5-pixel intervals. The spacing is
consistent across through-line segments, allowing the user
to contour the through-line appropriately to fit the vessel.

FWHM calculation

Once the cross-lines are generated, the program will take
the fluorescence intensity profile of each cross-line. The
intensity profile is normalized by subtracting the minimum
value from all values in the intensity profile, and then
dividing each value by the maximum of all values. The macro
first calculates and saves the half-maximum intersection of
the normalized intensity profile for each cross-line. The two
half-maximum locations closest to the midpoint of the cross-
line are considered as likely edges of the vessel of interest.
Before obtaining the diameter measurement, the intensity
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Figure 1 Image formats handled by VasoMetrics. VasoMetrics processes a variety of data types, including single images, image stacks,

movies and image stack movies.

profile may be trimmed along the outer edges to remove
unnecessary data. The trimming is performed by finding the
y intercepts of the derivative of the intensity profile. Data
that exists outside of the nearest y intercept of the derivative,
respective to the location of the half max intersections closest
to the mid-line, is removed. The half-max intersections that
are nearest the position of the center of the cross-line are
then used for the FWHM diameter calculation. The macro
demands a positive slope on the left of the midline and a
negative slope on the right, consistent with the intensity
profile of only a single vessel. This process helps to remove
some erroneous results that might arise if neighboring
vessels are touched by the cross-line, or if shadows caused by
RBCs are within the lumen. However, this post-processing
is not perfect for detection of all potential issues, and the
user is advised to check the intensity profiles when possible
to detect issues with poorly placed cross-lines. The FWHM
is then measured from each of the intensity profiles, with
an added interpolation to precisely locate the 0.5 value on
either side of the normalized intensity profile to achieve
subpixel accuracy. This process is iterated for each cross-line
and for each frame.

Outliers and unwanted cross-lines

If possible, vascular branches and areas with significant noise
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or lack of data should be avoided in the range of the through-
line, as full-width half-max data collection may still occur at
those areas. Since the FWHM diameter for each individual
cross-line is automatically provided along with the average
FWHM for the entire segment, any outliers caused by these
issues can be identified and excluded from further analyses
after moving the data to software such as Microscoft Excel.
The identification and exclusion of potential outliers is based
on user discretion, as definitions for outliers may differ
between users. To re-obtain a mean diameter, unwanted
cross-lines can be deleted manually in the region of interest
(ROI) manager and the macro re-run with remaining
cross-lines. Additionally, movement artifacts in movies can
sometimes displace the target vessel from the cross-line
position. Therefore, any shifts in the target vessel need to be
corrected during pre-processing. This can be achieved with
image registration plugins for Image]/Fiji, such as StackReg.

Results

VasoMetrics is able to process TIFF files collected in a variety
of formats by multi-photon imaging, ranging from single
images and movies to 3-D image stacks collected individually
or serially over time (image stack movie) (Figure I).
The sequence of coded instructions implemented by the
macro is outlined in Figure 2. The analysis considers two
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Figure 2 Flow chart for coded instructions implemented by VasoMetrics. VasoMetrics prompts the user for a through-line to define the

range over which cross-lines will be placed. Cross-lines provide the fluorescence signal profile across the vessel width for FWHM diameter

calculation. The code iterates this process through all cross-lines and all frames until all FWHM measurements have been made. FWHM,

full-width at half-maximum.

line types, placed relative to the vessel targeted for analysis.
The “through-line” is user-defined, and is drawn along the
central axis of the vessel lumen to define the length of vessel
over which diameter measurements should be sampled.
Subsequently, “cross-lines” are generated automatically by
the macro to run perpendicular to the through-line. Cross-
lines are numerous and evenly spaced, allowing extraction
of diameter over the entire range of the through-line. The
user can enter a specific cross-line length, or choose an
optimal length automatically calculated by the macro. The
user can also change the spacing between cross-lines to
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alter their density, and thus the total number of diameter
measurements obtained from the target vessel. Additional
considerations for through and cross-lines are provided in
the “Methods” section.

The fluorescence intensity along each cross-line is
used to estimate the lumen diameter. When fluorescence
intensity is plotted as a function of distance along a single
cross-line, the intensity profile typically has a “mesa-like”
shape, i.e., flattened peak and sharp decreases in intensity
at the vessel wall (Figure 3A4,B). After normalization of the
intensity profile to the maximum and minimum values,
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Figure 3 Full-width at half maximum diameter measurement. (A,B) A single cross-line placed over a pial arteriole. The normalized

fluorescence intensity is plotted, and the width calculated as FWHM diameter is shown. (C,D,E) The process outlined in (A,B) is

multiplexed with cross-lines created by VasoMetrics. Each cross-line provides a separate FWHM value, which can then be used to calculate

the mean diameter and SD of the entire vessel segment (panel E). FWHM, full-width at half-maximum; SD, standard deviation.

the locations of half maximal fluorescence intensity are
determined for both edges of the mesa. Pre-processing
is performed by the code to improve the likelihood of
identifying half-maximum locations nearest the center of
the cross-line profile (see “Methods” section). The distance
between these two points, or FWHM, provides an estimate
of the lumen diameter (Figure 3B). This process is repeated
with all cross-lines generated for a given through-line,
providing a mean and error range for all measurements of
width along the target vessel (Figure 3C,D,E). The program
will output the diameter obtained on each cross-line in
the columns of an Image]J results table. If the image file is
a movie, the process is further cycled through all image
frames, where each row in the results table represents a
frame. The processed results can be saved or manually
copied and pasted into spreadsheet software for further data
collation and analysis.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The cross-line locations are listed in the ROI manager
(analyze > tools > ROI manager). In some cases, the
user may wish to remove certain cross-lines due to their
occurrence at vascular branchpoints or overlay on unwanted
neighboring vessels that come in close contact with the
measured vessel. These cross-lines can be removed by
selecting the line in the ROI manager and clicking delete.
The macro can then be rerun using the remaining ROI
cross-lines to obtain a new mean diameter value. The cross-
line positions for each through-line can be saved so that the
user can return to them again in the future.

To test the accuracy of the FWHM approach in
VasoMetrics, fluorescent microspheres (3.7 pm diameter
verified by manufacturer) were imaged and their FWHM
diameter measured by placing a short length of through-
line such that only one cross-line was created along the
midline of the sphere. The calculated diameter values were
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Figure 4 Increased accuracy and reduced user variability with VasoMetrics. (A) Accuracy of diameter measurement tested on microspheres

of known size. (B) Comparison of manual versus VasoMetrics-based quantification of pial arteriole diameter. Manual measurements lead to

significantly greater variance in results between 8 independent raters.

consistently very close to the true diameter, albeit with a
small underestimation [3.34+0.08 pm; mean * standard
deviation (SD)]. This is expected because FWHM measures
the diameter just before the loss of signal intensity at the edge
of the microsphere. In comparison, manual measurement of
microsphere diameter using the straight-line tool in Image]
was also consistent, but slightly overestimated the true
microsphere diameter (3.93+0.10 pm; mean = SD) (Figure
4A). This is also expected because potential partial volume
effects may make the microsphere appear larger.

We next compared vessel diameter measurements
from in vive data using either manual measurement or the
VasoMetrics approach. We asked eight independent raters
to measure the diameter of the same arteriole segment in a
maximal projection image, both by hand using the straight-
line tool in Image]/Fiji, or using VasoMetrics. No specific
instruction was given as to where manual measurements
should be collected, other than to take three separate
measurements of diameter and to provide an average
value. For VasoMetrics, raters were instructed to place the
through-line from one end of the arteriole segment to the
other, which generated 9 to 19 cross-lines spaced 5 pm

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and the average of these measurements was used for
comparison. We found that inter-rater variance for arteriole
diameter was high with manual measurements, in part
because measurement line placements varied significantly.
In contrast, diameter variance was significantly lower
using VasoMetrics, even though through-line placements
also varied slightly between raters (***P<0.0001, F-test of
unequal variance) (Figure 4B). Altogether, these quality
control tests show that VasoMetrics provides accurate and
consistent measurements of vessel diameter in single image
frames.

To test the ability to quantify vascular dynamics, we
imaged pial vasculature in a mouse lightly sedated with
chlorprothixene (Figure 5A). Tissue movement caused by
breathing artifacts can cause vessels to shift slightly from
the focal plane, which can appear as diameter changes
during analysis. To avoid this, we captured sequential image
stacks and quantified vessel diameter in maximally projected
data. Image stacks were collected once every 17 seconds.
A pial arteriole is found in the center of the image and two
penetrating arteriole offshoots branch from this vessel. In
total, four arteriole segments were measured, including
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Figure 5 Detection of vasomotor oscillations in pial arterioles. (A) Pial arteriole and neighboring venule imaged with sequential image

stacks collected every 17 seconds. Five separate vessel segments were analyzed using VasoMetrics. (B) Time-course plot for diameter (mean

+ SD) of each vessel segment. SD, standard deviation.

two pial arteriole and two penetrating arteriole segments
(Figure 5B). A neighboring venule was also measured as a
control vessel for movement artifacts (3). Through-lines
were between ~30-50 pm in length, which corresponded
to 16 to 27 cross-lines per segment. We then plotted the
average and SD of diameters from all cross-lines for each
vessel segment examined. We detected very slow, oscillatory
diameter changes occurring near 0.02 Hz for two of the
arteriole segments, which corresponded to a penetrating
arteriole offshoot (green) and a low flowing anastomotic
segment (red). Curiously, the arteriole segments intervening

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

these regions (yellow and purple) were more stable in
diameter over the same time frame. In contrast, the
neighboring venule exhibited no diameter change. This
dataset demonstrates how VasoMetrics can be used to assess
vascular diameter across different regions of a pial vascular
network. While sampling rate was slow in this example, and
aliasing of faster oscillatory rhythms may be occurring, the
feasibility of processing movie stacks is demonstrated.

In a second example data set, we collected a long
movie (single plane) of pial arterioles with acquisition at
0.78 Hz (Figure 6). This mouse was also lightly sedated by
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chlorprothixene. We selected a long stretch of pial arteriole
roughly 600 pm in length, with two short penetrating
arteriole offshoots. Three through-lines were used to sample
nearly the entire stretch of the pial arteriole (Figure 6A4).
This involved three separate data runs of VasoMetrics
analysis. However, one can also use a single through-
line and omit specific stretches of unwanted data in post-
processing. Additionally, measurement of long vessels
makes use of the multi-segment feature of VasoMetrics,
where multiple through-lines can strung together to follow

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

the trajectory of the target vessel (see “Methods” section).
Altogether, the three through-lines involved 98 cross-
lines with 5 pm spacing. Arteriole diameter was processed
over 300 image frames corresponding to 385 seconds of
data. The resulting matrix of data is plotted as a space-
time image, revealing robust, periodic dilations that span
the entire length of arteriole (Figure 6B). However, there
is also some regional variation in diameter, which can be
better appreciated in this form of data visualization. This
data can further be collapsed down to provide the average
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tdTomato mice showing a labeled pericyte on a capillary. The pericyte was ablated using focused laser irradiation at the cell soma. The
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deviation.

and SEM of diameter change for specific vessel segments,
or the arteriole as a whole (Figure 6C,D). These oscillations
may correspond to either basal vasomotor responses, or
responses evoked by motor activity, as the cranial window
was placed over sensorimotor cortex.

We next tested the sensitivity of VasoMetrics for
detection of diameter changes in capillaries, which are
typically no more than 4-6 pm in width in mouse cerebral
cortex. In recent studies, we demonstrated that optical
ablation of capillary pericytes led to sustained capillary
dilation (21). We used this experimentally-induced change
in capillary diameter to test VasoMetrics. In our example, a
single capillary pericyte is ablated. An image stack is taken
before and after the ablation, and maximal projections are
created (Figure 74). A multi-segmented through-line is
used to address the curvature of the capillary. The capillary
segment underlying the ablated pericyte is completely
uncovered and dilates homogenously over the territory
of the through-line. This pre-ablation and post-ablation
diameter data can be plotted as a function of distance
along the capillary (Figure 7B). These data show that
capillary diameter can be analyzed using VasoMetrics, and
that the fluorescence intensity profile across capillaries
can be captured with adequate resolution for FWHM
measurements.

We next assessed the ability to measure vascular diameter
in data collected by other contrast-enhanced vascular
imaging modalities. Optical coherence tomography
angiography (OCTA) is used to study retinal microvascular
networks and produces images with high contrast and
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resolution (23). We used VasoMetrics to quantify the
diameter of arterioles in an image collected from superficial
retina of a human patient with diabetic retinopathy using
OCTA. The image shows arteriolar branches converging
at the fovea, surrounded by capillaries (Figure 84). The
diameter of one arteriolar branch was measured with
multiple through-lines, providing a total of 73 cross-lines.
The FWHM diameter of each cross-line was calculated,
revealing a broad range of diameters (25-45 pm range)
and large SD, despite the vessel appearing of fairly even
in caliber by eye (Figure 8B,C). A closer examination of
diameter versus distance along an arteriole sub-region
shows that diameter estimates are heterogeneous, and
reflects either normal physiology or variations in signal
detection (Figure 8D). Nevertheless, it is clear that a single
measurement of width along this arteriole would not
provide an adequate estimate of average diameter. That
is, a measurement at the middle of the sub-region shown
would result in a diameter 10-15% lower than the average.
These data further indicate that VasoMetrics has utility in
processing of clinical imaging data from the retina.

Discussion

We have shown that VasoMetrics is a robust, user-friendly
macro for spatiotemporal analysis of vascular diameter in
high-resolution, contrast-enhanced imaging applications
such as two-photon microscopy and optical coherence
tomography. VasoMetrics achieves highly reliable measures
of diameter at multiple points along a vessel by using
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Figure 8 Measurement of arteriole diameter in the human retina. (A) Image of microvasculature surrounding the fovea collected from

an adult male patient with diabetic retinopathy. Cross-line positions for the selected arteriole of interest are shown (inset). (B) Intensity

profiles plotted as a function of distance along the cross-line for one arteriolar branch within the yellow inset region. (C) FWHM diameter
calculated for each cross-line, along with mean = SD. (D) A sub-region of the target arteriole shows heterogeneity in FWHM diameter

along its length (purple inset). FWHM, full-width at half-maximum; SD, standard deviation.

existing image analysis features in the widely adopted
Image]/Fiji software. This is a major advance over the
standard approach, which is to obtain only a few diameters
at user-defined points along the vessel, possibly creating
biases and non-reproducibility in diameter measurements.
A further improvement is that VasoMetrics can better
quantify the heterogeneity of diameters along lengths
of microvasculature that can arise during physiology
and pathology. This feature is particularly important in
characterizing the vascular responses to neural activation or
in disease states involving mural cell pathology.

The importance of an unbiased, multi-location diameter
measurement was recently highlighted by Ivanova ez /. who
sought to quantify heterogeneous capillary changes evoked
by stimulation of pericytes in retinal vascular networks (15).
The authors manually collected numerous diameter
measurements along the capillary length in response
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to electrical stimulation of pericytes and application
of vasoactive mediators. Their approach revealed how
increasing pericyte stimulation intensity could promote
propagative constriction along the capillary. This critical
but laborious analysis may benefit from VasoMetrics if the
vascular wall or intraluminal space could be labeled, as has
been done with fluorescent IB4 (24), and intraluminal Evans
Blue or similar fluorescent probes (25). In recent studies, we
used VasoMetrics to quantify the average diameter of pre-
capillary arterioles and capillaries in response to optical and
genetic manipulation of pericytes in vivo (21,26,27). These
prior studies only reported average diameter values obtained
from VasoMetrics, but Figure 7 demonstrates how through-
and cross-lines might be placed for such quantifications. In
one instance, the variance in microvascular diameter was
assessed (27). This analysis could only be performed using
an approach with unbiases sampling of diameter along the
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vessel length.

One limitation is that VasoMetrics does not handle
measurement of vessel cross-section area, which is often
collected for studies of neurovascular regulation below the
brain surface. This type of data captures a cross-sectional
slice of a penetrating arteriole as it descends into the
cerebral cortex and takes on an ellipsoid cross-sectional
shape (28-30). However, straightforward analysis routines
involving image thresholding and particle analysis can be
used to quantify area of fluorescence. Similarly, line-scan
data is often collected for two-photon blood flow imaging
applications. A specific location along the vessel is chosen
a priori and the laser scan is cycled across the vessel width
at this location with high frequency (~1 kHz) to extract
vessel diameter. This is often coupled to line-scans parallel
to the vessel lumen, for simultaneous capture of blood cell
velocity (31,32). This approach is advantageous in that it
provides very high sampling rates of vascular diameter that
may be necessary to detect rapid onset of dilatory responses.
However, it also has the potential for bias because the scan
location must be predetermined, and responses may be
overlooked if the scan location is incorrectly placed.

We envision that VasoMetrics will be useful for vascular
data collected by multi-photon imaging. Imaging systems
that collect 2-D or 3-D data with greater temporal frequency
could lead to rich data sets of vascular spatiotemporal
dynamics. However, the utility of VasoMetrics extends
beyond pre-clinical imaging. We have also examined
its utility in OCT angiography data, a clinical imaging
modality that can be used, for instance, to measure vascular
diameter or reactivity changes associated with diabetic
retinopathy (33). We suspect that VasoMetrics can be
further applied to other data types with contrast-enhanced
vascular visualization with sufficient spatial resolution.
Future studies could couple clinical imaging modalities (e.g.,
CT or digital subtraction angiography) with the study of
vessel heterogeneity in vascular diseases such as diabetes,
vasculitides, and vasospasm after subarachnoid hemorrhage.
In fact, the width of any thin elongated object in a cross-
sectional image could potentially be quantified using
VasoMetrics. However, applications beyond multi-photon
imaging and OCTA have not been tested in our hands, and
we suggest use of ground truth controls with known object
diameters to carefully test the validity of results obtained.
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