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The cortical microvessels are organized in an intricate, hierarchical, three-dimensional network. Superimposed
on this anatomical complexity is the highly complicated signaling that drives the focal blood flow adjustments
following a rise in the activity of surrounding neurons. The microvascular response to neuronal activation re-
mains incompletely understood. We developed a custom two photon fluorescence microscopy acquisition and
analysis to obtain 3D maps of neuronal activation-induced changes in the geometry of the microvascular net-
work of the primary somatosensory cortex of anesthetized rats. An automated, model-based tracking algorithm
was employed to reconstruct the 3D microvascular topology and represent it as a graph. The changes in the ge-
ometry of this network were then tracked, over time, in the course of electrical stimulation of the contralateral
forepaw. Both dilatory and constrictory responses were observed across the network. Early dilatory and late
constrictory responses propagated from deeper to more superficial cortical layers while the response of the ver-
tices that showed initial constriction followed by later dilation spread from cortical surface toward increasing
cortical depths. Overall, larger caliber adjustments were observed deeper inside the cortex. This work yields
thefirst characterization of the spatiotemporal pattern of geometric changes on the level of the corticalmicrovas-
cular network as a whole and provides the basis for bottom–up modeling of the hemodynamically-weighted
neuroimaging signals.

© 2013 Elsevier Inc. All rights reserved.
Introduction

The majority of human neuroimaging techniques rely on functional
hyperemia, or the rise in local cerebral blood flow following an increase
in the activity of surrounding neurons. It is generally accepted that
neurovascular coupling is a feedforward process: synaptic activity leads
to the release of vasoactive substances, either by neurons themselves
or by astrocytes, that act on the neighboring vessels causing them to di-
late (Attwell et al., 2010). Although functional hyperemia is a remarkably
robust phenomenon, widely exploited for human neuroimaging, and
one of the major functions of the neurovascular unit that has been
under intense scrutiny for decades, much uncertainty still surrounds
the underlying mechanisms. Specifically, the role of the microvessels in
the neurovascular coupling and the preponderance and pattern of
constrictory responses remain disputed.

In a given cortical layer, maximum vessel dilation in response to a
stimulus occurs at the site of greatest neuronal activity and decreases
as a function of distance from the center (Blinder et al., 2010; Devor
ute, 2075 BayviewAvenue S650,

c).

rights reserved.
et al., 2007). In addition, the cortical hemodynamic response is not
only graded in amplitude laterally but also retarded in time axially
(across cortical depth) so that the dilation of penetrating arterioles in
the intermediate layers (IV–V) of the somatosensory cortex precedes
that in the top and bottom cortical layers (I–III and VI) (Silva and
Koretsky, 2002; Tian et al., 2010). There is a large body of evidence
that identifies the penetrating arterioles as the vessels driving the he-
modynamic response (Devor et al., 2007; Iadecola and Nedergaard,
2007) whereby the arteriolar dilation results in increased pressure in
the downstream vessels (Boas et al., 2008). Notwithstanding, the pas-
sive dilation and constriction of capillaries in response to upstream
pressure changes has recently been challenged by work showing that
pericytes, smooth muscle cell like cells impinging on capillaries, may
allow active control of capillary diameters (Chen et al., 2011;
Fernández-Klett et al., 2010; Peppiatt et al., 2006). Furthermore,
mesoscopic scale evidence suggests that the hemodynamic response
is initiated in the parenchyma (Kida et al., 2007; Kim and Kim, 2010;
Lu et al., 2004; Mandeville and Marota, 1999; Raaij et al., 2011; Silva
and Koretsky, 2002; Smirnakis et al., 2007) and not the major vessels.
Stimulation induced capillary dilations on the order of 10% have been
reported (Chaigneau et al., 2007; Chen et al., 2011; Devor et al., 2007;
Kleinfeld et al., 1998; Stefanovic et al., 2008; Tian et al., 2010) though
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not always (Drew et al., 2011; Fernández-Klett et al., 2010). Less fre-
quent observations of stimulation induced microvessel constriction
have been hypothesized to result from re-distribution of blood supply
from dormant to active areas (Blinder et al., 2010; Kleinfeld et al.,
1998). Overall, the importance of capillary volume adjustments has
been controversial (Fernández-Klett et al., 2010; Krieger et al., 2012). Ar-
teriolar constriction has also been reported during the post stimulus pe-
riod (Chen et al., 2011; Devor et al., 2007; Tian et al., 2010). Finally,
most (Chen et al., 2011; Kennerley et al., 2010), but not all (Drew et al.,
2011) microscopic studies report no change in venous diameter in re-
sponse to stimulation: in contrast to typical assumptionsmade inmodels
of the hemodynamic response to functional stimulation (Buxton et al.,
1998; Mandeville et al., 1999) that predicted significant dilation of
veins. In addition to these discrepancies, there is a lack of data on the
intermediate-sized intracortical vessels and the microvascular network
as a whole (Harel et al., 2010). These data are key for understanding
the vascular origins of BOLD (blood oxygenation level dependent) fMRI,
the most commonly used neuroimaging modality, for estimation of its
specificity, and for its quantitative interpretation (Harel et al., 2010).

In the present work, we set out to address these gaps by character-
izing the spatial and temporal evolution of the response of the 3D
microvascular network, rather than individual vessels, in vivo under
physiological conditions. The microvascular topology of the forelimb
representation in the primary somatosensory cortex was finely sam-
pled under baseline conditions. Thereafter, the changes in its geome-
try were tracked during presentations of ultra short (single 0.3-ms
pulse) and 2.4-s long (7 0.3-ms pulses at 3 Hz) electrical stimulation
of the contralateral forepaw. To allow sufficient temporal resolution
to track the hemodynamic response of the entire microvascular net-
work, the acquisition protocol was designed to acquire interleaved
slice over time series at progressively larger cortical depths, affording
a sub-second effective sampling rate of the imaged tissue volume.
Automated vessel tracking analysis was employed to represent the
microvascular network as a graph and generalized linear modeling
used to estimate the changes in the local vessel diameter, at ~1 μm
spaced out vertices, over the course of stimulus presentation. Finally,
nonlinear modeling was employed to estimate the latencies of the vas-
cular vertexwise caliber changes in response to functional stimulation.

Methods

Animal preparation

Surgical procedures are described in detail in Lindvere et al., 2010.
Briefly, adult male Sprague-Dawley rats (n=14, 132±26 g) were anes-
thetizedwith isoflurane, tracheotomized andmechanically ventilated. To
enable 2PFM imaging of the brain, stereotaxic surgery was done to pre-
pare a small (~5 mm in diameter) closed (1% agarose) cranial window,
over the forelimb representation in the primary somatosensory cortex
(S1FL). Imaging was performed under alpha-chloralose (80 mg/kg
induction, 27 mg/kg/h maintenance dose) anesthetic following intrave-
nous administration of Texas Red dextran (70 kDa, Invitrogen; 50-μL in-
jection, 5 mg/kg b.w.) during rest and electrical stimulation of the
contralateral forepaw. The excitation wavelength was 810 nm and the
emission filter bandwidth spanned 570 to 620 nm. Arterial blood was
sampled periodically and arterial blood gas values maintained in the
normal range throughout the experiments. Across all animals, the mean
(±standard deviation) blood gas values were: 7.36±0.01 (pH), 40.4±
3.1 mm Hg (pCO2), and 105.1±5.2 mm Hg (pO2). Rectal temperature,
arterial blood pressure, end tidal respiratory pressure, heart rate, and ox-
ygen saturation were monitored and recorded (Biopac Systems Inc.)
throughout the experiment. The physiological monitoring data at
the beginning/end of the experiment were: 37.6±0.1/37.5±
0.1 °C (temperature), 69±17/66±11 mm Hg (blood pressure), 447±
47/469±56 bpm (heart rate), and 98.4±0.6/98.3±0.6% (oxygen satu-
ration). Intracranial pressure (ICP) was measured in a subset of animals
(n=3) to confirm the return of ICP to physiological level (3.7–
4.4 mm Hg) following cranial window closure.

Image acquisition

All imagingwas performed using the 25×, 1.05NA, 2.0-mmworking
distance water immersion objective (Olympus):

i. Fine spatial resolution stacks (FOV: 508 μm×508 μm×600 μm;
lateral resolution: 0.994 μm/pix, axial resolution: 3 μm/pix) were
acquired for reconstruction of vascular network architecture.

ii. Functional data were acquired at coarser spatial resolution
(FOV: 508 μm×508 μm×600 μm or 300 μm; lateral resolution:
1.59 μm/pix, axial resolution: 3 μm/pix) to enable improved
temporal resolution (0.786 s/frame).

Three stimulation paradigms were presented, each employing elec-
trical stimulation of the contralateral forepaw (0.3 ms, 2 mA pulses,
played out at 3 Hz) triggered by Time Controller (Olympus, Japan). In
the pilot experiments (200 slices spanning 0–600 μm of the cortex),
the functional paradigm comprised 15-frame time series, with 2 OFF,
3 ON (train of 7 pulses), and 10 OFF frames, with each frame taking
0.786 s per lateral image. The next paradigm (100 slices spanning
100–400 μm) encompassed two repetitions of a 21-frame cycle, with
2 OFF/3 ON (train of 7 pulses)/16 OFF frames. In the final paradigm
(100 slices spanning 100–400 μm), 40 frames were acquired, with a
single 0.3 ms2 mAelectrical pulse presented at the beginning of frames
3, 11,19, 27, and 35. Image acquisition in each paradigm was leaved
such that 2D frames at each cortical depthwere acquiredwith temporal
resolution of 0.786 s/frame. After the most superficial slice time series
was acquired, the imaging depth was increased by 6 μm and the func-
tional paradigm repeated. This was first done for z levels corresponding
to even cortical depths, followed by z levels corresponding to odd corti-
cal depths. This acquisition paradigm is illustrated in Fig. 1. The experi-
mental paradigm hence comprised of the two functional acquisitions
followed by the fine resolution anatomical acquisition. The functional
data sets took about 100 min to complete, bringing the overall acquisi-
tion time to about 2.5 h.

Data analysis

The microvascular network was represented as a graph, specified
by a set of vertices and their connection. Vertices were characterized
by their location (x, y, z), radius (r), and tangent vector (θ), at each
time instance. The mean distance between neighboring vertices was
0.78±0.13 μm, so that a few dozen vertices made up a vessel, defined
as the segment between two branch points. The processing was
designed to allow the estimation of intraluminal radius at each vertex
of the microvascular network at each time frame, which established
vertex correspondence across time. The anatomical data were seg-
mented using semi-automated analysis via commercially available
software (Imaris, Bitplane, Zurich). Prior to segmentation, the data
were subjected to edge-preserving 3D anisotropic diffusion filtering
(Perona and Malik, 1990). Thereafter, the intravascular space was
identified based on a range of user supplied signal intensity thresh-
olds corresponding to the background and foreground signal intensi-
ty ranges. The labor intensive semi-automated segmentation was
followed by removal of hair-like terminal branches. The resulting vol-
umes were next skeletonized, with the network sampled roughly
every 1 μm, and the aforementioned graph data structure produced.
The local tangents to the vessel were evaluated at each vertex follow-
ing spline interpolation to the vertices' locations.

As a part of pre-processing (Fig. 2), the coarse resolution functional
slices were filteredwith a 2D Gaussian kernel (σx~1.2 μm, σy~1.2 μm),
normalized with respect tomedian signal intensity through the cortical
depth (inormalize, MINC suite), registered to anatomical data using full
affine transformation based on a set of manually identified landmarks,



Fig. 1. 2D planar data is acquired over time in sequential depth (100–400 μm), and then reconstructed to volumes with spatial resolution of 1.6×1.6×3 μm and effective temporal
resolution of 0.786 s/volume. In paradigm 2, a train of 7 electrical pulses, played out at 3 Hz, is presented, starting at the third imaging frame (shown) and again starting at frame 24
(not shown).
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and resampled to isotropic voxel dimensions. To estimate the vertex-
wise radii, the microvascular network identified using the anatomical
data was used as an initial guess for the location and radii of vertices
at each time point of the functional acquisition. A cylindrical operator
(Aylward and Bullitt, 2002) was used to estimate vertex-wise locations
and radii of the temporal mean of the functional data. Briefly, the data
were low pass filtered using a Gaussian kernel, with sigma set to 40%
of the vertex's current radius estimate. Eight ‘spokes’ of length equal
to this radius and radiating outward from each vertex were defined in
the plane normal to the local tangent to the vessel. At the tip of each
Fig. 2. Data processing pipeline. Functional volumes are subjected to motion correction, Gau
gent, and radius estimating algorithm. General linear model analysis is done with AFNI.
spoke, the gradient of signal intensity was computed in the direction
of the spoke. The objective function was defined as the maximum
sumof six, out of eight (to facilitate tracking at branch points),finite dif-
ferences between intra and extra luminal points. To ensure computa-
tional efficiency, regularization was done on both vertex displacement
and radius change. In particular, the cost function employed in diameter
estimation comprised the fit of the image operator and a regularization
term that was a weighted squared difference between the estimated
and the reference radius: the weighting factor was chosen to be small
enough to ensure the only effect of the regularization was to prevent
ssian filtering, and intensity normalization across cortical depths prior to location, tan-

image of Fig.�2
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exploration of radii during the optimization procedure that are pro-
foundly different from reference radii. The vascular cross-section was
assumed to be circular, and the point spread function anisotropic.
Having arrived at a new location and radius estimate for each vertex,
the tangents were re-evaluated in light of new vertexwise locations.
This procedure results in a graph containing vertexwise locations
(x, y, z), radius estimates (r), and tangents (θ) for the temporal mean
of the functional acquisition. The vertexwise locations, radii, and tan-
gents were then re-estimated at each time point using the same algo-
rithm as described above, thus permitting robust vertexwise diameter
estimation in the presence of small amount of motion. This results in a
time series of graphs containing vertex wise locations, radii estimates,
and tangents (x, y, z, r, and θ). To ensure graph structure consistency
across time, the radii estimates from each time point were applied to
a unique microvascular network skeleton (second time frame), as
identified by the set of vertexwise coordinates and local tangents
(x, y, z, and θ). The mean distance between neighboring vertices was
0.78±0.13 μm, with a few to a few dozen vertices making up a vessel.

All analyses were done vertex-wise to describe the microvascular
network behavior since the vessels' responses were found heteroge-
neous along the longitudinal axes of the vessels, consistent with the an-
atomical observations of heterogeneous distribution of smooth muscle
cells along the microvasculature. The functional data were subject to
generalized linear modeling (GLM) of the radius as a function of time.
The GLM analysis incorporated a modeled hemodynamic response
function (HRF) and a first order polynomial to account for baseline
variations in the radii (AFNI: 3dDeconvolve; (Cox, 1996)). The hemody-
namic response function (HRF) was broadly based on the blood volume
response measured via contrast enhanced functional MRI in the same
animal model using the same functional paradigm (Hirano et al.,
2011) andwas defined using AFNI:WAVER (Cox, 1996). Based on visual
inspection of the time courses, threeHRFmodelswere used to probe for
quick, mid-latency, and slow responses to the stimulus, having onset
times, time to peak (TTP), and FWHM of: 0/2.4/3 s for quick; 0/3.9/
3.3 s for mid-latency; and 0.776/4.7/3.9 s for slow responding HRF
model. The vertexwise radii data were interpolated in space to maxi-
mize connectivity of the resulting data set and tangents were subse-
quently re-estimated. Cluster sizes were computed via AFNI:
3dClustSim, for cluster-wise alpha (probability of false positives from
a noise-only smooth random field) of 0.05, with a voxelwise p of 0.05,
and a specified amount of smoothness in the image time series noise.
The latter was determined by the ratios of variance of first differences
to the de-trended data variance, with the smoothness level estimated
via the mean geometric FWHM along each axis (3dFWHMx: AFNI
suite). For each HRF model, we produced cluster maps corresponding
to third-nearest neighbor clustering (faces or edges or corners touch-
ing), resulting in a minimum cluster size of 25 voxels. We also
investigated the average vessel responses. The effect of the cortical
depth of the vertex, and HRF type on absolute and relative radius
change was probed using a linear mixed-effects model (lme, R, http://
www.r-project.org/) (Pinheiro and Bates, 2000).

To probe for the kinetics of the response further, the vertexwise radii
data obtained in response to the second functional paradigm (2 OFF/3
ON (train of 7 pulses)/16 OFF frames) were subsequently modeled
using a difference of two gamma density functions (Glover, 1999),
constrained as to effect a smooth biphasic response model — dilation
followed by constriction or constriction followed by dilation. The bi-
phasic model shape was chosen following careful visual inspection of
the data, was motivated by the literature reports of multiphasic CBV
changes (Boas et al., 2008; Devor et al., 2007; Drew et al., 2011;
Hirano et al., 2011; Kida et al., 2007;Mandeville et al., 1999), and is con-
sistent with individual vessel responses reported by other groups
(Devor et al., 2007). Initial guesses of the parameters (amplitude, TTP,
and FWHM) characterizing the early response were estimated via a
preliminary fitting of the data with a single gamma density function.
The relative amplitude of the latter stage of the response was initially
set at 10% of the early response amplitude whereas the FWHM and
TTP of the latter stage of the response were initially set equal to the
FWHM of the early response. Nonlinear least squares fitting was
performed using the Levenberg–Marquardt algorithm (lsqnonlin,
Matlab, Mathworks). We thereby concurrently estimated both ampli-
tude of stimulus-induced changes in radii and the kinetics of this re-
sponse. We investigated the effect of the distance from the pial vessel
as well as the distance from the nearest center of mass of an activated
cluster on absolute and relative change in the radius and response
latency using a linear mixed-effects model (lme, R, http://www.r-
project.org/) (Pinheiro and Bates, 2000). All data analysis was carried
out on a desktop equipped with dual Intel Xeon X5550 processor (8M
Cache, 2.66 GHz, 6.40 GT/s Intel® QPI). The semi-automated segmenta-
tion of anatomical data necessitated 8–16 h per data set while the func-
tional data analysis pipeline required around 6 h per data set.

Results

Largest CBV changes occur below cortical surface

The semi-automated segmentation of the anatomical images using
commercially available software Imaris (Bitplane, Zurich) was used to
estimate the total cerebral blood volume (CBV). Fig. 3B shows a sam-
ple that such segmentation of the data rendered in Fig. 3A. The total
luminal CBV in the region 100 to 400 μm below cortical surface, of
the vessels less than 35 μm in radius, was estimated at 3.4%±1.6%
(n=9). This luminal estimate is in reasonable agreement with the so-
matosensory cortex CBV estimates to date: 4.6%±0.4% microvascular
CBV in mice measured from ex-vivo micro-CT imaging (Chugh et al.,
2009) and MRI-based cerebral blood volume fraction estimates of
1.5 to 3.5% in pigs (Ostergaard et al., 1998).

The normalized dilation and constriction of vertexwise radii from
preliminary experiments suggested that the largest normalized (with
respect to resting radius) CBV changes were occurring 100 to 400 μm
below cortical surface. This motivated us to focus on the hemody-
namic response of this portion of the cortex in subsequent experi-
ments. About 91% of vessels in this imaging region were capillaries
(rb5.0 μm), 7% had a radius between 5 and 10 μm, and the remaining
2% had a radius between 10.5 and 30 μm, as seen in Fig. 3C.

Sustained stimulation response propagates toward the pial surface

The vascular response to a 7 pulse-train stimulation propagated in
time and grew in amplitude toward the pial surface. The HRF type
depended on the cortical depth of the responding vertex (pb0.05):
mid-latency and slowly dilating vertices were located more superficial-
ly than quickly dilating vertices. Likewise, quickly constricting vertices
were located deeper in the cortex. Larger relative dilations and constric-
tions occurred closer to the cortical surface (pb0.05). On the other
hand, in the case of the single pulse stimulus, the quickly responding
vertices showed larger relative dilations and constrictions when com-
pared to the later response onset vertices. This result may reflect lack
of recruitment of draining vessels in the hemodynamic response to
the single pulse stimulus, unlike the 7 pulse stimulation.

The traces of activated vertices' radii estimates across timewere first
averaged within a subject and then across subjects (n=7) for dilating
and constricting vertices, within each modeled HRF. The response
time traceswere then averaged across all stimulus presentationswithin
each stimulation paradigm and finally fitted using a Gamma variate to
estimate the amplitude, onset time (OT), time to peak (TTP), and full
width at half maximum (FWHM). Fig. 4 shows the response traces,
whose parameter estimates are listed in Table 1. The onset time was
measured from the Gamma variate fit as the time of the first of the
two consecutive samples, after the beginning of stimulation, which
surpassed 10% of the peak amplitude.

http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/
http://www.r-project.org/


Fig. 3. (A): 3D rendering of 2PFM image of corticalmicrovasculature in forelimb representation of the primary somatosensory cortex. Full depth of viewand sub-volumeof functional data
acquisition are depictedwith green and blue bar, respectively. (B): Segmentation of 2PFM image donewith commercially available software, Imaris (Bitplane). (C): Histogram of the dis-
tribution of vessels in subvolume (cortical depth from 100 to 400 μm) (n=7).
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Microvascular network response is reproducibly heterogeneous in space

Fig. 5 shows a map of estimated stimulation-induced changes in
radius (Δr) in response to the 7 pulse train, in a sample subject. This fig-
ure demonstrates the complexity of the spatial pattern of themicrovas-
cular network response. Vessel volume response was calculated by
multiplying the length of the vessel segment by its average cross-
sectional area. The net change in absolute CBV was positive for the
quick and intermediate latency responding vessels, but negative for
slow latency responders. The quick responders (low onset delay)
exhibited post-stimulus response (long time-to-peak of the post-
stimulus response, with negative relative amplitude of the post-
stimulus relative to during-stimulus response).

Amore detailed account of the response kineticswas afforded by the
nonlinear least squares modeling using the biphasic model function.
Fig. 6 shows TTP and amplitude responsemaps obtained using this anal-
ysis in the same subject of Fig. 5. Despite manifest progression of both
dilations and constrictions in parts of the microvascular tree, there is,
as with the GLM results, a high degree of spatial heterogeneity of the
responses, even along individual vessels, that is reproducible across
repetitions. This finding underscores the importance of vertexwise
analysis over vesselwise averaging.

Early dilations start deep in the cortex and progress toward the surface,
antiparallel to late dilations

Fig. 7 shows the 2D histograms, across all subjects, of the dilatory
(top row) and constrictory (bottom row) vertexwise radii changes in
response to the 7 pulse train as a function of cortical depth: amplitude
changes are plotted in the left column (A, C) and latencies in the right
column (B, D). Based on the visual inspection of the response patterns
in 7B and 7D, we have defined a TTP threshold of 0.4 s, thus referring
to the changes prior to 0.4 s as “early response” and those arising
more than 0.4 s after the stimulus onset as “late response.” While this
threshold was defined post-hoc, its selection facilitated the subsequent
discussion of highly complex spatiotemporal activation response pat-
terns. Further, it corresponds, roughly, to the earliest vascular response
onset time reported using fMRI at 200 by 200 by 2000 μm3 (Silva and

image of Fig.�3


Fig. 4. Average vertex-wise time course in response to the 7 pulse stimulation, with dilations in red and constrictions in blue, alongside modeled HRF (black) for quickly (A),
mid-latency (B), and slowly responding vertices (C). Stimulus presentation period is highlighted in yellow. The mean is shown as a solid line while the region bound by the
inter-subject standard deviation is shaded. Average vertex-wise time course in response to the single pulse stimulus for quickly (D) and mid-latency (E) responding vertices. Active
vertices' data were first averaged within each subject, then averaged across subjects, and finally averaged across the stimulus presentations.
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Koretsky, 2002). As seen from Figs. 7A and B, vertices located deeper in
the cortex (250–450 μm) showed prompt (100–200 ms) dilations (of
3–6%). Most constrictory responses occurred rapidly, with approxi-
mately 100 ms latency relative to stimulus presentation (cf. Fig. 7D):
these vertices constricted by 2–7% and were located deeper in the cor-
tex with no significant superficial constriction (cf. Fig. 7C). These initial
responses were followed by many small amplitude (2%) superficial
dilations, with 200–300 ms latency and some late dilations deeper in
the cortex. Post-stimulus undershoot was similarly observed in the
250–450 μm depth range and was not observed in the more superficial
portion of the cortex.

Linear mixed effects analysis revealed that the percent (and abso-
lute) radius change amplitude of the early dilatory responses
(TTPb0.4 s) were positively correlated (percent: p~1e−5; absolute:

image of Fig.�4


Table 1
Temporal parameters of the average hemodynamic response.

Response OT (s) Amplitude (Δr in %) TTP (s) FWHM (s)

Paradigm 2: 7 stimulation pulses
Quick Dilation 0.00 1.23±0.04 2.78±0.02 3.42±0.08

Constriction 0.00 −1.30±0.07 2.77±0.03 3.67±0.13
Medium Dilation 0.138 1.37±0.06 3.98±0.04 3.45±0.11

Constriction 0.098 −1.19±0.03 3.99±0.02 3.60±0.08
Slow Dilation 0.845 2.00±0.06 5.12±0.03 3.68±0.10

Constriction 1.12 −1.09±0.03 5.52±0.03 4.01±0.09

Paradigm 3: 1 stimulation pulse
Quick Dilation 0.00 0.97±0.03 0.10±0.01 2.24±0.06

Constriction 0.00 −1.00±0.02 0.10±0.01 1.95±0.04
Medium Dilation 0.00 1.21±0.02 0.96±0.01 2.77±0.03

Constriction 0.00 −1.07±0.02 1.35±0.01 2.95±0.04

Values are reported as mean±95% confidence interval.
Quick, medium and slow refer to quickly, mid-latency, and slowly responding vertices
as identified using the three HRF models with respective modeled onset times (OT),
time to peak (TTP), and FWHM parameters of: 0/2.4/3 s for quick; 0/3.9/3.3 s for
mid-latency; and 0.776/4.7/3.9 s for slow responding HRF model.

Fig. 5. Map of estimated stimulation-induced change in radius (Δr) for the 7 pulse stimulat
slow latency responses (left). Regions of statistically significant correlation after clustering (r
white arrows point to two penetrating vessels that exhibit strong biphasic responses (dilatio
the image, this response traverses the branching point, hence being observed in both paren
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p~1e−5) with the cortical depth, suggesting that the strongest early di-
lation occurs deep inside the cortex. (The 0.4 s threshold was selected
based on the visual inspection of the TTP histograms of both constrictory
and dilatory vertices shown in Figs. 7C and D.) The amplitude of the late
dilatory response (TTP>0.4 s) was not affected (absolute: p~0.65; per-
cent: p~0.05) by the cortical depth. The time-to-peak of the early dilatory
responses (TTPb0.4 s), however, was found negatively correlated
(p~0.0060) with the cortical depth, supporting the notion that the initial
dilation in response to the stimulus presentationprogresses fromdeep to-
ward shallow cortical depth. The dilating vertices TTP was positively cor-
related (p~1e−5) with the cortical depth for the late dilating
(TTP>0.4 s), suggesting that the late dilations start shallow and progress
toward deeper depths into the cortex.
Early constrictions start superficially and spread to deeper cortical layers,
antiparallel to late constrictions

A different pattern was observed for the constricting vertices. The
(signed) percent (and absolute) amplitude of the early (TTPb0.4 s)
ion, dilations (red) and constrictions (blue) of a single subject for quick, medium, and
ight) are shown for each HRF response. Scale bar in green (bottom right) is 100 μm. The
n followed by constriction): in the vessel pointed to by the white arrow on the right of
t vessels.
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Fig. 6. Map of the 7 pulse train-induced responses estimated via nonlinear least squares analysis in a single subject. (A): Time-to-peak of the initial dilating (red) and constricting (blue)
responses. (B): Time-to-peak of the latter stage (PSU — post stimulus undershoot) dilating (red) and constricting (blue) responses. (C): Peak amplitude estimates of the initial dilating
(red) and constricting (blue) responses. (D): Peak amplitude estimates of the subsequent dilating (red) and constricting (blue) responses. Scale bar in green (bottom right) is 100 μm.
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constrictory response was found negatively correlated (p~1e−5)
with the cortical depth, supporting a peak of the early constriction
that is deep within the cortex. The percent amplitude of the late
Fig. 7. 2D histograms showing the distributions of vertexwise parameter estimates across al
constricting (C) vertices as a function of the relative stimulation-induced change in the verte
dilating (B) and constricting (D) vertices as a function of the time-to-peak of the vertex's rad
tion of panels (B) and (D) motivated an ad hoc temporal segregation of the response into e
constrictory response (TTP>0.4 s) was not affected (p~0.12) by the
cortical depth, whereas the absolute amplitude was negatively corre-
lated (p~1e−5). The time-to-peak of the early constrictory response
l subjects in response to the 7 pulse train (paradigm 2). Distribution of dilating (A) and
x's radius and Euclidian distance from the cortical surface to the vertex. Distribution of
ius change and Euclidian distance from the cortical surface to the vertex. Visual inspec-
arly (TTPb0.4 s) and late (TTP>0.4 s) response.

image of Fig.�6
image of Fig.�7
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(TTPb0.4 s) was found positively correlated (p~0.0016) with the
cortical depth, supporting a progression of the early constrictory re-
sponse from surface toward deeper levels of the cortex. Conversely,
the TTP of the late constrictory response (TTP>0.4 s) was found neg-
atively correlated (p~1e−5) with the cortical depth, indicating a
spreading of the late constrictory responses from deep into the cortex
toward the cortical surface.

Most dilations occur at 250–450 μm from the geometric center of mass of
activation

The dependence of the vascular response on the distance from the
nearest center of mass of an activated cluster was largely analogous to
its dependence on the distance from the pial surface as expected, due
to the aforementioned (negative) correlation between the activated
vertex's distance from the COM of an activation cluster and pial surface,
resulting from the localization of activation clusters deep in the cortex.
Analogously to Fig. 7, Fig. 8 shows the 2D histograms, across all subjects,
of the dilatory (top row) and constrictory (bottom row) vertexwise
radii changes in response to the 7 pulse train as a function of the
vertexwise distance from the closest center of mass of an activation
cluster. As seen from Figs. 8A and B, vertices located 250–450 μm
away from the most proximal center of mass of an activation cluster
showed rapid (100–300 ms) dilations of 2–8%. Most constrictory re-
sponses occurred early on, with approximately 100 ms latency relative
to stimulus presentation (cf. Fig. 8D): these vertices constricted by 2–7%
and were located 150–500 μm away from the nearest activation cluster
COMs (cf. Fig. 8C). These initial responses were followed by fewer dila-
tions about 200 μm from the activation COMs, with 400–600 ms laten-
cy. Post-stimulus undershoot was similarly observed both at 200 μm
and at 500 μm away from the activation cluster COMs.
Fig. 8. 2D histograms showing the distributions of vertexwise parameter estimates across al
constricting (C) vertices as a function of the relative stimulation-induced change in the verte
Distribution of dilating (B) and constricting (D) vertices as a function of the time-to-peak of t
cluster of activation.
Dilations peak away from the geometric center of activation

The percent (and absolute) radius change amplitude of the early
dilatory responses (TTPb0.4 s) were positively correlated (percent:
p~9e−4; absolute: p~1e−4) with the distance to the closest center
of mass of a cluster of activation, suggesting that the strongest early di-
lation occur at a distance from the center ofmass of an activated cluster.
The absolute, unlike percent amplitude (absolute: p~0.041; percent:
p~0.61) of the late dilatory response (TTP>0.4 s) was also positively
correlated with the cortical depth distance from the closest center of
mass of a cluster of activation. The time-to-peak of the early dilatory re-
sponses (TTPb0.4 s) was not affected by the distance from the COM of
an activation cluster (p~0.24), whereas the TTP of the late dilatory re-
sponse increased with increasing distance from the COM of an activa-
tion cluster (p~1e−5).

Constrictions peak away from the geometric center of activation

The (signed) percent (and absolute) amplitude of the early
(TTPb0.4 s) constrictory response was found negatively correlated
(p~1e−5) with the distance from COM of an activation cluster,
suggesting a strengthening of the early constrictionwith increasing dis-
tance from the activation clusters. The percent amplitude of the late
constrictory response (TTP>0.4 s) was not affected (p~0.17) by the
distance from the COM of an activation cluster, whereas the absolute
amplitude was negatively correlated (p~1e−5). The time-to-peak of
the early constrictory response (TTPb0.4 s)was found positively corre-
lated (p~1e−5) with the distance from the activation cluster COM,
indicating an outward spreading of the early constrictory response
from the activation cluster COM. In turn, the TTP of the late constrictory
response (TTP>0.4 s)was foundnegatively correlated (p~1e−5)with
l subjects in response to the 7 pulse train (paradigm 2). Distribution of dilating (A) and
x's radius and Euclidian distance from the nearest center of mass of an activated cluster.
he vertex's radius change and Euclidian distance from the nearest center of mass of an a

image of Fig.�8
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the distance from the COM of an activated cluster, indicating a spread-
ing of the late constrictory responses toward the COM of an activated
cluster.

Discussion

Wehave demonstrated amethod formapping the stimulus-induced
changes in the cerebral microvascular network geometry from in vivo
two-photon fluorescence microscopy (2PFM). Combining a functional
2PFM acquisition protocol of high spatial (μm) and temporal
(sub-second) resolutions with automated, model-based segmentation
and either generalized linear modeling typical of a functional magnetic
resonance imaging (fMRI) investigation or nonlinear regression allows
detailed characterization of cerebrovascular network morphology and
responsivity. This methodology expands upon the scope of 2PFM stud-
ies to date and offers a network level understanding of functional hy-
peremia. Vertex-wise analysis was found particularly important since
the vessels' responses were heterogeneous along the length of vessels,
consistent with the anatomical observations of heterogeneous distribu-
tion of smooth muscle cells and pericytes along the microvasculature
(Rodriguez-Baeza et al., 1998). Interleaved 2D acquisition afforded im-
proved effective temporal resolution, thereby increasing the robustness
of caliber change estimates in the capillaries, where the presence of RBC
at a vertex, at the time of the pixel acquisition, results in near zero signal
profile andmakes radius computation difficult. Due to the high effective
frame rates relative to the kinetics of vessel caliber adjustments in com-
binationwith lower hematocrit of smaller vessels, such a signal dropout
in one to two frames did not preclude a robustfit to the overall diameter
time course, which typically consisted of ~10 diameter measurement
points per stimulus presentation.

Although focal dilations of up to 15% in radius (or 32% in volume)
were observed, average dilations in response to the 7-pulse train ranged
from 1.2% to 2.0% in radius, corresponding to volume increases of 2.5% to
4.0%, respectively, much lower than 10.4±3.3%measured using contrast
enhanced fMRI in cortical layers I–III in alpha-chloralose anesthetized
rats receiving 2-s of forepaw stimulation (Hirano et al., 2011).
Notwithstanding, the latter measurement may well be larger due to
large dilations of pial vessels, which are excluded from the current
imaging volume. On the other hand, it should be noted that the fMRI
estimation of volume change in response to a stimulus reflects the net
volume change, thus averaging across both dilations and constrictions,
over a considerably larger region (given the typical fMRI spatial
resolution of around 100 μm in plane and 500–1000 μm through
plane). The average constrictions ranged from 1.1% to 1.3%; again, focal
instances of constrictions up to 15% were observed. The decreases in
relative volume associated with these radii changes were 2.2% to 2.6%,
respectively. In response to single electrical pulse stimulation, the
overall volume dilation was estimated at 2.4%, consistent with 2.9±
1.2% (mean±standard deviation) as reported earlier using fMRI
(Hirano et al., 2011) with the same functional paradigm in alpha-
chloralose anesthetized rats. Overall, current estimates belong to the
growing body ofmeasurements of phenomena on the subresolution spa-
tial scale and should thus be validated using an independent in vivo im-
agingmodality of sufficient spatiotemporal resolution. Notwithstanding,
the amplitude ofmicrovascular caliber adjustments observed here agree,
on thewhole, with previous point estimates of changes inmicrovascular
diameters reported by other groups using 2PFM (Chaigneau et al., 2007;
Chen et al., 2011; Devor et al., 2007; Drewet al., 2011; Fernández-Klett et
al., 2010; Kleinfeld et al., 1998; Tian et al., 2010).

Our findings from both GLM and the nonlinear regression support
an upward spatial propagation of both early dilation and late constric-
tion (a.k.a. post-stimulus undershoot), in accordancewith other groups'
observations (Chen et al., 2011; Hirano et al., 2011; Tian et al., 2010).
This pattern of hemodynamic response evolution also parallels the
propagation of neuronal activation, which spreads outwardly from cor-
tical layer IV (Nolte, 2002). Furthermore, the peak of the early dilation
and late constriction, absolute amplitude-wise, also appeared to be
deep inside the cortex. In contrast, the response of the vertices that
showed initial constriction followed by later dilation progressed from
cortical surface toward increasing cortical depths. The early constrictory
responseswere also stronger deeper in the cortex. With respect to clus-
ter of activation geometry, the strongest early changes (whether
dilatory or constrictory) occurred at a distance from the center of
mass of an activated cluster. While late dilation and early constriction
spread outward from the COM of activation, the late constrictory re-
sponses spread toward the COM of an activated cluster, though they
still peaked away from the activation cluster COM.

Regarding the temporal evolution of the response to the 2-s stimula-
tion, the onset time estimates for dilating vertices ranged from 0 to
0.85 s, thus agreeing with the 0.9±0.4 s measured by functional
microultrasound (Raaij et al., 2011) and 0.3±0.2 s measured by fMRI
(Hirano et al., 2011); in alpha-chloralose anesthetized rats presented
with 2-s forepaw stimulation. Our estimates of the time to peak of
vertexwise dilation range from 2.8 to 5.1 s and are consistent with
2.8±0.3 s measured with functional micro-ultrasound (Raaij et al.,
2011) and 2.8±0.3 s measured with contrast enhanced fMRI (Hirano
et al., 2011), both groups having imaged the net, mesoscopic dilatation
in the somatosensory cortex of alpha-chloralose anesthetized rats using
the same functional paradigm. The difference between the time-to-peak
of dilating and constricting vertices was largest in the slow responders
implying amore sluggish response in the latter phase of the hemodynam-
ic response: this is supported by the larger number of vertices exhibiting
late constriction vs. late dilation (cf. Figs. 7C and D). Consistent with this
finding, there was a larger increase in FWHMof slowly constricting verti-
ceswhen compared to slowly dilating vertices. The FWHMof dilating ver-
tices as measured in this work range from 3.4 to 3.7 s, and agree with
3.4±1.6 s estimated using fMRI (Hirano et al., 2011).

In response to the single pulse stimulation, the onset times (OT) es-
timated from Gamma variate fitting was 0 s for both quickly and
mid-latency responding vertices, comparable with 0.3±0.2 s as mea-
sured by fMRI for single electrical pulse forepaw stimulation (Hirano
et al., 2011) in alpha-chloralose anesthetized rats. The radial amplitude
change of quickly and mid-latency dilating vertices of 0.97±0.03% and
1.21±0.02%, respectively correspond to a volume increase of approxi-
mately 2.0±0.06% and 2.4±0.04%, respectively, consistent with 2.9±
1.2%, reported by Hirano et al., 2011. The TTP reported in the latter
study, of 1.0±0.2 s, agrees well with 0.96±0.01 s (mean±95% confi-
dence interval) of mid-latency dilating verticesmeasured in the current
work. The TTP of constricting vertices lagged the TTP of dilating vertices,
with this difference increasing toward latter stages of the hemodynamic
response, in agreement with the sluggish responses of constricting verti-
ces in the latter stages of the response to the 2-s stimulation discussed
above. The FWHM for quick and mid-latency dilating vertices ranged
from 2.24±0.07 to 2.77±0.03 s, thus exceeding the 1.0±0.1 s as mea-
sured by Hirano et al., 2011 in response to a single stimulation pulse;
the latter possibly reflecting the additive effect of constricting hemody-
namic response dynamics in the mesoscopic hemodynamic response
measurement. The FWHM of mid latency dilating vertices was less than
that of mid-latency constricting vertices, again supportive of sluggish
constrictory response in the latter stages of the hemodynamic response.

A systematic variation in this study arose from the variability in the
placement of the imaging FOV, which was chosen on a subject-
by-subject basis by considering the local transparency of the cranial
window, and thus the position of the FOV varied by up to 0.75 mm
with respect to the center of the cranial window. Since the amplitude
of the vascular response decreases as a function of distance from the
epicenter of neuronal response (Devor et al., 2007), the low average ra-
dius changes may have resulted from variable location of the relatively
small FOV (508 μm×508 μm). The volume changes observed are affect-
ed by the artery to vein ratio within the given FOV, as these two vessel
types likely exhibit very distinct stimulus-induced changes in CBV and
the average inter-penetrating vessel distance in the rat is on the order
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of half of the current FOV. On a further methodological note, while the
GLM analysis employed an HRF model derived from much coarser res-
olution (fMRI) studies, the subsequent analysis modeled the response
as a smooth biphasic function, with latencies of the two phases left as
free parameters. The findings of the two types of analysis were general-
ly consistent, in support of the general applicability of the fMRI-derived
HRFs to high-resolution 2PFM data.

On the final methodological note, the complex analysis pipeline com-
prises many assumptions both explicit and implicit including a circular
lumen cross-section, geometric consistency between frames, and the fi-
delity of the smoothed data. While comparing each of these choices
with a more general alternative implementation is beyond the scope of
this work, it is of interest to consider the aggregate effect of noise on the
estimation process. To this end, we have performed a Monte Carlo simu-
lation whereby representative functional time series data have been
binarized through intensity thresholding, blurred by the PSF, corrupted
(repeatedly) with noise, and subsequently fit to the same hemodynamic
response model as performed earlier on actual data. The methodological
noise contribution was evaluated as the variance on the distribution of
thus estimated radius changes. This variance was then contrasted to the
variance resulting from fitting the same hemodynamic response model
function to actual (measured) data. For a typical penetrating arteriole,
~20% of the parameter estimate errorwas found due to the (modeled) in-
strument noise. For a typical capillary in LIII/IV, ~30% of the parameter es-
timate error was due to the (modeled) instrument noise. The balance of
the errors, in each case, is caused by physiological sources in addition to
the likely limited contribution of the methodological noise due to
misregistration of interleaves, signal dropouts due to emitted signal ab-
sorption by RBCs, and depth-dependent signal attenuation due to
scattering.

In summary, the present work characterizes the volume changes of
the brain's 3Dmicrovascular network in response to functional stimula-
tion. When combined with perfusion maps on the level of individual
microvessels (Chinta et al, 2012) and micrometer scale measurements
of oxygen tension (Lecoq et al., 2011; Sakadzić et al., 2010), these data
will allow the development of bottom-up quantitative models describ-
ing the hemodynamic adjustments underlying functional hyperemia
and BOLD fMRI response. In addition, themethods employed constitute
a powerful platform for future pre-clinical investigations of disease
models where neurovascular coupling is perturbed. These techniques
open new avenues for investigation of the neurovascular coupling
mechanism and examination of fundamental relationship between ce-
rebral microvascular structure and function.
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