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Functional hyperemia, or the increase in focal perfusion elicited by neuronal activation, is one of the primary
functions of the neurovascular unit and a hallmark of healthy brain functioning. While much is known about
the hemodynamics on the millimeter to tenths of millimeter-scale accessible by MRI, there is a paucity of
quantitative data on the micrometer-scale changes in perfusion in response to functional stimulation. We
present a novel methodology for quantification of perfusion and intravascular flow across the 3D microvas-
cular network in the rat somatosensory cortex using two-photon fluorescence microscopy (2PFM). For ap-
proximately 96% of responding microvessels in the forelimb representation of the primary somatosensory
cortex, brief (~2 s) forepaw stimulation resulted in an increase of perfusion 20±4% (mean±sem). The per-
fusion levels associated with the remaining 4% of the responding microvessels decreased 10±9% upon stim-
ulation. Vessels irrigating regions of lower vascular density were found to exhibit higher flow (pb0.02),
supporting the notion that local vascular morphology and hemodynamics reflect the metabolic needs of
the surrounding parenchyma. High dispersion (~77%) in perfusion levels suggests high spatial variation in
tissue susceptibility to hypoxia. The currentmethodology enables quantification of absolute perfusion associated
with individual vessels of the cortical microvascular bed and its changes in response to functional stimulation and
thereby provides an important tool for studying the cellular mechanisms of functional hyperemia, the spatial
specificity of perfusion response to functional stimulation, and, broadly, the micrometer-scale relationship
between vascular morphology and function in health and disease.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Healthy brain function comprises complex signaling between neu-
rons, glia and vasculature. Functional hyperemia, or the stimulation-
induced increase in blood flow through the surrounding cerebral
microvessels, is restricted spatially and locked temporally to the neu-
ronal activity over a wide range of physiological conditions. It is a
feed-forward process, starting with an increase in neural activity
that is communicated to the proximal vasculature either directly by
neurons or via astrocytes; in either event, vasodilatory substances
are produced causing the surrounding vessels to dilate (Attwell et
al., 2010). Functional hyperemia was first described in the late
1800s (Mosso, 1880; Ray and Sherrington, 1890) and more recently
studied by various neuroimaging techniques, such as positron
IV flow, intravascular flow.
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emission tomography, optical imaging of intrinsic signals, and func-
tional magnetic resonance imaging (fMRI). Though currently the pre-
eminent non-invasive neuroimaging technique to study human brain
function, blood oxygenation level dependent (BOLD) fMRI is often
difficult to interpret due to the signal dependence on relative levels
of blood deoxyhemoglobin concentration as well as variations in the
baseline physiology — most notably the baseline perfusion (Buxton
et al., 1998). This complex dependence of the BOLD signal on baseline
and activation physiology complicates the interpretation of BOLD
data in the study of brain dysfunction and monitoring of the thera-
peutic response in a broad range of brain diseases and disorders
where both resting state perfusion and functional hyperemia may
be altered (Logothetis, 2008). Many models (Boas et al., 2008;
Buxton et al., 1998; Mandeville et al., 1999; Zheng et al., 2010) have
been proposed to describe the mechanisms underlying neurovascular
coupling on the mesoscopic scale, but our understanding of the un-
derlying cellular processes remains incomplete. Discerning the perfu-
sion changes on the micron scale, (Attwell and Iadecola, 2002;
Attwell et al., 2010; Berwick et al., 2008; Iadecola and Nedergaard,
2007) is critical for quantitative BOLD fMRI modeling and thus
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realization of this modality's full potential in the study of cerebrovas-
cular and neurodegenerative diseases.

In vivo estimates of perfusion in preclinical models have recently
been reported using optical coherence tomography (OCT) (Srinivasan
et al., 2011). Depth-resolved Doppler OCT measurements of relative
flow changes in response to functional activation were performed in
live rats (Srinivasan et al., 2009). Srinivasan et al. (2011) developed a
quantitative statistical model for static tissue to estimate absolute
flowmeasurements at the capillary level in the rat's somatosensory cor-
tex. Two-photon fluorescence microscopy has also been employed by
multiple groups to estimate red blood cell (RBC) velocity and RBC linear
density through individual brain microvessels (Attwell and Iadecola,
2002; Devor et al., 2007; Hutchinson et al., 2006; Kleinfeld et al.,
1998; Srinivasan et al., 2009; Stefanovic et al., 2008; Tiret et al., 2009).

In the present work, we extend the current work on quantifica-
tion of flow through individual vessels by describing a novel method-
ology for quantitative estimation of perfusion and intravascular flow
across the 3D microvascular network of the primary somatosensory
cortex. The estimation of hemodynamic parameters is done both at
rest and during electrical forepaw stimulation in α-chloralose anes-
thetized rats. In the current work, perfusion is defined as the rate
of delivery of arterial blood to a unit mass of parenchyma, and
expressed in the units of mL/g tissue/min. Intravascular flow, or IV
flow, is defined as the volume rate of blood flow inside the vessels,
in nL/min. We acquire images of 3D microvascular network geome-
try at rest and during functional stimulation as well as 2D over
time images tracking the passage of a fluorescent dextran bolus at
rest and during activation. A novel analysis procedure is next pre-
sented to provide quantitative estimates of perfusion at rest and dur-
ing activation as well as examine the influence of local vascular
density on intravascular flow through the neighboring vessels. The
current study thus introduces a methodology to quantify the tissue
perfusion by the microvascular network at the micrometer scale, of
interest for studying the cellular mechanisms of functional hyper-
emia, the spatial specificity of perfusion response to functional stim-
ulation, the susceptibility of tissue to ischemia, and, broadly, the
micron scale relationship between vascular morphology and function
in health and disease.
Materials and methods

Animal preparation

The surgical and experimental procedures in this study were
reviewed and approved by the Animal Care Committee at the Sunny-
brook Research Institute. Experiments were conducted on 7 male
Sprague–Dawley rats (140±45 g); 4 of these animals underwent
functional stimulation. The surgical procedures have been described
in detail previously (Lindvere et al., 2010). Briefly, the rats were
anesthetized with isoflurane (5% induction and 3% maintenance),
orally intubated, and mechanically ventilated. The right femoral ar-
tery and vein were cannulated with PE-50 catheters (Instech Labora-
tories Inc., Plymouth Meeting, PA) for blood gas analysis and
intravenous administration of anesthesia. The tail vein was cannu-
lated for administration of fluorescent agent to allow visualization
of the vasculature. Stereotaxic surgery was performed to prepare a
small (~4 mm×3 mm), closed (1% agarose) cranial window over
the forelimb representation (S1FL) in the primary somatosensory
cortex (2.52 to −1.44 mm posterior to bregma, and 2.75 to 5.5 mm
lateral from the midline). Stimulation electrodes were inserted be-
tween the 2nd and 3rd forepaw digits contralateral to craniotomy
to allow delivery of somatosensory stimuli. Isoflurane was discon-
nected and anesthesia switched to α-chloralose (80 mg/kg initial
bolus, followed by constant infusion of 27 mg/kg/h) for the remain-
der of the experiment. Texas Red dextran (70 kDa, Invitrogen) was
administered through the tail vein catheter (four 50-μL bolus injec-
tions, 5 mg/kg each).

Rectal temperature was monitored via thermistor rectal probe and
maintained at 37.0±1.0 °C via a low-voltage DC proportional con-
troller using a resistive heating blanket (CWE Inc., Ardmore, PA,
USA). Intracranial pressure, measured from cerebrospinal fluid
space (Samba 201 Biopac Systems Inc, Goleta, CA, USA), was main-
tained in the range of 3.7–4.4 mm Hg following cranial window clo-
sure. Blood gas analysis was performed periodically and adjusted as
needed to ensure physiological stability throughout the experiments.
End-tidal CO2 levels were monitored via a capnograph (CWE Inc.,
Ardmore, PA, USA).

Two-photon fluorescence microscopy

Two-photon fluorescence microscopy was performed on a twin FV
1000 Multi Photon Excitation Microscope (Olympus Corp., Tokyo,
Japan) using a water immersion objective (25×, 1.05 NA, 2 mmwork-
ing distance). Pulsed near infrared light was generated via Mai Tai Ti:
Sapphire pulsed, tunable (690–1040 nm) laser (Spectra Physics,
Santa Clara, CA). Emitted fluorescence, in the 570–625 nm range,
was collected using a dichroic filter (FV10MP-MG/R) and an external
PMT detector (R6357, Hamamatsu). The average intensity of input
light was increased as a function of depth, every 50 μm, so as to par-
tially compensate for the exponential drop in signal intensity with
cortical depth due to light scattering. The average energy at the sur-
face as measured by a powermeter (Newport, Irvine, CA, USA) ranged
from ~20 mW when imaging superficial vessels to ~130 mW when
imaging vasculature ~600 μm below the cortical surface.

Three types of acquisitions were performed. To image the micro-
vascular network morphology at rest, a stack of 300 high-resolution
slices (Fig. 1a) were acquired parallel to the cortical surface (field of
view (FOV): 508×508 μm2, lateral resolution: 0.994 μm/pix, dwell
time: 8 μs/pix, 2× linewise Kalman averaging). This “anatomical” ac-
quisition typically reached a depth of 600 μm below the pial surface
with nominal axial resolution of 3 μm/pix and took approximately
20 min to complete. To measure the vascular transit time, the bolus
passage was tracked by acquiring a time series of a single
~300×300 μm2 imaging plane, ~50 μm below the cortical surface, at
0.31±0.07 fps and with nominal in-plane resolution of 1.59 μm/pix.
A subset of subjects also underwent bolus tracking measurements
during somatosensory stimulation, which comprised a 10-second
block of 30 electrical pulses, 2 mA in amplitude, 0.3 ms in duration
delivered to the contralateral forepaw at 3 Hz. To image the CBV
changes in response to functional stimulation in these subjects, a set
of 2D over time data were acquired with FOV of 508×508 μm2, lateral
resolution of 1.59 μm/pix, and dwell time of 4 μm/pix, corresponding
to a temporal resolution of 0.786 s/frame. Imaging region was con-
fined to the slab from 100 to 400 μm below the cortical surface to
probe the response of micro-vessels in cortical layers II/III. The acqui-
sition paradigm, analogous to interleaved fMRI protocols (Silva and
Koretsky, 2002), was automated using Olympus' Time Controller en-
vironment so that 42 frames (~33 s) of a 2D slice were acquired at
each cortical depth. The stimulus presentation was triggered by the
microscope and delivered during frames 3 to 5 and 24 to 26. Each
on block consisted of 7 electrical pulses, using the aforementioned
stimulation parameters. This abbreviated stimulation paradigm was
chosen to keep the overall acquisition time tractable while still elicit-
ing the CBV change of interest given the previous observations of CBV
response saturation after 6 pulses in this model (Hirano et al., 2011).
After the most superficial slice was acquired with this paradigm, the
imaging depth was increased by 6 μm and the same functional para-
digm repeated. This was first done at even cortical depths (100,
106, 112 μm… 400 μm below the cortical surface) and then repeated
for z levels corresponding to odd cortical depths (103, 109, 115 μm…

397 μm below the cortical surface). The functional data set thus took



Fig. 1. (a) Maximum intensity projection of the anatomical acquisition data, comprising a stack of 300 512×512 μm2, 3-μm spaced slices parallel to the cortical surface, shows the
microvascular network morphology at rest, in a sample subject. (b) A tubular model obtained by segmentation of these data. (c) Schematic network topology comprised of two
vessels (V1 and V7), interconnected by five vessel segments (V2, V3, V4, V5, and V6) with 2 branch points (b2 and b3). The corresponding system of equations, allowing the estimation
of the vessel-wise transit times, is shown in Eq. (4).
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about 60 min to complete, bringing the overall acquisition time to
about 2 h.
Data analysis

Transit time estimation
The bolus time series data (see Fig. 2a for a sample subject) were

2D median filtered (3×3 pixel kernel in x and y). Maximum intensity
projection (MIP) was performed on the filtered time series and the
vessels of interest segmented semi-automatically. For every vessel
thus identified (54 vessels at rest and 27 of these vessels during acti-
vation), the corresponding average vessel signal intensity time series
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Fig. 2. (a) Example frames from a bolus passage time series acquired near the cortical surface
anesthetized rat using intravital two photon fluorescence microscopy. (b) Representative tim
iation within a vessel) for 3 vessels at rest, along with fitted curves. The transit time for each
in the imaged slice. Corresponding vessels colored by transit time at rest (c). The arrows in
arteriole while the red arrow indicates a venule. (d) A histogram of transit time estimates fr
ing transit time for this population is 2.8±0.9 s.
were computed, normalized to the peak signal intensity, and integrat-
ed over time.

A second-order plus dead time (SOPDT) linear dynamic model
(Rangiah and Krishaswamy, 1994) was used to evaluate the transient
characteristics of the bolus passage through a vessel. Dead time (θ),
damping ratio (ξ), and natural frequency (ωn) characterize the SOPDT
model. The Laplace domain transfer function of the model is given as

G sð Þ ¼ e−θs

s2 þ 2ξωnsþωn
2 : ð1Þ

The system response, G(s) depends on the roots (eigenvalues) of
the denominator of Eq. (1). A higher damping ratio is associated
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with better performance, or less oscillation. The natural frequency re-
flects the responsiveness of the underlying microvasculature, with a
higher natural frequency associated with faster response. For each
fit, we computed a goodness of fit metric that estimates the percent-
age of the output variation explained by the model (compare, Matlab,
Mathworks). We also computed Akaike's Final Prediction Error and
Akaike's Information Criterion (fpe, aic, Matlab, Mathworks). The
peak time tp (function of damping ratio and natural frequency),
onset time to, and transit time ttwere next estimated. The impulse re-
sponse of Eq. (1) was used to compute onset time (to) and peak time
(tp) from:

to ¼ θ

tp ¼
tan−1 ffiffiffiffiffiffiffiffi

1−
p

ξ2=ξ
� �

ωn

ffiffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

q :
ð2Þ

The sum of onset and peak time was used to normalize the bolus
time arrival in the imaged slice so as to produce estimates of vascular
transit times (tt) as:

tt ¼ t0 þ tp−min t0ð Þ: ð3Þ

Perfusion estimation
The 3D vascular network was semi-automatically segmented (see

Fig. 1b for a sample subject) via commercial software (Imaris, Bit-
plane Scientific Software, Zurich). Prior to segmentation, the data
were subjected to edge-preserving 3D anisotropic diffusion filtering
(Perona and Malik, 1990). The intravascular space was identified
based on a range of user supplied signal intensity thresholds, corre-
sponding to the background and foreground signal intensity ranges.
This volume was next skeletonized, with the vascular network sam-
pled every 1 μm. The resulting data structure contained vertex wise
coordinates (x, y, and z), their corresponding radius estimates (r),
and their connections. This filament object was then converted to a
graph, and the local tangents to the vessel evaluated at each vertex
following spline fitting to the vertex locations. The segmentation of
the vasculature was used to estimate the cerebral blood volume
(CBV). Following literature, vessels with diameters below 10 μm
were considered capillaries; in turn, the arteriolar diameter ranged
from 10 to 35 μm and the venular from 10 to 20 μm, with the maxima
derived from the actual data.

Registration of the 2D bolus plane to the 3D anatomical stack
allowed for the identification of vessels with transit time estimates
from the 2D bolus plane in the 3D data. Closed paths between any
two vessels in the bolus tracking plane were next identified by tracing
through the 3D network. In the majority of cases, multiple paths were
identified between each vessel pair. For the purposes of this analysis,
we assumed the transit times across the different paths connecting
the same two points in the network to be equal: this assumption is
supported by our observation of very little dispersion in the fluores-
cent bolus from the supplying to the draining vessels of S1FL in this
model (Mehrabian et al., 2012). The 3D microvascular network was
thus pruned so as to remove all vessels not belonging to one of the
identified paths.

In some instances paths between two vessels crossed and shared
segments with paths connecting other pairs of vessels in the bolus
tracking plane (e.g., Fig. 1c). In these cases, we solved for the un-
known transit times based on a system of equations for transit
times and the application of conservation of volume at each branch
point, so that the total IV flow entering each junction was set to
zero. The IV flow, in nL/min, at each segment was estimated from
the central volume principle as the ratio of CBV and tt. We illustrate
this methodology with an example calculation based on the network
topology of Fig. 1c. The two vessels (V1 and V7) are interconnected by
five vessel segments (V2, V3, V4, V5, and V6) with 2 branch points (b2
and b3). Taking inflow into a branch point as positive and outflow as
negative and assuming (as above) the transit times from b1 to b5 and
from b1 to b6 to be equal (labeled as tb1–b5,b6), we set up the following
system of equations so as to solve for the unknown transit times (tt2,
tt3, tt4, tt5 and tt6) across individual vessel segments:

tt2 þ tt3 þ tt5 ¼ tb1−b5 ;b6
tt2 þ tt3 þ tt6 ¼ tb1−b5 ;b6
tt2 þ tt4 ¼ tb1−b4
CBV2=tt2–CBV3=tt3–CBV4=tt4 ¼ 0
CBV3=tt3–CBV5=tt5–CBV6=tt6 ¼ 0

ð4Þ

where tb1–b5,b6 and tb1–b4 have been estimated from the bolus tracking
acquisitions and blood volumes (CBVi) have been measured in the 3D
functional acquisition. To estimate perfusion (in mL/g/min) associated
with each vessel in the network, we assumed a brain tissue density of
1.05 g/mL (Pellicer et al., 2002) and divided IV-flow through a segment
by the tissue volume irrigated by the given segment. The volume of
irrigated tissue was estimated by convolving the skeletonized vascular
network with a sphere of radius given by the diffusion distance for
oxygen in the rat's somatosensory cortex: the latter value was set to
65 μm based on the literature (Masamoto et al., 2007). This phenome-
nological value was calculated from the measured lag times between
tissue changes in oxygen tension and blood flow in response to
hindlimb stimulation (Masamoto et al., 2007).

Vascular density
The 3D graph of the vascular network was used to determine the

distance from each extra-vascular (EV) voxel to the closest blood ves-
sel. Only those EV voxels that were found closest to the vertices of the
vessels comprising the identified paths were considered for the sub-
sequent analysis. These EV voxels were thus clustered around the
vessels of interest. The EV distances were averaged to give a single
EV distance per blood vessel. Thus a large EV distance is associated
with low vascular density and a small EV distance is indicative of
high vascular density.

Statistical analysis
Tests for normality of transit times, IV flow, and perfusion esti-

mates were performed using lillietest (Matlab, Mathworks). Paired
t-test and F-test for transit time were done in Matlab (Mathworks).
Linear mixed effect modeling (lme, R) was used to investigate the re-
lationships among EV distance, IV flow, and perfusion (fixed effects),
with subjects and vessels within subjects treated as random effects.
All the values quoted are mean±standard error, unless otherwise
specified.

Results

Across all subjects, arterial blood gas analysis yielded (mean±
standard deviation) values of 7.37±0.02 for pH, 39.7±2.7 mm Hg
for pCO2, and 106.5±5.5 mm Hg for pO2.

Transit time estimation at rest

The time–intensity curves of 3 vessels in a representative subject
at rest are shown in Fig. 2b. Error bars represent 95% confidence inter-
vals based on the signal intensity variation within a vessel segment.
The arrival time for each vessel segment is estimated from the delay
time (θ) of the SOPDT model parameter and is relative to the first ob-
servation of contrast agent in the imaging slice. Fig. 2c shows vessel
segments colored by transit time. Fig. 2d illustrates the distribution
of transit times of 54 vessels identified in the bolus tracking acquisi-
tions across 7 subjects at rest. The mean transit time for this popula-
tion was 2.8±0.1 s.
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Perfusion and IV flow estimation at rest

Fig. 3a shows the distribution of mean vessel-wise radii, estimated
from the 3D anatomical acquisition, of the 81 vessels across 7 subjects
at rest, with capillaries (radiib5 μm) comprising approximately 77%
of the vessels and the remaining vessels representing arterioles and
venules. The EV distance distribution is illustrated in Fig. 3b; the
mean EV distance was ~25 μm across the 81 vessels. Intravascular
flow (nL/min) and perfusion (mL/g/min) estimates across all the ves-
sels of the imaged subjects are shown in Figs. 3c and d, respectively.
The mean IV flow and perfusion at rest across these 81 vessels were
3.7±0.5 nL/min and 0.73±0.06 mL/g/min, respectively.

Stimulation-induced changes

The estimation of the CBV changes across the vascular network in
response to functional stimulation has been reported in a preliminary
form (Lindvere et al., 2011) and is a subject of a separate manuscript.
The transit time decreased significantly during activation (pb0.0045),
with the mean transit time of 2.7±0.2 s at rest and 2.2±0.2 s during
activation. The time-to-peak was also significantly shorter during ac-
tivation (pb0.006), with the mean peak time of 1.9±0.1 s at rest and
1.6±0.1 s during activation. The transit time variance decreased
(pb1.1e−4) with activation: σR

tt=0.8 s2 and σF
tt=0.6 s2, respective-

ly. Similarly, the time-to-peak variance also decreased (pb0.0002)
upon stimulation: σR

TTP=0.2 s2 and σF
TTP=0.1 s2.

Overall, forepaw stimulation elicited a net increase in IV flow and
perfusion relative to rest (pb0.0001). IV flow and perfusion estimates
during functional stimulation across the 47 vessels, in 4 subjects, are
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shown in Figs. 4a and b. For approximately 96% of the vessels, the as-
sociated perfusion increased upon activation (Fig. 4c). The mean
stimulation-induced perfusion change in these vessels was +20±
4%. For the remaining 2 vessels, the perfusion decreased with stimu-
lation by −10±9% (Fig. 4d). Fig. 5 illustrates spatial distribution of
stimulation induced changes in intravascular flow. Whereas large IV
flow increases were restricted to ~200 μm into the cortex, the major-
ity of the responding vessels showed IV flow increases below 50% and
were broadly distributed across the imaged cortical depths. Finally,
large EV distance (i.e., small vascular density) was associated with
high IV flow at rest (pb0.025) and during activation (pb0.018). In ad-
dition, as expected, large radius was also associated with high IV flow
at rest (pb0.01) and during activation (pb0.016).

Discussion

The present study investigated transit time, intravascular flow,
and perfusion of the primary somatosensory cortex, at the level of in-
dividual vessels of the microvascular network of anesthetized rats at
rest and during electrical stimulation of the contralateral forepaw.
For the first time, we demonstrated a methodology for quantitative
estimation of absolute perfusion and intravascular flow at the micron
scale using in vivo two photon fluorescence microscopy data. SOPDT
modeling yielded robust quantification of transit time, from bolus
tracking data. (SOPDT modeling, described in detail in a separate
manuscript, yielded better quality of fit when compared to the
gamma-variate modeling both at rest (pb0.0001) and during activa-
tion (pb0.0014).) SOPDT modeling also afforded estimation of peak
time and onset time of the bolus passage, yielding additional data
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5% while arterioles and venules gave rise to 17±7% increase in perfusion. (d) For two vessels, stimulation resulted in perfusion decrease of 10±9%.
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on the kinetics of the microvascular response to stimulation. By regis-
tering 3D anatomical data with the bolus tracking acquisitions, we
were able to identify closed paths that connect the vessels from the
bolus tracking plane, and subsequently apply network analysis so as
to estimate intravascular flow in the individual vessels across the mi-
crovascular network. Finally, the estimation of irrigated tissue volume
from the data on the network morphology allowed quantification of
tissue perfusion corresponding to the estimated IV flow.
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Fig. 5. Spatial distribution of stimulation-induced changes in intravascular flow across
the 47 responding cortical vessels. The color bar encodes the number of intravascular
vertices at a given cortical depth. The majority of intravascular vertices showed
stimulation-induced flow changes below 50% and were broadly distributed over the
imaged cortical depths (from ~100 to 400 μm). Large flow increases, on the other
hand, were restricted to a depth of about 200 μm into the cortex.
The transit time shortening induced by the forepaw stimulation
was estimated at 0.4±0.1 s (mean±95% confidence interval). This
estimate agrees well with ~0.5 s transit time shortening previously
reported in the same animal model using a 60-s long electrical stim-
ulation of the forepaw (Stefanovic et al., 2008). The bolus tracking
techniques have been well established for imaging blood flow and
studying vascular response in MRI and PET (Calamante et al., 1999;
Kelly et al., 2010, Ostergaard et al., 1998). The decrease in the arteri-
al–venous transit times confirms that functional stimulation elicited a
robust vascular response. This paved the way for subsequent quanti-
fication of cerebral blood volume changes across the vascular net-
work, described in a separate manuscript (for preliminary report
see Lindvere et al., 2011), and examination of cerebral perfusion
changes in the present work.

The current study estimated perfusion and intravascular flow at
rest and during activation across different types of microvessels (arte-
rioles, venules, and capillaries), with capillaries comprising 77% of the
studied 81 vessels across 7 subjects. Our estimates of resting perfu-
sion – overall mean of 0.73±0.06 mL/g/min, with capillaries (77%
of all vessels) exhibiting mean perfusion of 0.58±0.06 mL/g/min;
and arterioles and venules, 1.2±0.1 mL/g/min – were found to be
consistent with the optical coherence tomography (Srinivasan et al.,
2011) and autoradiography (Nakao et al., 2001) perfusion estimates
at rest using the same anesthesia conditions (0.55–0.65 mL/g/min).
Our estimates of overall mean resting intravascular flow (3.7±
0.5 nL/min) with capillaries exhibiting mean resting intravascular
flow of 2.8±0.5 nL/min and arterioles and venules 6.5±1.0 nL/min
were also found in the range of the optical coherence tomography es-
timates (Srinivasan et al., 2011) under the same anesthesia condi-
tions. Moreover, the stimulation-induced increases, of ~20%, in
perfusion levels at the microscopic level reported on here agree
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well with those reported on coarser scales, such as those accessible by
MRI, using the same type of stimuli in the same model (Hirano et al.,
2011).

Absolute perfusion values at rest and during activation exhibited
very high spatial heterogeneity (σR

perfusion=0.6 mL/g/min and
σF
perfusion=0.7 mL/g/min — or ~77% of the respective means). This

heterogeneity refers to the variation, on the scale of tens of microme-
ters, in the plasma delivery to the cortical tissue. The sources of this
heterogeneity are presently unclear: multiple mechanisms may be
relevant, including pre-capillary sphincter and/or pericyte contractil-
ity (Fernández-Klett et al., 2010). Future work is needed to investi-
gate the relative contribution of the different sources of this
perfusion heterogeneity and thus its implications for the tissue sus-
ceptibility to ischemia. The small increase in dispersion of perfusion
levels at activation relative to baseline (from 0.6 to 0.7 mL/g/min) is
contrary to our expectation of stimulation-induced decreases in
perfusion heterogeneity based on literature measurements of red
blood cell velocity (Dirnagl et al., 1994), but may well reflect differen-
tial behavior of deeper and smaller vessels (imaged here) relative to
more superficial cortical and larger vessels (usually the subject of
literature reports).

While examination of the spatial pattern of the hemodynamic
response to functional stimulation at the microscopic level is an ob-
vious application of the present methodology, the data acquired
presently are not extensive enough for this question to be
addressed. Indeed, whereas we did observe the expected localiza-
tion of large flow and perfusion increases associated with larger
caliber and more superficial vessels, there was no other clear pat-
tern of moderate flow responses on cortical depth. Importantly,
however, the EV distance, an indicator of local vascular density
was found positively correlated with intravascular flow both at
rest and during activation. This finding supports the notion that
local vascular morphology and hemodynamics reflect the metabolic
needs of the surrounding parenchyma. Combined with the observa-
tion of high spatial dispersion in perfusion levels, the data thus sug-
gest a high variability in resting metabolic needs of the tissue on
the micron scale, a result that while intuitive based on cellular den-
sity, is certainly not readily observable on millimeter scales accessi-
ble by human neuroimaging (Fiat et al., 1993; Perlmutter et al.,
1987).

The mean EV distance observed here is consistent with earlier re-
ports of the intercapillary distance in the rat somatosensory cortex
(Masamoto et al., 2007) but significantly higher than the distances
reported in the mouse cerebral cortex (Tsai et al., 2009; Zhang and
Murphy, 2007). The latter interspecies difference is consistent with
higher muscle microvessel density measurements in the mouse rela-
tive to the rat (Schmidt-Nielsen and Pennycuik, 1961): this difference
is believed to apply to brain capillary density comparisons between
mouse and rat as well (Prakash et al., 2007).

It should be noted that the present estimation of perfusion of the
vessel networks associated with specific cortical penetrating arteri-
oles and venules depends on the oxygen diffusion distance in the
tissue. Specifically, it follows from a simple geometric argument that
for short diffusion distances the associated EV volume varies as the
square of the diffusion distance and that perfusion varies inversely
with EV volume. We were able to verify this relationship numerically
for the range of oxygen diffusion distances in the rat somatosensory
cortex reported in the literature, namely 35 to 68 μm (Masamoto et
al., 2007) and have assumed a value of 65 μm for the present analysis.
While the variation in oxygen diffusion distance across the cortex is
not well characterized, a nearly two-fold variation from 35 to 68 μm
would correspond to a four-fold variation in the perfusion. In the
future, the perfusion estimation would benefit from concomitant
micron scale in vivo measurements of oxygen diffusion distance, for
example using phosphorescence lifetime microscopy (Lecoq et al.,
2011; Sakadzić et al., 2010), in addition to the bolus tracking and
3D functional imaging for transit time and network volume change
estimation done presently.

In conclusion, the methodology presented in this work provides
an important tool for mapping key parameters of microvascular he-
modynamics – intravascular flow and perfusion – on the micron
scale using in vivo two photon fluorescence microscopy data. It
thus affords a means of examining changes in the neurovascular cou-
pling on the network level and at cellular resolution, of great interest
in studies of the cellular mechanisms underlying functional hyper-
emia. Noninvasive mapping of micron scale perfusion is also impor-
tant for elucidation of the spatial specificity of perfusion response
to functional stimulation, key to the theoretical spatial specificity of
broadly employed methods for human neuroimaging. Finally, such
perfusion mapping is of interest for ascertaining the differential sus-
ceptibility of tissue to ischemia and assessing the micron scale rela-
tionship between vascular morphology and function in health and
disease.
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