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Table 1. Reported RBC velocities and frame rates.

Authors Animal Method Average  Range Frame References

(mm/s) (mm/s) rate

(frames/s)

MaYP,etal rat  two-slit photometry and cross-correlation 0.75 0.1-2.9 - [71
Pawlik G etal cat  high-speed microcinephotography 1.50 04-3.9 400 [8]
Ivanov KP, et al rat  inmravital microfilming 0.79 0.5-1.5 40 9]
Chang BL, etal cat  radioactive microspheres 208 0629 400 [10]
Yamaguchi S,etal  cat  dual window technique 040 026-1.1 200 [11]
Villringer A, et al rat  confocal laser-scanning microscopy 0.60 <16 500 [12]
Hudez AG etal rat  dual window and cross-correlation 061-147 034-3.15 &0 [13-17]
Biswal BB, etal rat  dual window, cross-correlation 1.00 03-1.7 0 [18]
Kleinfeld D, et al rat  laserscan confocal fluores microscopy 0.77-0.8 62.5 [19.20]
Seylaz), etall rat  laser scan confocal fluores. microscopy 039 30 [21]
Krolo 1, etal rat  intravital video microscopy 041 <12 60 22]
Pinard E, etal rat  two-photon laser-scanning microscopy  0.51 50 [23]
Schulte ML, et al rat  intravital video microscopy 042 0.17-1.01 60 [24]
Chaigneau E, etal rat  two-photon laser-scanning microscopy 0.57 0.1-1.5 20 [25]
Hutchinson EB, etal rat  two-photon laser-scanning microscopy L12 03-35 62.5 [26]

Mean of average velocity was 0.86 + 0.47 (SD) mm/s.

could be due to differences in methodology. since the
experimental animals were the same species and the
average RBC velocity under physiclogical conditions
should be consistent.

In our previous communications [27-31]. we
reported a new high-speed camera laser-scanning
confocal fluorescence microscopy system with the
custom-made KEIO-IS2 software that tracked RBCs
in motion, thus providing quantitative information
about their velocity in all blood vessels, including
capillaries, across the entire imaged area (or region
of interest, ROI) at the layer | of the rat cerebral
cortex. This method was very useful not only for
rats but also for mice, as the algorithm was both
robust and computationally efTicient; the method
depicts an overview of trajectory directions of all
intraparenchymal RBCs in the ROI in 2-D tracking/
velocity maps in a sequential manner. Comparison
of our method with the 2 photon microscopic
method showed that the latter was able to examine
intraparenchymal RBC flow and linear density at a
few hundred mm depth below the pia, including layer
IV. but only in one or two capillaries [19. 32-34]. On
the other hand. our method has the advantage to be
able to overview many microvasculatures in a wide
area, and to detect the dynamic behavior of RBC in
high spatio-temporal resolutions for RBC tracking.
velocity, and number (density), and capillary
recruitment. Concomitant observations can be made

on vessels stained with FITC-dextran and astroglia
stained with sulforhodamine, together with recordings
of EEG, blood gases and other physiological
parameters. One limitation to this technique is that
observation is restricted to the layer within 100 um
below the pia. Collaboration of the two microscopic
approaches is required to provide comprehensive
analysis.

The aim of this paper was first to show further
leasibility of the KE10-1S2 method to com-
prehensively examine the heterogeneity of RBC flow
in single capillaries, and then to examine the profiles
of velocities of a vast number of RBCs in single
capillaries. The RBC velocities were plotted in terms
of the frequency distribution function. which was
further statistically analyzed for the average RBC
velocity in capillaries to distinguish RBCs exhibiting
exceptionally high velocities.

Materials and methods
Animal preparation and experimental protocol
Forty-six Wistar rats (mean body weight, 326 +
31 g) were used with the approval of the Animal Ethics
Committee of Keio University. All experimental
procedures were in accordance with the university's
guidelines for the care and use of laboratory animals.
The methods of animal preparation were reported
elsewhere [28]. Briefly, each rat was first anesthetized
with halothane followed by an intraperitoneal injection
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of 10 % urethane (1 mI/100g body weight); rats were

fixed to a head-holder and a cranial window of
approximately 4 mm was opened in the left side of

the skull at the parieto-temporal region of the cerebral
cortex. The dura was carefully removed and the
exposed cortex was covered with a cover slip to
prevent it from drying up. A femoral arterv and a
femoral vein were catheterized to monitor systemic
arterial blood pressure (SABP) and intravenously inject
various solutions, respectively.

After selecting an appropriate capillary-rich ROI
in the cerebral cortex 50-80 um below the pia. 0.5 ml
of fluorescein isothiocyanate (FITC)-labeled RBC
suspension, prepared beforehand according 1o
Seylaz et al. [21]. was injected into the bloodstream
through the venous catheter. We found that the
final concentration in the circulating blood was
approximately 0.4 % of whole body blood RBC. At
the end of experiments, 0.2 ml ol 0.25 % FITC-dextran
(70 kD) was intravenously injected 1o stain vessels to
confirm capillaries by overlapping results with RBC
tracking maps, retrospectively.

In all experiments. SABP was routinely recorded
via a strain gage transducer connected to the femoral
arterial catheter on a personal computer (PC) with
Acknowledge software (MP 100 WS). In 4 rats taken
up at random, physiological parameters were
measured with a blood gas analyzer (Rapidlab,
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Siemens, Tarrytown, NY, USA) after sampling arterial
blood through arterial catheter to confirm this
experimental condition to be within physiologically
normal range.

Measurements of RBC velocity

The equipment assembly of the high-speed
camera laser scanning confocal fluorescence
microscope and the image analyzing system were as
follows: the rat brain was fixed on the stage of the
microscope with an objective lens (LU Plan EPI
SLWD 20x NA=0.35) ora water immersion lens ( Plan
Fluor 20x W NA=0.50. Nikon, Tokyo, Japan), a multi-
beam confocal scanning unit (CSU22, Yokokawa.,
Fokyo, Japan). an image intensifier (C6653MOD-N,
Hamamatsu Photonics. Hamamatsu, Japan), and a
MotionPro high-speed camera (Model 500) with a
digital imaging system with the MiDAS program file
(RED-Lake. San Diego. CA. USA). This set-up
enabled us to acquire images of FITC-labeled RBCs
excited by an argon laser (A= 488 nm. Melles Griot.
Carlsbad. CA, USA) at 125, 250, and 500 frames/s
(Tps) with shutter speeds of 1/125. 1/250 and 1/500
seconds, respectively. The image signal system was

switched to either the high-speed camera or to a
conventional video camera (30 fps. DCR-PC 100.
Sony. Tokyo. Japan) as shown in Fig. 1

Fig. 1 (A) A microphotograph taken from a videotape recorded at 30 fps. (B) A microphotograph taken from a video clip
recorded at 500 fps in an avi file in the same ROl as A. Scales are shown in the bottom right of the figures
(C) Enlarged sequential images showing the movement of the RBC in the inset of A and B. Images were captured
every 0.01 second. and the continuous translocation of the RBC is indicated by white arrows (a-¢). The locations
at x-y coordinates of the centroids of all RBCs are stored in the computer used for the following calculations.
Notably. the shape of the FITC-labeled RBCs tended to appear elongated at 30 fps. and round at 500 fps.
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The high-speed camera was able to adjust frame
rate and shutter speed separately, and in these
experiments. the frame rate and shutter speed were
adjusted to be the same. Images acquired with the
high-speed camera system were stored in discrete
sequential video clips, which were transferred to a
PC and processed in a MATLAB® (The Math Works,
Inc., Natick. MA, USA) environment using application
software (KEIO-1S2) developed in our laboratory
[27]. Details of the software were previously described
[28]. Briefly. the software was customized by setting
several parameters: gray-level threshold was
automatically applied to each frame to differentiate
FITC-labeled RBCs from the background. all particles
having 8 connected pixels were recognized as RBCs.
scale was set at 1 um/pixel. maximum RBC
displacement distance from the original position was

setat 20 wm, and the minimum number of frames of
RBC movement as three. These settings were
determined based on trial and error, and confirmed to
be appropriate by the method validation.

The images of the selected video clip were
automatically analyzed for frame-by-frame
movements of all RBCs to vield an RBC tracking map
(T map: Fig. 2), frame-by-frame dislocation
(distance) multiplied by frame rate to vield an RBC
velocity map (V map: Fig. 3A) and accumulation
of RBC to yield an RBC number map (N map:
Fig. 3B) together with their color scales. In the RBC
tracking map (Fig. 2). RBCs were automatically
labeled in the order of appearance by different colors
with identification numbers. Al RBC velocity data with
the identification numbers were then transferred 1o a
spreadsheet (Microsoft  Excel) for statistical analysis,

100 um

Fig.2 FITC-labeled RBCs in the same ROI as Fig. | during a period of 10 second (5000 frames). Sequential dots and
numbers in specific colors indicate frame-by-frame movements of RBCs in the microvessels. The distance between
the same color dots in a sequence indicates movement (distance) of each RBC during 1/500 second. From the
distance and the frame rate, the velocity of the RBC at the given location in the vessel at the given time was
calculated. Open arrows indicate capillaries confirmed by FITC-dextran staining. revealing that low RBC velocities
do not necessarily indicate capillaries and heavy RBC traffic does not necessarily indicate large vessels. In the inset
at the upper right corner, enlarged RBC trackings in a branching capillary are shown.
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Fig. 3 (A) RBC velocity map and (B) RBC number map calculated from the v 1deo clip taken at 500 fps from Fig. 2. Scales

are shown at the bottom of the figures. Calculated velocities of all RBCs were transferred to a spreadsheet for

further analysis (see text for further explanation)

Identification of capillaries

We defined single capillaries as FITC-dextran-
stained vessels with a diameter less than [0 um, based
on other reports [26. 35]. However. we noticed that
the amount of FITC-dextran required to clearly
visualize the capillary wall not only increased the
background brightness, which sometimes disturbed the
detection of FITC-labeled RBCs. but also caused
microvascular derangement [28]. Therefore. the
confirmation of capillaries by this approach
was conducted in only 10 rats at the end of the
experiments. In the remaining experiments. capillary
populations were separated by cluster analysis based
on our criteria that single-file tracking of RBC
represented a single capillary. which was confirmed

based on the initial experiments with the 10 rats

Statistics

Data in text and figures are presented as mean +
standard deviation (SD). Non-paired student’s 1 test
was performed to assess statistical significance.
I'he significance level was set at p<0.01.

As shown later, the frequency distribution function
of velocities was not symmetrical. and rather was
skewed to the lower velocities. With the assumption
that some RBC velocities could belong to a non-
capillary group or more explicitly to thoroughfare
channels. we attempted to exclude such extraordinary
high velocities that were sufTiciently far from the main
population of velocities in capillaries. We tested
the utmost outlying value X statistically at a level of

p <0.01 based on ( ¥— X)/s. where % is the mean.

and s the standard deviation [36]. We excluded the
outlying value from the parent population of velocitics.
and then re-calculated the mean and SD of the
remaining velocities. We repeated the calculation to
exclude the next most outlying values. This procedure
was repeated for outlying values until the probability

(p-value) reached 0.01

Analysis of frequency distribution function

We plotted RBC numbers (n) against velocities
(V_.where m=0.2.0.4.0.6
frame rate

. mm/s) obtained at each
Individual RBC numbers were made
dimensionless by dividing by total number of rat so
that the frequency distribution function, (V). in single
capillaries was obtained

., we estimated

Using all velocity values in h(V_
the relative amount of oxvgen delivered by arterial
blood (D) to the tissue per unit time (10 seconds):

D= & ¢ ng f.

& . Where ¢ was the arterial oxygen
content, n the passed RBC number at V . and f the
flow linearly related to velocity (f =« V . wherea
is a constant). RBCs contributing to linear hematocrit
in single capillaries were included in n as values
independent from velocities. Theoretical calculation
was further performed on oxygen extraction (E) based
on the classic Crone-Renkin equation [37]. Oxygen
extracted at the capillaries was expressed as: E= ] -
e where P is a constant related to the permeability
and S corresponds to the multiple of capillary surface
area and length [38]. The equation implies that gas in
fast flowing blood is less extracted, with little exchange
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in the tissue and a large amount of oxygen left unused
in the venous blood. When E was subtracted from D,
the amount of shunting or unextracted blood could be
obtained.

Results
General observations

Physiological conditions of the rats remained
unchanged during RBC velocity measurements: the
average SABP (n=46) was 102415 mmHg at the
beginning of experiments, with little fluctuation
thereafter. within 2.5+10.3 mmHg. Physiological
parameters (n=4) were within normal limits:
hematocrit. 56.542.7 %: arterial PO_. 05.6+5,]
mmHg: arterial PCO.. 41 242 6 mmHg: and arterial
pH. 7.3840.04. '

Iypical microphotographic images of RBC
movements in the microvasculature are shown in
Fig. 1 A and B. Figure 1A is a [rame taken from a
videotape at 30 fps that ran continuously throughout
the experiment. with only occasional interruption for
data acquisition from high-speed camera recording
(125-500 fps) of the same ROI. Figure 1B is a frame
taken from the video clip of FITC-labeled RBCs with
the high-speed camera at 500 fps. The intravenously
administrated FITC-labeled RBCs are seen as mostly
clongated particles at 30 fps compared to the bright
round appearance at 300 {ps. Elongated or round
RBCs were registered at their centroids in x-y
coordinates at each frame. RBC movements were
followed up by images captured sequentially over
time. taken from the inset in B every 0.01 second
(Fig. 1C, a-e). The RBC indicated by a white arrow
moved 150 pm in 1/20 5. and the velocity was therefore
calculated as 3 mm/s (150 um x 20/s). Figure 2 is
the RBC tracking map (T map) obtained from 5000
frames (10 seconds) of a video clip used for Figure
IB. As defined in the previous paper [28], the data
subset of the video clip was expressed as [5000 _ .
500], .., (which represents 5000 frames from the |st
frame to the 5000th frame clipped from data set | of
experiment number 67 acquired at 500 frames/s),
RBCs were automatically numbered in the order of
appearance. and RBCs in capillaries were indicated
by open arrows while other RBC tracking files
indicated RBCs in non-capillary vessels such as
arterioles and venules. The RBC tracking map (T
map) thus represents all RBCs in arterioles, capillaries
and venules and contains almost all information
necessary for the microcirculatory analysis, such as

RBC velocity from the distance moved during a frame
interval (1/300 second), RBC number. direction of RBC
movement, linear hematocrit. and capillary number.
Thus. the T map could be termed the representative
“face™ of the microcirculatory status at the location in
the given moment. An enlarged RBC tracking map of
a branching capillary from Fig. 2 is shown in the upper
right corner. The directions of the movements of
numbered RBCs were confirmed by playing back the
original video clips in slow motion. It should be noted
that RBCs distributed irregularly to daughter capillaries.
and that the movements along the capillaries were not
smooth. The RBC velocity map (Fig. 3A) and RBC
number map (Fig. 3B) were processed with the
KEIO-IS2 from the [500, . S00] . data subset.
Note the similarity of their contours to the T map in
Fig. 2: however. the images represent sequences of
varying individual RBC velocities and summed number
of RBCs at the same location during | second,

RBC velocity fluctuations

I'he above data of RBC velocities included all
RBCs in arterioles, capillaries and veins. To focus on
RBC velocities in single capillaries, vessels were
stained with FITC-dextran and those with a diameter
of less than 10 pm were identified as capillaries. RBC
velocity in capillaries ranged from 0.12 to 4.19 mm/s.
and the average velocity was .38 + 0.3 mm/s (mean
+ SD). Nuctuating within a range of 0.90 and 1.93
mm/s at 250 fps in 10 rats (Table 2). By comparison.
RBC velocity in non-capillary vessels varied more
widely than in capillaries, as non-capillary vessels
included various types such as venules and arterioles.
Figure 4A shows all RBC velocities. both in capillaries
and non-capillaries. in the order of appearance from
the data set [250., . 250] . Figure 4B shows
RBC velocities arranged in the order of magnitude of
velocity. The RBC velocities in capillaries were not
necessarily low. implying that capillaries could not be
characterized as such based on only low RBC velocity.

Frame-rate dependency

As shown in Fig. 5, the average velocities of
RBCs in capillaries increased with increasing frame
rate: 0.93 £ 0.28 mm/s at 125 fps (n=6). 1.38 + 0.30
mm/s at 250 fps (n=10) and 2.21 £ 0.73 mm/s at
500 tps (n=37). The differences were statistically
significant between each pair of the 3 groups (p<0.01).
The frame-rate dependent increase of RBC velocity
occurred even though the observations were made in
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the same ROl In 4 rats, the RBC velocities were
determined at 3 frame rates in the same RO, in which
the average velocities had a tendency to increase with
increasing frame rate: 1.00 £ 0.32 mm/s at 125 fps.
1.32 £ 0.44 mm/s at 250 fpsand 1.94 0.56 mm/s at
500 fps. The number of detected RBC in capillaries
also increased with increasing frame rate: 42 + 30 a
125 fps, 85 £ 47 at 250 fps and 117 £ 77 at 500 fps.
The average RBC velocity in non-capillary vessels
(arterioles and venules) also increased with increasing
frame rate between each group (p<0.03). Velocities
both in capillaries and non-capillary vessels tended to
be distributed in a similar pattern, so that it was not
possible to discriminate between the types of vessels
based on velocity values alone.

The total number of RBCs in capillaries obtained
was 4311 RBCs at 500 fps (n=37 rats), 849 RBC's at
250 fps (n=10 rats) and 250 RBCs at 125 fps (n=6
rats). The frequency distribution functions of velocities
at each frame rate are shown in Fig. 6. The ranges
of velocity were 0.15 10 9.40 mm/s at 500 fps. 0,12 to
4.19 mm/s at 250 fps and 0.07 to 1.93 mm/s at 125
fps. The maximum frequencies were shown around

I mm/s at any frame rates. 62 %. 77 %, and 82 % of

the RBCs in capillaries detected at 500. 250 and 125
fps. respectively, exhibited velocities that fell withina
small range of 0.4 to 2.0 mm/s. It should be noted

Distribution function of capillary RBC velocities
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that the higher velocities could only be detected at
higher frame rates. and these high velocity RBCs were
missing when lower frame rates were used for
analysis, as the RBCs moving at higher velocity were
too fast to be captured until a higher frame rate was
used for detection.

Figure 7 shows tracking of RBCs in the
microvasculature in the same ROl at various frame
rates. RBC numbers increased with frame rate,
indicating that more RBCs were captured at 500 fps.
and/or some RBCs were missing at lower frame rates.
even though the same number of RBCs must be
flowing in the actual microvasculature. Analysis of
three specific capillaries (1. 2 and 3) showed that the
RBC velocities differed. as shown by scattergrams
(D, E and F). We found that appearances of RBCs
and velocities in single capillaries fluctuated overa 10
sec period. but that the range of fluctuation was similar
atany frame rate examined in each capillary. Velocity
in a high flow capillary (Fig. 6E) was obtained only
at higher frame rates because of the detection limit
at the low frame rate. In contrast, velocity in a
slow flow capillary was detected at any frame rate
(Fig. 6F). This indicated that in some capillaries,
RBCs moved too quickly to be detected by the camera
at a low frame rate.

Table 2. Average and range of RBC velocities and numbers of RBCs in capillaries and in non-capillaries.

Capillaries Non-capillaries
Rat No, Average velocity Range n Ratio Average velocity n

(mm/s) (mm/s) (%) (mm/s)
I 1.32+0.53 021297 & 152 130+ 085 481
2 .35+ 068 0.12-3.61 141 344 277+ 098 269
3 Lo4+ 0.77 0.42-3.70 98 19.5 234+ 119 405
B |44+ 0.64 0.48-336 101 14.5 284+ 071 595
5 LLI3£ 110 0.19-3.79 33 6.6 239+ 085 465
6 1.67 0.88 0.174.02 131 174 .62+ 0.80 621
7 129+ 079 0.26-2.89 38 162 206+ 1.07 196
8 LI7x 052 048-.12 65 304 262+ 0.70 149
9 090+ 038 0.18-231 [+ 325 123+ 064 299
10 193+ 114 0.374.19 12 1.1 277+ 0.70 9%
Mean 1.38+ 0.74 84.9 19.8 1.93 £ 0.85 337.6

Values are means + SD. Numbers (n) represent detected RBC numbers flow ing in capillaries and in non-capillaries. Ratio
represents percentage of RBC numbers in capillaries to total number of RBC. Video clips used for calculation were
obtained at frame rate of 250 fps and shutter speed of 1/230 second for 10 second.
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Fig. 4 Heterogeneity of RBC movements in single capillaries and non-capillaries. The closed circles indicate RBC velocities
in capillary, whereas the open triangles indicate RBC velocities in non-capillaries. RBCs assessed in the order of
appearance from images obtained from a ROl at 250 fps for one second. In the upper panel (A). |3 RBC tracks were
identified in capillaries among the total of 63 detected RBC tracks, The lower panel (B) shows re-plotting of the
above data in the order of magnitude of velocity. implying that low velocity is not necessary for RBCs to be in single
capillaries. RBCs of much lower velocity exist in venules, and those with faster velocities are mostly in arterioles,
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Fig.5 Apparent dependency on frame-rate of average RBC velocities in capillaries (gray column) and non-
capillary vessels (open column). Velocities were obtained at frame rates of 125 (n=6). 250 (n=10) and 500
fps (n=37). Values are represented as mean + SD. Asterisks (**) show statistically significant difference
with p<0.01 between paired 2 groups.
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Fig. 6 Frequency distribution functions of velocities obtained at 500 fps (closed circle. n=37). 250 fps (open square,
n=10) and 125 fps (open triangle. n=6) for 10 s. RBC velocities were stratified every 0.2 mm/s from 0 to
10 mm/s. The coordinate (total RBCs in each velocity range) was normalized by the number of rats. Displayed
curves represent probability of RBC appearance at given velocity.
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Fig. 7 Variations in T maps (different “faces™) ofthe same ROl at 125 fips (A). 250 fps (B) and 500 fps (C). (D, E. F) Calculated
velocities plotted against time. showing changes in velocity over time in single capillaries I, 2, and 3. Av erage
velocities in each capillary were 2354061 (A), 3.4620.99 (B) and 0.93£0.47 mm/s (C), Notably, high velocity RBCs are
missed at lower frame rates as shown in E.
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Velocity fluctuation in single capillaries

Capillaries in which RBCs were detected at least
5 times were selected from the velocity data obtained
from the images recorded at 500 fps in 37 rats
(Fig. 8). resulting in a total of 161 capillaries with
2.379 RBCs passing through the capillaries. We
calculated mean velocities of RBCs for the individual
capillaries and the mean values were plotted with small
bars, with all velocities as small dots. The mean and
standard deviation of the individual mean velocities in
single capillaries was 1.96£1.26 mm/s. which is shown
by a dotted line in Fig. 8. The average of the individual
fluctuations (SD) of RBC velocities in single capillaries
was 0.5940.38 mm/s. RBC velocities continually
fluctuated within a limited range of velocities specific
to individual capillaries. In other words, RBC velocities
in single capillary varied within a similar range of
approximately 0.6 mm/s, as shown above. Figure 8
represents all veloeities in single capillaries, which
contain RBCs with extraordinarily high velocities,
When the Grubbs™ outlying test [36] was employed.
RBC velocities over 6.5 mm/s were excluded from
the main population (p<0.05). Afier excluding these
extraordinary high flow values, the final mean RBC
velocity in capillaries was 1,9040.58 mm/s.

We then investigated the relationship between
RBC velocities in single capillaries and the length of
the capillaries. A total of 161 capillaries were identified
and analyzed at 500 fps. 38 capillaries at 250 and 17

8.0 |' = Respective average
* velocity fluctuation

capillaries at 125 fps (Fig. 9). The length of the
capillaries in the optically sliced thin layers ranged from
3010 300 pwm in length, Calculated velocities tended 10
be lower when capillaries were longer at any frame
rates, but there was no statistically significant
correlation between capillary length and RBC
velocities (r=-0.07 at 500 fps. -0.08 a1 250 fps
and -0.18 at 125 fps). The correlation coefficient of
the total RBC velocity and corresponding capillary
lengths was -0.07.

Frequency distribution function

The total number of RBCs in capillaries was 4.3 1 |
among the total 21,078 RBCs detected at 500 fps for
10 seconds in the ROI of 37 rats. The frequency
distribution function of RBC velocities in capillaries is
shown in Fig. 10 (closed circles). Velocities were
stratified by 0.5 mm/s and indicated as a relative value
lo the maximum value as 10. The average velocity
was 2.05  1.59 mm/s, including extraordinary high
flow RBCs. When all velocities were tested for an
outlying group by the method reported by Grubbs [36],
an RBC velocity over 6.5 mm/s was found to be
statistically significantly higher than the main population
(p=<0.01). Such a high-flow capillary was considered
to be a thoroughfare channel. After excluding these
extraordinary high velocity values, the mean velocity
in capillaries was calculated as 1.89 + 1 32 mm/s.

Capillary number (order of magnitude)

Fig.8 Fluctuation (small dot) and respective averages (small bars) of RBC velocities in individual capillaries, One hundred
and sixty one capillaries. in which RBC tracks were detected 5 or more times (recorded at 500 fps for 10 seconds). were
selected in 37 rats and ranked in order of their average velocities. Al fluctuating velocities were plotted against the
rank. The mean (1.96 mm/s) of individual averages is shown by the dotted line. It should be noted that velocities over
6.5 mm/s differed from the main population in a statistically significant manner (p=0.03).
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Fig. 9 Relationship between the RBC velocity in single capillaries and capillary length. Shapes represent different frame
rates (open circle: 500 fps: gray rhombus: 250 fps: gray triangle: 125 fps). There was no statistically significant
correlation between velocity and length (+=-0.07),

The amount of oxygen delivered (o the tissue by of the shunting blood over the total arterial blood
arterial blood (D) was calculated and plotted as shown volume flow yielded 42 % of the blood in the venous
in Fig. 10 (open squares). Theoretical extraction of system without gas exchange under physiological
oxygen (E) was also plotted in distribution function conditions (Fig. 10, shadowed area).
as shown in Fig. 10 (open triangles). Broad calculation

10 ¢
«- Arterlal delivery of O, (D)

Arbitrary units

Velocity (mm/s)

Fig. 10 Frequency distribution functions of RBC velocities in single capillaries. Total appearance of RBCs (closed
circle). amount of delivered oxygen by the artery (open square) and amount of extracted oxygen (open
triangle). Each plot is shown dimensionless as a normalized value to the maximum 10. A total of 4.311 RBC
velocities were obtained at 500 fps for 10 s from 37 rats, and were stratified for every 0.5 mm/s. Velocities
over 6.5 mm/s were statistically significantly different from the general population (p<0.05) (see text for
explanation of the exclusion technique). The shadowed area shows the difference obtained by subtraction
of the extracted oxygen from delivered oxygen by the artery, representing reserved oxygen directly passing
to the venous system without gas exchange.
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Discussion
RBC velocity in single capillaries

Our results presented here demonstrate that the
movementof RBCs in single capillaries is not constant.
but rather varies over time. The fluctuation of RBC
flow became more prominent when video images
were obtained with a high-speed camera, although
the target microcirculation in situ is most likely the
same as the RBCs assessed with the low-speed
camera. In addition, we found a robust increase in
RBC velocity when measured with a high frame rate
compared to measurements with a low frame rate.
This tendency is consistent with previously reported
experiments in the literature. We plotted the RBC
velocities in Table 1 are plotted against frame rate,
excluding the data of Hudetz et al. [14], Krolo et al.
[22] and Villringer et al. [12] who only used velocities
lower than a certain threshold for capillaries. Then. a
broad frame-rate dependency of the increase in RBC
velocity was observed, as shown in Fig, 11. This
indicates that the rapidly moving RBCs are detected
only when a high-speed camera is used for analysis.
I'he critical nature of this finding strongly warrants a
reinvestigation into the mechanism of RBC velocity
and. accordingly. past studies on RBC velocities should
be reappraised.

Consider. forexample, a long capillary A (100 pm)
and a short capillary B (30 um), in which RBCs flow
ata velocity of 2 mm/s (Fig. 12). When analyzed at
60 fps. a RBC in capillary A would be recorded as
moving 33 um in the subsequent frame (1/60 second

later) and could be captured 4 times within 1/20 second.
In comparison, when recorded at 500 fps. the RBC
would be recorded as moving 4 pum in the subsequent
frame in 1/500 second and could be captured 26 times
within 1/20 second. On the other hand. the RBC in
capillary B recorded at 60 fps could not be measured
since the RBC would be detected only once in the
short capillary as it moves away in the next frame
(33 pm apart during 1/60s moving through the 30 um
capillary). However. when the measurement is
obtained at 500 fps, the RBC is detected seven times
since it moves 4 um per 1/500 s through the 30 um
capillary. Thus. a rapidly moving RBC could be
recognized even in the short capillary at 500 fps.

RBC velocities in cerebral capillaries were
reported in the range from 0.39 to 2,08 mm/s. with an
upper limitof 3.9 mm/s as shown in Table |. According
to Ivanov et al. 9] and Hudetz et al. [13], 63 % and
63 % of obtained RBC velocities fell in the range of
0.5t I.5and 0.5 10 1.8 mm/s, respectively. Hudetz et
al.defined a “capillary” as one with RBCs exhibiting a
resting velocity of less than 1.2 mm/s. in addition to
the vessel diameter and morphological considerations
[14]. In the present study. 62 % of RBC velocities in
capillaries exhibited within a small range of 0.4 10 2.0
mm/s, and 46 % was below 1.2 mm/s when recorded
at 300 tps. This apparently low ratio of slow RBCs is
explained by the high numbers of faster RBCs
detected in this study, which compresses the ratio to a
relatively low level.

y =0.57 + 0.0027x (r = 0.69)

- .
0.0 . « - - .
0 100 200 300 400 500
Frame rate (fps)

Fig. I RBC velocity (y-axis) and frame rate (x-axis) plot of the data shown in Table 1. Note that the tendency of RBC
velocity to increase with frame rate. The regression line is y=0,57 + 0.0027x (r=0.69),
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Fig. 12 Hypothetical model of long capillary A (100 um) and capillary B (30 um) in which RBCs flow at a veloeity of
2 mm/s recorded at 60 fps (top panel) and 300 fps (bottom panel). Note that in capillary B. the RBC has moved

away in the next frame and is not detected,

The maximum velocity. which had been limited in
traditional frame-by-frame analysis of video recordings
to about 2 mm/s, was raised to 20 mm/s using an
electronic shuttering of an intensified charge-coupled
device camera with a shuttering rate of | MHz [39].
However. the system was limited to in vitro and the
upper limit of the caleulated velocity was much lower
with a frame rate of less than 500 Hz in vivo. Japec
et al. developed MASCOT (measurement and
analysis system for capillary oxygen transport), which
enabled the automatical analysis of individual RBC
movement through capillary networks and oxygenation
of blood in hamster cheek pouch retractor muscle [40,
41]. However, the maximum measurable velocity was
approximately 2 mm/s, and the maximum value of
calculated velocity in capillaries was approximately
0.5 mm/s, likely due to the use of a conventional
videocassette recorder with a frame rate of 30 fps.
In the present study. the upper limit of measurable
velocity is 10 mm/s. Therefore, the present method
using a high-speed camera is a better method to
automatically measure the wide range of RBC velocity
and movement, especially for analysis of the vast
number of moving RBCs in the microvasculature ata
high velocity in vivo.

Heterogeneity of RBC velocities
As stated above. the present study demonstrated
a marked heterogeneity of capillary RBC flow even

in the resting state (Figs. 4, 7 and 8). This observation
is consistent with previous studies [8, 19, 35]. When
we focused on a single capillary. the direction of
flow and average rate of RBC perfusion are
comprehensively related to the pressure head of the
capillary. but local heterogeneity must be. at least in
part. due to dynamic variation of neuronal activity and
related capillary changes in space over time.
Fluctuations in RBC velocity and RBC flow cessations
over a short period were observed in some capillaries
(see Fig. 7D, E, F). confirming observations by
Hudetz [42]. The heterogeneity of capillary perfusion
of RBC suggests that many capillaries are not
maximally utilized under resting conditions. In capillary
shift from a heterogeneous flow at rest to a more
homogeneous flow during stimulation, the major
changes in high-flow RBC perfusion accompanied by
a reduction in number of low-flow capillaries [12].
According to the concept of capillary recruitment,
these low-flow capillaries may be functionally reserved
capillaries. Schulte et al. reported that capillaries with
a low resting velocity showed a greater response to
electrical stimulation than those with a high resting
velocity. and that the shape of the velocity distribution
changed as the mean RBC velocity increased with
stimulation [24]. Analysis with our method may
provide key insights into understanding the variable
capillary flow responsibility.
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Oxygen supply and blood perfusion

Path length of capillaries and transit time of
RBC and plasma are important determinants of
capillary gas and nutrient exchange. The length of
the capillaries depended on the thickness of the
optically sliced layer. Since the RBC tracking map
cannot reflect RBC movement along the z-axis, the
lengths in the present study may be underestimated.
However, the range is almost consistent with that
reported by Pinard et al. [23]. Hudetz et al. reported
RBC transit times between 100 and 300 ms and flow
path lengths between 150 and 500 pm in the same
capillary network [13. 43]. In the present study, the
length of most capillaries was between 30 and 300
Mm (63 % of the capillaries were less than 100 pm)
and the calculated RBC transit times through the
capillary was 9 and 531 ms (77 % of the capillaries
showed transits of less than 100 ms). where the
capillary length was measured as the distance of RBC
movement on the two-dimensional RBC tracking
maps.

Cerebral oxygen supply is regulated mainly by a
change in the rate of perfusion and much less by an
alteration in the diffusion distance of oxygen. Hudetz
et al. reported a proportional relationship between
cerchrocortical blood flow and oxygen consumption
in the normal physiological range of functional
activation, with capillaries defined by a resting velocity
of less than 1.2 mm/s [44]. In this study. we showed
that a relationship between RBC velocity and
theoretical extraction of oxygen was proportional in a
certain range of low velocity (<2 mm/s). and that
theoretical extraction of oxygen became much lower
than transported oxygen in capillaries in the higher
velocity range (=2 mm/s). This observation might be
explained by thoroughfare channels or non-nutritional
capillaries without oxygen exchange in capillaries.

Tharoughfare channels

Our data definitively shows the presence of high
flow RBCs in single file channels that have the same
diameter size as ordinary capillarics. and therefore
can be categorized as “capillaries” according to our
criteria. If the high-flow RBCs are disregarded. the
RBC number and average RBC velocity obtained with
low frame rate cameras are quite similar to other
reports as mentioned above. The high RBC velocity
detected here is supported by previous reports in which
the calculated RBC velocity was relatively high (1.5
to 2.08 mm/s) when recorded at high frame rate (400

fps) in the cat brain [8. 10]. Yamaguchi et al. detected
velocities of approximately 7 mm/s employing a dual
window technique with a sampling rate of 200 Hz in
combination with the fluorescent flow tracer in
cerebral microvessels of cats [11]. Ishikawa et al.
measured RBC velocity as 1.0 10 9.0 mm/s in rat pial
arteries with an image-intensified high-speed (1000
fps) video camera system [45], Therefore. RBC
velocities tend to be higher as the measuring apparatus
improved. coupled with a high-speed camera. The
highest value we observed was approximately 16.3
mm/s when we preliminarily measured RBC velocity
in the rat cerebral cortex employing a 3000-5000 fps
camera laser scanning confocal fluorescence
microscope (courtesy of Professor Norio Tanahashi,
Department of Neurology. Saitama Medical University.
Japan).

High velocity RBCs may be translocating through
thoroughfare channels or precapillary arteriovenous
anastomoses. which have been observed in the cerebral
cortex in dogs [46]. humans [47], and rats [48].
Shunting of microspheres through precapillary
anastomoses in the brain has been demonstrated
in dogs [49-51]. It seems that the capillaries with a
high velocity at resting state represent functional
thoroughfare channels through which flow may be
redistributed to low velocity exchange capillaries 1o
maintain balanced perfusion and transcapillary
exchange. Thoroughfare channels may provide a
physiological reserve of RBC flow with a minimal
change in net capillary flow when cerebral blood supply
is challenged. For example. systemic hvpotension and
severe hypercapnia are accompanied by an increase
in the homogeneity of capillary flow, and involves the
redistribution of RBC flow between thoroughfare
channels and exchange capillaries [14]. The
maintenance of flow velocity above a critical value in
the slow capillaries could be protection from stasis
and leukocyte plugging [52]. RBC velocity appeared
autoregulated in the slow flow capillaries (exchange
capillary. <I mm/s) but not in the fast Now capillaries
(thoroughfare channels. >1 mm/s) [42]. According to
their criteria. extraordinary high flow capillaries
detected in the present study may be called
thoroughtare channels.
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