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PHASE SEPARATION OF RED BLOOD cells and plasma leads to
formation of a cell-free or cell-poor layer adjacent to the
endothelium in arterioles and venules. This phenomenon is
attributed to axial migration of red blood cells. It has been
shown experimentally and theoretically that increasing the
width of the layer reduces the effective viscosity of blood
(8, 10, 38). A recent theoretical study showed that an irregular
boundary between the central red blood cell core and the
plasma layer tends to diminish this effect of the cell-free layer
on effective blood viscosity (40). Thus it appears that both the
mean width and its variations may contribute to effective blood
viscosity.
The cell-free layer may contribute importantly to microvascular function since effective blood viscosity and wall shear
rate determine wall shear stress. Wall shear stress is one of
the principal stimuli for release of the vasodilators, nitric
oxide (NO), and prostaglandins by the endothelium (5, 23).
The cell-free layer also acts as a barrier to NO scavenging

by the red blood cell core. A study on 60-m isolated
arterioles (25) showed that, when blood flowed through the
vessel, there was almost no NO scavenging effect on the arteriolar
wall, whereas during flow stasis there was a large effect. The
difference is presumably due to formation of the cell-free layer
during flow. In addition, studies in which hemoglobin perfusion
solutions have been used as a blood substitute have shown a
strong vasoconstrictor effect, which is attributed to NO scavenging at the vessel wall (33). Theoretical studies also provide
evidence that an inverse relation exists between the cell-free
layer width and the scavenging effect of red blood cells in the
flow stream on the NO produced by the endothelial layer (6, 7,
19, 24, 47).
However, data on the cell-free layer width in the microcirculation are very limited. Yamaguchi et al. (49) reported that
the width of the cell-free layer in cat cerebral microvessels
[34- to 56-m inner diameter (ID)] was ⬃4 m and independent of vessel diameter, whereas Maeda and coworkers (43)
reported that the width of the layer in vessels of 10- to 40-m
ID was ⬃1 to 2 m with a suspension of human red blood cells
in saline perfused through the rabbit mesentery, and the value
was diameter dependent. These reports were based on visual
estimates with a calibrated eyepiece or manual measurement
from videotape replay. Pries et al. (35) obtained a cell-free
layer width of 1.6 ⫾ 1.3 m (mean ⫾ SD) from studies of
phase separation at arteriolar bifurcations, and the value was
also diameter dependent.
We (20) have recently developed a computer-based method
for monitoring the width of the cell-free layer in vivo in
conjunction with a high-speed video camera that enables measurements at a rate of up to 4,500 frames/s. This method
provides information on mean width and on variations from
frame to frame at a single site and enables comparisons among
sites within the same microscopic field. These features of the
method enable us to examine issues such as the axisymmetry of
the flow stream and the interdependence of layer width at
adjacent sites in individual vessels.
The region of the peripheral circulation where the cell-free
layer may have the greatest effect on function is the arteriolar
network because this is the area where shear stress is greatest,
most of the pressure drop occurs, and flow regulatory mechanisms are most prominent (18, 27). We were particularly
interested in determining 1) the actual width of the cell-free
layer since this influences both the effective blood viscosity
and NO scavenging by the red blood cell core, 2) the relation,
if any, between the layer width and vessel diameter, 3) the
degree of variation in the layer width because this may influ-
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Physiol Heart Circ Physiol 293: H1526–H1535, 2007. First published
May 25, 2007; doi:10.1152/ajpheart.01090.2006.—Separation of red
blood cells and plasma in microcirculatory vessels produces a cellfree layer at the wall. This layer may be an important determinant of
blood viscosity and wall shear stress in arterioles, where most of the
hydraulic pressure loss in the circulatory system occurs and flow
regulatory mechanisms are prominent. With the use of a newly
developed method, the width of the cell-free layer was rapidly and
repeatedly determined in arterioles (10- to 50-m inner diameter) in
the rat cremaster muscle at normal arterial pressure. The temporal
variation of the cell-free layer width was non-Gaussian, but calculated
mean and median values differed by ⬍0.2 m. The correlation length
of the temporal variations downstream (an indication of mixing) was
⬃30 m and was independent of pseudoshear rate (ratio of mean
velocity to vessel diameter) and of vessel diameter. The cell-free layer
width was significantly different on opposite sides of the vessel and
inversely related. Increasing red blood cell aggregability reduced this
inverse relation but had no effect on correlation length. In the diameter
range studied, the mean width of the cell-free layer increased from 0.8
to 3.1 m and temporal variations increased from 30% to 70% of the
mean width. Increased aggregability did not alter either relationship.
In summary, the cell-free layer width in arterioles is diameter dependent and shows substantial non-Gaussian temporal variations. The
temporal variations increase as diameter increases and are inversely
related on opposite sides of the vessel.
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ence both effective viscosity and NO scavenging, 4) the axisymmetry of the cell-free layer on opposite sides of the vessel
because this influences effective viscosity, and 5) the persistence of the cell-free layer form and dimensions downstream
because this reflects the degree of mixing between the layer
and the red blood cell core. Finally, to relate our findings more
closely to humans, the studies were repeated after increasing
red blood cell aggregability to the level seen in normal humans
by infusion of a high-molecular-weight polymer. All experiments were carried out at normal arterial pressure.
MATERIALS AND METHODS

The microscope was focused on the equatorial plane of the arteriole, and the video image was recorded at a rate of 4,500 frames/s.
After this recording was completed, dextran 500 was infused to induce
red blood cell aggregation at the levels seen in blood of healthy
humans. A total of 200 mg/kg body wt was infused over the course of
1–2 min to achieve an estimated plasma dextran concentration of
⬃0.6%. After ⬃10 min, an additional blood sample was taken to
determine hematocrit and aggregation index. Additional dextran was
given if needed to achieve an aggregation index value with the
Myrenne aggregometer similar to the levels (12–16) of normal human
blood (22, 31, 50). The video recording procedure was then repeated
at the same vessel site.
Image Analysis

Animal Preparation

Hematocrit, Aggregation, and Systemic
Cardiovascular Measurements
The hematocrit was determined with a microhematocrit centrifuge
(Readacrit, Clay Adams) and degree of red blood cell aggregation
with an aggregometer (Myrenne aggregometer; Myrenne, Roetgen,
Germany) periodically during the experiments. Arterial pressure in the
femoral artery was obtained with a physiological data-acquisition
system (MP 100 System; BIOPAC Systems, Goleta, CA).
Experimental Protocol
After the animal had been mounted on the microscope stage and a
period of ⬃20 min allowed for stabilization, an arterial blood sample
was taken to determine control values of hematocrit and aggregation
index. Next, an unbranched region of an arteriole in the range of
10 –50 m ID was selected for study based on the criteria of stable
flow, clear focus, and contrast of the image. Vessels in this diameter
range are responsible for a substantial portion of total vascular
resistance (26, 34). An intravital microscope (Ortholux II, Leitz) was
used with an Olympus ⫻40 water-immersion objective and a long
working distance condenser (Instec, Boulder, CO), which have numerical apertures of 0.7 and 0.35, respectively. A blue filter with peak
transmission at 400 nm (Spectra Physics, no. 59820) was placed
before the light source to maximize light absorption by the red blood
cells.
AJP-Heart Circ Physiol • VOL

Cell-free layer determination. An analysis line was placed across
the vessel perpendicular to vessel wall using SigmaScan Pro 5
software. To position the line exactly perpendicular to the vessel wall,
a five-pixel line parallel to the vessel wall at a point of interest was
drawn. The analysis line was placed at the midpoint of the 5-pixel
line, perpendicular to it, and at least two vessel diameters away from
the nearest upstream bifurcation. The width of the cell-free layer was
determined from the position of the vessel wall and the outer edge of
the red blood cell core. We followed criteria used in previous studies
(13, 42, 48) in determining vessel wall location. The edge of the red
blood cell core was determined by Otsu’s method as previously
described (20). In the present study, the spatial resolution of the
cell-free layer measurement was ⬃0.4 m. Detailed information on
the method for determination of the cell-free layer width is described
in our earlier study (20). In most instances, the width of the cell-free
layer on the opposite side of the vessel was also determined.
Mean velocity and pseudoshear rate. The centerline velocity in the
arterioles was determined by the dual-window method from the
high-speed video recordings using a video sampler and velocity
correlator system (2, 15). The mean velocity (Vmean) was determined
from the relationship Vmean ⫽ centerline velocity/1.6, where 1.6 is a
correction factor (2), whereas the pseudoshear rate was determined
from the following relationship: pseudoshear rate ⫽ Vmean/D, where
D is vessel diameter.
Typical correlation length of cell-free layer. To determine the
persistence of the cell-free layer pattern downstream, cell-free layer
data were obtained at two points along the length of the vessel on one
side. The first line was established as the baseline (line 1). As shown
in Fig. 1, line 2 was placed at a distance x from the baseline. Values
of x of 0.25D, 0.5D, 0.75D, 1D, 1.5D, 2D, and 3D, with D representing the diameter of the vessel under analysis, were used. The cell-free
layer width over a period of 1 s from each position of line 2 on one
side of the vessel was cross-correlated against the baseline measurement on the same side using a signal-processing software package
(MATLAB, Mathworks, Natick, MA). To normalize the correlation
peak, the autocorrelation of line 1 was used. The correlation values
were plotted against the distance between line 1 and line 2 and an
exponential curve fitted to the data, with the y-intercept being set to
unity. The correlation length was then determined as described by
Silva and Intaglietta (41). With the assumption that the normalized
peak-correlation coefficient, fc(x), is an exponentially decreasing function of analysis line separation, x, fc(x) was defined as follows:
ƒ c(x) ⫽ e⫺kx for 0 ⱕ x ⱕ ⬁
ƒc(x) ⫽ 0 for x ⬍ 0

(1)

Then 兰⬁
0 fc(x)dx ⫽ 1/k, and the correlation length is defined as the
downstream distance x, where x ⫽ 1/k or where the normalized
correlation coefficient has decreased to 1/e (0.368).
Width correlation on opposite sides of the arterioles. A correlation
analysis of the cell-free layer width on opposite sides of the vessel was
also performed. For this analysis, variations of the cell-free layer
width at A and A⬘ as shown in Fig. 1 were compared. The degree of
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A total of 11 Wistar-Furth rats weighing between 190 and 250 g
were used in this study. Animals were anesthetized with 50 mg/kg ip
pentobarbital sodium, with additional anesthetic administered
throughout the experiment as needed. The animal was placed on a
heating pad to maintain body temperature at 37°C during surgery and
the experiment, and a tracheal tube was inserted to aid ventilation. All
procedures were in accordance with the Guide for the Care and Use
of Laboratory Animals (Institute for Laboratory Animal Research,
National Research Council, Washington, DC: National Academy
Press, 1996) and approved by the local Animal Subjects Committee.
The femoral artery was catheterized for blood withdrawals and pressure measurements, and the jugular vein was catheterized for administration of anesthetic, dextran 500 (average molecular mass of 460
kDa; Sigma) dissolved in saline (6%), and other solutions. All catheters were filled with a solution of heparinized saline (30 IU/ml) to
prevent clotting.
The exteriorized rat cremaster muscle preparation was used for
microcirculatory studies (1). After surgical exposure of the muscle, a
drip of warm Plasma-Lyte A (Baxter) adjusted to pH 7.4 was applied
while connective tissue was cleared and the muscle was separated
from the surrounding tissue with the nerves and blood supply intact.
The animal was then placed on a Plexiglas plate, and the muscle was
secured to a platform for viewing, suffused with Plasma-Lyte A, and
covered with polyvinyl film. Muscle temperature was maintained at
35°C with heating coils beneath the plate and the muscle platform.
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these differences was significant. We found no significant
difference in pseudoshear rates before (288.2 ⫾ 150.5 s⫺1) and
after (220.3 ⫾ 123.4 s⫺1) infusion. Although the data shown in
Fig. 2 suggest a trend, we found no significant relation between
the pseudoshear rate and arteriolar diameter either before or
after dextran 500. However, when the two groups were combined, there was a significant inverse relation. In general, mean
cellular velocity was directly related to arteriolar diameter.
However, this effect was small compared with the change in
diameter, creating an inverse relation between pseudoshear rate
and diameter as shown in Fig. 2.
Variations in Cell-Free Layer Width

correlation between the variations in the width at the two sites was
determined by nonparametric Spearman correlation analysis. The
Spearman coefficient (Rs) ranges from 1 to ⫺1, with Rs ⫽ 1 representing a perfect direct correlation and Rs ⫽ ⫺1 a perfect inverse
correlation.
Statistical Analysis
A statistical software package (Prism 4.0, GraphPad) was used for
statistical analyses including regression analysis. We utilized unpaired
t-tests to determine experimental and physiological parameters between normal and dextran-treated rats. For a normality test, we used
the one-sample Kolmogorov-Smirnov test. In cases where data did not
follow a Gaussian distribution, a nonparametric test (Mann-Whitney
test) and unpaired t-tests were used to compare medians and means,
respectively. However, with large samples (n ⬎ 100), parametric tests
such as t-tests are as accurate as nonparametric tests (32). Because
n ⬎ 4,000 in the present study, a Gaussian distribution was not
required for the comparison of the data groups.
All physiological and rheological values are reported as means ⫾
SD, and the cell-free layer width medians are reported as well. P ⬍
0.05 was considered statistically significant for all tests and regression fits.

Comparison of the Cell-Free Layers on the Two Sides of
the Vessel
It is evident in Fig. 3C that the mean width of the cell-free
layer is substantially different on the two sides of this particular
vessel. Statistical comparison of the two cell-free layers for all
arterioles shows that both the mean and median values of the
cell-free layer width measured over a 1-s period (n ⫽ 4,500)
were significantly different on opposite sides of the vessels
(P ⬍ 0.0001). The difference in the means on the two sides was
0.5 ⫾ 0.4 m before dextran infusion and was not significantly
affected by dextran, being 0.6 ⫾ 0.5 m after infusion. In

RESULTS

Systemic Variables and Arteriolar Flow
Arterial pressure was 117 ⫾ 8 and 112 ⫾ 7 mmHg and the
systemic hematocrit was 42 ⫾ 2% and 41 ⫾ 2% before and
after dextran infusion, respectively. We found no significant
effects of dextran 500 on arterial pressure or systemic hematocrit. The index of aggregation as determined with the
Myrenne aggregometer was 0.0 before and 13.7 ⫾ 1.1 after
induction of aggregation.
Vmean of red blood cells was 8.6 ⫾ 2.5 and 6.8 ⫾ 2.9 mm/s
before and after dextran infusion, respectively, leading to
volume flow rates of 8.2 ⫾ 5.1 and 7.7 ⫾ 6.4 nl/s. Neither of
AJP-Heart Circ Physiol • VOL

Fig. 2. Pseudoshear rate vs. vessel diameter. The solid line represents a linear
regression curve (y ⫽ ⫺5.6x ⫹ 442.9; R2 ⫽ 0.38) for the combined group
before (F) and after (‚) dextran infusion. The dashed lines indicate the 95%
confidence band of the regression line. There was a significant relation (P ⬍
0.05) between pseudoshear rate and vessel diameter for the combined group
but not for the 2 groups separately.
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Fig. 1. Cell-free layer width determination by a computer-based method (17).
Videomicrograph of red blood cell flow in an arteriole [41-m inner diameter
(ID)] after dextran infusion with 2 analysis lines is shown. Arrows indicate the
location of the inner margin of the vessel wall. See text for details of analysis.

Measurements of the cell-free layer width show substantial
temporal variations. An example of the cell-free layer width on
opposite sides of a 41-m ID arteriole (A and A⬘) is shown in
Fig. 3A. Rapid variations in the width of the cell-free layer are
apparent on both sides of the arteriole with greater variations
from the mean width inward to the red blood cell column than
outward toward the vessel wall. Also, occasionally, the red
blood cell column appears to extend to the vessel wall. The
frequency distributions of cell-free layer width at A and A⬘ are
shown in Fig. 3B. From visual inspection of Fig. 3B, it appears
that the distributions are non-Gaussian. In fact, width distribution in all arterioles (n ⫽ 21) failed the normality test (P ⬍
0.0001).

CELL-FREE LAYER IN ARTERIOLES
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Cell-Free Layer Width as a Function of Diameter

Fig. 3. Comparison of cell-free layer width variation at 2 sites (at A and A⬘).
A: cell-free layer width variation at 2 sites on opposite sides of a 41-m ID
arteriole. B: frequency distribution of the cell-free layer width at the 2 sites.
The dashed and solid curves represent best Gaussian fits to the width distributions at sites A and A⬘, respectively. Neither distribution passed a normality
test (P ⬍ 0.0001). C: mean and median values of the cell-free layer width on
the 2 sides of the vessel. There are highly significant differences in the means
and in the medians of the cell-free layer widths at the 2 sites. †P ⬍ 0.0001.

One of the factors that would be expected to influence
cell-free layer width is vessel diameter. The results of this
comparison are presented in Fig. 7. As shown in Fig. 7A, the
mean width of the cell-free layer increased severalfold, from
0.8 to 2.9 m before dextran infusion and from 0.8 to 3.1 m
after dextran infusion, over the diameter range 10 –50 m. The
median cell-free layer width (not shown) also significantly
increased as a function of diameter from 0.7 to 2.9 m before
dextran and from 0.8 to 2.9 m after dextran. The changes in
both conditions were highly significant (P ⬍ 0.0001). Figure
7B shows the temporal variation for each vessel and represents
the SD of cell-free layer during the 1-s period of width
measurement. Although the variation changed to a lesser degree than width, it also increased significantly (P ⬍ 0.05) from
0.6 to 1.0 m over the diameter range before dextran infusion
and from 0.5 to 0.9 m after infusion. Dextran 500 had no
effect on the diameter dependence of the mean or variability.

addition, comparing instantaneous values with the nonparametric Rs revealed a significant inverse relationship between the
widths on the two sides (P ⬍ 0.01). This was evident both
before and after dextran infusion. However, as shown in Fig. 4,
the nonparametric Rs was significantly higher before (⫺0.12 ⫾
0.055) than after (⫺0.03 ⫾ 0.055) dextran infusion (P ⬍ 0.02),
indicating that dextran 500 significantly decreases the asymmetry of the lateral position of the red blood cell core.
Persistence of the Temporal Variation Pattern Downstream
Because the interface between the red blood cell column and
the cell-free layer is a region of high shear rate in the flow
stream, the extent to which these variations were maintained
downstream was of particular interest. The persistence was
AJP-Heart Circ Physiol • VOL

Fig. 4. Inverse relation between the widths on the 2 sides of the vessel for all
arterioles (n ⫽ 21). The negative Spearman coefficient (Rs) represents the
degree of inverse relationship between the instantaneous widths on the 2 sides.
Note that there was a significant reduction in the inverse relation before and
after infusion of dextran. *P ⬍ 0.02.
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evaluated from cross-correlation analysis of two analysis lines
with separations of 0.25 to 3 vessel diameters. Figure 5A shows
an example of normalized cross-correlation coefficients with
x ⫽ 0.5D and 2D in a 21-m ID arteriole after dextran
infusion. The correlation coefficient followed an exponential
decay as a function of distance, as shown in Fig. 5B. The
distance at which the correlation coefficient fell to 1/e represents the correlation length, a measure of how well the structure of the interface between the red blood cell column and the
cell-free layer is maintained.
Figure 6 shows the correlation length of the cell-free layer as
a function of vessel diameter and pseudoshear rate. The analysis was limited to arterioles in which we could obtain the
correlation coefficient for at least two vessel diameters from
the baseline (n ⫽ 10). The correlation length was 32.4 ⫾ 5.6
and 29.7 ⫾ 4.0 m before and after dextran infusion, respectively, with no significant effect of dextran treatment. Thus the
correlation length appears to be ⬃30 m and independent of
vessel diameter (Fig. 6A). Although there appears to be a slight
trend toward a relation to pseudoshear rate (Fig. 6B), the
change was not significant whether tested separately before and
after dextran infusion or for the two groups combined.
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function of arterioles. This study provides new information on
several questions, including the relation between the width of
the layer and vessel diameter, magnitude of variations in the
layer width, the effect of these variations on axisymmetry of
the flow stream and on downstream sites in the vessel, and the
effects of the level of red blood cell aggregability seen in
normal humans on the cell-free layer. The data were obtained
on 10- to 50-m arterioles and as such reflect behavior of a
portion of the arteriolar network that contributes a substantial
fraction of total vascular resistance (27, 34).
Temporal Variations in Cell-Free Layer Width

Fig. 5. Cross-correlation analysis of cell-free layer width variation. A: examples of normalized cross-correlation coefficient determination at 0.5D and 2D,
where D is diameter, from the baseline in a 21-m ID arteriole after dextran
infusion. B: normalized cross-correlation coefficient as a function of distance
from the baseline in the same arteriole. The solid line represents an exponentially decaying regression curve (y ⫽ 1.025e⫺0.033x; R2 ⫽ 0.985). Dashed lines
indicate the 95% confidence band. The 6 coefficient points shown in B were
obtained at 0.25D, 0.5D, 0.75D, 1D, 1.5D, and 2D, respectively, from the
baseline.

Cell-Free Layer Width as a Function of Pseudoshear Rate
The relations between the pseudoshear rate and the width
and variation of the cell-free layer are shown in Fig. 8. The
mean and variability of the cell-free layer width showed a
tendency toward an inverse relation to pseudoshear rate, but
the relation was not significant when tested separately before
and after dextran infusion. However, the inverse relation to
pseudoshear rate became significant (P ⬍ 0.03) when the two
groups were combined. Dextran 500 had no effect on the
relation between pseudoshear rate and the cell-free layer.
DISCUSSION

As described in the introduction, there is mounting evidence
that the cell-free layer may contribute importantly to the
AJP-Heart Circ Physiol • VOL

Fig. 6. Correlation length as a function of arteriolar diameter and pseudoshear
rate before (F) and after (‚) dextran infusion. A: correlation length vs. vessel
diameter. B: correlation length vs. pseudoshear rate. There was no significant
relation between correlation length and vessel diameter or pseudoshear rate
either before or after dextran infusion or when the 2 groups were combined.
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One of the principal and unique findings of this study is the
substantial temporal variation in width of the cell-free layer as
shown in Figs. 3, 7, and 8. These variations range from 30% to
70% of the layer width, depending on the diameter of the
arteriole. The temporal variations increase as diameter increases and as pseudoshear rate decreases. However, a relationship to pseudoshear rate may be secondary to its dependence on diameter shown in Fig. 2. In vitro studies (37, 38)
suggest that pseudoshear rate in the range of our study would
not influence variability.

CELL-FREE LAYER IN ARTERIOLES
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Variations in velocity during the measurement would show
up as apparent changes in the longitudinal dimension of the
cell-free layer. A previous study (14) reported that, during the
cardiac cycle, centerline velocity varied by a maximum of
⫾6%–7% from the mean value in arterioles of cat omentum.
With the assumption that velocity changes near the wall are
proportional to those at the centerline, the actual variations of
the cell-free layer in the direction of flow may differ from our
values by a maximum of ⫾6 –7%.
Physiological Effects of Temporal Variations

Fig. 7. Cell-free layer width as a function of arteriolar diameter in the range of
10 –50 m before (F) and after (‚) dextran infusion. A: mean width of the
cell-free layer. Logarithmic functions provided slightly better fits than linear
functions. y ⫽ 1.27lnx ⫺ 2.10, R2 ⫽ 0.86 before dextran infusion and y ⫽
1.41lnx ⫺ 2.47, R2 ⫽ 0.88 after dextran infusion. The relation between the
mean width of cell-free layer and vessel diameter was highly significant (P ⬍
0.0001). B: temporal variation expressed as SD of the cell-free layer width
during a 1-s period (n ⫽ 4,500). y ⫽ 0.01x ⫹ 0.46, R2 ⫽ 0.26 before dextran
infusion. y ⫽ 0.01x ⫹ 0.44, R2 ⫽ 0.37 after dextran infusion. The temporal
variation also was significantly related (P ⬍ 0.05) to vessel diameter, but
Dextran 500 had no significant effect.

Possible Errors in Measurement
Temporal variations in vessel diameter may have contributed to the apparent changes in the cell-free layer width.
Because the measurement period is brief, active changes in
diameter during this time would have been small. The active
autoregulatory responses of arterioles (mean diameter 36.5
m) following arterial pressure change averaged ⬃0.3% during a 1-s period (17). However, it is unlikely that active
changes were occurring because we did not observe periodic
vasomotion or any other noticeable changes in vessel diameter
during our studies.
However, passive changes in diameter may occur during the
arterial pulse. Although the low contrast between the vessel
wall and surrounding tissue in the cremaster preparation made
it impractical to apply our method to rapid variations of vessel
diameter, data in a study by Intaglietta and Tomkins (16)
indicate mean diameter changes of approximately ⫾0.3% during the pulse in arterioles of the omentum (where visibility of
the vessel wall is more favorable). This suggests that ⬃3% of
the temporal change in 10-m arterioles and 9% of that in
50-m arterioles shown in Fig. 7B might be due to changes in
vessel diameter.
AJP-Heart Circ Physiol • VOL

Fig. 8. Relation between pseudoshear rate and the width and variation of the
cell-free layer before (F) and after (‚) dextran infusion. A: mean width of the
cell-free layer. B: temporal variation expressed as SD of the cell-free layer
width for each vessel. There was no significant relation between pseudoshear
rate and mean or temporal variation of the cell-free layer width before or after
infusion of dextran. However, when the 2 groups were combined, reduction of
pseudoshear rate significantly decreased (P ⬍ 0.03) the mean and temporal
variation of the cell-free layer width.
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Temporal changes in the cell-free layer may be of physiological significance. A previous theoretical study (40)
showed that these variations increase the effective viscosity
of the cell-free layer. As shown in that study, the effect of
the variations is dependent on both the nature of the pattern
and the magnitude of the variations. We found that the
variations in cell-free layer width are non-Gaussian (Fig. 3).
This is not surprising because the outward variations are
limited by the vessel wall, whereas inward variations can
extend into the red blood cell core. The difference between
mean and median values is not large, averaging 0.1– 0.2 m.
As a consequence, the rheological effect of the departure from
a Gaussian distribution may be modest.
Temporal changes would also be expected to influence the
degree of scavenging of NO released from the endothelium by
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Nonaxisymmetric Nature of Cell-Free Layer Variations on
Opposite Sides of the Arteriole
We found that variations in cell-free layer width on the two
sides of the flow stream are inversely related as shown in Figs.
3 and 4. This led to a small difference of ⬃0.5 m in the mean
width of the two layers. It should be noted that we compared
not only the means of the cell-free layer width but also patterns
of its temporal variation. The latter was used for correlation of
the cell-free layer width on the opposite sides, which revealed
a significant inverse relation. The inverse relation reflects an
asymmetric boundary of the red blood cell core. The most
likely explanation is lateral movements of the red blood cell
column. Upstream flow conditions may affect the width of the
cell-free layer on both sides of the arterioles (11). Pries et al.
(35) reported that a distance of ⬃10 vessel diameters from an
asymmetric upstream bifurcation was required for reestablishment of an axisymmetric hematocrit profile. However, such
bifurcations were found in only 12% of cases. In our study, a
difference of ⬃0.5 m in the mean width of the cell-free layers
on the two sides of the vessel was observed, indicating a
possible small effect of upstream bifurcations on the cell-free
layer.
It is also notable that this inverse relationship is significantly
lower with increased aggregability. Considering the high
pseudoshear rates in these arterioles, aggregates could form
only in the very center of the flow stream where shear stress is
lowest. Thus the weaker relation may be due to a stabilizing
influence of red blood cell aggregation in the center of the flow
stream on the lateral variations. Alternatively, the increased
plasma viscosity with addition of Dextran 500 may be responsible. Additional studies would be required to resolve this
question.
The inverse relationship is of potential physiological significance. Previous theoretical studies (10, 39) have shown that a
nonaxisymmetric red blood cell core would increase effective
AJP-Heart Circ Physiol • VOL

blood viscosity in microcirculatory vessels, although these
studies concentrated on lower pseudoshear rates than in the
present study. Thus the present finding indicates that asymmetry of the flow stream increases arteriolar vascular resistance,
although the magnitude of the effect cannot be assessed from
information currently available. Because dextran 500 significantly decreased the nonaxisymmetry, it appears that red blood
cell aggregability at normal human levels would attenuate this
effect on arteriolar vascular resistance.
Persistence of Temporal Variations in the Cell-Free
Layer Downstream
The variations in width of the cell-free layer persist downstream in a decremental fashion as shown in Fig. 5, reflecting
the mixing at the interface between the plasma layer and the
red blood cell core. We found that the correlation length was
⬃30 m and was not dependent on arteriolar diameter (Fig.
6A). A reduction of the correlation length could be expected as
the vessel diameter increased since the variability of the cellfree layer increased with diameter (Fig. 7B). However, mean
cellular velocity also increases as vessel diameter increases,
which would increase the correlation length. Thus the correlation length may not be dependent on either vessel diameter or
pseudoshear rate when these factors are inversely related as in
the present study. The correlation length is twice that found by
Silva and Intaglietta (41) (⬃16 m) who performed a crosscorrelation analysis of photometric signals in the centerline of
a 25-m ID arteriole at a pseudoshear rate of 124 s⫺1. The
higher value in our study was unexpected because the shear
rate is much higher at the periphery of the flow stream and
should lead to more rapid mixing than in the center of the flow
stream. However, the signal recorded at the centerline of the
transilluminated vessel also comes from out-of-focus layers of
the flow stream (2) and is generated by cells traveling at
different velocities. Finally, increasing red blood cell aggregability and pseudoshear rate did not affect the length constant as
shown in Fig. 6. This finding would be expected because of the
high pseudoshear rates in these vessels (100 – 600 s⫺1), which
are above the range where aggregation is normally seen and are
in agreement with our earlier study on red blood cell dispersion
in venules at normal arterial pressure (4, 21).
Diameter Dependence of the Cell-Free Layer Width
One of the principal findings of this study is that the mean
width of the cell-free layer is highly dependent on the vessel
diameter (Fig. 7). We also observed an inverse relation between the mean width and pseudoshear rate (Fig. 8), but this is
likely secondary to a dependence of pseudoshear rate on vessel
diameter. Over the diameter range 10 –50 m, the mean width
rose from 0.8 to 2.9 m. The relationship was not significantly
affected by dextran infusion, probably because of the high
shear rates. Previous studies on the relation between cell-free
layer dimensions and diameter are limited and are not in
agreement. Maeda and coworkers (43) found generally similar
values of the cell-free layer width to ours, 1.1–2.1 m, over the
diameter range 10 – 40 m in microvessels of the isolated
rabbit mesentery perfused with human red blood cells suspended in saline at 30% hematocrit at pseudoshear rates of
150 –350 s⫺1. Addition of 1 g/dl Dextran 70 increased the
mean width by ⬃0.2 m. Similar to our findings, they also
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the red blood cell core. Chen et al. (7) reported that the addition
of red blood cells to a 2-m cell-free layer would decrease the
predicted peak NO in the endothelium by 21%. From that
observation, temporal variations of the cell-free layer may
significantly influence scavenging of NO by red blood cells in
microcirculatory vessels. Because that analysis also indicated
that the PO2 gradient is much less affected by the cell-free
layer, variations in PO2 may not be significant.
The magnitude of the temporal variations of the cell-free
layer increases as a function of vessel diameter as shown in
Fig. 7B. This was expected because the mean width of the
cell-free layer increased with vessel diameter, as shown in Fig.
7A. The wider cell-free layer would allow a higher degree of
variability of the cell-free layer width. The variations in the
cell-free layer width are not significantly affected by increasing
red blood cell aggregability because the shear rates near the
wall would be too high for aggregate formation. In some cases,
it appears that the red blood cells approach the vessel wall
within the limits of resolution of the system (⬃0.4 m) as seen
in Fig. 3A. This would place the red blood cell edge within the
region of the glycocalyx, which is estimated, at a minimum, to
be 0.4 – 0.5 m (9, 29, 48). However, because this approach is
infrequent (⬍2% probability in Fig. 3A), the hemodynamic
effect may not be significant.
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reported that a logarithmic relation between the mean width
and the vessel diameter provided the best fit (30, 43). A
saturation-type relationship between width and diameter was
predicted in an earlier theoretical study (40). For arterioles in
the 10- to 30-m range, Pries et al. (35) found that the
estimated mean cell-free layer width increased from ⬃1.2 to
1.7 m based on red blood cell-plasma separation at bifurcations.
In vitro studies of the cell-free layer width also show a
dependence on diameter. In 31- and 58-m ID glass tubes, the
mean cell-free layer thicknesses using human blood with a feed
hematocrit of 45% were 2.0 and 2.9 m, respectively, at a
pseudoshear rate of 90 s⫺1 (37). The comparable values based
on our data would be 2.3 and 3.2 m, respectively. Thus it
appears that the cell-free layer may be slightly thinner in vitro,
possibly because of the absence of the glycocalyx.
In contrast to these findings, Yamaguchi et al. (49) found a
considerably greater width of the cell-free layer in vessels on
the surface of the cat brain, 3.6 – 4.6 m over the arteriolar
diameter range 34 –56 m at pseudoshear rates ⬎90 s⫺1,
which was independent of vessel diameter. The reason for
higher values in the cat brain is not obvious but may relate to
the use of rhodamine isothocyanate-labeled dextran in the
plasma for the width of the flow stream and absorption of the
excitation signal to measure the width of the red blood cell
column.
Cell-Free Layer Width as a Fraction of Vessel Radius
To quantify the fraction of the vessel lumen occupied by the
cell-free layer, the data shown in Fig. 7A are expressed as a
function of vessel radius in Fig. 9. Because there was no
significant difference in the data shown in Fig. 7A before and
after dextran infusion, the two groups were combined for this
analysis. We used the same logarithmic function as in Fig. 7A
because it gave a slightly higher R2 value than a linear fit (0.24
vs. 0.17). Although the absolute width of the cell-free layer
increased with vessel diameter as shown in Fig. 7A, the
cell-free layer width as a fraction of vessel radius increased
slightly in the range of 5– 8 m but gradually decreased as the
radius increased from 8 to 25 m, with the mean value falling
AJP-Heart Circ Physiol • VOL

from 18% to 12%. Thus it appears that the cell-free layer
occupied the greatest fraction of the lumen in arterioles of
⬃16-m internal diameter. In those vessels, the cell-free layer
would occupy ⬃33% of the cross-sectional area of the lumen;
this value falls to ⬃23% in 50-m ID arterioles. The data
scatter in the cell-free layer to radius ratio is likely due to
several factors, including measurement error, particularly in
the smallest vessels, effects of upstream bifurcations (11), and
variability of hematocrit (28). The latter has been shown to be
an important determinant of cell-free layer width (30, 40, 45).
Figure 9 reveals two opposing trends in the cell-free layer
width when it is normalized to vessel radius, which are not
apparent when absolute values are compared (Fig. 7). As radius
increases from 8 to 25 m, the cell-free layer decreases as a
fraction of vessel radius. Reduction of pseudoshear rate with
increased radius (Fig. 2) would reduce the normalized axial
migration of red blood cells, as would the increased hematocrit.
The reduction in pseudoshear rate and increased hematocrit are
apparently not sufficient to decrease the absolute width when
radius increases (Fig. 7). The opposite trend in the vessels of 5to 8-m radius may reflect a transient range changing from a
single-file to multifile flow of red blood cells and the contribution of the glycocalyx to the measured value of the cell-free
layer as discussed further below.
Contribution of the Glycocalyx to the Cell-Free Layer
The thickness of the glycocalyx is included in the width of
the cell-free layer in the present study. Considering a glycocalyx layer of 0.4 – 0.5 m as previously reported by Damiano
and coworkers in venules and by Vink and Duling in capillaries
(9, 29, 48), 10-m and 50-m arterioles would have a freeflowing layer of 0.3– 0.4 m and 2.6 –2.7 m, respectively.
Subtraction of the glycocalyx leads to prediction of a very thin
free-flowing layer in 10-m arterioles. On the basis of microvascular network hemodynamic data, Pries and Secomb (36)
calculated the width of the endothelial surface layer (ESL) to
be a biphasic function of arteriolar diameter with an initial peak
of ⬃0.8 m in 10-m arterioles, increasing to ⬃1 m in
50-m vessels. With the use of their estimate of the ESL width,
the free-flowing layer width would be reduced significantly.
Their value for the ESL width in 10-m arterioles is essentially
equal to the width of the cell-free layer in our study. However,
the flow regimen in these vessels might be quite different from
that in larger vessels (12), being a single-file or a tandem
(slipper) arrangement of overlapping red blood cells as opposed to the multifile flow in the larger vessels. Therefore, the
hemodynamic effects of the width of the cell-free layer in the
10-m arterioles cannot be readily compared with those in
larger arterioles. In addition, our data on cell-free layer width,
especially in the smallest arterioles, must be interpreted with
some caution because spatial resolution with our system is
⬃0.4 m, which is half the width of the cell-free layer in the
10-m arterioles.
Physiological Importance of Mean Cell-Free Layer Width
Available evidence suggests that an increase in mean thickness of the cell-free layer may reduce vascular resistance.
Maeda and coworkers (30, 43) reported that increasing cellfree layer width by elevation of red blood cell aggregability
with infusion of dextran 70 substantially reduced flow resis-
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Fig. 9. Cell-free layer width as a fraction of arteriolar radius before and after
dextran infusion. The solid line represents a nonlinear regression curve [y ⫽
(1.387lnx ⫺ 1.463)/x, R2 ⫽ 0.24] for the combined group before (F) and after
(‚) dextran infusion. The dashed lines indicate the 95% confidence band of the
regression curve.
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Conclusions
1) The mean width of the cell-free layer in rat cremaster
arterioles is directly related to the vessel diameter, increasing
from 0.8 m in 10-m arterioles to 2.9 m in 50-m arterioles. Temporal variations also increase as diameter increases.
The variation is not normally distributed, being greater toward
the center of the flow stream, but the effect is small.
2) Temporal variations in the cell-free layer on the two sides
of the arteriole are inversely related, possibly due to lateral
movements of the red blood cell column. This relationship
introduces asymmetry in red blood cell distribution near the
wall and may increase effective blood viscosity.
3) The temporal variations of the cell-free layer seen at a
specific point in an arteriole decline exponentially downstream
with a correlation length (⬃30 m) that is independent of
vessel diameter and of pseudoshear rate at normal pseudoshear
rates.
4) Increasing red blood cell aggregability to normal human
levels with dextran 500 infusion has no effect on the cell-free
layer width or variations at normal pseudoshear rates (100 to
500 s⫺1) but does significantly reduce the inverse relation cited
in point 2 above, possibly indicating a reduction of lateral
movements of the red blood cell column. This would attenuate
effects of asymmetry on effective viscosity.
AJP-Heart Circ Physiol • VOL
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tance in microvessels. Also, Sharan and Popel (40) predicted
that relative viscosity near the wall of a 50-m vessel would
increase by ⬃15% when the cell-free layer width fell from
⬃4.3 to 3 m with an increase of systemic hematocrit from
45% to 60%.
A second physiological consequence would be a change in
the NO scavenging effect of the red blood cell core. As noted
in the Introduction, Liao et al. (25) showed that, during flow,
the scavenging of NO by red blood cells in the vessel lumen of
isolated, blood-perfused arterioles was greatly reduced, presumably because of the presence of the cell-free layer. A
theoretical study by Lamkin-Kennard et al. (24) indicated that
a change in width of the layer by 2 m would change NO
scavenging by 40%. The diameter dependence of the cell-free
layer width in our study would lead to a lower scavenging
effect of red blood cells on NO release from the endothelial
layer in the larger arterioles (6, 47). This may influence the
contribution of NO to regulation of arteriolar vascular tone at
different levels of the arteriolar network.
We also note that the diameter dependence of the cell-free
layer may modify changes in vascular tone induced by regulatory mechanisms. During vasoconstriction, for example, the
reduction in cell-free layer width would increase the NO
scavenging effect of the red blood cells, whereas during vasodilation an increase in layer width would decrease scavenging.
The same changes in cell-free layer width would have an
opposite effect on regulatory mechanisms by increasing wall
shear stress during constriction and decreasing it during dilation. The width of the layer may also influence expression of
regulatory mechanisms. Baskurt et al. (3) reported that increasing the aggregability of red blood cells led to a decrease in
endothelial NO synthase formation in small arteries, presumably due to an increase in width of the cell-free layer and
reduction of wall shear stress.
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