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Introduction 

To elucidate the basis for the drop in pressure from large artery to vein, Jean Léonard 
Marie Poiseuille (1797-1869) undertook a series of seminal studies that defined the 
laws of fluid flow in tubes of uniform cross-section and that identified the 
microcirculation as the major site of the resistance to flow [1, 2].  While best known for 
his meticulous experimental studies of viscous flow in glass tubes [2], he also made 
numerous observations in the mesentery of the frog and other microvascular 
preparations; these observations served to highlight the dynamics of red cell 
distribution, the presence of the annular plasma layer and the “skimming” of plasma by 
capillaries, and the adhesion of white cells to the endothelium of post-capillary venules 
[3].  Yet it wasn’t until almost a century later that physiologists began to methodically 
explore the resistance to flow within the microcirculation proper using techniques of 
intravital microscopy.  Landis [4] pioneered many quantitative methods for describing 
microvascular structure and function.  Using finely drawn pipettes inserted into 
microvessels of frog mesentery, and calculating the velocity of bolus infusions of dyes 
through successive microvascular divisions, Landis attempted to calculate the 
resistance to flow within the capillary network and concluded that Poiseulle’s law 
cannot be applied to the flow of blood through the capillary network except in a very 
limited sense.  However, with the advent of sophisticated instruments for measurement 
of capillary pressure [5, 6] and red blood cell velocity [7], relatively precise 
quantitative measurements of pressure drops [8] and flow rates [9, 10] could be 
obtained; such measurements thus provided direct in situ flow resistance data for the 
hierarchy of microvessels from arteriole to venule [11]. 

As shown in Figure 1, measurements of pressure drops and flows in single 
unbranched microvessels [11] reveal that over the broad range of diameters (D) within 
the microcirculation proper, Poiseuille’s fourth power relationship (i.e., resistance 
varies inversely with D4) far overshadows other determinants of resistance in the 
normal flow state.  The significance of this relationship cannot be understated in light 
of the fact that control and regulation of microvascular blood flow is manifest by the 
ability of the vascular system to alter resistance in response to vasomotor adjustments.  
However, striking departures from Poiseuille’s relationship may dictate the outcome of 
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pathological flow states, with some examples including the low flow state, 
inflammation, and blood cell disorders.  While the resistance to flow spans nearly five 
decades as blood courses its way from arteriole to venule, the large scatter in the 
experimental data may reflect significant departures from the flow of a Newtonian fluid 
through a smooth walled tube of circular cross-section.  The effects of irregularities in 
geometry, broad variations in microvessel hematocrit and shear rates, blood cell 
deformability, red cell aggregation and blood cell adhesion to the endothelium are 
reviewed in the following.  
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Figure 1. Distribution of resistance per unit of vessel length (R/L) calculated for microvessels from 
direct in situ measurements of pressure drops and flows in intestinal mesentery.  Power-law 
regressions (i.e., curved lines through data) reveal R / L = (1.02 x 106)(D

-4.04) for arterioles and R / 

L = (1.07 x 106)(D-3.94) for venules.  Redrawn from Lipowsky et al. [11].  

1. In Vitro Foundations 

Measurements of blood viscosity by bulk viscometry have emphasized the relative 
roles of  shear rate, hematocrit, red cell aggregation and deformability in affecting 
blood flow in large vessels as well as establishing a framework for evaluating 
microcirculatory behavior [12].  With the use of tube, Couette and cone-plate 
viscometers and the calculation of an apparent viscosity as the ratio of shear stress 
divided by shear rate, in vitro studies have revealed that blood viscosity falls about 
75% as shear rates ( ) rise from  0.1 to 1000 s-1.  A comparison of this “shear 
thinning” of blood in the presence and absence of aggregating agents suggests that 
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about 75% of the decrease is a result of the disruption of red cell aggregates, and 25% 
is due to red cell deformation in response to increased shear stresses.  At a given shear 
rate, blood viscosity rises exponentially with increasing red blood cell (RBC) volume 
fraction in the suspension (i.e., hematocrit), with the sensitivity dependent upon the 
prevailing .  The viscosity of the suspending medium in blood, termed plasma, has 
been shown to be Newtonian (i.e., invariant with ) and is dependent mainly upon 
protein content and temperature. 

To relate bulk viscometry to blood behavior in tubes comparable in size to vessels 
of the microcirculation, numerous studies of flow in small bore tubes have provided a 
basis for understanding in vivo resistance to flow.  The classical studies of Fåhraeus 
[13] demonstrating large reductions in tube hematocrit with diminishing tube diameter, 
and those of Fåhraeus and Lindqvist [14] showing concomitant reductions in the 
apparent viscosity of blood, have spawned many studies of blood viscosity in small 
bore tubes.  In large part, these studies have been consistent with the relatively few 
direct in vivo measurements of apparent viscosity within single microvessels. 

To illustrate, Figure 2 shows measurements of wall shear stress vs. shear rate 
obtained in vitro by Barbee and Cokelet [15] for a glass tube with nominal diameter of 
29 μm (dashed line) and in vivo for a 34 m diameter arteriole (solid line and data). In 

vivo values of wall shear stress ( WALL ) were calculated from measurements of 

pressure drop ( P ),vessel length ( l ) and diameter ( D ) [8], under the assumption of 
a vessel of uniform diameter and circular cross-section, and application of the principle 
of static equilibrium such that / 4WALL P D l . In vivo and in vitro measurements 
are consistent with one another, although the in vitro measurements were made at 
substantially lower wall shear rates.  In vivo measurements of shear stress at shear rates 
below 300 s-1 are typically much higher that those obtained in vitro, thus suggesting a 
greater increase in apparent viscosity with reductions in shear rate in vivo [11].  These 
in vitro studies also demonstrated that shear stress-shear rate relations for glass tubes of 
microvessel dimensions could be described regardless of tube size provided that the 
tube hematocrit was correctly specified.  It was thus hypothesized that given the correct 
tube hematocrit, the relationship between blood viscosity and shear rates in 
microvessels could be uniquely specified for tubes representative of arterioles and 
venules.  Because of the complexities of red cell distribution and heterogeneity of 
hematocrit within the microvascular network, this hypothesis has not been validated in 
vivo.  However, at the low levels of microvessel hematocrit typical of the 
microcirculation, a nearly linear relationship between viscosity and tube hematocrit has 
been suggested by bulk viscometric measurements [16].  Direct measurements of 
pressure drops and flows in small arterioles (24 – 47μm diameter) have revealed a 
linear relationship between apparent viscosity and hematocrit when microvessel 
hematocrits were varied by intentional hemodilution with cell free plasma over a range 
of hematocrits from 3 – 35% [17].  This relationship was identical to that obtained by 
in vitro viscometry using a Weissenberg rheogoniometer at comparable shear rates of 
2000 s-1.   
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Figure 2. Comparison of wall shear stress ( WALL) vs shear rate ( ) for measurements in a 29 μm
glass tube [15] with in vivo measurements for a small 34 μm  arteriole [11].   

With diminishing vessel diameter, the particulate nature of blood dominates the 
resistance to flow.  In vitro simulation of capillary flows using polycarbonate sieves 
with 5 μm pores was pioneered by Gregersen, Chien and Usami [18] and emphasized 
the dominant contribution of red cell deformability to perfusion of capillaries.  Through 
such experimental simulations it is now recognized that the initial deformation that red 
blood cells (RBC) and white blood cells (WBC) incur upon entry to a capillary 
contributes significantly to the pressure drop across individual capillaries [19-21].  
Thus, the contribution of the intrinsic properties of blood to hemodynamic resistance 
changes markedly throughout the succession of vessels from arterioles to capillaries as 
diameter changes between divisions. 

2. In Vivo Determinants of Blood Viscosity and Resistance 

2.1. Blood Cell Deformability 

The contribution of blood cell deformability to hemodynamic resistance varies 
markedly throughout the succession of vessels from arterioles to capillaries as diameter 
varies between divisions. Blood cell deformability affects the entrance of blood cells 
into capillaries and RBC with reduced deformability in pathological disorders (e.g., 
sickle cell disease) may be sequestered at the capillary entrance. Stiffening of the red 
cell membrane or elevations in hemoglobin viscosity may impede RBC transit through 
capillaries [22-24]. Studies of the flow of RBC with impaired deformability have been 
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performed by infusing hardened cells into the subject animal and observing flow 
effects by intravital microscopy.  For example, by hardening the RBC membrane with 
diamide and then infusing these cells into a rat, it was found that flow velocities in 
mesenteric capillaries were reduced by 30% under normal perfusion pressures and 
vascular stasis ensued following reductions in perfusion pressure[25]. Similar studies 
using RBC partially hardened with glutaraldehyde found that cells were preferentially 
sequestered in non-tube-like, sinusoidal vessels with preference for sequestration in 
bone marrow, liver, lung and spleen[26] .The normally stiffer WBC traverse the 
capillary network through larger thoroughfare channels [27], and WBC may become 
trapped at the capillary entrance or incur a prolonged transit time following their 
stiffening with activation during inflammation[28, 29]. 
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Figure 3. Mean Transit Time (TT) of hardened RBC relative to plasma for the transit from terminal 
arteriole to collecting venule across the capillary bed of cremaster muscle [30].  Prior to the infusion 
of bolus injections RBC deformability was measured by the steady state filtration method; the 
filtration parameter  was computed from the ratio of pressure drop across 5 m filters for cells and 
suspending medium according to the method of Skalak et al. [31]. 

Use of the in vitro steady flow micropore filtration technique  [18] to derive a 
quantitative assessment of cell deformability has placed in vivo observations on a 
firmer foundation.  For example, using the deformability parameter, , defined as the 
ratio of resistance to flow through a filter pore in the presence of red cells to that for 
suspending medium alone, it has been possible to understand how cell deformability 
affects RBC [30] and WBC [27] transit through the capillary bed. For example, shown 
in Figure 3 is the variation of the ratio of mean transit time of red cells through the 
capillary network in cremaster muscle, normalized to the mean transit time of plasma 
through the same vascular segment [30]. Transit time (TT) was computed from analysis 
of intensity-time curves following bolus injections of fluorescently labeled RBC or 
dextran dissolved in plasma.  Intensity-time curves in terminal arterioles and collecting 
venules were recorded following bolus infusions of RBC hardened to various degrees 
with glutaraldehyde, with RBC deformability characterized by filtration.  As shown, 
with increases in  from the norm of 2.4 up to 10.0, RBC traverse the capillary network 
with little hindrance and are able to recruit additional pathways through the capillary 
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network as needed.  However, as  increases further, the transit time increases 
dramatically due to: (a) reductions in red cell velocity with increased rigidity; (b) 
reductions in the number of available parallel pathways due to sequestration of cells in 
the smallest diameter capillaries of the segment. 
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Figure 4. Transient filtration of leukocytes through 5 μm pore polycarbonate filters reveal the 
heterogeneity of cell deformability [35]. (A) A Bolus of WBC was initially trapped in the majority 
of pores in the filter and the flow steadily increased.  (B) As pressure drop across the filter increased 
with flow, the fraction of cells trapped in pores decreased.  (C) The cumulative probability of a cell 
passing through the filter at a given pressure drop was calculated as 1 – Fraction Trapped, and fit 
with a log-normal distribution. (D) Frequency distribution of yield pressures required to force a 
WBC through the pores. 

While the steady state filtration technique provides a quantitative measure of cell 
deformability, it does not model the relationship between cell entrapment and the 
heterogeneity in size and deformability of the cell population.  It has been shown that 
as flow rate increased through 5 μm pores of polycarbonate filters, the retention of 
WBC decreases exponentially with total flow through the filter [32].  In vivo studies of 
the sequestration of WBC in the pulmonary capillaries have shown that infused 
radiolabelled WBC exhibited an exponential washout with time that could be 
prolonged by hardening the WBC with glutaraldehyde prior to infusion [33].  
Biophysical studies of the entry of WBC into micropipettes reveal that there exists a 
critical yield pressure (Py) which must be exceeded for a WBC of a given diameter to 
enter a micropipette of a specific size and that the independent geometric variable is the 
ratio of cell to pipette diameter [34].  To illustrate the effects of heterogeneity in cell 
deformability and diameter for a given population of WBC, and the heterogeneity of 
pore diameter in a polycarbonate filter, the transient filtration test was analyzed to 
determine a mean filtration pressure [35].  Shown in Figure 4A is the variation of total 
flow through a filter vs. pressure drop following the initial entrapment of a population 
of cells approximately equal in number to the total number of pores in the filter.  As the 
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pressure drop increases from zero, flow initially increases non-linearly.  The fraction of 
cells trapped at a given pressure (Figure 4B) was computed from the total number of 
pores and the resistance to flow ( P/Q) measured during the washout of cells.  Using 
this relationship to define the probability that a WBC remains trapped (pr) for all 
pressures below the value on the abscissa, the probability that a cell will pass through 
the filter was then taken as 1-pr and fit with a log-normal distribution (panel 4C).  The 
probability density function that represents the frequency distribution of yield pressures, 
Py, was then computed (panel 4D).  Under these idealized assumptions, it is evident 
that while the mean yield pressure is a relatively low value (i.e., mean = 0.25 cm H2O), 
the standard deviation is relatively large and may represent the summated effects of 
heterogeneity in deformability as well as the ratio of cell to pore diameter. 
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Figure 5.  Mean yield pressure determined for a population of rat WBC as measured by the transient 
filtration method.  The filter pores were enlarged by etching the filter in concentrated NaOH.  The 
ratio of cell to pore diameter was calculated for the measured mean diameter of cells and filter pores; 
mean diameters determined by orifice-type electronic sizing and pore diameter via hydrodynamic 
analysis.

To assess the effect of varying pore diameter, polycarbonate micropore filters were 
etched with NaOH to enlarge the pores.  The mean pore diameter (DPORE) was then 
calculated from the measured pressure drop and flow of buffer through the filter, 
assuming Poiseuille’s law holds for each of the measured total number of pores in the 
filter for a filter of known thickness (i.e., pore length).  The mean cell diameter (DCELL)
of WBC in the suspension was determined using a Coulter counter calibrated against 
microspheres of known size.  The resulting trends of mean yield pressure as a function 
of = DCELL/DPORE are shown in Figure 5. Over the range of 1.3  1.5 there appears 
to be a relative plateau in mean yield pressure.  This plateau appears to arise from the 
deformation of the WBC with greater pressure drops and flow rates through the filter as 
well as cells being swept through the pathways of least resistance (i.e., larger filter 
pores) at a given pressure drop.  Such behavior has been noted in vivo as bolus 
infusions of WBC traverse the capillary network in cremaster muscle [27].  As shown 
in these muscle studies, WBC tend to take more centralized pathways through the 
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tissue via thoroughfare channels or the capillaries with the largest diameter. As 
increases above 1,5, a dramatic rise in the mean filtration pressure occurs, which is 
indicative of the propensity for cell sequestration with stiffened WBC during activation 
during the inflammatory process [27, 29, 36]. 

2.2. Red Cell Aggregation 

The role of red cell aggregation (RCA) in affecting the resistance to flow in 
microvessels has not been fully clarified. Although in vitro viscometry demonstrates 
increases in blood viscosity with reductions in shear rate ( ) [37], the resistance to 
flow in small-bore tubes does not necessarily exhibit the same correlation. In vitro
studies with glass tubes comparable in size to microvessels [38] have suggested that the 
apparent viscosity of blood may decrease with onset of RCA, presumably because of 
exclusion of aggregates from the tube entrance or their radial migration toward the 
axial core of the tube. In contrast, direct in vivo hemodynamic measurements in normal 
[39] and low-flow states [40] reveal a dramatic rise in apparent viscosity and increased 
resistance with reductions in shear rate. It has been suggested that the behavior of 
aggregates at the entrance to successive arteriolar bifurcations and venular confluences 
may be a source of increased resistance to explain the basis for this disparity. It has also 
been postulated that the increased viscosity that arises from RCA may be negated by 
the migration of red cell aggregates to the central axial core of small vessels [41]. 
However, in vivo studies of the trajectories of red cell aggregates in venous vessels 
reveal that this effect is small and that a blunting of the velocity profile may be the 
dominant effect [41].   

Analysis of the in vivo effect of RCA on resistance has been impeded by the 
inability to quantitatively define the degree of aggregation and the variability of 
aggregate strength obtained by different means.  The use of high molecular weight 
dextrans (70–150 kDa) to induce RCA has been frequently used to induce RCA for 
studies of changes in flow and resistance [40-44].  In vitro and theoretical studies have 
provided a biophysical foundation for understanding the relationship between shearing 
forces and the strength of red cell aggregation. It has been shown that as the strength of 
aggregation increases, RBC form rouleaux and then clumps [45].  In vivo studies have 
demonstrated that the rouleaux are much more easily disrupted at bifurcations whereas 
clumps may become lodged at the entrance to capillaries [46].  A major problem with 
elucidating the effects of aggregation by direct intravital microscopy of the 
microcirculation has been that, as aggregation increases (e.g., dextran infusion), red 
cells become trapped in organs outside the field of view and hematocrit falls 
dramatically.  Measurements of pressure drop from feeding arteriole (PA) to collecting 
venule (PV) in the modular network of rabbit omentum have shown that resistance, 
calculated from PAV/QARTERIOLE, first rises by about 10% as the circulating 
concentration of 500 kDa dextran increases to 1 gm%, then falls to 50% of normal as 
the concentration reaches 2 gm% [47].  This entrapment of cells in tissues outside the 
field of view suggests that the greatest influence of RCA is not its ability to increase 
blood viscosity, but rather its effect on cell sequestration at branch points in the 
microcirculation. 

To illustrate the variability of hematocrit and aggregate formation observed in the 
microvasculature, Figures 6A and 6B show red cells flowing at reduced flow rate in 
post-capillary venules of rat mesentery.  Induction of RCA by infusing fibrinogen into 
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the systemic circulation of the rat, up to its maximum solubility of around 0.7 gm% 
which is the upper limit observed in clinical disorders, results in rouleaux formation in 
post-capillary venules during an induced low flow state.  In contrast, the formation of 
clump-type RBC aggregates by infusion of 500 kDa dextran results in dramatic 
reductions in microvessel hematocrit.  On average, microvessel hematocrit changed 
insignificantly due to fibrinogen but in response to dextran the packed cell fraction 
declined by almost 40% with a circulating concentration of 3 gm% [46, 48].  
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Figure 6. (A) Rouleaux formation of red cells in a post-capillary venule observed in the mesentery 
of the rat during reductions in flow achieved by upstream occlusion with a blunted micropipette for 
estimated wall shear rates < 50 s-1.  (B) Formation of clumped aggregates of red cells following 
infusion of 500 kDa dextran.  (C) Aggregation index computed from light scattering measurements 
in post-capillary venules as a function of estimated wall shear rate, , calculated from measured  
red cell velocity (VMEAN) and vessel diameter (D) as 8VMEAN/D).  Shear rates were reduced by a 
proximal occlusion of the feeding arterioles with a blunted micropipette.  From [46] with permission. 

Numerous techniques have been devised to quantitate red cell aggregation in a 
flow field, with applications to either in vitro flow models or direct microvascular 
measurements: estimates of aggregate size have been extracted from direct 
measurement of clump or aggregate  size [44, 49], Fourier analysis of spatial variations 
in light intensity [50], analysis of transmitted and reflected light [51], and measurement 
of the light scattering properties of blood [48].  To illustrate the variability of RCA 
with shear rates in microvessels, Figure 6C presents an index of aggregation (G) 
computed from the light scattering of red blood cells [46].  The parameter G was 
computed from measurements of the scattering component of optical density, ODSCAT..
Assuming that the effective size of a particle could be deduced from theoretical 
considerations of the relationship between ODSCAT  and the surface area to volume ratio 
of an aggregate, G then corresponds to the number of particles (i.e., individual red 
cells) per aggregate.  With reductions in shear rates by occlusion of proximal 
microvessels, it appears that the dextran-induced aggregation is greater and more 
sensitive to shear rate compared with fibrinogen-induced aggregation.  Observations of 
the disruption of aggregates at arteriolar to capillary bifurcations suggest that the 
rouleaux formed with fibrinogen are much more easily dispersed compared with the 
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clumps resulting from the 500 kDa dextran.  In terms of hydrodynamics, the greatest 
difference between the two types of aggregation (i.e., fibrinogen vs. 500 kDa dextran) 
appears to be the effects on hematocrit and WBC margination.  Although the 
fibrinogen-induced aggregation is much less in magnitude compared to dextran, the 
maintenance of a higher tube hematocrit with fibrinogen-induced RCA results in an 
enhanced radial migration of WBC and increased WBC flux along the venular wall 
[46].  In the case of dextran, the formation of large plasma gaps (Figure 6B) between 
aggregates tends to trap WBC and lessen their frequency of contact with the 
endothelium. 

The effects of the intensity of aggregation and the size of aggregates on the 
resistance to flow remains to be explored.  It has been postulated that disruption of 
aggregates as blood flows through microvessels having an irregular cross-section that 
varies with vessel length may cause an increase in energy dissipation [50].  This 
scenario has been implicated previously as a possible cause of the rise in measured 
effective viscosity of blood in arterioles and venules in response to reductions in shear 
rates [11].  Although aggregation measurements were not made in these studies, a four-
fold increase in effective viscosity of blood was found in arterioles and venules with 
reductions in mean flow velocity from 4 to 0.2 mm/s.  These large increases of in vivo
viscosity were also attributed to the presence of leukocyte-endothelium adhesion, 
which affected the resistance to flow by obstructing the lumen.  It was subsequently 
shown that when as few as 10 WBC adhere to the endothelium per 100 μm of vessel 
length in post-capillary venules, the resistance to flow may increase 2-fold [52].  The 
potential for enhanced WBC flux due to RCA may thus contribute to increased 
resistance to flow due to elevated WBC-endothelial cell adhesion. 
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Figure 7.  Steady state filtration test of red cell flow through 5 m pore polycarbonate filters.   The 
filtration parameter  represents the ratio of the resistance to flow through a pore with red cells 
present to that with buffer alone [31] and is normalized to its value in a non-aggregating suspension 
(i.e., RBC in Ringers solution).  Red cells from rat were suspended in Ringers solution containing 
the indicated concentration of 150 kDa dextran. The curve is a least squares quadratic fit of the data.   

The effect of RCA on the ability of RBC to enter capillaries is also difficult to 
measure in vivo.  However, in vitro tests using the steady state filtration method with 5 
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μm pore polycarbonate filters may provide new insights into abnormal increases in 
resistance attendant to RCA.  Illustrated in Figure 7 are preliminary data for rat red 
cells resuspended in Ringers solution containing 150 kDa dextran.  As shown, the 
steady state filtration parameter  (i.e., ratio of resistance to flow within a pore in the 
presence of RBC to resistance with buffer alone) increases by about 50% to a 
maximum at a concentration of dextran on the order of 3 gm%.  If these relations apply 
in vivo, one would need a 50% increase of pressure gradient at the capillary level to 
maintain flow in capillaries. 

2.3. Vascular Geometry 

It must be emphasized that all rheological and flow measurements within the 
microvasculature are subject to the uncertainties associated with an imprecise 
knowledge of the vascular geometry.  For example, when computing the effective 
viscosity of blood from measurements of pressure drop and flow it is assumed that the 
vessel is a smooth-walled cylinder of circular cross-section.  Histological evidence 
clearly suggests otherwise.  For example, many venules appear to be elliptical in cross-
section, and this departure from the ideal is ignored when measuring venular diameter 
from observations of the width of a venule in the focal plane of a living tissue.   
Furthermore, normal vascular tone may change and the shape of the lumen may change 
dramatically with increased smooth muscle tone [53].  In previous studies measuring 
the in vivo apparent viscosity of blood in the microcirculation [11], it was found that 
the viscosity was 43% greater in venules compared to arterioles (5.15 vs 3.59 mPa.s, 
respectively).  This disparity was attributed, in part, to irregularities in the microvessel 
walls, greater red cell aggregation due to the lower shear rates in venules, low levels of 
WBC-EC adhesion in the postcapillary venules and possibly unequal hematocrits. 

To determine the errors incurred by neglecting irregularities in vascular diameter, 
studies have been performed to view the cross-section of venules in mesenteric tissue 
by using techniques of optical sectioning microscopy.  By digitizing a stack of up to 50 
images taken in 0.5 μm increments along the optical axis (i.e., z- direction), the luminal 
shape may be computed normal to the longitudinal axis of the vessel [54].  Shown in 
Figure 8 is the resulting cross-section of a post-capillary venule in a rat mesentery 
taken under fluorescence microscopy.  The elliptical shape and other departures from a 
circular cross-section are clearly noted. 

  One can account for non-circular shapes in the measurement of flow resistance 
from Poiseuille’s law by using the hydraulic diameter, DH. The hydraulic diameter is 
defined as the diameter of an equivalent tube of circular cross-section that would have 
the same pressure drop for the same level of wall shear stress acting on tube or vessel 
walls having a wetted area S, and is defined by the relation: DH = 4A/S, where A is the 
cross-sectional area of the vessel.  For six venules ranging in width in the x-y focal 
plane from 9.0 to 23.0 m with an average width of 17.5 ± 4.8 m (mean ± SD), the 
average DH was 15.9 ± 4.0 μm.  Thus, due to the fourth power relationship between 
diameter and resistance given by Poiseuille's Law, the apparent 10% over estimation of 
luminal diameter using the width of the microvessel could result in a 40% overestimate 
of the apparent viscosity in vivo.  The significance of these findings lies in the fact that 
earlier calculations of in vivo apparent viscosity [11] revealed a 50% greater apparent 
viscosity in postcapillary venules compared with arterioles in mesentery of the cat.   
Hence, given that arterioles are generally much more circular than venules in their non-
vasoconstricted states [53], it is likely that irregularities in diameter may have played a 
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role in elevating the venular apparent viscosity.  It would appear that a systematic 
analysis of the cross-sectional shape of small blood vessels is needed to fully 
understand resistance changes in normal and pathological flow states.   

10 m

Figure 8.  Computer reconstruction of the cross-section of a post-capillary venule in the mesentery 
of the rat.  The venular endothelium was stained with the fluorescent dye acridine orange and a stack 
of 50 images digitized in the optical axis z- direction.  The cross-section was computed by 
deconvolving the stack of x-y images using the techniques of optical sectioning microscopy [54].  
The lumen of the vessel is outlined by the white line.  

In addition to these departures from the ideal, the presence of the macromolecular 
surface layer on the endothelium [55] has also been implicated as being 
hemodynamically significant [56].  The presence of a 0.3–1.0 m thick layer (i.e., the 
glycocalyx) composed of proteoglycans and polysaccharides has been implicated as a 
significant source of increased resistance to flow in capillaries [56, 57].  Numerical 
simulations of blood flow through capillaries [58] suggest that red cell movement 
through a capillary may be hindered by the glycocalyx.  Experimental measurements of 
the velocity profile within small venules suggest the presence of a significant 
displacement thickness due to the glycocalyx on the endothelium [59].  It has also been 
shown that the composition of the glycocalyx, and presumably its thickness, may be 
altered due to changes in wall shear stresses and/or enzymatic degradation during the 
inflammatory process [60].  The importance of these observations in affecting the 
resistance to flow in normal and pathological flow states remains to be explored. 

3.  Conclusions 

The evolution of knowledge of the rheological behavior of blood flow in the 
microcirculation has provided a solid foundation for interpreting in vivo observations in 
normal and pathological flow states. The development of new instrumentation and 
approaches has paralleled the acquisition of rheological data and provided many new 
tools to bear on the problem.  Many problems remain to be explored on both the 
cellular and molecular levels.  The general approach to date has been to make 
observations at the cellular and/or molecular level and interpret them within the 
framework of a continuum (e.g., Poiseuille’s law).  However, with the advent of major 
advances in computational power, and new techniques of microscopy such as multi-
photon spectroscopy or other fluorescence techniques, there is greater potential for 
addressing rheological questions at the molecular level and more completely 
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understanding the mechanics of microvascular perfusion.  Such studies would facilitate 
the integration of the rheological properties of blood with mechanical forces that affect 
cell signaling events which, in turn, affect microvascular function in health and disease. 
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