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Abstract

BACKGROUND—Higher hematocrit increases oxygen carrying capacity of blood, but also 

increases blood viscosity, thus decreasing blood flow through the microvasculature and reducing 

the oxygen delivery to tissues. Therefore, an optimal value of hematocrit that maximizes tissue 

oxygenation must exist.

STUDY DESIGN AND METHODS—We used viscometry and an artificial microvascular 

network (AMVN) device to determine optimal hematocrit in vitro. Suspensions of fresh red blood 

cells (RBCs) in plasma, normal saline or a protein-containing buffer, and suspensions of stored 

RBCs (at week 6 of standard hypothermic storage) in plasma with hematocrits ranging 10 – 80% 

were evaluated.

RESULTS—For viscometry, optimal hematocrits were 10, 25.2, 31.9, 37.1 and 37.5% for fresh 

RBCs in plasma at shear rates of ≤3.2, 11.0, 27.7, 69.5, and 128.5 s−1. For the AMVN, optimal 

hematocrits were 51.1, 55.6, 59.2, 60.9, 62.3 and 64.6% for fresh RBCs in plasma and 46.4, 48.1, 

54.8, 61.4, 65.7 and 66.5% for stored RBCs in plasma at pressures of 2.5, 5, 10, 20, 40 and 60 

cmH2O.

CONCLUSION—Although exact values of optimal hematocrit may depend on specific 

microvascular architecture, our results suggest that optimal hematocrit for oxygen delivery in the 

microvasculature depends on perfusion pressure. Anemia in chronic disorders may, therefore, 

represent a beneficial physiological response to reduced perfusion pressure resulting from 

decreased heart function and/or vascular stenosis. Our results may help explain why 

therapeutically increasing hematocrit in such conditions with RBC transfusion frequently leads to 

worse clinical outcomes.

Introduction

Tissue oxygenation is determined by the product of oxygen carrying capacity of blood and 

the rate of blood flow through the tissue’s microvasculature. Because the oxygen carrying 

capacity of blood depends on the number of red blood cells (RBCs) available to participate 

in the transport of oxygen (as well as on the ability of individual RBCs to carry oxygen), 
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tissue oxygenation should theoretically increase with increasing hematocrit. However, 

increasing hematocrit also increases the apparent viscosity of blood, which diminishes the 

flow of blood through the microvasculature and therefore reduces tissue oxygenation. A 

value of hematocrit for which these two opposite effects balance each other represents the 

optimal hematocrit that maximizes tissue oxygenation.1–3

Under normal physiological conditions, hematocrit is maintained at 35–45% in women and 

at 40–50% in men.4 These normal values, however, may not represent the optimal 

hematocrit, since an increase in hematocrit for healthy young athletes can elevate their 

exercise performance.5,6 On the other hand, chronic inflammatory processes, infections, 

chronic kidney disease, heart failure and cancer are often associated with anemia (i.e. 

decreased hematocrit), and it is debated if anemia in these conditions is a marker or a 

mediator of disease.7–12 Current guidelines recommend a restrictive transfusion strategy 

with a threshold value for hemoglobin at 7–8 g/dL, corresponding to a hematocrit of 20.6 – 

23.5%.13,14 This discrepancy between the apparently higher than normal optimal hematocrit 

in healthy young athletes, and lower than normal optimal hematocrit in patients is intriguing 

and deserves further investigation.

Previous in vitro studies have attempted to estimate the optimal value of hematocrit for 

tissue oxygenation in vivo using straight capillary tubes with different diameters, perfused at 

various shear stresses with whole blood or RBC suspensions.1,15–20 In these prior studies, 

the optimal hematocrit was described by the dynamic relationship between hematocrit and 

apparent blood viscosity in the capillary tubes. Oxygen transport effectiveness, calculated as 

the quotient of hematocrit and apparent blood viscosity, was plotted against hematocrit, 

creating a parabolic curve with the maximum at the optimal hematocrit. Several in vivo 
studies have also attempted to determine the optimal hematocrit in short, non-bifurcating 

segments of microvessels.21,22 While these studies expanded upon the earlier in vitro studies 

(by introducing factors such as vasodilation/-constriction and RBC-endothelium 

interactions), they also could not account for the dynamic heterogeneity of hematocrit found 

in complex networks of bifurcating capillaries23–25 and thus could not properly describe the 

optimal hematocrit in the microvasculature.

The ability of the circulatory system to transport oxygen to tissues and organs is determined 

by both the rheology of blood and the architecture of the microvasculature. Microvascular 

networks generally consist of relatively short (<400 μm) capillary segments of various 

diameters interconnected in a branching pattern. Because of plasma skimming, in any non-

symmetrical capillary bifurcation the daughter branch with the highest flow rate receives an 

even higher fraction of all RBCs entering the bifurcation, thus increasing the local 

hematocrit in this branch. Higher hematocrit increases the apparent viscosity of blood and 

therefore reduces the rate of blood flow through that branch, which in turn reduces the 

fraction of RBCs the daughter branch receives from the bifurcation.26,27 This coupling 

between plasma skimming in capillary bifurcations and the dependence of blood viscosity 

on local hematocrit generates spontaneous oscillations of blood flow in capillary segments 

of microvascular networks, and produces a highly heterogeneous and dynamically changing 

distribution of hematocrit throughout the microvasculature.23–25
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In this study we hypothesized that optimal hematocrit for capillary networks may differ from 

that for straight capillary tubes or short, non-bifurcating segments of microvessels, and that 

its value may depend on the overall pressure differential applied to the capillary network. We 

tested this hypothesis using the artificial microvascular network (AMVN), a microfluidic 

device composed of interconnected capillary microchannels arranged in a pattern inspired by 

the microvasculature of rat mesentery.28–30 We have used the AMVN previously to measure 

the impact of RBC deformability,29,31 shape,32 aggregation,33 and osmolality of the 

suspending medium34 on perfusion of microvasculature in vitro, to demonstrate the 

occurrence of self-sustaining spontaneous oscillations of capillary blood flow in 

microvascular networks25 and to document a significant improvement in rheological 

properties of RBCs stored anaerobically35 and after washing in normal saline30 or in 1% 

solution of human serum albumin.36 Here, the AMVN enabled systematic evaluation of a 

range of hematocrits at a number of precisely controlled pressure differentials in a capillary 

network with complex architecture (Figure 1).

Materials and Methods

Fabrication of the AMVN devices

The design and fabrication of the AMVN devices has been previously described in detail.30 

Briefly, a patterned silicon wafer was used to mold the AMVN devices from 

polydimethylsiloxane (PDMS; Sylgard 184, Dow Corning, Midland, MI). Assembled 

devices were filled with GASP buffer (1.3 mM NaH2PO4, 9 mM Na2HPO4, 140 mM NaCl, 

5.5 mM glucose, 1% bovine serum albumin; osmolality 290 mmol/kg; pH 7.4)30 containing 

1% mPEG-silane (Laysan Bio, Arab, AL) and incubated at ambient temperature for 8 hours.

Sample preparation for viscometry measurements

Whole blood was collected via venipuncture from healthy consenting volunteers (n = 10) 

into Vacutainer tubes (10 mL, K2EDTA, BD, Franklin Lakes, NJ). Whole blood was 

centrifuged at 2500 × g for 5 minutes. Supernatant plasma centrifuged at 2500 × g for 10 

minutes to remove any remaining cells. Residual plasma, leukocytes and the uppermost 

layer of RBCs were removed via aspiration. For suspensions in saline, packed RBCs were 

washed twice in saline and then re-suspended in saline at 60% hematocrit. For suspensions 

in autologous plasma, packed RBCs were re-suspended in autologous plasma at 60% 

hematocrit, verified with a hematology analyzer (XT-1800i, Sysmex, Kobe, Japan). Aliquots 

with hematocrits of 10, 20, 30, 35, 40, 45 and 50% were then prepared by diluting the stock 

suspensions with calculated volumes of saline or autologous plasma.

Sample preparation for the AMVN measurements

Whole blood was collected via venipuncture from healthy consenting volunteers (n = 7) into 

Vacutainer tubes (10 mL, K2EDTA, BD, Franklin Lakes, NJ). Whole blood was centrifuged 

at 3000 × g for 5 minutes. Supernatant plasma was aspirated and centrifuged at 3000 × g for 

10 minutes to remove any remaining cells. Residual plasma, leukocytes and the uppermost 

layer of RBCs were removed via aspiration. Packed RBCs were diluted with GASP buffer 

and leukocyte-depleted with a leukoreduction filter (Purecell NEO, Haemonetics, Braintree, 

MA). The leukoreduced filtrate was centrifuged at 3000 × g for 5 minutes, and the 
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supernatant GASP and the uppermost layer of RBCs were removed via aspiration. For 

suspensions in GASP buffer, packed RBCs were re-suspended at 80% hematocrit, verified 

with a hematology analyzer (Medonic M-series, Boule Medical, Stockholm, Sweden). For 

suspensions in plasma, packed RBCs were diluted in autologous plasma and centrifuged at 

3000 × g for 5 minutes (to ensure removal of residual GASP buffer), then re-suspended in 

autologous plasma at 80% hematocrit, verified by microcentrifugation performed in 

triplicate (PowerSpin BX, Unico, Dayton, NJ). Aliquots with hematocrits of 10, 20, 30, 35, 

40, 45, 50, 55, 60, and 70% were then prepared by diluting the stock suspensions with 

calculated volumes of GASP buffer or autologous plasma.

Units of RBCs (n = 7) stored hypothermically for 6 weeks were purchased from a blood 

bank (CPD>AS-1, leukoreduced, Gulf Coast Regional Blood Center, Houston, TX). Stored 

RBCs were centrifuged at 3000 × g for 5 minutes. The supernatant storage solution and the 

uppermost layer of RBCs were removed via aspiration. Aliquots of stored RBCs in thawed 

fresh frozen plasma (random donor, group AB, Gulf Coast Regional Blood Center) were 

then prepared, and the hematocrits were verified as described above. All samples were 

evaluated within 4 hours.

Measurements of viscometry

A Couette-type coaxial rotational viscometer (Contraves LS30, ProRheo, Althengstedt, 

Germany) calibrated with H2O (0.7 mPa·s at 37°C) was used. RBC suspension viscosities 

were measured at shear rates of 128.5, 69.5, 27.7, 11.0, 3.2, 0.95, 0.28 and 0.11 s−1. All 

samples were incubated in a water bath at 37°C before completing the measurements, and all 

viscosity measurements were performed at 37°C.

Measurements of the AMVN perfusion rate

The measurements of the AMVN perfusion rate were performed as previously described in 

detail.30,33 A water reservoir (30 mL syringe, BD) fixed to a linear motion stage (Series A40 

UniSlides, Velmex, Bloomfield, NY) and connected to the AMVN outlet by flexible tubing 

was used to modulate the perfusion pressure differential across the AMVN. To perform the 

AMVN measurement, an AMVN device was secured to the stage of the microscope, 

connected to the water reservoir, and flushed with GASP buffer. A sample of 25 μL of RBC 

suspension was then pipetted into each AMVN inlet port, and a 2 mm magnetic stir bar 

(Spinbar, Bel-Art, Wayne, NJ) was inserted into each inlet. A magnetic stirrer (Model 1060, 

Instech Laboratories, Plymouth Meeting, PA) was used to actuate the stir bars. The RBC 

samples were allowed to fully fill the network, then the driving pressure was set to 0 

cmH2O, and imaging of the 70 μm wide “venule” channels downstream of the AMVN was 

initiated as described below. Three bursts of images were collected at 0 cmH2O, then 18 

bursts were collected at driving pressures of 60, 40, 20, 10, 5 and 2.5 cmH2O, respectively.

Images of the AMVN were acquired with an inverted bright-field microscope (IX73, 

Olympus, Center Valley, PA) equipped with a high-speed CMOS camera (Flea3, Point Grey 

Research, Richmond, Canada). A band-pass blue filter (B-390, Hoya, Fremont, CA) was 

used to improve image contrast. Image sequences were acquired at 10× magnification in 

bursts of 10 frames (at 150 fps) every 10 seconds for the duration of each measurement. 
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Image sequences were analyzed offline with a custom algorithm implemented in MATLAB 

(MathWorks, Natick, MA).

Statistical analysis

Statistical analysis was performed using built-in functions of MATLAB 2014b Statistics 

Toolbox (MathWorks). Two-way repeated measures analysis of variance (ANOVA) was used 

to evaluate interactions between groups. A p-value of less than 0.05 was considered 

significant. Oxygen transport effectiveness datasets from viscometry were fit with second 

degree polynomials and those obtained from AMVN measurements were fit with third 

degree polynomials.

Results

Figure 2 shows the viscosities of fresh RBC suspensions in saline (Fig. 2a) and in plasma 

(Fig. 2b) measured across a range of shear rates (0.3 – 128 s−1) for various hematocrits. For 

all hematocrits, suspension viscosity increased with decreasing shear rate. Increases in 

suspension viscosity at decreasing shear rates were larger for higher hematocrits. The 

viscosity of RBC suspensions in plasma were higher than that of RBC suspensions in saline, 

which reflected higher viscosity of plasma and the ability of plasma proteins to induce RBC 

aggregation. Oxygen transport effectiveness (defined as sample hematocrit, Hct, divided by 

sample viscosity, η) increased with increasing shear rate and was generally higher for RBC 

suspensions in saline (Fig. 2c) than in plasma (Fig. 2d). In saline, oxygen transport 

effectiveness decreased almost linearly for all shear rates, while in plasma, oxygen transport 

effectiveness plateaued at intermediate hematocrits for high shear rates (11 – 128 s−1) and 

decreased almost linearly for low shear rates (0.3 – 3.2 s−1). The interaction between Hct 

and viscosity as well as the interaction between Hct and oxygen transport effectiveness 

(assessed via viscometry) were found to be statistically significant (p ≪ 0.001) across all 

shear rates evaluated.

Figure 3 shows the AMVN perfusion rate for fresh RBCs suspended in GASP buffer (Fig. 

3a) and in plasma (Fig. 3b) evaluated across a range of driving pressures (2.5 – 60 cmH2O) 

for various sample hematocrits. The AMVN perfusion rate for RBC suspensions in GASP 

buffer (Fig. 3a) and in plasma (Fig. 3b) decreased approximately linearly with increasing 

hematocrit across all driving pressures evaluated, and was generally lower for RBCs 

suspended in plasma than in GASP buffer, for all corresponding driving pressures and 

hematocrits. We defined oxygen transport effectiveness as the product of the AMVN 

perfusion rate, QAMVN, and sample hematocrit, Hct, divided by the driving pressure, ΔP. 

The oxygen transport effectiveness reached maximum at intermediate hematocrits for both 

RBC suspensions in GASP buffer (Fig. 3c) and in plasma (Fig. 3d) across all driving 

pressures. The gradual shift of the maximal oxygen transport effectiveness towards higher 

hematocrits was more pronounced for suspensions in plasma than in GASP buffer (compare 

Fig. 3d and Fig. 3c). The oxygen transport effectiveness was generally lowest at the lowest 

hematocrit evaluated (10%) for both types of suspensions. The interaction between Hct and 

AMVN perfusion rate as well as the interaction between Hct and oxygen transport 
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effectiveness (assessed via AMVN measurements) were found to be statistically significant 

(p ≪ 0.001) across all driving pressures evaluated.

Figure 4 illustrates the dependence of the AMVN perfusion rate (Fig. 4a) and of the oxygen 

transport effectiveness (Fig. 4b) on hematocrit for suspensions of stored RBCs (6 week 

storage duration) in plasma (ABO Rh-matched) at various driving pressures. Similarly to 

fresh RBCs (Fig. 3b and d), the AMVN perfusion rate for stored RBCs suspended in plasma 

declined approximately linearly with increasing hematocrit for all driving pressures (Fig. 

4a), and the oxygen transport effectiveness was maximized at intermediate hematocrits with 

the maximum shifting towards higher hematocrits for higher pressures (Fig. 4b). The 

differences between AMVN perfusion rates for fresh RBCs in plasma and stored RBCs in 

plasma were found not to be statistically significant (p > 0.073) across all driving pressures 

evaluated. The differences between oxygen transport effectivenesses for fresh RBCs in 

plasma and stored RBCs in plasma were statistically significant (p < 0.042) for driving 

pressures greater than or equal to 10 cmH2O, but were not statistically significant (p > 

0.158) for driving pressures of 5 cmH2O or below.

Figure 5 shows the dependence of optimal hematocrit (defined as the hematocrit at which 

oxygen transport effectiveness reached its maximum) on shear rate (Fig. 5a, based on data 

from Fig. 2c–d) and on driving pressure (Fig. 5b, based on data from Fig. 3c–d and Fig. 4b) 

for all RBC suspensions studied. In case of viscometry, suspensions of fresh RBCs in saline 

had the optimal hematocrit consistently near the lowest value evaluated (20%). For 

suspensions of fresh RBCs in plasma, at low shear rates the optimal hematocrit was also 

near the lowest studied (10%), but then increased logarithmically with increasing shear rate, 

plateauing around 35% for the highest shear rates evaluated (10, 25.2, 31.9, 37.1 and 37.5% 

for shear rates of ≤3.2, 11.0, 27.7, 69.5, and 128.5 s−1, respectively; Fig. 5a). For perfusion 

of the artificial microvascular network (AMVN), optimal hematocrit generally increased 

with increasing driving pressure (Fig. 5b): from 42.6% at 2.5 cmH2O to 52.2% at 60 cmH2O 

for fresh RBCs suspended in GASP buffer, from 51.1% at 2.5 cmH2O to 64.5% at 60 

cmH2O for fresh RBCs suspended in plasma (51.1, 55.6, 59.2, 60.9, 62.3 and 64.6% for 

driving pressures of 2.5, 5, 10, 20, 40 and 60 cmH2O, respectively), and from 46.4% at 2.5 

cmH2O to 66.5% at 60 cmH2O for stored RBCs suspended in plasma (46.4, 48.1, 54.8, 61.4, 

65.7 and 66.5% for driving pressures of 2.5, 5, 10, 20, 40 and 60 cmH2O, respectively).

Discussion

Prior in vitro studies of optimal hematocrit in straight capillary tubes found that the capacity 

to deliver oxygen was maximized at intermediate hematocrit values, while low hematocrit 

suspensions lacked sufficient RBCs to effectively transport oxygen and high hematocrit 

suspensions were too viscous to effectively perfuse the capillary.1,15–20 The optimum 

hematocrit values for tube diameters of 500 μm, 100 μm and 50 μm were found to be 38%, 

44% and 51% respectively.17 In this study, we first performed analysis of the dynamic 

relationship between hematocrit and apparent suspension viscosity using a Couette-type 

viscometer37,38 for RBCs suspended in either plasma (which induces RBC aggregation), or 

in saline (which does not have that effect). Using the viscometric data we found that 

increasing hematocrits increased RBC suspension viscosities exponentially and that 
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suspension viscosities were inversely related to applied shear rates (Fig. 2a–b). At high shear 

(129 s−1), an increase in hematocrit from 20% to 60% increased the viscosity 3.5-fold for 

RBCs suspended in plasma and 4-fold for RBCs suspended saline. At the lowest shear rate 

investigated (0.3 s−1), the dependence of viscosity on hematocrit was even more 

pronounced; viscosity increased 17.5-fold (plasma) and 14.3-fold (saline) between 20 and 

60% hematocrit. The shear rate dependence of suspension viscosity was greater for RBCs 

suspended in plasma than in saline due to RBC aggregation in plasma; at 60% hematocrit, 

suspension viscosity increased 11.1-fold (plasma) and only 4.4-fold (saline) between shear 

rates of 129 and 0.3 s−1.

Similar to prior in vitro studies, we calculated the capacity to deliver oxygen to the 

microvasculature (oxygen transport effectiveness) as the quotient of hematocrit and apparent 

suspension viscosity. Oxygen transport effectiveness increased with increasing shear rate, 

and was generally higher for RBCs suspended in saline than in plasma (Fig. 2c–d). In saline, 

oxygen transport effectiveness decreased almost linearly as hematocrit increased from 30 to 

60%, and reached its maxima for optimal hematocrits ranging between 20% (0.3–27 s−1) 

and 22.4% (128 s−1) (Fig. 2c). For RBCs in plasma, at the highest shear rate (129 s−1), the 

oxygen transport effectiveness plateaued between 20 and 50% hematocrit, with an optimal 

hematocrit of 37.5% (Fig. 2d). At a shear rate of 69 s−1, a plateau between 20 and 50% also 

existed, but the optimal hematocrit was at 37.1%. At a shear rate of 27 s−1 a plateau was 

visible between 20 and 35%, and the optimal hematocrit was at 31.9%. At lower shear rates 

the plateau disappeared and optimal hematocrit shifted from 25.2% at 11 s−1 to 10% for all 

lower hematocrits. In other words, the value of optimal hematocrit assessed viscometrically 

shifted towards lower hematocrits with decreasing shear rates.

The estimates of optimal hematocrit derived from viscometric data are relevant primarily for 

blood flow in larger vessels. Our data suggest that for RBCs in plasma, at high shear rates 

hematocrit is optimal over a wide range with a plateau between 30 and 50% (Fig. 5a). With 

decreasing shear rates (that is decreasing blood pressure and hence blood flow, as seen in 

shock in vivo), the plateau effect may be lost and optimal hematocrits may become shifted 

towards lower values. This shift of the optimal hematocrit to lower values may even be 

aggravated in vivo by the infusion of large volumes of saline (so-called fluid resuscitation), 

which is the cornerstone of shock therapy. In our study, the optimal hematocrit for RBCs in 

saline was about 20% (Fig. 5a), suggesting that dilution of plasma with saline could 

potentially shift the optimal hematocrit to even lower values.

We further investigated the relationship between hematocrit, driving pressure and perfusion 

rate in an artificial microvascular network (AMVN). We found that the AMVN perfusion 

rate decreased approximately linearly with increasing hematocrit and that the AMVN 

perfusion rate was proportional to applied driving pressure (Fig. 3a–b). At high driving 

pressures (60 cmH2O), a decrease in hematocrit from 80% to 10% increased the AMVN 

perfusion rate 2.3-fold for RBCs suspended in plasma and 3.7-fold for RBCs suspended in 

GASP buffer. At the lowest driving pressure investigated (2.5 cmH2O), the dependence of 

the AMVN perfusion rate on hematocrit was even more pronounced; as hematocrit 

decreased from 80 to 10%, the perfusion rate increased 8.5-fold (plasma) and 7.7-fold 

(GASP buffer). The dependence of the AMVN perfusion rate on driving pressure was 
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substantially stronger for RBCs suspended in plasma than in GASP; at 80% hematocrit, as 

driving pressure increased from 2.5 to 60 cmH2O the AMVN perfusion rate increased 200-

fold for plasma and only 90-fold for GASP buffer. (For reference, under normal conditions 

the pressure drop from small arterioles to venules across the microcirculation in vivo is on 

the order of 40 cmH2O.39)

Oxygen transport effectiveness in the AMVN increased with increasing driving pressure and 

was generally higher for RBC suspensions in GASP than in plasma. In GASP buffer, oxygen 

transport effectiveness had a parabolic relationship with hematocrit, reaching its maxima for 

optimal hematocrit values ranging between 42.6% (for 2.5 cmH2O) and 52.2% (for 60 

cmH2O) (Fig. 3c and Fig. 5b). In plasma, oxygen transport effectiveness also had a parabolic 

relationship with hematocrit, however the highest values of oxygen transport effectiveness 

generally occurred at higher hematocrits than for GASP buffer – optimal hematocrit values 

for RBCs suspended in plasma ranged between 51.1% (for 2.5 cmH2O) and 64.6% (for 60 

cmH2O) (Fig. 3d and Fig. 5b). Overall, the optimal hematocrit for oxygen transport in the 

artificial microvascular network shifted towards lower values for lower driving pressures. In 

addition, stored RBCs had a lower optimal hematocrit at low perfusion pressures (≤10 

cmH2O) than fresh RBCs. A possible explanation for this result is that differences in RBC 

deformability are inversely related to applied shear forces, i.e. become more prominent at 

lower perfusion pressures. Our data suggests that plasma (as compared to GASP buffer) has 

the capacity to increase the optimum hematocrit and that optimum hematocrit, as measured 

by perfusion of the AMVN, is higher than that estimated by viscometric techniques.

Interestingly, when the AMVN was perfused with RBCs which had been stored 

hypothermically for 6 weeks and re-suspended in ABO-matched plasma, optimal hematocrit 

values ranged from 46.4% (for 2.5 cmH2O) to 66.5% (for 60 cmH2O), a wider range with 

the lower bound extending well below what we measured for fresh RBCs suspended in 

plasma (Fig. 5). The practical implications of these differences between fresh and stored 

RBCs are particularly important to the field of transfusion medicine. Because RBCs stored 

for a prolonged period of time shift the optimal hematocrit for oxygen transport 

effectiveness to lower values, massive transfusion of stored RBCs up to a physiologic value 

may not be beneficial, and lower than normal values should be the optimal target. This 

hypothesis is supported by studies in critically ill patients with sepsis40,41 and acute upper 

gastrointestinal beeding.42 In sickle cell disease, which is characterized by less deformable 

RBCs, it has been shown that increasing fractions of sickle cells progressively decrease the 

optimal hematocrit.43 Oxygen transport effectiveness at low shear rates is adversely affected 

by RBC transfusions, which may explain why transfusion therapy may actually worsen 

complications in patients with sickle cell disease.37

There are several inherent limitations of the AMVN system. The AMVN is constructed of 

PDMS, which is inert and stiff, and therefore does not reproduce the biochemical or 

mechanical properties of microvasculature in vivo.25,30,31 It has been shown in vivo that an 

increase in hematocrit increases the endothelial production of nitric oxide,44–46 which leads 

to arteriolar vasodilation,46 reduced microcirculatory driving pressure and hence reduced 

perfusion rate. A parabolic ‘U’-shaped relationship exists between hematocrit and mean 

arterial pressure,44 defining an optimal hematocrit for vasodilation. The relationship between 
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this optimal hematocrit for vasodilation and the optimal hematocrit for oxygen transport 

effectiveness remains elusive and could not be addressed in our AMVN experiments. 

Additionally, the channels of the AMVN have rectangular cross-sections, which is not 

physiological, as microvessels in vivo have circular cross-sections.47 Finally, the specific 

layout of the AMVN, which was inspired by the architecture of rat mesentery 

microvasculature, is only one possible configuration of microchannels and is not necessarily 

representative of all human microvasculature.29,30 Therefore, the specific values of optimal 

hematocrit we found using the AMVN may not be universally applicable across different 

microvascular networks and should not be directly extrapolated to all microvascular 

networks in vivo. Nevertheless, the AMVN has previously been used to investigate various 

rheological and hemodynamic phenomena and has proven to be a robust in vitro model for 

microvascular perfusion.25,29–36

The AMVN data suggest that the optimal hematocrit for tissue oxygenation could be higher 

than the physiological range, which is in contrast to the viscometric results. This exemplifies 

that blood flow properties in the circulation are complex and cannot be defined by any single 

measurement. The high optimal hematocrit seen in AMVN experiments is in agreement with 

in vivo observations in healthy young athletes, but not with clinical data in patients.6 Both of 

our in vitro methods indicated that for high shear rates or perfusion pressures (and hence 

higher rate of blood flow), the optimal hematocrit is shifted towards higher values. Well-

trained athletes meet such conditions, which could explain why blood doping and 

erythropoietin administration improve exercise performance.5 Higher than normal 

hematocrits also exist in polycythemia vera, but hematocrit reduction to values <45% is 

recommended because it reduces cardiovascular morbidity and mortality.48 Lower than 

normal hematocrits frequently accompany chronic diseases such as kidney disease, heart 

failure, critical illness, sepsis and cancer. Many of these patients are older and may have 

decreased blood flow and thus decreased microvascular perfusion pressures, either 

systemically, by an impaired pump function of the heart (e.g. in chronic heart failure), or 

locally, distal of arterial stenosis (e.g. in peripheral arterial disease). Our data suggest that at 

lower pressure differentials across the microcirculation, the optimal hematocrit would be 

shifted towards lower values. Anemia in chronic disorders may therefore be a beneficial 

response with regard to tissue oxygenation. This hypothetical notion allows a better 

understanding of why many clinical studies, which attempted to correct such anemias, 

yielded disappointing results. A normalization of anemia in chronic kidney disease did not 

reduce the risk of cardiovascular events and did not improve quality of life,7,8,10,49 but 

increased the risk of stroke and death.11,50 In septic shock,40,51 critical care,41,52 and acute 

upper gastrointestinal bleeding,42 a restrictive transfusion regimen was as effective or even 

superior to a liberal transfusion regimen. Treatment of anemia in chronic heart failure had no 

clinical benefit.12,53 Although preoperative anemia was associated with postoperative 

morbidity and mortality in cardiac and non-cardiac surgery,54,55 a preoperative correction of 

anemia did not result in improved clinical outcomes.56–58 Correction of anemia in cancer 

patients was associated with increased mortality.9,59 Current guidelines, therefore, 

recommend a restrictive RBC transfusion strategy with a hemoglobin threshold of 7–8 g/

dL.13 In locally decreased perfusion pressure, such as in peripheral arterial disease, a lower 

than normal hematocrit has been shown to be beneficial.60–62
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We conclude that the optimal hematocrit for oxygen transport in vitro decreases with 

decreasing flow rate. For flow in larger vessels, viscometry suggests that it is lower than the 

normal hematocrit, while for microvascular perfusion it may be higher than the normal 

value. By balancing those opposing effects, the normal physiological hematocrit may 

represent an optimal hematocrit for normal conditions, whereas it may be lower in diseases 

with low systemic or local blood flow. Our observations thus shed light on an old question; 

suggesting that a universally valid optimal hematocrit value may not exist, but may rather 

depend on underlying pathophysiological conditions.

Acknowledgments

This work was supported in part by a 2012 NIH Director's Transformative Research Award (NHLBI 
R01HL117329, PI: SSS).

SOURCE OF SUPPORT: This work was supported by a 2012 NIH Director’s Transformative Research Award 
(NHLBI R01HL117329, PI: Shevkoplyas).

References

1. Crowell JW, Smith EE. Determinant of the optimal hematocrit. J Appl Physiol. 1967; 22:501–4. 
[PubMed: 6020234] 

2. Stark H, Schuster S. Comparison of various approaches to calculating the optimal hematocrit in 
vertebrates. J Appl Physiol (1985). 2012; 113:355–67. [PubMed: 22604890] 

3. Reinhart WH. The optimum hematocrit. Clin Hemorheol Microcirc. 2016

4. Van Tiel E, Peeters PH, Smit HA, Nagelkerke NJ, Van Loon AJ, Grobbee DE, Bueno-de-Mesquita 
HB. Quitting smoking may restore hematological characteristics within five years. Ann Epidemiol. 
2002; 12:378–88. [PubMed: 12160596] 

5. Jelkmann W, Lundby C. Blood doping and its detection. Blood. 2011; 118:2395–404. [PubMed: 
21652677] 

6. Annaheim S, Jacob M, Krafft A, Breymann C, Rehm M, Boutellier U. RhEPO improves time to 
exhaustion by non-hematopoietic factors in humans. Eur J Appl Physiol. 2016; 116:623–33. 
[PubMed: 26729211] 

7. Besarab A, Bolton WK, Browne JK, Egrie JC, Nissenson AR, Okamoto DM, Schwab SJ, Goodkin 
DA. The effects of normal as compared with low hematocrit values in patients with cardiac disease 
who are receiving hemodialysis and epoetin. N Engl J Med. 1998; 339:584–90. [PubMed: 9718377] 

8. Singh AK, Szczech L, Tang KL, Barnhart H, Sapp S, Wolfson M, Reddan D. Investigators C. 
Correction of anemia with epoetin alfa in chronic kidney disease. N Engl J Med. 2006; 355:2085–
98. [PubMed: 17108343] 

9. Bohlius J, Schmidlin K, Brillant C, Schwarzer G, Trelle S, Seidenfeld J, Zwahlen M, Clarke M, 
Weingart O, Kluge S, Piper M, Rades D, Steensma DP, Djulbegovic B, Fey MF, Ray-Coquard I, 
Machtay M, Moebus V, Thomas G, Untch M, Schumacher M, Egger M, Engert A. Recombinant 
human erythropoiesis-stimulating agents and mortality in patients with cancer: a meta-analysis of 
randomised trials. Lancet. 2009; 373:1532–42. [PubMed: 19410717] 

10. Pfeffer MA, Burdmann EA, Chen CY, Cooper ME, de Zeeuw D, Eckardt KU, Feyzi JM, Ivanovich 
P, Kewalramani R, Levey AS, Lewis EF, McGill JB, McMurray JJ, Parfrey P, Parving HH, 
Remuzzi G, Singh AK, Solomon SD, Toto R. Investigators T. A trial of darbepoetin alfa in type 2 
diabetes and chronic kidney disease. N Engl J Med. 2009; 361:2019–32. [PubMed: 19880844] 

11. Palmer SC, Navaneethan SD, Craig JC, Johnson DW, Tonelli M, Garg AX, Pellegrini F, Ravani P, 
Jardine M, Perkovic V, Graziano G, McGee R, Nicolucci A, Tognoni G, Strippoli GF. Meta-
analysis: erythropoiesis-stimulating agents in patients with chronic kidney disease. Ann Intern 
Med. 2010; 153:23–33. [PubMed: 20439566] 

12. Swedberg K, Young JB, Anand IS, Cheng S, Desai AS, Diaz R, Maggioni AP, McMurray JJ, 
O'Connor C, Pfeffer MA, Solomon SD, Sun Y, Tendera M, van Veldhuisen DJ. Committees R-H, 

Piety et al. Page 10

Transfusion. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Investigators R-H. Treatment of anemia with darbepoetin alfa in systolic heart failure. N Engl J 
Med. 2013; 368:1210–9. [PubMed: 23473338] 

13. Carson JL, Grossman BJ, Kleinman S, Tinmouth AT, Marques MB, Fung MK, Holcomb JB, Illoh 
O, Kaplan LJ, Katz LM, Rao SV, Roback JD, Shander A, Tobian AA, Weinstein R, Swinton 
McLaughlin LG, Djulbegovic B. Clinical Transfusion Medicine Committee of the A. Red blood 
cell transfusion: a clinical practice guideline from the AABB*. Ann Intern Med. 2012; 157:49–58. 
[PubMed: 22751760] 

14. Lacroix J, Tucci M, Du Pont-Thibodeau G. Red blood cell transfusion decision making in critically 
ill children. Curr Opin Pediatr. 2015; 27:286–91. [PubMed: 25888151] 

15. Pirofsky B. The determination of blood viscosity in man by a method based on Poiseuille's law. J 
Clin Invest. 1953; 32:292–8. [PubMed: 13052686] 

16. Stone HO, Thompson HK Jr, Schmidt-Nielsen K. Influence of erythrocytes on blood viscosity. Am 
J Physiol. 1968; 214:913–8. [PubMed: 5642957] 

17. Stadler AA, Zilow EP, Linderkamp O. Blood viscosity and optimal hematocrit in narrow tubes. 
Biorheology. 1990; 27:779–88. [PubMed: 2271768] 

18. Linderkamp O, Stadler AA, Zilow EP. Blood viscosity and optimal hematocrit in preterm and full-
term neonates in 50- to 500-micrometer tubes. Pediatr Res. 1992; 32:97–102. [PubMed: 1635852] 

19. McKay CB, Meiselman HJ. Osmolality- and hematocrit-mediated flow behavior of RBC 
suspensions in 33 micrometer ID tubes. Biorheology. 1989; 26:863–74. [PubMed: 2611376] 

20. Bogar L, Juricskay I, Kesmarky G, Kenyeres P, Toth K. Erythrocyte transport efficacy of human 
blood: a rheological point of view. Eur J Clin Invest. 2005; 35:687–90. [PubMed: 16269018] 

21. Withers PC, Hillman SS, Hedrick MS, Kimmel PB. Optimal hematocrit theory during activity in 
the bullfrog (Rana catesbeiana). Comp Biochem Physiol A Comp Physiol. 1991; 99:55–60. 
[PubMed: 1675957] 

22. Kiel JW, Shepherd AP. Optimal hematocrit for canine gastric oxygenation. Am J Physiol. 1989; 
256:H472–7. [PubMed: 2916680] 

23. Pries AR, Secomb TW, Gaehtgens P, Gross JF. Blood flow in microvascular networks. Experiments 
and simulation. Circ Res. 1990; 67:826–34. [PubMed: 2208609] 

24. Kiani MF, Pries AR, Hsu LL, Sarelius IH, Cokelet GR. Fluctuations in microvascular blood flow 
parameters caused by hemodynamic mechanisms. Am J Physiol. 1994; 266:H1822–8. [PubMed: 
8203581] 

25. Forouzan O, Yang X, Sosa JM, Burns JM, Shevkoplyas SS. Spontaneous oscillations of capillary 
blood flow in artificial microvascular networks. Microvasc Res. 2012; 84:123–32. [PubMed: 
22732344] 

26. Pries AR, Secomb TW. Rheology of the microcirculation. Clin Hemorheol Microcirc. 2003; 
29:143–8. [PubMed: 14724335] 

27. Pries AR, Kuebler WM. Normal endothelium. Handb Exp Pharmacol. 2006:1–40.

28. Shevkoplyas SS, Gifford SC, Yoshida T, Bitensky MW. Prototype of an in vitro model of the 
microcirculation. Microvasc Res. 2003; 65:132–6. [PubMed: 12686171] 

29. Shevkoplyas SS, Yoshida T, Gifford SC, Bitensky MW. Direct measurement of the impact of 
impaired erythrocyte deformability on microvascular network perfusion in a microfluidic device. 
Lab Chip. 2006; 6:914–20. [PubMed: 16804596] 

30. Burns JM, Yang X, Forouzan O, Sosa JM, Shevkoplyas SS. Artificial microvascular network: a 
new tool for measuring rheologic properties of stored red blood cells. Transfusion. 2012; 52:1010–
23. [PubMed: 22043858] 

31. Sosa JM, Nielsen ND, Vignes SM, Chen TG, Shevkoplyas SS. The relationship between red blood 
cell deformability metrics and perfusion of an artificial microvascular network. Clin Hemorheol 
Microcirc. 2014; 57:275–89. [PubMed: 23603326] 

32. Piety NZ, Reinhart WH, Pourreau PH, Abidi R, Shevkoplyas SS. Shape matters: the effect of red 
blood cell shape on perfusion of an artificial microvascular network. Transfusion. 2016; 56:844–
51. [PubMed: 26711854] 

33. Reinhart WH, Piety NZ, Shevkoplyas SS. Influence of red blood cell aggregation on perfusion of 
an artificial microvascular network. Microcirculation. 2016

Piety et al. Page 11

Transfusion. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Reinhart WH, Piety NZ, Goede JS, Shevkoplyas SS. Effect of osmolality on erythrocyte rheology 
and perfusion of an artificial microvascular network. Microvasc Res. 2015; 98:102–7. [PubMed: 
25660474] 

35. Burns JM, Yoshida T, Dumont LJ, Yang X, Piety NZ, Shevkoplyas SS. Deterioration of red blood 
cell mechanical properties is reduced in anaerobic storage. Blood Transfus. 2016; 14:80–8. 
[PubMed: 26674833] 

36. Reinhart WH, Piety NZ, Deuel JW, Makhro A, Schulzki T, Bogdanov N, Goede JS, Bogdanova A, 
Abidi R, Shevkoplyas SS. Washing stored red blood cells in an albumin solution improves their 
morphologic and hemorheologic properties. Transfusion. 2015; 55:1872–81. [PubMed: 25752902] 

37. Detterich J, Alexy T, Rabai M, Wenby R, Dongelyan A, Coates T, Wood J, Meiselman H. Low-
shear red blood cell oxygen transport effectiveness is adversely affected by transfusion and further 
worsened by deoxygenation in sickle cell disease patients on chronic transfusion therapy. 
Transfusion. 2013; 53:297–305. [PubMed: 22882132] 

38. Nemeth N, Alexy T, Furka A, Baskurt OK, Meiselman HJ, Furka I, Miko I. Inter-species 
differences in hematocrit to blood viscosity ratio. Biorheology. 2009; 46:155–65. [PubMed: 
19458418] 

39. Milnor, WR. Cardiovascular physiology. 

40. Holst LB, Haase N, Wetterslev J, Wernerman J, Guttormsen AB, Karlsson S, Johansson PI, 
Aneman A, Vang ML, Winding R, Nebrich L, Nibro HL, Rasmussen BS, Lauridsen JR, Nielsen 
JS, Oldner A, Pettila V, Cronhjort MB, Andersen LH, Pedersen UG, Reiter N, Wiis J, White JO, 
Russell L, Thornberg KJ, Hjortrup PB, Muller RG, Moller MH, Steensen M, Tjader I, Kilsand K, 
Odeberg-Wernerman S, Sjobo B, Bundgaard H, Thyo MA, Lodahl D, Maerkedahl R, Albeck C, 
Illum D, Kruse M, Winkel P, Perner A, Group TT. Scandinavian Critical Care Trials G. Lower 
versus higher hemoglobin threshold for transfusion in septic shock. N Engl J Med. 2014; 
371:1381–91. [PubMed: 25270275] 

41. Lacroix J, Hebert PC, Hutchison JS, Hume HA, Tucci M, Ducruet T, Gauvin F, Collet JP, Toledano 
BJ, Robillard P, Joffe A, Biarent D, Meert K, Peters MJ. Investigators T, Canadian Critical Care 
Trials G, Pediatric Acute Lung I Sepsis Investigators N. Transfusion strategies for patients in 
pediatric intensive care units. N Engl J Med. 2007; 356:1609–19. [PubMed: 17442904] 

42. Villanueva C, Colomo A, Bosch A, Concepcion M, Hernandez-Gea V, Aracil C, Graupera I, Poca 
M, Alvarez-Urturi C, Gordillo J, Guarner-Argente C, Santalo M, Muniz E, Guarner C. Transfusion 
strategies for acute upper gastrointestinal bleeding. N Engl J Med. 2013; 368:11–21. [PubMed: 
23281973] 

43. Schmalzer EA, Lee JO, Brown AK, Usami S, Chien S. Viscosity of mixtures of sickle and normal 
red cells at varying hematocrit levels. Implications for transfusion. Transfusion. 1987; 27:228–33. 
[PubMed: 3590284] 

44. Salazar Vazquez BY, Cabrales P, Tsai AG, Johnson PC, Intaglietta M. Lowering of blood pressure 
by increasing hematocrit with non nitric oxide scavenging red blood cells. Am J Respir Cell Mol 
Biol. 2008; 38:135–42. [PubMed: 17709601] 

45. Martini J, Carpentier B, Negrete AC, Frangos JA, Intaglietta M. Paradoxical hypotension following 
increased hematocrit and blood viscosity. Am J Physiol Heart Circ Physiol. 2005; 289:H2136–43. 
[PubMed: 16006543] 

46. Sriram K, Salazar Vazquez BY, Tsai AG, Cabrales P, Intaglietta M, Tartakovsky DM. 
Autoregulation and mechanotransduction control the arteriolar response to small changes in 
hematocrit. Am J Physiol Heart Circ Physiol. 2012; 303:H1096–106. [PubMed: 22923620] 

47. Yang X, Forouzan O, Burns JM, Shevkoplyas SS. Traffic of leukocytes in microfluidic channels 
with rectangular and rounded cross-sections. Lab Chip. 2011; 11:3231–40. [PubMed: 21847500] 

48. Marchioli R, Finazzi G, Specchia G, Cacciola R, Cavazzina R, Cilloni D, De Stefano V, Elli E, 
Iurlo A, Latagliata R, Lunghi F, Lunghi M, Marfisi RM, Musto P, Masciulli A, Musolino C, 
Cascavilla N, Quarta G, Randi ML, Rapezzi D, Ruggeri M, Rumi E, Scortechini AR, Santini S, 
Scarano M, Siragusa S, Spadea A, Tieghi A, Angelucci E, Visani G, Vannucchi AM, Barbui T, 
Group C-PC. Cardiovascular events and intensity of treatment in polycythemia vera. N Engl J 
Med. 2013; 368:22–33. [PubMed: 23216616] 

Piety et al. Page 12

Transfusion. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



49. Drueke TB, Locatelli F, Clyne N, Eckardt KU, Macdougall IC, Tsakiris D, Burger HU, Scherhag 
A. Investigators C. Normalization of hemoglobin level in patients with chronic kidney disease and 
anemia. N Engl J Med. 2006; 355:2071–84. [PubMed: 17108342] 

50. Phrommintikul A, Haas SJ, Elsik M, Krum H. Mortality and target haemoglobin concentrations in 
anaemic patients with chronic kidney disease treated with erythropoietin: a meta-analysis. Lancet. 
2007; 369:381–8. [PubMed: 17276778] 

51. Sadaka F, Trottier S, Tannehill D, Donnelly PL, Griffin MT, Bunaye Z, O'Brien J, Korobey M, 
Lakshmanan R. Transfusion of red blood cells is associated with improved central venous oxygen 
saturation but not mortality in septic shock patients. J Clin Med Res. 2014; 6:422–8. [PubMed: 
25247015] 

52. Hebert PC, Wells G, Martin C, Tweeddale M, Marshall J, Blajchman M, Pagliarello G, Sandham 
D, Schweitzer II, Boisvert D, Calder L. Variation in red cell transfusion practice in the intensive 
care unit: a multicentre cohort study. Crit Care. 1999; 3:57–63. [PubMed: 11056725] 

53. Ghali JK, Anand IS, Abraham WT, Fonarow GC, Greenberg B, Krum H, Massie BM, Wasserman 
SM, Trotman ML, Sun Y, Knusel B, Armstrong P. Study of Anemia in Heart Failure Trial G. 
Randomized double-blind trial of darbepoetin alfa in patients with symptomatic heart failure and 
anemia. Circulation. 2008; 117:526–35. [PubMed: 18195176] 

54. Kulier A, Levin J, Moser R, Rumpold-Seitlinger G, Tudor IC, Snyder-Ramos SA, Moehnle P, 
Mangano DT. Investigators of the Multicenter Study of Perioperative Ischemia Research G, 
Ischemia R Education F. Impact of preoperative anemia on outcome in patients undergoing 
coronary artery bypass graft surgery. Circulation. 2007; 116:471–9. [PubMed: 17620512] 

55. Musallam KM, Tamim HM, Richards T, Spahn DR, Rosendaal FR, Habbal A, Khreiss M, 
Dahdaleh FS, Khavandi K, Sfeir PM, Soweid A, Hoballah JJ, Taher AT, Jamali FR. Preoperative 
anaemia and postoperative outcomes in non-cardiac surgery: a retrospective cohort study. Lancet. 
2011; 378:1396–407. [PubMed: 21982521] 

56. Carson JL, Terrin ML, Noveck H, Sanders DW, Chaitman BR, Rhoads GG, Nemo G, Dragert K, 
Beaupre L, Hildebrand K, Macaulay W, Lewis C, Cook DR, Dobbin G, Zakriya KJ, Apple FS, 
Horney RA, Magaziner J. Investigators F. Liberal or restrictive transfusion in high-risk patients 
after hip surgery. N Engl J Med. 2011; 365:2453–62. [PubMed: 22168590] 

57. Murphy GJ, Reeves BC, Rogers CA, Rizvi SI, Culliford L, Angelini GD. Increased mortality, 
postoperative morbidity, and cost after red blood cell transfusion in patients having cardiac 
surgery. Circulation. 2007; 116:2544–52. [PubMed: 17998460] 

58. Murphy GJ, Pike K, Rogers CA, Wordsworth S, Stokes EA, Angelini GD, Reeves BC. 
Investigators TI. Liberal or restrictive transfusion after cardiac surgery. N Engl J Med. 2015; 
372:997–1008. [PubMed: 25760354] 

59. Aapro M, Moebus V, Nitz U, O'Shaughnessy J, Pronzato P, Untch M, Tomita D, Bohac C, Leyland-
Jones B. Safety and efficacy outcomes with erythropoiesis-stimulating agents in patients with 
breast cancer: a meta-analysis. Ann Oncol. 2015; 26:688–95. [PubMed: 25542926] 

60. Ernst E, Matrai A, Kollar L. Placebo-controlled, double-blind study of haemodilution in peripheral 
arterial disease. Lancet. 1987; 1:1449–51. [PubMed: 2885450] 

61. Rudofsky G, Strubel G, Michler E, Kuegler C, Biro F. Influence of fibrinogen and hematocrit on 
the early outcome of angioplasty in patients with PAOD. J Endovasc Ther. 2004; 11:125–31. 
[PubMed: 15056033] 

62. Bag S, Behera A, Khandelwal N, Bapuraj JR, Vasishta RK. Improvement in Blood Supply After 
"Heparin-Dextran" Therapy in Patients of Buerger's Disease with Critical Limb Ischemia. Indian J 
Surg. 2013; 75:462–8. [PubMed: 24465103] 

Piety et al. Page 13

Transfusion. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Artificial microvascular network (AMVN). (a) Schematic illustration of the AMVN. Each 

AMVN device contained three parallel, identical capillary networks (inset) with separate 

inlets and a shared outlet. Arrow indicates direction of flow through the device. (b) 

Photograph of the assembled AMVN device (one-cent US coin is shown for overall size 

reference).
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Figure 2. 
Estimation of optimal hematocrit for fresh red blood cells (RBCs) based on viscometry. (a) 

Viscosity of RBC suspensions in saline and (b) in plasma at ambient temperature for a range 

of hematocrits (20 – 60%) measured at various shear rates (0.3 – 128 s−1) with a Couette 

viscometer. (c) Oxygen transport effectiveness (defined as sample hematocrit divided by 

sample viscosity) for RBC suspensions in saline and (d) in plasma for each shear rate. Mean 

values ± standard deviation, n = 10.
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Figure 3. 
Estimation of optimal hematocrit for oxygen transport effectiveness for fresh red blood cells 

(RBCs) based on perfusion of an artificial microvascular network (AMVN). (a) AMVN 

perfusion rate for RBC suspensions in GASP buffer and (b) in plasma for a range of 

hematocrits (10 – 80%) measured at various driving pressures (2.5 – 60 cmH2O). (c) 

Oxygen transport effectiveness (defined as the product of the AMVN perfusion rate and 

sample hematocrit divided by driving pressure) for RBC suspensions in GASP buffer and 

(d) in plasma for each driving pressure. Mean values ± standard deviation, n = 5 (RBC 

suspensions in GASP buffer), n = 7 (RBC suspensions in plasma).
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Figure 4. 
Estimation of optimal hematocrit for oxygen transport effectiveness for 6 week old, stored 

red blood cells (RBCs) re-suspended in plasma based on perfusion of an artificial 

microvascular network (AMVN). (a) AMVN perfusion rate for a range of hematocrits (10 – 

80%) measured at various driving pressures (2.5 – 60 cmH2O). (b) Oxygen transport 

effectiveness (defined as the product of the AMVN perfusion rate and sample hematocrit 

divided by driving pressure) for each driving pressure. Mean values ± standard deviation, n 

= 7.
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Figure 5. 
Dependence of optimal hematocrit on shear rate or on driving pressure. (a) Optimal 

hematocrit based on viscometry (defined as the hematocrit at which oxygen transport 

effectiveness was maximized) for each shear rate. (b) Optimal hematocrit based on perfusion 

of an artificial microvascular network (AMVN) (defined as the hematocrit at which oxygen 

transport effectiveness was maximized) for each driving pressure.
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