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ABSTRACT. In blood vessels with diameters less than 
500 pm, both the hematocrit and viscosity decrease with 
decreasing tube diameter [Fihraeus effect (FE) and Fih- 
raeus-Lindqvist effect (FLE)]. Because both effects may 
be influenced by red blood cell (RBC) volume and osmo- 
lality, the effects of RBC type and suspending medium 
osmolality (216, 294, and 473 mosmol/kg) on tube hema- 
twrit (HT) and relative viscosity (q,) in narrow tubes (32 
to 145 pm diameter) were studied for 0.40 L/L (40%) 
hematwrit suspensions of human neonatal and adult RBC 
in buffer. Osmolality of 473 mosmol/kg caused shrinkage 
of RBC by 20% so that neonatal RBC assume the volume 
of adult RBC in isotonic buffer. The FLE and FE were 
present for both neonatal and adult RBC suspensions re- 
gardless of osmolality. The viscosity reduction when going 
from a 145- to a 32-pm tube was greatest for the hypertonic 
neonatal and adult RBC: changes were -44% (473 
mosmol/kg) and -31 % (294 mosmol/kg) for neonatal RBC, 
and -39% (473 mosmol/kg), -34% (294 mosmol/kg), and 
-21% (216 mosmol/kg) for adult RBC. The q, were signif- 
icantly lower (7% on average) for isotonic neonatal RBC 
compared with adult cells in 32-pm ( p  c 0.025), 46-pm, 
and 146-pm tubes (p c 0.001). In contrast, HT and thus 
the FE were less affected by RBC type or osmolality (only 
13% change over entire range of osmolality and diameter): 
relative HT values were systematically lower ( p  < 0.02), 
and the FE greater, for isotonic neonatal versus adult RBC. 
At each osmolality, q, increased linearly with increasing 
HT. However, the viscosity-HT relations differed at various 
osmolalities. A semiempirical model indicated that I) HT, 
relative cell volume and thus mean cellular Hb concentra- 
tion, and tube diameter are primary determinants of qr, and 
2) q, can be predicted for neonatal and adult RBC in 
hypertonic and isotonic media over a wide range of tube 
diameters. We conclude that the FLE and FE are more 
pronounced for neonatal RBC than for adult RBC. This 
cannot be explained by the increased volume of neonatal 
RBC, because shrunk RBC showed higher FLE than RBC 
in isotonic solution. Increased FLE and FE of neonatal 
RBC may facilitate blood flow in narrow vessels, particu- 
larly in vessels with high osmolality (i.e. renal vasa recta). 
(Pediarr Res 34: 538443,1993) 
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Blood and oxygen are supplied to tissue via the microcircula- 
tion, and thus their delivery is influenced by the resistance to 
flow of the microcirculation. Microvascular flow resistance is 
determined by vascular resistance and blood viscosity. with blood 
viscosity influenced by hematocrit, blood cell deformability, and 
the diameter of the microvessels (1, 2). Normal adult blood 
flowing in narrow vessels and tubes exhibits anomalous rheologic 
behavior: both the apparent viscosity and the hematocrit of the 
flowing blood (i.e. the HT) decrease with decreasing tube diameter 
(3-9). These phenomena are commonly termed the FLE, the 
decrease in apparent viscosity (10). and the FE, the decrease in 
HT (1 1, 12). In addition, RBC mechanical and geometric prop- 
erties (e.g. RBC deformability) may be expected to have an effect 
on blood flow in small tubes and microvessels, since cellular 
behavior can influence cell-cell interactions in tube flow (1 2, 13). 

RBC deformability (i.e. the ability of the RBC to adopt a new 
shape in response to deforming forces) is an important determi- 
nant of blood flow in narrow tubes and pores ( 14) and is affected 
by cell shape, cell size, membrane mechanical properties and 
cytoplasmic viscosity ( 12. 15- 17). In general. RBC deformability 
decreases as the resting morphology deviates from the biconcave 
shape, as the membrane surface area-to-volume ratio decreases, 
as the membrane becomes more rigid, and/or as the cytoplasmic 
viscosity increases ( 14, 16, 17). McKay and coworkers ( 18, 19) 
have reported that RBC made rigid, via treatment with glutar- 
aldehyde or by heat, maintain their resting biconcave shape and 
volume yet exhibit: 1 )  a sharp "reversal" in the FLE, with 
viscosity increasing as tube diameter decreases below about 150 
pm; and 2)  a reduction in the FE (i.e. less reduction of tube 
hematocrit). Braasch and Jenett (I 3) found increased viscosities 
for suspensions of RBC with crenated, echinocytic shapes, but 
did not provide data for the FE. Recently, McKay and Meisel- 
man (20) have presented data for the effects of osmolality on the 
flow behavior of 0.40 L/L (40%) hematocrit adult RBC suspen- 
sions flowing in 33-146 pm tubes. Their results indicated that: 
1 )  viscosity increased markedly for hypertonically shrunk RBC: 
2)  the FLE increased monotonically with increasing hyperton- 
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icity (i.e. viscosity more sensitive to tube diameter at higher 
osmolalities), with no reversal of the FLE over the range 166- 
836 mosmol/kg: 3 )  HT was insensitive to hypertonicity for tubes 
286 pm, and increased significantly with decreasing RBC volume 
for diameters 546 pm: and 4) for hypotonically swollen RBC, 
viscosity decreased slightly and was insensitive to hypotonicity 
and tube diameter, whereas HT was decreased for tubes 5 46 
pm. Therefore, the FLE and FE exhibit opposite responses to 
changes of RBC volume (20). RBC deformability thus has a 
major effect on adult blood flow in narrow tubes, especially when 
tube diameter approaches the size of the cell. 

Neonatal and adult RBC have many similar characteristics 
that affect erythrocyte deformability. In particular, both red cell 
types have a biconcave shape at rest, and no significant differ- 
ences for membrane surface viscosity or MCHC; isotonic MCHC 
values of 32.6 + 0.3 g/dL (326 + 3 g/L) for neonates and 33.0 
+ 0.2 g/dL (330 + 2 g/L) for adults (mean + SEM) have been 
reported by Linderkamp el a/. (2 I).  Further, membrane-free Hb 
solutions prepared from neonatal and adult RBC exhibit identi- 
cal viscosities when tested at a Hb concentration of 33 g/dL (330 
g/L) (2 1). However, neonatal RBC are significantly larger than 
adult cells (i.e. I I % greater diameter, 13% greater surface area, 
20% larger volume), and thus require greater negative pressures 
to enter small micropipettes (2 1, 22): conversely. neonatal RBC 
have a slightly less rigid membrane (21). Given the marked 
geometric differences between neonatal and adult RBC, it would 
be expected that their flow behavior would also differ ( I ,  12). 
Nevertheless, there are relatively few reports germane to neonatal 
RBC flow in small tubes and pores: I )  data for bulk suspension 
viscosity and micropore flow for normal neonatal blood and 
neonatal RBC (23, 24) indicate sensitivity to cell volume; and 2)  
reduced viscosity for neonatal RBC suspensions in 50-pm tubes 
has been reported (25). but data for HT (i.e. the FE) were not 
presented. It is therefore likely that the FE and FLE may be 
sensitive to the geometry of the neonatal RBC. 

The present study was thus designed to 1 )  extend the earlier 
studies of viscosity and HT for adult red cells (20. 26) to 0.40 L/ 
L (40%) hematocrit suspensions of neonatal RBC in 32- to 146- 
pm diameter tubes, and 2) evaluate the role of cellular geometry 
and deformability by comparing data for isotonic neonatal cells 
with hypertonic suspensions of neonatal cells shrunk to the same 
volume as normal adult red cells. Moreover, adult RBC were 
swollen in hypotonic media to the same volume as normal 
neonatal RBC. Our results indicate that neonatal RBC have 
lower viscosity and hematocrit (i.e. greater FE) in narrow tubes 
compared with adult cells. Our results on shrunk neonatal RBC 
and swollen adult cells do not support the hypothesis that the 
favorable rheologic properties of neonatal RBC result solely from 
their large volume. 

MATERIALS A N D  METHODS 

Blood and RBC suspensions. Placental blood samples from 
seven healthy, full-term newborn infants with birth weights of 
3400-3700 g were studied with approval of the University of 
Southern California Human Subjects Research Committee. Im- 
mediately after cord clamping, 10 mL of blood were collected 
from the placenta into heparin (5 IU/mL). All RBC preparations 
and rheologic measurements were canied out at room tempera- 
ture (2 1 + 0.1 "C) within 8 h after collection. RBC were isolated 
by centrifugation at 2000 x g for 10 min and the plasma and 
buffy coat removed by gentle aspiration. The cells were washed 
twice, via centrifugation-aspiration, in the final suspending me- 
dia, which were PBS solutions (0.03 M KH2PO4 + Na2HP04, 
pH 7.4 at 25'C); all PBS solutions contained 2 g/L human serum 
albumin (American Red Cross). The osmolalities of these PBS 
solutions were preadjusted to 294 and 473 mosmol/kg via addi- 
tion of different quantities of NaCI. For the hypertonic suspen- 
sions, the centrifugation force was reduced to 100 x g to facilitate 
resuspension of the cells; RBC washed in nonisotonic PBS were 

allowed to equilibrate for 20 min between successive washes. 
After the second wash, cell suspensions at a hematocrit of 0.40 
+ 0.002 L/L (40 + 0.2%) were prepared by appropriate combi- 
nation of packed RBC and the suspending medium. 

Adult RBC suspension flow data presented herein are from 
previous reports from this laboratory (20, 26). Adult blood 
samples were collected from hematologically normal laboratory 
personnel via venipuncture into heparin, with the red cells 
washed and suspended in PBS having osmolalities of 2 16. 294, 
or 473 mosmol/kg. All RBC preparation methods. experimental 
procedures, and methods of analysis for adult RBC were identical 
to those described for neonatal cells. 

Relative RBC volumes, V/Vi,, were calculated from the equa- 
tion (20, 26): 

where V and V,, are cell volumes at the nonisotonic (T) and 
isotonic (T,,) osmolalities. Preliminary studies indicated that this 
equation was valid for neonatal cells (data not shown). Using 
this equation, calculated values of V/V,, are 1.22 at 216 
mosmol/kg and 0.80 at 473 mosmol/kg. Thus, given the 20% 
larger isotonic volume of neonatal RBC (2 1. 22). adult RBC in 
2 16 mosmol/kg PBS swell to the isotonic neonatal RBC volume. 
whereas neonatal RBC in 473 mosmol/kg shrink to the isotonic 
adult RBC volume. Note, however, that at equal values of 
V/V,,, neonatal cells are still 20% larger than adult RBC. 

Esp~rimenral apparatus and procedzrres. The experimental 
viscometric system was identical for the neonatal and adult RBC 
suspensions and has been described in detail elsewhere (20. 26). 
Briefly, the microcapillary viscometer consisted of a thick-walled 
glass tube (length -6.5 cm) that was inserted horizontally into a 
small feed reservoir (-1.3 mL capacity): the RBC suspension 
inside the feed reservoirwas gently stirred (60 rpm) by a magnetic 
stir bar at the bottom of the reservoir. Tube diameters of ap- 
proximately 30, 50, 90, and 150 pm were used, with the actual 
tube diameter determined by calibration (see below). Tubes of 
340-pm diameter were also used to obtain flow data that were 
unaffected by the FLE and FE (3, 4. 6. 7. 10, 1 I); for these large 
tubes only, various feed reservoir hematocrits of less than 0.40 
L/L (40%) were used to provide a range of HT. The pressure 
drop across the tube, AP, and volumetric flow rate from the 
reservoir through the tube, Q, were continuously monitored 
using a pressure transducer and a variable-speed syringe pump. 
The voltage controlling the speed of the syringe pump, and thus 
the volumetric flow rate Q, was rapidly increased by use of an 
electronic flow controller (20, 26) until the required pressure 
drop AP was achieved and then maintained to keep AP constant. 

Pressure drop and volumetric flow rate were simultaneously 
recorded via a chart recorder and the final values of these 
parameters determined after 5 min of stable flow: data from 
which the flow was unstable were discarded. For each tube 
diameter-RBC suspension set, pressure-flow data were obtained 
for at least four wall shear stresses in the range of 23 to 337 
dyne/cm2, where wall shear stress is proportional to pressure 
drop per unit tube length times tube diameter (see below). Note 
that before use with an RBC suspension, the linearity of the flow 
resistance (i.e. AP/Q) per unit length of each tube was verified 
(coefficient of variation less than 0.6%) using PBS over a wide 
range of pressure drops. Thus, viscometric artifacts were deemed 
to be absent (27). 

Three separate hematocrits were measured via high-speed cen- 
trifugation ( 1  2 000 x g) and a low-power optical microscope as 
previously described (20, 26): 1) The HD was determined in 
triplicate from samples of the RBC suspension leaving the dis- 
charge (outflow) end of the tube by collection into 5-pL glass 
pipettes during a period of stable flow. The measured HD were 
then averaged to give the mean HD for a given tube-suspension 
set. 2) The HF of the RBC suspension inside the reservoir, HF. 
was similarly measured for later comparison with HD. 3 )  The 
hematocrit of the suspension flowing in the tube, HT, was deter- 



mined by a "stopped flow" technique described previously by 
McKay and coworkers (19. 20, 26). Here, the discharge end of 
the tube is sealed with a quick-setting resin while simultaneously 
halting the steady flow through the tube by rapidly stopping the 
syringe pump. The tube and trapped suspension were then 
removed from the reservoir, centrifuged, and the HT measured. 
This procedure was repeated in triplicate for each RBC suspen- 
sion, then averaged and used to compute relative HT as the ratio 
HT/HF. Note that the packing efficiency of isotonic adult RBC 
is 0.975 + 0.008 (SEM) and is independent of osmolality over 
the range of 166-836 mosmol/kg (20,26). Isotonic neonatal and 
adult RBC have similar packing efficiencies (2 I): thus, given the 
high deforming forces involved during the 12 000 x g centrifu- 
gation, neonatal and adult RBC at 473 mosmol/kg were assumed 
to have the same packing efficiency. Therefore. neither HD, HF, 
nor HT was corrected for trapped PBS in the RBC column. 

Me~hods oj'anal.vsis. The inside diameter, D, of each tube of 
measured length L was calculated via the Poiseuille relationship 
(27), using the mean value of AP/Q obtained from the PBS 
calibration and the viscosity of PBS (assumed to be that of water 
as obtained from standard sources) at the temperature used for 
calibration. Wall shear stress (TW). the force per unit area at the 
tube wall resulting from the pressure gradient, was calculated via 
the standard equation rw = APD/4L (20, 26, 27). The influence 
of flow rate on the rheologic behavior of the suspensions was 
characterized by the use of a power law model, T~ = k(U/D)N, 
where U is the average flow velocity and U/D is the reduced 
average velocity of flow in the tube (i.e. an index to the wall 
shear rate). N has a value of unity for newtonian fluids and is 
less than unity for nonnewtonian fluids whose viscosity decreases 
with increasing U/D or with increasing TW (27). An effective 
apparent viscosity was calculated for the RBC suspensions, at 
each AP level, using the Poiseuille relation (20, 26, 27): q, = (T/ 
1 28)(D4/L)(AP/Q). Note that all effective apparent viscosity data 
were adjusted to TW = 9.0 Pa (90 dyne/cm2) and that all viscosity 
data are expressed as 7, (i.e. s, = effective apparent viscosity of 
RBC suspension/viscosity of water at 20°C). 

Miscellanrous techniques. Buffer osmolalities were determined 
to + I  mosmol/kg by freezing-point depression (model 2007, 
Precision Instruments, Natick, MA) and pH via a radiometer 
system (model 2007, Radiometer, Copenhagen, Denmark) op- 
erating at 25'C. Statistical differences between mean values were 
analyzed by the two-tailed t test, and correlations between vari- 
ables by least-squares linear regression and the Pearson correla- 
tion coefficient. 

RESULTS AND DISCUSSION 

General data. Several general experimental observations are 
relevant to the main body of data obtained in the present study. 

Tube diameters determined by PBS calibration were 32.0 f 
0.2, 45.9 + 1.2, 86.5 + 0.0, and 145.4 f 0.1 pm (mean + SEM 
from at least eight separate tubes in each nominal size group); in 
the subsequent text and figures, these diameters are termed 32, 
46, 86, and 145 pm. The wall shear stresses, calculated from the 
calibrated diameters and measured lengths, ranged from 23 to 
84 dyne/crn2 (32 pm), 23 to 13 1 dyne/cm2 (46 pm), 47 to 229 
dyne/cm2 (86 pm), and 46 to 337 dyne/cm2 (145 pm). 

Linear regressions of pressure drop-flow rate data, as log rw 
versus log U/D, were used to determine the exponent N of the 
above-mentioned power law model (see Materials and Methods). 
Because the resulting exponents were not meaningfully influ- 
enced by either tube diameter or osmolality, the data were pooled 
to yield a composite value N = 0.952 f 0.013 (SEM) for the 
neonatal RBC and N = 0.957 + 0.010 for the adult RBC (eight 
separate measurements evenly distributed over the range of 
diameter and osmolality for the neonatal and the adult cells). 
Both composite values differ from unity ( p  < 0.001). indicating 
that the neonatal and adult cell suspensions behaved as nonnew- 
tonian fluids. However, because the exponents are very close to 

unity, the calculated change in apparent viscosity, over the entire 
range of T~ (i.e. 23 to 337 dyne/cm2), is ~ 1 0 % .  Nevertheless, to 
eliminate this small influence of shear stress, all apparent viscos- 
ity values were adjusted to T, = 9.0 Pa (90 dyne/cm2) via the 
use of the log-log regression obtained for each tube-suspension 
data set. 

Mean HF for the neonatal RBC suspensions was 0.401 f 0.002 
L/L (SEM) from 32 separate measurements in all nominal tube 
diameter groups, and 0.400 + 0.007 L/L for the adult RBC 
suspensions (20). HD/HF was independent of media osmolality 
( p  > 0. I ) for both neonatal and adult RBC suspensions. For the 
32-pm tubes, the mean value HD/HF for the 473 and 294 
mosmol/kg suspensions of neonatal RBC was 1.003 + 0.004 
(SEM, p > 0.1 when tested versus unity), and did not significantly 
differ ( p  > 0.1) from 0.997 k 0.007 reported earlier for adult 
RBC suspensions at 216-473 mosmol/kg (20, 26). Similar non- 
significant results were obtained for the larger-diameter tubes. 
Therefore, "screening" effects (6), which may limit RBC entry 
into small-diameter tubes, were absent and not influenced by 
either osmolality or red cell type. 

7,-osmolality efSects. The q, versus tube diameter data for 
neonatal and adult RBC suspensions as a function of V/Vi, are 
shown in Figure 1, where V/V,, values of 0.80, 1.00, and 1.22 
correspond to media osmolalities of 473, 294, and 2 16 mosmol/ 
kg, respectively. Inspection of these results indicates the follow- 
ing: 1 )  Reductions of s, with decreasing tube diameter (i.e. the 
FLE) were observed for both neonatal and adult RBC suspen- 
sions at all V/V,,, levels. 2 )  In general, the absolute values of q, 
increase with increasing medium osmolality (i.e. with decreasing 
V/V,,), although the data for V/V,, = 1.00 and 1.22 tend to 
converge for 32- and 46-pm tubes. 3) On average, the 7, of 
isotonic neonatal RBC was 7% lower than adult cells ( p  < 0.025 
or p < 0.00 1). 4) The 7, of neonatal and adult RBC were similar 
over the entire range of tube diameter when suspended in the 
473 mosmol/kg hypertonic medium. Lower 7, and a more 
pronounced FLE for neonatal RBC in 50-pm tubes have also 
been reported by Zilow and Linderkamp (25); they speculated 
that this could be due to a greater hematocrit reduction in the 
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Fig. I .  The 11,-tube diameter data for neonatal RBC at V/V,, = 0.80 
and 1 .OO (A and A. respectively). and adult RBC at V/V,, = 0.80. 1.00. 
and 1.22 (0. 0, and 0, respectively). The grapll on the right presents the 
slopes of the 11,-tube diameter relations for the various RBC suspensions 
obtained by linear regression. which increase monotonically with decreas- 
ing V/V,, for both cell types. FLE was more pronounced for hypertonic 
suspensions. whereas it was reduced for RBC in isotonic or hypotonic 
media. Significance levels comparing isotonic neonatal with isotonic or 
hypotonic adult RBC viscosities are indicated in the graph on the Iefi 
(above horizontal rule: isotonic neonatal vs isotonic adult: hrlow horizon- 
tul r~r l i~ :  isotonic neonatal vs hypotonic adult): ++. p < 0.025: +++, p < 
0.001. Viscosity data are mean k SEM from six separate studies; where 
not shown. error bars lie within symbols. All 17, data in this and subse- 
quent figures were adjusted to a wall shear stress ( T W )  of 9.0 Pa (90 dyne/ 
cm2) (see Materials and Methods). 
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tube (i.r. greater FE) for the neonatal cells, but did not present 
HT data. 

To quantitate the effects of V/V,, on the magnitude of the 
FLE. the slopes of the 7,-tube diameter relations for the various 
suspensions shown in Figure I were plotted verszts V/V,,. As 
indicated by the insert in Figure 1,  the FLE increased strongly 
with decreasing V/V,, ( i . ~  with increasing osmolality): a 20% 
reduction of V/V,, from l .OO to 0.80 caused a 2-fold increase in 
the FLE. Because a single line adequately describes the data 
shown in Figure I (right graph), and because at any V/V,,, 
neonatal RBC are still 20% larger than adult RBC (22), these 
results suggest that intrinsic cellular deformability factors (e.g. 
MCHC and thus cytoplasmic viscosity) may dominate over cell 
size in determining resistance to flow for both cell types. That is, 
MCHC varies inversely with V/V,, ( e . ~ .  a 20% decrease of 
V/V,, yields a 20% increase of MCHC). Because neonatal and 
adult RBC have identical isotonic MCHC levels (21), they will 
also have equal MCHC values. and therefore cytoplasmic viscos- 
ities, at any V/V,,: a 20% increase in MCHC from 33 g/dL (330 
g/L) increases Hb viscosity by nearly 3-fold, whereas a 20% 
decrease of MCHC lowers solution viscosity by about 50% (28). 
Note that the results presented in the Figure I insert are not 
consistent with the findings of Pries cJt 01. (9). who indicate that 
the diameter dependence of viscosity is related to the cell-to-tube 
diameter ratio. However, the FLE is also affected by HT (4. 5. 7, 
1 1 ) and thus variations of HT must also be considered (see below). 

HT/Hb-osmola11t~7 effects. HT/HF verszrs tube diameter data 
for neonatal and adult RBC suspensions are presented in Figure 
2: note that HT/HF values were consistently lower ( p  < 0.2) for 
isotonic neonatal rrrszrs adult cells. HT/HF decreased with de- 
creasing tube diameter (1.e. FE) for both neonatal and adult RBC 
at all suspending media osmolalities: the mean slope of linear 
regression lines for the five types of suspensions shown was 0.07 1 
+ 0.005 ( p  < 0.001 when tested vrrszrs zero). However, as is 
evident from Figure 2, the magnitude of the FE was a function 
of cell type and V/V,,,: I )  Isotonic neonatal RBC exhibited the 
largest reduction in HT/HF (1.e. the greatest FE), decreasing 13% 
from 0.9 1 1 + 0.003 in 145-pm tubes to 0.793 2 0.004 in 32-pm 
tubes (mean + SEM from n = 6 experiments, p < 0.00 I). 2 )  HT/ 
HF values were largest and in close agreement for neonatal and 
adult RBC at V/V,, = 0.80, whereas the isotonic neonatal RBC 
data agreed well with those for adult cells swollen to the volume 
of isotonic neonatal RBC (l.e. with adult RBC at V/V,, = 1.22). 
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Fig. 2. HT/HF-tube diameter data for neonatal RBC at different 
values of V/V,,: symbols and V/V,, values are identical to those shown 
in Figure I .  The FE was present for both neonatal and adult RBC at all 
osmolalities. but its magnitude for a given cell type decreased with 
decreasing V/V,,. The grupl~ on /he rigt11 presents the ratio of HT for 
isotonic adult RBC to HT for isotonic neonatal cells v.\ tube diameter. 
The increase of this ratio above 1.0 with decreasing tube diameter 
indicates an enhanced FE for neonatal RBC vs adult cells. Relative HT 
data are mean k SEM from six separate studies: where not shown. error 
bars lie within symbols. 

Intermediate values of HT/HF were obtained for adult RBC in 
isotonic PBS. Note that the HT/Hr data for isotonic adult RBC 
shown in Figure 2 are in good agreement with literature values 
(2, 3. 7, 19). and that the convergence of HT/HF with increasing 
tube diameter is unlike the marked divergence of apparent 
viscosity with tube size (Fig. 1).  Thus, the FE and FLE exhibit 
opposite responses to changes of RBC volume. 

The ratio of HT for isotonic adult cells to that for isotonic 
neonatal cells was greater than 1.0 in 145-pm tubes and increased 
with decreasing tube diameter (Fig. 2. right graph), thereby 
suggesting that cell size dominates over MCHC in determining 
the FE. In contrast, the FLE was dominated by MCHC rather 
than cell size (Fig. I ) .  Note that for both neonatal and adult 
RBC, tube diameter had much less of an effect on HT/HF than 
on apparent viscosity, in that the maximum decrease noted for 
HT/HF over the entire range of tube diameter and V/V,,, was 
only 13% (Fig. 2). whereas up to a '-fold change was observed 
for viscosity (Fig. 1 ). 

7,-HI interrrlutions. Several investigators (12. 29, 30) have 
shown that RBC suspensions flowing in large geometries behave 
as homogeneous fluids, and that the magnitude of suspension 
viscosity is primarily determined by hematocrit. For RBC flowing 
in small-diameter tubes. it is traditionally accepted that because 
the reduction of viscosity with decreasing tube diameter is also 
accompanied by a reduction in HT. the FLE is due to the FE 
(29). Barbee and Cokelet (4) have indicated that knowledge of 
HT. combined with viscosity data obtained in large tubes where 
HT = HF, allowed accurate prediction of viscosities for both 
normal and fixed cells in tubes as small as 29 pm. However, the 
H-, data of Barbee and Cokelet (5)  and Cokelet (29) for adult 
cells differ markedly from other literature reports (2, 3. 7, 19); 
further. our more recent results (20. 26) at Hr from 0.40 to 0.57 
L/L (40 to 57%) in narrow tubes indicate that their suggestion 
is invalid for isotonic and nonisotonic adult RBC suspensions. 
To our knowledge. there are no published data relevant to the 
FE for neonatal RBC. Thus. to examine v,-H-, relations for the 
data obtained for neonatal RBC suspensions in the present study, 
values of 7, and HT were replotted. at V/V,,, = 0.80 and 1.00, 
from the curves presented in Figures 1 and 2; HT values were 
determined by using interpolated HT/HF values multiplied by 
the mean HF [i.~'. HT = (HT/HF)(0.401 L/L X loo%)]. 

The qr-HF data resulting from the above interpolation proce- 
dure are shown in Figure 3 for neonatal RBC suspensions at 
V/V,, = 0.80 and 1.00, and for adult cell suspensions at V/V,,, 
= 0.80. 1.00. and 1.22; the solid lines connecting the data points 
of constant V/V,, were obtained by linear regression. Also shown 
are representative data obtained in 340-pm tubes for neonatal 
RBC with V/V,,, of 0.80 and 1.00. Because HT = HI in these 
340-pm tubes, variations in HT were obtained via changes in HF. 

As can be seen in Figure 3. 7, rose linearly with increasing HT 
for both neonatal and adult RBC over the range of V/V,, studied, 
thus producing a family of lines whose vertical placement was 
inversely related to V/V,,: the lower the value of V/V,,, the 
higher the line. The sensitivity of 7, to HT for both cell types also 
increased markedly with decreasing V/V,,,. For example, at 
V/V,, = 0.80, neonatal and adult RBC had a slope 2.6 times 
greater than neonatal and adult cells at V/V,, = 1.00: in contrast. 
at V/V,, = 1.22 adult cells had a 47% lower slope compared 
with the equivolumic, isotonic neonatal RBC. The close grouping 
of the qr-HT data at constant V/V,, was thus independent of 
RBC type. 

Disparities in the q,-HT data for the neonatal RBC suspensions 
were also observed between the small tubes and the larger, 340- 
pm diameter tubes (Fig. 3). For both V/V,, = 0.80 and 1.00, the 
values of 7, are only in agreement for the 146-pm tubes (highest 
neonatal points on the solid lines), whereas maximal disagree- 
ment in qr (47% lower) was obtained in 32-pm vcjrsus 340-pm 
tubes for hypertonic neonatal RBC at an HT of 33%. These 
results. together with our previous reports for adult RBC suspen- 
sions (20. 26). therefore contradict the suggestion (4) that the 
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Fig. 3. The ~ , - H T  data for neonatal RBC at V/V,, = 0.80 and 1.00. 
and for adult RBC at V/V,, = 0.80. 1.00. and 1.22: symbols are identical 
to those used in Figures I and 2. Note that tube diameter does not appear 
explicitly: however, the data points with the highest HT correspond to 
1 4 5 y m  tubes and the lowest to 32-rm tubes: 46- and 86-rrn data are 
located between these extremes (Fig. 2). Dashed lines represent regres- 
sions of the form y = a + bx + cx2 for neonatal RBC in hypertonic and 
isotonic media obtained in 340-rm tubes with HT from 20 to 60% (0.40 
to 0.60 L/L x 100%) (see text). 

viscosity of RBC suspensions in small tubes is uniquely deter- 
mined by HT. Furthermore, the nonsymmetric effects of V/V,, 
on the ~ , - H T  relations suggest alternative methods of analysis for 
these data. 

Prediction ofq,: neonatal versus adult RBC. Using a parametric 
equation, McKay and Meiselman (20, 26) have suggested that 
the 7, of adult RBC suspensions at various osmolalities could be 
explained by considering the unequal number concentration of 
cells (i.e. HT/V) in the tube and a scaling term In(KD/V), which 
is an expression of the size of the tube relative to the RBC. This 
possibility was therefore examined for neonatal RBC. Note that 
the scaling term, when multiplied by RBC number concentra- 
tion, generates an independent variable H' = (HT/V) In(KD/V). 
The vr-HT data in Figure 3 were thus compared with the equation 
(20, 26) or = exp(A H'), with A = 0.52 (20) and with K assigned 
a value of 90 (i.e. the nominal isotonic adult RBC volume in 
fL). As shown in Figure 4A, this analysis agreed well with the 
adult RBC data (lower curve, rms error variance of 0.021), 
whereas the neonatal RBC data clearly do not fit the equation. 
However, by using A = 0.66 and K = 108 (i.e. the nominal 
isotonic neonatal RBC volume), the equation showed good agree- 
ment with the neonatal data (upper curve, rms error variance of 
0.082). 

In the above-mentioned discussion of the two computed lines 
shown in Figure 4A, the constant A in the equation 7, = exp(A 
H') varied in proportion to the isotonic volume of the respective 
cell type. A more generalized approach is thus to let A = V,, 
and to also let K = Vim; such a procedure therefore generates a 
new independent variable HT (V,,/V). ln(DVi,/V). The 7, data 
versus this new variable are shown in Figure 4B. where it can be 
seen that the use of this new term greatly reduces the dispersion 
of the data (rms error variance of 0.039 for all data shown). 

The data in Figure 3 were also compared with a Krieger-type 
equation (3 I) that has been previously modified to describe the 
viscometric behavior of different adult RBC in narrow tubes (20, 
26): 

where G = 0.00105 (V,,/V) In(DV,,/V). Figure 4B shows the 

Fig. 4. Two approaches to the interrelations between q, and HT: 
viscosity and HT data and symbols are identical to those shown in Figures 
I and 2. '1. q, vs number of RBC per unit volume of suspension in the 
tube ( i . ~ .  HT/V) multiplied by a scaling term [;.a. In(KD/V)]. Both curves 
are calculated from the equation 7, = exp(A HI). where A = 0.66 and K 
= 108 for neonatal RBC (irpp~r cirrvc) and A = 0.52 and K = 90 for 
adult RBC (lo~zjer c~rrve). B, q, v.7 new independent variable HT(V,,~/V) 
In(DV,,/V), where V,, = 108 or 90 for neonatal or adult RBC. D is tube 
diameter, and V is RBC volume. The curve was obtained by least squares 
fitting of the data to a parametric equation (31) for latex spheres (see 
text). 

fit was satisfactory for both the neonatal and adult RBC data 
(rms error variance of 0.027). The excellent agreement of both 
the AH' and Krieger equations with the data therefore indicates 
their usefulness for both neonatal and adult RBC over the entire 
experimental range of tube diameters (32 to 146 pm) and sus- 
pending media osmolalities. Thus, the term V,,,/V, which is a 
determinant of cellular deformability ( 1  2, 16). and the geometric 
scaling term In(DVi,/V) together yield an effective hematocrit 
for both red cell types when multiplied by HT. The close corre- 
lation between 7, and this effective hematocrit (i.e. Fig. 4B), 
combined with the congruency of the viscosity data and the 
Krieger equation, are of particular interest in that they suggest 
that both RBC deformability and size (i.e. volume) are of major 
importance in determining overall suspension flow behavior in 
narrow tubes for both neonatal and adult RBC. Although the 
semiempirical nature of our effective hematocrit method is ac- 
knowledged, this approach, previously found (20, 26) applicable 
to HF = 0.40-0.57 L/L (40-57%) adult RBC suspensions in 
narrow tubes (32-146 pm), can now be extended to 0.40 L/L 
(40%) HF suspensions of neonatal RBC. Our model should thus 
be useful in predicting in sit11 viscosity from in vivo microhe- 
modynamic data (e.g. vessel diameter and vessel hematocrit, D 
and HT) in the neonatal and developed microcirculation, and 
may be particularly useful for the prediction of blood viscosity 
at high osmolality (e.g. in renal vasa recta). Of course, for 
nonisotonic regions of the microcirculation, it is necessary to 
know the actual RBC volume (V), where V is determined by the 
local plasma osmolality; micropipette sampling of plasma, com- 
bined with the V/V,, equation presented in Materials and Meth- 
ods, would be one approach to the estimation of V. Further 
refinement of our model and comparisons to experimental data 
should aid in defining the merits and limits of this approach. 

In summary, the present results extend our prior viscosity and 
HT data (20, 26) to isotonic and nonisotonic suspensions of 
neonatal RBC in narrow-diameter tubes. These data, together 
with our previous reports, serve to describe the role of neonatal 
and adult red cell volume, and cellular deformability, on the 
flow behavior of RBC suspensions in narrow tubes. However, 
complete evaluation may require additional experiments using 
more realistic geometries of the in vivo microcirculation (e.g 
32). 



Our results should also provide an in virro data base for 
describing blood flow in hypertonic regions of the circulation 
(e.g. renal vasa recta) and in hypernaturemic dehydration, and 
for estimating flow resistance of pathologic RBC with altered 
volumes or abnormal cellular properties (c>.g. sickle cells, hered- 
itary spherocytosis) in the developing and mature microcircula- 
tion. Although it is acknowledged that our present data and 
model do not consider normal in vivo flow control mechanisms 
( i . e .  vasodilation or vasoconstriction) that could possibly com- 
pensate for the observed viscosity differences, it appears likely 
that viscosity reduction in narrow vessels is similar to that in 
narrow tubes (9. 25). Our current results indicate that the viscos- 
ity reduction is more pronounced for neonatal RBC; even greater 
reductions have been reported at higher feed hematocrits (25) .  
Because the product of tube or vessel discharge hematocrit x 
volumetric blood flow rate is proportional to oxygen delivery 
through a microvessel (8, 20, 26), the enhanced viscosity reduc- 
tion of neonatal RBC in narrow vessels may be important in 
adequate circulation and oxygen delivery in the neonate. 
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