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Abstract:
The flow of human "blood through capillary tubes ranging from 15.1 to 36.9 microns in diameter was
studied.

It has been previously noted (2) that at small tube diameters, the red cell concentration [hematocrit) at
the exit of a capillary tube may be less than the concentration at the entrance. It was hoped to find
exactly where this decrease occurs, if at all. The red cell concentrations of the feed and discharge blood
were measured, and were found to be almost equal. Thus there is no screening effect causing a
reduction in red cell concentration with flow through small tubes.

Various feed concentrations were used, along with various flow rates. These did not change the red cell
concentration of the discharge with respect to the feed.

High molecular weight Dextrans were added to change the properties of the blood. These did not
change the results either; the discharge red cell concentration was virtually the same as the feed
concentration.
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ABSTRACT

The flow of human Blood. through caplllary tubes ranglng frmn'
15 1 to 36.9 microns 1n diameter was studied.

It has been previously noted (2) that at small tube dlameters,
the red cell concentration (hematocrit) at the exit of a capillary.
tube may be less than the conceuntration at the entrance. It was:
hoped to find exactly where this decrease occurs, if at all. " The red
cell concentrations of the feed and -discharge Blood were measured,
end were found to be almost equal. Thus there is no screening effect

‘causing a reduction in red cell concentratlon with flow~through small'
tubes.

.¥Yarious feed concentrations were used, along with various flow

. rates. These did not. change the red cell concentratlon of ‘the dlscharge f~‘

with respect to the feed.

. " digh molecular weight Dextrans were added to change the proper— -
ties of the hlood. These did not change the results either; the )
discnarge red cell concentration was virtually the same as the feed
concentratlon. : ‘




- BACKGROUND -

Blood Chéracteristicsﬂ

Understandlng of the flow pr0pert1es of blood nas appllcatlons‘

L in many medlcal and pharmaceutlcal areas. By understandlng bothnthe
macroscopic and microscopic behavior of blood predlctlons may p0381bly =

be made about the flow in the c1rculatory system Also, thls 1nforma—‘ -

tion may be used in designing such medical eduipment aS'heart:Iung.

machines and artificial organs; Knowledge of the mechanlsms of blood

flow in élass caplllary tubes 1s the flrst step in learnlng about flow
in the small capillary networks of the body.

:, Blood is a suspension oflcells in a solutloh calleu plesma. The -
plasma is an aqueous solutlon of organic'and-ihorganic{selts; bther

small organic molecules, such as urea and glucose, and protelns 'The

: prot ins, whlch make up about 7 07 of the plasma Welgh ; are macromol~:,

ecules of molecular: welghts ranging from hO 000 to over 1, OOO OOO

These protelns consist of albumln flbrlnogen 'andrglobullns Albumin,' 5
Wlth a molecular welght of 69,000, serves as a super‘tran9port moleculef'“'~‘
“and helps regulate plasma volume. Flbrlnogen 1s much larger, Wlth a

molecular weight of lT0,000 It plays an 1mportant role in the clottlng‘

mechanismn. Thrombih'converts it to fibrin, Wthh.lS the mohomer used

in building up a clot. | |
The cells consist of red blood cells (RBC's), .'whit‘e-'blood.'cells,

aud plaﬁelets. The red’cells, also.knoun as erythroc&tes;.mshe up .

about 974 of the cell volume. ' These cells have a bicoucéve disc -shape,
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Fig. 1 Dimensions of a Red Blood Cell

averagzing 8.0 microns in diameter and 2.0 microns in thickness.
Varicus other values are also reported for the dimensions, however.
A diaszram of a red blood cell appears in Fig. 1.

The red cell is made up of a flexible membrane which is essen-
tially unstretchable. The interior of this non-nucleated cell is a
complex liquid, containing the hemoglobin. The membrane serves as. a
barrier to complex macromolecules, but allows small molecules to pass
through rapidly. The membrane is the site of many chemical functions
for the metabolism of the cell. The red cells serve to transport
oxygen and carbon dioxide to and from the body.

The hematocrit is defined as the volume percent of the blood that
is red blood cells. This is found by centrifuging a small volume of

blood and comparing the relative volume of packed red cells to total

volume. This gives accuracy to within 99%, as 1% of the packed cell




volume is trapped plasma
The hematocrlt can range from 37 to 5&7 in healthy humans
Changes in hematocrlt for purposes of this study Were made by centrl—'i
fuglng the sample and remov1ng‘some of the-plasma'or_red oell¢volume.
The white cells, also called lehkooypes;’are sﬁallefzih:number aha

more varied in function than the red cells. There:afe:five'differen%E

kinds of White cellsf_pbasophilsb eoslnophils,'segmented neutrophils, .

monocytes, and lymphocytes. Their sizes range from Q_fo 22:microns.lh.
diemeter. One of their main fuﬁcfions ls flghtlhgl&iseasefilThese -
are nucleated cells and are more complicated.ih-morphology than the fed
cells, | . | .
The platelets (thrombocytes) are small non—nucleated cells.about
2~3'm1crons in diameter.  Their main functlon is in’ blood coagulatlon,
and thus they are closely involved:in the olotting hechahismplor hemo—~f
stasis. Hemostasis_is activated ig;jizo_by a, complex'chain‘reaotloh;'
in{tiated often bj the'hough edées_of a cbt in'a vesselﬁwall{: Thisfls'
of interest in'phe present sthdyb as the'rough ehds;of.glass;oapil-f'i.
laries may also induce thelclopting meohanisﬁ.luhﬁ'v" 'Ui” |

In studying the flow of blood, as well as in blood banking for ..

medicinal transfusion or in clinical testing.of'blood, clottihg preseﬁts_;

a serious problem. Various anti-coagulants are used, including an

aeidified—citrate—deitrose (ACD) solutionuintthe.stofage bagspvand
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'heparin, a mucopolysaccharide obtained from dogs and'cattle;.nsei in-
hematocrit tubes to prevent coagulation. These coﬁpounds‘interfere Withff‘

the clothing mechanism, usually by binding SOme‘protein.inﬂthe:reactionlﬁ

pathway, or by chelating ealcium ldns, which:are'essentialffcr the

clotting process.

When centrlfuglng the samples, thevred cells are: foun& i the.botc%':
- tom of the tube ‘with a thin whlte layer on the surface of the red. cell.::

',pack 'contalnlng the Whlte cells and platelets : It can be removed for

inve gations 1nvolv1ng only red cells and’plasma ' mnls decreases

-the poszibilities of clotting, due to the’ lack of platelets..'

In normal, non—flow1ng blood, the red cells can aggregate face—to~
face 1nto a cluster known as a rouleau. At suff1c1ently hlgh shear

rates these rouleaux break up and the red cells ex1st 1nd1v1dually

The addition‘of high molecular,weight Dextrans increases the formation“:ff

f the rouleaux.

Many of blood's properties vary'greatlyffrom dbnor tetaonor.:

i\

Hematocrlt and proteln content are among the characterlstlcs that have S
large normal ranges. But for the enzyme spec1f1c1ty of the body s’

metabolic functi ons, temperature ﬁH and ionic strength are v1rtually a

ths same level in all humans.“ Thus, When Worklng with leod,.one has
to consider both the similarities_and the differences_enconntered'._

from sample to sample.




Blood Rheology

Rheology is the study of the flow properties of a fluid, dealing
especially with viscoelastic and non-Newtonian fluids. Blood rheology
is concerngd.with gnderstanding the effects various changes in the
_ blood will have on its measurable pyoperties. | .

Shear stress for unidirectional flow between two parallel plates
is the force required per unit area to move a top layer of liquid over

a lower layer. This can be expressed as

-

T = —%— ' . (dynes/cmz)

The strain rate is the velocity gradient and is givén by

., M - -1
T TAt Ay (sec™)

for a layer of liquid Ay cm. thick moving a maximum relative distance
‘Ax. The viscosity coefficient is the shear stress divided by the strain

rate

{dynes/cm?, or poise)

=
i
<

and is a measure of the force required to move one layer of fluid over
another at a given shear raée.

If one measured the viscosity of a sample of water at different
shear rates, he ﬁould come out With a constaﬁt viséosity. But with

blood, the viscosity varies over the'ranée of shear rates, being higher

at low shear rates, and lower at high shear rates.. The values obtained
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are termed apparent viscosity, as they are the values the blood would
exhibit at all points only if the blood Weré Newtonian. For some pur-
poses, a more significant number ié the relative viscosity, which is the
ratio of the apparenﬁ viscosity ;f the blood to that of the suspending
medium, in this case the plasma.

Poiseiulle was one of the first to study the flow of blood. His
famous pressure drop-flow rate relationship for steady flow through a
tube was originally developed for blood flow; however, it only applies
to Newtdnién fluids such as water, alcohol, and mercury--the fluids he

worked with.

@ = L 8n

where Q flow rate, AP = pressure drop, R = tube diameter, ; = gxial
length of the tube, and n = viscosity coefficent. This applies to blood -
only when the flow has moderate to high shear stresses.

Non—Newténian flow occurs for blood in a tube less than 300 microns
in diameter when the flows are physiologically siénifiéant. This was
investigated by Fahraeus and Lindgvist in 1029 (7). They used a capil-
lary viscometer to study the relationship between tube diametef and
viscosity at such high shear rates that the blood acted as a Newtonian

fluid. They found that the relative viscosity, that is, the viscosity

found by taking the ratio of the apparent viscosity of blood to the
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viscosity_Of water, decreases:mgth tubevdiameter.‘;fhis;iqwériné‘bf
ﬁhe viscosiry is of éreat significance to the eoay;‘asﬁiftailowsnﬁhe
ﬁeart to pump a given volume of blooa rhroﬁghArhe‘eircﬁlétory sysfeﬁﬁ
with a smaller pressure drop than if rhe blood.hsdzs:consﬁent riseosity;”q”
. The pressure drop across the heman eirculafpry.system hés_beeh found -
to bte about 120 mm Hg. - |
.'ﬂ Another factorzaffecting the viseosity.of slegd is'tﬁe'hemateerit.
The resultsAof an 1nvest1gat10n by Chien, et. ai. (6) are shown in
Flg 2. IThe viscosity of suspensions of cells herdened‘ﬁith,gluterf':u
aldehyde orAacetaldehyae aﬁd‘or norma.l celis'wes'measﬁred»ss:e:funefion
of hematocrit. These.cells were ell_suspended ;n Bingeris soiufioe. |
'The'hardened cells show little shear dépendenee,’bﬁr £He ﬁorﬁa1‘¢¢ii$
show dependence on both ﬂematocrit and shear rate.: |
This decrease in viscesit&TWith rrcreesingrshear'rare is further
illustrated in Fig. 3. The deformability of 'the‘ﬁnorr;aa-i:'ceils.‘éal'ise.s: :
them to slip past one another mﬁch more ess1ly, thus lowerlng thei
'V150031ty.- ThlS is not the case: for hardened cells. The marked dlf—:
fefence in v1sc051ty,.espec1ally at hlgh shear.rates; is easlly seen;”
~ Addition of Dextran~h0 further decreases the relailve v1scos1t& atl
high shear rates. .fhis.is due to an increased plasﬁe viscosity;:whlch '
acts to deform the red cells_evep more. This isfs£ore‘iﬁ,Fig. h; Where'

various eoncentrations of Dextran-40 were added to the_sﬁspending medié;
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RELATIVE VISCOSITY

in this case Ringer solution.

shear

-]1]le

The abscissa is

stress in B.

shear rate in A and

The formation of rouleaux by red cells also has an effect on the

viscosity.

shears they serve to increase the viscosity.

These rouleaux are broken up at high shear rates, but at low

Fig. 5 shows the depend-

ence of normal red cells suspended in plasma and in a Ringer solution

containing 11% albumin.

cells to aggregate. Addition of high molecular weight

This latter solution does not allow the red

Dextrans, such

I I I 1 i |
10’ g . 4
F_ MORMAL RBC
g .in Plasma (C=45%)
10° | \ j &
- A
_  Aggregation \\\\\\\‘
A \\
10 7= B Pt b ’O“oo\ =
- in 11% Alb.-Ringer P
i : § %«m&*&;.
: “““&.‘:’\9_
g Data of Chien, et. al. (1971) 4
Sl R T A 151 v o o 5015 AT T YU 0 ) s ) s SR T
10 107 1 10 10° 10’
SHEAR RATE (sec™
Fig. 5 Changes in Viscosity Due to Red Cel regation




-w-lZn-

as Dextfanw250, increases the aggregation of the cells, however, and
a reverse effect would occur. The Dextran~-250 line would be above the
line for normal cells in this case.

Further investigation into the relationship between‘viécosity and
tube diameter has led to the discoveéry that for tubes less than 300
microns in diameter, the hematocrit is aétually less in the tube than

in the feed reservoir, and yet the hematocrit of the blood in a dis-

.charge reservoir was virtually the same as the feed. Mass balance

considerations require, therefore; that the average red cell velocity
mﬁs% exceed that of the bulk velocity of the whole blood. A-numﬂgr of
mechanisms have'been proposed to account for this effect. The Vand
effect allows for a layer of plasma next to the wall of the tube in
which the local concentration of red cells is lower than in the center
of the tube because the centers of the particéles cannot possibly be
ég_the tube wall.(11l). This would give a ﬂigher céncentration of red
cells in the fast moving center portion, and a low concentration, in
fact; almost Zefo concéntration, in the slow portion néxthto the wall.
Fig. 6 éhows a schematic compariéon of the.velocity profile of the
whole blood compared to that of red cells only.

The tube hematocrit was found, by Barbee and Cokelet (1), to
decrease:with decreasing tube diameter, as is shown in Fig. 7.\ However,

the hematocrit in the discharge reservoir remained the same until tubes

Ll W - -




HCT = 0.45 : HCT = 0.45
! =
59 -—-‘—3
& =
e HCT = 033
VELOCITY HEMATOCRIT _
FEED PROFI LE PROFILE COLLECTION
RESERVOIR RESERVOIR
U \——/ v
e
Fig, 6 Comparison of Hematocrit Profile and Velocity Profile in a Capillary Tube
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of a 23 microﬁ diémeter were investigated. For smaller tubes it was

found that some effect was causing screening of the cells at thentu'be
entrance, because the exit hematocrits were less than the-féed hema—.
tocrits.

The present investigation ﬁas undertaken to furthef study this
decrease in exit hematocrit. Data from Barbee (2) are availab}eufor.
tubes with diameters of 8.1, 12.5, and 23 microné, as shovn in Fig. 8.
This graph assumes that no flow-ppgurs fér normal cells through diémc
eters Zsss than 2.8 microns, as reported by Grégersen, et. al.'(9).
The sitrange behavior between 8.1 microns and 12.5 microns was assumed
to occur because of "erowding' at the entrance of the 12.5 mieron tube—-—
two cells struggling to enter the tube, and thus blocking it. This
shouldn't occur at the 8.1 micron tube, as the cellé.can enter only
one at a time, and must proceed in single file down the tube.‘

This study was done to obtain further data using five fube sizes:
15.1, 16.1, 19.4, 28.5, 8nd:36.5 microns. The'datahobﬁainea £ills in
some of.thé gaps on the graph in Fig. 8, aﬁd hopefull& will show

exactly where the drop-off in exit hematocrit occurs.
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Fig. 8 Ratio of Discharge Hematocrit to Feed Hematocrit vs. Tube Diameter




RESEARCH OBJECTIVES -
This research was undertaken:to invesﬁigaté}thefdiscrebaﬁciés:;f
found in the relationshiﬁ between entrance andAeXiﬁ hematocrits. :Five

tube sizes were studied: 15.1, 16.1, 19.k, .28.5, and. 36.5 microné;ij?

In previous .studies, the dfop—qff,effect ﬁas-fbuhd~t¢ occur somevwhere

in the range'betwéen'23 and 59 microns. B& usiﬁg"tﬁese_tube_éiies,,it
was hoped to pinpoiﬂt this range, and further studyxthe fégioﬁ of

tubes smaller than this range;

By adding high.moleculaf weight Dextrans to fhe‘blood piasmaQ_éf
relasionship of ‘the blood cells to various Suspending mediaucouid be -

found. . If the effect occurred at a givén tube diéme@ér; a éhahée iﬁlﬁf

- the blood viscosity might either increase or decrease thé.effect.‘ o

. Different flow rates and feed hematocrits were also in%éstigated -

t6 see if this could have any influence.on the éfféct.




. APPARATUS

Blood Preparation

Blood was drawn from healthy donors by standérd blood banking
methods. Acidified-citrate~dextrose (ACD) solution was used as an
anti~coagulant and the blood Waé stored at 4°C. until used.

Plugging-of the caﬁillary tubes was one of the major problems, and
a number of steps were taken to awoid this effect. The samples of
blood were filtered through-SWank Blood Microemboli filters to remove
any microemboli aggregates which may have formed during.storage. These
filters reméve any debris down to 10 microns and allow the red cells
o pass through with no hemolysis (bursting of cells) or damage to
the cells.

doagulation, presumably initiated by the platelets, was causing
plugging, especially with units of biood one to two days oid. S0, the
samples were centrifuged and the bﬁffy coat removed. This contains the
White-ceils, which may %ange up to 22 microns in diameter, and the
platelets, which play an important role in coagulation. Plugging was
most serious with the smallest tube sizes. It was found that storing
the blood L4-5 days allowed most of the plaielets to disintegrate,
thereby reducipg the plugging problems. in these tubes.

Tor the whole blood runs, the cells were resuspended in the plasma
after reﬁoving the buffy coat. When the two Dextran solutions were

used, the viscosity of the plasma was measured in a Wells-Brookfield
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viscometer at 37°C. The plasma was weighed, Dextran was added, and
the viscosity of the plasma~Dextran solution was measured in the
.viscometer. Concentrations of the Dextran were 2.0% plasma weight
DextranQLO, and 0.5% plasma weight Dextran—?SO. The plasma was then

remixed with cells to give a hematocrit range between 35 and L45%.

Tube Preparation '

Five sizes of capillary tubes were used. Measurement of the
exact tube diameters was done in two ways. Initially, distilled water
was run through the 29 and 37 micron tubes at steady state, and the
pressure drop was measured. This was used with Poiseuille's equation
to determine the ‘tube dismeter. A diégrém of the apparatus used .
appears in'Fig. 9. These tubes were measured to be 29.2 and 38.2
microns by this method.

Photographs of the ends of tﬁe £ubes were also used to calibrate
the tube diameters. Tube lengths approximately 1.0 cm. long were
balanced on a microscope slide in clear n;il polish. When the polish
dried, the tubes were snapped off close.to the surface.of the hardened
enamel. These were then photographed with a microscope and an oil
immersion lens at 1000X magnification, along with a micrometer, which

was used as a ruler to measure the inside diameter of the tubes. The

measured tube sizes were 15.1, 16.1, 19.k4, 28.5 »  36.9 microns.
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There was a diffefende of 2.40% fo% ﬁhe.29 ﬁlcfoﬁ-%ﬁbe end:3.3l% feg
the 37 microp:tube Py these two metheds. | N |
Photographs Were-also‘taken of the tubes at lOQX”magﬁifieatlon;
These show that the tubes sdap off perﬁendiedlaf te the axial line Qf?_
‘flowlinAmost.cases.: Even a slight angle doee noﬁ;ceuee-duch‘chenge‘f' '
in the tube opening, as' this is suchgaﬁsmall;aﬁedfof hheeeﬁtlre emdiqf'
the tube. This precludes anj_bossible variationiin_entrence effects
- due to cells enterlng the tube at an angle |
The tubes were cut into approximately 10. O cﬁ leﬁgths‘and glued
lnto standard taper JOlnts with epoxy glue.' Onertube was ueed for the
29 ani 37 micron tube gizmes. By glulpg two tubes in parallel in a
staniard‘taﬁer joint,gtwo microhematocrit samples were dbtalned in the -
sam= Time. -This was done for the 15, l6- aﬁd 19 midfon tuﬁe.sizesf
The £ittings were re—enforced with brass w1re, glued to the standerd
baDeL JOlnt with epoxy, parallel to the caplllary tubes
rrequently the tube plugging seemed to oceur at the entrance or:
ex1t of the tube. A poss1ble reason for thls 1s that +he sharp edges ofi‘
the caplllary aggravated the platelets and 1nduced the clottlng actlon. |

In any case, snapping off a mllllmeter or two of the ends and forc1ng

isotonic saline through the tube could_sometimes restore‘it,to uplllty.”
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Flow Appafétus‘

The flow equipment consists of a pump, a gas~tight syringe,'é feed .

reservoir, the glued tubes,'and a microhematacritltube used as a.eolsy

. lection reservoir. . The pump forces liquid- into or out of the syringe -

at various flow rates. Yarious:syringg‘sizes méj bé uéédg this‘allqws
greater variatiéniin.flaw rate. | .

_Tﬁe liquid from the syringe is forced inté,%ﬁe féé@.feseﬁvoif,
which in'turn forces thé blood_out throuéh %hé-qépillérf;ihtd thé?i:“
micréheﬁaﬁocrit ‘tube. Three~way valve; are 1ocafed‘glong fhe fubiﬂé
betweén-the syriﬁge and tﬁe feed reservoir to aii5W’refiiiiﬁg andi:
cleaning the syringe or the reservoir ﬁiﬁhout.disassemili;g thé.énﬁifé.

. apparatus. ‘
The reservoir 'is a plexiglass cylinder pdéitio#ed over a @agngﬁic

© . stirrer to‘insﬁre-uniform distfibution of'the red"ceiié in,the‘feed 'It

is fitted with a 5/20 standard taper JOlnt and metal screvs for holdlng e

the caplllary tube 1n Dlace

The_entlre_apparatus is surrounded by a‘piexigléss-bpx, which allows

!

for'accurate tempefature and humidity control. Water can.be eva?dratéd o

into the atmosphere of the box to, keep 1t humld

A disgram of. the “entire’ ‘apperatus appears ln Flg 10-
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PROCEDURE

7The‘entire‘syét¢mfis filled with liqgi@vexcéﬁﬁ’
reservolr. The blood sample is poured inté‘fhs‘réserﬁoighénd édmeﬁis' 
dravn up into the system.toVards the.syriﬁgel  Oriéiﬁall§;ii§o§Qﬁ?b
saline was used in the system; however, it Waé'féégd'that this wa§;u'
chencing the feed ﬂematocrit._ A silicone.éluid bi,a_visg;éity:of.lf
abous 5 cp. was used instesd, as this is immiseibIéAwith‘thé bﬁooi:;V.
-‘The hematoerit ié faken.of the éamplé,iﬁ-ﬁhg feed réééfvbixéfﬁhé .
'system'is sealed, énd the puﬁp is turned éﬁfx Hemafécri@ tuﬁés'aré;?;
placei on the.ends of the éapillary fqbes'ana'seaied;hgifhgr~at théb"

_ressrvcir end with Vaseline, or at the other end with Critoseal, to

o

evaporation of plasma from -the sample. When a large enough .-
sexzl= is obtained, the tubes are removed and centrifuged to obtain’

tn= Z:scharge hematocrit.

Micrchamatoerit Hethod

Héllamixed antivcoagulated blood is dréwn-ﬁp-iéto-4 miqfoﬁémafoé#it
.tube_(75 x.1.5 mm)‘fb a£§r5Ximately fhree~f6ufths'o£_ius léngih..sgge:
end of the tube is'sealédfwiph_Critogeal moldihv'cla§, éné‘the.tﬁbé ié
n%rifugéd iﬁia.microhematocrit.centrifﬁgé gt 5506% for:tén ﬁiﬁﬁ%ésfi.
T;é nematocrit is calcuiated bylmeasuring the.iength Sf ﬁﬁe-r;d ceii:.;
volirne (exéiuding thg Euffy coat, if any)’agd diyiding thiééby tEéL

length of the entire sample. This fraction is reported as a percent.

The normal range in healthy humans is 37 to 5hE.7 . -
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' Either just before, or jﬁst after, 8 rud is'ﬁade;'two:microhémaﬁoa o

crit tubes are filled to obtain the H,

Except where noted in-the results, two tubes‘wefé.filied\frbm the .

value. ' These are averaged.

cgpillaries to obtain the Hd values. If the sémple:obtaiﬂé& for the .
Hd was too small 6 be accurately measured with a:machinistié fule;fi

the distance was measured with a vernier scale on & microscope.




RESULTS AND DISCUSSION:

- Whole Blood Runs

The results of the whole blood runs are given in Table I. This
teble contains all the runs performed, inecluding the'runs at.variouss

flOW"rates and feed hematocrits. The values'reported are:the Tube

diameter in mlcrons3 the approximate flow rate in tube dlameters per__ f"‘

second calculated from the syrlnge pumplng rate, the feed hematocrlt H

the discharge hematocrit H nd the ratlo of these last two " /H

ar @
The values of thls ratio were all very close to I.0 for the range ofl.
Subes studled, indicating that 1little or no entranse.effect occurs to '
cause & decrease in the discharge hematocrit.

Table II gives the averages of the hemabtocrit ratios for the.Var~

ious Tube dismeters. When a Student t test was done on this data, the -

differences between the averages were not significant These data are ‘"'"

- .plotted in Fig. ll. ThlS graph shows the tube dlameter plotted Versus

the ratio of the ex1t and entrance hematocrlts, H /H The curve does s

not drop at ‘all before about 15 mlcrons The present. data 1ndlcate
that the curve may be beglnnlng to drop off at thls p01nt The results
are entirely dlfferent from the results found earller,_as can be'seen by

comparing Fig. 11 with Fig. 8. ‘It isthought, however, that ‘the data ..

for 8 microns on the earlier graph is correct, and therefore'Fig{_ll::'.

is drawn using these data.

The differences in the two graphs can be explained by‘eomﬁaring;

the two methods used .in obtaining the data. .The earlier study (Fig. 8) -




TUBE SIZHE
(microns)

369

- 28.5 .

TR

‘ *calculated using pumping fate;_see téxt‘for'discussion"

" FLOW RATE
(TD/sec, )%

364k

C7o11

o éé;lzhilg

E :“25,b7ﬁ:‘i

. 1h,062

b1,

21

29

Lo,

L3

6.
29.
L1,

L33,
.38,
35

b2

25

.95
36.
~29.

5 25

65
80

30
.90
200
37 .

30

50}}1” .
00 .. 7
,90:,:r:‘
o 7

37.
RO
38,

50

67 ..
00"

TABLE I
' WHOLE BLOOD RUNS

H

h1.
27.
36.
29
28

Lo,
L3,
L6,
28.
41

.33

36.
3k,
b2,
36,

Y
3T,

a

50
65
10

.10
.65

10
o7
00
L5

.20

.00.

ho -

85 .
107

50
50
75

" only one H

COMMENTS

blood d4il. w/ saline

hémolysis_in bagged<
blood ' .

nLa_

only one H, tube -

d

" very slight hemolyéis

tube 127;.::




TABLE I (CONT)

WHOLE BLOOD. RUNS

TUBE SIZE FLOW RATE H, i
(microns) (TD/sec.)* :

19.h - _' 1k, 062 -35.90 35.60
‘ 38.75 39.23

12,537 40.25 - . -L0.80 -

7031 35.90 - 35.75-
o16.1 - Lbg,213 SR 27.70 .0 27.30
. ‘ o, 607 27.75 27.05

12,303 -+ 38.75 37,00 -
3 1 27.60 o 26.85

15.1 159,653 L 37.80 - . 36.50 -
| C 380 . 36.85
3620 - 35.35
R he.65° T - hl.es.
28,828 3875 .- 0 38.25
- f"f”. ' '  25,100 L 25:30
Cabaak e es.05 - 2h.es

' *calculated using ﬁumping fate,.éee text for”aiscusSion

o = H O

O O O O

_OIL—"CS_O"Q'OCS

086
.9T5
955
.973

.966 .-
967
9767
06T

.987
007,
968

COMMENTS

mmidified

only ong H,. tube

d

oniy ong'Hd; huni..

hum., _
only one Hd;
hum. '
hum.

hum.

. hum,

~ hum.

hum,

. bum.

hum.

. T8em

. hum., very slt. hemélyéié B
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TABLE TI .
. AVERAGES FOR WHOLE BLOOD RUNS ~ . . _
P

TUBE SIZE _Wo. RUNS. . . . AVERAGE —il—f_
36.9° o 5.l L .0.987
28.5. - 5 0.987°
19.% 1 o 0.982
16.1 | . oo o2
3 - K

used a cinemaphotography technigque to count the.number of cells- flowing

in the caplllary tube. It. can be shown that the ratio of‘the average

" velocity of the red cells to the average'velocity of- the blood is eQﬁal .

o the ratio .of the dlscharge hema tocrlt to ‘the hematocrlt in the cap—

illzxry tube, or

Thls is done by relatlng the partlcle ve1001ty in the tube to the -
© volume of llould in the ‘tube to get a measure. of tube hematocrlt H

The discharge hematocrit is calculated by relating:the blood velocity-to

the fluid flux across a given section of the tube. These tﬁo are com- -

pared and the relatlon between blulk veloc1ty and Dartlcle velocity is,
found. This calculatlon is shown in the Appendlx Us1ng uhie'informa~

- tion, it should be - poss1ble to calculate the dlscharge hemabocrlt by .
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knoﬁing both the‘céii_veiécity aﬁd the blood Vgioci%y.

Howevgr, in the éalqulaﬁiéns'of the da#a éhqwﬁ iﬁ:?iglza,vthei
numbers used Wer§ avérage%céﬁ$:v§iééiti§s ;athei"th;njﬁibo&;#éiocit§i.
This gives dischérge hematécrif valueé whiéh'in %ctualigy:ére the.séme
as the tube hématocrits. This ddes not completely expla.ln ;the d‘is.——'
crepancies 5etweeh'thé two graphs, but it does explain thé'lérgé

difference, especially in the 15.micron range.

The rapid drop-off in Fig. 11 at the smaller tube diameter is more

easily ekplaiﬁéd than the“prévioUs graph. iEarIier,}itlﬁas‘thougﬁt."
that =% appﬁoximétely two red cellidiameters, or'lhfl6 mic%ons, the
red cells were érowding each other and allowing bﬁi§ plasma 0 get iﬁto
tﬁe tuba. But sinée cells are'flexibie; thej:cah easiiy—siip oﬁer'one':
ancther to enter the various sized tubes.“ A crpwaing é%fect ﬁou?d‘~,
merely deforzﬁ them more and force them imto the tube, with 1ittle or'no .

chenge in the relation between the plasma and the red céllsf As the tube

sizes approach the cell diameter, that is, in the range of 8 microms, the

actual size. of the cell may -impéde entrance to the tube. -At the range.

of- tubes studiéd, however, there ﬁQul& not seem to be an& actual

' blockage effect of the cells. .Hardened cells may show ‘this éffeét,-and -

thus a reduction in the hematocrit ratio,'at the entrance of a tube
" which is two particle diameters in diameter.
The range of Hd/Hf values obtained is very nafrowg the ?griation

could be due only to the error involved in thé'mic?ohematocrit'methéd.
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When the tubes plugged up, it seemed to be an all or nothlng’51tuatlon,

with neither plasma nor red cell flOW‘ Apparently, cells aggregate :

" into a elot that flllS the whole tube dlameter, not JuSu one region . .

J.Whlch the cells may slip arounda This is of phy51olog1cal 1nterest.‘
as the body has to havé a mechanism for remov1ng any such emboll Wﬁléh
might form in the 01rculatory system, or-the flOW‘Of blood would be .
restricted. Thlé is indeed the case; a system1éf any@es breaks dqwgl

any such clots that form in thé'syStem.

'TABLE IIT _ -
COMPARISON OF HEMATOCRIT RATIOS AT DIFFERENT FLOW RATES

, : o - L =i" H. )
TUBE SIZE FLOW RATE® . XO. RUNS .. oo ta
(microns) (TD/sec.) o (éVE?AG? Heo oo
19.4 < 28,k T3 'l;f ‘ "d.971
| w062 . k.08 -
15.1 . 59,653 LI 0.976
' 28,828 ' e dlegy

F*ecaleulated using-pumping rate, see text for discussion

Various'differeﬁt flow rates were studied for the smaller tuhe -

sizes. These are compared in Table III. The ratio seems to lncreasef.ﬂ

slightly as the. flow rate_ié decreased, although this may be due.to
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the error involved in the microhematocrit method. A Student t test
done on these data showsﬂno significance in the differences between
these averages.

One of the drawbacks of the apparatus used was that such a large
pressure 4rop hag to be mainfained across the capillary to get any data
within a reasonable length of time. This caused much leaking to pccur——
at the standard taper joint, at the various connections within the
system, and around the gas~tight syringe. Thus the flows measured
using the pumping rate were off by a large factor. The flows for
the 16.1 micron tube were measured by calculating the rate which a
volume is obtained in the hematocrit tube, and.converting it to capil-
lary tube diameter; per second. The pumping rate, calculated flow

rate and actual flow rate are compared in Table IV. This shows the

TABLE IV

COMPARISON OF CALCULATED AND MEASURED FLOW RATES
FTOR 16.1 MICRON TUBES

GEAR RATIO CALCULATED FLOW RATE MEASURED FLOW RATE
" (TD/sec.) (TD/sec.)
128/1 hg,213 1990
256/1 2k, 607 991

512/1° 12,203 528
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TABLE V
COMPARISON OF HUMIDIFIED AND NON-HUMIDIFIED DATA

H
TUBE SIZE ‘ el
(microns) NO. RUNS AVERAGE E, COMMENT
19.4 2 0.986 non~humidified
2 0.996 humidified

error involved in using the flow rate calculated from the‘pumping rate.

It should also be noted that the actual flows were proportional to
the pumping rate, thak ié, for twice the pumping rate, the flow Wiil be
twice as large.

These actual flows were closer to physiological flows, which range
from 2500-5500 tube diameters per second in tubes from 20 to 30 microns
in diameter (8). Thus the experiments were closer to an in vivo system
than the -pumping rate calculations would indicate.

Since the exit reservoir (the hematocrit tube) took so long to fill
up, it was thought that there could possibly be some evaporation of
plasma taking place, thus increasing the measufed exit red cell concen-
trations and the ratio of the two —hematocrits. A calculation of the
maximum possible evaporation shows that only 0.2%4 of the plasma could
evaporate from the hematocrit tube in the amount of time available.

This means that 99.7% of the blood volume would remain, and the change

in the Hd/Hf ratio would be within the range of values obtained for the
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‘various runs.  However, the aﬁparatue was sﬁrfounded With e piexi;,,'
‘.‘glass box whiéh allowed for coﬁstant temperature.and?hﬁmidi%iAeontfei;
By evaporating water intp the 5ox; itiwesaﬁeSSible_tehkeeﬁ the'rele—g
tive humidity up to about 85-90%, this ﬁinimieing the peSsibilit&-Qf?:
evaporation from the hematocrit tube.: A, comparlson of the data for .
the 19. h»mlcron tube, both w1th and without the humldlfler g01ng, is

: shown in Table V. ' Since the results show the oppos1te effect of What

would be expected if evaporatlon were occurrlng, it can be assumed that-

this is due only to errors with the microhematocrit.methdd,.and not
~due to evaperatioh.‘ However,‘the humidifier pfeved to‘befan additional

bonus. The small amount of evaporation that was occurring was causing

the exit end of the tube to plug more_easily,_ahd'lese"plugging occurred .

- With the humidifier going.

To determine whether there was an effectvéue £d veriations ie-the -
feed hematocrit, the conceﬁtration.efired eells iﬁ'the’feed‘feseroir:
eﬁas varied By chanéing the relaﬁive ameunts of.plasme'and ree;ceils;”
The values are compared in Table VL. lAgain,.e étueent t'test:shows'the
differencee in the averages are not significant." It:can‘benseep'from
'these data tﬁat a very slighﬁ“decrease in the.hematoerif reﬁio'occﬁje‘
with an  increase ih'feed hemaﬁocfit. This-eoula be dee to‘a‘crowding

s

effect at the ‘entrance to the tube, cau51ng 3 relatlvely larger amount

of plasma to enter the tube.. It sglso may be an art1fact due to 1naccur~ -
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“TABLE VI R

COMPARISON OF HEMATOCRIT RATIOS - . -..
WITH VARIOUS FEED HEMATOCRITS

H

TURE SIZE - - ' . ! a’

(microns) . He ' CTE ‘ AVERAQE =
_ , : £ S e
5.2 - . 25.10 © . 1.007
' 25.05 - . 0.968 . S
16.1 - '27.60 _ 0.973 . 0.982 -
X 27.70 - 0.986 - '
27.75 L. 0.975
15.1 37.80 . 0.966
38.10 .. 0.967 _
3075 . 0-987 10.968
Lho.65 L 0.96T S
16.1 38.75 . 0.955

acies in the microhematocrit method.

Addition of Dextran-Lo0

The plasma viscositj was increased Ey addihg ﬁéxtragfho to the.
plesma, With a concéntration:of 216% ﬁy %eighé'gf the pIasﬁa, %he"
viséosit& was found_to be about 1.h_timés thai'gf‘ﬁhe originél plésﬁé;
This %as used to increésé the.def02matién of'the_réd.célls, and faséiply".

allow them to enter'thg tubes more easily. This would give ajhighér‘




PABLE VIT
DEXTRAY - 40O RUNS
" TUBE SIZE FLOW RATE - H, o H,
(microns) (TD/sec. )® - o
P 36.9 364k ~ 36.95 . 36.L5
- 49.85 " 149.30
36.65 . 36.05

28.5 7911 ©36.20 . 35.80
' 5045 - 49.70

41,20 C 4165

37.95 37.05

. 19.4 C . ak062 -, Wh.80 . - 15,80
T 3850 0 38.00
38.90° - 37.50
15 59,653 0. k213 - 36,90
. e8,828 . . 150 ¢ . h0.60
o 30050 U 36900

*calculated using pumping rate, see text for discussion =~

o-

o+ o o

0.876 . .
0.978 -

935 - only

989
.985
010
976

.020
0.987
96k

COMMENTS

slight hemolysis in

only one H

some

4 tube

hemolysis

small H. sample

some

.'»bnlj
only

some

only.

d

hemolysis

one detubé L

one Hd,ﬁpbellft”

hemolysis, hum. -

one Lao hum, - -

one H

o um.
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TABLE VITI
AVERAGES FOR DEXTRAN -~ ho RUNS

TUE G1Z% | wo.rws . aymmace 8
. | \ 8 E

36.9 3 0,986
28.5 Rl ' 0.990
19.4 -3 7 0.990
5.1 3 '<jo.930

i

hemauocrlt ratlo than Would be exnected for whole blood. ” The resulfs
of thase runs are shown-ln_Table VII. These data show that the effoct
of trne plasma was not éreat enough_to’cause any 1arge effect in the
?atio. In fact it actually decreased for the 15. l mlcron tube, although ‘
a Student t test reveals that thds decrease is not 51gn1f1eant. Thus

any variations were assumed to be because of the microhematocrit"

method. These data are averaged in Table VIII and plotted An Fig.- 12

This figure can be superlmposed almost exactly on Flg ll




—6¢-

6757 mg
06—
Hy
——— MINIMUM DIAMETER FOR
— @ RED CELL PASSAGE
£ FROM GREGERSEN, ET. AL.
DEXTRAN -40
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0.5% OF PLASMA
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Fig. 12 Results of Dextran-L0 and Dextran-250 Runs




TABLE TIX o
DEXFRAL - 250 RUNG

f d —

TUBE SIZE FLOW RATE ° H SRR < COMMENTS
(microns) - (TD/sec.)* : H, . -

36.9 364 39.95  39.75
| %0.20 . 40.%0

2Y4.50 -  hk,50

'ff .65 - L1.95

tube -

.000 ' only one Hy

= H o
5 :
O
\J1

28.5 . 911 . . 38.70 - 38.00 - 0.982 only one H, tube . -
' . 38.00° - 38.000 . - 1.000 ~

- 38,35 . 37.50 .078 7 only one H

d‘

tubé;

o

d

988"
o8k
.001 . - hum,
991 . him.

Ca9.w o wesaaeh - k20 ko L
| 11,062 b2.50° - 41.80
k0.5 %0.70 -
© b0.65 . 40.30

o o o

' 15.1. 59,653 L 'hé§15; T 30.50 0.98k f‘.: .
T . 3623 . 3hs0 o0 c0.95270  mum

"*célculated using pﬁmping rate; see»téxt for discussion
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| | TABLE X . )
' AVERAGES FOR DEXTRAN - 250 RUNS -

TUBE SIZE . - . N0. RUNS o avERacE —% - -
(microns) S T T e - . Hf,’ 
36.9 - L :11.002
28.5 3 o987
19.4 4 -0.991
15.1 2 ;

Addition of Dextran-250

Tzble IX shovs the data found using Dextran-250, 0.5% by Wéight'ofv-.f

plasma. It ﬁas thought that aggregation éf the red cells was occurring . -

due to the high molecular welght Dextran, and the'éntrancé-éfxcells into
“the capillary tube might be inhibited. It was not Known., however,t:"

-exactly how much aggregation was occurring, éé.thé'cells had to be

stirred to maintain an accurate feed héﬁatocrit. The aggregates cause S

the cells to settle out and change the concentration at the entrance of = -

the tube, but stirring causes the aggregates to bﬁéak up:énd act.as
individual qells.‘ At any‘rate, a decfease:in-tﬁg:ﬁematoérit didzhot

occuf, and the range in values obtainédfié broad énough.to make it . i
" impossible to detect any differeﬁce between~the Dextféﬁ—égb'runs and

the whole blood runs. | | ‘

The average values of thé hematoecrits are shown:in T@bleVX, and
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these are plotted in Fig. iz2. Agaln, note the s1m11ar1ty to F Fig. 11.
" There is little differeﬁce between the data for the-Dextran—250Aruns )

and the whole blood'runs.

- Note Qg_Dsta Collection

The apparatus used for this study %as f;aughffwith'lodeqoacies.
The pfessure drop across fhe smallest tuBe sizes ls extfemel& highl
ThlS caused a number of difficulties, 1nclud1ng leaﬂlng of both blood{i'
‘and silicone out of the various valves and connectlons in the equlpﬁent.
" The time inyolved in filling ooe exit_reservoir tube ﬁade the data_'
colleotion long and:teoious. A better investigaﬁion.of tﬁis ﬁhenomenoﬁ:.
at even smaller capillary diameters Would'reQuire,a redesigh'of fhe
equlpment to allow for the high.pressgre flows lnvolved..'lt would
be beneficial to investigate other means of,meesﬁrlné the exit‘hema~
toerits, possibly by a specfrophotometsio ﬁechnioue“comparing the
hemoglobin oonoentrations in feed end'exit.reserfoirs” ThlS would

requlre a much smaller sample of blood to be forced through the tubes,

and take much less time. Also3 a better method to prevent tube plugglng ~f

‘ would save much time and. effort’ and Would be less costly




CONCLUSIONS

Based on the‘resﬁlts giVeﬁ'in ﬁhé‘previous paggs,'é:ﬁﬁmber ofj'
conélusions may be draﬁn'aboutAthé effec?“of émdil diaméters'oﬁ :thg‘
exit hématoerit in relation to"thé«entmaﬁcesheméfbcrifi’u-

1. The drop-off effect of the hematocrit ra%io‘at\1§ miérons:g‘
previously reported does nof occﬁr; in fact,.nd meaéuraﬁié changé
occurs in this range.

2. fhe fIow rate of the blood déeé not caﬁse significantldiffef—
’f.ence in the hematocrit tratio at gﬁy of‘the aiaméters étﬁdiéd:3ﬁ

3. _Thé-flow*rafes calculated by'ﬁsing.thé pumpingAféfé Wére
much larger than those measured'by caiibratiné thé rate ﬁhich tﬂen”.

hemstocrit tube filled. However, the two methods gave results that -

were proportional.. The flows measured by the hematocrit tube mefhod -

were 2loser to physiological flow rates.

4. Variations in the'feed,hematocrit did not give a:significant

difference in the results obtalned. -

5. Increasing the deformation of the red cells by adding Dexﬁfan~_;!

40 to the plasma dié’nqt—altér the hemsatocrit ratio.

6. Adding Dextran—-250 to cause red cell aggregation did not

change the hematocrit ratio. This aggregation may not have been great,

as the rouleaux may have.beeﬁ broken up by stirring the feed reservoir

to keep the red cell cdnéentration constant .

7. Evaporation of plasma was not great enough ﬂo-causé any_éfror




~hh
in the results obtained., Humidifying the apparatus minimized evapor-
ation and helped cut down some of thé .tubé plugging.
Thus 1t can be concluded that no entrance effect occurs to
facilitate the entrancé of plasma rather than red cells into capillary
tubes, at least down fo.‘bube digmeters of 15 microns. It may occur

A

at tubes smaller than 15 microns, but this cannot be concluded from

this study.




RECOMMENDATTONS

- It is obvious that a further study of this phenbmenen»inlthe aJ“

2.8 to 15 micron range would clarify the lower regieﬁs of the graph -

_in Fig. 1l. However, the equipment would have to be're&esigned,to 5

degree to withstand the pressures involved. If.stronger valves were.
added, much of the leaking could be avoided.

- The spectrophotometric technigue mentioned earlier weuld'make .

". the data collection easier, as .a smaller d¥scharge eample-weuld be heeded{j 5

It .could .then Be determined ﬁhetﬁer a arepeoff_ﬁould occur ab thellim;"
ifing diaﬁeter for red cell flow—-2.8 microne—epr more;iﬁ'fhe ranée;;
of the red cell aiaﬁeter——B microns.

Addition of Dextran-40 and Dextran-250 mey cheﬁge the reeults'in
this range, and_lnvestigatiens involviﬁg thesge should'fe coﬁtinued(h‘

If an effect 1s.found to occur? it would be 1nterest1ng to see 1f
cells hardened Wlth acetaldehyde or glutaraldehyde would change the h
effect. Alqo,‘other forms of red cells abnormalltles Would be 1nter~ -

esting to study, for example, 51ckle cells may react dlfferently than

" than mormal cells.
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APPENDIX




CALCULATION OF DISCHARGE
FROM CELL VELOCITY MEA

! |

|

: —=wv

I AREA A
B

Fig. 13 Diagram of Tube for Material
Balance

HEMATOCRIT
SUREMENTS

» material balance is done on a section of a capillary tube
shown in Fig. 13. The tube has an area AT and length LAB between the

points A and B, as shown. In time interval 6, the number of particles

crossing the plane B with a velocity v, is

dear
o n
\ & 1 e
where n, is the number of cells between A and B with a velocity Vi'

This assumes that the cells are uniformly distributed.

The total number of particles crossing B is

Il
s PR
=
> |@
o3}
\/
=
-
=




B
This is not ‘the same as the'éverage particle Velééity,:i. e.

n. v, . L

bt 11 _ . _AB
# 'nt o B

Q is_fhe total flux across section B. This can'be_éxPressed-in '

terms of the blood velocity, ﬁ£

ot T

The-discharge-hematocrit‘hematocfit, or the particle concentration

. 1in.the fluid flowing out of B is

-nt'vc

Qg o

o
2
i

-where Vc is the volume of a particle. Substitu%ing‘gives

e o
.C .
T Zﬁ-‘ivi A Y
H =

AB ! a7 E ﬁ',(~ 'EZ:niv%'

- L _A).
Uy Ap © _ B - aRim/.

2. L . : - -.- N '- C
But { ABAT) is the capillary volume between A and B, or_ﬂé S0




~ho-
'or‘

WG ETe e

d °B YT iid

. This "elates the dlscharge hematocrlt and blood'veloc1ty to the cell

volume, tube volume, and partlcle number and'veloc1ty

We now deflne a tube hematocrit for the cqncentratloﬁ of particles-

with a velocity v

Vc
H, U —_ n.v
d B XT i i

Nt

DA
3

o

This will eqpal H U , Where HT is the tube hematocrlt and'U is the
average red cell ve1001ty,'only if all the partlcles have ‘the same'

velocity Vo in which case
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~But thg average tube hematocrit, HT’ is defined as

n,v .
ic

‘ o -VC . o R S
CE — = SR, o - t2)
HT N 3 XT ~ 1 . o S

T

Diiding BEq. 1 by Eq. 2 gives

v .
O < n.v T
Hd Ué X& i1 N
. = 7 : = UC
A c - 0
B 3L
So, in general, iﬁ'ié true that
c a : L : :
= ° TE o - - B
UE : T , : . L

This could be used to determine the discharge he‘n:ia:l:oc:rit...J as is uséd»

" in Fig. 8. However,:ifthe red cellfveldcity‘is used.insféad of the

blood velocity, a2 tube hematocrit Wili ‘be calculated‘inétead. ‘

The -supposed discharge hematocrit is gi&en by .

Y.. .y

H' . _—RBC - —RBC

y.b'lood - T DS
i () ==
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where

yﬁBC = total red cell volume
Xﬁlood = total blood volume’

A6 = time lapse over which cells were counted

D tube diameter

U

This really should be

where K = ﬁﬁ/ﬁ; and ﬁé = average blood velocity in tube diameters per

avefage red cell velocity in tube diameter per second

-second. Taking the ratio of the last two equations gives

H, = A (1/x)

L

Baseé on Eq. 3, k = HT/Hd' So

or

This shows that the values given on Fig. 8 are n.

o
a values at all,
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rather they are HT values. The data for the 15 micron point on Fig. 8
" could be plotted on Fig. 7, the graph relating tube ‘diamster to . tube

hematocrit and feed hematocrit. - It would show up as a line underneath g

the line for the 29 micron tube data.
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