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PREFACE

The estimation of the viscosity of blood plasma has attained
an accepted place among the accredited tests of clinical pathology.
The original suggestion that the plasma viscosity measurement
might be valuable to the clinician was made by Miller and
Whittington (269) in 1942. No-one except myself followed up this
suggestion.

I worked at first in conjunction with Whittington and
Houston (successor to Miller) and later with other clinical
colleagues. All the interest in the test shown by other workers
dates from the later papers of Houston, Harknéss and Whittington
(1945) (119) and Harkness, Houston and Whittington (1946) (99 )
and even that of Cowan and Harkness (1947) (54 ). Thus while I
have no claim to the original idea of the estimation, I may claim
that but for my intervention it might have sunk into oblivion and
I do claim that I was responsible for the major part of the later
development which led to its present status as a valuable test.

This thesis is based on that portion of the combined
reseafches for which I was alone responsible. It is based on

eight years work.



The main thesis consists of three parts. The first part
deals with the investigations into the fundamental technical
aspects of the estimation of the plasma viscosity; the second
part "is concerned with the plasma viscosity in normal persons
and the changes in response to physiological stimmuli; and the
final part describes the changes in the plasma viscosity in
disease.

An Appendix contains the details of the technical methods,
the tabulated results, and some selected case histories. Reprints
of the published papers are included in a pocket of the back

cover.



Part 2

INTRODUCTION




Part 2

INTRODUCTION.

$ 1L

Life on this planet probably began, in water, when a
fundameﬁtal change occurred in a small mass of protoplasm- and it
became a single cell. Evolutionary development led to organisms
of larger and more complicated single cells and later to organisms
of more than one cell. These early forms of life, if they were to
survive, had to be capable of dealing with all the changes
occurring in their aqueous surroundings, eg., changes in reaction,
temperature, chemical constitution, ete.. As the organisms
increased in size only the outer cells were coming into contact
with the water, while the inner cells were protected and thereby
given scope to develop special functions, such as the contraction
power in muscle cells and stimlus conduction in nerve cells.

All metabolic processes take place as reactions between
substances in aqueous solution and an internal system for the
transport of metabolites in solution was also developed. To
Claude Bernard ( 18,19 ) is the credit of first proposing the
hypothesis that the larger products of evolution, a group
which includes Man, live in an cuter variable medium of water
or air with which only the ocuter cell layers (plus the lining

of the alimentary and respiratory systems) are in contact,



while the immer cells live in contact with én intermal agmeous
system (his "milieu intérieure") of almost constant
characteristics. Although the internal medium maintains a
constancy of its composition and its properties, recent work
has demonstrated that this constancy does not arise from a
static arrangement but rather from a dynamic equilibrium in
which a balance is maintained in spite of large reactions.

The fluid within the human body has been divided into
(Ganble (86)), (1) the intracellular fluid forming part of the
protoplasm of the cells, and (2) the extracellular fluid
consisting of (a) the interstitial fluid - the fluid lying
between the cells and within the lymphatics, and of (b) the
intravascular fluid - the fluid contained within the cardio-
vascular system of heart, arteries, veins and capillaries.

It is again stressed that these fluids are in equilibrium and
any alteration in one part of the system will produce an effort
to re-esteblish the equilibrium by changes either in this
primarily affected part or in the other parts. Alterations in
the fluid of the cells will affect the fluid of the blood.

The blood in its course through the veins comes close
to the skin at several parts of the body, especially in the
antecubital fossae, and is there readily available for removal.
Records show that from earliest historical times blood has

been removed from these veins either to be studied as an aid to



diagnosis or as part of therapy. From the appearances of

blood shed from these veins and allowed to clot in a shallow
receiver, the Greek medical school of Cos (B.C.400) developed
the 'Humoral Pathology' which affected the principles of
medicine up to the nineteenth century. Venous blood, allowed
to stand and clot, shows four layers:- an upper liquid layer

of serum (= yellow bile of Greeks), a layer above the cells,
known later as the 'buffy coat', formed by the contracted clot
of fibrin (= phlegm ), the upper layer of the erythrocytes
which have more oxygen and thus a redder hue of oxyhaemoglobin
(= blood), and the lower layer of de-oxygenated erythrocytes
with reduced haemoglobin (= black bile of Greeks). The four
humours corresponded with the Greek philosophy of classification
into fours - eg. the four elements of air, water, fire and earth
and the four qualities of dryness, moistness, warmth and coldness.
The proportions of the four layers in the clotted blood varied
from person to person, and in the individual in the course of

an illness. According to the relative proportions of the layers
the Greeks classified their patients (eg. an excess of phlegm =
phlegmatic) and their treatment was directed to restore the
balance of the layers of the blood. Later, the bleeding of
patients as a form of therapy had as one of its objects the
removal in the shed blood of the exceséively large layer and

thus a restoration towards normal proportions.



In the eighteenth and nineteenth centuries several
atﬁempts were made to correlate the blood appearances with the
clinical condition and the chemical congtitution of the blood,
but there was little success in either field. The examination
of the shed blood was one of the things which was neglected when
the work of Virchov focussed all attention to the cellular
structures of the body and their changes in disease.

In 1918, Fahraeus (73) re-introduced a modification
of this historical examination of large volumes of shed blood.
He used a solution of sodium citrate to prevent the blood from
clotting and studied the rate at which the erythrocytes
settled ocut in a long narrow colum of this blood held in a
vertical glass tube. He found that the rate of fall was faster
than normal during the later months of pregnancy and proposed
the use of this measurement as a disgnostiec test for this
condition. In a later publication (74) he studied the rate of
fall in other disease conditions and he attempted to correlate
the rate of fall with changes in the chemical composition of
the plasma. This test was‘first known as the Blood Sediment-
ation Rate (contracted to BSR) but when it was later realised
that it was only the erythrocytes which settled, the test was
renamed as the Erythrocyte Sedimentation Rate ( or ESR. ).
(Fahraeus (74) gives an excellent bibliography of the work by

earlier writers who studied the rate of erythrocyte settling,



including that of John Hunter. )

Since the original paper by Fahfaeus, over 3,000
articles in the English language alone have been published on
this ESR test. Nevertheless, the knowledge of the chemicals
which control the rate of fall has shown but little advance on
his original work and must be regarded as unsatisfactory. The
variation in the chemiqal constituents of the plasma and the
ESR have formed the basis of numérous papers. It has been
shown by several authors (Fahraeus (74,75), Tiffeneau and
Gysin (241), Frazer and Rennie (84), and others) that there
is some relationship between the changes in the plasma proteins
and the chenges in the ESR, while some other workers (eg.
Bendien and Snapper (15)) go so far as to give a formla by
which the ESR can be calculated from the protein fractions.
Unfortunately, while this correlation formila may yield
calculated values with excellent agreement with experimental
results,'tﬁe discrepancies can be frequent and large. No-one
has yet demonstrated beyond question that the ESR changes are
caused by changes in the proteins themselves and not by some
other factor or factors changing much in the same phase as the
proteins. Gordon and Wardley's (68) recent experiments with
artificial plaswa built up from purified protein fractions

were unkble to settle this problem.
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I have had a special interest in the ESR test from the
occasions when it was used to investigate an illness I had
while a medical student. In 1941-42 I spent a year in a study
of the haematological changes which follow the exhibition of
sulphonamide drugs - I was investigating the claim by
Browning (34) that rheumatic subjects are more likely to react
severely to sulphonamides than patients ill from other diseases.
Among my battery of tests I had included the Westergren ESR
and I found that in serial testing the ESR might increase when
the drug was given to a normal control subject. (See Fig. 1)
This research programme had to be left incomplete because of
war-time staffing difficulties. I transferred my research
plan to an investigation of the relationship between the ESR
changes and the alterations in the chemical composgition of
the plasma as induced by the sulphonamides. I hoped that by
replacing the study of random pathological conditions by a
controlled physiological experiment I might gain a success in
a field of research in which so many previous workers had
failed.

§ 2.
Following Fahraeus' original publication, several
different methods were suggested of expressing the rate at

which the erythrocytes settled in the columm of blood but
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5 Daily dosage of
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Fig. 1 The increase in the Westergren ESR. following the

administration of Sulphanilamide to a normal
subject in the ordinary therapeutic dosage.



there were only three basic forms, ie. (a) fall (in millimetres)
in a fixed period of time (usually 1 hour); (b) time (in minutes)
taken to fall a fixed distance (18 mm. ); and (c) the rate of fall
at that period when the velocity was maximal, the rate being
expressed as a distance relative to timb, such as mm /hour.

In 1940, Day ( 61) introduced another modification in the manner
of expressing this rate of fall - his "Sedimentin Index". He
measured the fall of the erythrocytes at frequent time intervals
and plotted these figures on squared paper, time along one axis
and distance of fall along the other; the points were joined to
form a curve; a straight line was drawn along that part of the
curve where the velocity of fall was maximal and from the slope of
this straight line the distance (in millime%res) fallen in 1CO
minutes was estimated. The logarithm of this figure was his
sedimentin index -~ it displaces the conventional units of time

and distance. Day studied tuberculous patients. The novel
mathematical treatment of the results rather over-awed Dr. A. K
Miller, medical superintendent of the Crossley Sanatorium, PFrodsham,
Cheshire, and he passed the.jouirnal on to Mr. R. B. Whittingbon, ilc.
lecturer in hydrodynamics in the Engineering Department of
Manchester University. DMr. Whittington had a special interest in
hydrodynamics and a personal interest in the ESR test. He decided

to carry out some investigations of the haemo-mechanies involwved

in the sedimentation of



erythrocytes in plasma using blood samples supplied by Dr.
Miller from his sanatorium patients. The results ﬁere
published in 1942 as four papers (249,250,251,252).

As the erythrocytes settle downwards they have to
displace plasma and furthermore, plaswma has to flow upwards
into the space vacated by the cells. One of the factors which
has to be; congidered in this process is the viscosity of the
plasma as a2 highly-viscous plasma would resist both the
displacement by the cells and the flow to the upper part of the
tube more than a less viscous plasma. A plasma of low viscosity

"has been included among the factors producing rapid ESR Qalues
by the writers on the ESR test who dealt with this aspect only
from a theoretical aspect. However, in his actual experiments,
Whittington found an apparent anomaly in that the rapid ESR
bloods frequently had a -~plasnma. of high viscosity. The
correlation between the ESR values and those of the plasma
viscosity was not linear. The 20 estimations of both values
were reported by Whittington (24%) and Whittington and Miller
(252) end on a scatter diagram these 20 points were joined by
three curved lines. (This 3-curve diagram was to affect all
future work on the plasma viscosity estimations, in a menner
not-foreseen at the time of the original publication. )(Fig. 2)

They next considered if there was any relationship between
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Fig. 2
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This figure has been traced from Whittington's (249) paper.

The citrate plasma viscosity has been multiplied by a hundred
and expressed as "stokes",

"N" was the "agglutination number" and represented the pize of
the aggregates of the erythrocytes at the end of the first
period of the sedimentation curve.

The sedimentation velocity is related to it very closely.

"N" can be calculated from viscosity measurements, but as
with other non-Newtonian fluids, the value of "N" depends upon
the characters of the particular viscometer in which it is
measured, Whittington obtained a correlation between "N" and
the sedimentation velocity (V) according to the equation -

vl = 0,759 v,



15

the plasma viscosity value and the clinical condition of the
patient from which the blood was drawn. They found that the
plasma viscosity was generally increased in tuberculosis and
that there was a correlation between the degree of this increase
and the severity of the clinical condition as assessed by the
Ministry of Health scheme (166). The results of 63 tests were
published in the Lancet (267) with the recommendation that the
estimation of the plasma viscosity could aid the clinician in
the management of his tuberculous patients.

At the end of 1942 Dr. Miller left the Crossley
Sanatorium. Mr. Whittington knew nothing of the proposed
successor and of any further work on the plasma viscosity in

the Crossley Sanatorium or elsewhere.

§ 3.

During 1941 and 1942 there were several articles on
the ESR test in the British Medical Journal which resulted in
a lengthy correspondence. The final letter, by Hilliard (112),
quoted Whittington's papers and I worked back through the
whole series. I was specially interested by the relationship
between the ESR and plasma viscosity results, and by one
sentence (251) - "In the case of viscosity, for example,
though as far as we are aware this has not yet been studied,

it is inconceivable that the plasma protein fractions should
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all exert the same relative influence on the plasma viscosity
as on the agglutination". ‘("Agglutination" is the clumping of
the erythrocytes into aggregates which sediment together, and
the ESR has been shown to be depeﬁdent largely on the size of
these aggregates and thus od the agglutination. )

I then had the idea of inclgding the estimation of the
plasma viscosity into my scheme for the investigation of the
BSR test. Whittington's original 20 duplicate estimations of
plasma viscosity and ESR indicated that if there was a
relationship between the two wvalues it could not be a simple
one. Yet Ivconsidered the possibility of correlating the
changes in the ESR with those of the plasma viscosity, the
piasma viscosity changes with those in the constituents of the
plasma, and thence indirectly correlating the ESR changes with
the éonstituents of the plasma.

Therefore I travelled from Montrose to Manchester to
discuss my problems with Mr. Whittington and found him, as
described in the previous section, with his collesgue,

Dr. Miller, due to leave the Crossley Sanatorium.

$ 4.

Whittington and I found that our problems and fields
of investigation overlapped and we decided that by combining

our forces into a common plan we could better tackle these
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problems than by continuing in our individual researches.

We decided that Whittington should continue with his academic
research on the viscosity of pure liquids and with such plasma
as he might receive from the Crossley Sanatorium, while 1
attempted to find some correlation between the clinical
severity of a variety of diseases, the chemical composition of
the plasma (especially the protein fractions), the ESR, and
the plasma viscosity. :I'was to 4dd other physical properties
of plasms, such as osmotic pressure, specific gravity, and
surface tension, when I could obtain the appropriate apparatus.
This partnership has continued since (unbroken even by the
departure of Whittington to America in 1948) and a series of
papers has been published on our results under our joint

authorship (99,100,101,102,118,119,120).

§ 5.

Other Collaborators.

Dr. John Houston succeeded Dr. Miller at the Crossley.
He became interested in the researches and assisted both by k
giving Whittington his laboratory facilities and by dealing with
the clinical aspect in the choice of patients and the assessment
bf their clinical condition.

Dr. Tan C. Cowan, director of the department of physical

medicine at Sunderland Royal Infirmary, assisted us in the study
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of rheumatic diseases by selecting patients for study and by
kassessing the severity of their conditions. We were also

helped by Dr Nicol and Mr Waugh, the other members of the team
of doctors which controlled the Rheumatism Clinic. (See

Nicol, Waugh, Cowan and Harkness (182)). Dr Cowan has obtained
hig M.D., degree at Aberdeen University in 18950 for a thesis based
on his share of this work.

Dr. A. B. White helped at Portsmouth by selection of
patients fulfilling the requirements for a special study. He
was responsible for the final assessment of their clinical
condition.

In addition, many other doctors assisted me in a iess
direct manner by sending me patients with diseases in which I
might find my investigations of special interest and by making

available the clinical information concerning them.
§ 6.

As many of the results have already appeared in papers
of joint authorship, it is essential that the share of each
author should be clearly defined.
The Crossley laboratory consists of a small room with
the equipment necessary for urine and sputum teSting, plus the
apparatus for estimating the plasma viscosity, ESR, and haematocrit

values. Whittington visited once per week or month; the other
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technical assistance was supplied by convalescent pétients.
Drs. Houston, Cowan, and White did no laboratory work. Their
share consisted in the choice and examination of patients.
The papers were written mostly by myself, modified by
Whittington, and approved of by these clinicians.

Whittington (a) supervised the estimation of, and estimated
the plasma viscosities of Houston's patients, (b) carried out
éxperiments on the viscosity of pure liquids, (c) calibrated
and correlated the early viscometers, (d) analysed the results
produced in all the laboratories, and (e) produced the
mathematical analysis of the protein fractions in our

paper (100).

I, myself, (1) assessed the clinical conditioﬁ of my
Montrose patients, (2) assisted in the assessment of the
Sunderlend and Portsmouth patients, (3) estimated the viscosity
of the plasma and serum of all these patients (3,000 + tests),
(4) estimated the protein fractions and the non-protein-
nitrogen content of these plasmata and sera,(5) prepared pure
fractions of albumin snd globulin, (6) estimated the viscosity
and specific gravity of protein solutions, (7) estimated the
specific gravity of plasma and serum, (8) measured the ESR,
(9) conducted further experiments with sulphonamides, (10)

calibrated and correlated the later viscometers, (11) also
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- analyzed the results produced by my laboratory, and (12) carried
out the series of experiments on anticoagulants, ultrafiltrates,
temperature effects, etec. (to be described in detail later) which
were necessary before the technical aspect of the plasma viscosity
test could be regarded as satisfactory.

There are many problems arising in the course of these
researches which await solution, yet I believe that a stage has now
been reached at which, from my own results alone, I can give a
general picture of the.present knowledge on the subject of the
estimation of the plasma viscosity. PFrom these results this
thesis is derived.

§ 7.

£
The plasma viscosity had been measured by several

earlier workers in a rather haphazard manner but it is to
Whittington and Miller that the credit should go for the original
use of this measurement as a clinical pathology test as a guide
to the severity of the clinical condition in pulmonary
tuberculosis. Nevertheless, almost identical work was being
done in China by T'ang and Wang (240) at the same time as the
English workers were carrying out their experiments; this
Chinese paper only came to the notice of British readers in 1946.
I was the only person to give further attention to the

paper of Miller and Whittington (267) and to carry out further tests
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with their technique.

The plasma viscosity test is now used in many parts of
the world by workers who date their interest to the papers of
Houston, Whittington and Harkness (99,119) or even to the later
paper by Cowan and Harkness (54).

Thus, while I have no claim to the original idea of this
test, I may claim that my work has been largely responsible in
advancing the test to its present state of an accepted and

valued laboratory procedure.

% %k & % % %k % ok k% & ok
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Part 3

DEFINITIONS.

In deciding which terms and tests have to be defined for the
reader of this thesis I have to assume that he has a knowledge
of the interpretation of the values obtained in the ordinary
"tests of clinical pathology, even if the téehnical details are
not so well known. I will also assume that he knows nothing

whatsoever concerning the estimation of the viscosity of plasma.

(4) Viscositz and Plasma Viscosity.

Physicists are still uncertain concerning fhat physical
_property of liquids called "viscosity". The viscosity of gases
is understood much better; certain equatidns and formilae have
been derived by which this viscosity can be estimated. The
earliervworkers on the viscosity of liquids applied these same
formilae, with modificationg, to the liquids in the belief that
the viscosity of a liquid was analogous to the viscosity of a
gas. Unfortunately, it has been shown that such an assumption
was not valid. In the past few years, many workers (including
Whittington) have begun their investigations anew on this
property of liquids.

A practical example will help in giving an idea of what is
meant by the term "viscosity”. Consider three 40-gallon casks

containing water, treacle, and pitch and in each we make an
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air-inlet in the 1id and remove a 3" bung in the side near the
bottom. The water would gush forth, the treacle would ooze out,
and the pitch would take days to months to empty out. Each
liquid resisted the force of gravity in its attempt to force it
throughithe hole and it is to this property of 'resistance to
change in shape' that the term viscosity is applied.

The British Standard Specification 188:1937 ("Determination
of Viscosity of Liquids in Absolute (C.G.S.) Unitd') contains the
following definitions. - "The viscosity of a fluid is that
property to which is due the internal resistance offered to the
motion of any portion of that fluid with a veloeity different

from that of a contiguous portion". It determines the resistance
to shear (shear = forces in slow stirring, flow through a
capillary, and the like). For quantitative expression of
viscosity a distinction is made between the dynamic viscosity
(also referred to as "absolute" viscosity)(symbol =¢:) and the
kinematic viscosity (symbol =2*). "The dynamic viscosity of a
fluid is the tangential force on unit area of either of two
éarallel planes at unit distance apart when the space between
the planes is filled with the fluid in question and one of the
planes moveé with unit velocity in its own plane relatively to
the other". "The kinematic viscosity of a fluid is equal to

the quotient of the dynamic viscosity by the density of the
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£luid, thus zr= g where ¢f is the density of the fluid".
The C.G.S. unit of dynamic viscosity is the "poise", that of
kinematic viscosity is the "stoke". The centistoke (=1/100
of stoke) is a unit of more convenient dimensions for plasma
studies as the kinematic viscosity of water at 20°¢. is 1008
centistoke. (Usual contraction for centistoke = es. ) (31 ).

There is a further complication to this subject.
Fluids can be divided into "Newtonian" and "non-Newtonian'.
With Newtonian fluids ( a group which includes such liquids as
water, benzene, agueous solutions of electrolytes) the viscosity
can be measured under a variety of conditions but identical
values are obtained. In contrast, the viscosity of a non-
Newtonian fluid is dependent upon the conditions under which it
is estimated and the viscosity is a function of each instrument.
Using 'x viscometers, calibrated with Newtonian fluids, a single
non-Newtonian fluid might yield 'x'viscosity results, all
differing slightly from each other. It is obvious that the term
'viscosity' cannot properly be applied to non-Newtonian fluids
as the corresponding property cannot come within the limits of
the first definition above - but the term of 'viscosity' is
retained for lack of a better term.

Among the non-Newtonian fluids is the group of

"aolloidal solutions" of which plasma and serum are members.
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Thus when I write of 'plasma viscosity' it w?ll be realised that
I mean - "that property which in Newtonian fluids is known as
'viscoéity' " and that the physical property must be interpreted
only according to the known conditions under which it is

estimated.

(B) Plasma and Serum Protein Fractions.

The plasma of humasn blcod normally contains 6-8 g. protein per
100 ml. of protein. This protein is not uniform but can be
divided into a nunber of fractions: the number of the fractions
and the nature of the fractions depend upon the technique used
in the separation. The fractions separate according to their
physico~chemical properties and not according to their original
function within the body.

Plasma protein can be subdivided into two majo? fractions
called Albumin and Globulin: that portion of the Globulin which
has the power to form the fibrin clot is called Fibrinogen, and
it has become customary fo speak of three fractions, viz.
Albumin, Globulin (meaning total globulin minus fibrinogen),

“and Fibrinogen. Thereby we have the same Albumin and Globulin
values for plasma and serum, as the latter is only the plasma
from which the fibrin has been removed. This convention is

, used throughout this thesis.
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The best method available to our laboratory for the
protein fractionation was the classical salting-out technique
of Howe in which the total globulin was precipitated from serum
by a 1°5 molar solution of sodium sulphate. The albumin of the
filtrate was measured, the globulin was obtained as the difference
from the total serum protein, and fibrinogen was measured as the
fibrin clot obtainable from plasma.

The fractions of albumin and globulin prepared for the
study of protein solutions depended on similar methods so that
the results from solution experiments should be applicable to
the plasma and serum. The fibrinogen was obtained from the
Medical Research Council, without knowledge of its method of

preparation.

(C) BESR or Erythrocyte Sedimentation Rate.

The erythrocyte is so minute (diameter = 7u) that the
surface area is very large relative to its volume and mass. In
a columm of blood there are groups of forces acting in opposition.
The difference in the specific gravities of the cells (= 1°'097
approx. ) and the plasma (= 1°027 approx.) tends to make the
cells fall towards the bottom of the tube: the friction between
the cell surface and plasme, the mutual repulsion of the cells

because of their electrical potential, ete. hinder this fall.



The resultant force is so small that the cells would take many
hours to sediment, if the cells were to remain as separate units.

However, in all bloods there is another force of varisble
magnitude which aggregates the cells into clumps in which the
surface area (increasing as the square of the radius) is now
less in relation to the mass (increasing as the cube of the
radius). These larger masses are subject to relatively less
resistance in their fall than the single cells: they fall
rapidly. There is a sharp upper border where the upper margin
of the colum of sedimenting cells meets the clear supernatant
plasgma.

The ESR test measures the rate at which this upper border
to the erythrocyte columm falls and is usually expressed as the
depth of plasma obtained in defined time periods. If the depth
of the plasme is noted at intervals of a few minutes in a tall
columm of blood and if these results are plotted on squared
paper, graphs such as shown in Fig. 3 are obtained. The sigmoid
curves can be divided into three parts as indicated in line II -~
first part, 0X, "period of aggregation", during which the cells
first fall slowly as discrete units and later a little faster
as the aggregates are formed: second part, XY, "period of
maximum.veloéity", during which the aggregates increase no more

in size but fall at a uniform speed which is also the maximum
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velocity attained: third part, YZ, "period of clumping", in
which the rate slows as the falling cells are hindered by those
already filling the bottom of the tube. Fig. 3 also illustrates
how a reading taken at the end of one hour contains a markedly-
variable proportion of these three periods, and how it is
possible (cf. III and IV) to obtain a higher l-hour reading in
a blood which has a lower maximm velocity.

The Wintrobe ESR, as used in this thesis, measures the
depth of plasma, after 1 hour at room temperature, in a column of
blood 100mm. x 3mm. ., using Heller and Paul's (106 ammonium and
potassium oxalate mixture as anticoagulant. A correction for
variation in the nunber of erythrocytes, as measured by the
haematocrit, was made by the nomogram of Wintrobe and Landsberg.
(258).

The @orrected Citrate Maximum Velocity was measured at
20°C. in a colum ( 200 x 2°5 mm. ) of blood having a haematocrit
value of 36%, prepared from blood which originally had 20% of
3+8% sodium citrate solution as anticoagulant, by determining
the maximum veloeity from frequent reaedings and a graph such as
in Fig. 3.

(D) Note on Significance of Results.

It is essential that the reader is warned that in this

thesis there is a correlation of the results of many tests.
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The text should leave the reader in no doubt as to what is
being compared - whether it is the numerical values of the
~tests or the interpretations of these results as usually

epplied by physicians or clinical pathologists.
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Part 4

METHODS

This section supplies the details of the estimation of the
plasma viscosity only. The other techniques are described in the

appendix.

The Estimation of the Viscosity of Plasma and other liquids.

Apparatus:~ Water-bath at 20°0°C Reagents:- Distilled water

Whittington viscometer Absolute alcohol
Stop-watch Dried ether
Water suction-pump. ' 37 agqu. NaOH soln.

-

Watér—bath - These baths cost £30-£200 to purchase. A satisfactory
model was made from a glass accumulator tank, 10"x12"x14" deep,
holding 30 pints to its working level. The temperature could be
controlled manually to within 0°03°C. as measured on a N.P.I.
thermometer graduated in O*1 degrees; the heating was by a

small immersion heater and cooling was by ice cubes or cold water
added. A light source behind the bath tended to neutralise the
heat loss from the tank and allowed a more accurate reading of
fluid levels in the viscometer: see Fig. 4.

Whittington Viscometer - see Fig. &. Whittington designed

this modification of the classical Ostwald viscometer which
required about 10 ml. fluid so that his instrument requires only
0*7 - 10 ml. The viscometer is of very simple construction.
Two Westergren ESR. tubes (300 mm. long and 2°5 mm. bore, with
200 mm. graduations at one end) were joined to the ends of a

U-shaped capillary of 200 mm. length and 0°35 mm. diameter, and



Fig., 4
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The arrangement of the apparatus for the viscosity
estimation.

The viscometer is adjusted until the limbs are
vertical, as compared with the plumb~-line.

The ESR. tube is also made vertical by comparison
with the plunb~line.

The water is heated by the immersion heater and mixed
by the electric stirrer.

A small electric bulb is placed behind the bath to
illuminate the graduations of the glass~ware. It is not
shown in this sketech.

=

Whittington
Viscometer
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the upper end of the right-hand tube was bent over. The later
viscometers have been more elegant examples of the glass-
blowers art where great skill is required in making a smooth
funnel-shaped union between fhe wide and capillary tubes whieh
is essential if turbulence of flow is to be avoided. Turbulence
greatly detracts from the accuracy possible in viscometry.

The viscometer was mounted in the water-bath (see Fig. 4)
as follows. A shallow slot was cut in the top of a paraffin
wax pillar to steady the capillary loop. The split-and-wired
cork which held the upper tubes was fixéd in a special clamp
which allowed movement in two planes so that the limbs could
be adjusted into the vertical by comparison with the plumb-line.
The whole of the inside of the viscometer was visible so that
any dirt or clot in the capillary was immediately visible.

Technique for use of Whittington Viscometer.-- The method for

using this type of instrument will be given in general terms and
the appropriate figures for the V5 instrument are given in
brackets. Let us suppose that the plasma has been prepared
as described in the appendix.

Ascertain that the viscometer is clean and dry, that the
limbs are vertical, and that the temperature is exactly 20°0°C.
Apply orel suction, via a long rubber tube, to the top of the

straighf linb (F), apply 1 ml. of plasma in a small basin below



37

the curved limb (E), and bring the fluid level round to 'D‘
(132) which experience shows as the most suitable for each
instrument. The basin is rapidly removed and suction is
contimied until the level in the left limb is 5 mm. sbove the
upper "fall'level (123). Allow to drain for 3 minutes. The
fluid levels are made equal in both limbs by suction at 'E’',

and the levels noted to the nearest 1/10 th mm. Change now to
suction from a water vacuum pump. Apply‘suction again at 'F' to
bring the level above the upper fall level by 2mm. (122). Note
the time taken for the level to fall from the upper (120) to the
lower (100) fall level. Repeat the levelling of the fluid on
both sides, and again note the time taken for level to fall.

Calculation of the Viscosity from experimental results:-

(1) The viscometer calibration is mede with the fiuid—level in
the limbs which we call the "ideal" rest levels but it is obvious
that such levels will not be attained on each filling. Also,
the levels alter during an experiment because of a continual
slow drainage of fluid from the upper part of the right limb
which was wet in the process of filling. A correction for the
variation of the experimental rest levels from the ideal is
made in equation (1)

Tt = ‘T°( 1 - ) .« .« . . . (1)

where k = a constant (0°*0116); T° = experimental time of fall;



T' = time which would have been obtained if the rest levels had
been ideal; and A = (sum of experimental rest levels - sum of
~ideal rest levels (129°7) ).
(2) The kinematic viscosity in centistokes is found by equation
vl AT 4 BfM' + C e )
where A, B, and C are constants.
For Newtonian fluids, the factors for viscometer VO are
A=+ 001055, Be&+ 7369, C= O
For Plasma, for reasons to be given later, the factors are
A=+ 001254, B =+ 8519, C = - 0°201
These complicated equations can be readily solved by the use of
a nomogram. Fig. 6 is a copy of that prepared for the V5
instrument except that the laboratory drawing is much larger.
The viscosity value to be reported is the average of the
duplicateiexperimental results.

Cleaning the viscometer.~ The plasma is recovered by applying

pressure at 'F'. The viscometer is washed and dried by suction
at 'F' to draw through in succession - water, alcohol, ether, air.
Time taken for the complete test, from drying to drying, is

about 15 mimutes. Other small laboratory duties can also be

undertaken in this period when the fluid is draining or falling.
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’

' To maintain the viscometer free from protein deposit the

~ instrument should be cleaned regularly with dilute caustic soda
solition ( 3-10%). I usually begin the weék with this treatment.
A thdrough washing with ﬁater is necessary to remove the last
trace of alkali. '

It is recommended that a similar washing with alkali should
'foilow any plasma known to have a high globulin content, or the
preliminary cleansing of the protein can be made with normal
saline which will not predipifate the globulin as would distilled

water.

ok ok ok od ok % % & % X
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Part 5.

MATERTAT..

(A) Royal Asylum of Montrose. (1943 - 1946)

421 tests were made on the\physically ill patients
among the total population of 700, and on a few sick members of
the staff. I was the medical officer in charge of the male
patients and staff.

These tests included many on tuberculosis which was rife
among the patients and on pyogenic infections. A series of

general paralysis of the insane cases was also studied.

(B) Sunderland (1946 - 1948)

The laboratory at Sunderland Royal Infirmary carried
out the pathblogical investigations for all the hospitals in the
'region from the Tyne to Tees.

The close liaison with the Rheumatism Clinic produced
1067 tests in the rheumatic diseases. Another 424 tests were made
on the patients in the general medical and surgical wards,

especially on the malignant diseases.
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(¢) Portsmouth. (1948 - 1952)

The Central Laboratory supplies the pathology service
for the Portsmouth Area and the Isle of Wight.

The 1218 tests, at the time of typing, include most
of the normal control series, the subjects of physiological
stimuli, many tests on children, a further series of G.P.I.
patients, the series of sarcoidosis subjects, the series of
éests during pregnancy, and a special study of some aspects of
tuberculosis.

Many of the tests reported in the Pre-clinical Part
(Part 6) which deals with the technical aspects of the estimation
of the plasma viscosity were made at Portsmouth and involved

an additional measurement of several bundred viscosities.



Part 6

PRECLINICAL

STUDIES -




Studies on the non-clinical aspects of the estimation of the

viscosity of plasma and serum.

This part of the thesis is concerned with the study of
that physical property of plasma and serum which in Newtonian
fluids has been defined as "viscosity". It is the preliminary
to the following part. in which the variations in the plasma
viscosity under physiological conditions are deseribed, and to
the later part in which the changes in the plasma viscosity as
a result of disease conditions are considered.

We are here chiefly concerned with two problems -~ the
errors possible, from a variety of causes, in the estimation of
the plasma viscosity; and the relation of the plasma and serum
viscosities to the chemical composition of their respective

fluids. Other relevant but lesser problems are also discussed.

(A) The potential errors of my technigue.

§ 1. General consideration of the technique.

If the Whittington viscometer has been filled to the proper
. rest levels with a representative sample of a plasma, the error
arising in the actual estimation should be of the order of 0°Ol cs.
or less (= less than 0°5% of total viscosity value). There are

five possible sources of error - (1) time of fall, (2) rest levels,
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(3) temperature of water-bath, (4) dirt in viscometer, and (5)
alteration in the characteristics of the viscometer. ILet us
consider these in turn.

(1) Error in timing the fall.

There is a period of time between the eye detecting
the arrival of the meniscus to the graduation marks and the
movément of the finger to stop the watch and this "reaction time"
may vary slightly (eg. by 1/10th second). The process to be
timed at the beginning and end of the fall period is exactly the
same and the reaction time should be the same for each process.
They thus tend to cancel each other out. Examples of serial tests,
wheg the rest levels had become constant, are 164°1l, 1636, 164°0,
164+0, 164°2 seconds, and 159°4, 159°+4, 159°6, 1592°6, 159°6 secs..

Larger errors could be introduced by parallax by making
the eye too high or too low in relation to the graduations. This
source of error was almost excluded by drawing lines on the back
of the water-bath at the same height as these graduations; the
~eye was adjusted to bring the graduation and its corresponding
back level into line.

The error due to timing should not exceed O0<5 seconds
and is usually of the order of 0°2 or 0°*3 seconds in a total of

- 150 seconds (= 0-2%).




(2, Error due to variation in the rest levels.

An error of 0°1 mm. in reading a rest level introduces an
error of 0002 cs.; however, the meniscus level should be read
with an accuracy which does not include so large an error as
even O*l mm. The secret of an accurate reading lies in obtaining
a satisfactory system of illumination.

During the filling of the viscometer a thin film of plasma
remains on the wall of the right limb. The plasma drains down
slowly to increase the volume of ?luid under test; drainage is
greatest in the first three minutes and negiigible after twenty
minutes. Similarly, a little plasma remains on the wall of the
left limb when the fluid levels are made equal after each fall.
From the third to fifteenth minute, a time sufficient for three
falls to be timed, the sum of the rest levels is greater by 0°5
to 0°8 mm. after the fall than before it. The mean of the rest
levels of before and after the fall might be used in the calculations
with more accuracy than the single preceding values; the maximum
error, corresponding to the 0°8 mm. difference, would be only
0+008 cs. We believe that by the calibration of the viscometers
using the preqeding rest levels only the possible error has been
reduced to so small a figure as to be negligible.

Errdrs due to inefficient filling of the viscometer can be

minimised by requiring that the sum of the rest levels must
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not differ from the sum of the ideal rest levels by more than

4 mm. If too mich fluid has been introduced, the difference
between the levels iﬁ the limbs during the fall will be less than
usual and the hydrostatic pressure forcing the fluid through the
capillary will be correspondingly reduced, hence making the time
of fall too long. The opposite results from insufficient fluid.
The correction equation can be calculated from the dimensions of
the viscometer: this formula was found to give excellent
agreement with our experimental results in which we derived a
correction equation by timing a single fluid with a wide variety
of rest levels. TFurthermore, our experimental results showed
that the correction equations could be applied for errors in
f£illing which resulted in theisum-of.the rest levels being
,deficient or excessive by 10 mm. The correction equation thus
appears to give adequate and accurate allowance for the minor
variations in the fluid volume contained in the viscometer.

Air bubbles cannot be permitted in éither limb. The
rest levels, the time of fall, and the hydrostatic head of
pressure are all affected to an amount for which no accurate
correction can be made.

(3) Errors due to variation in the temperature of the water-bath.

Experiments to be reported later will indicate that a change
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in the tempefature of the water-bath by 1°C alters the time of
fall by an amount equivalent to 0°05 cs.. at 20°C. As the
te?@erature can be maintained to within 0°03°C, the error fr&m
this source should not exceed 0°002 cs..

(4) Errors due to dirty tubes.

Mechanical blocking of the capillary is the potential
source of large errors (eg. 25% or more). The dirt can consist
of specks of fibrin, cotton fibre, etc which act as plugs in the
capillary or of a general deposit of precipitated protein on all
the glass wall.

Experience and vigilance are the best means of detecting a
capillary blockage. One inspects the plasma as it fills the
Pasteur pipette and as it flows in the viscometer. The
resistance to oral suction alters with blockage; the rate of flow
varies when the suction pump is applied at alternate ends of the
viscometer. With a blockage, duplicate falletimes:inever agree
well enough to yield viscosities within the necessary C<Ol cs.
This is one of the reasons for running the test with duplicate
readings.

A géneral deposit of protein, resulting from a precipitate
of globulin by distilled water, can be removéd by a 3% NaOH

solution, applied for 10-15 minutes. A viscometer may require

this treatment twice in one day if many nephritic bloods are



being examined. On one occasion, in a study of the rheumaticl
diseases, I tested over 200 plasmata without requiring to
clean the instrument in a period of 6 weeks -~ this was also a
special study on the question of cleanliness of viscometers
and a frequent check was made with distilled water viscosity
estimations within this 6-week period. Such delay in cleaning
mst not be regarded as a routine procedure.

(5) Errors from an alteration in the charscteristics of the

visconeter.

The results obtained from a viscometer would vary according
‘to any change induced into the bore size of the capillary tube.
Such a change could result from large variations in temperature
(glass does not fully regain its original dimensions for periods
measured in units of months) and by the solvent action of
distilled water and the caustic soda cleaning solution.

My results with distilled water viscosity measurement in

viscometer V5 indicate that no change has occurred within the
period of 1944 to 1951, 1In this time over 2,000 measurements

of viscosity has been made in this instrument.

§ 2. The use of nomograms.

A nomogram has been used throughout these studies

wherever a result has been derived from experimental values by
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a complicated formula. A nomogram reduceé the time for the
solution of the equations to a few seconds and it excludes the
errors included by faulty arithmetic. If carefully drawn, the
results produced with the assistance of the nomograms for fhe
viscometers should be within 0°00l c¢s. of those produced by the
detailed solution of the calibration equations by ordinary

arithmetic.

Discussion.

To be considered as & suitable test for clinical
pathology the technique for the estimation of the plasma viscosity
mist measure this value on a volume of plasma removable without
distress to the patient, with a sufficiently high degree of
accuracy at a cost in equipment and technician's time comparable
with the value of the information obtained for the clinician
from the experimental results.

The volume of plasma (2-3 ml.) which was available to
Whittington from ESR blood samples was an important factor in
the original design of his viscometer with a capacity of
0*7 - 10 ml. Reflection on the daily blood regeneration, the
negligible effect of menstrual loss on blood values, and the
recovery from the donation of a pint of blood will indicate that
a patient could usually spare 50 ml. of blood without incurring

any ill effect. The removal of such a volume, however, would lead



to considerable mental distress for several reasons. In
addition to the pain arising from the large needle required,

the ordinary patient has only the vaguest ideas of the total
blood in the body and such an amount would be vastly greater than
what is accepted as the 'usual' volume of blood required for
testing. (In Portsmouth and Sunderland, the *usual' volume is
5 ml. This probably arises from the routine procedure of these
haematological departments where 5 ml. has been removed for the
ESR and blood counts which form the majority of the tests
requested by the clinicians.) Large blood volumes are unsuitable
for serial tests as the psychological stimlus of their removal
might possibly introduce significant changes in the very wvalue
which is to be studied. Macfarlane and Biggs (172) and Latner
(137 ) have shown that fear can alter the chemical composition

of the blood; similarly, Houston (120) had a patient whose
temperature, ESR, and plasma viscosity increased on the mere
proposal of a minor operation.

It follows therefore, that the technique chosen as
suitable for the measurement of the plasma viscosity should need
only the plasma obtainable from approximately 5 ml. of blood.
The Whittington viscometer can use the plasma derived from the
remainder from 5 ml. of blood after the other haematological

investigations of ESR and blood counts have been made.
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The criterion for the suitable degree of accuracy required
in the estimation of the plasma viscosity as a clinical test is
the smallest difference between two results which is considered to
be of clinical significance. From my experience, the minimal
difference of significance is gbout 0°015 cs.. Even if all the
theoretically-possible errors occurred in tbe estimation in a
clean Whittington viscometer these do not amount to more than
0°+014 e¢s. - later-reported experiments will show that errors of
such a magnitude (as measured by difference between duplicates)
do not oceur in practice. Thus the Whittington viscometer
has a satisfactory degree of accuracy.

The economic éspects of the estimation of the plasma
viscosity as a clinical test require that - the initial cost of
equipment should be low (certainly under £50), no special
services need be supplied, the bench space occupied should not
be excessive, the reagents should 5e inexpensive, the technician
mist not be highly trained, the viscometer should be robust to
withstand handling by such junior techniciens, and the time taken
for each test should be sufficiently low so that many tests can
be performed daily if required. All these requirements are met
by my technique. If three viscometers are used in the water-bath

and the time wasted while waiting for the levels to fall and for



the plasma to drain down after filling thereby employed
usefully, a student technician should cope with 20 - 30 tests

in an aftermoon.

Three basic principles govern the design of ﬁost visconmeters
in general use:- (a) measurement of the force between two
concentric cylinders rotating on each other with the fluid in the
space between; (b) measurement of the time taken for a more dense
sphere to fall through a columm of the fluid; and (c¢) measurement
of the rate of flow of fluid through a capillary tube.

Type (a) - Rotating Cylinders.

du Nouy (184) has designed an elegant model which requires
only 1 ml. of fluid. It is a delicate instrument, including a
‘galvenometer-wire suspepsion of the immer cylinder. The surface
tension effects are excluded by adding a drop of oil to the
plasma surface, which must make the later cleaning more difficult.
The cost of over £200 is prohibitive for most laboratories. This
viscometer, however, is a useful research tool for the examination
of the continuous changes in the viscosity of a fiuid and it does
nbt subject the fluid to the mechanical stresses of flow through
a capillary which might be sufficient to break down fragile

complex (and highly-viscous) structures.
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Type (b) - Falling or Rolling Ball.

A tube, graduated at two levels, is included within a
water-jacket. The tube is filled with the fluid and a sphere of
selected density, the time taken for the ball to pass between the
marks is noted with the tube inclined at a standard angle, and
the viscosity is calculated from this time.

Standard commercial models have a capacity of 30 ml;
smaller models (234) down to 1 or 2 ml. capacity have to be made
specially and are thus expensive. They are not more accurate
than the capillary type as they are liable to the same errors of
timing, ete.; the temperature control of the small volume in
the water-jacket is not exact unless a thermostatic control is
incorporated. There may be a benefit in the absence of a
capillary with its risk of blockege.

This particular type of viscometer may have a potential
value in the fact that the viscoéity is calculated from the |
experimental results according to Stoke's Law, in contrast to
the capillary type which applies Poiseuille's Law.

Type (¢) - Capillary Flow.

There are numerous viscometers which depend upon the flow
of fluid through a capillary tube. The viscometers used to study

the viscosity of plasma and serum can be placed in three groups.
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A very simple instrument cen be made from a pipette with
two graduations plus a constrietion to the outlet; the capacity
can be very small but most designs use 0°5 to 2 ml.. T'ang and
Wang (240) used the instrument originally described by Sat8 (123);
Woodmensey and Wilson (259) and Steel. (232) of Harrogate designed
their own instrument but it is almost identical with SatQd's;
Mann, of the Mayo Clinic, (158) advocates a hypodermic needle as
a replaceable constriction. Temperature regulation is difficult
because the outflow at the lower end makes complete immersion
impossible. All such instruments are inaccurate in that the
'viscosity' value is really a combination a fraction reflecting
the true viscosity of the fluid together with a fraction depending
on such non-viscosity factors as fturbulence of fluid-flow and
surface tension effects (in the Ostwald, Whittington and similar
viscometers the surface tension effect is the same in both limbs
and therefore self-cancelling). Steiner (personal communication)
has informed me that in some viscometers the true viscosity
fraction is responsible for only 10% of the apparent viscosity
differences between two fluids. It is a pity that the apparent
simplicity of this technique has encouraged so much work to be
done with these instruments by medical technologists who have

not had the advice on this problem by specielists in the physics

of viscometry.
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Moreover, with capillary-flow viscometers the 'viscosity' of
colloidal solutions depends upon the 'shear' which in turn depends
on the pressure exerted to force thé liquid through and on the
dimensions of the capillary tubing. That Mann should have
recommended an instrument designed with a variable shear from
needle to needle, ﬁithout an appreciation of the effect upon his
viscosity results, is particularly to be regretted.

The Hess viscometer (= Hellige in America) has been
used by Benson in his recent study (16). It has been the
instrument chosen by many investigators since 1807; many large
series of figures have been published especially in Germany. Yet
it is now realised that the significance to be given to these
results is low because of faults inherent in the instrument
itself (in spite of the extravagant claimé of accuracy made by
its memufacturers). The chief attraction to its use has been its
neea of one drop only of plasma or serum. Some of the points open
to criticism are now mentioned. Only recently has a water-bath
been used to meintain a constancy of temperature - previously a
tiny thermometer (? accuracy) was attached and a correction was
nhde from this air temperature, with no guarantee that the plasma
and water were of equal temperature: the viscometer itself is
small and graduated only to O-°l ép. divisions, the second place

of decimals being obtained by interpolation, and some authors



did not even attempt this: the tubes are graduated with water -
a Newtonian fluid: the force producing fluid flow is either
oral suction or rubber-ball suction and is thus v;riable,
producing a variable shear with its associated inaccuracies.

The third group of capillary viscometers consists of
the classical Ostwald viscometer and its modifications. The
smallest B.S.S. Ostwald reqiires approximately 10 ml. of fluid.
It requires a2 minimum of 10 minutes for the fluid contents to
adjust itself to the temperature of the water-bath; the volume
of the fluid has to be carefully adjusted to a standard mark at
each test. The accuracy attainable is high (error about 0°2%)
but not significantly better than with the Whittington type.
Stewart Lawrence (135) designed a small Ostwald viscometer, with
a»capacity of 2°5 ml. only. He fills it from an accurate pipette
and so obviates the later adjustment after filling. It has a
widérdbored capillary than the Whittington and is thus less liable
to blocking, but it does not offer any other advantages in use.
The Whittington viscometer is also a modified Ostwald. It has
 been accepted fo¥ use in laboratories in all parts of the world
because of its simplicity, cheapness, and high possible accuracy.
In addition, these viscometers are now sent to me by the glass-

blowers so that I cen calibrate them with plasma and correlate
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them to the V5 viscometer scale, thus correcting for any
‘variation in the shear. Thus all reported values from a
laboratory using a Whittington viscometer can be understood

by everyone who é.lso uses this scale of values. Published
results from any other source can be appreciated only when some
key to this scale of viscosity values can be obtained from some
characteristic feature common to all workers, eg. if Woodmansey
gives 180 as the highest normal value we can surmise that this
is equivalent to the upper limit of normal on the V5 scale also
(1+915) rather than that his highest normal value is really
0+035 cs. below ours. Similarly, the average serum viscosity of
the last month of pregnancy of continental workers is 2°4
(quoted by Schwalm (224)) as compared to my 1°+655, and this
remarkable difference should be regarded only as a technical
difference rather then as a clinical difference. Further
examples of comparison of viscosity values estimated by
.different instruments are given later for citrate plasma,
oxalate plasma (Wintrobe), and serum.

For the past year I have attempted to design an
automatic viscometer in which the fluid is poured into one
orifice and the result presents on a dial. My plans are
practical but not yet economically possible. Until this type of

instrument has been perfected in a cheaper model the Whittington



viscometer can be recommended as an accurate instrument and as
the type filling the requirements of the instrument for the
measurement of the plasma viscosity as a test in clinical

pathology.

(B) The errors in the estimation of the plasma viscosity due to

differences between samples.

In the next four paragraphs the results of duplicate
experiments will be reported. These tests have two important
aspects - they indicate just how small the error in the estimation
Sf the plasma viscosity by my technique can be, and they indicate
that the reported value does bear a close relation to the viscosity

of venous plasma in the subject tested.

§ 3. The error of routine plasma viscosity measurement.

The degeription of the technique states that the reported
value is the mean of two values which agree to within 0°01 cs..

.Such large differences are seldom included within our results.




Ten consecutive plasma viscosity tests were chosen at random from
amongst the clinical cases where special care for minute accuracy
was not taken. The ten pairs of viscosity values are:-
2°550,2°548; 1+836,1°842; 1°+903,1+897; 1°848,1°851; 1°920,1°920;
1-874,1°880; 2;040,2'043; 1-828,1°832; 1°925,1°923; 2°021,2°022.
The largest variation from the mean was only 0*003 cs. Other
series might have been selected in which the variations from the
mean were larger or even smaller; I believe that the above is a

representative sample of the accuracy in my routine working.

§ 4. The sampling error of a single plasma specimen.

Ten ml. of venous blood were collected into mixed-oxalate
anticoagulant and centrifuged; 4 ml. of plasma were pipetted
into anofher tube; the viscosity was éstimated on two éamples
drawn from this plasma specimen.

The results of 25 tests are given in Table A in the Appendix.

The differences had a range of 0°000 to 0006 cs., with a
mean difference of 0°0027 cs., and a standard deviation of
0°0020 cs. There was no consistent change in the direction of

the difference between the first and second sample, ie. increase

or decrease.
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§ 5. The sampling error of a single blood specimen.

Dr. J. Stewart Lawrence, in'a personal commnication, has
found large differences in the plasma viscosities from different
blood samples from the single syringeful of blood. My own
preliminary results did not confirm this and therefore a more
comprehensive investigation was made. The results of 45 tests
are given in Table B of the Appendix.

A 20 ml. syringe was filled with venous blood, without
the assistance of a tourniquet. Two specimens (5ml. each) were
collected into mixed oxalate and the viscosgity of their plasmata
estimated. The sampling from the syringe was varied as much as
possible - the blood was sometimes mixed within the syringe before
sampling and sometimes not; the samples to be compared might be
the first and last 5 ml. volume of blood, or second and third.

As might have been expected, the difference between
the duplicates was greater than in the previous section, but the
mean difference was still only 0°0066 cs., with a standard
deviation of 0°0048 cs. There were now seven tests with a

difference greater than 0°01 cs.

§ 6. The sampling error of a single subject.

For these experiments, subjects were chosen with large
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veins of the arm so that a sample was taken from each arm
without venous stasis and with a minimal time interval between
samples.

The results, presented-in Table C of the Appendix,
indicate that the difference of the plasma viscosities of the
two arms was similar to the difference found between two samples
of blood from a single blood specimen. The mean difference was

00054 cs., with a standard deviation of 0+0035 cs..

Discussion on_$3 - §6.

From the results presented in these four sections it may
be claimed that my technique can present an accurate and
reproducible measurement of the plasma viscosity of venous blood.
The meaﬁ error is only 0°006 es.

A measurenent of a plasma viscosity is representative of
the viscosity of all the plasma, one part of a blood specimen is
representative of the whole specimen, and the blood from one arm
is representative of the venous blood of both arms. Tﬁe next
stage in this investigation will be the comparison of the plasma
viscosity of the venous blood of the arm with that of blood
derived from the veins of the head and tegs, from the veins of

the internal orgens of the body, and from the arterial systems.
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A technique with a high possible accuracy is valuable in
a clinical investigation as it allows a sharper distinction to
be made concerning the changes in the serial results of an
individual patient which may be of ciinical significance. Thus
I believe that in some instances a change of as little as
0+015 cs. has been important, and while such a difference could
arise from experimental errors, such errors occur so infrequen‘tly’
that they can be dismissed as an unlikely cause. This accuracy
should be contrasted with that claimed by Dawson and Salt (59)
who, using a Woodmansey and Wilson viscometer, obtained an error
of % 0°¢08 cp.: similarly, Mann could never be certain that his
results did not contain an error of 5% .

Later in this thesis there will appear complex graphs of
the relationship of the plasma viscosity to the sedimentation
rate, and of the serum viscosity to the serum and plasma protein

.fractions. These graphs could not have been drawn if the error
of the estimations had not been so small; with larger errors
the results which now fall on a definite single line would have

" appeared with a degree of scatter v(hich could have cobliterated
the linear relationships.

Tables B and C show the accuracy with which the

packed-cell-volume, the Wintrobe ESR, and the total plasma
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protein by a specific gravity technique can be estimated in
duplicate tests. It will be shown later that for the total

protein, the error is much greater than appears here.

(C) The errors possible in the estimation of the Plasms Viscosity

which do not arise in the viscometer.

The results presented in the previous sections were derived
by a technique in which I had the full responsibility from the
obfaining of the blood specimen by venipuncture until the final
cleaning of the vi;scometer. It was essential, however, to
investigate what errors might be introduced unwittingly by a
less meticulous worker and Wbat precautions should be taken to
prevent their occurrence.

The experiments will be described according to the
chronological order of the procedure of the plasma viscosity

estimation.
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§ 7. Errors arising from the technique of venipuncture.

A later section will indicate that the plasma viscosity
value depends upon the plasme proteins. It follows, therefore,
that the plasma viscosity value can be altered by any manoeuvre
at the time of blood sampling which will alter the plasma
protein-content. The only likely cause of error is the production
of venous stasis in order to facilitate venipuncture and in order
to allow dammed blood to be aspirated. In the literature there
are several references ( 20,192,197,210 ) to the increase in the
plasme proteins as a result of stasis, Peters claiming a 38°5%
increase in one instance after 5 minutes.

I attémpted one test only to confirm these reports, as it
caused much distress to the subject. A light tourniquet was
applied for 5 minutes, by clock timing; two venipunctures were

performed. The results are:~

N 01?“3'1 Plasma Total Wintrobe
. Subject. Viscosity. | Prot. : PCV. ESR. Haemoglobin.
(p.s.) \ cs. g% | % |m/1hr %
Before stasis 1-803 7409 4346 175 105
After stasis 1+937 7+70 452 225 108

The error introduced into the plasma viscosity was very large

and emphasized the need for the prohibition of long venous stasis

for blood sampling for this test.
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On the other hand, I found that with a brief constriction
in order that a vein became engorged sufficiently to be visible
or palpable, and with the pressure released immediately the needle
entered the vein, no significanf error was introduced. This
claim is difficult to prove by figures, but attention is drawn to
the serial tests on the same subject as above, normal male P. 8.,
where there must have been a variation inithenamount of stasis
incurred each day yet the plasma viscosity produced consistent
values, and to the results in $6 above where the difference in
the stasis of the two arms is not reflected in a significant
difference in the viscosity results. (See Fig. 53, page 199)

Furthermore, with a syringe lubricated with paraffin there
is no necessity to hurry the removal of the blood. The blood
originally in the vein above the needle can be milked towards the
heart. Similarly, if the vein tends to collapse on suction with
" the syringe a gentle pressure on this single vein will produce
sufficient damming of flow to allow the blood to be removed as
fast as it flows into the vein. The blood sample of 5 ml.

should be obtained in under one minute.
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$ 8. The errors possible from variation in the proportion of

anticoagulant in the blood.

If air bubbles had entered a syringe and if the blood
rece1v1ng vessel was ungraduated it was often impossible to be
certain that exactly 5 ml. of blood had been added to the
mixed oxalate crystals prepared for that volume. Experiments
were carried out in which 5 ml. samples of hlood from one
syringe (ef. §5 for report on the uniformity of the contents of
& syringe) were added to amounts of this anticoagulant to yield
concentrations equal to x0+5, x2, x3, and x5 of the normal.

See Table D of Appendix for the experimental figures.

These results indicated that an excess of blood to the
anticoagulant introduced less error than a deficiency. An
excess of 1 ml. over the expected 5 ml. caused an error of only
0+005 c¢s., while a deficiency of 0°5 ml. might produce ean error
of 0°01 cs., but usuelly nearer (°+006 cs.. I have found that
by practice with syringes and 7 ml. bijou bottles I éould keep
my error to + 0°25 ml., which should have introduced no
significant error into my results.

The errors from less experienced workers can be eliminated
by two simple devices - the receiving tube can be graduated or

the receiving vessel should have a capacity so that it must be



filled completely with blood except for the air bubble needed to

mix the blood.

§ 9. Effect of variation in the time taken to separate the

plasma from the erythrocytes.

Any text~book of biochemistry, when dealing with such
estimations as the alkali reserve, inorganic phosphate, and
chloride of plasma, emphasizes the changes which might occur
between the plasma an& cells, and between the plasma and atmosphere.
It was necessary to determine whether the plasma proteins might
be affected similarly.

A 15 ml. blood specimen wag collected and divided into
three samples. The first and second were centrifuged at once;
the viscosity of the plasma of the first was estimated as soon
as possible; the second tube was stoppered and the viscosity of
its plasma was measured after 24 hours; the third specimen was
placed in a bijou bottle, and mixed several times during the day
by gentle rotation, centrifuged after 24 hours, and the viscosity
of the plasma measured within a few minutes of that of the second
sample.

The results are given in Table E of the Appendix.

These experiments indicated that a significant change can
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be introduced in the plasma viscosity by the prolonged contact
of the plasma and cells outside the body. The change was
consistently towards an increase in the viscosity but the degree
of change was not sufficiently constant to allow of its
correction by an empirical correction formila. The error-could
increase a high normal value to an abnormal value.

The errors from this source can be eliminated by
centrifuging the blood without delay and by removing the plasma

from the cells into another container.'

§ 10. Errors which may arise during the centrifugal separation

of the plasme from the erythrocytes.

The centrifuge has become such an accepted article of
laboratory equipment that one has tended to use it with scant
consideration of all its potential actions on the contents of the
centrifuge tubes. A very early experiment focussed my attention
on these actions as a possible cause of error in the plasma
viscosity estimation - in an early test with a plasma in which
the pipetting disturbed the cells, I believed that I had not
drawn any cell into my pipette but I recentrifuged and repeated
the investigation: the second value was greater than the first
by an amount outwith the range of experimental error. At that

time I was following the usual laboratory procedure of using the
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centrifuge tubes unstippered and I soon suspected that therein
lay the cause of the increased viscosity, by evaporation.
Several sets‘of experiments were performed in relation to this
problem. In all tests a MSE major centrifuge was used, with its
16~bucket head, running at 2,300 r.p.m. for 15 minutes by the
timing device incorporated in the machine. The temperature was
measured at the intervals by placing one thermometer in contact
with the metal head and another into the watér contained in one
centrifuge tube.
Experiments (i) - see Table F in the Appendix. (page a3l)
On two occasions, four 10-ml. graduated Pyrex centrifuge
tubes were centrifuged unstoppered, containing distilled water,
for four 15-minute periods, the centrifuge being stopped for a

time sufficient only for the appropriate readings.
The loss of water after 15 minutes was about 1%, but after

60 minutes the loss could be 8°*5% The amount of the loss
increased as the temperature increased. Such a large change in
volume could not be explained'by differences in the specific
expansions of water and glass but could be explained by an
evaporation.of the water.

Experiments (ii) - see Table H in the Appendix. (page 233)

These tests were repeated with open and capped Wintrobe

Haematoerit tubes, containing blood.
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The loss of fluid, although detectable, was less than with
water in tubes. The difference in the losses can be explained
by the difference in the surface areas from which the fluid
could evaporate. Kagan(129) has similarly found the loss in
proportionlto the area of the surface of the fluid.

The results stress the need for the routine use of capped
haematoerit tubes. The cells were packed into a smaller volume
for the whole 60 minutes, and even this value could not be taken
as the minimal constant volume. An apparent constancy was noted
in the open tubes in the 30 and 45 minute readings as the decrease
" in the total volume as a result of evaporation from the plasma
surface was almost proportional to the decrease in the cell
volume as a result of increased packing; in the 60 minute
values, however, the evaporation loss exceeded the packing to
give the anomalous result of an increase in the haematocrit
value expressed as a percentage. Because of the large radius of
its head the MSE major centrifuge exerts a much greater
centrifugal force than the ordinary small laboratory centrifuge
which may rotate at 3 - 4,000 r.p.m..

From these studies it may be concluded that the haematocrit
value as ordinarily measured after centrifuging in a small

centrifuge for 30 minutes, with the tube uncapped, is neither
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Experiments (iii) - see Table G in the Appendix. (page 231)

10 ml. samples of blood were centrifuged in uncapped graduated
tubes for four 15 minute periods, removing about 1 ml. for tests
at each interval. There was a small increase in the plasma
viscosity after 15 minutes, but by the end of 60 minutes this
increase might equal 10% of the original value.

In contrast, the plasma viscosity was lower after 60 minutes
centrifuging in a caepped tube than after 15 minutes in an open
tube.

Experiments (iv) - see Table I in the Appendix. (page 237)

Two 5 ml. samples of a blood specimen were centrifuged at
the same time, one capped and one open, for 15 minutes.

There was a slight loss of fluid by evaporation from the
open tube which was sufficient to introduce a significant increase
in the plesma viscosity (mean increase = 0°0171, standard
deviation = 0°0043)-.

The results of experiments (iii) and (iv) indicate that a
significant increase in the plasma viscosity value can arise from
the use of uncapped centrifuge tubes in the 15 minutes which is
the minimum time rquired to ensure a clear plasmsa from all blood
samples. The simple procedure of placing a rubber bung into

each tube before centrifuging eliminates this possible error.
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Experiments (v) - see Table J in the Appendix. (page a38)

These experiments were performed in order to determine (2)
if centrifuging could be replaced by allowing the cells to
sediment to leave a clear supernatant plasma, and (b) if
centrifuging causes any alteration in the plasma.

Two 5 ml. samples of é blood specimen were obtained: one
sample was centrifuged (unéapged) at once, the plasma was separated
and its viscosity measured; the other ﬁas placed in a closed
centrifuge tube and allowed to stand on the bench until 1 mil.
of clear plasma was available and then its plasma viscosity was
also measured.

In comparing the velues of the parallel series of results
it ig necessary to take into consideration the increase of about
0°+02 es. which was incurred by centrifuging in an uncapped tube
end the increase in the viscosity which may occur on prolonged
contact of the plasma with the cells. . Nevertheless, the
differences between the results are noteworthy on account of
their direction as well as their size. A plasma from the
sedimented blood sample could easily have a higher viscosity than
that of the centrifuged sample on account of some retained
erythrocytes ( a point which was unfortunately not checked at

the time of the experiments) but a change in the plasma protein
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mist also be considered, as it only by such a protein change
that a dower value in the sedimented plasma could be explained.
-The largest differences in the viscosity values exceed the
“usual rangé of experimental error. It is known that the
B-globulin fraction can be broken down into its protein and
non-protein components by mechanical stresses and it is
possible that centrifuging exerts sufficient stress to cause a
change of some similar kind to occur; the further investigation
of the plasma proteins will form a future research now that
the filter-paper technique ( 55, 65, 82) has brought the
refinements of electrophoretic fractionation within the
capagity of any laboratory.
Discussion:- These five sets of experiments have all
emphasized the need for the capping of centrifuge tubes when
estimating the plasma viscosity, thereby eliminating an error
of appreciable size. The last set has shown that even the
minimim period of centrifuging may introduce a slight change in
the viscosity value, probably due to protein changes.

These tests have shown that the ordinary method of
estimeting the haematocrit value may not be the most accurate
available. Uncapped centrifuge tubes should be prohibited

from even "routine" laboratory procedures.
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§ 11. Changes in the plasma viscosity with passage of time.

It is known that the ESR test (from which the plasma
viscosity estimation stemmed) becomes invalid if there is a delay
of more than four hours between the venipuncture and the setting
up of the tubes; the osmotic pressure of plasma, another physical
property, may alter within thirty minutes; du Nouy claimed that
the serum viscosity did not become constant within the first two
hours; hence it was essential that I should study the changes
which might occur in the plasma viscosity with the passage of time.

The experiments can bé divided into (a) short-term tests
which extended from 30 minutes to approximately 24 hours, and
(b) long~term tests extending up to 8 days. For the short-term
tests, 10 to 20 ml. of blood were centrifuged, the plasma was
separated into a stoppered tube, and 1 ml. samples were removed
at intervals from this bulk specimen. For the long-term tests,
20 ml. of blood were centrifuged, the plasma was separated,

12 ml. samples were pipetted into clean but non-sterile tubes
(L. 5" x 0°25") which were allowed to stand stoppered on the
bench without special precautions except to avoid heating, and
a tube was selected at random gach day for testing.

(a) Short-term tests. - see Table K in the Appendix. (p. 240)

The results presented in this table indicate that no

appreciable change occurred in the plasma viscosity values in the
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first 24 hours. Tests performed specifically to obtain the
earliest possible viscosity (about 30 minutes from vénipuncture)
showed that such a value was identical with values obtained
later. The results of §4 (& tests on duplicate samples of a
single plasma specimen) can also be regarded as further evidence
that small differences of time do not introduce a variation into
the plasma viscosity values.

(b) Long-term tests. - see Table L in the Appendix. (p. a4l)

These results indicate that valid viscosity measurements
can be made on plasma specimens up to 5 days old; thereafter,
a significant change can occur in some specimens,’but not in all.
In several tubes a fine flocculation became evident: on shaking
the tube the flocculation became resugspended but it did not
disappear, yet the viscosity was identical with that of preceding
and succeeding clear plasmata.
Discussion:-

The constancy of the plasma viscosity ‘over a pericd of time
should not be taken to mean that no change is taking place in the
chemical constituents of the plasma, but rather that any changes
are of such a nature that the viscosity is not affected
appreciably.

The viscosity of the plasma depends upon the protein and its

subfractions. It has been shown that solutions of albumin ( 35)
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and of globulin (36 ) maintain their physical characteristics
unchanged for long periods; serum and plasma can withstand
lyophilisation without alteration in their viscosities ( 2 );
and plasma and serum can be stored in a frozen state for months
or years and still yield identical patterns on electrophoretic
examination. A constant plasma viscosity on simple storage on
the bench is thus not unexpected if the plasma can withstand
these largér traumata.

The papers suggesting marked changes in the plasma were based
on incomplete investigations. The ESR changes after 4 hours
have been shown, by interchange experiments with fresh and old
plasma plus fresh and old cells, to be due entirely to alterations
in the cells, the power of the plasma to produce agglutinatipn
femaining unchanged for several days. du Nouy, with his
rotating-cylinder viscometer, found that the viscosity of serum
first increased and then fell gradually until a constant value
was attained after 2 hours. Sat0o (218) verified this finding
with a Hess capillary-type viscometer but he also showed that if
a second sample of the serum was introduced into the viscometer
withgut it being cleaned, the rise and fall in the viscosity were
not seen - thus the changes in the serum viscosity are due to
errors entirely produced by the viscometers. Thé changes in

the osmotic pressure after 30 minutes if the measurement is made
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by a 'dynamic' technique which requires a few minutes only
rather than the usual 'static' equilibrium method which takes

24 hours or longer appeared in a paper which has not been
verified by any other worker (all my notes and its reference were
lost in the mail and I have never traced the paper again).

A test in clinical pathology which is based on a plasma
property which is constant over a long period of time has marked
practical advantages - especially if one mekes a compari§on with

the ESR fest with its 4-hour restriction. In the laboratory,
provided that simple precautions are taken to prevent evaporation,
the viscosity of a plasma can be measured at the convenience of
the techniciang an individual estimation can be interrupted and
resumed again after several hours, without introdueing an error.
A 1arge‘number of tests can be accepted at one time but the
actual measurement can be spread over several days. There
would be no ill-feeling if a specimen arrived about 20 minutes
before the laboratory was due to close. Similarly, to the
clinician, the adventages are numerous. This test is useful in
just those conditions which can be treated in large-attendance
out-patient sessions; the number of tests acceptable by the
laboratory will be the capacity of the laboratory in the next
few days and not in the next few hours. This test can also be

useful at an evening clinic; the plasma can be separated by the
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sedimenting of the cells or by a few minutes centrifuging,

to be followed by thorough centrifuging in the laboratory in
the morning, and thus the need for the patient to attend again
during the day at the laboratory can be eliminated. Also, as
no two laboratories are separaéed by more then 5 days by air,
the results produced in these laboratoriés can be compared
directly by the examination of multiple samples of plasma
specimens - sealed ampoules would prevent evaporation in transit

and would withstand changes in atmospheric pressure.

§ 12. The stability of the viscosity of the plasme in face of

rough treatment of the blood and plasma.

Section 1l indicated that separated plasma retains its
viscosity unchanged if allowed to stand undisturbed; & 9
indicated that contact of plasma with erythrocytes for hours
and days caused a small but appreciable change in the plasma
viscosity. The next subject of study was the effect of rough
treatment of the blood and plasma on the viscosity results,
especially to determine if the plasma viscosity was sufficiently
staﬁle to allow of postal transit of specimens.

Two sets of experiments were made:- (i) 15 ml. of
blood were collected into mixed oxalate and heparin anticoag-

ulants, centrifuged, and the plasma separated. 2 ml. were taken
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as the control sample: 5 ml. were put into a 7 ml. bottle and
shaken thoroughly for 4 hours in a Griffin and Tatlock Microid
Flask Shaker. see Table M in the Apéendix for results. (242
With the eight tests with mixed oxalate plasma the
difference between the viscosities of the shaken plasmata and
the controls renged from + 0°009 to - 0°006 cs., ie. within the
experimental error; with the four heparin tests, the difference
was of a gimilar magnitude.
This mechanical shaking far exceeds in dégree:of violence

ill~treatment any postal specimen might suffer, but the period
of violence is much shorter. Within the limits of this testing
technique, the plasma viscosity value has been shown to be stable.

(1) 20 to 25 ml. of blood were collected into mixed oxalate
anticoagulant. Two 5 ml. samples of blood were placed in bijou
bottles: one was left untouched on the bench; one was posted from
Portsmouth to Glasgow and back to Portsmouth (about 1,000 miles
in 3 to 7 days); the two bloods were centrifuged and the viscosity
of their plasmata measured. 10 ml. of blood wereccentrifuged
and the plasma separated: the viscosity of one part was measured
at once as the control value; 4 ml. was sent on the postal journey
and its viscosity measured on its return. 5 ml. of blood was
allowed to stand on the bench for 4 hours; the supernatant plasma

was pipetted off and sent on the postal journey, it was
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centrifuged on its return, and the viscosity of this plasma was
measured. The results are in Table N in the Appendix. (a43)
The results indicate that in the eight tests of normal
postal service the difference between the viscosities of postal
and control plasmata did not exceed the experimental error;
in the last four tests where snow-storms caused a delay and
increased the time interval to 7 days, the maximm difference
was only 0°036 cs., which compares well with the differences
obtained with plasma samples allowed to stand undisturbed on the
bench ( see § 11 ). The supernatant plasma showed excellent
correlation with the control value. Similarly, the plasma from
the transported whole-blood sample did not differ from the plasma
of the blood remaining in the laboratory, but both of these
showed an increased plasma viscosity when compared with the
control plasma. (As shown later in the clinical part, the error
involved would have been of small significance in the clinicgl
interpretation of the viscosity result. ) The seven-day delay
introduced gross changes because of bacterial growth in these
rnon-sterile containers.
Discussgion: - The mechanical shaking, and the delay and
shaking of the postal journey, produced such negligible effects
on the viscosity of the samples that a postal service for plasma

specimens is possible. A properly-centrifuged plasma sample
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can be sent by one laboratory to another; the clinician in his
consulting room probably does not possess a centrifuge but he

can allowvthe blood to stand on his desk for a few hours until
the cells settle enough for him to pipette off a plasma sample
which caen be centrifuged on its errival in the laboratory - his
error will be within the experimental error of the technique.

The postal transmission of the whole-blood specimen cannot be
recormended if the plasma can be obtained, but the error with this
whole-blood is still sufficiently small for the clinieian to
apply the plasma viscosity results to his patients, except that
greater care will be necessary at that part of the viscosity
range where normal and abnormal results meet. Although the
ordinary postal specimen would be received in 2 days at the most,
the earlier experiments on delayed separation of cells and plasma

have shown that a small error is unavoidabie with whole-blood

specimens.

§ 13. The effect of temperature changes on the plasma viscosity.

: Plagma exists in nature as a fluid circulating in the
body at 37°C., and the first choice of temperature at which the
plasma viscosity. should be measured would be this 37°C.. Any

other temperature of measurement entails the possibility that
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the values so obtained bear only an inconstant relationship
to the original viscosities. The use of 37°C. immediately
raises a practical problem. A water-bath accurate to 0°03°C.
or better at 20°0°C. is easily constructed by apparatus
available to any ldbofatory at a cost measured in shillings; %o
obtain the same constancy of temperature at 37°C. requires much
more elaborate equipment costing many pounds. (The commercial
water-baths recommended for viscometry, accurate to 0°+01l°C.,
cost £200 approximately.) Furthermore, even if 37°C. was the
temperature chosen for the measurement of the viscosity of the
plasma it would still have to be shown experimentally that the
cooling to room temperature after venipuncture and centrifuging
did not introduce irreversible changes into the plasma, a
definite possibility if one believes, as I do, that there is a
protein equilibrium system in the plasma and such systems might
be affected by temperature changes: if the experimental proof
was not forthcoming, the only possibility remaining would be
that all laboratory procedures were carried out in a
thermostaticaliy—controlled room at 37°C..

My experiments were of three types.

(1) TFor this test all the syringes, glass-ware, etc.
were warmed to 37°C. in an incubator; a centrifuge was arranged

in another incubator. 10 ml. of blood were collected with the
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warm syringe. 5 ml. were collected into mixed-oxalate in a
warm tube and centrifuged in the incubator: the plasﬁa was
separated and introduced into a viscometer already at 37°C: the
'time of fall' was measured at various temperatures down to 15°C.
The other & ml. of blood were collected into mixed-oxalate at
room temperature, centrifuged as usual, and the plasma was put
into a viscometer at 15°C; the ‘'time of fall' was measured at
various temperatures up to 37°C. The 'times of fali' were
plotted against the temperatures to produce Fig. 7 ; within
the limits of the accuracy of the technique, the two graphs
were identical. Only one test of this t&pe was made because
;f the possible damage to centrifuges by high-~temperature use
and Mr. Steiner, in a personal commnication, had informed me
that he had obtained identical results when trying out this
method of comparison.

(Note:- In all tests on temperature effects, the corrected
'time of fall' (=T') has been considered rather than the
'viscosity' calculated from it —— for reasons given later in

the discussion. )

(ii) Serial tests were made at a variety of temperatures
~ from 15°C. up to 40°C. on mixed-oxalate plasma, heparin plasma,
citrate plasma, and serum. Representative graphs of these results

are given in Figs. 8,9 and 10 , in which the 'time of fall'
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Temperature of Plasma (°C.)

Fig. 7 The fall in viscosity of plasma with rise in

temperature.

In this experiment, one sample of plasma was prepared at
room temperature and its viscosity measured from 15°C. up
to 37°+5°C, while another sample of the same blood was
manipulated throughout at body temperature to yield a
plasma whose viscosity was measured from 37°5°C. down

to 15°C. -

The results for the two plasmata agreed to within the
experimental error of the technique.
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Fig. 10

This graph contains the results from three patients.

The "kink" in the temperature/viscosity curve is
observed in the two patients with pulmonary
tuberculosis and general paralysis of the insane,
yet it is absent from that of a patient with
miltiple myeloma.
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Temperature of Plasma (°C).

This graph is included to show that the "kink" in
the viscosity/temperature relationship does not
depend upon the degree of the increase of the plasma
viscosity above normal.

This patient (L.B. ) had a plasma viscosity of 3.141 cs.
(very high indeed.)
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(= viscosity) has been plotted against the corresponding
temperatures.

The three types of plasma and the serum all yield graphs
of two distinct forms. In one form, the curve is perfectly
smooth and regular, as in (i) above: in the other, there appears
a 'kink' about 32°C. where there is a decrease in the viscosity
plus a return to the original line of the curve when there is a
sudden increase again in the viscosity with a further small
increase in temperature. Fig. 8 includes the curves of the
serum and plasma of a single blood specimen and the kinks are
almost identical. The kink: was: only found in the plasma and
ser@m from subjects suffering from disease; its presence could
not be foretold; its presence'did not bear a close relationship
to the plasma viscosity value; the few tests so far performed have
not shown it to be related to any special type of illness.

(iii) The viscosities at 18, 20, 22, 25, and 37°5°C. were
measured in a larger series of mixed-oxalate plasmata to determine
if a consistent relationship was maintained between the viscosity
and temperature variation, and if consistent, to derive formlae
bx which the results at different temperatures can be correlated.
Two series of results at least have been published with 25°C. as

the standard temperature (138, 240).

The results are given in Table O of the appendix.
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The 'time of fall' for distilled water in my viscometer
showed a decrease of 31°5% on increasing the teﬁperaturé from 20°C
to 37°5°C: the International Tables give figures which correspond
to a change of 31°7% .

Under the same conditions, the 'time of fall' for plasma
decreased by a mean of 32°4 % (standard deviation =0°+81)

The change for serum was of a similar magnitude (=316 %)

The 'time of fall' for plasma’was.ebout 11°7% less when
measured at 25°C as compared to 20°C.
Discussion:~ The results presented in this section have been
restricted in number. It was realized that the cocling of the
plasma to room temperature under the usual method of preparing
this from the blood specimen might have caused the removal of
plasma constitﬁents insoluble at room temperature; hence it was
essential that the tests here reported should be repeated with
plasma prepared at 37°C and tested at decreasing temoeratures ac
in section (i). (These investigations will be undertaken soon. )

The results of all three types of tests have shown that the
viscosity of the plasma as measured at 20°C. bears a consistent
relationship to the viscosity at 37°C. and at intermediate
temperatures. There was a variation about the mean percentage
of decrease in the viscosity on increasing the temperature by

17°5°C. but this might be due to change in the plasma such as



escape of dissolved gas, etc.. The consistency of my results
for change of temperature of this order compares well ﬁith the
seven tests reported by Jochims (127) who increased his
temperature from 19°+5 to 40°C with a decrease in viscosity of
351 to 37+7%, as measured by an Ostwald viscometer: Schwalm (224)
reported 11 tests, using a falling-ball viscometer, in which the
increase in temperature from 20 to 40°C produced a decrease in
the plasma viscosity of 20°3 to 38°9% - yet he was critical of
the accuracy obtainable with capillary-type instruments! Ny
value of 11+7% decrease in viscosity on raising the temperature
from 20 to 25°C is almost identical with the 11°2% suggested by
J. Stewart Lawrence (139).

Corrections for temperature change camnnot be so accurate
for plasma and other non-Newtonian fluids as for the Newtonian
fluids such as water. When the viscosity of a non-Newtonian
liquid is measured in two viscometers, the 'apparent viscosity'
will be lower in the instrument with the higher rate of shear;
other things being equal, the faster the flow through the
capillary the higher is the rate of shear. It follows, therefore,
that as the temperature is increased with a resulting increased
velocity, the rate of shear also increases. The greater decrezase
in the 'time of flow' and thus of the viscosity for plasma (32°4 js)

as compared with water (31°5%) can be explained by the non-
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-Newtonian character of plasma; conversely, the existence of this
very difference is additional evidence of the non-Newtonian
nature of plasma.

The formila by which the viscosity (2+) is derived from
the time of fall (T) contains the two constants A and B.
Further experiments are necessary to determine whether these two
factors are equally affected by temperature changes; until then
the figures given for A and B can besapplied only at the
texﬁperature at which they were actually estimated.

P90 = Apl' + Byy/T' + Oy

The existence of a kink iﬁ the 'time of fall'/tempersture
curve is interesting. Speculation as to its cause leads to three
theories.

The kink might arise from a cause inherent in the conditions
of ‘Ehe experiments. This explanation is unsatisfactory in that
the kink was not found consistently and it occurred only with
plasma from abnormal subjects. Furthermore, Whittington was able
to obtain identical kinks with some of his citrate plasmats from
tuberculous patients, although it must be remembered that he was
ﬁsing the same type of apparatus.

The kink might arise from a temporary alteration in the
protein equilibrium system between the plasma protein fractions

and the complex molecule formed by a combination of the fractions.



94

I camnot devise an experiment, at present, by which this theory
could be put to_a practical test.

The kink might arise from a change in a single protein
fraction. A protein of the "eryoglobulin" family could produce
the effecté seen in the experiments reported here but the
protein would have to be one of very special characters, such as
have not been noted previously. The best known protein of this
type is the Bence-Jones protein of the urine which precipitates
at the correct pH and salt concentration on raising the
temperature to 50-55°C and which redissolves on heating further
to a temperature just below that of boiling water. (Incidently,
the Bence-Jones protein is now regarded as a family of proteins
of different composition, but all having in common this special
reaction; similarly, it has been shown that the critical temper-
atures for a single Bence-Jones protein can vary with changes in
the pH and electrolyte content of the urine.) Bence-Jones
protein has not been identified with certainty in the blood but
other cryoglobulins have been detected. Very rarely, as in the
case studied by Wintrobe and Buell (257), the cryoglobulin can
be present in tremendous amounts (eg.- 7+25g.%), but the two
classifications for the presence of these proteins consider
concentrations measured more in terms of milligrams per 100 ml.

Wertheimer and Stein (248) defined their Cold Fraction as that



95

"protein portion of serum which precipitates when the serum stands
for twenty four hours at from 7 to 11°C." (Later extended to 72
hours), while.Lerner, Barnum and Watson (144) examined their
sera daily for 6 days while stored in a refrigerator at 5°C.
Lerner et al. were able to detect the cryoglobulins in 31 out of
a total of 121 tests performed on a wide variety of disease
conditions. Flenbert and Lehmann ( 81) detected a globulin which
precipitated at 33°C; Hill, Dunlop and Mulligan (111) found a
protein in the plasma of their case of multiple myeloma which
precipitated at 32°C and redissolved at 38°C. .Jochims: (127),
Hill et al. (111), and Hansen and Faber ( 95 ) used viscometry in
the study of these abnormal proteins. In the light of the
properties of the proteins already described, it seems possible
that a protein can be present in the plasma and serum with the
kinks, with the appropriate behaviour towards alteration in the
temperature of the fluid. This particular protein may have
escaped previous notice for two reasons - the physiologists who
would be studying the effect of temperature change on the plasma
viscosity would probably use blood from normal volunteers (in
which the kink is absent) as was done by Steiner and by myself in

(i) above, and the technique of other workers may not have been

so scrupulously accurate as myself (and Whittington). It will be

interesting to note if the kink can be obtained on cooling the



plasmata which have been prepared at 37°C. The existence of a
precipitated protein at 34°C, for example, should be detected by
other types of examination such as photometry or cemtrifugation
and thus it should be possible to subject this hypothesis of a
cryoglobulin to further experimental testing independent of

visconetry.

S 14. The Effect of Different Anticoagulants on the Plasma Viscosity.

Whittington, in his original work, set out to study the
results produced by Day (60) and followed the latter in using a
sodium citrate solution as his blood anticoagulant. My later
approach to the plasma viscosity estimation was more critical;
besides a study of the plasma viscosity and ESR. as physical
measurements, I wished to determine which anticoagulant was the
most suitable for the further development of the plasma viscosity
as a test in clinical pathology.

There were four anticoagulants in common use in the medical
laboratories - sodium citrate solution, potassium oxalate alone,
potassium and ammonium oxalﬁtes mixture, and heparin - and a
éeries of tests were carried out in which specimens of blood were
divided among these anticoagulants and parallel measurements made

on their plasmata: to complete the study, measurements were also

made on the serum.
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The results are given in Table P of the appendix. (page 251}

Potassium oxalate alohe, in the concentration usually employed
(= 2mg./ml. ), produced a diminution in the size of the erythrocytes
by a passage of fluid from these cells into the plasma, as
indicated by a loﬁer haematoerit value as compared with the other
anticoagulants which are claimed to leave the cell-size unaffected.
The fluid from the cell appeared to have a low protein content
as the specific gravity and the plasma viscosity of the resultant
plasma were lower than in undiluted plasma. The decrease in the
PCV. was not constant either as a percentage of the total blood
volume or of the haematocrit value in heparin blood. Similarly,
there was no constant relationship between the decreased plasma
viscosity of potassium oxalate plasma and the plasma viscosity
of either heparin or mixed-oxalate bloods. Hence, as the
potassium oxalate alone had no advantages to offer in other
directions over heparin or mixed oxalate, its further use for the
preparation of plasma for viscosity estimation was soon

abandoned. (See fig. 11 and 12)

The 3°8% aqueous sodium citrate solution glso fell short of
the requirements of the ideal anticoagulant. We have no proof
that the citrate remains in the plasma and has a diluting effect
only; the chemical methods for the estimation of the citrate are

too inaccurate (error at least 2%, probably nearer 5%) .
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The‘sodium citrate solution has the following disadvantages
which have.led to its adandonment also except in a few laboratories
which have always used it; following Whittington's original
publications. ‘(i) The mixture of blood and citrate must be made
with accufatelj«measured volumes, usually 8ml. and 2 ml. This
citrate-blood mixture can be used only for the viscosity and ESR
estimations. (ii) To obtain this accurate mixture calibrated
glass—wafe mist be used which is fragile and costly. Such glass-
ware is not suitable for use in busy outpatient departments, ete.
(1ii) Each viscosity estimation requires an accurate haematocrit
measurement also (preferably in duplicate) and when large numbers
are being tested the strain on the centrifuges is considerable
and the brolonged use of these centrifuges may interfere with the
routine tests of the laboratory. (iv) An empirical correction
has to be made to the experimental viscosity result to allow for
variations in the proportions of cells and plasma in the blood
samples. The corrected result is what we suppose would be the
value if the blood had originally had the 'normal' composition of
45% cells and 55% plasma. This formula includes the possible
error arising from the passage of citrate into the cells and the
actual error which arises from the fact that the haematocrit
reading dincludes an extra 5% because of the plasma retained in

the interspaces between the individual packed erythrocytes.
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In this calculation no allowance has been made.for the
plasma (about 5%) which remains in the interstices of the

packed erythrocytes.
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Fig. 13 presents the nomogram by which the correction for
the variation in the haematocrit from the ideal (36%) value could
be made to the experimental citrate-plasma result. (The
correction formula is included within the figure. )

An attempt was made to test the validity of applying such a
correction formula by preparing a second blood sample in which
the citrate content had ‘been calculated to yield a perfect 20:44
citrate:plasma mixture. (The nomogr;ms and the various formilae
are given in Fig. 14 ) It was also possible to prepare a
similar perfect citrate:plasma mixture from the ordinary citrate-
plasma by the further addition of citrate solution, but the
viscosity of this preparation was not studied.

My investigations amount to three tests only (see page 105).
While the plasma viscosities in two tests agree to within the
experimental error of the technique, there is a mafked discrepancy
in the third. PFurther research is essential on this point; the
subjects should have both a severe anaemia and a high plasma
viscosity.

The ESR results are also of interest. Two bloods were
‘prepared to contain citrate:plasma:cells as 20:44:36 by different

manipulations, yet in only 1 of the three sets of pairs was the

agreement really close (see lines K and L ).
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Let

(1)

(2)

(4)

(5)
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g = the haematocrit reading of a blood prepared by mixing
4 volumes of blood with 1 volume of 3°8% aqueous
solution of sodium citrate.

To obtain a blood in which the cells will amount to 365
(equivalent to 45% in undiluted blood) remove or add to
the blood a volume of citrate plasma equal to

100( 1 - %) % of total blood volume.

To prepare another blood sample, with a total volume of

10 ml. in which the perfect ratios of citrate:RBC. :plasma
are 20:36:44, begin by vlacing this volume of citrate
solution into a 10 ml, volumetric flagk and filling to mark

with blood.
: 800 - 10
256 -

To obtain a citrate:plasma mixture identical with (2) but
using the ordinary plasma, line "A" gives the percentage
by which the ordinary mixture is deficient in citrate
which can thus be added to the separated plasma -

36 - y
100 x (100 =7 ) %

Line "B" presents the amount by which the plasma in the
ordinary citrate:plasma mixture is in excess -
500( 56—;0')%
11 100 - 4 7/
To prepare a perfect 20:36:44 mixture from the ordinary
mixture, calculate how much citrate plasma rust be removed
according to the formula in (1) above; then calculate how

muich more has to be removed by the following formula and
removeiit; and add this same volume of citrate solution.

1?£¥1J%37 % of the volume calculated by formula (1)

This formula is represented in line "C".
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Experinents to prove the formula for the correction of the
ordinary citrate plasma viscosity value to what it would have
been if the erythrocytes had been exactly 45% of the blood
volume.

From a preliminary estimation of the packed-cell-volume (line A4}
in a second specimen a plasma was prepared in which the citrate
to plasma ratio was the ideal 20:44.

Later tests also prepared an ideal plasma from the ordinary
plasma mixture.,

Number of test. 1 2 3
A 1 PCV. of preliminary blood test, with
citrate to blood as 2ml. to 8 ml. 117 23°0 25°5

B | PCV. of second blood test, similerly
made with citrate:blood as 2:8 117 25°8 2440

C | Volunme of citrate required to yield a
citrate:plasma mixture of 20:44. This
is calculated from the PCV. of line A. 2°79 245 2443
Total volume of mixture equals 10 ml.

D | PCV. of blood prepared with citrate

of line C. 106 216 250
E | The PCV. value as calculated from the ,
results of lines C and B. 1044 22°1 223

F | Experirental plasma viscosity values of

blood of line B. 1397 1-625 1805
G | Viscosity of line F, corrected by the
formula. 1+398 1588 1745

H | Viscosity of citrate-plasma of blood
of line C. This value should be the 1392 1583 1715

same as in line G.

I | Maximum sedimentation velocity 1n

blood of line B. (cm/sec x 107%) 13+0 12-22 -
J | Max. sed. vel. in this blood aftqr
the PCV. had been adjusted to 36% 0°+60 403 9+83

K | Max. sed. vel. in this blood after
the plasma had been adjusted to a
citrate:plasma ratio of 20:44 and 047
the PCV. to 36 s

L | Max. sed. vel. in blood of line C,
with PCV. adjusted to 36% This

final blood was expected to be of 047
identical composition as line K.

444 624

3°12 750
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The citrate éntiooagulant has one advantage in that it
allows of the estimation of the corrected maximum sedimentation
velocity as well as the plasma viscosity, and the relation of
these two values has an additive value to each other in the
clinical interpretation of the results (see also { 21 later).

The mixture of potassium and ammonium oxalates was first
recommended by Heller and Paul (106 ) because the constricting
action of the potassium oxalate on the erythrocytes was balanced
by the expanding action of the ammonium oxalate. Heparin also
does not affect the cell size. It is probable that the plasma
from either of these anticoagulants would be equally suitable
for the viscosity estimation; the differences between the results
of the duplicate tests in Table P are ugually small. Mixed-
oxalate plasma, however, has a wider potential use than heparin
plasma both in biochemistry and haematology, and the mixed-
oxalate plasma has been chosen as the most suitable plasma for
our purposes. Other workers have come to a similar conclusion
independently.

The results of Table P have been shown in Fig.ll and 12,
~and are shown further in Pig. 15, 16, 17, and 18.

The correlation between the viscosities of plasmata

containing different anticoagulants is not linear. Also, the
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‘consideration of the serial results of a single subject shows
that the correlation can change over a period of time (cf. Fig. 55 ).

This incoﬁ$tant relationship has raised difficulties in the
definition of the ranges of normal values because if these ranges
had begn derived by a series of studies with single types of
plasmata it is possible that a later duplicate estimation might
produée a value within one normal range and outwith the other
range. Such a dilemma faced me in the interpretation of the
results of normal male subject , No 47, when on 29:10:47 and
2:1:48 the mixed-oxalate viscosity was abnormal while the citrate-
plasma viscosity was a low normal; a little over a yeaf later
the same citrate-plasma viscosity figures were associated with
low normal mixed~oxalate plasma viscosity figures. This
discrepancy serves as an indication that the anticoagulants
are not relatively inert substances apart from their action in
preventing fibrin formation®.

Because of the variation in the fibrinogen content it was
not to be expected that the plasma viscosity/serum viscosity

correlation of Fig. 17 and 18 would be linear.

s% % % Kk ok ¥k k kk
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(D) The Correlation of the Viscosity of Plasma and Serum with

the Chemical Constituents of these Fluids.

The mean viscosity of normal plasmata is about 1°850 cs. as
compared with the 1-008 cs. of distilled water. In the following
sections the attempt is made to discover if this difference in
viscosities can be ascribed to any particular component or
components of the plasma.

In a table of the concentrations of the various constituents
of serum and plasma attentidn is drawn at once both to the high
absolute concentration of the proteins and to their great
concentration relative to any of the other plasma components.
Also, from a knowledge of viscosity in general, it is known that
the viscosity of a solution of a substance with large molecules
(such as protein) is greater than a solution of equal
concentration of a substance of small molecules (such as urea
and glucose). It thus seemed probable that the proteins were the
constituents having the greatest, if not the complete, effect in
increasing the viscosity of the plasma over that of water.

The problem was tackled by three experimental approaches.

.The viscosity was measured of the plasma after the proteins had
been removed, the viscosity was measured §f.the solutions of the
purified protein fractions, and the viscosity of the plasma and

serum was compared with the concentration of the total protein
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and the protein fractions.

§ 15. The viscosity of the ultrafiltrate of plasma and serum.

By the technique described in the appendix, the viscosity
of the ultrafiltrates of~§?;era was studied. The values fell
within a narrow range (1°021 - 1°035) with a mean of 1°029.
Included in this series was a case of chronic nephritis who had
a non-protein-nitrogen level increased to 125°3 mg/100 ml. yet his
ultréfiltrafe viscoéity was only 1°026. Thus a three-~ or four-
fold increase in the nitrogen-containing non-protein components
has introduced no significant increase into the ultrafiltrate
viscosity, confirming the hypothesis that the proteins are
chiefly responsible for the plasma viscosity values. (Table Q)

My viscosity value for ultrafiltrates compares well with
the 1°02 cs.valready published ( 147,179,193).

It also compares with the 1°¢021 cs. result of my estimation
of the viscosity of isotonic saline (0°+9%).

(Note: The original crude apparatus yielded excellent
ultrafiltates but required almost 100 ml. of blood; hence the
scanty results presented in Table Q of the appendix. Recently
| a simple apparatus was described (69) in which the pressures
available by high~speed centrifuging are employed to force the

ultrafiltrate from less than 10 ml. of serum through Gradocol
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membranes. Further experimentsywill be made with this apparatus*
both on serum and plasma from pafients with diseases known to
have gross abnormalities in the composition of these fluids.
These results and their discussion will be inserted here lafer.)

(* not delivered in time for results to be obtained)

§ 16. The viscosity of solutions of the purified protein

fractions ~ albumin, globulin, and fibrinogen.

(The results reported in this section have formed the basis for
a publication - "On the viscosity of solutions of human albumin
and globulin" by Harkness and Whittington, Biochimica et
Biophysica Acta, 1947, 1, 487-496.)

Introduction. The viscosity of a liquid was defined as that

property which is responsible for the internal resistance offered
to the relative motion of different parts of the liquid. Since
the work done in overcoming frictional resistance is transformed
into heat, a connection must exist between the viscosity
coefficient and the kinetic energy transformed into heat. Thus,

there is the alternative definition of the viscosity coefficient
q = ¢ (%%)2 (ergs per sec. per cm? )

where q = the kinetic energy trensformed into heat in unit time

for unit volume. The view of the viscosity coefficient as a
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measure of the energy dissipated (eg. in forcing liquid through
a capillary) is sometimes more fruitful than the commoner one in
forming a physical picture of the processes affecting viscosity
such as the increased viscosity on introducing colloidal
molecules into a pure liquid ( 5 ).

In a dilute suspension of large rigid spheres, in which each
sphere may be considered surrounded completely by a large volume

of unaltered solvent, Einstein (68 ) in 1906 calculated the

formila of
whe = b, = 1 + 254
where o = absolute viscosity of the solution,
Ho = absolute viscosity of the pure solvent,_
wse = w, o= relative viscosity,

4

volume fraction of the disperse phase
(volume of particles / total volume).

The viscosity is not inereased.directdy by the suspended particles
but arises indirectly as a result of disturbance of the solvent
flow. The relative viscosity at low concentrations is independent
of the nature of the disperse phase and of the particle size.

The introduction of spherical colloidal particles into a
pure solvent leads to increased viscosity mainly as a result of
. the extra dissipation of energy involved by flow distortion
around each particle. With asymmetrical particles (eg. plasma
proteins) additional causes are also involved — thus the

rotation of the :asymetrical particles, enforced by the velocity




116

gradient, results in extra energy dissipation, a mechanism which
is clearly much less important the more nearly sphericél are the
suspended particles; the deformation of the particles in the
velocity gradient and the much greater interactions occurring in
the suspension of asymmetrical particles provide further
possible mechanisms.

Many colloidal materials are strongly solvated in solution.
Solvation involves the strong binding of solvent molecules,
usually in a layer not more than a molecule thick, the
(particle + solvent layer) acting as the kinetic unit in solution
- so producing an effective increase in the volume concentration
of the solute. The degree of solvation of the plasma proteins
is still under discussion.

Methods. From bloocd drawn from normal human subjects, specimens
of the sodium salts of albumin and globulin were prepared, as
described in detail in the appendix. Care was taken in their
repurification but it cannot be guaranteéd that there was not a
small amount of the other protein contaminating the final.products.
Albumin was dissolved in distilled water to a concentration of
about 15% and its viscosity was measured at this and decreasing
concentrations. Similerly, the viscosity was measured on

globulin dissolved in normal saline. A specimen of fibrinogen

was obtained from the Medical Research Council and. studied in
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in aqueous solution. The concentrations were measured by
analysis of the nitrogen content by micro-Kjeldahl techniques.

The viscosity results are reported both with the Newtonian-
fluid calibration and in terms of the arbitrary V5 scale.
Results. The results are given in Table R of the Appendix.

From these, Fig. 19 was constructed; similarly Fig. 20.
Discussion. The viscosity of the protein solutions did not
increase equally with each increment of protein concentration,
the addition of further protein having an increasingly greater
effect. The plotting of z~against ¢ (g./100ml. ) yielded the
three curves of Fig.1l9 , where the viscosities of 1% solutions
were 1+400 cs. for fibrinogen, 1°130 c¢s. for globulin, and
1+065 es. for albumin; while similarly a viscosity of 1°600 cs.
corresponded to 1°3 g./100ml. of fibrinogen, 4+0 g./100ml. of
globulin, and 8°0 g, /100ml. of albumin.
| Cohn (44 ) has given the dimensions of the protein molecules

as (ie. length of ellipsoid x equatorial diameter of ellipsoid)
900 x 33 ©°A for fibrinogen, 320 x 36°A for globulin, and
150 x 38°A for elbumin. If one could imagine the extra energy
expended to rotate the long fibrinogen molecule as compared to
that of albumin, one can readily understand how this difference
in viscosity arises. .Similarly, one can visualise the long

fibrinogen molecules interfering with each other.
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Viscosity of Solution (cs.) at 20°C.
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Fig. 19 The Viscosity of solutions of the purified plasma
protein fractions at different concentrations.
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Fig. 20 The viscosity of a solution of Fibrinogen in water.
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Taking the albumin viscosity effect as unity, the effective
action of globulin was roughly 2+ +times, and that of
fibrinogen was roughly 6° times. These figures should be
remembered when we proceed to the discussion of the relative
effects of the protein fractions on the plasma viscosity itself.
If logyu  were plotted (rather than z~) against the

protein concentration, the graphs of Fig.2l could be drewn. It
appears that each viscosity/concentration curve is now formed
really from two straight-line relationships, and furthermore that
the -change from one slope to the other occurs at the same viscosity
value ( 4 = 1°4) for all three.. This finding suggests that the
explanation of the phenomenon lies in the characteristics of the
viscometer rather than in the protein solutions: to the critical
viscosity value at which the lines change direction we have
applied the terﬁ -~ "ghear point". It should be noticed also that
the viscosities of the protein solutions at the concentrations
encountered in the serum and plasma lie to the left of the "shear
point" of these figures, yet the viscosities of the natural
fluids lie to the right of this point; +this makes it difficult
to apply the findings for solutions to the plasma itself.

The viscosity of the albumin and globulin solutions has
been studied meny times previously ( 3,40 ,41 ,105 ,109, 179 ).

All agree concerning the shape of the # /c 1line of correlation
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On plotting log u of the solutions of albumin and
globulin against the protein concentration, the
line f"or each was formed by two parts. The angle
of both lines corresponded to the same viscosity

value (u = 1°4).
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but none would coincide exactly if the curves were superimposed.,
The responsibility for these differences can be divided between
variation in the proteins as the techniques for their preparation
differed from worker to worker and discrepancies arising from the

characteristics of the viscometers. As an example of the latter

cause, Fig. 22 presents the values for Fig. 22
the fibrinogen solution as measured 'byl; g % X

+ 1 X
Lawrence (3X) and myself (®) on - y
fibrinogen obtained from the same [ 1C

+ 05 yx o
source. Lawrence suggested that the [ y o ©

- o

: )

viscometers could be calibrated and o [ . e ,

01 0-2 03 cs.
correlated with a commercially-supplied
Viscosity of Fibrinogen
albumin solution, but in view of the Solution minus 1 cs.
differences possible in the batches of protein, I do not consider
that this would be the best method available - the method to be

described in the following section is superior as it is independent

of the protein characteristics.

It is well known that in certain homologous series of
' compounds (occﬁrring in nature as liquids) the relation between
the viscosity at a given temperature and the molecular weight is
fairly uniform - for instance, in the aliphatic hydPocerbodis, if

log Moo be plotted against the molecular weights, the compounds
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lie close to a straight line, from pentane to octane. In an
original hypothesis Whittington and I attempted to apply this
finding for pure liquids to substances in solution (for details
consult the reprint of our paper).

We proposed that instead of treating a solution as
consisting of solute and solvent we would treat it as if it were
a single substance with an "effective molecular weight" made up
from the components. If the weight: of the molecule of solvent
= M and that of solute = Mg and if the concentration of the
solute (g./100 g.) be S , then the relative gram moles of
solute and solvent, per 100 g. of solution, are

| SAly and (100 ~ S)/ M respectively.
Taking moments, therefore, we defined the "effective molecular

weight" of the solution (M') as

100
5 100 -8
TS TR
S

Mt =

Evidently, as MS—-) oo , as in the case of proteins, then

o L0M
¥ = 100 - 8
For aqueous solutions M = 1800
- 100 - 8
and for saline solutions 1810

¥ = 56 - 8




On testing this hypothesis with the results for sucrose
solutions published by Binghem and Jackson ( 21), an excellent

straight-line relationship was obtained between M' and loguZOo ’

' 1800
where M'= (gr-gs )1 + a5 ) where o = - 0°00143.

(The (1 + aS) factor was introduced to compensate for the
omission of the S/MS which was not qegligible.) (cf. Table -R(Db))
Applying the same formula to protein solutions, both the

albumin and globulin solution values lie on the sucrose line
(until p =1'4) if a = + 0°025 for globulin and a = + 0°C08
for albumin. After p exceeds 1°4, (= approximate "shear point")
the protein line diverges from the sucrose line, buf still lies
as a single line, When the fibrinogen solution was studied the
falling~drop apparatus was not available, the specific gravity
was not measured, and p could not be calculated from =z~ 4
But from the small concentrations used the specific gravity
could not have increased by more than 1+5% The results
available indicate that the fibrinogen solution behaves exactly
as the other proteins, that the fibrinogen line coincides with
the other proteins' line, and that a = + C°*093 approximately.
Further, on plotting the o values against the (Fig. 23)
corresponding Mé values, a straight line is obtained if

MS for salt = 58°5, for albumin = 69,000, for globulin = 159,400
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160,
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Fig. 3. Variation of a with Ms at 20°C.
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+ sodium chloride
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-+

Fig. 23 See text for an explanation of this figure.

The relation between the Molecular Weight
of the proteins and the factor "o
whose derivation is given in the text.

The basic hypothesis is to treat an
aqueous solution as if it was a homogeneous
single substance.
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and for fibrinogen = 520,000. These figures are very close to
those generally accepted for the molecular weights for these
protein fractions. This technique, with further values derived
from proteins of accepted molecular dimensions, offers another
method of measuring the molecular weights of new substances
somewhat analogous to the intrinsic viscosity techniques (125)
used at present to study the large polysaccharide molecules.

It can be demonstrated also that the effect of temperature on
viscosity is capable of expression as alterations in "g'.

The reference to the "effective molecular weight" of
solutions has been included here as the idea was original; from
the promising results which I have obtained with protein solutions
Whittington has proceeded with further fruitful researches with
other substances (unpublished results).

Yet another method for correlating and calibrating (Fig. 24)
viscometers also becomes available. The sucrose line is a
universal standard and readily reproducible. It should Dbe
possible to use an albumin solution (purity is not critical)
to derive calibration formulae for any viscometer by which the
log ¢ values can be adjusted to allow the protein lineg to coincide
with the sucrose line. Such a scheme would eliminate the effect of

the variation in the shear of individual viscometers. It would
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Fig. 2. Variation of log u with “‘effective’ molecular weight.

100 M
' = T00_S (t + aS) where M = mol.wt of solvent; S —

g/100g concentration of solute
AN Suc1fose 20 % (BINGHAM and JACKSON) @ = — 0.00143 .
; gggtlgfl chloride 0.895 %, a = — 0.00496 .
X Sodium albuminate V6 i
* " ’ V5 (calculated) s @ = + 0.008 5
e} " globulinate V6 ’
[} Vs . V5 (calculated) g a= + o025

This figure shows how the viscosity of a protein
solution can be made to coincide with the
"sucrose line".

This figure contains the foundations of
(a) a method by which the molecular weight of a
solute may be calculated if the characteristics
of the viscometer have been studied with
solutions of substances of known molecular

weight, and
(b) correlating viscometers by a protein solution

to supply results corresponding to this
sucrose line which is internationally

reproducible.
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have been more satisfactory, in the light of our subsequent
experience, if all our family of viscometers had been correlated
to this sucrose line rather than to the arbitrarily-chosen

V5 instrument_— a consideration of Fig. 24 will show how

simple such a procedure would be.

§17. The Serum Viscosity / Serum Proteins Relationship.

The first 212 tests in which i made the estimation of both
the serum viscosity and the serum proteins will be considered
only as these results have been analyzed previcusly as the basis
of two papers by Whittington and myself ( 97,100) and further
later results have added no more information to that obtainable
from the originals.

Methods. The viscosity of the serum was measured at 20°C. and the
values recorded in the V5 scale.

The albumin and the total globulin were estimated by a
micro-Kjeldahl technique, plus fractionation by the classical
sodium sulphate salting-out method of Howe (121).

Results. The results are presented in Table S *of the Appendizx.

The protein concentrations were plotted against the serum

viscosity to yield Fig. 25 . The distribution presents a wide

scatter but there is a back-ground regular trend of pattern which

( * the results have not been collected into a single table,
but can be extracted from the various other tables of

parts 7 and 8.)
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prevents one from applying the adjective "random scatter" to
the diagram.

Now, if frdm the tofal}tests I removed those values from.
cases of liyer and kidney disease, together with those from the
cases of general disease approaching death (a condition later
defined as "terminal decay") the distribution shown in Fig. 26.
remains. The points can be joined by broad lines, as éhown.

It appears that as the serum viscosity increases the albumin
values can be found arranged along periodic curves; the globulin
is arranged along similar curves with the same phase but in the
opposite direction. At the nodes where the periodic curves
approach or even cross, the A/G (albumin/globulin) ratio mayvbe
ﬁnity or less; the A/G ratio will be highest at the intermediate
stage when the curves are farthest apart.

Fig. 26 also includes a graph of the fibrinogen values as
it is permissible to consider fibrinogen only as a globulin which
has the special property of forming a clot under appropriate
conditions. The fibrinogen curve moves in the same phase and
direction as the total globulin curve.

The total protein values (not graphed) increase as the

viscosity increases, without a periodic-curve distribution as

obtained for the components.
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Discussion. As can be confirmed by é study of a few results in
Table S* it has not been possible to get an agreement between the
viscosity of the serum and the sum of the viscosity of its
ultrafiltrate plus the increments of (viscosity of pure protein
solutions of the same concentration as occurs in.serum minus the
viscqsity of the solvent). The kinematic viécosities (2) and
the abs91ute viscosities (u) were studied according to the
Newtonian fluid calibration, the V5 scale, and after calculation
to the sucrose line, yet the viscosity of the serum always
exceeded the sum of the viscosities of its components. (The
sucrose line technique was specially useful as wifh it the
divergence at the "shear point" can be eliminated; the results of
pure solutions lie to the left of this point while the serum
results lie to its right.) This discrepancy led us to postulate
the existence in serum of a combined-protein formed from albumin
and globulin - this large molecule would have an effective action
in increasing the viscosity by an amount greater than the sum of
its constituents acting as discrete molecules.

Ffém-this hypothesis Whittington analyzed my results
working from an equation by which a mass-action equilibrium
was proposed between free albumin and free globulin and a
complex of‘albumin—gldbulin. He derived the figures -

'GO.41 - K(A + G} (K = (*51 approx.)

N

A0'59 ,

( * see footnote on page 128)
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Support for the method of analysis and for our hypothesis came

in a personal commnication from Dr. J.D.Hamilton of Canada, who
had employed a different approach to end with a similar belief
in a protein complex and an equation as under - (94)

292 = oees(a + q)

The'agreement between these two eQuations is noteworthy.

(A reprint of our publication is included in' the folder of the
appendix. )

Unfortunately I did not study solutions of mixtures of the
pure proteins. The regular relationships obtained by such workers
as Rohrer (212) and Nugent and Towle (187) for solutions of the
single proteins and their mixtures are rather against the
existence 6f a corbined~-protein under these experimental
conditions. This may be due to small but vital changes induced
in the proteins in the maltreatment of their separation and
purificétion;

A series of papers by the Heyder-Rohrer-Naegeli school in
Berlin introduced a novel method for the fractiomation of the
serum proteins by a combination of viscosity and refractive index
measurements. A series of viscosity measurements was made on
various mixtures at various concentrations of albumin and
globulin solutions, prepared from a single blood specimen. An

elaborate chart was constructed from which, if one knew the



viscosity and the total protein content, the ratio of albumin

to globulin (A/G) could be readily estimated. They proposed that
the total protein content of the serum could be estimated from
its refragtive index, and the A/G ratio could then be calculated
if the viscosity was known. 'This elegant plan did not take into
éonsideration the differences in the viscosities which might be
due to instrumental characterisfics or the qualitative differences
which may be found in the proteins in certain diseases, as no
mention is made of studies with pure proteins derived from ill
subjects: furthermore, the possibility of a protein-complex was
not allowed for. This scheme of fractionation was used widely on
the continent for 2 or 5 years (cf. Bircher (22,23,25)) until a
more critical approach led to its complete discard; some papers
included such impossible results as IOO% albumin or even 0%
albumin( 122).

In the previous section we saw that the viscosity effect
of globulin in solution was approximately twicg that of albumin.
Consideration of the results in Fig.26 might indicate that a
generalisation concerning the effect of these proteins in the
serum would make their ratio nearer 3:2. This again could be
explained by the presence of a protein~-complex.

The periodic wave relationship between the serum viscosity













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































