THE HUMAN RED BLOOD CELL*
RusseLL L. Habpen, M.D.

The erythrocyte is probably the most important single cell in the
animal body. It is a container for hemoglobin by which alone sufficient
oxygen necessary for the life of all tissue is transported. Biologically,
it is one of the most interesting of all cells. The mature erythrocyte
functions as a single unit separate from all other cells; it has no nucleus
during its active physiologic life; as it utilizes no oxygen, it has no
metabolism of its own; it is always in motion. The red cell may be con-
sidered as an inanimate body constantly traveling from lungs to tissues
and back again. It is different from every other cell.

Besides its great physiologic interest and importance, the red blood
cell is remarkable because it was the first cell seen by the human eye.
The first cells of any kind to be described and illustrated were those
of the cork in Robert Hooke’s famous ‘“Micrographia” published in
1665.* Before this time, however, Swammerdam observed erythrocytes
in the blood of the frog and the louse.? He wrote: “The same has been
likewise discovered in human blood for several years, it is found to
consist of ruddy globules swimming in a clear liquor.” The exact date
of Swammerdam’s discovery is unknown but probably was as early as
1658. Malpighi® in 1665 mistook red blood cells for fat cells in the
omentum of the hedge-hog. He described them as “fat cells looking
like a rosary of red coral.” Leeuwenhoek was the third of the great
minute anatomists of the classical period of microscopy independently
to discover the erythrocyte. On April 5, 1674, he wrote his friend
Constantine Huyghens* that he had observed blood from his own hand
with his microscope and found it to consist of “red globules floating
about in a crystalline fluid.” He evidently recognized the importance
of his discovery as he sent a letter to the Royal Society of London only
two days later containing his findings.®> On June 1st he communicated
further observations to the Royal Society. He stated that the diameter
of a red globule was 1/25,000th of the grain of sand which he used as
his unit of measure,® which corresponds to 8.5 microns. This is remark-
ably close to the correct figure (7.7 microns), considering the crude
instrument which he used. He said that he could distinguish the cor-
puscles with his microscope as clearly as he could see grains of sand on
black taffeta without the aid of a magnifying lens.” Later he thought
he observed that “the sanguinous globules which made the blood red”
were firmer when he was indisposed and became softer as his health
was regained.®

With his characteristic thoroughness, Leeuwenhoek studied the red

*Part I of Porter Lectures, Series X, delivered at the University of Kansas School of
Medicine, Lawrence and Kansas City, May 7-8, 1940.
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blood cell for many years. He examined the blood of many species of
animals; found that the erythrocyte was no larger in the blood of a
whale than in the smallest fish, or in the horse than in the harvest
mouse; proved that the redness of the blood is due to the globules which
he described; noted the variation in shape in different animals; found
it to have a green rather than a red color in the grasshopper, and was
the first to illustrate it (Fig. 1).”

2 Experimenta & Contemplationes

adhiberem induftriam, ut hanc globulorum coagulationem
viderem , nunquam tamen mihi contigit. Eorum tamen ortum
& formationem mihi hoc pacto imaginabar; globulos nempe
ex quibus farina Tritici, Hordei, Avenz, Fagotritici, &c.
conftat, aqux calore diffolvi, & aque coadunari; hac vero
aqua, quam cerevifiam vocare licet, refrigefcente, multas
ex minimis particulis in cerevifia coagulari, & hoc pafto effi-
cere particulam five globulum , que fexta pars eft globuli fz-
f:is & iterum fex ex hifce globulis conjungi ; ut vero hanc con-
Jjun&ionem mibi ob oculos ponerem , cepi 6. globulos cereos,
cofque ita conjunxi, ut videreeft Fig. 1. atque itacompofui

ﬁ:l. i 1.

{

& depinxi , ut finguli poffent confpici , porro conjunctos
hofce globulos itain manibus convolvi, ut figuram acquire-
rent fimilem Fig. 2. Mihi enim imaginabar, 1illud, quodhic
convolutione inter manus efficiebam ad comprimendos glo-
bulos cereos, ex zquo fieri per agitationem cerevifiz in com-
primendis facis globulis ; & hoc patto fzcis globulum perfici.
Nemo autem fibi perfuadeat, me facis globulos fuis circum-
ferentiis feparatos vidifle , ut hic Fig. 2. depingitur, {zpius
enim fex h1 globuli mihiita apparent, acfi uni bullulz effent
inclufi, ubienim fzcem aque purz impofuillem, quia cere-
vifia nimis vifcofa erat & craffa, & hosglobulos circa fundum
convolvifiviffem, fex illi globuli, qui fxcis

Qf:'g-'l- globulum conftituunt , nonafeinvicem fepa-
rabantur : obfervationes he tam nude mihi
pparebant, acfi nudo oculo videremus par-
vam

FI1GURE 1: The first illustration of the red blood cell of man. From Leeuwenhoek’s Arcana
Natura Detecta, Delphis Batavorum, 1695, p. 2.
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Ficure 2: William Hewson’s illustration (1773) of the red blood cell of different

species. The erythrocyte of man is the second group from the top on the left. It is pictured
here for the first time as a biconcave disk.

One hundred years after these early observations, William Hewson,*?
the English physiologist, presented a paper before the Royal Society of
London on the “Figure and Composition of the Red Particles of the
Blood Commonly Called the Red Globules.” He pointed out for the first
time that the red cell of man is not a globule, but a flat disk, and noted
many other characteristics (Fig. 2). He wrote, “What is found so gen-
erally among animals must be of great use in their economy,” although
he had no idea of the function of the red cell. Even the great John
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Hunter in his book on the blood! considered the red cell, “the least
important part of the blood.”

Two hundred years after the red cell was discovered, Hoppe-Seyler
made his epochal studies®® on hemoglobin in which he demonstrated
that this substance readily takes up and gives off oxygen.'® Lavoisier
had shown, long before, that animal life depends upon oxidation, which
is analogous to the combustion of inorganic substances, although he did
not know where the oxidation of organic substances took place. It gradu-
ally became evident that oxidation occurs in the tissues and not in the
lungs or circulating blood as first was supposed. Accordingly, Hoppe-
Seyler’s discovery provided a mechanism by which oxygen could be
conveyed from the lungs to the tissues. Hemoglobin thus assumed great
importance as the only means for transportation of oxygen in the body.
During this period, it also was shown that hemoglobin is responsible
for the red color of the corpuscle. It had been known since the time of
Leeuwenhoek that the redness of blood is present only in the erythrocyte.
We now have, for the first time, an explanation of the function of the
red cell, a question which had puzzled Leeuwenhoek, William Hewson,
John Hunter, and all other students of the blood. The tissues of the ani-
mal organism cannot live without oxygen, and can be supplied only by
hemoglobin carried in the red cell. The red cell is truly a necessary and
most important part of the animal economy as suspected by Hewson.

In 1851 Vierordt'* made the first blood count and Funke discovered
hemoglobin. Improvements in cell counting methods followed rapidly
and numerous procedures soon were devised for measuring hemoglobin.
In 1854 Welcher'® reported the blood counts and hemoglobin estima-
tions in many different diseases and, in 1863,'¢ wrote a most complete
article on the “size, the number, the volume, the surface, and the color
of the blood corpuscles of man and animals.” Welcher also determined
the volume of the red cell in cubic microns by an indirect method long
before Hedin (1890) described the hematocrit for separating red cells
and plasma. Other historic landmarks in the study of the red cell are
monographs by Malassez'” on the counting of red cells (1873), by
Preyer'® on hemoglobin (1871), by Manassein'® on the dimensions
of red blood corpuscles (1872), and by Hayem?®® on the anatomy and
physiology of the blood (1878). We are prone to think that finer
measurements of the red cells have been made only recently. Mal-
assez”!, however, recorded the hemoglobin in micromicrograms per
cell as early as 1877. In 1881 Mrs. Ernest Hart?2 reported in man and
animals the volume of the red corpuscle in cubic microns, and the
corpuscular content of hemoglobin in micromicrograms. She also re-
corded the following measurements in various types of anemia: the
hemoglobin per cm. of blood, the hemoglobin per corpuscle in micromi-
crograms, the number of corpuscles per milligram of hemoglobin, the
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F16URE 3: Three dimension photomicrograph of red cell. The shape of the red cell may
be illustrated by bas-relief photomicrographs made by combining a positive and negative
plate. The shallow, thin cells in hypochromic anemia (upper right) and the spherocytes of
congenital hemolytic icterus (below) are especially well shown in relation to the normal
biconcave disks (upper left).
diameter of the corpuscles, the area in square microns, and the micromi-
crograms of hemoglobin per unit of corpuscular substance. Certainly, no
measurements of the red cell made in modern times have been more
complete.

The normal erythrocyte of man is a biconcave disk varying little in
volume, diameter, thickness, and hemoglobin content. The shape is best
illustrated in a bas-relief photomicrograph (Fig. 3). The constancy of
size and shape of the normal cell is remarkable in view of the rapid
rate of red cell formation, the short span of life, and the continuous
trauma to which the circulating cells are subjected. There seems to be
no fixed period of life and activity for an erythrocyte. The length of
time any individual cell functions seems to be determined by the chemi-
cal and mechanical injury it undergoes in the circulating blood.?* Prob-
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ably the mean span in man is about thirty days. During such a period,
a red cell makes about 60,000 round trips to convey oxygen from lungs
to tissues.

As the total number of cells in the circulation remains nearly constant
in health, almost a trillion cells must be delivered from the bone marrow
each day to compensate for those lost. Thus, new cells are produced at
the rate of nearly one billion per minute.

The number, shape, size, and hemoglobin content of the red cell in
the circulation depends upon numerous variables. The more important
factors influencing the red cell are: (1) the condition of the bone
marrow in which the cells are formed. If the amount of functioning
tissue is decreased by aplasia, or replacement by other tissues as in
leukemia, the normal number of new cells cannot be supplied; if the
activity of the marrow is impaired by toxemia or by hypometabolism,
cells cannot be formed normally. (2) The supply of specific materials
necessary for making new cells. If the specific maturing principle
(EMF) supplied by liver and liver substitutes is not adequate, the cell
stroma cannot be formed normally; if iron is lacking, hemoglobin can-
not be formed to fill the stroma. (3) The rate of destruction of red
cells. The marrow attempts to compensate for a rapid destruction of
cells by forming a larger number. The capacity to do this depends upon
the state of the marrow and the extent of the need.

Ponder®* thoroughly reviewed different ideas concerning the struc-
ture of the red cell. Some workers considered it a dense sponge-like
body. others a bag with fluid contents. Ponder concluded®” that the
erythrocyte is a “balloon-like structure consisting of a cell membrane
or envelope enclosing hemoglobin, salts, and many other substances
in solution.” Although a cell membrane cannot be demonstrated with
the microscope, numerous studies have thrown light on its structure. Tt
has an outer network of protein, probably only a few molecules thick.
Within this are not more than four layers of lipoid, and within this is
another layer of protein, intimately connected with the gel of stromatin
which fills the cell interior and holds the hemoglobin (Fig. 4).

INNER PROTEIN

VER
AR LAYERS OF

/-LIPOID

GEL OF / OUTER PROTEIN
STROMATIN- MEMBRANE ~
FIGURE 4: Cross-section of a normal erythrocyte of man (After Ponder).
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The reason for the existence of the red cell is often overlooked. Hemo-
globin is the essential element in oxygen transportation. Why should
this be carried in a cell rather than in solution in the blood plasma?
Barcroft®® answered this question. As the proteins of the blood plasma
cannot pass through the wall of a capillary, they exert an osmotic pres-
sure, tending to draw water into and hold it within the lumen of the
capillaries. The force of the heartbeat and hydrostatic pressure con-
stantly tend to force fluid out of the vessels. The opposing forces are
normally balanced to maintain the proper fluid relation between tissues
and vessels. The normal osmotic pressure of the blood proteins is 25 to
30 mm. of water. Fifteen grams of hemoglobin, a protein, free in 100 cc.
of plasma, would have an osmotic pressure of 150 mm., and would
draw water from the tissues to make an impossible circulatory condition
from the physical standpoint (Fig. 5). As the capillary wall is perme-
able by hemoglobin, smaller meshes in the wall would be necessary to
hold back the hemoglobin in solution. This decreased permeability
would interfere with fluid interchange between the tissues and circulat-
ing blood. Barcroft also pointed out that hemoglobin functions more
efficiently in a phosphate medium and in a hydrogen concentration,
such as exists in the red cell, than it would in plasma. Therefore, the effi-
ciency of both the plasma and hemoglobin is increased by placing the
hemoglobin inside the red cell “in a world all its own,” and an excellent
physical mechanism is provided for the necessary gaseous interchange.

The reason for the discoidal shape of the red cell is not entirely
clear. The purpose of the erythrocyte is to carry the respiratory pigment,
hemoglobin, which is constantly taking up and giving off oxygen.
Hartridge®” offered an explanation for the shape of the red cell in
relation to this function. About 250 cc. of oxygen per minute is used
by a resting man of average weight. With exercise, this may increase to
2,500 cc. per minute, and, in a day, 360 to 3,600 liters of oxygen may
be used. This entire amount of oxygen in combination with hemoglobin
is carried from the lungs to the tissues as oxyhemoglobin. Jacobs®®
showed that oxygen enters the red cell very rapidly. With the oxygen
tension at one-third of an atmosphere, the hemoglobin in the interior
of a red blood cell becomes half-saturated in one-hundredth of a second.
Hartridge demonstrated that the biconcave disk is most efficient from
the standpoint of gaseous diffusion. Since the structure of the red cell
is like an elastic envelope containing a homogeneous matrix filled with
hemoglobin, the most efficient shape for the corpuscle would allow all
the contents to be saturated with oxygen in the same interval of time. In
a sphere gases diffuse in at the periphery and reach the center at the
same time. Also, with an infinitely thin disk, the gases reach different
parts of the stratum at the same time. A sphere and a flat disk thus have
the proportions required for uniform diffusion. In a sphere, however,
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FIGURE 5: Diagram to illustrate Barcroft’s explanation of the need for a cell to carry
hemoglobin in the circulating blood. The osmotic pressure exerted by the normal amount of
hemoglobin (14 to 16 grams) if free in the blood plasma would draw large amounts of
fluid into the vessels and so dehydrate the tissues. The hemoglobin in the red cell is outside
the plasma and exerts no pressure.
the surface is small for the given bulk, and in a flat disk, the surface is
increased at the expense of the contents. The biconcave disk, according
to Barcroft, is a compromise between the sphere and the disk. Since the
edges are thicker than the center, diffusion is uniform at any given
point.

Ponder®? does not accept this teleological explanation, but considers
the discoidal form a lucky coincidence. He pointed out that the bicon-
cave erythrocyte composed of lipoids and proteins is necessarily in a
state of strain, maintained by two forces. The first tends to produce con-
traction and a spherical form to make a minimal surface area for the
volume; the second, to produce expansion of surface area and a very
flattened form. Balanced against each other, the two forces maintain the
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disk shape. Ponder’s concept seems to best fit the facts observed with
regard to the change in shape of the red cell in response to various toxic,
especially hemolytic, agents.

Since the discoidal form is maintained by a state of stress within the
cell, anything which affects the structure of the surface membrane and
stromatin may upset the delicate balance of the opposing forces. As the
strain is released, a cell tends to become a sphere. Trauma to the cell,
whether chemical, mechanical, or thermal, will alter its shape. It seems
most likely, however, that the cell membrane is not elastic and cannot
expand. As the stromatin and membrane, which maintain the state of
strain in the corpuscle, are altered by injury, certain characteristic
changes take place. These are best seen in hypotonic hemolysis, first
demonstrated by Ponder and his co-workers. Using rabbit’s blood,

CHANGES IN SHAPE AND SURFACE AREA OF THE ERYTHROCYTE
OF THE RABBIT IN HYPOTONIC SODIUM CHLORIDE SOLUTION

(PONDER)
CHANGED TO
NORMAL. —-SPHEROCYTE = |y HYPOTONIC
BY LECITHIN - £™")»-50DIUM CHLORIDE (
SOLUTION
VOLUME 60.u3 60 .3 86.3 105 43
SURFACE AREA 10042 T4t 93 .2 107 u2

HEMOLYSIS — FEW CELLS - COMPLETE

FIGURE 6: Diagram to illustrate Ponder’s measurements of the erythrocyte of the rabbit
as it undergoes hypotonic hemolysis.

Abramson, Furchgott, and Ponder®® added lecithin, which affects the
stroma of the cell and changes the disk to a sphere. Starting with a
normal cell volume of 60 u® and a surface area of 100 u?, the cell is
converted into a sphere (Fig. 6). The volume is still 60 u® but the
surface area is only 74 u®, as it decreases with the change in shape
without altering the volume. If the plasma, in which the spherical cells
are suspended, is made more hypotonic the volume of the cell gradually
increases. When the mean cell volume is 86 u® and the mean surface
area is 93 u®, hemolysis begins; when the mean volume is 105 u® and
the surface area is 107 u® hemolysis is complete. From this experiment
Ponder concluded that the surface of the spherical form can be stretched
until it is about the same as that of the disk from which it was derived
originally; if it is stretched more, the membrane breaks. This seems to
prove that the membrane covering the cell cannot be stretched without
breaking, although the surface membrane can contract.

One of the simplest ways to study the effect of injury on the shape of
the cell is to observe a thin layer of red cells between two closely applied
surfaces such as a coverglass and slide. Here spherocytes occur and
various shapes are produced by changes in the cell membrane as the
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VOLUME 86.u3 86.u%| 8643 | 86.u3| 86.u3
SURFACE AREA | 133.«2 B5.4°

FIGURE 7: Diagram to illustrate the changes in a discoidal erythrocyte with injury. The
volume is unchanged but the surface membrane first folds, then “puckers” and finally con-
tracts to the area necessary to cover a sphere.

form is altered. First, the surface membrane folds as the surface area
decreases, without change in volume; “thornapple” forms then appear.
Finally, the biconcave disk becomes a sphere (Figs. 7 and 8). It seems
evident that injury to the cell is followed by a loss of internal strain and
a consequent alteration of the normal biconcave shape. This injury also
may be produced by immune hemolysins, by hemolytic poisons such as
acetylphenylhydrazine, by lysins such as bile salts and saponin, by
heat, by benzene, or by toxins formed during the course of disease.
The toxic agent may act on the envelope, on the lipoid fraction, or on
the protein of the stromatin.

Bergenhem and Fihraeus®' demonstrated in the spleen a substance,
lysolecithin, which they think concerns the normal disposal of cells and
has the property of making red cells into spherocytes. After a biconcave

FIGURE 8: Photomicrographs of film from blood cells in the red cell mass at the bottom
of an hematocrit tube after centrifuging. Note the biconcave disks (a), the crenated forms
(b), and the spheres (c). The abnormal forms are shown especially well in a bas-relief photo-
graph (2) of the same area.
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disk is changed into a spherocyte, it seems to be destroyed easily so
that the spherocyte may be considered a stage in the hemolysis of the
erythrocyte.

Since the red cell lives only a relatively short time and is replaced
by a new cell when disposed of, the life cycle is most important in
relation to both normal and abnormal physiology. The normal stages
of the life cycle are shown in Table 1.

TaBLE 1
LIFE HISTORY OF THE ERYTHROCYTE

Substances necessary for cell life and growth

Endothelial Cell »Megaloblast

Factors in change unknown

Megaloblast » Normoblast

Specific maturing factor found in
liver necessary for maturation
v
Normoblast —— Reticulocyte ————Mature erythrocyte
Blood formation most active at normoblast stage

Iron necessary for the normal division and
growth of normoblasts and formation of hemoglobin

A 4
Mature erythrocyte > Blood stream
Actual life two to six weeks

Death by fragmentation and engulfment by
reticulo-endothelial cells

/End p%odu(:ls \
fron Bile Pigments

Certain indicators of red cell activity are necessary to evaluate the
formation, circulation, and destruction of red cells (Table 3). The red
cell count and the hemoglobin content record only the balance between
the formation and destruction of red cells. Young red cells have the
property of being stained with certain dyes. The number of reticulocytes
or young cells which take the stain is an index of the rate of production
of red cells ready to function in the blood stream, or at least the rate
of delivery of such cells from the marrow. If the delivery of cells from
the marrow is impaired, the marrow may be hyperplastic or hyperactive
with a low reticulocyte count in the circulation. If the reticulocyte count
in the circulation is high, the marrow is necessarily hyperplastic; if
below normal, the marrow may be aplastic, hypoplastic, or hyperplastic.
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When a red cell is destroyed, hemoglobin is freed, iron is split off
from the hemoglobin molecule, and bilirubin is formed as the end-
product of the pigment metabolism. This bilirubin is adsorbed by pro-
tein and is not excreted easily by the kidney. As the capacity of the liver
cells to excrete bilirubin so formed is quickly exceeded, an excessive
destruction of red cells and hemoglobin is soon reflected in an increased
bile pigment content of the plasma. In the absence of biliary obstruction
and liver disease, the amount of bilirubin present in the plasma indi-
cates the rate of red cell and hemoglobin destruction. A correlation of
the bilirubin content of the plasma and the reticulocyte level i1s shown

in Table 2.
TABLE 2

RELATION OF BLOOD FORMATION AND DESTRUCTION TO
BILIRUBIN AND RETICULOCYTE LEVEL

Reticulocyte count

NORMAL
(0.5-1.5 per cent)

Increased destruction
without good marrow
response.

!

DECREASED
(under 0.5 per cent)

INCREASED
(over 1.5 per cent)

Increased blood de-
struction with active
“ bone marrow.

Bilirubin content
(icterus index)

Increased destruction
with inactive bone
marrow or impaired
delivery of red cells.

Increased
(over 6 units)

Normal ) | Active bone marrow \ Decreasedl marrow | Decreased formation
(4-6 units) without excessive de- | without excessive de- | or impaired delivery
struction. \ struction of red cells. | of red cells without

excessive destruction.

Decreased Decreased destruction | Decreased destruction | Decreased destruction

(under 4 units)

of hemoglobin due to
iron deficiency; active
cell formation in mar-
row.

of hemoglobin. De-
creased formation of
hemoglobin; normal
cell formation in mar-

of hemoglobin. De-
creased formation of
hemoglobin. Decreas-
ed cell formation in
marrow or impaired

| row.
| delivery of cells.

|
f

If all the elements necessary for red cell formation are deficient, the
marrow cannot make the normal number of cells at the normal rate.
The marrow may function at a low speed, but such cells as are delivered
to the circulation usually are normal. Two specific elements, iron and
erythrocyte-maturing factor (EMF), are necessary if the marrow is to
make a normal cell completely filled with hemoglobin. As the red cells
develop in the bone marrow, they multiply actively at the megaloblast
stage. They are not ready for delivery from the marrow, however, until
completed by a substance formed by the interaction of a secretion of the
stomach (the intrinsic factor of Castle) on food elements (the extrinsic
factor of Castle) and stored in the liver. This substance has been
designated by such names as “liver principle,” the “anti-anemic princi-
ple of Castle,” the “pernicious anemia principle,” and “anti-megalocyte
principle.” As its fundamental action is to mature the red cell, or pre-
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pare it for emergence from the marrow, we have designated it the
erythrocyte-maturing factor (EMF). Since it is always necessary to
know, in studying an anemia, whether or not there is a sufficient supply
of this essential factor, there must be some indicator of its lack. The cell
to which this substance (EMF) is supplied becomes smaller, so a de-
crease in volume of the cell is characteristic of the maturation effected
by the erythrocyte-maturing factor. A macrocytosis is indicative of its
lack. Although a macrocytosis usually indicates a deficiency of the
erythrocyte-maturing factor (EMF), cells of increased size may be
due to other causes. A hyperplastic marrow, overactive in response to
a great demand for red cells, may deliver red cells larger than normal,
because of rapid removal from the marrow before maturation is com-
plete rather than a lack of erythrocyte-maturing substance (EMF).
Accordingly, the hyperplastic marrow may deliver macrocytic cells in
response to rapid destruction of red cells in phenylhydrazine poisoning
or in spherocytic jaundice. However, in response to increased cell loss
a chronic hyperplasia of marrow usually leads in time to the formation
of cells smaller than normal.

Iron is the second specific element necessary for normal red cell
formation. Without iron, hemoglobin cannot be formed. It is possible
also that iron stimulates the growth and multiplication of red cells at
the normoblast stage when division is most active. With a decrease in
the amount of hemoglobin a decrease first occurs in the concentration
of hemoglobin in the red cells, or in the color index. Since there is no

T 2.1 4 . T- 1.5l

FIGURE 9: The effect of a deficiency in iron or in the erythrocyte-maturing factor (EMF)
of liver on the red cell. The lack of iron produces microcytosis; iron relieves microcytosis
if due to a deficiency. The lack of EMF produces a macrocytosis; liver or liver substitutes
containing EMF relieve macrocytosis if due to a lack of this substance.
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value in having red cell stroma without hemoglobin to fill it, and if the
color index continues to be low, the cells become smaller and the volume
index decreases. The hypochromia shown by the lessened color index
and volume index is a measure of the lack of iron. The effect of the
erythrocyte -maturing factor (EMF ) and iron on the red cell are shown
in figure 9.

Accurate indicators are available to show the balance between red
cell formation and destruction (red cell count and hemoglobin content),
the rate of destruction of red cells (icterus index), the rate of regenera-
tion or delivery of red cells (reticulocyte count), the lack of the erythro-
cyte-maturing factor or EMF (macrocytosis), and a deficiency of iron
(hypochromia and microcytosis) as shown in Table 3. The relation of
the blood findings to red cell formation and destruction are shown in

Table 4.

TaBLE 3
MEASURES OF RED CELL ACTIVITY
FACTOR INDICATOR
Balance of red cell and hemoglobin forma- | Red cell count and hemoglobin content.
tion and destruction.
Rate of destruction of red cells. Level of bile pigment in plasma.
Rate of delivery of red cells. Level of reticulocytes in circulation.
Deficiency of iron. Hypochromic and microcytosis of red cells.
Deficiency of erythrocyte-maturing facter Macrocytosis of red cells.
(EMF)
TABLE 4

RELATION OF BLOOD FINDINGS TO RED CELL FORMATION
AND DESTRUCTION

Active bone marrow. Increased number of reticulocytes, basophilia,
nucleation., Slight increase in mean erythrocyte
volume if reticulocytosis is marked. Often an
increase in leukocytes and platelets unless de-
struction is more active than normal. The
number of cells is increased.

Inactive bone marrow, Decrease or absence of reticulocytes, basophilia,
’ and nucleation. If blood destruction is normal
or increased, the cell count decreases.

Increased red cell and hemoglobin de-|Increase in bilirubin content of plasma; decrease

struction. in number of cells unless compensated for by
increased marrow activity.
Decreased hemoglobin destruction. Decrease in bilirubin content of plasma.
Deficiency in erythrocyte-maturing factor | Anemia with increase in mean erythrocyte volume
(pernicious anemia). (increased volume index).
Deficiency in iron (iron deficiency ane-|Anemia with hypochromia of red cells (decreased
mia; chronic hemorrhagic anemia). color index); microcytosis (decreased volume
index) if hypochromia continues.
Hemolytic anemia. Anemia with increased icterus index; reticulo-

cytosis if marrow responds to increased need.
Anemia due to decrease in amount of Anemia with cells of normal size and hemo-
activity of marrow (aplastic or hypo-| globin content; decrease in reticulocytes.
plastic anemia).
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NORMAL RED BLOOD CELL

FORMATION
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s T B CIRCULATION

Water
+ o

Twenty-five trillion red cells in blood
stream. Each cell during its life, makes
50000 to 100000 complete circuts from
Iungs to tissues. Functions as conveyor
orhemoglobin which carries oxygen
from lungs to tissues DE STR U CT| ON
Blood count represents balance be-
tween red cell and hemoglobin for-
mation and. destruction

NORMAL ADULT

Red cells formed largely in ribs,
skull and vertebrae

Total normal volume of marrow
is 1400 cc. Normal color is greyish

0ld red cells taken out by reticulo-
endothelial cells, largely those of
spleen

1 trillion red cells destroyed each day
25 gms. HB destroyed each day

100 mg. of iron released

85 mg. used again

15 mg. lost and replaced by food
500 cc. bile formed and excreted by
the liver containing 300 to 400mg
of bile pigment

Rate of destruction gauged by iron
released and bile pigment formed
Only clinical laboratory measure is
icterus index or quantitative Van
den Bergh

red

For red cell formation, non-specific
substances necessary for all cells

are required as well as two specif-
ic substances, iron and the erythro-
cyte maturing factor (EMF)

One trillion cells and 25 gms. HB.
{}ormedfefach da

ate of formation measured by re-
ticulocyte percentage in circulation EXAMPLE
Normal life of red cell about 30days G <0 Hiilioh

HB. 100% (154 gms)
Volume Index 100 -(80 cubic microns)
Color Index  100-(312 micromicrograms)
Saturation Index 1.00-(347%)

lcterus Index 46 units
Reticulocytes 05- 109,

Eighty-five percent. of iron released returns to marrow to be used again
Iron Bile Pigment

Ficure 10: Normal red cell physiology. The cells are being formed and destroyed at a
constant rate. The cells vary little in volume and hemoglobin content. The rate of delivery
of new cells is gauged by the reticulocyte count and the rate of destruction by the icterus
index. The blood count and hemoglobin content show only the balance between the formation
and destruction of red cells.

The mechanism of red cell function and destruction may be illus-
trated by a diagram in which the bone marrow is considered as a grist
mill with three hoppers supplying materials for making red cells
(Fig. 10). One hopper supplies the nonspecific elements and the other
two, the specific elements. Normally, the hoppers are full. The level in
the mill indicates the relative fullness of the bone marrow. To maintain
a normal balance between formation and destruction, nearly one trillion
cells and 25 gm. of hemoglobin must be formed daily. In the circle
showing the normal circulation are one hundred red cells with one
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reticulocyte. The cells are of normal size and hemoglobin content. The
normal findings are shown below the circle. Old red cells are taken out
by the reticulo-endothelial cells, largely those of the spleen. If the blood
count remains constant, as it normally does, the same number must be
taken out as is delivered to the blood stream by the marrow. As the
hemoglobin is destroyed, iron is split off. Some of the iron is excreted
but the larger part (85 per cent) is returned to the marrow to be used
again. The end-product of hemoglobin destruction is bilirubin which is
excreted by the liver. The normal amount of bile pigment and iron
formed is indicated by the level of these substances in the containers in
which they are received. The mill is considered as functioning at a
constant rate of speed to supply the same number of cells with the same
hemoglobin content as is destroyed each day. The normal mean elapsed
time between the release of the cell and its ultimate disposal is thirty
days.

It is now possible to make very complete and very accurate measure-
ments of the red cell. Besides the routine counts and hemoglobin estima-
tion, the total mass of circulating erythrocytes or erythron is determined
from the hematocrit reading and the total blood volume, as measured
by a dye method. The mean red cell volume is calculated from the
count per cu. mm. and the total red cell mass in a given amount of blood
as measured with a hematocrit.*> We have found the mean cell volume
to be 90 cubic microns when using isotonic sodium oxalate (1.4 per
cent) as an anti-coagulant, and centrifuging until packing is complete.
The mean cell diameter may be determined in a number of ways. We
have employed the Haden-Hausser erythrocytometer®® which utilizes
the principle of diffraction of light. This method is simple, accurate,
and gives a normal mean cell diameter of 7.7 microns. The mean cell
thickness is calculated from the volume and diameter, and the surface
area from the diameter and thickness by considering the cell as a cylin-
der. The thickness may also be read directly from a three-dimensional
chart.®* Any unusual and abnormal shape is apparent in a stained film.

The mean hemoglobin content per cell is calculated from the red cell
count per cu. mm. and the hemoglobin in grams per 100 cc. The normal
figure is 30.8 micromicrograms per cell. The hemoglobin concentration
per unit volume of cells is calculated by dividing the hemoglobin in
100 cc. of blood by the hematocrit reading for an equal amount of blood.
The normal is 34.2 per cent which evidently is the saturation level.

The allowable variation in measurement for normal is 10 per cent.
Instead of using absolute figures for cell measurements, it is very con-
venient to use indices to express the result in terms of normal. An index
is calculated by dividing a determined figure by the normal. Thus, if
the mean cell volume is 63 cubic microns, and the normal is 90, the
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Ficure 11: Congenital abnormality in shape and structure of the erythrocyte. A., normal
biconcave disk. Note the central depression in each erythrocyte and the uniform shape and
diameter. B., congenital hemolytic icterus. Note the anisocytosis with predominance of
microcytes. The cells stain deeply because they are thicker than normal and have no central
depression. C., oval-cell anemia. Note the predominance of oval erythrocytes. D., Sickle-cell
anemia. The cytoplasm is abnormal so the cell under certain conditions became sickle-shaped.

volume index is 63/90 or 0.70. The normal measurements may be

summarized: Mean Normal (male-wt. 70 Kg.)
Erythron 2100 ce. (30 ce. per Kg.)
Total hemoglobin 718.2 gms.
Red cells 5.0 million per cm.
Hemoglobin 154 gms. per 100 cc. blood
Volume of red cell 90  cubic microns
Volume index 1.00
Diameter 7.7 microns
Thickness 1.95 microns
Mean surface area 135 square microns
Mean hemoglobin content 30.8 micromicrograms
Hemoglobin (color) index 1.00
Mean hemoglobin concentration 34.2 per cent.
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Certain congenital anatomic defects may affect the red cell. The cell
may be congenitally globe-shaped, as in congenital hemolytic icterus,
or oval shaped. The structure of the stroma may be congenitally defec-
tive also so that the cell takes on a sickle shape as in sickle-cell anemia,
or may be fragile and destroyed easily as in erythroblastic anemia
(Cooley’s Mediterranean anemia). Cells of abnormal shape and struc-
ture are usually removed more rapidly than normal from the circula-
tion so most such patients present an anemia (Fig. 11).

The total red cell mass or erythron has not received the attention it
deserves (Fig. 12). With an anemia, the erythron may fall to a very
low value. I have observed it as low as 367 cc. in a patient with idio-
pathic aplastic anemia. In polycythemia vera it always is increased.
Here the determination of the total red cell mass helps greatly in differ-
entiating polycythemia vera from the symptomatic type.?” I have
observed the erythron as high as 8,000 cc. in polycythemia vera. In
symptomatic polycythemia the red cell mass per kilogram is not signifi-
cantly increased even with a marked increase of red cells per cu. mm.
of blood.

Knowledge of the size, shape, and hemoglobin content of the red cell
helps greatly in the study of the anemias. By far the best laboratory
classification of anemia is based on the volume and hemoglobin content
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FI1cure 12: The circulating erythron varies greatly in the blood dyscrasias affecting the
red cell. Here the erythron is 367 cc. in aplastic anemia and over 5,000 cc. in polycythemia
vera.
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TYPES OF ANEMIA

e T |5 SUE S

| e 3 4 ] 6
Normocytic Normocytic Microcgﬂc Microcytic  Macrocytic Macrocgtic
Normo- Hypo- Hypo- Hypo- Hyper- Hypo-
chromic chromic chromic chromic chromic chromic

FIGURE 13: Types of ancmia represented as varying kinds of endless chain conveyors.
Note the great variation in volume and hemoglobin content of the cup (erythrocyte) on the
chain.

of the mean red cell. While this is an objective classification it also
gives the clinician clues about the cause of the anemia. Thus a micro-
cytosis and hypochromia is never due to pernicious anemia; a hypo-
chromia is never encountered in an iron-deficiency anemia.

The six types of anemia (Fig. 13) classified on the basis of measure-
ments of the red cell are as follows:

1. Normocytic and normochromic. The mean cell has a normal
volume and hemoglobin content. Volume index and color index, 1.00

(£0.10). (Fig. 13, 1)

2. Normocytic and hypochromic. The mean cell has the normal
volume but is incompletely filled with hemoglobin and so has less than
the normal quota. Volume index, 1.00 ( £0.10), and color index, 1.00.
(Fig. 13, 2)

3. Macrocytic and hyperchromic. The mean cell has a volume
larger than normal and more than the normal amount of hemoglobin.

Volume and color index, 1.00. (Fig. 13, 5)

4. Macrocytic and normociromic.  The mean cell is larger than
normal but contains a normal amount of hemoglobin although the con-
centration is less than normal. Volume index, 1.00, and color index,

1.00 (+0.10). (Fig. 13, 6)
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5. Macrocytic and hypochromic. The mean cell is larger than
normal and contains less than the normal quota of hemoglobin. Volume
index, 1.00, and color index, 1.00. (Fig. 13, 6)

6. Microcytic and hypochromic. The mean cell is smaller than
normal and contains less than the normal amount of hemoglobin. Vol-

ume and color index, 1.00. (Fig. 13, 3 and 4).

The great value of knowing the shape of the cell or at least the degree
of spherocytosis in the study of hemolytic anemia is emphasized in an
article on hemolytic anemia.”® In obstructive jaundice the cells tend to
be flattened. A macrocytosis may be observed in conditions other than
pernicious anemia. These have already been mentioned but may be
summarized :

1. Reticulocytosis from any cause as young cells tend to be larger
than normal.

2. Defective absorption of the specific principle of liver (erythro-
cyte-maturing factor) as in chronic diarrhea or defective use as in
myxedema.

3. Cellular liver disease not due to obstruction of the extrahepatic
bile ducts. The macrocytosis here seems due to the inability of the liver
to store or utilize the erythrocyte-maturing factor.
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F1cuRE 14: Changes in the red cells in pernicious anemia with adequate therapy. Note
in every case the ]ar"e volume of the mean (1yllno(‘\lL before treatment and the return to
normal with treatment. If adequate therapy is continued, the mean cell remains normal.
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FIGURE 15: Changes in the red cells in a patient with iron-deficiency anemia when given
adequate amounts of iron. Nole the gradual increase in volume of the cell as well as hemo-
¢lobin content.

4. Idiopathic aplastic anemia nearly always shows a microcytosis of
the red cells. A microcytosis or hypochromia on the other hand is seldom
seen except as the result of an iron deficiency. A hypochromia has the
same implication.

Knowledge of the volume of the mean red blood cell is necessary in
determining the adequacy of treatment of pernicious anemia. With com-
plete therapy the mean cell volume returns to normal (Fig. 14). Like-
wise in the microcytosis and hypochromia of an iron deficiency, with
adequate iron therapy, the cell returns to normal (Fig. 15)

The mechanism of changes in the red cell in an anemia due to a defi-
cient supply of the erythrocyte-maturing factor such as idiopathic per-
nicious anemia is illustrated in figure 16. Here the hopper supplying
the specific factor is poorly filled. The marrow is red because of a great
piling up of incomplete cells as shown at necropsy or by sternal punc-
ture. The cells die in the marrow in excessive numbers without reaching
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FIGURE 16: Red cells in an anemia due to an idiopathic defect in formation of the
erythrocyte-maturing factor (pernicious anemia). Here the marrow is hyperplastic because
the cells cannot be completed normally and accumulate. Such cells as are released are not
normal as shown by the macrocytosis (volume index, 1.29) which indicates a deficiency of
the specific maturing factor (EMF).

the blood stream; hence there is an excessive output of bilirubin, the
end-product of hemoglobin destruction. The cells in the circulation are
large and often of abnormal shape. If iron is lacking, the picture of the
physiological process is exactly opposite (Fig. 17). Here, as the result
of a lack of hemoglobin for the cell to carry, the mean cell volume is

FORMATION CIRCULATION DESTRUCTION
Protein
fat Erythroc
ey .}m o
C}QEE?' - l one ——bpod Jiream —
12

Less nemoﬂlobin destroyed
so less irofl set free and less
bile pigment formed

Bone marrow more active and
fuller than normal . Usually more
red cells and always less hemo-
lobin formed than normal due

'iron deficiency EXAMPLE

RBC 40

HB 50 %
Volume Index .79
Color Index 63

Icterus Index
Reticulocytes

0

0.
Saturation Index g.ea

2

Iron  Dite Pgment

F1GURe 17: The red cells with a deficient intake of iron. As a result of the chronic
iron deficiency, the hemoglobin is reduced (color index, 0.63) and the cells become smaller
(volume index, 0.75). The icterus index is low because less hemoglobin than normal is
discharged.
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less than normal and the stroma is only partly filled with hemoglobin.
As less hemoglobin is destroyed, the plasma is pale because of the low
bilirubin content.

SUMMARY

The great interest and importance of the erythrocyte has been empha-
sized in the preceding pages. The red corpuscle was the first cell seen
by the human eye when the microscope unfolded a new world of minute
things. Three of the five great early microscopists, Swammerdam,
Malpighi, and Leeuwenhoek, independently discovered the red cell and
found it an object of exceptional interest.

The structure of the red corpuscle has been determined accurately
only recently. The balloon-like structure and the unusual surface mem-
brane seem closely related to the peculiar biconcave shape. This dis-
coidal form is readily altered chemically and physically by injurious
agents and mechanical procedures. With injury, the shape tends to
become spherical from the play of surface tension forces.

The red cell acts as a cup on an endless chain conveyor whose func-
tion is to ferry oxygen from the lungs to the tissues. It is so small that
about 60,000 can be placed on the head of a common pin. Each cell
makes about 60,000 round trips from lungs to tissues during the average
lifetime of thirty days.

All the cells together, the erythron, constitute a vessel for holding
hemoglobin by which the oxygen is carried. :

The normal red cell is a biconcave disk. There may be congenital
variations in shape and structure. Spherocytosis and ovalocytosis are
anatomic variations in shape. With certain congenital abnormalities of
structure, the cell may become sickle shaped under certain conditions
as in sickle-cell anemia, or be destroyed more easily than normal as in
Mediterranean (Cooley’s) anemia.

All measurements of the red cell are easily made and are of great
clinical significance. With accurate measurements the exact total mass
of cells in the body is known and the configuration of the mean erythro-
cyte, the unit of the erythron, can be visualized.

From the laboratory standpoint, the anemias are best classified on
the basis of the volume and hemoglobin content of the mean red cell.
Such measurements often give a clue to the etiology of the anemia.

With a study of the red cell and bilirubin, the end-product of hemo-
globin metabolism, the physiology of the red cell can be determined in
any given case.

The treatment of anemias due to a deficiency of the erythrocyte-
maturing factor (EMF) of liver, and those due to a lack of iron, is best
gauged by a careful study of the mean red cell. If the elements deficient
are properly supplied, the cells return to normal.
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