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Préf ace

The selective combination of physical, biochemical, and immunological prin-
ciples, along with new knowledge concerning the biology of cells and advance-
ments in engineering and computer sciences, has made possible the emergence
of highly sophisticated and powerful methods for the analysis of cells and their
constituents. This series on Cell Analysis is, therefore, aiming at providing the
theoretical and practical background on how these methods work and what
kind of information can be obtained. Cell Analysis will cover techniques on
cell separation, cell identification and classification, characterization of orga-
nized cellular components, functional properties of cells, and cell interactions.
Applications in cell biology, immunology, genetics, toxicology, specific diseases,
diagnostics and therapeutics, and other areas will be covered whenever relevant
results exist,

Nicholas Catsimpoolas
Boston, Massachusetts
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Quantification of Red Blood Cell
Morphology

JAMES W. BACUS

1. HISTORY

The description of red blood cells extends back to the earliest days of the
development of the microscope. In 1658 Swammerdam described the oval red
blood cells of the frog, and in 1673 Leeuwenhoek discovered the red cells in
human blood and described them as circular in contrast to amphibian cells. In
1770 Hewson published detailed descriptions of structure, form, and dimen-
sions of red blood cells from different animals, including man. In 1846 Gulliver
published measurements of red cell size (diameter) on 485 species of
vertebrates.

Until this time, descriptions and measurements concentrated on the aver-
age diameter of cells from specimens and not on size distributions of cells in
individuals. However, by the 1880s various workers had reported red cell diam-
eter sample distributions. During this same period, there was concomitant
growth in knowledge and understanding of hemoglobin in red cells. In 1747
Menghini demonstrated the presence of iron in red cells; Funke isolated hemo-
globin crystals in 1851; and Hoppe-Seyler had indicated the functional char-
acteristics of oxygen uptake and discharge by 1867. Beginning with the obser-
vations of Soret (1878), it was understood that the primary hemoglobin
absorption band was in the violet near the visible limit, around 415 nm (Jope,
1949). However, this was largely ignored because of the development of tech-
niques for staining blood by Ehrlich in 1877 (Conn, 1948). The development

JAMES W. BACUS e Medical Automation Research Unit, Rush-Presbyterian-St. Luke’s
Medical Center, Chicago, Illinois 60612.



2 " JAMES W, BACUS

of these staining techniques stimulated the morphologic study of blood and the
relationship between the size and hemoglobin content of the erythrocyte, even
though there was no precise stoichiometric relationship between the amount of
hemoglobin and the perceived color. In summary, then, by about 1900 the
importance of both the size and hemoglobin content of red cells was becoming
clear.

From 1880 to 1930, a gradual definition of hypochromic anemia and iron
deficiency developed. Lange had first described the disease chlorosis in 1554;
by the 1930s this was gradually understood to be iron deficiency anemia as we
understand it today (Witts, 1969). Price-Jones (1933) published an exhaustive
study of red cell diameter sample distributions for blood from normal individ-
uals and for blood from some individuals with anemia, including iron defi-
ciency. He indicated size changes in both the mean and variances of sample
population distributions associated with anemia. Gradually, from the 1920s to
the 1940s, the use of the mean red cell size (measured by the hematocrit,
divided by the cell count) as proposed by Wintrobe (1930, 1931, 1932, 1934)
and others (Jorgensen and Warburg, 1927) became a common measure used
to differentiate microcytic anemias from normal. Cooley and Lee (1925) first
described thalassemia in the homozygous state. This was later reported in the
heterozygous form by Wintrobe et al. (1940). Also, Cartwright and Wintrobe
(1952, 1966) described the anemia of infection and other chronic disorders in
the 1940s and 1950s. Each of these three types of anemia resulted in the pro-
duction of small hypochromic red cells and thus were potentially confused with
each other during differential diagnosis based on changes in mean cell size. The
variation in cell size, demonstrated to be important by Price-Jones, was not
easily measured and thus was largely ignored as a routine quantitative param-
eter.

Sorenson (1876) recognized that cells larger than normal were character-
istic of pernicious anemias, and Addison (1855) provided the first clinical
description of megaloblastic anemia. The description of other macrocytic ane-
mias, e.g., from liver disease and macrocytosis caused by stimulated erythro-
poiesis, followed this early work. Similarly, other anemias were gradually
described by their characteristic red cell morphology. For example, Haden
(1934) described measurement relationships between the thickness and diam-
eter of red cells from normal blood and from the blood of patients with spher-
ocytosis. The first morphologic descriptions of the red cells in sickle cell anemia
were provided by Herrick (1910).

In many ways, our ability to describe red cells has depended upon the
sophistication of our observational and measurement apparatus. The above
described development of measurement and quantification of red cells
depended upon the development of the microscope, simple counting chambers,
hematocrit tubes, and, later, upon advances in chemistry and absorption spec-
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troscopy. Ultimately, our current understanding of the disease process and its
description have resulted from these measurement capabilities.

In the mid-1900s further advances in microscopy occurred in the area of
quantitative microdensitometry. This is probably best characterized by the
work of Casperson (1936, 1940), who performed precise microphotometric
absorption studies of the nucleic acid of tissue smears. Although this work was
limited by current standards with regard to detailed absorption measurements,
since the measurement apertures usually encompassed the entire cell or the
entire cell nucleus, they provided a clear direction for the potential of quanti-
tative and more automated density and distributional measurements from pre-
viously subjective impressions and tedious manual measurement methods. In
the 1950s advances in electronics enabled faster scanning with flying spot, tele-
vision scanning, automatically controlled stage movement and focus, and very
small apertures of about 0.15 um.

In the 1970s several investigators studied red blood cells with variations
of these faster, high-resolution scanning methods (Bentley and Lewis, 1975,
1976; Eden, 1973; Green, 1970; James and Goldstein, 1974; Hammarsten et
al., 1953). This chapter details studies in our laboratories in this regard (Wes-
terman et al., 1980; Navarro, 1979; Bacus, 1972, 1980; Bacus et al., 1976;
Bacus and Weens, 1977). The methods of red cell measurement are described
in considerable detail. Then, although the techniques enable, in general, an
advanced discriminatory potential when applied to the differential diagnosis of
all of the above-mentioned anemias, the hypochromic microcytic anemias are
discussed in detail. Through this example it should become clear that just as
our current description and understanding of the disease process and our diag-
nostic ability have resulted from former measurement methods, these new
techniques provide additional capabilities for the future.

II. DETAILS OF RED CELL MEASUREMENTS

The specific instrument that we have used in our studies was developed
and constructed in our laboratory (Bacus, 1980b). A monolayer blood film
preparation is used (Bacus, 1974), and the cells are analyzed microdensito-
metrically at 415 nm. The cells are not stained prior to analysis. The instru-
ment uses microscope stage motors which move the slide and focus the micro-
scope objective. Conventional microscope optics project cell images on a
television scanning imaging sensor. As the microscope stage is moved in a scan-
ning pattern, different red blood cells are located for analysis. Each time the
microscope stage stops, all the cells in a given field are measured until a large
number of cells has been analyzed.

These techniques have allowed us to make precise detailed measurements
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of individual cells. A large number of different measurements has been and
can be made since the digitized image of each cell is available for analysis.
However, experience has indicated that measurements of hemoglobin content,
shape, pallor, and size can be done in a very robust fashion, and these mea-
surements will be discussed in detail below since they form a basis for the quan-
tification of red blood cell morphology by this technology. Other measurements
will surely evolve, and, in fact, we have also used additional measurements, but
those detailed below form a standard subset.

For the purposes of description, each image may be described as an n X
n measurement matrix, 4(x,y), where each value of /(x,y) is a measured point
of absorbance obeying the Beer—Lambert absorption law:

1, km
h(xy) = 10370 e ¢))

where I, is the incident light, 7, is the transmitted light, k is the specific absorp-
tivity of hemoglobin under these conditions, m is the mass of hemoglobin for
that picture element measurement point, and a is the measurement spot size.

A convenient way to locate objects, i.e., red blood cells, for measurement
is to set a clipping level at a low absorbance and to make measurements on
objects that are above this clipping level. Thus for a single red blood cell in a
field of view,

H=23 3 h(xy) @)

results in a measurement of the mass of hemoglobin ( /) for that cell.

The cell area ( 4) and the boundary perimeter ( P) are computed from an
octal chain code representation of the outer cell boundary. The octal chain code
is determined by searching around the clipping threshold level to outline the
cell of interest. Generalized techniques of octal chain code analysis have been
described by Freeman (1974), and some of the included descriptions follow his
notation. Each chain code element is indicated by a, i = 1,2,3, ..., n. Each
a; is an integer from O to 7. Also, each element has a length of 1 for even g;
and \/2 for odd a. Thus the perimeter (P) of an object, with N, the total
number of even valued elements and N, the total number of odd elements, is:

P=N.+ N, X \2 (3)

The following relationship exists between the x,y coordinate system, or
the digitized grid, and the elements g; of the chain.
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a; a;. a,)
- 0 i 0
1 1 1
2 0 |
3 -1 1 (4)
4 -1 0
5 —1 ~1
6 0 —1
7 1 -1

Given the initial y value, Y, this relationship is used according to equation (3)
to find the area ( 4) enclosed by the chain code.

Z aix( Yt-l + %al‘y) I (5)

i=]

A=

A robust measurement of shape, which is particularly applicable to red
cells, comes from a theorem in the real plane known as the isoperimetric
inequality (Courant and Hilbert, 1937; Polya and Szego, 1951). This states
that the perimeter squared divided by the area is greater than or equal to 4,
with equality holding if and only if the perimeter is in the shape of a circle. If
two shapes are geometrically similar, i.e., they have the same shape but differ-
ent sizes, they will have the same p?/ A since the perimeter increases linearly
with the size, while the area increases with the square of the size. However, a
multiplicity of different shapes may result in the same p?/ A greater than 4.
Thus, for digital red blood cell images, p?/ A4 is a convenient measure of cir-
cularity; however, because of the digital nature of the image, the boundaries of
the image are represented as a polygon. Examples of area and circularity mea-
surement results are shown for three octal chain coded line drawings of the
closed contours in Fig. 1. Table I details the feature calculation for the contour
of Figure la. Table I is arranged such that the calculated value of equation
(5), for each summation step, is in the left column. The information relevant
to the calculation is in the next five columns, in the same row. For example,
the octal chain code for each contour is in ¢olumn 3.

Of course, a circle cannot be represented exactly on a course grid. Figure
2 indicates circular polygons of the best fitting circles to a grid with different
radius values. It turns out that, depending on the placement of an object on the
sampling grid, an error will result in the p?/ A measure which is a function of
the fineness of the digital resolution. Figure 3 is a graph of p?/ A as a function
of the radius of digitally generated round objects. For circular polygons the
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40
DEFINITION OF CHAIN
CODE DIRECTIONS

35 b
321
41=40
51617

30 -

(@)
25 =
Area = 31,5
pZ/p = 37,53
)
Znt
5T
0
(b) {c)
51 C mea=35 ~ Area = 63
PZ/p = 20.78 P2/ = 13.32
0 5 10 15 20 25 30
o X AXIS

FIGURE 1. Three closed contour octal chain coded boundary shapes, similar to red cell outlines.
Area and p?/ A have been computed for each of the boundaries. Detailed computations for (a)
are in Table 1. The arrow indicates the direction of boundary tracing to form the chain code from
®_the initial x,y coordinate starting point.
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TABLE I
Method of Calculating Area and p?/A from Octal Chain Code of Closed
Contour of Figure 1a

a (Y., + %aiy) i a Y, A a;,
0 1 6 38 0 -1
—37 2 4 37 —1 0
—37 3 4 37 =1 0
37 4 7 37 1 -1
0 5 6 36 0 =1
0 6 6 35 0 -1
—33.5 7 s 34 —1 -1
—32.5 8 5 33 —1 —1
32 9 0 32 1 0
31.5 10 7 32 1 =1
—30.5 11 5 31 =1 =1
—29.5 12 5 30 =1 =i
29 13 0 29 1 0
29 14 0 29 1 0
0 15 6 29 0 —i
28.5 16 1 28 1 1
29 17 0 29 1 0
0 18 2 29 0 1
30 19 0 30 1 0
30 20 0 30 1 0
—30.5 21 3 30 -1 1
0 22 2 31 0 1
325 23 1 32 i 1
—33.5 24 3 33 -1 1
0 25 2 34 0 1
35.5 26 ] 35 i 1
—36.5 27 3 36 =1 1
—37 28 4 37 —1 0
—31.5 29 3 37 —1 1
|| =315 Area = 31.5 P =16+ 13 V2 = 3438
P A= 3153

limiting value is approximately 13.9810 (Navarro, 1979). It can also be proven
that p?/ A has a lower bound of 13.25484, which is the lowest digitized value
that can possibly be achieved (Navarro, 1979).

One of the more important morphologic features of mammalian red blood
cells is their “central pallor.” Typically, this is a round, central, biconcave area
of decreased thickness, resulting in a decreased central absorbance. The hypo-
chromic red cell is described as a cell with an exaggeration of normal central
pallor (Bacus, 1980a). Our quantitative definition of central pallor uses the



