
Quantifying Lung Structure

Experimental Design and Biologic Variation in Various Models of Lung Injury1-4
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SUMMARY The lung is a complex organ composed of a large number of different cell types of
varying size and shape. Quantification of lung structure requires an understanding of how the distri­
bution of specific cells and their characteristics affect the accuracy of measurement made on them
and how to optimize experimental design for a morphometric stUdy.Wehavestudied lung structural
modifications in a variety of lung injuries over the last decade. Extensive quantitative data from
EM morphometric studies of pulmonary tissue have been collected. These data provide a unique
opportunity to study the accuracy and efficiency of methods used to quantitate lung structure.
We present and discuss novel computation-intensive methods for the estimation of biologic vari­
ability, sampling error, and measurement error. A new concept, unnested analysis of variance for
stratified sampling and the use of computer-based methods for statistical analysis (the bootstrap
method) and optimizing experimental design (nonlinear minimization procedure) are described in
this report. Examples of experimental designs with their corresponding levels of accuracy and cost
are also provided. The number of samples needed for a given level of precision is affected by the
volume density of the structure being measured. The most important determinant for the overall
accuracy of a morphometric study is the number of animals studied. Biologic variations between
samples within an animal and among animals can vary significantly as a function of the model of
injury studied. AM REV RESPIR DIS 1991; 143:625-634

Introduction
Morphometry is a valuable tool for the
assessment of lung structural modifica­
tions in pulmonary pathology and toxi­
cology. Quantitative measurements of le­
sions in terms of thickness of the alveo­
lar wall, sizeof the alveolus, and numbers
of inflammatory cellsunambiguously de­
fine the nature and the severity of an in­
jury. Morphometry done using electron
microscopy (EM) can further define in­
dividual cell responses. For instance, in­
creases in the number and thickness and
a corresponding decrease in the surface
area of type I epithelial cells usually in­
dicates an increase in the transient popu­
lation of cells differentiating from type
II epithelial cells to type I epithelial cells
(1-4). When early and critical patholog­
ic events are identified by morphometry,
it helps to elucidate the mechanism of
disease development (4,5). Furthermore,
EM morphometry is highly sensitive for
the detection of small but biologically
significant injuries. In recent years it has
been used extensively for the evaluation
of the effects of environmental pollutants
(1-14). It is necessary to achieve a high
degree of accuracy to meet the stringent
requirements of setting standards for
clean air. Given the low ambient levels
of most pollutants and the many factors
that affect population responses to pol­
lutants, this practice can be very costly
because accuracy, from a statistical point
of view, is best attained by studying more
animals. Whereas a number of new
stereologic methods have been described
in the past few years that provide unbi­
ased and accurate measurements of bio­
logic structure, many of these techniques
require specialized sampling procedures,
such as dissectors (15, 16)or vertical sec­
tions (17). These procedures cannot be
readily applied to certain pathologic sam­
ples, for instance, human biopsies. In ad­
dition, pathologists interested in evalu­
ating complex disease or toxicant effects
are frequently confronted with multiple

tissues or cells that may have different
characteristics and cannot be studied
with the same degree of accuracy using
a singlesampling strategy.For the majori­
ty of pathologic and toxicologic investi­
gations, random sampling remains the
most convenient technique. It is essen­
tial to understand how to maximize de­
sign for this type of study.

The design of experiments to quanti­
fy subtle changes in lung structure is dif­
ficult because EM morphometry of the
lung invariably involves multiple sites
(airways and gas-exchange regions)
and/or celltypes that havedifferent sizes,
shapes, orientations, and characteristics
of distribution. The purpose of this arti­
cle is to provide a practical analysis of
the common morphometric techniques
used to study lung structure. In the past
decade our laboratory has accumulated
a substantial volume of quantitative da­
ta on lung structure from normal and in­
jured animals using EM morphometry
(1-5,7, 18). These data provide a unique
opportunity to examine sampling vari­
ability and measurement error when
quantifying lung structure. We under­
took to study the coefficient of variation
in the measurement of the volume den-

sities of two alveolar tissues: large, flat,
and homogeneously distributed type I
epithelium and the small, cuboidal, het­
erogeneously distributed type II cells. A
novelmethod that estimates the sampling
and measurement variability was used.
These estimates of the experimental vari-
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Take equation (7), for example: OS2sb is the
observed variance for repeated measurements
of pictures within a section. If every picture
is counted with a large number of points, the
propagation of measurement error due to a

ability were used to derive optimal ex­
perimental designs for complex EM mor­
phometric studies. Furthermore, we
found that the sampling and measure­
ment variability of pulmonary tissues es­
timated from various models of lung in­
jury reflect the distribution of the injury
in the lung.

Methods

Measurements of Variances
Morphometric studies using the electron

microscope usually involve volume density
point counting performed on micrographs
taken from sections of tissue blocks that are
selected from the animals being studied (19).
Variables exist between animals, sections, and
pictures (sampling levels).There is also a mea­
surement error associated with each sampling
stage. To optimize experimental designs these
variances and errors must be estimated. One
method of estimation is to use equations (1)
through (4) and incorporate data from pre­
liminary experiments (15, 20):

Animals OS2a = S2a + OS2b . l/nb (1)
Sections OS2b = S2b + OS2p . l/np (2)
Pictures OS2p = S2p + OS2pO . l/npo (3)
Points OS2pO = S2m (4)

OS2 is the observed variance of the sample,
and S2is the true sample variance. S2m is the
measurement error resulting from point
counting. There is no sample variability be­
tween points. nb, np, and npo are the num­
ber of sections per animal, pictures per sec­
tion, and points per picture, respectively. Note
that observed variance consists of both the
true sample variance and a measurement er­
ror arising from the inability to study all com­
ponents of an entity (that is, the whole popu­
lation, organ, or section). For this reason there
is no clear separation of the sample variances
or between sample variance and measurement
error. Witness that OS2b in equation (1) is es­
timated from equation (2), which contains a
measurement error OS2p x l/np. It is diffi­
cult to study directly how sample size affects
observed variances due to this propagation
of measurement errors.

We devised a method to measure sample
variance and measurement error by unnest­
ing the analysis of variance. A primary sam­
ple can be studied with a large number of
subunits so that there is essentially no error
propagation between sampling levels. The ob­
served sample variance at each level can be
studied in relation to its own sample unit. The
equations for the unnested variances are

of control animals and three groups of treat­
ed animals were studied. The control animals
were exposed to room air only. Alveolar tis­
sue (19, 25) was sampled from one control
group, and a specifically defined region, the
alveolar tissue closest to the terminal bron­
chioles (proximal alveolar region, PAR) (1-3),
was sampled from the other control group.
PAR are obtained from lung tissue by mi­
crodissection (2). Alveolar tissues from ani­
mals exposed to 85% oxygen for 7 days (4)
or asbestos for 1 yr (18) and the proximal al­
veolar tissue from animals exposed to 0 3 for
6 wk were also used (1). Tissue sampling was
accomplished by a stratified random strate­
gy (19, 25). Care was taken that tissue blocks
that contained large nonparenchymal struc­
tures were not excluded (25).

The volume density of alveolar type I epi­
thelium in a sample, VVEPI' was chosen to be
the parameter on which our analyses were
based. Type I epithelium (figure IA) is rela­
tively homogeneously distributed throughout
the alveolar region of the lung and has a vol­
ume density of approximately 1% (1,2,4, 19).
It thus provides a test system for a relatively
"rare" tissue component for which the issues
are not confused by a substantial amount of
heterogeneity. Error analysis on the estima­
tion of VVEPI may be regarded as representa­
tive of many lung tissues because the volume
density of all tissues in the lung are low as
a result of the presence of proportionally large
alveolar airspaces. In addition type I epithe­
lium is sensitive to environmental insults, and
changes in its volume occur in a variety of
types of pulmonary injury (1-5, 18). It pro­
vides a suitable parameter for the determina­
tion of treatment effect on experimental de­
sign. Type II epithelium (figure lB), on the
other hand, is a tissue component that is more
heterogeneous in distribution. The effect of
this distribution on experimental design was
examined using samples from the alveolar re­
gion (AR) of control rat lungs. Data collec­
tion at each sampling level was carried out
as described subsequently. The animals, tis­
sue blocks, and pictures studied had values
of type I and type II epithelial fractions that
are realistic for either normal or injured rat
lungs.

Points. Micrographs taken at an original
magnification of x 2,000 and printed on
11 x 14 inch photographic paper with a final
magnification of x 8,500 were used. A total
of 16 micrographs were analyzed for type I
epithelium. Each micrograph was counted
with overlays of various systematically spaced
point densities (12, 56, 112,224, 448, and 944)
for the estimation of Vv of type I epithelium
and tissue (19, 27). Every picture was count­
ed six times at random orientations with each
point density. The variance of the six repeat­
ed measurements was calculated for each pic­
ture. The mean variance from the 16 pictures
was used to represent OS2pO' A total of 40
micrographs were studied for the analysis of
sampling error for type II epithelium.

This procedure was adopted because type
II epithelium shows up on less than 20% of

(9)

(10)

S2a S2b
+S2g nbllps2g

S2mpo+-----"=-
nbnpn poS2g

na (c, + Cbnb + Cpnbnp
+ cponbnpnpo) l/CT (ll)

na

Optimizing Experimental Design
Statistical principles and practical examples
dealing with the allocation of resources have
been documented (21-25). If the cost per item
is known and the sample variances can be es­
timated, the optimum number of blocks per
animal is determined by

-~
nb -....}~

finite number of points becomes insignificant.
The observed variability within a single sec­
tion is derived only from the variation between
pictures S2p and a measurement error S2mp
due to the sampling of pictures. The impor­
tance of this relationship is that determina­
tion of OS2sb versus np allows the sample
variance and measurement error to be esti­
mated by regression analysis. The other two
sampling levels can be studied in the same
general manner.

The unnested equations described here rep­
resent a group of independent experiments
designed to evaluate the four morphometric
procedures specifically. They cannot replace
the nested equations in analyzing experimen­
tal data whose primary purpose is to study
a biologic phenomena.

One shortcoming of this approach is the
lack of flexibility. A sufficiently efficient ex­
perimental design may be one that costs sub­
stantially less than the imposed cost with lit­
tle loss of accuracy. To compensate for this
we made use of a procedure called nonlinear
function minimization (26). All the combi­
nations that satisfy a certain cost (± 1070) are
used to calculate the observed variances. The
combinations that yield group variances with­
in 0.1% of the lowest value are the optimal
experimental designs at that cost. In this man­
ner a choice can be made to better suit the
conditions of an individual laboratory after
the optimal designs for a series of costs are
determined and compared.

ca and cs are the costs of studying one ani­
mal and one section, respectively. np can be
derived with a similar equation. If a desired
level of variance of the group mean S2g is
known or, alternatively, if a total cost CT is
imposed, the number of animals needed, ns,
can be solved by using either equation (10)
or (11):

Data Collection
Data obtained from lung tissue of male Fish­
er 344 or Sprague-Dawley rats, 6 to 12wk old,
were used in this study (1-4, 18). Tho groups

l/na (5)
l/nb (6)
l/np (7)

(8)

Animals OS2sg = S2a + OS2ma .
Sections OS2sa = S2b + OS2mb .
Pictures OS2sb = S2p + OS2mp .
Points OS2Sp = S2mpo . l/npo
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Fig. 1. Pulmonary tissues used in this study. (A) Total alveolar tissue and type I epithelium coexist in the lung
and are homogeneously distributed . Inset depicts the thin , attenuated nature of type I epithelium . T = tissue;
I = type I epithelium. (8) Type II epithelium (II) is represented by the lamellar body conta ining type II cells. These
cells are cubo idal.
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microscope at a random orientation. The grid
was surveyed beginning at the top of the grid
while moving from left to right. Picture tak­
ing ensued when the first grid square com­
pletely covered by the section was encoun­
tered. Two pictures, one at the upper left and
one at the lower right corner of each grid
square , werephotographed at x 2,000.A field
that contained no tissue was not photo­
graphed but recorded as one picture. A set
of 40 micrographs covering the first 20 grid
squares encountered was obtained from each
section, resulting in a total of 240 pictures.
Micrographs were printed as described ear­
lier and counted with a 448-point multipur­
pose overlay. Th e volume densities of type
I epithelium, type II epithelium, and tissue
were calculated from each picture. We also
sampled the sections with an area-weighted
procedure. A total of 240 pictures were taken
using a method similar to that described by
Cruz-Drive and Myking (28). The micro­
graphs were counted with a 448-point count­
ing overlay. Points falling on tissue and type
I epithelium were tallied separately, and the
volume ratio of type I epithelium to tissue
was calculated from each picture.

Sections. Ideally, a large number of sec­
tions from one animal should be used. The
effort for such an undertaking is prohibitive­
ly expensive. To circumvent th is requirement
we chose to make use of a large amount of
section data from previous experiments. Vol­
ume densit y estimates of type I and type II
epithelium from 24 normal rats studied un­
der identical conditions in our laboratory were
available. Four sections per animal werestud­
ied, giving a total of 96 sections. Each sec­
tion was studied with 30to 40 pictures count­
ed with 224 points. To eliminate the between­
animal variability, each single section estimate
of volume density was multiplied by a cor­
rection factor that equals the ratio of the
group mean to the mean of the animal from
which the section was sampled. The 96 nor­
malized values of type I epithelial density were
then analyzed. Volume densities of type I ep­
ithelium from 48 sections from rats exposed
to.0;, 56 sections from rats exposed to as­
bestos, and 64 PAR sections each from air­
and Oj-exposed rats were 'also studied.

Animals. Animal means from the same rats
were used . Each animal was studied with four
sections. In addition to the 24 control rats
12 Os-exposed animals, 14 asbestos-exposed
animals, 16 Oj-exposed animals (PAR), and
16 PAR control rats were examined.

the micrographs. If the structure of interest
does not exist in the containing space of the
sample, the measurement variability is zero
regardless of the sample size. The utmost ac­
curacy on the estimation of type II epithelial
cell density within a picture can be obtained
by a single point on the 800/0 of the micro­
graphs that do not contain type II epitheli­
um. To use a micrograph that contains the
mean volume densit y of type II epithelium
for point density determination would be very
misleading. We consequently chose to use a

group of pictures that have a typical occur­
rence of type II epithelium to study the rela­
tionship between number of points and ob­
served variance within a single picture. The
group of pictures also has an average type II
epithelial volume dens ity close to that in nor­
mal rat lung . The same procedure was adapt­
ed to study type I epithelium volume density
variation within a single picture.

Pictures. Six step sections from a tissue
block were cut and placed on 200 mesh grids
individually. Each grid was inserted into the

Data Manipulation
The bootstrap sampling technique was used
to create large sets of simulated data from
a single original set. The distribution of sam­
ple variability generated can be treated as if
it were constructed from real samples. In this
waythe observed variability from a large num­
ber of simulated "observations" can be esti­
mated. The resampling procedure was de­
scribed by Efron (29). The method requ ires
so many numerical calculations that it is feasi­
ble only with the aid of a computer. When
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Fig. 3. The effect of sample size on measurement er­
rors and the observed sample variance of type I epithe­
lial density at three sampling stages. Measurement er­
ror is defined as the percentage deviation from the mean
that includes 95% of the observations. (A) Changes in
measurement error and the observed variance between
animals in a single group in relation to the number of
animals studied, (B) Changes in measurement error'and
the observed variance between sections from one ani­
mal in relation to the number of sections studied. (C)
Changes in measurement error and the observed vari­
ance between pictures from one section in relation to
the number of pictures studied.
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Fig. 2. The effect of point density on measurement er­
rors and the observed variance between points within
a single picture for the measurement of (A) the volume
density of type I epithelium and (B) the volume density
of type II epithelium. Measurement error is defined as
the percentage deviation from the mean that includes
95% of the observations. The observed sample vari­
ances (OS'sp), solid symbols, were derived empirically
using equation (8).The measurement variance can also
be predicted theoretically. The theoretical values are cal­
culated using the average volume densities of type I
and type II epithelia and are plotted in open symbols.
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The variance among animals in a single group
can be calculated using the combinations of
sample sizes determined earlier and the sam­
ple variances calculated from the unnested
analysis of variance:

For each stage of the sampling scheme
significant gains in accuracy are observed
in the left portion of the curve, where
the sample size is small; larger sample
sizesare followed by diminishing returns.
At the point count level the observed
sample variance consistsonly of measure­
ment error, and both the measurement
error and the observed sample variance
eventually become zero. For the remain­
ing three sampling levels measurement
errors become zero at extremely large
sample sizes, but observed sample vari­
ance remains at the level of sample vari­
ances. The reduction in observed sam­
ple variance as more and more samples
are taken is due to the reduction in mea­
surement error only. It appears that to
estimate the volume density of type I ep­
ithelium in normal rats with good (but
not utmost) accuracy, a sampling grid of
300to 500 points per picture, 10 to 20
pictures per section, 8 to 16sections per
animal, and 10 to 16 animals per group
need to be employed. This is not neces-

All calculations described here were done
through a nonlinear function minimization
routine (26). All the combinations of sample
sizes within 1070 of the total cost and within
0.5% of the lowest variance were printed out
after an exhaustive computation. The ex­
perimental designs were then compared and
evaluated, and the most suitable chosen.

Results
Accuracy of Measurements

Plots of measurement errors and mean
observed variance of the normal type I
epithelium volume density against sam­
ple sizes at the four sampling stages are
illustrated in figures 2A and 3. The mea­
surement error is defined as the percent­
age deviation from the mean, which in­
cludes 95070 of the observations assum­
ing a normal distribution. For example,
the measurement error for the sampling
of animals in a group is

-rs:
% deviation =

this procedure was applied to the estimation
of observed sample variance at a certain sam­
pling level all the single measurements were
first copied into the computer, which was then
instructed to draw combinations of multiple
measurements (n = 2 to n = i), in a random
fashion, a specified number of times, that is,
1,000, from the original measurements. For
every sample size, therefore, 1,000 combina­
tions weregenerated. An estimate of the mean
was calculated for each combination of a giv­
en sample size, and an estimation of the vari­
ance of the mean was derived. This proce­
dure was applied to the picture, section, and
animal sampling levels.

Data Analysis
Points. Equation (8) shows that the observed
variance between points in a single picture
is proportional to the measurement variance
at the point count level. We calculated ob­
served variance either experimentally by
regression analysis with data obtained from
repeated measurements made on representa­
tive pictures or theoretically as described by
Weibel (27,30). Since the numerical value of
volume density measured with one point is
either 1or zero, the observed sample variabil­
ity resulting from point counting can be
predicted. The formula used to calculate
predicted (theoretical) variance for mean vol­
ume density at the point count level is

, 1
(J = (Pc _ 1) Ppa (1 - P pa) (12)

P, is the total test points applied to the con­
taining space c and Ppa is the mean volume
density of structure a in the containing space.
In this equation structure a is assumed to be
homogeneously distributed within the con­
taining space. When the bootstrap procedure
was carried out to calculate OS'sp using com­
binations of single point estimates, the result­
ing estimation of S'mpo from regression
analysis was exactly the same as the predict­
ed value. However, the experimental and the­
oretical valuesmay be different, as is discussed
subsequently.

Pictures, sections, or animals. Repeated
sampling of the pool ofpictures, sections, and
animals in a series of sample sizes were per­
formed with the bootstrap technique. The
highest sample size attempted was 120for pic­
tures, 60 for sections, and 20 for animals. A
mean estimation was calculated to determine
observed sample variance. Regression analy­
sis was then carried out for lin and OS' to
derive the biologic and the measurement com­
ponents of the observed sample variances at
each of the three sampling levels.

Optimizing experiment design. The cost in
time to sample one point, one picture, one
tissue section, and one animal was determined
by pooling estimates obtained from the ex­
perienced technical staff in our laboratory.
Since the item costs are known and the total
cost can be set, all the combinations of na,
nu, np, and npo that satisfied a certain total
cost can be found by the equation
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sarily an efficient path to follow. The
question of experimental design is dis­
cussed later in this report. We focus first
on the effect of volume density and dis­
tribution on the point density required.

It is known that the points required are
usually greater in a morphometric study
that involves a tissue component with a
low volume density (27, 31). Type I epi­
thelium constitutes approximately 1%
but the alveolar septum (tissue) makes
up around 15070 of the total lung volume.
When the mean observed variance of tis­
sue in a single picture was studied it was
found that a sampling grid of 200 points
per picture yields highly accurate results.
Type II epithelium, on the other hand,
occupies less than 0.5% of the total lung
volume. One might expect that a greater
number of points per picture are needed
in this case. In reality, near maximum ac­
curacy for estimation of type II epitheli­
al density can be achieved with a sam­
pling grid of less than 40 points per
picture. Wecalculated the observed mea­
surement variances for type I and type
II epithelial fractions using values of vari­
ance obtained from repeated measure­
ments of a group of pictures and com­
pared them with the theoretical values.

4

c: 3
o

.§...
o
>
'0 2

The latter are equivalent to the variances
obtained from repeatedly measuring a
single picture of representative type I or
type II epithelial density. In the case of
type I epithelium the two values are al­
most identical. For the type II epitheli­
um the experimental variance is much
lower than the predicted (figure 2).

To study the effect of volume density
and tissue distribution on the number of
pictures needed for a singlesection, mean
observed variances (expressed as coeffi­
cients of variation) per section are plot­
ted against the number of pictures count­
ed for type I epithelium, type II epitheli­
um, and tissue (figure 4). It is shown that
type II epithelium, scarce and hetero­
geneously distributed, has the highest
variability and requires approximately 12
pictures per section for maximum accura­
cy. Tissue, which codistributes with type
I epithelium, has a lower variability than
type I epithelium but requires just as
many pictures per section for maximum
accuracy. If a given level of precision is
subscribed (that is, 1.25CV), however,
fewerpictures are needed to sample total
tissue.

The next question addressed was
whether accuracy can be improved in the
measurement of VYEPI if an area­
weighted procedure is followed when
selecting photographic fields. This pro­
cedure in effect increases the volume den­
sities of all the tissue compartments on
the micrographs. The volume density of
type I epithelium obtained this way was
expressed as a volume ratio of type I epi-
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thelium to tissue. After performing boot­
strap analysis on the volume ratios and
plotting the results (figure 4) it was found
that the mean observed variance in a sin­
gle site was indeed reduced with area­
weighted sampling.

The sample variance and the measure­
ment error of normal type I and type II
epithelium determined by regressionanal­
ysis of mean observed variance and the
reciprocal of sample size are listed in ta­
ble 1. Variability is expressed as a coeffi­
cient of variation. The actual values of
the variances can be calculated using the
group mean. The volume density of type
I epithelium has a high measurement er­
ror at the point sampling level but lower
variabilities at the remaining three lev­
els. The volume density of type II epi­
thelium has a low measurement error at
the point count level but higher variabil­
ities at the remaining sampling levels,
particularly picture and section. The het­
erogeneous distribution of the type II ep­
ithelium is reflected in the high biologic
variability reported for this cell.

The effects of three different treat­
ments on animal and site variabilities are
illustrated in figures 5 and 6. The coeffi­
cients of variation of single animal and
single group means are plotted against
the number of sections and the number
of animals, respectively. A total of 8
animals and 36sites wereanalyzed by the
bootstrap method for groups of ani­
mals exposed to 85% oxygen or asbestos
fibers. A total of 16animals and 64 sites
were used for the group exposed to 0.25

­c:..
'0
;;::.....
8 I : : : :: : : :

TABLE 1

MEASUREMENT AND BIOLOGIC VARIABILITY FOR EACH OF THE FOUR
SAMPLING LEVELS IN AN ELECTRON MICROSCOPIC MORPHOMETRIC

STUDY OF THE ALVEOLAR REGION OF NORMAL RAT LUNGS

Coefficient of Variation'

Fig. 4. The effect of volume density on the variability
oftype I epithelial density between pictures within a sin­
gle section. Variability is expressed by the coefficient
of variation as a fraction of the single section mean. Tis­
sue of three volume densities: EPII, type II epithelium
(0.0038); EPI, type I epithelium (0.0115); and the total
alveolar tissue (0.135) were studied. An area-weighted
procedure was also used to sample type I epithelium
(AW-EPI). The resultant variability of the volume ratio
of type I epithelium and tissue between pictures in a
single section (area-weighted sampling) can be com­
pared with that from randomly sampled type I epitheli­
um. Diamonds = EPII; circles = EPI; triangles = tis­
sue; squares = AW-EPI.

• Coefficient of variation (CV) is equai to the square root of variance divided by the mean. It is ex­
pressed as a fraction of the mean. The 95% confidence interval is equal to 2CV: in other words, 95%
of the measurements lie within ± 2CV of the mean.

t Type I epithelium (EPI) has an overall volume density of 0.0115 in the group of animals studied and
is reasonably homogeneous in distribution.

:j:There is no biologic variability for points.
§ Type II epithelium (EPII) has an overall volume density of 0.0038 in the group of animals studied

and has a heterogeneous distribution.

4 8 12 16

Number 01 Pictures

20

Epithelium

EPlt
Point
Picture
Section
Animal

EPII§
Point
Picture
Section
Animal

Measurement Error

9.08
1.70
0.49
0.30

1.61
3.65
1.05
0.42

Sample Variance

-:I:
1.11
0.13
0.19

-:I:
2.45
0.66
0.27
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o.e

TABLE 2

ITEMIZED TASKS AND ESTIMATION OF COST" FOR A
MORPHOMETRIC STUDY OF THE ALVEOLAR REGION

Levels Tasks Unit of Effortt

Animal Fixation:J: 90
Measure lung volume
Embedding§

Section Sectioning 100
Staining

~
Picture Photographing 5.0

Developing
Printing

Point Counting 0.01

...
<:
II

~ 0.3
IIo
U

0.2

4 8 12 16

P«lmber of Sections

20

• Costs common to a whole group of animals regardless of the number of animals are regarded as
fixed costs. Since this type of cost differs with treatment it is not considered part of this discussion.

t Cost is expressed as unit of effort proportional to the time used to conduct the tasks listed.
:j: Fixation includes surgical procedures as well as infusing fixative into the lung.
§ Effort estimated for embedding does not include block curing time. This is considered a fixed cost.

0.4

Different laboratory procedures may
result in a different effort outlay for each
task. Of the four sampling stages, sec­
tion and point efforts can be regarded
as relatively uniform from one laborato­
ry to another. Time spent on printing pic­
tures can vary a great deal depending on
the equipment (dry print processor or
trays and drum dryer) available. It is also
possible to reduce the effort in produc­
ing pictures by recording ultrastructure
on 35-mm films and directly projecting
them onto an overlay screen, thus bypass­
ing the need to print micrographs. Cost
at the animal stage can also fluctuate rel­
ative to the possible treatment and sur­
gical procedures involved in any ex­
perimental protocol. Severalscenarios on
the variation of effort and its effect on
optimal sampling designs at a fixed cost
are presented in table 3. The results, con­
sidering only type I epithelium, show
that fluctuations in picture costs do not
change the optimal number of sections
to be studied in an animal. A higher pic­
ture cost makes increasing points count­
ed per picture and decreasing the num­
ber of pictures per section the desired
method to gain efficiency. A lower pic­
ture cost has the opposite effect. High
costs for processing each animal left in­
creasing the number of sections as the
most effective way to reduce variation.

Changes in the optimal experimental
design when the total cost is varied are
reflected mainly at the animal level (ta­
ble 4). The best way to spend increased
resources appears to be by increasing the
number of animals studied. The differ­
ences in the optimal number of points
or the number of pictures is minimal in
the case ofeither type I or type II epithe­
lium. The distribution of effort, however,
is quite different for the two types of pul-

alveolar tissue from normal rat lungs
shows that specimens from the PAR, a
specific anatomic region in the lung, have
lower sample variabilities. Proximal al­
veolar tissue was used to study the effect
of low levelsof oxidant pollutants, which
produce lesions primarily at the bron­
chiolar-alveolar duct junction (l, 2). The
morphometric characteristics of the tis­
sues of this highly specific lung region
appear to be less variable than is random­
ly selected alveolar tissue.

Optimizing Experimental Design
It has been pointed out time and again
that although the variance of individual
measurements at the lower sampling level
is large, its contribution to the overall ob­
served error is small. From this comes
the concept "do more less wel1!" (32). On
the other hand, the cost of counting ex­
tra points on a micrograph is substan­
tially less than the cost of producing extra
micrographs. The most efficient design
balances cost and accuracy. Efficiency
is approached by minimizing observed
sample variance in a single group at a
fixed cost. We used the time spent at each
sampling stage as a measure of cost. In
table 2 the various tasks involved and the
total cost in units of effort accorded on
each sampling stage are listed. These es­
timations reflect the relativedegreeof dif­
ficulty of these tasks when maximum
productivity is achieved in our laborato­
ry. The appropriate variance estimates
(SZa, SZb, SZp, and SZmpo) and the cost es­
timates (Cpo, Cp, Cs, and Ca) can be in­
serted into equations (13) and (14), re­
spectively, to carry out the procedure of
nonlinear minimization with various to­
tal costs and derive the optimal combi­
nation of na, ns, np, and npo for each
cost.

164 8 12
Number of Animals

oL---'-_.L-........._.L---L._"'-----'-_-'---'

Fig. 5. The effect of treatment on the variability (CV)
of type I epithelial density between sections in a single
animal is evaluated by comparing the CV of SO'SAof
treated animals to that of controls from two regions in
the rat lung, the alveolar region (AR) and the proximal
alveolar region (PAR). The effect of three treatments
were studied: exposure to asbestos, exposure to 85%
0" and exposure to 0 3, The first two involve alveolar
regions, and 0 3involves the proximal alveolar region.
Closed squares = control-AR; closed circles = as­
bestos-AR; closed triangles = 85% O,-AR; open
squares = control-PAR; open circles = 03-PAR.

....
o 0.2

ppm ozone. Animal variability is highest
with the 85070 Oi-exposed rats, and 0 3 ­

treated animals had a lower variability.
Another determinant for site and ani­

mal variabilities is the sampling tech­
nique. Comparison of sample variances
of random alveolar tissue and proximal

Fig. 6. The ellect of treatment on the variability (CV)
of type I epithelial density between animals in a single
group. The same treatments and anatomic units stud­
ied for section variability in figure 5 are plotted here.
Closed squares = contrOI-AR; closed circles = asbes­
tos-AR; closed triangles = 85% O,·AR; open squares
= control-PAR; open circles = 03-PAR.

C
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• The coefficient of variance was calculated from the group variance and the group mean.
t Microdissection used to select proximal alveolar region increases the site cost to 150 units of effort

per section.

• Item costs for this analysis are those reported in table 2.
t Reported as a combination of animals (A) per group, sections (S) per animal, pictures (P) per sec­

tion, and points (PO) per picture.
t The coefficient of variance was calculated from the group variance and the group mean.

• This analysis considered only the type I epithelium in the alveolar region of normal rat lungs.
t All other costs are those listed in table 2.
t The numbers of points per picture reported in tables 3 through 5 represent the size of the counting

grid.
§ The coefficient of variance was calculated from the group variance and the group mean.

TABLE 5

INTEGRATED EXPERIMENTAL DESIGN FOR TYPE I (EPI) AND TYPE II (EPII)
EPITHELIUM IN TWO REGIONS OF THE NORMAL RAT LUNGS AND

TYPE I EPITHELIUM IN POLLUTANT- OR
OXYGEN-EXPOSED ANIMALS

Discussion
Using the volume densities of pulmonary
epithelia as examples, we have presented
a new approach to the analysis of sam­
pling variances, demonstrated how the
estimates weremade, utilized them to op­
timize the allocation of resources, and
described the effect of treatment on sam­
ple variability.

It is important to use unbiased sam­
pling methods to obtain accurate stereo­
logic measurements. When the whole
lung is not used for sampling bias may
result from such factors as heterogeneity
of tissue distributions or regional differ­
ences in the size of alveoli and capillaries,
particularly in large lungs where gravity
may be a significant issue (22). Another
potential source of bias in studies of lung

structure involve more than a single tis­
sue type. It is inconvenient as well as in­
efficient to install different protocols,
such as a different counting overlay, for
each end point. Attempts are made to de­
vise an experimental design for studies
of multiple end points. A large number
of analyses similar to those in table 4 were
carried out with data from normal as well
as treated rat lungs. An integrated ex­
perimental design was selected that al­
lows the coefficients of variation on type
I epithelium to be equal or less than 0.1
and those of type II epithelium under 0.2
while keeping the total cost under I0,000
total units. The result is outlined in table
5. It is not possible to list all the infor­
mation and reasonings that were used in
the formulation of table 5. A large num­
ber of experimental designs with total
costs between 7,000 and 10,000 were
reviewed. Those that satisfied the CV re­
quirement for all groups and tissues were
selected. It was decided that gain in ac­
curacy by using more than 10animals was
not cost efficient. Three sites per animal
were selected because the low variability
between proximal alveolar regions ren­
dered its choice preferable for PAR
groups, although only two sites were re­
quired by the AR groups. Likewise, 200
points per picture was chosen to prefer­
entially optimize accuracy for type I epi­
thelium since this is one of the more im­
portant injury indicators among pulmo­
nary tissues. The optimum number of
pictures did not vary greatly with vari­
ous categories: 20 were decided upon to
optimize accuracy for type II epithelium
and alveolar macrophages. It should be
cautioned that the results presented in ta­
ble 5 are not the only mathematical
solution.

periments focused on type I epithelium,
owing mainly to the heterogeneous dis­
tribution of type II epithelium.

Most morphometric studies of lung

TABLE 3

OPTIMIZED EXPERIMENTAL DESIGN' FOR YARIOUS ANIMAL OR PICTURE
COSTS AT A FIXED TOTAL COST OF 8,000 UNITS OF EFFORT

Item Cost'I Animals Sections Pictures Points:t: CY§

Animal 480 6 4 21 201 0.12
240 10 3 16 211 0.10
90 18 2 16 141 0.09

Picture 10 15 2 11 241 0.10
5 18 2 16 141 0.09
2.5 19 2 21 151 0.08

Treatment
Design Region and Tissue CY' Cost

10 Animals Alveolar region Control, EPI 0.098 7,180
3 Sections Control, EPII 0.177 7,180

20 Pictures Asbestos, EPI 0.101 7,180
200 Potnts 85% O2 , EPI 0.092 7,180

Proximal'I alveolar region Control, EPI 0.083 8,875
Control, EPII 0.198 8,875
0" EPI 0.071 8,875

TABLE 4

OPTIMIZED EXPERIMENTAL DESIGN FOR MORPHOMETRIC STUDY OF
TYPE I AND TYPE II EPITHELIUM IN THE ALYEOLAR REGION OF

NORMAL RAT LUNGS AND THE EFFECT OF
TOTAL COST ON DESIGN'

Type I Epithelium Type II Epithelium

Total Cost Designt CY:t: Designt CY:t:

4,000 A 9 0.13 A 6 0.23
S 2 S 3
P 16 P 21
Po 141 Po 41

6,000 A 13 0.10 A 10 0.18
S 2 S 3
P 16 P 16
Po 211 Po 51

8,000 A 18 0.09 A 17 0.16
S 2 S 2
P 16 P 21
Po 141 Po 41

10,000 A 22 0.08 A 24 0.145
S 2 S 2
P 16 P 16
Po 181 Po 41

monary epithelium. Experiments with
type II epithelium as the sole end point
require less point-counting precision but
more animals and/or sections than ex-
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parenchymal tissue may occur if tissue
blocks containing large nonparenchy­
mal structures (25) are excluded from
the study. Ideally, systematic or strati­
fied random sampling methods (21, 25)
should be used when conducting a mor­
phometric study and attention to poten­
tial sources of bias carefully examined.
When sampling bias cannot be eliminat­
ed it is worthwhile to note that Muller
and colleagues reported that the inter­
nal structure of alveolar septa is very con­
stant (33). Wehave found that simple ran­
dom samples and stratified random sam­
ples yield very similar overall results when
analyzing alveolar structures.

In the first part of this study our goals
were to find out how observed sample
variance changes in relation to sample
size and to define an adequate range of
sample sizes to obtain accurate measure­
ments. As expected, increasing sample
size diminishes variance and improves ac­
curacy of measurement. Ultimate accura­
cy is obtained when the observed vari­
ance equals the biologic variance or when
the sample size approaches infinity, but
near maximum accuracy can be obtained
with reasonably small sample sizes.

A number of factors may influence
precision and subsequently alter the sam­
ple size required for precise measurement.
The first component of observed sam­
pling variance, the measurement error,
is related to the method used and is
manifested at the point count level. The
size, shape, and distribution of the struc­
ture within the area of the micrograph,
as well as the counting procedure used,
may affect the magnitude of the measure­
ment error. Our data in general agree with
previous conclusions that for a given level
of precision a smaller sample size can be
used for a compartment of higher vol­
ume density (31).

The effect of differences in homo­
geneity of distribution on point counts
is more complex and must be considered
together with the point lattice system
used (27,30). With clumped profiles (het­
erogeneously distributed in relation to the
area of the picture) one may obtain higher
accuracy by the use of systematically
spaced points instead of random points.
This is because the probability of a near­
by point hitting the same structure is larg­
er for a systematically spaced point. For
the same reason the variance of measure­
ments on clumped profiles is less than
on measurements of homogeneously dis­
tributed but dispersed profiles with the
same area density when a systematic
point lattice is used. This accounts par-

tially for the observation that type II ep­
ithelium does not need a denser point
overlay. The major factor for the low
measurement error of type II epithelium
is that there is no variance for the mea­
surement of type II epithelial density on
pictures that do not contain type II cells.

At the picture sampling level the ef­
fects of volume density and distribution
are more clearly demonstrated. In com­
parison to type I epithelium, tissue- and
area-weighted sampling of type I epithe­
lium exhibited lower observed sample
variance between pictures. Because these
tissues codistribute, high volume densi­
ty alone is the factor that contributes to
the lowering of variance. In the case of
type II epithelium, heterogeneity of dis­
tribution is the main cause of high
variability.

At the section sampling levelsvariance
is demonstrated primarily by the distri­
bution of the structure within the con­
taining space. Heterogeneity of distri­
bution increases variance. This is dem­
onstrated by the high within-section
variance of type II epithelium. Such
procedures as the selection of proximal
alveolar regions that restrict the type of
sample taken reduced the relative vari­
ability in distribution. Injury may also
influence measurements of variabili­
ty. However, biologic variance among
animals is the ultimate limiting factor to
accuracy, as depicted in equation (14).

Our study of the effect of treatment
on sample variance and measurement er­
ror revealed that differences in the mag­
nitude of observed between-site (section)
variance is reflected by the nature of the
injury. The high section variability ex­
hibited by asbestos-exposed rats may re­
flect the irregular distribution of inhaled
particulates in the lung (18). The dose of
0 3 , a very reactive gas in low concentra­
tion, delivered to each PAR may also be
different depending on the length of the
preceding airway (3, 34). This results in
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a between-site variation higher than the
control level. Oxygen at a concentration
of 85070, on the other hand, distributes
homogeneously within the lung (3). Cu­
riously, the variability between sites of
oxygen-treated animals is lower than it
is in control sites. It may be that the nor­
mal type I cell population is more diver­
sified in developmental, metabolic, or
differentiation stages. The presence of a
homogeneous high-level insult induced
uniform cell responses, resulting in a
more homogeneous population. The
high between-animal variability observed
with 02-exposed rats may reflect differ­
ences in the effectiveness of individual
antioxidant protective mechanisms. It is
not clear why Os-rreatedrats demonstrat­
ed a lower animal-to-animal variability.
Ozone is a very reactive gas, and region­
al differences in 0 3 dose in a lung can
result from variations in path length, rate
of ventilation, and ventilatory unit size
(34). It is likely that the average 0 3 dose
given to an animal under controlled con­
ditions (as indicated by the effect mea­
sured by averaged random selected sites)
is more consistent than the dose to in­
dividual sites within a single animal.

In the second part of the study the nu­
merical values of the various sample var­
iances were estimated, and these were
used to optimize experimental design.
Computer-assisted, computation-inten­
sivemethods were used to create large da­
ta sets for minimization of error propa­
gation (bootstrap) and to determine
optimal experimental designs (linear
minimization routine). We found that the
lowest possible observed variance with­
in a single group at any given cost can
be estimated. In addition, a curve that
plots cost against accuracy can be ob­
tained. When this is done for a number
of tissue types and treatment groups we
found that the same general curve result­
ed every time and only the values ofvari­
ance on the ordinate varied. This curve

Fig. 7. The effect of cost (proportional­
ly related to sample sizes) on the
between-animal variability in a single
group. Various treatment and tissues
have the same cost effect.

15,000
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is illustrated in figure 7. It can be seen
that near maximum precision is obtained
with an effort outlay of around 10,000
units of effort. In fact, precise and ac­
curate results are attainable with a total
cost of 6,000 to 8,000 units. This curve
therefore establishes the cost limit as well
as the cost range for efficiency. Alterna­
tively, if an acceptable level of within­
group variation is decided upon the
corresponding minimum effort can be
determined.

We have demonstrated that type II ep­
ithelium, a heterogeneously distributed
structure, has a sample variance at the
animal level that is close to 30070 of the
group mean. Alveolar macrophages are
more scarce and also more heteroge­
neous. They are expected to express an
even higher biologic variability. This
means that to set a goal for a relative er­
ror of less than 10% on the estimation
of the group mean for this type of cell
is not realistic. The knowledge of a range
of costs that yield near maximum accura­
cy for all tissue types prevents the inves­
tigator from wasting precious resources.
Since the efficiency range for all tissues
is the same on the cost axis, this type of
cost-effective analysis must be performed
only once.

At the beginning of the Results sec­
tion we stated that for maximum accura­
cy a sampling grid of 300 to 500 points
per picture, 10to 20 pictures per section,
8 to 16 sections per animal, and 10 to 16
animals per group must be studied. This
work load amounts to a cost range of
15,300 to 78,240 units and gives a coeffi­
cient of variation of about 0.06 for type
I epithelium in control animals. Compar­
ing this cost and error to a cost of 7,180
units and a CV of 0.098 listed for the ex­
perimental design reported in table 5 for
the same tissue, we found that the extra
work results in a gain of accuracy of on­
ly about 38% while increasing cost by
2 to 10 times the effort!

Another comment pertaining to the
discussion of accuracy and efficiency
is the merit of area-weighted sampling
(25, 28). We have established that area­
weighted sampling reduced the picture­
to-picture variation within a single
site. Nevertheless, the total effort spent
was similarly increased in degree in our
hands. Moreover, since the data obtained
were in the form of a ratio to total tissue,
it would be necessary to insert an addi­
tional sampling stage to determine the
volume density of alveolar tissue in pa­
renchymallung. This new sampling lev­
el would add additional cost and con-

tribute to more sampling error. Wedecid­
ed that the increase in cost in doing
area-weighted sampling was not ade­
quately compensated for by the improved
accuracy. The topic was consequently not
pursued further.

The issue of optimal design has been
examined before (21, 23-25, 31, 32, 35­
38), with emphasis on stereologic theory
and techniques. The basic concepts uti­
lized in this study are essentially the same
as those in previous reports. Our aim,
however, is to provide practical guidelines
and actual estimations of sample vari­
ances for pulmonary pathologists in the
process of designing a more morphomet­
ric study. Two novel approaches, the un­
nesting of the analysis of variances and
the employment of computation-inten­
sive statistical methods, were introduced
in this study. These approaches and ac­
cess to a large number of quantitative
data on lung structure enabled us to
directly study the effect of sample size
on measurement accuracy at each sam­
pling stage. The data analysis illustrated
with this pulmonary model provides some
insight into biologic variation and mea­
surement error manifested by lung tis­
sue, particularly in relation to models of
lung injury. The optimal experimental de­
signs described can be easily adapted for
most EM morphometric studies of the
lung with the same four-tiered sampling
scheme. For a different sampling scheme
the sample variances and measurement
errors reported here for type I and type
II epithelial volume density may be used
for the formulation of suitable ex­
perimental designs.
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