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Peripheral nerve cross scctions were analyzed for the variation in periph-
eral nerve histograms obtained along a single short segment of cat saphenous
nerve. Individual myelinated fibers in one fascicle were traced through nine
sequential sections. Two mean fiber diameter histograms were obtained from
the sequential cross sections: a “mean fiber diameter histogram™ constructed
from the arithmetic average of the number of fibers in each bin of each section,
and a “histogram of mean fiber diameters” constructed from the mean diameter
of each fiber traced through multiple sections. Compared to the individual sec-
tional histograms, the number of fibers at the two extremes of the diameter
range was generally less and the mean histograms were smoother. The small-
diameter peak of the “histogram of mean fiber diameters” was enhanced 22 to
65% over the peak of the individual sectional histograms and 40% over
the “mean fiber diameter histogram.” These findings indicate that any
single-cross section fiber diameter histogram may be a relatively poor quanti-
tative approximation of the histogram of mean fiber diameters; particularly
at the extreme diameters and at the peaks and valleys of the distribution.
A computer-based model was developed to adjust single-section fiber diameter
histograms to compensate for sampling error associated with single-section
histograms. The adjustment procedure enhanced the narrow small diameter
peak and broadened the valleys in accordance with the model theory and the

Abbreviations: MFDH-—mean fiber diameter histogram; HMFD-—histogram of
mean fiber diameter; Pdf—probability density function.
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experimental results. The biophysical implications of the results were ex-
amined in terms of (i) the relationship between fiber diameter and conduction
velocity, and (ii) the relationship between fiber diameter histograms and the
neural compound action potential.

INTRODUCTION

The nerve fiber diameter histogram has been used as the anatomical
basis for reconstruction of compound action potentials (3, 4, 11, 13, 17,
18, 23), in relating conduction velocity to fiber diameter (5, 13, 15, 21,
29, 33) and in degeneration and regeneration studies (8, 31). Such studies
usually require measurements of fiber diameter obtained from fresh,
teased nerve fibers or from whole nerves that have heen fixed, stained,
sectioned, and mounted on slides. The diameter is measured as the thickness
along the length of the teased fiber preparations or from montages of
enlarged photographs of transverse sections of nerve bundles. The “diam-
eter” is obtained from the cross sections of single fibers by various methods
including the best approximation to circles of various diameters (9);
maximum, minimum (14), and mean (28) diameter measurements; area
(11, 27) and perimeter {25) measurements; as well as by the use of particle
size counters (2, 7) and flving spot scanner methods (10). The diameter
histograms obtained with many of these methods are compared in another
paper (25).

Fiber diameter histograms based on the fiber diameters present in a
single cross section of a whole nerve or fascicle represent only one sample
of the fiber diameters in that nerve. If each nerve fiber maintained a con-
stant diameter along its length and if artifacts were not introduced by the
histological procedures, then the single-section fiber diameter histogram
would be a good representation of the diameter distribution. However,
nerve fiber dimensions do vary along the length of the nerve. Tor periph-
eral myelinated fibers, the diameter increases at the perinodal regions,
decreases at the nodes, and waxes and wanes along the internodes (32)
even for fibers that do not taper or branch along the length of interest.
McDonald and Ohlrich (20) report a maximum variation in diameter
measurements within an internode of 24% for central mvelinated fibers
in dorsal and lateral columns. This variation is less than that reported for
peripheral nerve fibers by Sunderland and Roche (31).

The longitudinal variation in fiber diameter is generally ignored in most
(uantitative applications of the data provided by fiber diameter histograms.
In particular, all the studies cited above based on the simulation of com-
pound action potentials used single-section fiber diameter histograms as a
hasic model parameter. We have shown that the most sensitive parameter
in those simulation models is the fiber diameter histogram (24). There-
fore, the question “"How well does a single-section fiber diameter histogram
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represent the mean fiber diameter histogram?” is of great tmportance for
any studies based on single-section histograms.

The results given here represent our initial effort to answer the above
question. We report a quantitative analysis of variations in peripheral nerve
fiber diameter over short lengths and an examination of the significance of
the fiber diameter variation in terms of two biophysical develop-
ments based on diameter histograms. The quantitative results provide a
basis for correcting or adjusting single-section fiber diameter histograms
which incorporates the statistical variations in fiber diameter derived from
the data.

METHODS

Saphenous nerves from adult cats were fixed, removed, embedded, and
sectioned. The following specific histological procedures were used to
prepare nerve trunks for quantitatitve analysis. Immediately after the re-
cording session, the cat was perfused through the heart with 0.25%
glutaraldehyde in Millonig’s phosphate buffer, followed by 3% glutaralde-
hyde in the same buffer, both at pH 7.4 (22). Sections of the nerve at
the positions of the stimulating and recording electrodes were removed
and placed 30 min in the fixative. The tissue was postfixed in 1% osmium
tetroxide in Millonig's phosphate buffer (2 h), dehydrated by 10% steps
of ethanol (20 min each), and finally embedded in Epon 812. Transverse
sections 1 pm thick were stained with toluidine blue. Several serial sections
were mounted per slide.

Photographic montages were constructed for various fascicles. The indi-
vidual fibers in one small fascicle (165 to 168 fibers) in nine 1-pm-thick
sections (separated by 100 = 10 um) were labeled and their perimeters
were digitized from photomicrographic montages. Transparent overlays
of Calcomp drawings of the digitized fibers in the nine cross sections
were used to trace individual myelinated fibers through the nine sections.

Two factors associated with the process of tracing and digitizing the
fibers require some explanation. First, a small percentage of the fibers
could not be traced with reasonable certainty in all nine sections. Second,
a few fibers (two to five) in each section were not digitized originally
so that they could not be included in some of the computed data.
The result of these two factors is that nine diameter values per fiber are
available for about 89% (148/167) of the fibers in the fascicle. There are
eight diameter values for 11 of the fibers and less than eight values for
the remaining fibers. No fiber diameter values were eliminated because of
supposed artifacts, unusual myelin forms, elliptical cross sections, or nodal
or perinodal sections. This worst-case philosophy was applied wherever
possible in an effort not to bias the statistical methods.
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The digitized perimeter data were processed to yiekl several estimates
ol equivalent outside fiber diameter (25). The results presented here were
based on a diameter estimate from the cross-sectional area of each fiber,
D = [4 X area/r]!. Thus D was the diameter of a circle with area
equal to the area bounded by the fiber perimeter.

Computer programs were developed to process the digitized data, to per-
form various statistical analyses (mean, standard deviation, regression), to
plot some of the fiber diameter histograms and to adjust single-section
histogram data based on the statistical analysis of the sequential-section
data. The details of the last procedure are presented below,

There are four possible sources of bias and artifact in the study pre-
sented here. Estimates of error are given wherever possible,

i. Dimensional changes in the tissue preparation associated with the his-
tological methods. The mitochondria and myelin were seen to be intact on
examination under an electron microscope, however, slight shrinkage of the
axoplasm in the large fibers was observed. The overall shrinkage for mye-
linated fibers that occurs during fixation and dehydration is estimated at 4
to 6% in the methods developed for electron microscopy (6, 22, 29).

ii. Errors associated with the accuracy of the optical magnification deter~
mination. Four ocular reticule readings for each fascicular section were
compared with measurements from the corresponding photomicrograph. The
optical magnification ranged from about 0.5 to 1.1% on either side of the
mean values for the nine sections. These mean values were used to compute
the scale factors (micrometers/inch) used in conjunction with the digitized
sectional data.

ili. Errors associated with the digitization and computational process. The
same fascicle was digitized 8 months later to examine the repeatability of
the digital perimeter measurements. The mean difference in diameter based
on area computations was 0.07 um with a standard deviation of 0.12 um (see
Fig. 1B).

iv. Errors associated with the fiber identification process. Each of the nine
sections could have been no more than 110 nor less than 90 um apart.
However, the general shape of these sequential fascicular cross sections did
change somewhat and fibers could change their relative positions between
the sampled sections. Therefore, the process of identifying fibers from section
to section becomes a matter of judgment based on pattern recognition aspects
of fiber positions, sizes, and groupings. The tendency for large fibers to
remain large and small fibers to remain small is an important factor in the
decision process. A fiber is “lost” in the identification process when it can-
not be identified with confidence, based on examination of the adjacent cross
sections or when there is more than one candidate for a particular fiber
in any given cross section. Occasionally the identification of a fiber was aided
by microscopic examination of several adjacent 1-um thick sections. In
general, fibers that had mean diameters with relatively large standard devia-
tions (Fig. 4) either had one or two unusually large or small diameter
values out of the nine, or stepped up or down in diameter somewhere along
the nine cross sections. Waxing and waning of the diameter values was also
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apparent with some fibers whereas the values for other fibers seemed to vary
little throughout the nine sections.

The fact that fiber size was one of the factors used in the process of
tracing the fibers from section to section probably biases the result in
favor of smaller standard deviations. On the other hand, any mistakes in
the fiber tracing procedure would tend to increase the standard deviation.
All fibers with “large” standard deviations were reexamined and in about
one-half of these cases a new decision (identification) was made. These
reevaluations altered one or more values for those fibers and for one or
more fibers in the immediate vicinity. However, it should be pointed out
that such new decisions occurred for less than 10% of the fibers and that
although such decisions increased the correlation coefficient slightly they
did little to change the basic regression line used to describe the variation
in fiber diameter as a function of fiber diameter. This regression line was
already well defined by the large percentage of the fibers for which the
initial decision was unaltered.

The uncertainty associated with the fiber identification process could be
reduced by smaller sectional separation distances, e.g., 25 to 50 um. In-
creasing the number of sections should increase the reliability of the
diameter variance associated with each fiber.

RESULTS

A low-power photograph of a cross section of the saphenous nerve
studied here is shown in Fig. 1. The small fascicle used in the sequential
studies is indicated by the arrow. The Calcomp plot for that fascicle is
also shown. One hundred sixty-five to one hundred sixty-eight fiber
cross sections were identified in the photomicrographs of the nine sequen-
tial sections.

Mean Fiber Diameter Histograms. The fiber diameter histograms for
the nine sections of the fascicle used in this study are shown in Fig. 2.
The largest diameter (16 um) appears in the seventh section. In general,
the histograms have apparent peaks at 4.5, 7.25 to 875, and 8.75 to 12.75
pm. A relative minimum always appears somewhere between 5.75 and 7.75
wm. The histogram that is the arithmetic mean of the nine histograms of
Fig. 2 is given in Fig. 3A and is called the “mean fiber diameter histo-
gram” (MFDH). An analysis of variance (anova, « = 0.05) indicates
that the small-dianieter peak is in the 4.25 to 4.75-um bin but that there
is no statistical difference between mean values in the diameter range
5.75 to 7.25 pm (histogram valley) or 7.75 to 11.75 pum (histogram large-
fiber peak). As might be expected, the histogram in Fig. 3A is much
smoother than any of the individual histograms in Fig. 2. Also, in general
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Fic. 1. A—Nerve and fascicular cross sections. Low-power photomicrography of
1-um-thick cross section of the cat saphenous nerve used in these studies. The arrow
indicates the small fascicle analyzed in nine sequential sections. B—A Calcomp drawing
of the fiber perimeters for the fascicle in A. The lines across each fiber are the max-
imum major and minor chords found by computer analysis of two independent series
of perimeter coordinates. The actual plotted fascicle fits nicely on 8.5 X 11-in. (21.6 X

27.9-cm) paper.
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Fre. 2. Fiber diameter histograms for the nine I-um sections of the small fascicle of
cat saphenous nerve used in this study. The sections were 90 to 110 um apart along the
length of the nerve.
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Fie. 3. Two different histograms based on sequential section data. A—Mean fiber
diameter histogram (MFDH). This histogram is based on the mean of the number
in each of the bins of the nine fascicular histograms shown in Fig. 2. The bars repre-
sent the standard deviation associated with the nine bin values. N = 165.5. B—Histo-
gram of mean fiber diameters (HMFD). This histogram is based on the mean diam-
eters for the single fiber traced through sequential cross sections. Of a total 168 fibers,
150 had values for all nine cross sections, 11 for eight cross sections, 2 for seven cross
sections, 1 each for six, five, and four cross sections, and 2 for three cross sections.
Refer to Methods for an explanation of the missing values. The dashed lines indicate
diameters computed from less than five cross sections.
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F1c. 4. Plot of standard deviation versus mean diameter. Each point is the mean and
the standard deviation computed from nine single-section diameter determinations. One
aberrant point (9.24 =2 um) has been omitted on the plot and in the regression com-
putations. The regression equation is sp = 0.037 X mean diameter 4 0.281, with r =
0.50, based on 167 values.

the tails of the mean distribution are less pronounced than for the indi-
vidual histograms. For example, the contribution of the single 16-pm
fiber recorded in Fig. 2, section 7, is relatively insignificant in the mean
fiber diameter histogram.

Histograin of Mean Fiber Diawmeters. The diameter values obtained for
each fiber traced through as many as nine sections were used to compute
a mean fiber diameter value for each of the 168 fibers. Chauvenet’s cri-
terion (35) was used to discard any diameter value from the nine-section
sample whenever its deviation from the mean was so large that the
probability of occurrence of such a deviation was less than (2 N)™*. No
nore than one value was discarded per sample. The resultant mean values
are represented by the “histogram of mean fiber diameters” (HMFD)
shown in Fig. 3B. This histogram should be a better estimate of the “true”
mean diameter histogram than that given in Fig. 3A because Fig. 3B is
hased on the statistical variation of the fiber diameters themselves rather
than on the statistical variation of the single histograms represented by
Tig. 3A.

Diameter Statistics for Traced Fibers. The standard deviation was com-
puted from the diameter values recorded for each fiber traced through the
multiple sections. Figure 4 is a plot of the standard deviation versus mean
fiber diameter for those fibers. The regression line computed from these
data is sp = 0.037 X diameter + 0.281, with » = 0.50 and N = 167. There
does not appear to be any merit in fitting these data with a higher-order
equation.
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The data of Fig. 4 indicate a tendency for the standard deviation to in-
crease with mean fiber diameter. This variation is consistent with the
limited data of Matsumoto and Mori (19), who traced three cat superficial
radial nerve fibers through 100 consecutive 1-um-thick sections. Their
mean diameter values of 2.3:20.17, 75 =04, and 12.5 %= 046 un fall
below our regression line.

Single-Section Tersus Mean Fiber Diameter Histograms. How are
single-cross section histograms related to the mean fiber histograms? The
fact that the single-cross section histograms vary from section to section is
illustrated in Figs. 2, 3A. However, when the process of histogram con-
struction from a single cross section is considered carefully, four important
details become evident.

1. The fibers that contribute to a particular histogram bin are those fibers
that bappen to be in that particular diameter range in that cross section.
Therefore any measured diameter may actually be associated with a fiber
whose mean diameter is smaller or larger than the measured diameter
mn that cross section.

1. Unusually large single section fiber diameters are associated with fibers
whose smcan diameter is actually smaller, and unusually small single-
section fiber diameters are associated with fibers whose wmean diameter
is actually larger. In other words, in any single-section histogram the
extreme diameter values represent contributions from the tails of the
mean diameter distributions for those fibers. Thus the number of fibers at
the extremes of the single-section disributions overrepresents the number
of fibers that have these mean diameters. The largest fiber in the histogram
of miean fiber diameters is 13.3 pm whereas seven of the nine sectional
histograms include diameters larger than 13.3 pm.

ni, Bins that contain low numbers of fibers at intermediate diameters
also represent to some extent contributions from the tails of adjacent mean
diameter distributions and thus overrepresent the number of fibers with
mean diameters in those regions. The number of fibers in the 6- to 7-n
valley of all sectional histograms is greater than the number of fibers in the
sanie valley of the HMFD by 22 to 267 %¢.

1v. Because there is a fixed number of fibers in each cross section, the
overrepresentation of fibers at the extremes and valleys implies that the
muber of fibers at the peaks and certain other diameters is underrepre-
sented. The small-diameter peak of the HMFED is larger than the peak of
all the single-section histograms bv 22 to 65%.

The important conclusion to be drawn from this analysis is that single-
cross section fiber diameter histograms may be a relatively poor quantitative
approximation to the histogram of mean fiber diameters, particularly at the
extreme diameters and at the peaks and vallevs of the distribution. More-
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TABLE 1

Comparison of the Major Characteristics of the Mean Fiber Diameter Histogram
(MFDH, Fig. 3A) and the Histogram of Mean Fiber Diameters (HMFD, Fig. 3B)

Characteristic MFDH HMFD
Diameter range (um) 1.75-16.0 1.8 -13.3
Small-fiber peak (um) 4,25~ 4.75 4.25- 4.75
Large-fiber peak (um) 7.75-11.75 8.25- 8.75, 10.25-10.75
Valley range (um) 5.75- 7.25 5.75- 6.75
Valley minimum (um) 5.75~ 6.25 6.25- 6.75
No. of fibers in 4.5-um bin 23.44 33
Total No. of fibers 165.56 168
Percentage less than 6.5 um 42.9 44.0

over, the histogram of mean fiber diameters is probably the actual histogram
of interest in almost all quantitative anatomical, physiological, and bio-
physical applications of fiber diameter histograms.

Mean Fiber Diameter Histogram versus Histogram of Mean Fiber Di-
amceter, The two mean histograms have certain basic similarities. The small-
diameter peak in both histograms occurs in the 4.25- to 4.75-pm bin. A
valley between the small-diameter and large-diameter groups exists be-
tween 5.75 and 6.75 pm. The principal differences between the two mean
histograms are (i) the wider diameter range for the MFDH, (ii) the
larger small-fiber diameter peak value of the HMFD (~40% larger), and
(iii) the two distinct large-diameter peaks in the HMFD compared to the
broad peak (7.75 to 11.75 pm) in the MFDH. Table 1 is a comparative
tabulation of the major characteristics of the two mean diameter histograms.

Mean Fiber Diameter Histograms from Single-Section Histograms—.:1
Model. The sequential-section histograms and the two histograms of mean
fiber diameter provide the basis for the development of a model to predict
mean fiber diameter histograms from single-section histograms. The basic
approach is that the number of fibers in any single-section histogram bin is
the number of fibers whose niean diameter is actually within that diameter
bin, plus a number of fibers of other mean diameters whose sampled diameter
places them in that bin, minus a number of fibers of that mean diameter
whose sampled diameter places them in other bins.

The diameter of a fiber along its length, assuming no tapering or branch-
ing, can be approximated by some mathematical distribution. The data of
Matsumoto and Mori (19, Fig. 2) indicate that this distribution may he
approximated by a gaussian probability density function (Pdf),

J(d) = et/ (2r)’,
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where d is a gaussian random variable with mean  and variance ¢ The
chi-square values computed from their data was used to test the hypothesis
that the population Pdf is gaussian. The gaussian hypothesis was not re-
jected at the 5% level of significance for the computed x* = 6.23, df = 14.
The chi-square value also indicates that there is a 95 to 97.5% probability
that the differences between the Matsumoto and Mori distribution and a
truly gaussian distribution are from random variation. Therefore, based on
the serial-section data of Matsumota and Mori, we will assume that for any
single-cross section histogram the diameter of each fiber is a gaussian ran-
dom variable. We will also assume that the diameter of each fiber varies
independently of the other fibers.

As a first approximation, the area represented by each bin (number X
bin width) in a single-section histogram is the summation of the area con-
tributed by fibers with mean diameters within that bin width and other
areas contributed by fibers with mean diameters outside that bin width, as
indicated in Fig. 5. Therefore, if 4, is the measured ordinate value for the
ith bin in an #-bin cross-sectional histogram, then v = agyy + -+ +
a;y'; + awy'y, where v'; is the true number of fibers in the jth bin and
a;; is the weighting function that represents the probability that fibers with
mean values in the jth bin contribute to the number of fibers in the ith bin.
Because there are #n of these equations, one for each of the n bins in the
cross-sectional histogram, this system of n equations in » unknowns can be
solved when the weighting functions are known. The weighting functions
can be approximated by the percentage of area under a gaussian Pdf that
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Fic. 5. Stylized example of summation of gaussian distributions, The gaussian bin
fiber diameter distributions are added to result in a value N for any particular discrete
ith fiber diameter bin. The standard deviation for the spread of the “true” mean fiber
diameter into other bins is fixed at 0.5 wm in this artificial example. The area under
cach gaussian distribution is proportional to Yy, the number of fibers actually in the ith
bin of the true mean histogram. Y’y is assumed constant in this example.



840 BEMENT AND OLSON

represents the spread of the true mean fiber diameter into other bins. For
example, we will assume that the variation in fiber diameter for fibers with
a mean diameter of y; wm is represented by a gaussian Pdf with standard
deviation 0.5 pm. We will also assume for simplicity that the histogram bin
width is equal to the standard deviation. Then 38.309% of the fibers with a
true niean diameter of y; pm will fall in the range y; = 0.25 um (%0.5¢),
24.17% from y; + 0.25 to y; + 0.75 and from y; — 0.75 to y; — 0.25 ym
(0.5 to 1.5¢), 6.06% from y; + 0.75 to v + 1.25 and from y; — 1.25 to v; —
0.75 pm (1.5 to 2.5¢). The small remaining percentage (1.24%) of fibers
falls in the other bins greater than 2.5¢. This example is shown in Fig. 5.

A computer program was developed to adjust single-cross section histo-
grams which takes into account variations in fiber diameter with length as
described by a gaussian Pdf. By definition, the single-cross section histo-
gram is referred to as the measured fiber histogram and the corrected
histogram as the adjusted fiber histogram. The system of simultaneous
equations is shown below (one equation for each histogram bin) :

Y1 = auy’1 + 012}’/2 4+ -+ alny/ny
}jz = 1121}’/1 + 61223/'2 + -+ a‘.hzy,ny

Yu = anly/l + a,,‘:‘,\"z + Tt + anny,u,

P

where y; = ordinate value of bin ¢ in the measured fiber histogram,
y'; = ordinate value of bin 7 in the adjusted fiber histogram (unknown
value), and a;; = probability that fibers with mean diameter within
bin 7 will be measured with diameter of bin i. The a’s are calculated as
follows:

Ditea

o= [ i <<,
Dj-a

with 3%, a;; = 1. The bin width is 2, D; is the diameter represented

by bin 7 (bin j includes any fiber with diameter from D; — a to D; 4 a),

and f;(x) is a gaussian Pdf with mean value at the center of bin j and

standard deviation ¢; for that value.

As previously mentioned, the Pdf for the diameter of a single fiber
sampled at random points along the nerve can be approximated by a
gaussian distribution. In the computer solution, the standard deviations
of the gaussian Pdf for the diameters of the smallest and largest bins are
specified and the standard deviations for the intermediate bins are ob-
tained by linear interpolation.

The system of equations can be represented by the matrix equation
i = A -, where A is an # X n matrix of the weighting functions a;, ¥’
is a column matrix of the bin values for the adjusted fiber histogram, and
4 is a column matrix of the known hin values for the measured histograms.
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The matrix solution of these equations vields the predicted values for the
mean fiber histogram.

The program was checked by generating a gaussian ‘“measured’ histo-
gram (§ values) and solving for the “‘adjusted” histogram (j values)
using the mean and standard deviation of the measured histogram. The
adjusted histogram matched the measured histogram within the round-
off error.

The experimental data can be used to illustrate this histogram adjusting
method. The single fascicle histograms of Fig. 2 represent a small sample
of nerve fibers in saphenous nerve. Because of the small sample size, the
number of fibers in any bin of these histograms is subject to a larger
sampling error than if the sample size were all the fibers in that nerve,
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F16. 6. Adjusted mean fiber diameter histogram (MFDH). A—The result (fine line)
of adjusting the MFDH (heavy line). The regression equation from Fig. 4 was used
to represent the variation in fiber diameter as a function of fiber diameter, iec., the
standard deviation of the gaussian distribution of Fig. 5, B-—A comparison of the
adjusted MFDH (fine line in A) with the histogram of mean fiber diameter (HMIFD).
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approximately 2500 fibers. However, the mean fiber diameter histogram of
Fig. 3A represents much less sampling error than does any single sequen-
tial histogram. Therefore, we will assume that the mean histogram
(MFDH) of Fig. 3A is a reasonable approximation to the single-section
histogram we would get if the number of fibers in any of our single-section
samples was larger by about an order of magnitude.

The histogram adjustment procedure was applied to the MFDH of Fig.
3A. The regression line fitted to the data of Fig. 4 was used to describe the
standard deviation of the mean fiber diameter as a function of fiber diam-
eter. The result of adjusting the MFDH is compared with the unadjusted
histogram in Fig. 6A. The adjustment procedure enhanced the small-fiber
diameter peak by 37%, depressed the valley region from 5 to 7 pm, and
eliminated fibers with diameters greater than 14 pm.

The adjusted MFDH is compared with the HMFD in Fig. 6B. The
“match” is quite good, with perhaps the major difference being that the
number of fibers in the 5- to 6-pm bin is not as small as in the HMFD.

The comparison shown in Fig. 6B seems to indicate that the model de-
veloped to account for the differences between single-section histograms
and the more highly desirable HMFD is reasonable. The model does pre-
dict the enhancement of strong narrow peaks, the depression of valleys, and
the narrowing of the range of fiber diameters seen in the HMFD with respect
to the MFDH. The same results should be apparent when the model is used
to adjust single-section histograms based on large numbers of fibers such
that the sampling error associated with any bin is relatively small.

DISCUSSION
Sequential-Section Histograms

The results presented here appear to be the first comparisons of fiber
diameter histograms from sequential sections of the same nerve. The histo-
grams in Fig. 3 represent alternative methods for extracting a “mean” fiber
diameter histogram from such multiple sections.

It is apparent from the sectional histograms of Fig. 2 that certain basic
features such as the small-fiber diameter peak are preserved in all the histo-
grams. However, the range of fiber diameters, the location of the other
peaks, and the diameter range of the valley vary noticeably. Surprisingly,
none of the sectional histograms is statistically ditferent from any other of
the sectional histograms, according to the Kolmogorov—Smirnov two-sample
test (30) with « = 0.05. This test is a test of whether or not two indepen-
dent samples have been drawn from populations with the same distribution.
The two-tailed test is sensitive to any kind of differences in the distributions
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from which the two samples were drawn-—differences in location, in skew-
ness, in dispersion, etc.

Fiber Diameter 1ariation with Length

The standard deviations presented in IFig. 4 are larger than those found
in three cat superficial radial fibers analvzed hy Matsumoto and Mori (19).
Although others have noted variations in fiber diameter with length they
rarely report the mean and standard deviation values. Hursh (13) reported
6.5 = 0.47 um for a single fiber traced through 100 consecutive 6-pm paraf-
fin sections of cat saphenous nerve. His value lies slightly below the regres-
sion line of Fig. 4. When the data reported by Sunderland and Roche (31)
for 40 consecutive 10-um sections of opossum median nerve fiber (their
Table IV) are analyvzed on the basis of outside diameter, the result is a
mean diameter of 12.5 * 1.6 pm. Their standard deviation is more than
double that predicted by the regression line of Fig. 4.

The scatter of the data points in Fig. 4 reflects several known sources of
experimental error in addition to the actual diameter variation from the
nonuniformity of the fibers. The error contributed by shrinkage probably is
not an important factor because the evidence available indicates that shrink-
age is relatively uniform for the structures we are measuring. The experi-
mental error present in the magnification factor and the digitization process
should make only minor contributions to the variance of Fig. 4.

The variance introduced by computing diameter from perimeter data
may be appreciable but it cannot be estimated from the limited number
of fiber cross sections available. If more cross sections were available
per fiber the data could be examined for the effect of diameters computed
from noncircular cross sections on the resultant mean diameter values.

The plane of each cross section is such that some fibers are always sec-
tioned obliquely. Therefore, the perimeter and thus the computed area and
fiber diameter for obliquely sectioned fibers are larger than would be the
case for transversely sectioned fibers. However, as noted by Fraher (10),
if the plane of section of a cylindrical fiber is angled away by 25° or less on
either side of transverse, the observed circumference value exceeds the
transverse value by 5.2% or less. A 5% increase in circumference of both
a circle and an ellipse with major axis twice the minor axis results in about
a 5% increase in diameter. Therefore, fibers sectioned at oblique angles
less than 25° probably have increased diameter values of 5% or less.

The possible effects of oblique sections were simulated as follows. An
artificial data set of nine values from 3.9 to 5.5 um in 0.2-pm increments
gave a mean of +.7 with o = £0.548. When five of the diameter values in-
cluding the extreme values were increased by 596 to simulate a severe
obliyueness condition, the mean was 4.8 with ¢ = #=0.575, This rather
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severe obliqueness test increased o by about 4%. When the same procedure
was used on a data set from 9.7 to 12.1 in 0.3-um increments, ¢ increased
by 9%. Therefore, it seems reasonable to assume that the presence of fiber
obliqueness could contribute less than 10% of the variance present in the
values of Fig. 4.

The location of the sections along a given fiber is important in our small
sample because the nine values are not taken at the same relative points
along each fiber with respect to the nodes, internodes, and perinodal regions.
This type of variation is obvious when one examines the raw data because
within the nine values there may be one or two “large” or “small” values
that contribute greatly to the standard deviation and the mean diameter
values. Chauvenet’s criterion was used to reduce this effect.

There is variation introduced through the uncertainty associated with
the identification of each fiber in tracing the “same” fiber through the nine
sections where each section is 90 to 110 um from the preceding section.
This is perhaps the single greatest source of experimental error that con-
tributes to the wide range of standard deviations shown in Fig. 4. We know
of no method to estimate how much of the data variance is contributed by
such errors.

The scatter of the data in Tig. 4 could e reduced by analyzing more
cross sections and by reducing the distance between cross sections. The
results should be a reduction in the standard deviation for some fibers such
that the data points in Fig. 4 would be lower and the regression line would
have a lower value for the y intercept. It is not possible to predict changes
in the slope of the regression line.

The Histogram Adjustinent Approach

The procedure for “adjusting” single-section histograms to reflect the
statistical variation in fiber diameter appears to he a valid method to gain
a better approximation of the true mean fiber diameter histogram when
only one cross section is available. When the MFDH was adjusted with
the statistical parameters derived from Fig. 4 the result was quite similar
to the HMFD which is our best estimate of the true fiber diameter histo-
gram. It should be pointed out that the model developed to describe single-
section histograms predicts the major differences ohserved hetween the two
mean histograms. The conceptual basis for the model appears sound and
the results are consistent with the experimental data. The actual values of
standard deviations for the gaussian distributions associated with the mean
fiber diameters are still in question. Future studies hased on increased
numbers of more closely spaced sequential sections should decrease the
scatter of the data of Fig. 4 and increase the accuracy of the values used
for the standard deviations in the histogram adjustment procedure.
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Biophysical Tmplications of the Results

The results reported herc have direet bearing on biophysical constants
and equations that relate the anatomy of nerve trunks as reflected by the
fiher diameter histograius to the physiology of nerve trunks as reflected by
nerve compound action potentials. Two biophysical relations are discussed
here. |

Conduction 1elocity wersus Iiber Dianieler. The most commonly ac-
cepted relation hetween conduction velocity and fiber diameter is based on
the work of Hursh (15). He found a slope of about 6 for the regression
line fitting the scatter diagram of conduction velocity (meters per second)
versus fiber diameter (micrometers) in cat peripheral nerves. His procedure
of relating the largest fiber in a nerve bundle to the maximum conduc-
tion velocity (as determined by the shortest latency to the beginning of the
(implied or otherwise) that the largest diameter found in each cross
section was a good representation of the diameter of that fiber between the
stimulating and the recording site. However, as our data indicate, the
largest-diameter fiber in any cross section 1s generally larger than the mean
diameter of any fiber throughout the conduction distance. Therefore, the
mean diameter value that should be related to any particular conduction
velocity is probably smaller than that determined by Hursh.

Another problem arises in the literature because the data of Hursh have
been misinterpreted. Textbooks [(26), p. 95 (34), p. 59| and journal
articles, e.g.. Ref. (1), use the slope of Hursli's data to assert in one form or
another that the conduction velocity (eters per second) is equal to the
fiber diameter (micrometers) times a conduction velocity constant, usually
a constant value of about 0. However, the regression line for Hursh's data
does not go through the origin so that the “constant” from his data is
actually different for various fiber diameters [3.8 (20 pm), 5.4 (8 pm),
4.7 (4 pm) ]. Others have developed or used different constants for different
ranges of fiber diameter without reference to this fact (21, 33).

The two points raised above provide support for concluding that the
relation between conduction velocity and mean fiber diameter is nonlinear
and that the fiber diameter associated with any particular conduction
velocity is smaller than would be predicted by Hursh's data. The result
would be larger values for the conduction velocity constant than have been
generally reported in the past.

The new data of Clark and Burgess (5) for cat medial and posterior
articular nerves are the most extensive data on conduction velocity and fiber
diameter available. Their conduction velocity constant of 7.8 for the fastest
conducting fibers in the posterior articular nerve is significantly larger than
that predicted from Hursh’s data (about 5.7 at 16 pm), and tends to support
our prediction of larger conduction velocity constant values.
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Compound cletion Potential versus Fiber Diameler. Monophasic and
multiphasic compound action potentials have heen simulated based on
single-cross section fiber diameter histograms for peripheral nerves (3, 4,
13, 17, 24, 25). In all these simulations the histogram is mapped to the
simulated action potential through some analytical expression that relates
fiber diameter to conduction velocity. The results of our study are important
on two counts:

i. The starting point (time) for the simulated compound action potentials
is very dependent on the relation assumed between the maximum conduc-
tion velocity and the largest fiber diameter in the histogram. We have pro-
vided evidence in this study that the largest-diameter fiber in any single
histogram is not a good estimate of the largest-diameter fiber in the nerve
trunk. The mean diameter for the largest fiber in the fascicles analyzed is
13.3 um whereas the largest diameter in the nine sections varied between
13.1 and 15.9 pm. Based on our data, the large-fiber conduction velocity con-
stant could be as much as 20% more than that predicted from the individual
histograms. It now seem reasonable to assume that the largest 0.5 to 1.0%
of the fiber diameters in any individual histogram actually represents cross
sections of fibers of lesser mean diameter. Therefore, in the stimulation of
compound action potentials we suggest that these fibers be redistributed into
bins of slightly smaller diameter fibers. The actual redistribution procedure
would depend on the character of a particular distribution at the larger-di-
ameter end. For example, the results shown in Fig. 3B indicate that all the
fibers with diameters greater than 13 um in the histograms of Fig. 2 should
be lumped into bins less than or equal to that diameter. The result would be
a decreased latency for the compound action potential with little or no effect
on the amplitude of the initial peak of the potential for conduction distances
less than about 100 mm. Likewise, the smallest 1% of the fiber diameters
is probably overrepresented. However, the effect of errors at the small-
diameter end of the histogram would have minimal influence on the usual
simulated compound action potential.

ii, The form of the single-cross section histogram is mapped in an inverse
and nonlinear fashion into the form of the simulated action potential. How-
ever, the dependence of the standard deviation of the mean diameter on the
mean diameter (Fig. 4) in conjunction with the fact that the fiber diameters
are not uniformly distributed indicate that a single-cross section diameter
histogram may be a relatively poor quantitative estimate of the histogram of
mean fiber diameters. This conclusion is based on visual comparisons of each
of the nine histograms of Fig. 2 with either of the mean histograms of
Fig. 3A or B. The apparent “best” estimate for the mean fiber diameter
histogram (Fig. 3B) differs appreciably from each of the diameter histo-
grams of Fig. 2.
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