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CHAPTER I
INTRODUCTION

When improved -vacuum tube amplifiers and low voltage
oscllloscopes becameravailable in the early 1920'5, phy-
siclogists began uncovering considerable detall in com-
pound action potentials recorded from whole peripheral
nerves., For two decades thereafter many studies socught
to-correlate morphological properties of peripheral nerves
with conductlon of electrical activity. However, since
1940, relatively little of this kind of research on whole
peripheral nerve has been reported.

This dissertation describes the results of expefi—
mental and model studles of relatlonships between myelin-
ated filber dliameter histograms and monophasic compound
"actlion potentlals In cat saphenous nerve. The study was
restricted to onl& myeilnated mammallan A nerve flbers.
AThe results can be partlitioned into four related sections:

1. Quantitative investigation of the properties of
a model for reconstructing compound action poten-
tials from fiber diameter histograms.

2. Experimental anatomical studles to obtain fiber
diameter histograms from peripheral nerve cross-
sectlions, |

3. Compound actlion potential reconstructions from
anatomical fiber dlameter hilstograms.

. Prediction of fiber diameter histograms from



monophasically recorded compound actlon poten-
.tlals.
The long range goallof thils research 1s to develop
a clinleally useful nondestructive estimate of peripher-
al nerve structure, based on electrical stimulation and
recording techniques.
The remalnder of this.introduction is a literature
review of information pertinent to this study.

COMPCUND ACTION POTENTIAL

The first accurate recording of a nerve compound
action potential (CAP) with the cathode ray oscillograph
was madé by Gasser and Erlanger (1922). Earlier record-
ings utilized a string galvanometer which had consider-
able 1nertia. They described the CAP as '"starting grad-
ually, with a steep smooth anacrotic 1limb and more grad-
ual catacrotic 1limb. In frog and some mammalian nerves
there were secondary waves on the catacrotic 1limb." In
addition, they concluded that these secondary waves,,
though not caused by repeated stimulation, could be ex-
plained as elther "the summed effect of nerve components
of different characteristics, or the production of the
current itself by more than one process."

In a subsequent paper, Erlanger and Gasser (1924)
sought to explain the effect of conduction distance on
the relative positlons of the waves and the changes 1in

the shape of each wave. They postulated that twe types



of progressive changes might occur simultaneously: (1) the
CAP may be divided into discrete waves, and (2) the form
6f these discrete waves may be changing. Alsc, they
conjectufed that each wave may be composed of numerous
smaller waves Ehat start together, but conduct at slight-
ly different rates. Finally, they demonstrated that
--each.major wave conducted independently, had a different
stimulus threshold, and a different absolute refractory
perion

Each wave of the CAP was observed to decrease 1n
helght and become broader as the activity proceeded
along the nerve, while the area, as determined by plani-
meter measurements, remained relatively constant. The
start of the absolute refractory perioed was the same as
the start of the CAP only at the stimulation site. For
stimull applied at a point on the nerve where a supra-
maximal CAP generated elsewhere was passing, the begin-
ning of the absolute refractory perlod coincided with the
start of the axon potential 1n the slowest conducting
fiber. Also, collislon experiments Indicated that slower
conducting fibers appeared to be less exclitable. From
this evidence, Erlanger, Bishop, and Gasser (1926) con-
cluded that each wave was the summation of many smaller
waves, perhaps one for each nerve fiber. Thus, the CAP
was thought to be composed of single .flber waves, each

conducting at lts own rate.



THe first reference to nerve structure in connection
with CAPs appears to be in discussion by Erlanger and
Gasser (1924): "it is not at all surprisiné in view of
the varied histologlcal composition of mixed nerves to
find that the. actlon current of such a nerﬁe as the sci-
atic 1s compound."™ Apparently, no attempﬁs oad yet been
made to correlate quantitatively the electrically re-
corded phenomena with peripheral nerve morphology.

CAP RECONSTRUCTIONS

Gasser and Erlanger (1927) sought a relationship
between the morphology of different peripheral nerves
and the CAP recorded from the same nerves. They made
the first! theoretical reconstructions of CAPs based on
fiber diameter histograms and the following assumptions
and observations:

1. Single fiber conduction veloelty was assumed

to be proportional to outside flber dilameter.

2. A triangular single fiber waveform was assumed.

3. The rilsing phase of the triangle lasted for

one-third of the total constant duration for
all fibers.

i, The amplitude of the triangle was constant

for every fiber,

5. They assumed the activity from each fiber af-

'Tn a preliminary study by Lapicque, Gasser, and Desoille
(1925) relationships between nerve morphology and CAPs .
were briefly discussed,



fected the recording electrode according to
the square of the fiber diameter.
Then, each axon potential wave was positioned along the
time axis in accordance with its conduction velocity
and the assumed conduction distance. The algebraic sum-
mation of all the axon potentia; waves gave a reasonably
good prediction of the recorded CAP waveform.

The baslc Gasser and Erlanger (1927) reconstruction
model was used with only a few significant'changes by
Erlanger (1927), Bishop and Heinbecker (1930), Erlanger
and Gasser (1930), O'Leary et al. (1934), Gasser (1935),
and Erlanger and Gasser (1937). In some of the recon-
structions (Erlanger and Gasser, 1937), the conduction
velocity was assumed.to vary as the fiber dilameter
squared and the duration of the axon potential wave for
slow flbers was 1ncreased.

The assumptions required to reconstruct CAPs from
fiber dlameter hilstograms were later refined by Gasser
and Grundfest (1939). They found that axon potential
waves for all fibers should have a constant duration of
about 0.4 msee. The supporting evidence came from two
gsources: (1) recordings of single axoﬁ potentials; (2) ex-
trapolations of CAP wave durations back to ﬁero conduc-
tion distancé, a less accurate method.

Gasser and Grundfest (1939) made the axon potential

wave helght proportional to the first power of the dia-



meter instead of proportional to the square of the dia-
meter. They found that experimentally recorded singile
axon potential heights varlied linearly wilth conduction
veloci@y. Since conduction veloeclty and flber diameter
were linearly related, axon potential helight was assumed
to vary linearly wlth fiber diameter., Axonal resistance,
thought to control axon potential height for cylindrical
fibers, was assumed to be inversely proportional to
axonal dlameter.

In their first CAP reconstructions, Gasser and Er-
langer (1927) ignored the effects of myelin thickness.
Hoewever, measurements of myelin thickness on 675 flbers
by Gasser and Grundfest (1939) showed that relative
myelin thickness was greater for fibers smaller than
7 mlcrons in diameter. As a result, in CAP reconstruc-
tions they-assumed that conductlon veloclty was propor-

- tional to axon diameter rather than outslde fiber dila-
meter. They obtained very good flts between recon-
structed and recorded CAPs with the above assumptions.

Casey and Blick (1969) utilized the Gasser and
Grundfest (1939) assumptions in thelr computer simulated
reconstructions for responses affected by anodal polari-~-
zation, Apparehtly, they were the flrst iInvestigators
to use the digltal computer to replace.tedious graphical
constructions of CAP waveforms.

Multilphaslc CAPs recorded from the skin surface



weyre reconstructed by Buchthal and Rosenfalck (1966).
They assumed triphasic axon potentlal waves and used the
original Gasser and Erlanger (1927) assumptions. They
were interested in characterizing human peripheral nerve
CAPs evoked by electrical stimulation of digital nerves.
The constant relating fiber diameter to conduction veloc-
ity and the amplitude and duration of the triphasic axon
potentlial wave were selected to minimize the dlfference
between the reconstructed and experimental CAPs. They
disregarded differences In the distance from fibers to
the recording electrode because "the electrode was at a
point in the electrical field around the nerve where the
action potential amplitude increased about proportionally
with the number of flbers activated.” Later Buchthal and
Rosenfalck (1971) utilized reconstructions to evaluate
median nerve CAPs reéorded at the wrist in polyneuropathy.

A simple arithmetlc CAP reconstruction method was

‘proposed by Landau, Clare and Bishop (1968). Each point

on the CAP had an ordinate proportional to the product of

~the number of flbers in a single bin of the dlameter hils-

togram and the cube of the diameter for that bin. The
absclssa for each point was positioned on a scale propor-
tional to the inverse of the fiber diameters. Thelir ra-
tionale for how an amplitude correction factor proportion-
8l to fiber dlameter can compensate for dispersive and

overlap effects of axon potentials from f{ilbers with nearly



equal dlameters was'nﬁt clear. In referencé to above
paper, Bishop, Clare and Landau (1971) stated the "further
work has not confirmed the elegant simpliclty of the rela-
tions between structure and function."

RELATIONSHIP BETWEEN FIBER DIAMETER AND CONDUCTION VELOCITY

Many features of nerve flbers have been examined to
explain cbnductiﬁn velocity variations among different
nerve fibers. The following features of myelinated fibers
have been studied: axon and total fiber diameter, myelin
thlckness, Iinternodal length, myelln blochemlstry and
myelin blophysical structure. Gothlin (1917) first postu-
lated that a large fiber would conduct faster than a small
one, Indirect evidence for a linear relationshlp between
conduction veloclty and {lber dlameter was given by Gasser
and Erlanger (1927), Erlanger (1927) and Buchthal and
Rosenfalck (1966).

Hursh (1939) measured the maxlimum conduction velocity
in cat nerves and then measured the largest flber dliameter
in each nerve. By assuming that the largest fiber in a
nerve trunk conducts at the hlghest velocity, he found
that for myelinated fibers from 2 to 20 microns 1in diam-
eter conductlon veloeclty and fiber diameter were llnearly
related by the constant 6.0 m/s/u. For regenerated cat
tlbial, peroneal and saphenous nerves, Berry, Grundfést

and Hinsey (1944) found the ratio of conductlon velocity

to fibep diameter was 5.3. Cragg and Thomas (1964)



-obtained a ratle of 4.4 for rabbit peroneal nerve. Boyd
(1965) found the ratio of mean conduction velocity to
mean dlameter for myellnated de-afferented flbers to be
5.9 for alpha, 5.2 for slow gamma and 5.0 for fast gamma.
For large dlameter fibers in baboon median and ulnar
nerves McLeoq and Wray (1967) found the ratio varied from
4.8 to 5.7 (mean 5.3) for intact and de-efferented‘nerﬁe,
but 3.9 to 4.4 for de-afferented nerves. Recently,
Schnepp, Schnepp and Spaan (1971) found the ratio to be
6,1 for large fibers in sclatic nerves of mouse, rat and
guinea plg.

Theoretical arguments that conduction‘velocity 1s a
linear function of nerve fiber dlameter have been given
by Rushton (1951) and Goldman and Albus (1968). Many
investigators have determined the ratio of conduction
veloclty to fiber diameter in non-mammals ané found it to
be generally lower than the results for mammaliah nerves
glven above.

RATIO-QE AXON DIAMETER TO FIBER DIAMETER VERSUS FIBLR
DIAMETER

The ratio of axon diameter to filber diameter‘was |
first used by Schmitt and Bear (1937) and thelr terminol-
ogy of '"g" for thls ratlio has been adopted by most
authérs. From the data of Donaldson and Hoke (1905) g
was 0.7 for all filber dlameters examined. Several workers

later found that g increased approxlimately linearly with
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fiber dlameter from about 0.4 for small fibers to about
0.7 for large fibers (Schmitt and Bear, 1937; Gasser and
Grundfest, 1939; Taylor, 1942; Sanders, 1948; Willlams

and Wehdell—Smith, 1971). However, more recent studles
wlith electron mlcroscopy indicate that a constant value
for g of between 0.6 and 0.7 for all fiber dlameters is
probably moyre correct (Schwarzacher, 1954; Birren and
Wall, 19563 Buchthal and Rosenfalck, 1966; Dyck, 1966;
Friede and Samorjskl, 1967; Bishop, Clare and Landau,
1971; Schnepp and Schnepp, 1971; Waxman and Bennett,
1972). It has been suggested by Schnepp and Schnepp (1971)
that errors assoclated with light microscopy may account
for measurements of g that decrease for small fibers,

The basis for thelr suggestion was that their measurements
with light microscopy showed g decreased for small fibers,
while electron microscoplc measurements on the same ‘nerves
showed that g remained constant at 0.6 for all fiber
dlameters.

Dyck et al. (1968) point out the effects of section
thickness on quantitative measurements of perilpheral nerve -
fibers that are not at right angles to the plane of the
section. They show that in sectlons that are too thick,
obliquely cut fibers have an.enlarged outside dlameter
and a reduced axon diameter., This effect would cause g

to decrease for obliquely cut fibers in thick sectlons.
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On theoretical grounds Rushton (1951) showed that
conductlion velocity, for any fiber.diameter, should be

maximal for g equal to 0.6.

SINGLE FIBER ACTION POTENTIAL SHAPE, AMPLITUDE AND
DURATION

Gasser and Grundfest (1939) recorded single mono-
phasic axdn potentials in flbers with different conduction
veloclties, The triangular approximation of the potential
shape appears to be reasonable, particularly slnce the '
results that follow show that slight changes in axon po-
tential shape do not seriously affect the CAP reconstruc-
tions. They assumed that axon potential helight wvaried
linearly with fiber diameter because single flber record-
ings exhibited such a relationship. Data for frog fibers
(Biair and Erlanger, 1933), and for cat saphenous nerve
branches (Zotterman, 1937), also support thils assumption.

Gasser and Grundfest (1936) reported the duration of
the axon potentilal to be constant (0.40 to 0.43 msgc.) for
mammalian A fibers. Later, Gasser and Grundfest (1939)
claimed, that for fibers with different conduction veloc-
itles, the actlon potential durations fell "between 0.4
and 0.5 msec., without a systematlc difference with re-
spect to wvelocity." Recently, Paintal (1965) reported
that splke duration varied inversely wilth conduction
velocity from about 0.35 to 0.5 msec. at 37.1°C.

The rise time of the axon potential spike was
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selected by Gasser and Grundfest (1936) as one-third of
the total duration. Paintal (1965) found that rise time
Increased slightly for slow flbers while fall time was
approxiﬁately inversely proportional to conduction veloc-
1ty. His data indicate that rise time was about one-
quarter of the total duration.

There 1s surprisingly little quantitative data for
extracellularly recorded monophasic action potentials from

single myellnated nerve fibers.

HISTOLOGICAL PROCEDURES FOR PERIPHERAL NERVE

‘ Procedures for processing biological tissue for
mlcroscoplc investipgations are discussed by Pease (1964),
Hayat (1970) and Weakley (1972). A tissue fixative should
preserve the strueture in a condition as close to the
living state as posslble and stop any post mortem changes.
Subsequent dehydration and embedding procedures should
likewlse preserve the structure of the living tissue.

Double fixation-with glutaraldehyde first and osmium

tetroxide secﬁnd is by far the most popular method of
tissue preservation and combines the advantages of both
fixatives (Weakley, 1972). Weakley (1972) points out
that although some workers recommend a mixture of gluta-
raldehyde and.formaldehyde, others clalm that glutaralde-'
hyde should be used alone for optimum morphological
preseryvation, The flxatlon solution should be‘held at

physlological pH by a buffer and some osmotically actlve
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substance should be used to malntain physiological tonic-
1ty. The fixatlve concentration, temperature and the dur-
atlion of fixation are important factors. Hayat (1970)
states that perfusdon of the vascular system with flxatlive
1s essential for satisfactory fixation of neural ﬁissue.

Since most embedding material 1s not mlscible with
water, infiltration of the tissue with ethanol is usually
required. This is followed by propylene oxide if an epoxy
resin embeddlng material is used.

In part, the above procedures were developed for
electron mlcroscopy. The same techniques are desirable
for light microscopy because the detail seen in epoxy
resin sections is far greater than that seen in paraffin
sections of similar tissue (Weakley,'1972). In a recent
comparative study, Berthold and Carlstedt (1973) demon--
strated that fixation in osmium tetroxide with paraffin
embeddlng was vastly inferior to glutaraldehyde fixation
and plastic embedding to identify small myelinated fibers
in newbofn kittens. Thelr light milcroscoplic fiber counts
on 0.5 micron sections prepared with the.latter method
were close to the counts obtained with an electron micro-
scope. Also, Dyck et al. (1968) have shown that section
thickness can seriously affect quantitative measurements
of peripheral nefve fibers that are not at right angles

to the section. Since section thilckness should be one
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micron or less, the procedures adopted for electron micro-
scopy are deslrable. On the other hand, light microscopy
becomes progressively less satisfactory as section thick-
ness decreases below one microh because the amount of
tissue avallable for stalning 1s small (Weakley, 1972).

Nearly all recent studles of peripheral nerve uti-
lized very similar histological techniques. With some
minor variations most workers used about 3% glutaraldehyde
in a phosphate or cacodylate buffer at pH 7.4, at room
temperature. The tilssue was generally post-fixed wlth 1%
or 2% buffered osmium tetroxide, dehydrated iﬁ ethanol
and embedded in an epoxy resin (Araldite, Epon or Mara-
glaé). The following authors used this general procedure
to study mammalian peripheral nerves: Buchthal and Rosen-
falck (1966), Dyck et al. (1968), Matthew (1968),
Gutrecht and Dyck (1970), Thomas (1970), Webster (1971),

. Friede (1972), Phillips et al. (1972), Shimozawa (1972),
and Spencer and Thomas (1972).

A radically different rapid freezing technique was
proposed by Willlams (1959) for quantitative studies of
mammalian nerve trunks. A segment of fresh nerve sur-
rounded by supporting fresh liver tissue was frozen by
a solig 002/acetone mlxture and sectloned in a cryostat.
The sectlons were photographed after they were f{lattened

on precooled slides and irrigated with saline. The
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fe1at1ve1y thick 5 micron sections exhibited typical
properltes of myelinated fibers and were similar in rela-
tlve slze to flbers freshly teased in physiological saline.
The 5 micron section thickness will introducé significant
errors for obliquely cut fibers as dilscussed above (Dyck
et al., 1968). This procedure (Williams, 1959) apparent-
ly has not been adopted by others studying peripheral
nerve.

Birren and Wall (1956) examined rat sciatic nerve
both with osmiec acild fixatlon and freezing-drying. Al-
though they prefered the freezing-drying method their
study did not show which method was better for preserving

the 1n situ structure.

MEASUREMENTS OF FIBER DIAMETER

‘Histologically prepared cross-sections of peripheral
nerve exhibit many noncircular myelinated nerve fibers
{Sunderland and Roche, 1958; Webster and Spiro, 1960;
Friede and samorajski, 1967; Babel, Bischoff and
Sboendlin, 1970). These fibers may be cut through or
adjacent to nodes of Ranvler, Schmidt-Lanterman clefts,
or Schwann cell nuclel. In addition, many fibers appear
to be cut at 1east somewhat obliquely and have quasi-
elliptical shapes. There is conflleting evidence regard-
ing the magnitude of random variations in diameterp along
nerve fibers and the extent of nerve fiber taperiné and

bﬁanching (Eceles and Sherington, 1930; Duncan, 1934;
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Hursh, 1939; Rexed, 1944; Sunderland and Lavarach, 1953;
Sunderland and Roche, 1958; Skoglund and Romero, 1965).

Qulte a variety of methods have been used to measure
floer dlameters on photomicrographs of peripheral nerve
eross-sections. Adequate justification for the particular
method used was rarely given. Also, references fto dif-
ferent methods used by other lnvestigators were scarce.

A sample of the various methods that have been utllized
will now be given.

Many authors claim to select only approximately clr-
cular fibers for measurement, with typically 1ittle or no
discussion of possible blases introduced to the neuronal
population property (usually the fiber diameter histogram)
under study (Sanders, 1948; Buchthal and Rosenfalck, }966;
McLeod and Wray, 1967; Gutrecht and Dyck, 1970; Bishop,
Clare and Landau, 1971; Williams and Landon, 1971).

Other investlgators used a series of cireles on Perspex
or cellulold to estimate fiber diameter., Many claim,
without comment, to simply "measure filber diameter”
(Gasser and Grundfest, 1939; Rexed, 1944; Fernand and
.Young, 19513 Boyd and Davey, 1968). Espir and Harding
(1961) described three methods for matching variable
diameter circlés to the fiber shapes (McLeod and Wray,
1967; Dyck et al. 1968). A Zeiss particle counter has
been used by several workers (Nystrom and Skoglund, 1964;

Dyck and Lambert, 1966; Gyllensten et al., 1966;
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Berthold and Carlstedt, 1973).

Some authors assume that every oval or asymmetric
shaped flber was cut obliguely and .therefore measure the
"smallest diameter" (Ogden and Miller, 1966; Landau, Clare
and Bishop, 1968; Matthews, 1968; Gutrecht and Dyck, 1970). .-
Many authors estlimated fiber dlameter from what-could be
- called the arithmetic mean of mutually perpendicular max-
imum and minimum dilameters (Sanders, 1948; Evans and
Vizoso, 1951; Wasano et al, 1962; Hutehinson, Koles and
Smith, 1970; Webster, 1971; Schlaepfer and Myers, 1973).
Gasser and Erlanger (1927) used the geometric mean of
the mutually perpendicular maximum and minimum dlameters.

Kasvand, Isnor and Romero-Sierré (1970) used a
flying spot scanner to quantify black and white borders
in peripheral nerve cross-sections. The nerve fiberé
were assumed to be cilrcular. They used computers to
recognize the fibers and fo compute fiber dlameters based
on the mean of 24 radii in a star-shaped pattern. Thelr
report does not explain how the center of noncircular
fibers was found. The automated method falled to ldenti-
fy and measure about 30% of the small fibers that were
identiflied and measured manually with a ruler and comﬁass.
Also, they measured flbers with a circuiar type particile
size analyzef. Generally the measurements obtained wlth the

computer were greater than measurements made with a ruler
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and compass, yet less than the results from the particle
size analyzer. Unfortunately their tissue was fixed in
0.5% osmic acid and embedded in paraffin (3-5 micron sec-
tion‘thickness). These procedures caused swelling that
made the fibers appear quite round.

Potfs et al. (1972) abandoned fiber diameter for
fiber area which they plotted on the absclissa of fiber
size histograms. Friede and co-workers alsc abandoned
the concept of fiber diameter, in favor of axon clrcumfer-
ence or number of lamellae in the myelin sheath (Friede
and Samorajski, 1967, 1968; Priede and Martinez, 1970;
Friede and Miyagishi, 1972). |
' The above methods for measuring fiber diameter and
references slted are intended to be representative rather
than exhaustive. No review of this subject appears to
have been published.

Measurements of fiber diaméter in serial sectlons
show that considerable variation can occur (Duncan, 1934;
Hursh, 1939; Sunderland and Roche, 1958). Unfortunately,
these serial sectlon measurements were aii made on medium
glzed flbers in 5 to 10 micron thick sections with light
microscopy. Duncan measured the diameters at 5 micron
intervals for three osmicated fibers teased in glycerin.
Although 100% dilameter variations were seen along each

fiber, over one half of the measurements were within one
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micron of the mean. Duncan also clalmed that measurements
on shorter lengths of several hundred other flbers gave
similar results. Hursh measured 100 serlal sections of.a
singlé fiber. The mean diameter was 6.5 % O.MT_(s.d.)
microns. Fifty-elght percent of the values were within

. 0.2 microns of the mean. Sunderland and Roche followed
one fiber in 200 serial 10 mieron thick sections and six
other fibers in 100 serlal sections. The standard de-
viations for their measurements ranged from 0.8 to 1.8
mlecrons.

PROPERTIES OF PERTPHERAL NERVE FIBER DIAMETER HISTOGRAMS

During the course of thils study a 1list of several
hundred fiber dlameter histograms published in the liter-
ature hds been compiled (Appendlx A). Apparently no one
else has attempted to characterize the genefal properties
of peripheral nerve flber dlameter histograms.

Authors are divided almost equally between use of
the actual number of fibers for the ordinate variable and
percent of the total number of fibers. One investigator
(Hopkins, 1970) used fiber density per square millimeter
as the ordinate variable.

Fiber dliameter was always plotted on the absclssa.
Some latency hilstograms and conductlon velocity histograms
are available in the literature for peripheral nerve

fibers. . Towe and Harding (1970) discuss the nonlinear
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transrormation of a fiber size distribution into a temporal
distribution.

Fiber dlameters less than one micron 1in mammallan
peripheral nerve are very rare. Some mammalian central
fibers are myelinated down to dliameters of one third of
a micron (Bishop and Smith, 1964). Myelinated mammalian
fiber dlameters seidom exceed: twenty microns. The typical
upper limit for a significant number of fiber dlameters
is Bixteen to elghteen microns.

Thelbin width used to complle myelinated fiber
dlameter histograms varied from 0.1 microns (Erlanger,
1927; Gasser and Erlanger, 1927; Gasser and Grundfest,
1939; Matthews, 1968) to 2 mlcrons (Fernand and Young,
1951). Since the 1imlt of resolution with the light
microscope 1s 0.2 microns (Weakley, 1972), the use of 0.1
micron binwldths in light mlieroscoplc studies by Erlanger
(1927), Gasser and Erlanger (1927) and Gasser and
Grundfest (1939) seems unreasonable. No standard bin
wldth has been established although one micron bin widths
are the most common. Apparently no conslderation has
5een glven to the effect of bin wldth on histogram shape.

Most flber dliameter histograms haye elther one or two.
dlstinct peaks. Other smaller peaks may be -.masked in
some cases by the use of wlide bin widths. The ordinate

values rarely remain relatively constant for a range of
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diameters greater than two or three microns. Except for
ventral root diameter hiétograms-(Eccles,and Sheringtbn,
1930), multimodal dlameter histograms rarely have a gap
in the histogram betweeen peaks. Measurement method and
errors, random variations of fiber diameters along the
longltudinal axis of fibers, and obliquely cut fibers
all tend to make the peaks in the diameter histograms
appear too wlde (Duncan, 1934; Gasser and Grundfest,
1939), particularly for tall narrow peaks.

Some investlgators sample only alportion of the
Pibers present, elther by measuring all fibers within
randomly selected areas or by supposedly random selec-
tions of individual fibers. Friede and Miyagishi (1972)
used a sampling method that was blased in f[avor of large
fibers (a grid of equl-distant parallel iines is drawn
on photomicrographs and every fiber touching a line is
measured.) Van Crevel and Verhaart (1963) and Donovan
(1967) found that cat optic nerve fiber diameters were
not randomly distributed. Donovan found a greater per-
centage of smaller fibers in peripheral. areas of the
nerve, She also found statistically.significant differ-~
ences in the flber diameter distributilon within smaller
areas. Birren and Wall (1956) found considerable vari-
ation in fiber dlameter histograms compiled from differ-

ent reglons of a rat scilatlic nerve cross-section. Ap-
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parently, for peripheral nerve, no studles have sought
to examine ghantitatively the homogeneity of fiber size

distributlons wilithin nerve cross-sections.



CHAPTER II
METHODS
THE BASIC EXPERIMENTAL PROCEDURE

The experimental procedure is summarized flrst be~
fore the specific detalls are glven. One obJective was
to record supramaximal monophasic compound actlon po-
tentials 1In response to brief electrical stimuli applied
directly to the cat saphenous nerve some dlistance away.
Immedlately after the recording session the cat was per-
fused through the heart with fixative. The same nerve
was removedrand prepared histologically. Light photo-

. mierographs were made from cross-sections of the nerve.
Computer analysis of measurements taken from thé photo~-
mlerographs were used to compile flber diameter histo-
grams for the entire nerve cross-section. Relationships
between the recorded compound action potential and the
anatomically derived fiber diameter histogram were stum
dled with digital computer models. A principal objec-
tive was the predlction of the fiber dlameter histogram

from the compound action potential.

SELECTION OF THE CAT SAPHENOUS NERVE
The cat saphenous nerve was chosen for the following
reasons:
1. Six to seven centimeters of nerve trunk were
avallable with no cutaneous branches.
2. The total number of myeilnated nerve flbers

‘was large though manageable (about 2500).

23
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3. A large range of fiber dilameters (2-16 microns)
were present in significant numbers.
y, The nerve was superficial.

EXPERIMENTAL PREPARATION

Fourteen adult acute cats weighing from 2.7 to 4.2
kg. were obtained from the Unit fof Laboratory Animal
Medlcine for the investigation. Only the physlological
or only the anatomlcal procedures were'attempted or suc-
cessful for some of the cats studied. The data 1n the
results ghapters were taken from the final two cats stu-
died (refered to as cat M and cat N). |

All the animals in thls study were glven an initial
intraperitoneal injection of sodium pentobarbital
(35 mg/kg) and the left cephalic veiln was cannulated.
The animal core temperature, monitored by a rectal ther-
mometer, was maintalned at 37 to 38°C by an electric
heating pad placed under the animal. The heating pad
was unplugged during the recording session.

The animal was placed in a fixture that held the
left hindlimb up to expose the medlal side of the right
hindlimb for surgery. An inclsilon was made from the
groiln to the mlddle of the tibla. The skin was folded
back and up where it was sutured to the flxture. This
created a cavity that was later flooded with mineral
oll. |

The saphenous artery, veln and nerve were then
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vlisible under the‘fascia; Fine glass hooks were used to
tease the saphenous nerve from connective tissue for ap-
proximately one cgntimeter at each of three locations.
The most central location was 1n the groin where the
saphenous nerve emerges from the femoral nerve. The
second locatlon was approximately 2.5 cm. distal along
the saphenous nerve, The two palrs of stimulating elec-
trodes were 1atef placedlat these two locations. A final
segment of nerve for the recording electrodes was teased
out Jjust on the proxlimal side of the first cutaneous
nerve branch point. The exposed area was flushed with
saline throughout thils procedure to prevent tissue drying.
(See Crouch-(1969) page 246 for anatomical orientation.)

The stimulating electrode fixture was positioned
near the groin and the tweo palrs of stimulating electrodes
placed around the nerve at the first twe locations de-
scribed above. Next, the recording electrode pair was
‘mounted at the most distallthird location and the silver
wire electrodes were wrapped completely around the
saphenous nerve,

The saphenous nerye was pinchéd repeatedly'with
fine forceﬁs Just on the distal side of the recording
electrodes, cut at the same location, and repeatedly
plnched again. The pinchlng and cutting were necessary

to obtain good monophasic recordings (heating the cut
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nerve end, as suggested by Erlanger, Bishop, and Gasser
(1926), although very effective, was abandonned because
apﬁ&rently it interfered wlth adequate perfusion of the
tissue wifh fixatlve). The distal recording electrode
was moved onto the crushed area of the nerve very close
to the cut end, Several stimull were applled to ensure
that a good monophasic potential 'was avallable. The
entire pool, including the stimulating and recording
electrodes, was flooded with warm mineral oil. The min-
eral oll prevented tissue drying and provided a means
for temperéture control. A 50 cec. syringe was used to
replace the cocled oil periodically. The temperature
within 1 cm. of the recording electrode pair was moni-
tored with a precision (0.1° C/div.) mercury thermo-
meter.

The time réquired for the surgical procedures was
minimized by planning and practice in order to 6bta1n
undistorted CAP recordings. The elapsed time from the
initial leg incislon to the first supramaximal recording
sesslon was reduced to approximately one hundred min-
utes. The time from the start of the nerye crushing
and cutting operation to the first supramaximal recording
session was less than five minute#.

INSTRUMENTATION

The instrumentatlon system utlilized to record in

vivo CAPs from cat saphenous nerves wlll be described
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brlefly. A block diagram of the experimental set-up 1s
shown In figure 2~1.

Brief (30 usec.) square cathodal constant current:
electrleal stimull were applied to the stimulating elec;
trodes at the rate of one per second. The constant volt-
age stimuli delivered by the stimulator (Grass SHUH) wére
isoclated from ground (Grass SIU-4B) and converted to
constant current pulses (Grass CCU~-1A). A precision one
kilohm series resistor was used to monitor the current
pulse, The leads to the stimulating electrode pairs
were shlelded. The stimulus could be switChed to either
stimulating electrode palr. Figure 2-2 1s a photograph of
of the current pulse displayed on the oscllloscope.

The stimulating electrode fixture had two pairs of
electrodes (26 ga silver wires, 1.5 mm. apart) rigidly
placed 2.5 em. apart on two arms. Each electrode pailr
was formed to surround approximately three-fourths of
the nerve trunk when in use. The electrodes were mounted
in dental acrylic.

The recording.électrode fixture supported two 28
gauge silver wires that were carefully wrapﬁed once a-
round the nerve to form circular cuff electrédes. The
distance along fhe longitudinal axls between the two
electrodes was about 2 mm. The short wires that lead
to the preamplifler were shielded.

The differential low~level preamplifier (Tektronix
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Flgure 2-2. Photograph of the stimulus current waveform
(upper) and stimulus artifact (lower).



30

Type 122) had a gain of 1000 with a band pass from 8 Hz.
to 5 KHz. The oscilloscope (Tektronix 502A) galn was

2 or 4 with a bandwidth of 2 Hz to 1 MHz. The instru-
mentatlon recorder (Hewlett Packard 3960) FM channels had
a bandwldth of DC to 5 KHz when operated at 15 IPS., The
output of ‘the instrumentation recorder was monitored
during the recording session with a second oscilloscope.
(Tektronix 502A).

The voltage across a one kilohm resistor 1n series
with the constant current st;mulator was used to monil-
tor and record the stimulus current. A constant volt-
age, 10 msec. duration timing pulse (from Grass SD-5
was recorded on an AM channel (bandwidth of 70 Hz-60 KHz)

of the recorder when each stlmulus occurred,.

DETATLED MEASUREMENT PROCEDURE

The CAP recording sesslon commenced immediately af-
ter the experimental preparation was completed. The
elapsed time reqﬁired for the recording sesslion was 40
to 50 minutes.

Ten segments of datsa were recorded.sequentially on
magnetic tape. On the first and last segments a one
volt peak-~to-peak square wave callbration signal was
regorded. The elght CAP segments were recorded under
four conditions of appllied stimulus current, each at
two conduction distances (4.2 and 6.7 em. or 4.3 and

6.8 em.). The four levels of stimulus current were:

*
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1. Supramaximal for all A fibers.

2. Supramaximal for A a-flbeprs.

3. Slight Increase above previous supramaximal
for A a~flbers sufficient to give a Just
notlceable inecreased response,

L, Repeated supramaximal for all A fibers.

Each segment contalned responses to approximately 50
consecutive stimull glven at the rate of one per second.
During each segment a Polarold photograph of one of the
50 responses was taken. Only the responses to stimull
that were supramaximal for all A fibers were utllized
in the resuits reported here,

The smgllest latency for the first CAP component

did not decrease, for the recording techniques used in
thils study, as the magnitude of the stimulus current
was Increased from threshold to a supramaximal wvalue.

The temperature of the mineral oill pool was ad-

Justed %o 36° C ¥ 0.1° ¢ before each recording segment
by adding warm mlneral oll and allowlng at least one
minute for equillibration. The decrease in temperature
of the mineral oil for the duration of a recording seg-
ment was usuwally less than 0,2°C.

" ANATOMICAL PROCEDURES

Immediately followlng the recording sesslon, the
mineral oll and electrodes were removed. The exposed

tissue was r'insed several times with lsotonic sallne.
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The animal was perfused through the heart with 0.25%
glutaraldehyde in Millonig's (1962) phosphate buffer
| (230 cc/kg) at pH 7.4 at room temperature. At the start
of the perfusion the previously cerushed distal 1.0 mm.
of saphenous nerve was cut off. Perfusion through the
heart was contilnued with 3% glutaraldehyde-in Millonilg's
phosphate buffer (1000 ce/kg) at pH 7.4 at room tempera-
ture,

At least flve 3 mm. sectlons of the saphenous nerve
adjacent to the recording electrode site were removed
and placed in 5 cc. beakers filled with the buffered 3%
glutaraldehyde for approximately 30 minutes. Following
a ten minute wash ‘wlth phosphate buffer, the tissue was
post-fixed in buffered 1% osmium tetroxide for two hours
at 4° ¢. After another ten minute wash with phosphate
buffer, dehydration with ethanol in 10% steps for fifteen
minutes.each was begun. Four changes of 100% ethanol for
filfteen minutes each were followed by three changes of
propylene oxlde, The tilissue was lmmersed in a 1:1 mix-
ture of propylene oxide and Epon for twenty minutes.
Finally, pure Epon was allowed twelve hours to fully
Inflltrate. The tissue was put in capsules filled with
fresh pure Epoﬁ and malntained at 60° C for twenty~four
| hours,

Approximately one mleron thick transverse sectilons

were cut on a microtome (American Optical, Spencer Model
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820) with glass knives and stained with toluidine blue.
A selected sectilon was photographed wlth a light mlero-
scépe,l(Leitz Wetzlar). High contrast enlarged prints
(Simmon Omega Type E enlarger) were pleced together to form
a montage for each fasciclel .

A high power light microscope equlpped with a gra-
duated reticule (calibrated_with a stage micrometer)
was used to measure the distance between two identifl-
able points on the section, The corresponding distance
on the photomlicrograph was divided by the distance on
the slide to gilve the magnification, Tﬁis procedure
was repeated'four times at different angles for each
Pascicle and the mean value was téken as the total mag-
nification (1750-1850).

Every myelinated flber was labeled arbitrarily wilth
a number. All questlonable objects were examined with a
high power light microscope and were accepted as mye-
linated fibers only i1f a dark border enclosing a much
iighter center could be 1dentified,

The coordinates of a series of points around the
outside of each myelin sheath were digltized with a
semiautomatic_magnetically coupled digltal scanner
(Edwin Tndustries Model PFU0). 'The scanner was inter-
faced to a keypunch (IBM 029), that punched the coor-
dinates on IBM cards. The origin of the coordinate sys-

tem was adjustable and remailned wvery stable for several
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hours. The number of point coordinates digitized per
fiber was varlable depending on fiber sized and shape.
The scanner resolution was 0.0l inches which corresponded
to 0.144 mlerons at the lowest magniflcation used and

was less than the resolving power of the light micro-
scope. During thils study, approximately 9,000 flber
perimeters (180,000 polnt coordinates) were dlgiltized.
COMPUTER SIMULATTON ANb ANALYSIS

Most of the computer programs developed during the
course of thilis study were written in FORTRAN IV. The
Michigan Terminal System (MTS) with an IBM 360 model 67
dual-processor computer was utilized.

Extensive use was made of a CalComp 780/763 digital
plotter. The polnt coordinates around the perimeter of
each myelinated fiber were checked by plotting strailght
llnes between sequéntial point coordinates for each fi-
ber. The CalComp generated plot was overlayed on the
photomicrograph and the perimeters compared. This pro-
cedure detected Infrequent digltal scanner operator er-
rors and dilgltal scanner malfunctlons. Most of the
graphs and hlstograms in thls thesis were also prepared
by the CalComp plotter,

Thg CAPs recorded on magnetlc tape were digitized
and averaged (N = 30) with a Hewlett-Packard 5610A |
A to D converter and a 2115A laboratory computer. The

standard deviatlon of the signal for each sample point
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(36.5 usec. sampling interval) was calculated, The
results were punched on paper tape for processing by MTS
programs .

Early CAP reconstruction models were studled with
the ald of a DEC PDP8~338 graphical display connected
to the IBM 360/67 wvla telephone.



CHAPTER ITT
MONOPHASIC CAP MODEL RESULTS
CAP RECONSTRUCTION ASSUMPTIONS

Apparéntly since Gasser and Erlanger (1927) filrst
began reconstructing compound action potentlals by
adding together many overlapplng triangles, no one has el-
ther formally examined all of the assumptilons under—
lying such a procedure or expressed the summation mathe-~
matically. While in thls case the mathematics are not
particularly profound, a mathematical model 1s a useful
aid to éxamine the varlious assumptions required fdr the
reconstructions.
Cbnsider a. peripheral nerve of . approxlmately cir-
cular cross-~section completely surrounded at some point
by a monopolar recording electrode. Let the nerve be
immersed in a nonconductor such as alr or mineral oill.
A supramaximal electrical stimulus applied to the nerve
some dlstance away wlll cause a CAP to pass by the re-
cording electrode. Let the supramaxlmal CAP, Vmax(t),
be'expressed as,
N
_vmax(t) = :E: vi(t"ti)
i=1 (3-1)
where N 1s the number of excitable myélinated fibers in
the nerve; vi(t) is the voltage waveform seen by the

recording electrode when an impulse in the 1 th flber

36
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passes, and ti 1s the time required for the action po-
tentlal in the 1 th fiber to conduct from the site of
stimulation to the recording electrode.. Tﬁis expres-
sion 1s valid only if superposition of the individual
fiber waveforms holds. Independence of the t, in equa-
tlon 3-1 requires the assumption that propagated activity
in any myelinated fiber 1s not affected by activity in
other Plbers wilthin the bundle.

Esplin (1962) convincinglj demonstrated that for
.myelinated flbers, single fiber conductlon velocitieé
were unchanged when‘single fibers were activated alone
or together with nelghboring fibers. Electrophysiological
studles have shown that for unmyélinated.fibers, some
interaction does take place (Katz and Schmitt, 1940,
1942). The principal effect was a synchronization and
slowing of the impulses in the volley. Neryve fiber in-
teraction for unmyelinated fibers has been modeled
mathematically by Markin (1970) and Clark and Plonsey
(1970, 1971). The latter studies concluded that the
nerve trunk cross-sectional area, the interstitial spe-
cifliec resistivity and the membrane capacltance are par-
ticularly important in determining the degree of fiber
interaction.

Note that unlform conductlion veloclty along the fi-
bers need not be assumed. Only the total time delay,

t,, 1s required, In general, the v,(t-t,) may be dif-
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ferent Por each flber.
All fibers with similar vi(t—ti) can be lumped to-
gether to pglve:

M
Vmax(t)= Z nivi(t"ti) (3-2)
i=1

where M 1is the numbex of different vi(t-ti) and ny is
the number of f;bers with the same vi(t—ti). Note that
in'equation 3=2 only similar waveforms have been éombined
without any reference to fiber size.

Several assumptlons are required to relate the vari-
ables in equation 3-2 tc nerve fiber dlameter. Empirical'
evidence cited 1n the introductory chapter indicates that
each vi(t'ti) is simlilar for filbers of a given dlameter.
Therefore, all n, fibers with the same v, (t-t;) are assum-
ed to have approxlmately the same diameter, di' This
assumption states implicitly that the single fiber re-
sponse, vi(t-ti), does not depend on the locatlon of the
fiber within the nerve bundle. Intuitively, it would seem
that fibers of a glven diameter that are close to the
bundle perimeter might contribute more to the CAP than
fibers 1in the centér of the bundle. This effect can be
ignored if the fiber sizes are randomly distributed
throughout the crosse~section. It wlll be assumed that

vy (£) = () « o, A" (3-3)
where #(t) 1s a triangular waveform that is identical for

all fibers: and the axon potential exponent (APE) is
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usually unity, These assumptlons were first made by
Gasser and Grundfest (1939). Other authors (Gasser and
Erlanger, 1927; Buchthal and Rosenfalck, 1966; Landau,
Clare and Bishop, 1968) have assumed that APE 1s two.

The time delay, ti, can be modeled as a simple func-~
£ion of d1 1f we assume that g (the ratio of axon to out-

side diameter) 1s constant for all filber diameters:

t, = £(d,) = DIST ' (3-4).
. Y over o,CF L g

DIST is the conductlion distance and CVC 1s an empirically
derived conduction veloeity constant that relates con-
duction veloclty to flber diameter. The conduction vel-
ocity exponent (CVE) simulates the effect of a possible
nonlinear relationship between conduction veloeclty and
- flber dlameter. Many authors find empirlcally that CVE
should be unity (Hursh, 1939; Berry, Grundfest and Hinsey,
1944 ; Cragg and Thomas, 19643 Boyd, 1965; McLeod and
Wray, 1967; Schnepp, Schnepp and Spaan, 1971). Blair
and Erlanger (1933) give a value of 2 for CVE, while
Pumphrey and Young (1938) assume a value of 0.5 for
squld nerves.

Ifr g'decreases for small fibers, as Gasser and
Grundfest (1939) assumed, then the followlng expression

Por ti can be calculated from thelr data;
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. DIST
d, S7u
cvc-a,°VE (0.514+a,.0.0194) 1
£,50(d,) | (3-5).
_ __ DIST | «
d, *7n

CVC'diCVE-(0.560+d1'0.0132)

Gasser and GQrundfest reasoned that cqnduction veloecity
should be related to axon diameter rather than outside
fiber diameter, dy . Since outsilde fiber diameters were
‘traditionally measured for hilstograms, they bel{eved the
variation in relative myelln thickness with diameter was
an important consilderation for CAP reconstructions.
Unless M, the number of different Vi(t"ti)’ is
Infinite, a speciflc diameter di can occur anywhere in

the range:

o d d
it -
G T A =y T max - min (3-6)
2 M
The bin width, Ad, of the fiber dlameter histogram will
represent some tolerable varliation in vi(t) and ti that
depends on the functional relationship between the d1 and
Vi(t"ti)o
Equation 3-2 can now be expressed in terms of fiber
diameter:
M

Vnax ()= D0 nydy
i=1

APE v (tm£0))) (3-7)
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where each term in this sum is a single axon potential wave.
Thls continuous function of time can be expressed as a

dliscrete function of time:

- M
=] APE' — = ..
Vmax(kAt) :E: nyd,; v(kAt f(di)), k=0,1,.-.L (3-8).

i=l

Thls system of L+l linear equations expresses the func-
tional relationshlp between the fiber diameter histogram
(ni,di) and the CAP (Vmax)' The reconstructed CAP is a
unlque discrete functlion of time for each fiber dlameter
histogram 1f the reconstruction parameters are fixed.
The. right side of equation 3-8 can be evaluated if values
for all the parameters are given and a fiber dilameter
histogram 1is specified. A .ratlional value for every
parameter can be selected based on empirical data given
in the introduction. Nofe that the ni.in each term of
‘equation 3-8 appear only as simple scalars. This prop-
erty of the model will be used in Chapter VI to find an
unknown fiber diameter histogram when the CAP 1s given.
The system of equations 3-8 1is evaluated on a digit-
al computen . Thé major features of this superposition
model are 1llustrated in flgure 3-1. The choice of a
specific fiber diameter histogram for 1nvestigaﬁions of
the model propérties 1s arbitrary. A gaussilan hlstogram

was chosen because many anatomlcal histograms appear to
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be elther unimodal or blimodal gaussian in bagsle character
(index in Appendix A). Also the mean and standard devia-
tion can be altered systematlcally to assess quantlitative-
ly the effect on the CAP of changes in the hilstogram.

An axon potential wave (figure 3-1B) is computed for
each bin (vertical line) in the fiber diameter histogram
(figure 3—1A5. The CAP (figure 3-1C) is reconstructed
by adding together all of the axon potentlal waves. It
is necessary to decrease the bin width, Ad, and linearly
lnterpolate intermediate ordilnate wvalues, to reduce the
Jageged appearance of individual axon potentlal wave peaks
in the reconstructed CAPs. Most reconstructed CAPs are
smooth for Ad equal to 0.0625 p, Except for smoothing
these Jagged artifacts, the normalized reconstructed CAP
shape 1s not affected'by the hin width Interpolations.

ESSENTTAL CAP PARAMETERS

The parameters requlred for CAP reconstructions
are listed in table 3-1 where they are partitioned.
into three catagories: fiber diameter histogram para-
meters, blophyslecal parameters, and axon potentlal wave
-parameters. The parameter symbols and default values
are also given. The default values are based on published
emplirical data and experimental conditlons used 1n fthe
studles presented later. The default mean and standard

deviation for the gausslan f{lber dlameter hilstogram
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TABLE 3-1
ESSENTIAL MODEL PARAMETERS

I. PIBER DIAMETER HISTOGRAM SYMBOL DEFAULT VALUE'
PARAMETERS '

EXAMPLE: Gaussian

A.

B.

Mean Flber Diameter MFD 10.0u

Standard Deviation STD 2.0u

II. BIOPHYSICAL PARAMETERS

A. Stimulation~Recording DIST 6.0 cm.
Conduction Distance :
B. Conduction Velocity cve 8.8 m/s/u
Constant
C. Conduction Velocity CVE 1.
Exponent
Cond. Vel. = CVC+d, " eg(d,)
D. Myelin Thickness Function g(di) For d,<7u:
g(d;)=0.51 + d,+0.019
_ Axon Diameter .
8(d;) = Fiper Diameter For dy>7u:
g(di)=0.56 + d,°0.013.
ITI. AXON POTENTIAL WAVE PARAMETERS
A. Axon Potential Heilght APE 1.
Exponent
apH = a, APE
B. Axon Potential Duration APD 0.4 msec.
C. Axon Potential Rise AFR 0.1 msee.
Time

1peTault parameter values are assumed unless other values
are clearly specified. '
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are chosen to permit parameter varlations-that would not
require the use of unrealistic flber diameters. All of
the CAP parameters in table 3-1 wlll be examined in the
following sectlons.

PARAMETER SENSITIVITY ANALYSIS PROCEDURE

Each model parameter, when varied, affects the re-
constructed CAP differently. A measure of the relative
effect on the CAP of different meodel parameters is needed
to identify quantitatlvely the most influentlal para-
meters. Only one parameter at a time is perturbed from
lts default value. The effect of the altered parameter
on the reconstructed CAP 1s quantified by a devlation

measure defined as:

L 2
E (vmax(mt) - Vnax (1at))

Deviation =_4=0_ e Hdefault
0 (3-9).
(v (14£))°
2. Vnax
1=0 default

This measure of change in the CAP waveform is

squared error divided by a constant, since the default
CAP does not change. 0Of course information about the
shape of the CAP for parameter changes 1s- lost when de-
viation 1s computed. Therefore,‘bbth CAP waveforms and
plots of deviatisn are glven for some parameters 1n the
following sectlons.

The relative effect of different parameters is studied
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by perturblng each parameter by the same percentage of
the default parameter value, Although the default CAP 1s
normalized, the CAPs reconstructed for any wvariation in

a parameter are scaled relatlve to the default CAP. Thus,
for all parameter variatlons, relative CAP magnitudes are
preserved,

FIBER DIAMETER HTSTOGRAM PARAMETER ANALYSTS

The default CAP and fiber dlameter histogram are
shown 1n figure 3-2A., The effects of decreasing the mean
fiber diameter (MFD) by 20% and 40% are also shown in
figure 3~2B and 3-2C. Note that CAPs B and C are scaled
with respect to the default CAP, A. The mean fiber
diameter 1s apparently quite influential in determining
both the size and shape of the CAP. The start of the CAP,
the peak, and the tall are all delayed 1in time as MFD
decreases. The total CAP duration, though difficult to
guantify, does increase as MFD decreases, |

The CAPs for similar percentage variations in the
standard deviation (STD) of the gaussian fiber diameter
histogram are lillustrated in figure 3-3. Note that the
maximum number of fibers in histograms B and C 1s de-
creased to keep the total number of fibers in the histo-
gram constant. Increasing STD by 20% and 40% broadens
the fiber diameter histogram and the CAP duration in-

creases, The latency to the CAP peak decreases slightly
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Figure 3-2., Reconstructed CAPs for three mean filber
diameters (MFD) for a gaussian fiber diameter histogram.
A. CAP -for the default parameters in table 3-1, B, CAP
for MFD reduced to 8 microns (20%). C. CAP for MFD
reduced to 6 mlicrons (40%). The CAPs labeled B and C
are scaled with respect to the default CAP in A.
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Figure 3-3. Reconstructed CAPs for three standard
deviations (STD) for a gaussian fiber diameter histo-
gram. A. CAP for the default parameters 'in table 3-1.
B. CAP for STD increased to 2.4 miecrons (20%). C. CAP
for STD increased to 2.8 mierons (40%). Note that the
total number of filbers 1is the same for all three filber
diameter histograms.
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even though the mean fiber diameter (MFD) in the histo-
gram ls unchanged.

Inspection of figureé 3-2 and 3-3 reveals that the
CAP is more sensltlve to changes in MFD than to propor-
tionally similar changes in STD. The relative effect of
these parameters on the deviation defined by equation
3-9 is 1llustrated in figure 3-4. Also the effects of
changes in STD under the condlition that the maximum num-
ber of flbers 1n the largest bin is held constant (with
the total number of fibers allowed to vary) are shown.
The actual values for the parameters are given on the
separate axes below the graph. Alsc the polnts on the
graph that correspond to the CAPs 1in figures 3-2 and 3-3
are labéled. |

Inspection of figure 3-4 confirms that indeed MFD
i1s a more influentlal CAP parameter than STD. Also
note that ilncreases in MFD cause considerably larger de-
viations than decreases in MFD. Similar asymmetry for
STD, when the total number of fibers is constant, is pre-
sent though inversely related to STD variation. For
STD, with the maximum number of fibers constant, the

deviation 1s nearly symmetrical.

BTOPHYSICAL PARAMETER ANALYSIS
The conduction distance (DIST) between the stimu-—
latlng and recording electrodes 1s usually measured es-

perimentally. The sensitivity of the CAP shape to er-
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Figure 3-4. Deviation -for equal percentage variations 1in
the fiber dlameter histogram parameters., Devlation is
deflned by equation 3-9. The actual parameter values are
given on the separate axes below the graph. Deviations
for changes in STD are found for two conditions: (1)
Total number of fibers in the histogram constant, (2)
Maximum number of fibers 1n the histogram constant. The
points on the graph that correspond to the CAPs 1n
figures 3-2 and 3-3 are labelled.
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rors in this measurement and-the dependence of the CAP
‘waveform on the conductionidistance are both of interest.
Figure 3-5 demonstrates the effectlof increased conduc—
tlon distance on the CAP. As the distance increases by
20% and 40%, the dispersive effects cause the increased
delay to the start‘of the CAP and the increased duration
of the CAP..

In figure 3-6 the deviation is plotted for varia-
tions of cohduction distance (DIST), the conduction velo-
clty constant (CVC) and the conduction velocity exponent
(CVE). These three parameters are conéidered together
because they only affect the CAP by chanéing the t1 of
the component axon potential waves (équations 3-4 and
3-5). Although the CAP deviation 1s highly dependent on
CVE, most authors agree that CVE is unlty. Changes in
DIST and CVC both affect the CAP devliation to a roughly
similar extent. While both DIST and CVC are clearly im-
portant pérameters it is interesting to observe that for
proportionally egual increases in DIST and CVC, the
CVC deviatlon 1s larger, while for decreases in DIST
and CVC, the DIST deviation predominates over the CVC
deviation. Reference to equations 3-4 and 3-5 reveals
that DIST and CVC do have an inverse effect on the t,.

The ef'fect on the CAP of myelin thickness, repre-
sented by é(di), is glven in figure 3-7. The default

functional relationship glven in flgure 3-TA is
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Flgure 3-5. Reconstructed CAPs for three conduction
distances (DIST). A. CAP for the default parameters
in table 3-1. B. CAP for DIST 1increased to 7.2 cm.
(20%)., C. CAP for DIST increased to 8.4 em. (40%).
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points on the graph that correspond to the CAPs in
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linear'g(di). C. and D. CAPs for two constant values
for g(di).
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developed from a plece-~wlse linear regression of the data
for the ratlio of axon to flber dlameter versus fiber dia-
meter gilven by Gasser and Grundfest (1939) in their

flgure 12. The CAP found by fitting the same data with

a single regress}on iine 1s given in figure 3-7B. The
very small 0.0004 deviation and the close fit of the two
CAPs in figure 3-7 indicate no significant differences.
Recent measurements'of myelin thlckness with an electron
microscope, particularly by Schnepp and Sphnepp (1971),
indlcate that relative myelin thickness 1is nearly constant,
except for random fluctuations, between 0.6 and 0.7. The
CAP for a g of 0.7, labeled C in figure 3-7, deviates

from A by only 0,017. The CAP denotéd by D in the figure
is for g equal to 0.6 (deviation of 0.264) and corresponds
to the g that Rushton (1951) theoretically predicted for
maximal conduction velocity.

AXON POTENTIAL WAVE PARAMETER ANALYSIS

The parameters that influence the vi(t) are studled
fPr triangular axon potential waves. The base of the
triangle 1s increased by 20% and'ud% and the helght of
the triangular potential is reduced accordingly to main-
taln constant triangular area. The CAPs reconstructed
for these conditions are shown in figure 3—&. Stretching
out the axon potential wave results in only a small

disperslve effect on the CAP.
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Pigure 3~B8. Reconstructed CAPs far three axon potential
wave durations (APD). A. CAP for the default parameters
in table 3-1. B. CAP for APD increased to 0.48 msec.
(20%). C. CAP for APD increased to 0.56 msec. (40%).
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Flgure 3-~9 shows the relative effects on the CAF
of changes in the axon potentlal height exponent (APE),
the axon potential duration (APD), and the axon potential
rise time (APR). The APE parameter affects vi(t) accord-
ing to equation 3~3 by changing the amplitude of the axon
potential wave differentially so that some change in CAP
shape does accompany the large change in the amplitude
of the CAP. This large change in amplitude 1is primarlly
responsible for the large deviation for changes in APE.

As figures 3-8 and 3-9 show, the axon potential
wave duration does not seriously affect the CAP. The
points in figure 3-9 that correspond to the CAPs 1In figure
3-8 are labeled. |

Finally, the axon potential rise time (APR) pro-
duces only a 0.004 deviation when increased or decreased
by 50%. APR is the least influential CAP parameter
studied.

The posslble effect of the sharp angles in the
trlangular axon potential wave approxlimation 1is exam-
ined by assuming a smooth axon potential wave with
approximately the same shape. The results shown in
figure 3-10 indlcate that such changes 1in the detaiis of
the axon potential wave have very little effect on the CAP.

The deviation for the smooth axon potential is only



58

.69
1.4+
1.2+
'lO.
=
Q
& os-
-
T3]
O 0.6+
0.4'
0.2
3-BA
! | ! i
04 f—-—ﬂ-u!‘l.asﬂ‘?/‘ az i)
50 0 10 20 30 40 50
% VARIATION
1 L] T T L]
0.5 0.75 .0 .28 ]
o APE
I 4 1 )
0.2 0.3 0.4 0.5 0.6
# APD, msec,
f . T 1 T 1
0.05 0.075 0.1 Q.125 0.15
a APR, msec.

Figure 3-9. Deviatlon for equal percentage variatlons in
the axon potential wave parameters. The actual values
for the axon potential height exponent (APE), axon
potential duration (APD) and axon potential rise time
(APR) are glven on the separate axes below the graph.
The points on the graph that correspond to the CAPs in
figure 3-8 are labelled.
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Figure 3-10. Reconstructed CAPs for triangular and smooth
axon potential waves. The default reconstruction para-
meters in table 3-1 are used for the two -CAPs shown. The
CAP plotted with a solid line is reconstructed with the
triangular axon potential wave. The CAP plotted with a
dotted line is reconstructed wlth the smooth dotted
line axon potential wave shown in the inset.
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0,003, The triangulay axon potential wave 1s used for
all results in Chapter ITI; and the smooth axon poten-
tial wave 1s used for all results 1n Chapters V and VI.

PARAMETER VARIATIONS FOR NORMALTZED CAPS

Each CAP 1s scaled, in all the above CAP recon-
structions, with respect to the default CAP; so that
relatlve magnitudes are preserved. Although the default
CAP 1s normalized, all the CAPs reconstructed for para-
meter wvariations are not normalized individually.

Since all the CAPs given later are self-normalized,
the relative influence of the most importanf reconstruction
parameters on the self-normalized CAPs 1s examined. The
deviation ié found agaln for variatibns in the five para-
meters that resulted In the largest deviations in the
previous non-normalized studies (MFD, DIST, CVC, CVE. and
APE). The results for normalized CAPs are plotted in
figure 3-11. |

Decreasing the mean fiber diameter (MFD) of the
gausslan dilameter histogram produces a larger deviatlon
in normalized CAPs (figure 3-11) than for scaled CAPs
(figure 3-4). On the other hand, increases in MFD re-
sulted 1n larger'deviations for thé scaled CAPs. |
Similar observations apply to the results for variations
of the conductlon velocity constant (CVC) and the con-

ductlon velocity exponent {(CVE) except that differences
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Figure 3-11. Devliatlon for equal percentage variations in
reconstruction parameters for individually normalized
CAPs. The deviations in figures 3-4, 3-6 and 3-9 are
for CAPs that are scaled with respect to the default
CAP. Note that deviatlons for the axon potential height
exponent (APE) are very small.
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in deviation for normalized versus scaled CAPs are
conslderably less than for MFD (compare figures 3-11,
3-6 and 3—&); For decréasing conduction distance (DIST)
the deviation ls larger for scaled CAPs than for normal-
ized CAPs, while for inereasing DIST the opposite differ-
ence 1s observed.

| The most signiflcant difference between the magnitude
of the deviation for normalized versus scaled CAPs is ob-
served for the axon potential wave exponent (APE) in

equation 3-3:

APE (3-3).
i

vi(t) = v(t)- d |
The APE parameter affects only the amplitude of the vi(t)
for each different diameter, di’ The exponential relation-
ship makes the vi(t) very sensltive to changes in APE and
note that because the di are different, the amplitudes of -
the vi(t) are different unless APE 1s éero. The maximum
deviation in the normalized CAPs for APE (figure 3-11) is
0.004 while for the scaled CAPs (figure 3-9) the devia-
tions for APE 1is much larger. Apparently, at least for
the gausslan dlameter histogram, the relative differences
in the vi(t) for changes in APE are overshadowed by the
proportional increases in the vi(t) that are eliminated
by normalization. Thus, for normalized CAPs, all of the

axon potential wave parameter variations result in only

very minor CAP deviations.
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OPTIONAL MODEL FEATURES

Table 3~2 1iéts some optional model features that
have been studied. The simulated conditions could affect
correlatilons between experimentally récorded CAPs and
anatomlcally derived fiber diameter histograms. The
optlional features given in table 3-2 are not in effect
except when studied and comblnations of the features are
not studied simultaneously.

ALTERED FITBER DIAMETER HISTOGRAMS

The first category of optlonal features includes
deletion of fibers from histograms and simulations of
tissue shrinkage. Filgure 3-12 shows the effect on the
CAP of deleting all but the largest 10% and all but the
smallest 10% of the fibers in the gaﬁssian test histogram.
The response for the largest fibers (figure 3-12B) is
considerably_larger than the response for the smallest
fibers (figure 3-12¢). This difference reflects the
larger amplitude of the vi(t) for the large fibers that
equation 3-3 requires. Figure 3-13 illustrates quantita-
tively, 1n terms of deviation, the relative -effects of
deletling anﬁincreasing percentage of all the largest or
all the smallest fibers. It 1s clear that CAP recon-
‘structions are conslderably more dependent on large fibers
than on small fibers. ©Studles wlth several published
anatomical fiber diameter histograms that have relatively

more small and large filbers show an even greater differ-
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TABLE 3-2

OPTTONAL MODEL FEATURES

" FIBER DIAMETER HISTOGRAM

A. Deletion of Selected
Fibers

B. Shrinkage

NONHOMOGENEQUS NERVE

~ BUNDLES

A. Single Flber Tapering
B. Single Ilber Branching

C. Cross Section Dlameter
Distributlion Bilas

SYMBOL
DEL

SHK

TPR
BRAN
BIAS

DEFAULT

None

None

None
None

None
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Figure 3-~12. Reconstructed CAPs for large and small
fibers. A. CAP for the default parameter values in
table 3-1. B. CAP for the largest 10% of the fibers

in A.
Al

C. CAP for the smallest 10% of the fibers in
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smallest fibers are deleted in the diameter histogram
in figure 4-12B.
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ence between the relative contrlbution of fibers on each
slde of the histogram.

Estimates of tissue shrinkage during histologlecal
procedures wvarled depending on the procedures ﬁsed,‘the
type. of tissue studied and the method of measuring fibers.
Hursh (1939) estimated overall fiber shrinkage to be 7.9%.
Both Sanders (1947) and Schnepp, Schnepp and Spann (1971)
estimated shrinkapge at 6 to 8%. There was no evidence
that shrinkage was differential; The histograms in this
thesls were not corrected for shrinkage.
| The effect on the CAP of 10% and 20% uniform shrink-
age of all fibers is shown in figure 3-14. Although the
mean filber dlameter obviously decreases by the percentage
indicated, close dinspection of the histograms shows that
the bin wldth decreases also. Actually, shrinkage is
simllar: to decreasing the mean and the bin width of the
gaussian fiber diameter histqgram.

Shrinkage can exert a strong influence on the CAP,
as shown in figure 3-15. Comparing shrinkage in flgure
3-15 with variation of histogram mean in figure 3-4 shows
that shrinkage causes more deviation. For e;ample, at
20% varlation, the shrinkage deviation is 0.48 while his-
togram mean devliation 1s 0.35. This difference 1s not
particularly apparent when the corresponding CAPs in

flgure 3-~14C and figure 3-2B are compared.
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Figure 3-14, Reconstructed CAPs for fiber diameter histo-
grams that are altered to simulate the effect of
histological shrinkage. A. CAP for the default para-
meters in table 3-1. B. CAP for 10% uniform shrinkage
C. CAP for 20% uniform shrinkage.
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10 5 20 25 30 35 40 45 50
% VARIATION

SHRINKAGE OF ALL FIBERS (SHK)

TAPERING OF ALL FIBERS (TPR)
BRANCHING OF SINGLE FIBERS (BRAN)

CROSS~SECTION DIAMETER
DISTRIBUTION BIAS (BIAS)

Flgure 3-15., Deviation for equal percentage variations
for simulated shrinkage and nonhomogeneous nerve
bundle simulations. Tissue shrinkage (SHK), tapering
of all fibers (TPR), branching of single filbers (BRAN)
and cross-section diameter distribution bias (BIAS)
are simulated. The points on the graph that correspond
to the CAPs plotted in figures 3-14, 3-16, 3-17 and
3-18 are labelled,



70

NONHOMOGENEOUS NERVE BUNDLE STMULATTONS

Three types of varlation in the structure of indlyid-
ual nerve fibers and their relative spatial distribution
have been simulated. The effect of all fibers tapering
between the stimulation and recording sites and the effect
of single fibers branching into two flbers, each with one-
half the diameter of the parent fibgr, have been examlned.
- Also, the effect of nonuniform distributions of the
varlious fiber dlameters within the nerve bundle cross-
section has been simulated. .

Although there is 1lilttle anatomlcal evidence to
suppeort signiflcant systematic fapering of fibers along
nerve trunks, Gasser and Erlanger (1927), Duncan (1934),
Pumphrey and Young (1938), Hursh (1939) and Sunderland
and Roche (1958) found size varlatlons along single fibers
without branching. While shifts in fiber diameter histo-
grams along the course of nerves have been reported by
Gasser and Erlanger (1927), Eccles and Sherrington (1930),
Donaldson (1934) and Rexed (1944), it is not possible to
separate the effects of fiber tapering from filber branch-
ing. Although extenslive tapering and branching does
occur close to the sensory or mofor end organ, 1t appearﬁ
that relatively little tapering and branchihg take place
in major nerve trunks.

The effect on the CAP of 10% and 20% tapering of all



the fibers 1s indicated in figure 3-16., The diameter
hilstegram 1abeled A 1s assumed at the site of stimulation
for all three CAPs. All the ‘fibers theﬁ taper progres-
slvely to smaller diameters at the recording site, as
Indlcated by the two other histograms. The three label-~
ed histograms 1n figure 3~16 are the same as the three |
correspondingly labeled histograms shown in figure 3-1}4
for fiber shrinkage. The difference then 1s that for
shrinkagé each_histogram represents the structure through-
out the entire length of the bundle under study, whereas
for tapering hlstogram A always represents the structure
at the stimulatlon site and the histogram along the

bundle shifts continuously toward smaller diameters, end-
ing at the recording site in the hilstogram shown for each
case. The CAP devlation for tapering 1is less than

the corresponding deviation for shriﬁkage because although
the vi(t) are ldentical for corresponding simulations,

the ti for'tapering increase less than for shrinkage.
Thus, the CAP 1s affected less by.tépering fibers than

by shrinkage as shown 1n figure 3-15,.

Several factors influence the CAP when some of the
fibers in a nerve bundle branch intoc two fibers. Naturally
the size of the two branches will affect both vi(t) and
ti for each branch. Only branches that are both one-~half
“the diameter of the parent flber are simulated here.

Also, the position of the branch point between the stimu-
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Figure 3-16. Reconstructed CAPs for simulations of
tapered nerve fibers. A. CAP for default parameters
in table 3-1. B. CAP for 10% tapering of all fiber
diameters between the stimulation and recording
sites. C. CAP for 20% tapering.
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lation and redording sltes will affect the t,. The
branch point position 1s variable in the simulatlons and
more than one positlon can be specified. Finally, the
number of flbers that branch and the dlameters of the
fibers that branch both affect the CAP. Although any
percentage of fibers can branch, only the case where all
parent fibér diameters have equal probabillities of branch-
Ing 1s considered. Fibers with dlameters less than two
mlcrons are not permitted to. branch because myelinated
fiber dlameters less than one micron are not generally
found in peripheral nerves. This is not a serious con-
st?aint because most histograms fﬁr peripheral nerves have
relatively few myelinated fibers less than 2 microns in
diamefer. Also, various compound effects such as repeat-
ed branching are not considered.

A simulation for 20% of the fibers branchlng at half
the distance between‘the stimulation and recording sites
is shown in figure 3-17B. Figure 3-17A shows the stan-
dard CAP and figure 3-17C simulates a nerve bundle with
histogram C effective at all points along the bundle.

The CAP labeled C also represents a nerve bundle wlth
20% branching at the stimulation site. Note the second-
ary wave 1in the CAP labeled C. The discrete peak on
the left in histogram C 1s responslble for the secondary

wave, Although curve B does not exhlbit a secondary wave,
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Figure 3-17. Reconstructed CAPs for simulated fiber
branching. A. CAP for default parameters in table 3-1.
B. CAP for 20% of the fibers branching at half the '
distance between the stimulation and recording sites.
C. CAP for default parameters except the diameter

histogram labelled C is assumed throughout the con-
duction distance.
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as the percentage of branching is increased or the
branching point is moved toward the stimulating electrode,
the secondary wave would appear. Other simulations show
that branching in the middle of the conductlion distance

is equivalent to spreading the branch points uni-
formly thfoughout the distance between the stimulating and
recording siltes. |

The effect on the CAP of different percentages of
branching at half of the conduction distance 1s shown in
figures 3-18 and 3-15. Note that in terms of deviation,
the type of branching considered here has less influence
on the CAP‘than-tapering or shrinkage.

Finally, 1t is possible that nonuniform spatial dis~-
tributions of fiber diameters within the nerve bundle
cross-section could affect the CAP recorded by an elec-
trode on the perimeter of the bundle. For example, if
all the large fibers are peripherally located within the
cros#section and all the small fibers are in the center,
the large filbers might influence the CAP even more than
normall&) Although such an exteme bias in the distribu-
tion of fiber sizes within cross-sections 1s not seen
by anatomlsts, perhaps smaller biases such as Van Crevel
and Verhaart ﬁ1963) and Domovan (1967) found for the cat
optic,nérve and Birren and Wall (1956) found for rat |
.8clatlic nerve could be important. If the CAP is very

sensiltive to such a bias then even small deviations from
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Figure 3-18. Reconstructed CAPs for simulations of
branched nérve fibers. A, CAP for default parameters
in table 3-1. B. CAP for 10% of all fibers branching
at half the distance between the stimulation and
recording sites. C. CAP for 20% of all fibers branching.
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random distrlbutions could be significant. Such a blas
has been simulated by changing the diameter histogram to
reflect the depgree of nonuniformity in the spatial dis-
tribution of the flbers. A posltlve blas means that
large flbers are welghted more heavily than small fibers
wlth no change for medlium slze flbers. Conversely, a
negative blas means that small fibers are welghted more
heavlily than large fibers.

Flgure 3-19 demonstrates the effect of 100% posi-
tive and 100% negative bias. Essentially the gaussilan
diameter hlstograms are skewed sllightly to the right 1in
A and slightly to the left in C. The small changes 1n
figure 3~19 for complete blasing are peculiar to this
gausslan dlameter histogram that has relatively few large
and small fibers. Smaller percentages of posltive blas
for the gapssian dlameter histogram gave very little
deviation for the CAP as shown in figure 3-15. Positive
;00% and negative 100% blas applied to a uniform dia-
meter histogram (one containing equal numbers of all
dlameter fibers), shown in figure 3-20, have quite an
effect on the CAP. Thus the shape of the diameter his-
togram is particularly 1lmportant when the effects of

fiber blas are considered.
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Figure 3-~19. Reconstructed CAPs for non-random distri-
butlons of fiber diameters for a gaussian diameter
histogram. A. CAP for 100% positive bias (large fibers
weighted more). B. CAP for the default parameter values
in table 3-~1. C. CAP for 100% negative bias (small
fibers weighted more).
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Figure 3-~20. Reconstructed CAPs for non-prandom distri-
butions of flber dlameters for a uniform diameter
histogram. A. CAP for 100% positive bias (large fibers
welghted more). B. CAP for the default parameter values

in table 3-1. C. CAP for 100% negative blas (small
fibers weipghted more).



CHAPTER IV
ANATOMICAL FIBER DIAMETER'HTSTOGRAMS
Fiber diameter histograms for cat saphenous nerve
are requlred both for CAP reconstructlons and for evalu-
ating histograms predicted from recorded CAPs. The meth-
ods used to fix and embed the tissue, cut transverse sec- .
tions and prepare photomicrographs are described in Chapter
II. Digiltal measurements aof the coordlnates of polnts on
the perimeter of each fiber are utllized to compile fiber
dlameter histograms based on several estimates of fiber
dlameter.

PHOTOMICROGRAPHS AND DIGITAL MEASUREMENTS

A montage of low power photomicrographs taken from
~an entlire cat saphenous nerve transverse sectlon is
shown in figure 4-1. Note the 100 micron bar in the
lower left corner. Approximately 2500 myelinated nerve
fibers are visible in the six fascicles; the smallest
fascicle has 165 fibers and the largest has 574 fibers.

The eplneurium surrounding the fasclecles is areolar
connective tissue that contalins large globules of adipose
tiséue stained black. During the recording session,
sllver electrodes are wrapped completely around the out-
slde of the epineurium.

Although most of the myelinated fibers appear to be
cut trénsversely, there are some oblong fiber shapes

in several of the fascicles., These quasi-elliptical

80
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Low power photomicrograph of 3 1 micron thick

transverse sectlon of cat saphenous nerve. The whlte

Cat N

~2A

arrow polnts to the fasclcle shown at higher magnifica-

tion in figure 4

Figure i4-1
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fibers appear to be cut Obliquely. The sectlons photo-
graphed in this study are chosen for minimal obllqueness.
Also note that obllquely cut filbers tend to have nelgh-
boring fibers with simllar quasi-elliptical shapes. Ap-
parently the relatlive positions of fibers within a fascli-
cle change considerably over relatlively short distances.
Observe that a "flow" of fiber orientations can be seen
within the fascicles and the direction of this flow
changes considerably withiﬁ the large fascicles.

The small féscicle indicated by the whlte arrow in
figure 4-1 is shown at higher magnification in figure
h-24. The fibers are ldentified arbitrarily by sequential
numbers in groups of 100.

Tew fibers have clrcular shapes. Several fibers
have convoluted shapeé such as number 22 (black arrow)
near the upper right hand corner of the photograph.

These filbers are proﬁably cut close to a node of Ran-
vier. Several studles 1lndlcate that the myelln becomes
fluted close to nodes of Ranvier (Webster and Spiro,
19603 Williams and Landon, 1963; Spencer and Lileberman;
1971). Williams and Landon (1963) found paranodal fibers
to have typically "four ridges with interwvening grooves"
and "three or five ridges (are) seen occasionally." In
the tissue prepared for this study convoluted fibers

wlth five ridges are most common. Flbers cut at the

.level of the Schwann cell nucleus or Schmidt-Lanterman
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Figure 42, A. Photomicrograph used to make perimeter mea-
surements. Reduced by 2.4. B. CalComp plot of perimeter
data from A. Reduced by 3.0.
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clefts typically have noncircular cross-sectlons (Sunder-
land and Roche, 1958; Babel, Bischoff and Spoendlin,
;970). The shape and appearance of the fibers in filgure

" 427 are typical of filbers in miany photomicrographs pub-
lished in the 1liliterature,

Flgure 4-2B is a -photograph of a CalComp computer
generated plot of stralght lines befween the coordinates
of points digltlzed on the perimeter of each fiber. The
crossed lines and symbols are described shortly. Unfor-
tunately, the photographilc magnification was less for
figure 4-2B than for filgure 4-2A; the actual CalComp
plot does superimpose on the photomicrograph used to
digitize the perimeter polnt coordinates.

Figures 4-3A and U-3B show respectively a portion
of a faseclcular photomlcrograph and the-correéponding
CalComp plot at the same magnification. The longest of
the two mutually perpendicular lines inside each fiber
in figure U4-3B is drawn between the two points on the
perimeter that are the fartheét apart (major chord).
This major chord would be the ma)Jor axis of an ellipse.
The longest chord perpendicular teo thls major chord is
computed and plotted., This minor chord would be the
minor axls for an elliptilcal perimeter. The small tri-
angle inslde each fiber glves the locatlon of the cen-

trold of the flber,
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Figure 4-3. A. Photomiecrograph for part of a fascicle
at higher magnification. B. CalComp plot of perimeter
data from A at the same magnification. The longest
chord plotted inside each fiber 1s the major chord.
The chord plotted perpendicular tc the major chord 1s
the minor chord. The triangle plotted inside each
fiber gives the location of the centroid of the fiber.
The small "x" plotted on each flber perimeter desig-
nates the arbitrary starting point for the dlgltization.
Both' reduced by 1.7. .
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PRIMARY ESTIMATES OF FIBER DIAMETER

The word."diameter" 1ls deflned 1n Webster's Diction-
ary as 'the length of a stralght llne through the center
of an object." The term "center" 1s defined as "the
polnt equidistant or at the average dlstance from the
exterior points of a circle, sphere or other geometrical
figure." Apparently the term diameter can be appliled
to noncircular objects; however, these definitions do
not indicate how the diameter of an irregular closed
figure should be measured. The problem of how to deter-
mine fibér diameter ls further compllicated by the exist-
ence of quasl-cylindrical fibers that are cut obllquely to
glve quasi;elliptical.shapes.

Estimates of the fiber dlameter are obtalned from
digital computer analysils of the series of point coor-
dinates on the périmeter of each fiber. Tour primary
estimates of fiber dlameter are presented in thils sec-
tlon. - Secondary estimates are consldered in the next
section,

Four filber dlameter histograms based on different
estimates of filber dlameter for gat N are plotted in
figure 4-U4, Data from all the 2496 fibers shown in
figure 4-1 are included. The ordinate variable is the
per cent of the total number of flbers and the absclssa

1s the flber diameter, glvén in microns. The bin width,
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Ad, is 0.25 microns. All fibers with diameters greater
than 20 microns are lumped into the 20 micron bin.

The perimeter of - each fiber 1s the sﬁm of the dis-
tances between sequentilal points on the perimeter of
the fiber. The dlameter of a circle wilth equivalent
perimeter is glven by the perimeter/w. The hlstogram
in figure 4-4A is based on this estimate of fiber dila-
meten. lThis hlistogram appears to have three major peaks.
Nearly two per cent of the fiber diameters are greater
than or equal to 20 mlcrons. Since the perimeter of
obliquely cut flbers and paranodal fluted fibers 1s
larger than the corresponding internodal cylindrical
perimeter, this histogram is probably blased somewhat
toward large diaméters.

The area bounded by the perimeter 1s computed with
a specilal algorithm, that can accommodate invaginated
perimeters. The diameter of a circle with equivalent
area 1s glven hy two times the square root of the areé/ﬂ.
The dlameter histogram based on thils estimate of f{iber
diameter is plotted in figure U-UB. There are two
disfinct ﬁeaks in the histogram with perhaps a small third
peak at about 9 microns. Relatilvely few flber dlameters
greater than 16 mlicrons are present. Like flber peri-
meter, flber area increases when the fibers are cut

obliquely, However, for convoluted fibers, the area does
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not increase as rapldly as the periméter. The hisﬁogram
'based on area has é more narrow and taller small fiber
peak than the hlstogram based on perimeter. Also note
that thils area-based histogram is not blased toward large
fibers as much as the perimeter estimate histogram.

The hilstograms in flgure 4-4C and 4-4D are based on
the mlnor and major chords, respectively, and are quilte

different. The major chord, X 1s generally the largest

23

of these four estimates of fiber dlameter and 1s perhaps

reasonable only for nearly round fibers. For obliquely

cut flbers and fibers with irregular shapes the major

chord is clearly too large an estimate of fiber diameter.

The histogram based on the major chord in figure 4-U4D has

the smallest peaks and is skewed toward large dlameters

more than any other histogram in figure 4-4. Four per

cent of the fibers are greater than or equal to 20 miecrons.
The diameter histogram in figure U-U4C, based on the

minor chord, X 1s the estimate that should be least

1
biased'ror obliquely cut flbers. The minor chord of a
quasi-élliptically shaped fiber 1is approximately equal to
the diameter of a correspénding obliquely cut cylinder.
However, fibers cut at the level of the. Schwann cell
nucleus are generally indented by the nucleus and conse-

quently the minor chord 1s less than the diameter else-

where in the internodal reglon. Also, many quasi-
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elliptical flber cross-sections may result from ellip-
soldal flbers that are actually cut transversely. In
such cases the minor chord 1s an unreasonabiy low esti-
mate of fiber diameter. These considerations indicate
that perhaﬁs the diameter histogram based on the minor
chords 1s blased slightly toward small dlameter flbers.

Saphenous nerve data from cat M are plotted in figure
4-5 for the same four primary estimates of fiber diameter
consldered above. The general form of the histograms for
each estimate of flber dlameter 1s similar and the comments
made above apply, except that only two discernable peaks
are apparent in the histograms in figure 4-5.

Several general observations apply to differences
between the two nerves for all four primary estimate histo-
grams. In figure 4-6, the histograms in figures 4-4 and
-5 are plotted together. The largest peak for small
fibers 1s slightly taller and occurs at a slightly smaller
diametqr for cat M. Also, the valley between peaks is
lower 1in all four histograms for cat M. The other main
peak 1n each histogram for larger fibers 1s shifted
slightly toward larger dlameters for cat M. Finally, the
number of fibers that are greater than or equal to 20
microns in diameter is greater for histograms from cat M.

SECONDARY ESTIMATES QE FIBER DIAMETER

Many other estimates of flber dlameter can be
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computed from the fouyr baslc estlmates consldered above
and additional informatlon, such as the posltion of the
fiber centroild and the slope of the major chord. Several
such derived estimates of fiber dlameter are consildered
‘below. |

Since the major chord often glves an unreasonably
high estimate of fiber diameter, and the minor chord a
somewhat low estimate, any function of these two chords
that always gives an intermedlate value may be a reason-
able estimate of filber dilameter., As clted in the intro-
duction, several authors estimate flber dlameter by the
arlithmetiec mean of what they call the mutually perpendic-
ular maximum and minimum diameters (Sanders, 1948; Evans
and Vizoso, 1951; Wasano et al., 1962; Hutchinson, Koles
and Smith, 1970; Webster, 1971; Schlaepfer and Myers,
1973). Gasser and Erlanger (1927) state they used the
geometric mean of the mutually perpendicular maximum and
minimum diameters.

For cat N, histograms compiled for the arithmetic,
geometric and harmonic means of the major and minor

chords (Ma, M Mh) are plotted in figures 4-7A, U4-7B, and

g’
4~7C. 'The symbol Xl represents the minor chord and X2

represents the major chord. Cauch's principle (Diem, 1962)

states that for these three means: MaZ M 2 Mh, where the

g
equality signs are valild only when X1=X2. The three histo-
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1
grams are qulte similar, although for the arithmetic

mean the large peak for small fibers 1s tallest and the
possible appearance of a small intermediate peak at about
9 microns 1s slightly more evident. Also note that the
number of flbers greater than 16 microns in dlameter is
largest for the arithmetlc mean.

For the data from cat M, histograms for the arith-
metic, geometric and harmonic means of the major and
minor chords are shown in figure 4-8. The height of the
tallest peak for small fibers did not become lower for
the geometric and harmeonic mean histograms in figure 4-8
as they did for cat N in figure 4-7. Note that the number
of fibers greater than or equal to 20 mlcrons in diameter
increased for the gecometric and arithmetic mean histograms.
The possible emergence of a third intermedlate peak at 9
to 10 mierons 1n all three histograms of figure L-8 1s
interesting because such peaks are not outstanding in the
simple minor and major chord histograms in figures 4-5¢C
énd 4-5D. For all three means in both nerves, the peak
In the histograms for small fibers 1s higher than the
tallest peak 1in either the corresponding simple major cor
minor chord hilstograms.

A simple method of correcting the area estimate.of

. fiber dlameter for quasi-elliptical fiber cross-sectlions

1 .
No attempt was made to dilstinctly ildentify the three
curves In flgures 4-7D and 4-8D.
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1s shewn in figure 4~9. Note that the ordinate variable
1s the actual number of fibers in each bin of the histo-
gram. Thils change in the ordinate variable is made to
permlt the ldentification of the numbér of fibers involved
in changes in the histograms. The light dotted line his-
tograms are the same as the simple area estimate hilstogram
shown in figure 4-4B for cat N. If the ratlo Xl/}{2 is
less than the indicated value on each graph, the fiber
area 1s reduced by the ratico of the area of a circle wlth
dlameter Xl, to the area of an elllpse with minor axls Xl '
and malor axls Xa. The areas of flbers with a ratio

Xl/X2 greater than or equal to the indicated value are not
affected. FPFlber dlameter is computed in the usual way as
two times'the square root of adjusted area/mw. In figure
4-9 the wide solid line histograms are compiled by assum-
ing the indicated values for the ratlo, lexz, in the
anal&sis described above.

When X2 is more than twice Xi, as shown in figure
4-9A, a plle of [fibers emerges at about 3.0 microns
primarily at the expense of the number of filbers in the
tallest peak In the histogram. Note that the central
portion of the histogram is affected the least and that
fewer fiber diameters greater than 16 microns are preseat.
All the fibers in the 20 micron bin for the histogram

based on simple area are adjusted to smaller diameters in
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figure 4-9A. This indicates that these apparently very
large flbers have elliptilcal shapes.

Several shifts in the histogram occur as the ratilo
XI/X2 increases toward unity. The new peak at about 3
mlcrons continues to increase at the expense of larger
fibers. Thls peak does not shift progressively to smaller
dlameters as the ratlio lncreases, but grows in amplitude
at approximately the same position. The peak for large
fiber dlameters does shift toward smaller diameters with-
out much change in ampliitude. In figure 4-9D the area of
all fibers ls adjusted., The adjusted hilstograms in figure
§-9C and 4-9D are very similar. This may result from the
fact that fibers with a ratio Xl/X2 greater than 0.83 are
nearly circular and therefore are affected very little by
adjustment procedure, It is also possible that very few
fiberé have ratios of Xl/x2 between 0.83 and 1.0. Figure
4-.15B, presented later in this chapter, does indeed show
that most ratlos of Xl/X2 are less than 0.83.

.The same area ddjustments described above are applied
to data from cat M and the results are plotted in figure
4-.10. The principle features of the outcome are very
simllar to the results given in figure U4-9 for cat N. One
difference 1s that the valley between the two major peaks
in figure 4-10 rises more than the wvalley in figure 4-9,
desplte ldentilcal lncreases in the ratio xl/x2 used to
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control the adjustments. Also, slightly less sh;fting of
the peak for large filbers 1s apparent in fipgure 4-10B than
in figure 4-9B, Furthermore, additional large fiber
shifts occur in figure 4-10D that are not present in figure
4-~10cC.

The simple area adjustment procedure described above
utilizes addltional information from each indlvidual
fiber to attempt to correct for obliqueness. When data
from single fibers are examined Individually, 1t seems
there 1s no way to differentiate between an obllquely cut
cylindrical fiber and a non-cylindrical flber that is cut
transversely. The following nelghbor analysis adjustments
are based on the obgervation that obliquely cut fibers
tend to have obliquely cut nelghbors with some simllar
characteristics that do not depend on fiber diameter.
Since all fiber perimeters in each fascicle are measured
wilth respect to a common origin, information concerning
the relative positions of all flbers within a fascicle 1is
avallable The posltions of the fiber cross-sectlon cen-
trolds can be used to ldentify neighboring fibers so that
selected propertles of nelghboring flbers can be examined.
A neighbor flber is considered only if the distance
between the two flber centroids 1is less than or equal to
20 mlerons. The difference between the slopes of the two

major chords 1s examined, or the difference between the
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two ratios Xl/X2 1s considered. Any combination of these

two differences can be used to determine the extent to
which the area 1s adjusted for obliqueness, as descrlbed
above for flgures 4~9 and U-10,

Only the slope of the major chord in neighboring
fiibers is examined for the histograms in figure 4-11. 1If
the two slopes differ-by more than 5° (figure l4-11A), then
the welght of that neighbor is zero. If the difference 1s
less than or equal to 5°, then a welght of one is assigned
for that neighbor. The sum of all the weights is divided
by the number of neighbors to determlne the degree of area
adjustment Eased on the ratio of the area of a cirecle with
diameter Xl, to the erea of an ellipee.with minor axis Xl
and major axils x2. If all the nelghbors receive a weight
of one then'the adjustment for that fiber is the same as.
the slmple area adjustment previously described. If all
the nelghbors recelve a weight of eero then no adjustment
1s made.

This method has the capabillty to differentiate
between most quasi-ellipitical fibers that are cut cblique-
ly and fibers that actually have quasi-elliptical cross-
sectlons,

Nelghbor analysls. adjustment of fiber area results

in the diameter hilstogram shifts shovn in figure 4-11,

for several angular dilfferences between nelghhoring
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mgtor chords, .The histograms for progressive doubling

of the allowed angular difference in the nelighbor analysis
show mainly a simple shlft toward smaller dlameters that
1s remarkably similar for all fiber dlameters. The
apparent changes 1n histogram shape are a slight decline
in the height and increased width of the largest peak for
small diameter fibers. Also, the wilidth of the peak for
large fibers decreases.

Instead of considering only the major chord slope in
nelghboring fibers, the differences between the ratios
X1/X2 in each flber and 1ts neighbors can be used to ad-
Just fiber area for obliqueness. The other aspects of the
neighbor analysls method are the same as described above.
The allowable difference in the ratios xl/x2 1s doubled
three times To produce the shifts in the dlameter histo-
grams shown in figﬁre h-12. As for adjustments based on
neighbof major chord slopes, the histograms in figure
4-12 shift to the left an amount that 1s remarkabiy the
same for gll fiber diameters in each histogram. The
width of the tallest peak lncreases, while the width of
the peak for large fibers decreases slightly.

In figure U4-13 both the slope of the major chord and
the ratio X1/X2 are conslidered simultaneously with equal
welght. The parameters used for the neighbor analysis

adJustment in figure 4-13A for cat N are the same as the
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AREA ADJUSTED BY NEIGHBOR ANALYSIS
Ag=)0°

159,

Cat N

120.

9.

' NUMZER OF FIBERS

2.

120.

20,

NUKBER OF FIBERS

ol

. 8. 12. 16
FIBER DIAMETER (MICRONS)

Figure 4~13. Histograms based on area adjusted-by neilghbor
analysis (solid line) A9 is the angle between neighbor-
ing major chords. /X is the difference between
neighboring ratics. %he dotted line histogram. ls based
on area.
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values used individually in figures 4-11B and 4-12B.

It 1s neot surprising that the results for this combination
of the two obliqueness indleators 1s similar to the results
for each indlcator used separately. The application of

the same kind of nelghbor analysis to data from cat M

gives a similar result, as shown in figure 4-13B.

Certainly more complicated schemes could be contrived
to selectively adjust the fiber dlameters. The develop-
ment of such schemes seems pointless in view of the scant
knowledge of the sterology of families of quasi-eylindrical
oriented structures. Currently, only a qualitiative}evalu—
ation of the parameter values for the nelghbor analysis
described above 1s possible.

HTSTOGRAM BIN WIDTH VARIATIONS

The wldth of the bins that authors used to complle
Plber dlameter histograms varied from 0.1 micron to 2
microﬁs (Appendix A). No Justification was generally
glven for the bin width used and the affects of bin width
on the histogram shape were ignored.

Figure 4-~14 shows four histograms compiled from the
same baslc data for 2496 fibers. The fiber dlameter is
based on area and the bin width 1s progressively halved
three times starting at one mlcron. Note that each time
the bin wildth 1is halved,'the scale on the ordlnate 1is

doubled, so that relative magnltudes are pfeserved.



108

‘N 3B) °"J°qQTJ UO®dS J0J B4ERp MBX ay3 woal Arageaedss psrtdwoo sesm weaBoasiy yoewm
*SUIPTH UTQ JUSIBIITP J40J PoTTdwod Bade U0 Paseq J939WRIP JOI SWeJIBOSTH ‘#T~f oan8Td

(SNOUITH) H3LZWUIO 3814
9t 21 ‘g “h

(SNOUIIH) Y3L3WYI0 Y3aIld
C _ o w __m & a » J
_quqadﬁhequ Y —ud ) ’
5 ) _ rm u-m
[ R fi 2 g
H 1R = -
ﬁh _ ] 2
ax_ 3 g
ﬁ_._ =2 g2
2 :
- =&
svou G21'0 = HLAIM NIB suenp g2°0 = H1AIM Nig
. e Q :" o |
i
(SNOWIIN) H3LZWHI0 ¥38[d (SNOHIIW) Y313WHI0 Yy381d

"0z *91 21 Kl * 0 R ‘91 ‘2t 8 “ g
E 3

3 2

‘g ']
..-W .HW
2 -

2 2

a4 e

sued ¢*0 = HLQIM NIE suodw '] = HIAIM NIig LA
al. vayzy vl




109

Much of the detall present in figure 4-14B for 0;5
micron bin widths 1s lost when the bin wldth is increased
to 1 micron for figure U4-14A. The histograms in flgures
4-14B and 4-14C have essentially the same shape, although
the histog?am for 0.25 miecron bin widfhs has some bins
that appear to fluctuate randomly. As the bin width de-
creases further to 0.125 microns in figure 4-14D the ordin-
ate sensitivity has increased enough to make the contri-
butlon of single fibers visible. The smallest lncremental
change in bin height among adjacent bins due to single
‘fibers is partiecularily discernable in filgure U4-14D between
16 and 20 microns. Note that the relative size of the
tallest bin in the peak for small fibers tends to increase
as the biln wldth decreases. The largest peak in the histo-
gram appears to shift to the left as the bin width de-
creases (compare figures 4-14A and 4-14C). Also, the
amplitude of the bin centered at 20 microns increases as
the bin width decreases. Apparently, this occurs because
a dlameter of exactly 20 microns 1s asslgned to all fibers
that have diameters larger than 20 microns. Undoubtedly
the measurement resolution 1is exceeded for 0.125 micron
bin wldths. The increasing Jaggedness in the histograms,.
as the bin width decreases, 1s accentuated by the progres-

sive lnecreases 1n vertical sensitivity.



110

MEAN RATIOS OF MINOR TO MAJOR CHORDS

Consider the possibliity that flbers in some particu-
lar size range have a greater tendency to be cut oblique--
ly. Histograms based on estimates of fiber dlameter that
are affected by obliquely cut fibers; would be different-
1ally biased if the degree of fiber obliqueness 1s diameter
dependent.

Figure 4-15B (so0lld line) shows the mean ratio lexa
for the flbers in each bin of the histogram in figure
4-15A, based on fiber area. The dotted line histograms
in figure U4-15B show the standard deviation of the ratios
xl/XE’ under the assumption that the ratios are normally
distributed within each bin. The dismeter histogram is
plotted directly above the mean ratio histogram so that
comparlsons can be made. When the bln amplitude in the
diameter histogram falls below 1/2 of one per cent, less
than a dozen flber ratios are used to compute the mean
ratio. Thus, 1t is not surprising that the standard de-
viation increases for bins below 3 microns snd above 15
microns. |

The mean ratio Xl/X2 1s highest at 0.7 for the pille
of fibers centered at about 11 micerons. The mean ratio
decreases slightly to 0.65 for the large number of fiber
diameters in the vicinity of 5 mierons. Thus, small

fibers have a slightly higher tendency to be cut obliquely
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than do large fibers. The mean ratio Xl/X2 decreases for
the few flbers that are greater than 1& microns. This
indicates that nearly all fibers greater than 15 microns
In dlameter are cut obliquely. There are large f{lucbtua-
tions in the mean and standard deviation for thesé fibers,
probably because so few extra large flbers are present.
Note also that the fibers greater than or equal to 20 mi-
erons have a particularly small mean ratio Xl/X2 of 0.3,
The standard deviation is not calculated for the 20 micron
bin,

MEAN DISTANCE TO THE PERTPHERY

The possibllity that fiber dlameters are not random-
ly distributed throughout the cross-section is examined
next. The distance in microns from the centrold of each
fiber to the closest point on the outside perimeter of
the eplneurium is calculated for each flber individually.
This is an estimate of the shortest distance from each
fiber centroid to the sillver recording electrode. In
figure U4-16B the mean distance to the periphery is plotted
(solld curve) for the histogram based on the area estimater
of fiber diameter in figure U4-16A. The dotted line histo-
grams in figure 4-16B show the standard deviation of the
distances to the periphery for each bin, assumiﬁg the
distances are normally distributed within each bin. The

standard deviation for the 20 micron bin 1s not computed.
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The mean and standard deviation of the dlstance to
the per;phery remaln qulte constant from about 3 microns
to 14 microns. Tt i1s not surprising that many of the fi-
bers larger than 14 microns have long distances to the
periphery. Flgure 4-1 shows that many of the very oblique-
ly cut fibers 1n the three largest fascicles happen to be
toward the center of the whole nerve. Also, the standard
deviations for bins below 3 microns and above 14 microns
are 1lncreased, probably because the number of fibers in
these bins is small.

SEQUENTIAL SECTION HISTOGRAMS

Measurements from serial sections of single fibers
have shown that considerable variation in diameter occur
(Duncan, 1934; Hursh, 1939; Sunderland and Roche, 1958).
_Sundefland and Lavarack (1953) site evidence that slight
shifts in diameter histograms have been found ln sections
taken at different levels. Apparently histograms have
nét been complled for serial sectlons or sections taken
at short intervals.

A small fascicle is sectloned nine times at 0.1 mm.
intervals to provide some data for the study of filber
dliameter histogram variaﬁion. The number of flbers iden-
tified and measured in the nine sections varies from 162
to 167. This very small fasclcle contains only aboiit

6.5% of the myelinated flbers present in the whole
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saphenous nerve. The previous higtograms are complled
from measurements on a total of 2496 or 2217 fibers in a
single section.

The solid curve in flgure h-17A is the mean histogram
based on the major chord for the nine sectlons described
abeve; The relatively small numbers on the ordinate scale
indlicate that the number of fibers in any bin 1ls small.
The bln wldth 1s increased to 0.5 microns for these histo-
grams. The two dashed curves in figure 4-1T7A represent
- the standard deviation of the nine values available for
each bln, assuming the values are normally distributed.

In figure 4-17B the same mean histogram (solid line) and
the standérd error of the mean (dashed curves) for the
major chord are plotted. Both the standard deviation
{(STD)} and the standard error of the mean (SEM) increase
as the dlameter decreases. Although considerable varia-
tion occurs, the number of fibers in any bin is small and
the bin width is close to the resolutlon of the 1ight
microscope. When the mean minus the STD or SEM is nega-
tive, the ﬁrdinate 1s set equal to zero,

Filgures 4-17C and 4-17D are simlilar to flgures 4-17A
and 4~17B respectively, except that fiber dilameter 1s
based on the minor chord. The STD and SEM both increase
as the dliameter decreases. Also note that the STD and

SEM decrease as the mean value decreases for small fibers.
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For example, the wvariation near U microns in figure U-17A
and 4-17B 1s much less than the varliation near 8 microns.
The slightly larger maximum STDs and SEMs for the minor
chord may simply be related to larger mean ordinate
values.

The wariations for hjistograms based on area and area
adjusted by neighbor analysis are given in figure 4-18.
The parameters used for the nelghbor analysls are the same
as for figure 4-13. The degree of variation seen in figure
4-18 1s similar to that observed in figure 4-17 for dif-
ferent estimates of filber diameter. Note that the varia-
tlon for adjusted area from neighbor analysis is not
substantially less than the variation in histograms based
on simple area. Though not shown, the variation in the
hlstograms for these data based on perimeter is similar
to the variation in figure 4-17 and 4-18.

- REPEATABILITY OF DIGITAL PERIMETER MEASUREMENTS

The repeatabllity of flber dlameter measurements is
never discussed in any of the papers listed in the intro-
ductory sectlion that deals with techniques for measuring
fiber diameters.

Figure #-19 illustrates qualitatively the repeat-
abllity of the measurement procedure used for this study.
Data from two independent sets of measurements on each

flber made by the author elght months apart are plotted
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» Mmajor and
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CalComp plot of fiber perimeters

Qf perlmeter measurements made on the sa

"minor chords, and centroids for two inde
graph. 163 fibers.

Flgure U4-19,
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together. The perimeter point coordinate resolution is
t 0.01 inches for both orthogonal”coordinates. The in-
cremental CalComp plotter step slze 1s less than 0.00%

Inches and the lline width 1s approximately 0.02 Inches.

The plot shows that, although the perimeters and
symbels match closely, some major and minor chords are
élearly different. Since thé major chord 1is drawn between
the fwo polnts on the perimeter that are the farthest
apart, the two major chords will coinecide only if the same
two ﬁoints on the perimeter are digitized both times. A
small change 1n the major chord can make quite a difference
ln the minor chord. Many fibers that exhibit two very
different major and minor chords are nearly round and
thus, any small difference in the actual points could
appreciably affect the chord potitions. The length of
the chords for nearly round fibers, howeyer , should not
be vastly different,

Statistics are given in table 4-1 for the differences
in dlameter computed (for each of the four basic estimates
of fiber diameter) from two measurements on each fiber in
figure 4-19. The differences in diameter for all 163
fibers 1in figure 4-19 are used to compute the mean dif-
ference in dlameter, the standard deviation of the dif-
ference (assumlng the differences are normally distribut-.

ed) and the maximum difference., Tt 1is clear that
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TABLE 4-1

Statistics for the differences in diameter for two
measurements on each fiber in figure 4-19, Differences

are given 1in microns.

Mean Standard Devigtion Maximum

Difference of Difference Difference
Perimeter 0.101 0.199 0.822
Major Chord 0.143 0.262 1.082
Minor Chord 0.180 0.332 1.659

Area 0.070 0.123 - 0.548
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dlameters based on area are least subject to varlation

while dlameters based on the minor chard vary the most.



CHAPTER V
COMPOUND ACTION POTENTIAL RECONSTRUCTIONS
Supramaximal monophasic compound action potentials
(CAPé) recorded from cat saphenous nerve are used to
evalua?e CAPs reconstructed from fiber diameter histo-
grams., This chapter 1is divided into three sections in
which (1) Recorded CAPs are presented, (2) CAP recon-
structlons from the diameter histograms in Chapter IV
are compared with recorded CAPs, and (3) CAP model para-
meters are optimized to reduce differences between
reconstructed and recorded CAPs.

RECORDED CAFS

The methods used to record monophasic CAP's on mag-
netle tape are described at length in Chapter II. A photo-
.graph of a single supramaximal monophaslc CAP recorded for
a conduction distance of 6.7 em, from cat N is shown in
figure 5-1. The voltage and time scales indicate that the
CAP is a low-level short duration biopotential. At the
time marked "S" a 30 psec. current stimulus is apﬁlied.
Following a 0.]5 msec. delay, the response occurs with
two major peaks. For this particular nerve and conduction
distance, a third small peak 1s present on the declining
portioh of the first major peak. These peaks are labeled
by Gasser and Grundfest (1939) in order of bccurence, as
d, B and 6.

123



124

*2p0a302T9 "3urpaooaa

ayy og HdEﬁHOhQ ‘wo L*9 SAJ5U .9Y] 03 PITTdde ST SNTNWF3S TBOTJI309T?d

JUBIIND JUEBASUOD *0a5 Tl gf sy3 usym awWL3 sYs SyJIBW ,8, N IBO WOIF
Tetausszod uotrgore puncdwoo pepdodad J3TIUTS ® Jo ydeafogoyd *T-¢ aan3td

ENEN-
EAYENAEEE
N

| vesw ¢ L | [

O O O 0 A A v

[l

L)



125

Thirty consecutive CAPs recorded at a rate of one
per second are averaged and plotted in figure 5-2 for con-
duction distances of 4.2 and 6.7 cm.(cat N). The relative
magnitudes are preserved for these two recordings. Note
that the inflectlon on the decline of the first major peak
in the CAP recorded at 6.7 cm. is not discernible in the
CAP recorded at 4.2 cm. of conduction. The small deflec-
tion below the time axlis near the origin 1s part of the
stimulus artifact. The CAPs do fall slightly below the
basellne following major peaks in the waveforms. These
.deflections below the baseline could not be eliminated
by: (1) Additional pinchlng of the nerve between the two
recording electrodes, (2) Application of heat to the
cut end of the nerve or (3) Application of isotonic KCl
to the cut end of the nerve. Thus, these waveforms are
assumed to be essentially monophasic,

The CAPs 1n figure 5-3 for cat M are recorded and
averaged for conduction distances of 4.3 and 6.8 cm.
The 2.5 cm. distance between the two stimulating elect-
rode pairs 1s identical for recordings from cats M and
N because the same rigld electrode fixture 1is hsed in
both experiments. Although relative magnitudes are
preserved within each figure for the two waveforms shown,

the larpest CAP in each figure is self-normalized.
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Figure 5-2. Average waveforms for compound action poten-
tials recorded at two conduction distances from cat N.
These curves are the average of 30 individual CAPs. The .
relative magnitudes for the two curves are preserved.
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Figure 5-3. Average waveforms for compound action poten-
tials recorded at two conduction distances from cat M.
These curves are the average of 30 individual CAPs. The
relative magnitudes for the two curves are preserved.
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There are several interesting differences between

. the CAPs recorded from the two anlimals under nearly iden-
tical conditions. The slightly longer conductlion distance
for the recordiﬁgs from cat Mlexplains at least part of
the larger latency in figure 5-3, Also, it is not sur-
prising that the latency difference is greater for the
last small peak that results from the small fibers.

The relative amplitude of the first peak in the
waveforms for the longer conduction distance is less in
figure 5-2 than in figure 5-3. Recall that the diff-:
erence in the conduction distance 1s the same for the
two experiments. This difference in relative amplitude ‘
could result from a broader distribution of the veloc-
ities (and also the diameters) for the fibers that con-
tribute to the first peak in figure 5-2 than in 5-3.

This explanatlon is supported by the cbservation that
the first peak for curve A in figure 5-2 1s broader
than the corresponding peak in figure 5-3, despite the
longer conduction distance in the latter.

The inflection on the decline of the first peak for
curve B in figure 5-2 is more pronounced than the inflec~
tlion for the corresponding curve in figure 5-3. This
occurs 1in spite of the longer conductlon distance for the
curve wlth less inflection (figure 5-3).

The smaller amplitude of the last peak for small

- flbers in figure 5-3 may result from two effects. First,
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the longer conduction distance for cat M ftends to
decrease the amplitude and spread out the contrlbution

of any pile of fibers. Second, the distribﬁtion of the
large fibers determlnes the amplitude of the tallest peak
and therefore, because the CAPs are normalilzed, the
amplitude of the small peak for each nerve is quite de-
pendent on the composition of the large fibers.

The recorded CAP waveforms plotted in figures 5-2
and 5-3 are the mean for thirty consecutive responses to
the same stimulus appllied at a rate of one per. second,
The variabllity of the response is 1llustrated in figures
5-4 and 5-5 for CAPs from cats N and M respectively.

The mean CAP and standard deviation of the mean are plot-
ted. A normal distribution of the thirty samples at each
point in time 1s assumed. The standard devliation is
small for all values of time in both figures. The varia-
tlion 1s slightly greater for ordinate values near zero.
Inspection of figure 5-1 shows that on a single CAP re-
cording some apparently random noise 1s present for small
ordinate values. The small variation in the CAP waveform
shape also indicates that the response 1s statlonary for
at least thirty seconds.

Equation 3-9 is the definitlion of the deviation for
reconstructed CAps with respect to the reconstructed CAP

for the default parameter values given in table 3-1.
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Figure 5-4. Variabllity of recorded CAP waveforms for
cat N. The mean and standard deviation for thirty

CAPs recorded one per second are plotted for the long
conduction distance (6.7 cm.).
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Figure 5~5. Variability of recorded CAP waveforms for
cat M. The mean and standard deviation for thirty
CAPs recorded one per second are plotted for the
long conduction distance (6.8 cm.).
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The deviation is redefined here by equation 5-1 for
reconstructed or recorded CAPs with respect to the mean

recorded CAP:

2
(v (1A8)-V  (iAt))
max max

recorded
2
D (1at))
max

i=0  pecorded

H_
i -
o

deviation (5-1)

The deviations, deflned by equation 5-1, for the standard
deviation from the mean in figures 5-4 and 5-5 are
0.00114 and 0.00145 respectively. These small deviations
show quantitatively that the variations in recorded CAP
waveforms 1s quite small.

RECONSTRUCTED CAPS

The deviations (as defined by equation 5-1) or re-
constructed CAPs from the mean CAP recorded for cat N are
given in table 5-1. One CAP is reconstructed for each
fiber ﬁiaméter histogram compiled for cat N 1n Chapter
IV. The name and figure number for each histogram are
giﬁen. The default biophysical and axon potential wave
parameter values given in table 3~1 are used for the
reconstructions except for the measured 6.7 cm, conduction
distance. The reconstructed and recorded CAP waveforms
are plotted for fiber dlameter histograms based on area
and adjusted area (Xl/X2$0.50) in figures 5-6 and 5-7

respectively. These figures show in detail the waveform
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TABLE 5-~1

Deviations for. CAP reconstructions based on fiber
dlameter histograms for the same nerve (cat N).

FIBER DIAMETER HISTOGRAM FIGURE DEVIATION

Perimeter -l 0.360
Area (Bin width=0.25 microns) k-4p 0.174
Minor Chord -y 0.488
Major Chord h-4p 0.742
Arithmetic Mean, Mg h-7a 0.257
Geometrlic Mean, M 4-7B 0.228
Harmonic Mean, My h-7¢C 0.194
Adjusted Area, X /X250 50 4-9a 0.136
Adjusted Area, X /Xg-o 67 4-9B 0.353
Adjusted Area, Xl/x2 0.83 4-~qcC 0.662
Adjusted Area, Xl/X 5£1.00 h-g9D 0.682
Neighbor, Area 28s5° o114 0.178
Neighbor, Area AB<10 4-11B ‘ 0.224
Neighbor, Area AB<20 y-11C 0.326
Neighbor, Area A8<H0° 4-11D 0.507

Neighbor, Area Xj3/X» 50 05 h-12a . 0.210
Nelghbor, Area Xj/X» _0 10 4h-12B 0.326
Neighbor, Area X /X £0.20 ﬂ-lzc 0.532

Neighbor, Area Xl/X250 4o -12D " 0.682
Neighbor, Area A6510°; X1/X%0.10  4-13A 0,260
Area Bin Width=1.0 microns 4147 0.175
Area Bin Width=0.5 microns L-14B 0.179

Area Bin Width=0.125 microns 4-14D . 0.172
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Figure 5-6. Recorded and reconstructed CAPs for cat N.
The fiber dlameter histopram was based on simple area
(figure U-4B) and the default biophysical and axon
potential wave parameters in table 3-1 were used. The
deviation was 0.174. :
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Figure 5-7. Recorded and reconstructed CAPs for cat N.
The fiber diameter histogram was based on adjusted
area with Xj;/X0¢0.5 (figure 4-9C) and the default
blophysical and axon potential wave parameters in table
3-1 were used. The deviation was 0.136. -
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differences that are responsible for two of the smaller
Qeviations in table 5-1. The relatively small deviations
in figures 5-6 and 5-7 apparently result from the close
fit for the tallest peaks for large fibers.

The larger deviations in table 5-1 for hilstograms
not based on area result primarily from poorer fits for
the large dominant peak in the CAP. Note that progres-
sively smaller means for the major and minor chords gilve
decreasing deviations. Table 5~1 alsc shows that‘the
deviation increases as all the types of area adjustment
"are applied to -more of the noncilrcular fibers. As the
diameter histograms shift toward smaller diameters for
these adjustments the reconstucted CAPs have larger
latencles and the deviation increases.

The second and last three entfies in tablé 5~1 show
that CAPs reconstructed from histograms based on area
with different bin widths all have approximately the same
deviation. This 1ndicateé that histogram bin width (see
figure 4-14) 1s not a eritical factor for CAP reconstruc-
tions. Recall that to obtaln smooth reconstructed CAPs,
the histogram 1s always interpolated linearly until the
bin width 1s 0.0625 microns.

Table 5-1 should not be used to select a best estim-
ate of fiber dlameter for histogram compilation. The

default values for the blophysical and axon potential wave .
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parameters, although based on the best information avail-
able, may be inaccurate. The deviations in table 5-1 .
would certainly be affected by the reconstruction para-
meter yalues. The results for Chapter III give some in-
dication of how the deviatlon measure changes as the value
of -each parameter is varied. It is important to realize
that the deviations 1n Chapter III are computed for a
gaussian fiber diameter histogram., Other types of histo-
: grams could yield quite different deviation values.

CAP RECONSTRUCTION PARAMETER OPTIMIZATIONS

The values of the CAP reconstruction parameters are
examined in this sectibn. An anatomical f[iber diameter
histogram and the recorded CAP from the same nerve are
both used to find reconstruction parameter values that
minimize the devliation deflned by equation 5-1.

One or more CAP model parameters'are optimized
based on caluclations of the unconstrained minimum for
the sum of the squared differences between the recon-
structed CAP and the recorded CAP. A rapid descent
method based on conjugate gradients for function minimi-
zation is used (Fletcher and Powell, 1963). This
algorithm finds a local minimum for a function of
"geveral" variables., If the funetion has more than one
minimum, the minimum found is unpredictable and may
depend on the initlal parameter values, Only obviously

inappropriate additlional minimums are encountered for
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‘the parameters studied below.

| The optimization program is terminated when the
deviation is less than or equal to the deviation computed
for the recorded CAP standard deviation shown in figures
5-4 and 5-5. The optimization is also terminated if the
deviation fails to decrease significantly for several
iterations.

The cholce of a fiber diameter estimate for the
histogram used in the parameter optimizations 1s important
because'the results wlll vary somewhat for different
histograms. The diameter histogram based on area adjusted
by neilghbor analysis for 28520 ° (figure 4-11C) 1s used
as the best available estimate of nerve morphology. This
.choicé is based primarily on the qualitative evidence
discussed in Chapter VII. The results in this section
and Chapter VI could be repeated easily for any diameter
histogram given in Chapter IV or for fiber dlameter histo-
grams obtained by other methods developed in the future.

Figure 5-8 shows the results for simultaneous optimi-
zation of the conduction veloelty constant (CVC), the
conduction velocity exponent (CVE), and the axon potential
height exponent (AéE). The conduction distance (DIST) is
not optimized because 1t 1s measured directly during the
experiment. The solld curve 1s the averaged recorded CAP.
The reconstructed CAP for the initial default parameter

values is plotted with short dashes (entry 14 in table
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Figure 5-8. Recorded and reconstructed CAPs with parameter
optimization of CVC, CVE and APE, The other parameters
vere fixed at the default values. The [iber dlameter
histogram was based on area adjusted by neighbor
analysis for A8220° (figure 4-11C). CVC=9.2; CVE=1.0;
APE=1.6., The deviation was 0.128.
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5-1). Finally, the curve for the reconstructed CAP for
optimized parameter values of CVC, CVE and APE 1s plotted
wlth long dashes. CVC and APE increase from 8.8 to 9.2
and from 1.0 to 1.6 respectively. All attempts to optim-
1ze CVE fall to show a significant departure from uﬁity.
The deviation 1s less than the minimum deviation (0.136)
in table 5-1 for CAP reconstructions with default para-
meter values for any of the fiber diameter histograms in
Chapter 1IV.

The default relationship for g(dj) (ratio of axon
diameter to fiber diameter) that is used in all the above
reconstructlons decreases for small fibers. Recent data,
clted in the introduction, show that "g" measured with the
electron microscope remains nearly constant for all fiber
diameters. If "g" is constant, then CVC and "g" in

equation 3-4 can be combined:

ty= £(d4)= DIST

CVE (5-2)
CVS'di + CVI

where conduction velocity slope (CVS) is the product of
CVC and "g" ; and conductlon veloclty intercept (CVI)
i1s added to simulate a non-zero intercept for the rela-
tionship between conduction velocity and fiber diameter.
Extrapolation to zero fiber diameter for the line drawn
by Hursh (1939) on his figure 2°'( conduction velocity

versus fiber dlameter) results in a small negative CVI.
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Figure 5-9 shows the recorded CAP ( solid llne) and the
optimized reconstructed CAP (dashed l1line) for optimization
of parameters CVS, CVI, and APE. Both CVS ‘and APE in-
crease from 6.0 to ‘6;7 and from 1.0 to 2.4 respectively.
The interecpt CVI remains at the 1nitial zero wvalue. The
deviatilon decreases to 0.056 apparently because the fit
for _the'tailest peak is now quite good. Note, however
that the later smaller peaks in the recorded .CAP are not
reconstructed.

The reader has probably noted that none of the above
reconstructions had a peak for the small filber response
that even approached the last small peak in the recorded
‘waveform. Also, none of the reconstrutions fell to zero
after 2 msec. Furthermore, none of the fiber diameter
histograms compiled for this nerve had a significant gap
between the large and small fibers ﬁhat could account for
the gap between the peaks in the CAP. It became apparent
that so}ne nonlinear relationship between conduction velo-
city and fiber diameter was .requir'ed to account for: the
much slower conduction velocities for small fibers.
‘Several piecewise linear and exponential relationships
between conductlion velocity and fiber diameter were ex-
amined with little sueccess, TFinally, equation 5-2 was
replaced by two llnear equations that had different CVS's
and CVI's for different ranges of fiber diameter.

The reconstructed CAP shown in figure 5-10 is for
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Figure 5-9. Recorded and reconstructed CAPs with parameter
optimization for CVS, CVI and APE. The other parameters
remained at the default values and the fiber diameter
histogram based on area adjusted by neighbor analysis
for A8520°¢ (figure 4-11C) was used. CVS= 6.7; CVI=0.0
APE=2.4, The deviation was 0.0560.
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Flgure 5-10. Recorded and reconstructed CAPs with para-
meter optimization for CVS and CVI for fibers less than
6 microns in diameter. All other parameter values were
the same as for figure 5-9. The relationship between
conduction velocity and filber diameter specifiéd in
equation 5-3 was plotted as an inset. For less than 6
micron fibers: CVS=1.2 and CVI=13.0, The deviation was
only 0.0374.
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the pilecewise linear relationship between latency and

fiber dlameter glven by equation 5-3,

DIST

d126u
t, = £(dy) 6.7+ d; + 0.0 (5-3).

_ DIST
= - di<6].l
l.2° di + 13.0

The denominators in equation 5-3 are conduction velocity
as a functilon of fiber diameter, plotted as an inset in
Tfigure 5-10. The discontinulty for conduction veloclty
at 6 microns does éeparate the two components of the CAP
reconstruction such that the recorded and reconstructed
CAPs in figure 5-10 are quite similar. However, only a
small inflection occurs on the decline of the first major
peak in the reconstruction whereas a much larger inflectilon
is present 1n the recorded CAP. The deviation for the CAP
reconstruction in figure 5-10 is only 0.0374. This is
the mimimum deviation achieved for a reconstructed CAP.
Undoubtedly better fits could be obtained with more
complicated nenlinear relationships between conduction
velocity and fiber diameter. However, this approach to
Better reconstructlions does not seem to be warranted until
such time as more accurate fiber diameter histograms are
avallable. Also, additilcnal biophysical data are needed

for the relationship between conduction velocity and fiber

diameter, particularly for small flbers.



CHAPTER VI
PREDICTION OF FIBER DIAMETER HISTOGRAMS FROM CAPS

A procedure for predicting the shape of a fiber dla-
meter histogram from a recorded CAP 1s presented in this
chapter. The CAP recorded from cat N and the optimized
biophysical and axon potential wave parameters found in
Chapter V are used to predict a fiber diameter histogram.
The predicted and the anatomical fiber diameter histograms
are compared. 'Then, the CAP recorded from cat M and the
bilophysical and akon potential wave parameters found from
the data for cat N are used to predict the fiber diameter
histogram for cat M. The predlicted and the anatomical

diameter histograms are compared once again.

FIBER DIAMETER HISTOGRAM PREDICTION TECHNIQUES

The new technique presented here is used to predict
the shape of a [lber diameter histogram from a recorded
monophasic compound action potential. The measured con-
ductlion distance and some limits on the range of filber
diameter must also be specified.

"Equation 3-8 1s repeated here for reference:

M

Vax (KAL)= Z nyd; APE. v (kAt-£(dy)),k=0,1,....L (6-1).
i=1

The ny in each term of equation 6-1 appear only once as

a multiplicative factor. This property of the L+l linear

equations makes 1t possible to express equation 6-1 in

145
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matrix notation:

- . - : - -
vmaxo (2101 (102 LI N B B IO I Y I GOM nl
vmaxl all (112 LR I I R R S Y alM ) n2
. — . . . L B (6-2)
-v.maxlj- LaLl aLe L N T BN L I I RN ] aLM— -nM“

where aki=diAPE‘v(kAt-f(di)). The vector V., represents
the discrete CAP and the vector N represents the ordinate
values in the fiber diameter histogram. The L+1 by M
matrix A with elements o includes all the biophysical and
axon potential wave information. The CAP reconstructions
simply require that the right side of'either equation 6-1
or 6-2 be evaluated for the assumed biophysical and axon
potential wave parameters and an anatomlcally derived
fiber dlameter histogram.

The fiber diameter histogram (vector N) can be
found if the recorded CAP (vector Vi ax) and a reliable set
of biophysical and axon potential wave parameters (matrix
A) are available. One requirement for a unique solution
is that: L+1<M. This simply means that there must be at
least one linear equation for each unknown bin (ny) in the
fiber diameter histogram. Also the smallest fiber dlameter
and the biophysical parameters muest be such that the

maximum axon potential latency, t,, is less than L-At.
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An optimization approach that uses a conjugate
gradient technique is utilized to evaluate the ny in
equations 6-1 and 6-2. Initially the ny are all made equal
and then each ny is adjusted to minimize the sum of the
squared differences between the recbnstructed and the re-
corded CAPs. Thils method 1s reasonable because matrix A
ﬁust be large (about 120x80)l for precise reconstructions,
yet matrix A is quite sparce (less than 5% non-zero ele-
ments). The optimization program written for this study
saves a great deal of computer time by performing the
multiplications in equation 6-2 only for non-zero a's.

The Iinverse relationship between axon potential lat~-
ency, .ty, and fiber diameter, di, (see equations 3-U4, 3-5,
5-2, 5-3) makes the reconstructed axon potential waves
overlap more extenslvely for small t4 than for large t.
The ny for large fibers converge much faster than the ny
for small fibers. More rapid overall convergence 1is
achieved if dlameter histogram bin width is made to
decrease as flber dlameter decreases. This trick distri-
butes the axon potential waves more evenly over time and
reduces the computer time required for fiber dlameter hié-
togram predictions.

The optimization procedure for equal bin width histo-

grams is illustrated in figure 6~1. Note that this figure

"Phis estimate 1s based on 120 samples along the CAP
abscissa (6 msec. at 0.05 msec/sample) and 80 bins in
the fiber diameter histogram (bin width of 0.25 microns).
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Figure 6-1.

Test of the histogram prediction technique. The
"recorded" CAP in B was reconstructed from the "anatomical
histogram in A. The "initial" CAP was reconstructed from
the uniform "initlal" histogram. The "recorded" and the
"initial"™ CAPs were compared and the "initial" histogram
was adjusted 50 as to reduce the difference between the
"recorded" and the new reconstructed CAP. This process
was repeated until the reconstructed CAP ("predicted")
nearly matched the "recorded" CAP. The resultant
"predicted" histogram was essentially the same as the
anatomical histogram originally used to reconstruct the
"recorded" CAP,
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contains three fiber diameter histograms (A) and three

CAP waveforms {B). The followling logical steps are impor-

tant to understand this test of the procedure:

1,

The reconstruction model described above is used
to generate a "recorded" CAP waveform, based on
the "anatomical" histogram shown (Gasser and
Grundfest, 1939, figure 5). Reallstic experimen-
tal conditions and biophysical parameter values
are assumed} This preliminary step, not actually
a part of the histogram prediction program, 1s
necessary to establish a CAP waveform and its
underlying fiber dlameter histogram for the
folloﬁing test of the hlstogram prediction program.
The "recorded" CAP waveform is used as the

input for the histogram prediction program.
Starting ﬁ;th a unliform fiber diameter histogram
(unbiased) labelled "initial", the brogram uses
the reconstruction model to compute a first re-
sultant CAP, also labelled "initial". The
"recorded" and "initilal" CAPs are then compared
according to a cost function based on the mean
square ordinate difference between the two.wave-
forms. . .

The optimization program then alters the "initial"
histogram systematically using conjugate gradients,

and compares the resultant reconstructed CAP with
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the "recorded" waveform. The histogram is changed
by a successlon of steps that work toward minimiz-
ing the difference between the resultant CAP wave-
form and the "recorded" waveform (the cost func-
tion 1s minimized).

i, The optimization procedure is terminated when the
deviatlion for the reconstructed CAP with respect
to the "recorded" wavéform becomes less than the
deviation for the variability in actual recorded
CAPs (figures 5-4 and 5-5). The procedure is also
terminated if the deviation faills to decrease
significantly after several consecutlve ltera-
tions. The final "predicted"™ CAP and the "pre-
dicted" histogram are shown in figure 6-1.

_The agreement between the “anatomicgl" histogram ﬁsed for

step 1 and the"predicted" histogram is very good. Note

that the "predicted" histogram has fewer spurlious oscilla-
tions than the "anatomical" histogram. If the optimization
i1s allowed ﬁo continue indefinitely, the two histograms
should eventually match exactly because the "anatomical"
histogram 1s used to get the "reccrded" CAP in the first
place. The fact that the "predictéd" and the "anatomical'
histograms are almost 1ldentical is strong evidence that

this procedure can be used to predict fiber diameter histo-

grams from recorded CAPs. It 1s lmportant to realize that
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this procedure predicts only the relative number of fibers
of any particular diameter and not the actual number of |
fibers. Many factors affect the amplitude of recorded
CAPs, so that even empirical estimates of an ordinate
scale factor for the histogram are not likely to be
reliable.

VARIABLE BIN WIDTH HISTOGRAMS

The histogram prediction program cohverges much faster
for variable bin width diameter histograms, as mentioned
above. Bin widths that decrease linearly with fiber dia-
meter make the t4 Increase linearly as the dy decrease.
Figure 6-2A shows a variable bin wldth histogram compiled
directly from the raw data. The fiber dlameter is based
on area adjusted by neighbor analysis for A8220°., The
histogram based on the same dliameter estimate, complled
directly from the same raw data; for equal bin widths, is
plotted in figure 6-2B (solid line). The variable bin
wildth histogram in figure 6-2A'is converted to the équal
bin width histogram in figure 6-2B (dashed line) by an
algorlithm developed for this study. The two histograms
in figure 6-~2B are nearly ildentical. All three histograms
in figure 6-2 have the same total number of fibers (2496).
This and other tests of the conversion algorithm indicate
that-predicted variable biln width histograms can be

faithfully converted to equal bin width histograms.
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PREDICTED HISTOGRAMS FOR CAT N

Figure 6-3 is similar to figure 6-1, except the
initial fiber diameter histogram and the 1nitial CAP are
omltted. Also, the diameter histograms have variable bin
widths; and the "recorded" CAP is the actual averaged
recorded CAP (solid curve) from cat N for a conduction .
distance of 6.7 em.

The default biOph§sica1 and axon potential wave par-
ameters given in table 3-1 are used to obtain the predicted
variable bin width histogram in figure 6-3. The anatomical
histogram in figure 6-~3A is based on area without adjust-
ments. The reconstructed and recorded CAPs for these
conditions are plotted in figure 5-6. The recorded and
predicted reconstructed CAPs in figure 6-3 match closely.
The predicted histogram in figure 6-3A is negative for
some small fiber diameters. This is a consequence of
recorded CAP deflections below the baseline and entirely
positive axon potential waves. This would not occur
if the recorded CAP were ftruly monophasic. The predicted
histogram peak for small fibers in figure 6-3A 1s very tall_
and narrow. The corresponding equal bin width histograms
are-plotted in figure 6-4. The predicted peak for small
fibers 1is even taller relatlve to the anatomical histogram
in this figure. Also note that the predicted histogram

peaks for large and intermedlate slze fibers are much
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larger than the corresponding anatomical histogram peaks
in figure 6-4. It 1is apparent that histograms predicted
for the default biophysiecal and axon potential wave
parameteré are not promising.

The blophyslcal and axon potentlal wave parameters
used for the results in figure 6-5 are the optimized
values found for the reconstruction shown in figure 5-10,
The deviation for the predicted CAP in figure 6-5B is
only 0.00338. Note that for the largest peak in the CAP,
the recorded and predicted CAPs in fipure 6-5B agree much
better than the recorded and reconstructed CAPs in figure
5-10, The fit 1s comparable for the small fiber peaks
in the same two figures. _

The predicted fiber diameter histogram in figure 6-5A
{(dotted line) can be compared with the anatomically derived
fiber diameter histogram from the same nerve (solid 1line).
The fiber diameter for the anatomical histogram 1s based
on area adjusted by neighbor analysis for 405220° (figure
.11C), The reasons for thils choice are discussed in
Chapter VII. The corresponding predicted and anatomlcal
equal bin width histograms are shown in figure 6-6. The
ordinate variable in figure 6-6 is percent of total fibers,
Although the total number of fibers in the anatomical
histogram is known (2496), the total number of fibers in

the predicted histogram is not avallable. Therefore, the
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actual number of fibers in any bin of the predicted histo-
gram 1s also ﬁnknown. Thus the predicted histogram glves
only the relative number of fibers for each fiber diameter,

The two histograms in figure 6-6 are quite similar
except for the region between 6 and 10 microns. The
appearancé of a third prominent intermediate peak in the
predicted histogram is not surprising because flgure 5-10
shows that the reconstructed CAP for this anatomical
histogram does not have the same large inflection on the
decline of the first major peak that 1s present in the
recorded and predicted CAPs in figure 6-5B, The large
change in the histogram at 6 microns occurs because in the
model the functional relatlionship between conduction
velocity and fiber diameter changes abruptly at 6 microns
(figure 5-10, inset).

The central peak in the predicted histogram decreases
in amplitude and moves slightly tec the right 1f the
dlscontinuous piece-wlse linear relaionship between con-
duction velocity and fiber diameter given by equation 5-3
is smoothed (simulation not shown). Such refinements of
the piece-wise linear relationship between conduction vel-
oclty and fiber dlameter do not seem appropriate -until
better emplirical data for this functional relationship is
forthcoming. This topic will be persued further in
Chapter VII.

The CAP recorded from cat N for the shorter conduction
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distance (4.2 cm) is also used to predict a fiber dia-
meter histogram, as shown in figure 6-7. The major differ-
ence between the results for figures 6-7 and 6-5 1s the
conduction distance. The predicted histogram should be
approximately the same for both conduction distances. The
recorded and predicted CAPs in figure 6-7 have very similar
first peaks, while differences between the second peaks
appear to be largely responsible for the 0,0050 deviation.
The predicted histogram in figure 6-7A is replotted
for equal bin widths in figure 6-8. The predicted histo-
gram for the shorter conductilon distance is shifted some-
what to the right compared to the predicted histogram for
the longer conduction distance in figure 6-6. The appear-
ance of an intermediate predicted peak in figure 6-6 at
about 7 mierons is significant because no inflection is
visible on the decline of the predicted CAP at the 4.2 cm.
conduction distance (figure 6-5B). At the longer conduc-
tlon distance for the same nerve a sharp inflection does
appear (figure 6-3B) and a corresponding peak in the pre-
dicted histogram ( figure 6-4) is also present. The
appearance of the intermediate peak in. figure 6-6 suggests
that the predicted histogram 1s very sensitive to the
shape of the CA?.
PREDICTED HISTOGRAMS FOR CAT M

The CAP recorded from cat M for a conduction distance

of 6.8 em. is used to predict a histogram for cat M. The
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optimized blophysical and axon potentlal wave parameters
for cat N are used for this prediction. Thils procedure
tests the valldity of these optimized parameter values
with data from a different cat. The results are showﬁ in
figure 6-9. Note that the inflection on the decline of
the first major.peak in the recorded CAP is less than the
corresponding inflection in the CAP for cat N for a
comparable conduction distance. The intermediate peak in
the predicted histogram for cat M is also smaller. Gener-
ally, the predicted histogram for cat M in figures 5-9A
and 5-10 (equal bin widths) 1s shifted to the left as
compared to the anatomical hilstogram for cat M based on
area adjusted by neighbor analysis A8£20°, Observe that
the ordinate sensitivity is. lower in figure 6-10 than for -
gimilar figures above. Note that the predicted histogram
has a gap between 4 and 6 microns despite the discontinuity
in the relationship between conduction velocity and fiber
dlameter at 6 microns. The peak predicted for small
fibers is taller and broader than the anatomical peak for
small fibers. Also, the peak for small filbers 1s shifted
to the left by about 2 microns. The predicted and anatom-
ical histograms in figure 6-10 are similar for large fiber
diameters. -

The predicted and anatomlcal histopgrams generally

show reasonable agreement for fiber diameters greater than
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9 microns. However, a good predictinn for fiber diameters
less than ‘6 microns is obtained only when the biaphysical
and axon potential wave parameters are optimized for the
same recorded CAP thét is used to predict the dlameter

histogram.



CHAPTER VII
DISCUSSION
CAP RECONSTRUCTION MODEL ASSUMPTIONS

Early studies summarized by Erlanger and Gasser (1937)
leave little doubt that the compound action potential (CAP)
'is indeed a summation of individual fiber responses. There
1s, however no direct experimental evidence to show that
superposition holds for the many individual fiber responses
recorded extracellularly., Thus, it is possible that minor
- Anteractions between individual fiber responses could
occur within the nerve trunk adjacent to the recording
electrqde. Such interactlons in this study are assumed to
be negliglble based on the indlrect evlidence glven by
Erlanger and Gasser (1937).

Single fiber conduction veloclty could be affected
by activity in neighboring fibers. Esplin (1962) gives
convincing experimental evidence that conduction velocity
in single myelinated fibers is unchanged when the fibers
are actiﬁated alone or together wlth neighboring fibers.
The myelln sheath may be a critical factor since there
1s electrophysiological evidence for this kind of 1nter—
action in unmyelinated fibers (Katz and Schmitt, 1940,
1942), |

The positlion of a myelinated filber within a nerve
trunk might have an effect-oh the amplitude of the

extracellular response recorded from the nerve trunk.

168
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Schmitt (1971) states that Hambrecht (unpublished data)
"has modeled a nerve trunk from published physlological
data and has shown that when the trunk is raised in miner-
al oll for extracellular recording, a myelinated filber
anywhere In the trunk, produces approximately the same
extracellular potentlal, The differences 1nlaxon potential
amplitudes, recorded extracellularly, are due mailnly to
the different dlameters of the active nerve fibers."
Buchthal and Rosenfalck (1966) disregarded differences in
the distance from flbers to the recording electrode because
"the electrode was at a polnt in the electrical fieid
around the nerve where the action potential amplitude 1n-
creased about proportionally with the_number of fibers
actlvated.m

Flgure 4-~16B shows that for cat N the mean and stan-
dard devliation of the distances from each fiber to the
nerve trunk perimeter are relatively constant as a func-
tion of Fflber dlameter. This means that flber diameters
are essentially distributed randomly throughout the cross-
section so that diameter distribution blas (BIAS) is
negligible. . |

The extracellular impedance that affects the recruit-
ment of single fibers to electrical stimulation is the
same impedance that attenuates the single fiber response
recorded on the surface of a nerve trunk. It 1s well known

that increasing the electrical stimulus ampllitude recrults
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progressivaiy slewer (smalier) fibers rather than giving
a simple proportional increase to all portions of the CAP
waveform. Thus, 1t seems reasonable to assume-that fiber
slze rather than fiber poslition 1s the principal deter-
minant of the size df the single filber response recorded
at the nerve trunk perimeter.

All CAP reconstructions included in the present study
have either arbiltrary or normalized ordinéte scale factors.
Thus, even 1f the fibers in the center of a nerve trunk glve
smaller responses recorded at the periphery, the effect
would only be important 1n CAP reconstructions 1f fiber
diameters are not randomly distributed in the cross-
gection. Figure 4-16B shows that flber diameters are es-
sentlally ranqomly distributed. The fiber diameter histo-
grams predicted in Chapter VI from normalized recorded
CAPs also have unknown ordinate scale factors so these
same arguments hold for the predicted histograms.

- CAP RECONSTRUCTION MODEL PARAMETERS

The conslderable empirical evldence clted in the intro-
ductlon supports the assumption that myelinated fibers
of the same dlameter have very simllar conduction veloc-
itles and very similar single fiber responses. Most
authors agree that conductlon veloeity is approximately
a linear function of fiber diameter (Hursh,1939; Berry,
Grundfest and Hinsey, 19443 Cragg and Thomas, 1964; Boyd,
19655 McLeod and Wray, 1967; Schnepp and Schnepp, 1971).
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Most of these data, however, are for large fibers and the
measurement errors tend to Increase for small fiber data.

Two baslc methods have been used to determine the
conduction velocity constant (CVC). The first method
(Hursh, 1939) requires that we assume the largest fiber
conducts with the hilghest velocity. Nerves with different
maximal velocltles, are selected and the largest fiber
dlameters measured from histological sectlions. The slope
of é line through the data points on a plot of conduction
veloclty versus flber dlameter is CVC. The results may
be a low estimate for CVC if the voltage gain of the re-
cording system 1s not sufficient to detect single fiber
responses and 1f the largest flber i1s slgnificantly larger
than the fibers that produce a measurable response. On
the other hand, histologlecal shrinkage can cause estimates
of CVC to be too high. | '

A second method requires that we assume CVC is the
ratio of the mean conductilon veloclty to the mean dlameter
for the myelinated fibers. The mean conduction velocity is
usually measured to the peak in the CAP. Figure 3-3
shows, however that the position of the peak in the CAP
depends on the standard deviation of the gaussian histo-
gram, even though the mean dilameter ls constant. This
second method 1s obviously not acceptable.

Experimental evidence indlcates that the axon poten-

tlal helght exponent (APE) 1s unity (Blair and Erlanger,
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19333 Zotterman, 1937; Gasser and Grundfest, 1939).

These data show that single fiber axon potential height

1s approximately proportional to conduction veloclty.

Most of theée data, however, are for large fibers and many
sources of error are assoclated with measurements of
single fiber axon potential amplitude. CAP feconstruc—
tlons by others (Gasser and Erlanger, 1927; Buchthal and
Rosenfalck, 1966; Landau, Clareland Bishop, 1968) along
wlth the results in Chapter V indicate that a value of 2
for APE may be more appropriate.

Recent electron microscopilc evidence clted in‘the
Introduction shows that "g" (ratio of axon to outside
fiber dlameter) remains approximately constant for all
fiber diameters (Schwarzacher, 1954; Birren and Wall, 1956;
Buchthal and Rosenfalck, 1966; Dyck, 1966; Frilede and
SamorJskl, 1967; Bishop, Clare and Landau, 1971; Schnepp
and.Schnepp, 1971; Waxman and Bennett, 1972). Earlier
Qtudies with light microscopy find that "g" decreases for
small dlameter fibers. The recent evidence for a constant
value for Y"g" 1s strong enough to suggest that "g" shoﬁld
not be consldered 1n fubture reconstructioné. _The variation
.in."g" wlth diameter is not incorporated in the final re-
cﬁnstructions in Chapter V ( equations 5~2‘and 5-3).
RECONSTRUCTION PARAMETER SENSITIVITY ANALYSTS

Several conclusions can be drawn from the parameter
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sensitivity analysls presented 1n Chapter ITI and from
other reconstructions based on published flber dlameter
histograms. The fiber diémeter histogram is the most im-
portant .determinant of CAP shape. The blophysical para-
meters examined have an important effect on CAP shape via
the time delays, ti's, for the axon potentlal waves as a
functlon of filber diameter. With the exception of the
axon potential helght exponent (APE), the axon potential
wave parameters and the shape of the axon potentlal wave
are the least Influentlial CAP parameters studied. For
self-normalized CAPs the APE parameter determines the re-
lative amplitude of the response for different dlameter
fibers. As APE ilncreases, the contribution for the small
fibers decreases relative to the responses for larger
fibers, The importance of the APE parameter Ilncreases as
the relative numbers of very large and very small fibers
in the diameter histogram increase.

Table 7-1 ls a summary of deviations selected from
figures 3-4, 3~6 and 3-9. The deviations for each para-
meter wlll now be dlscussed.

The deviétions for the filber dlameter histogram
parameters are easy to understand 1f we keep 1in mind that
lafge flbers have more influence on the waveform than small

fibers, as shown 1n figure 3-12. TInecreases in MFD result
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TABLE 7-1

Deviations calculated from scaled CAPs for per-
cent varlatlions of essential CAP parameters.

% Variatilon ‘
Parameter =30 =20 =10 +10 . +20 +30
I MEFD 60. 35. 11, 114, 60. 140,
1 .
STD 7.0 2.8 0.63 0.51 1.9 3.8
IT  DIST 93, 41, 9.8 7.7 26. g,
cve 77. 37. 9.3 8.0 28, 55.
CVE 160.  130. 46. 43, 120. 190,
IIT APE 26. 1h, 4.4 7.1 37. 110.
APD 10. 4.6 1.2 1.2 4.6 10.
APR .25 .10 .05 .05 .10 .25

1
Total number of flbers constant



175

in larger devlations than decreases in MFD simply because
larger fibers contribute larger axon potential waves. The
time delays, ti, for the axon potential waves vary inverse-
ly with fiber dilameter, as shown by equation 3-4. The
deviations for increases in MFD would be even larger rela-
tive to deviatilons for smaller MFD were 1t not for this
inverse variation of the ti with fiber diameter. The de-
viation is larger for decreasing STD (total number of
fibers remalns constant) because the ampllitude of the
secaled CAP Increases rapldly as the number of fibers close
to the mean flber diameter increases. Apparently the
changes 1n CAP duration for STD variations are of relative-
1y minor importance (figure 3=3).

The shape of the gaussian fiber diameter histogram
is simple and there are relatively few very large and
very small fibers. Other CAP reconstructions (not shown)
for published dilameter histograms that are more complex
show that the overall shape and number of peaks in the
CAP are primarlly dependent on the shape of the.fiber dl-
ameter histogram.

All the biophysical paraméters (DIST, CVC and CVE)
studied are influential parameters. The magnitudes of
the deviations for all three blophysilcal parameters are
comparable to deviations for equal percentage variations
in MFD., As polnted out in Chapter TII the DIST and CVC

parameters have an lnverse effect on the ti and hence on
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the devlations. The CVE parameter glves the largest devia-
tions in table 7-1. The great dependence of CAP recon-
structlons on the relationship between fiber diameter and
conduction veloclity indlcates that good information about
this relationshlp is important. The use of the CVE para-
meter simulates only one of many possible nonliﬁear rela-
tlonshlps between flber diameter and conduction velocity.
In Chapter V a piecewlse llnear relationship 1s utillized
effectively.

The axon potentlial wave parameters (APE, APD and. APR)
affect only the slze and shape of the component. axon po-
tential-waves. The APE parameter 1s an exponent that de-
termines the relative amplitudes of the-axon potential
waves, The default value for APE 1s unity so it is not
surprising that table 7-1 shows larger deviatlons for APE
greater than one than for APE less than one. All the para-
meters studled that affect only the shape of the axon po-
tentlal waves have relatlvely minor deviations.

Several dlfferences are observed when devilation.
1s calculated from self-normalized CAPs as shown in table
7-2. Note that for self-normallized CAPs, larger deviations
result for decreases in MFD than for increases in MFD.

The relative magnitudes of the deviatlon for changes in
MFD are reversed for scaled CAPs, because the large CAF
amplitude changes are lost when all the CAPs are self-

normalized. The inverse relationship between the ti
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TABLE 7-2

Devilatlons calculated from self-normalized CAPs for

percent varlations of

essential CAP parameters.

% Varliation

Parameter ~30 -20 -10 +10 +20 +30
I MFD 98. ny, 11. 8.9 31. 58,
TT  DIST 72. 35. 9.0 8.3 31. 61.
cve 105. 45, 10. 7.4 25, 5,
CVE 230. 160. 52. 38, 98. 136.
TIT APE L1l .062 .015 .015 .059 .13
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and fiber dlameter results in making decreases in MFD
more influential for self-normalized CAPs. The relative
effect of DIST and CVC are also reversed for the same
reasons, The larger devlations in table 7-2 for decreases
in CVE are also caused by the increased dependence on
disperslive effects for self-normallzed CAPs. The much
smaller devliations for APE for self-normalized CAPs are
discussed in Chapter ITI.

OPTIONAL MODEL FEATURES

The optlonal CAP reconstructilon features listed in
table 3-2 are used fto simulate several condltions that
could effect correlations between experimentally recorded
CAPs and the anatomical fiber dlameter histogram from the
same nerve. Selected changes 1n fiber diameter histograms
are studled and simulations for nonhomogeneous nerve bun-
dles are explored.

CAPs reconstructed for diameter histograms with
selected bins deleted show clearly that large diameter
fibers contribute more to the CAP than small diameter
fibers. The dlfferences between the deviatlon curves in
figure 3-13 fof the gaussian test histogram will become
greater as the number of very large and very small fibers
In the histogram lncreases.

Figure 3-15 shows that for the gaussian histogram,

simulated tilssue shrinkage results in much larger
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deviations than any of the deviatilons for comparable
simulations of nerve bundle nonhomogéneities. In fact,
the devlatlon for shrinkage is even greater than the de-
viation for proportionally 1dentical reductions of MFD.
A reasonable estimate of shrinkage forlmy tissue 1s 5%
'which corresponds to only a 0.036 devliation. The fiber
" dlameter histograms 1n the present study are not adjusted
to compensate for shrinkage (opposite histogram shift
from shrinkage simulation) primarily because the degree
of shrinkage 1s unknown. Also, other authors have re-
frained from shrinkage correctlons, presumably for the
same reason,

The results in figure 3-15 show that for the three
different types oflnerve bundle nonhomogeneities studied,
tapering of all flbers by any glven percentage resulits in
more deviatlon than a comparable percentage of single
flber branching. Cross—section dlameter distribution bias
for the gausslan test histogram results in the smallest
deviations, These simulations show that significant
changes In the CAP can occur as a result of single fiber
tapering and branching. Quantitative anatomical_studies
of nerve bundles at different levels are required before
the possible effect of these nbnhqmogeneities on CAP
reconstructions and predictions of fiber diameter histo-

grams can be assessed.
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ANATOMICAL FIBER DIAMETER HTSTOGRAMS

The results gilven 1in Chapter IV indicate an attempt
to obtain unblased fiber dlameter histograms from single
cross~sectlons of histologlcally prepared peripheral
nerve, Very few published photomlcrographs of peripheral
nerve cross-sections have a significant number of fiber
shapes that are really clrcular. Some tissue flxed
only 1n unbuffered osmic aclid exhiblts many round fibers,.
however, 1t 1s likely that excessive swelling occurs for
thils method of fixatlon (Ochs, 1965; Kasvand, Isnor and.
- Romero~Slerra, 1970). A brief examination of my tissue _
with electron mlcroscopy shows that the mitochrondria and
the myelin are generally intact. Hoﬁever, in the large
fibers only, the axoplasm and. axon membrane are often
separated from the myelin to form large gapé. These gaps
are not seen 1n the extracellular space between fibers
and the myelin does not appear to be disftorted. Most
small diameter fibers do not have gaps. The apparent
shrinkage.of the axoplasm could occur during dehydration’
because the water content of the axoplasm is higher than
that of the myelin sheath (Stoehr, 1929). Taylor (1942)
and Sunderland and Roche (1958) both state that the axon
shrinks more than the myelin., Nearly all published
photomicrographs.of myelinated fibers sﬁow only quite

small flbers. Several published photomlcrographs that
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show at least part of some large fibers contain the
gaps desecribed above (Babel, Bischoff and Spoedlin, 1970;
Bourne, 1968).

Of course any histological procedure distorts the
structure.of living tissue. Very few quantitative esti-
mates of shrinkage for peripheral nerve appear in the
1iterature, The overall shrinkage for myelinated fibers
found frem data by Hursh (1939) 1s 7.9%. Sanders (1947)
estimates that shrinkage during fixation and embedding
1s about 6 to 8%. A new accurate technlque to measure
tissue shrinkage 1s needed.

The methods used by other authors to measure fiber
diameter are described in the introduction. Nearly all
of these methods requlire subJective measurements for non-
circular fiber cross-sections. Only the flying spot scanner
used by Kasvand, Isnor and Romero-Sierra (1970) does not
require direct human involvement. However, thelr proce-~
dure falled to ldentify about 30% of the small myelinated
fiﬁers and the procedure they used to find fiber diameter
from fiber shape 1s appilcable only to relatively round
fibers,

The new procedure used 1n my study takes advantage
of human's abllity to ldentify the indlvidual fibers and

to follow the perimeter of each fiber. Then the computer
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1s programmed to compute many estimates of fiber dlameter
for the noncircular filber shapes. The human's involve-
ment in this method is well deflned, Figure 4-19 shows
that good repeatabllity bf fiber perimeter measurements
is obtained, Thus the method utilized in this study com-
bines some of the best features of methods used by others.
The resﬁlts in Chapter IV show how versatile the perimeter
data are for examining various estimates of flber diameter
for nonecircular fibers.

The results iIn Chapter IV are the first known attempt
to compare fiber dlameter histograms based on different
‘estimates of fiber diameter. The fiber diameter histograms
based on area and minor chord in figure #4-4 are probably
more accurate than hilstograms based on perimeter and
major chord. The diameter estimates based on perimeter
and major chord are much too large for obliquely cut and
conyoluted shaped fibers. The minor chord estimate of
flber diameter 1s influenced the least by obliguely cut
fibers, however, the minor chord underestimates the di-
ameter of flbers that are actually noncylindriecal and
this estimate is the least repeatable of the four primary
estimates (table U—l). Although the diameter estimate
based on fiber area 1s too large for obliquely cut fibers,
this estimate has the greatest repeatability (table 4-1)

of the four primary estimates and i1s not partilcularly
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affected by convoluted perimeters., For these reasons area

18 believed to be the best of the four primary estimates

of flber dlameter considered.

The histograms based on the arlthmetic, geometfic and
harmonic means of the major and minor chords (figures 47
and 4-8) seem to be reasoﬁable intermedlates between the
simple major and mlnor chord histograms. However, a
rational basis for accepting any such intermedlate estimate
1s not apparent. The adjusted area histograms in flgures
4-9 and 4-10 are an attempt to correct for obliqueness by
adjusting the diameters of all fibers with a small enough
ratio of minor to major chord. Once agaln there 1s no
rat;onal basls for expecting this method to correctly
adjust the dliameters of only the oblliquely cut fibers.

The neighbor analysis procedure described 1ln Chapter
IV- does seem to be capable of adjusting only the diameters
of obllquely cut flbers. The adjustments based on the
major chord angle are probably more accurate than adjust-l
ments based on differences in the ratilo XI/XQ. A diffi-
culty with the latter is -that-the ratios XI/X2 for a group
of nearly round nonoblique fibers may be very similar.
Also, the ratio x1/x2 may change rapildly for the neighbors
of obliquély cut fibers when the obliqueness angle 1is
changling for fiberé within a fasciele.

The dlstance between fiber centrolds that determines
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which fibers are analyzed as nelghbors 1s set at 20
microns. This cholce 1s based on a qualitative examination
of typleal fibers on the photomlcrographs. This filxed
neighbor distance for all fiber diameters does mean that
small flbers generally have more neighbors analyzed than
large fibers. Certalnly more complicated methods for
choosling the neighbors could be investigated in future
studiles,

The parameter A6 in the nelghbor analysils 1s varied
for the histograms based on area in figure 4-11. A AB
of 20° (figure 4-11C) in the neighbor analysis results in a
qualitatively reasonable shift 1n the histograms. Filber
dlameter based on area is fully adjusted when multiplied
by the square root of the ratio Xl/Xé for the particular
riber, Flgure 4-15B shows the mean ratio Xl/x2 variles
Prom about 0.6 .to 0.7. Diameter adjustments for these
ratlos would be a factor of 0.78 to 0.84. Clearly the
decreased diameters in figure 4-11C are on the average less
than this. Also qualitative inspection of reglons on the
photomicrographs where flbers appear to be cut obliquely
suggests that A0 less than or equal to 20° is reasonable.

The reasons given above support the use of dlameter
based on area adjusted by neighbor analysis'(Aeﬁ 20°) for
the compillation of fiber diameter histograms. These fiber

diameter histograms are used in Chapters V and VI where
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relationships between fiber dlameter histograms and com-~
pound actlon potentlals are studied. Future studies will
seek to improve the quantitative basls for the methods
and parameter values used to derive fiber diameter histo-
grams,

In reglons of the fiber dlameter histograms where
the number of fibers 1s changlng slowly with diameter, the
dliameter measurement errors ﬁill tend to cancel out. How-
ever, in regions of the histograms where the number of
flbers chaﬁge rapldly wlth dlameter, the dlameter measure-
ment errors and the random varlatlions of dlameter along
nerve fibers wlll result in histogram peaks that are too
wlde (Duncan, 1934; Gasser and CGrundfest, 1939). The
greater repeatabllity of the dlameter estimate based on
area (table 4-1) may be related to the taller, narrower
small fiber peaks seen in figure 4-6B for diameter based
on ares,

The statisties for histograms complled from the nine
sequential histograms in figures 4-17 and 4-18 are not
particularly helpful for comparing the variabllity of
histograms based on the four primary estimates of fiber
diameter. Apparently the number of fibers analyzed in
each section 1s too small to compile -feliable histograms.
The difference between the histdgram dompiled for the
small fascilcle (165 flbers) and the histogram for the entire
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section (2496 fibers) including the same small fasclele,
1s comparable to the difference between histograms for
the small fascicle in the nine sequential sectlons. Also
a publlshed histogram (Gasser, 1935) for cat saphenous
nerve with only 337 filbers does not have the same typilcal
bimedal shape as all the complete histograms for cat
sahpenous nerve cbmpiled by Gasser and Grundfest (1939),
Boyd and Davey (1968) and myself (figure‘T-l).

Figure 7~1 shows four publlshed histograms for cat
saphenous nerve (solid lines) and the histograms compiled
from my data (dashéd lines) for cat N based on the estimate
of fiber diameter that 1s the closest approximation to
the method described by each author. The bin widths are
the same for each plot in figure 7-1.

The solld l1line histograms in figures 7-1A and 7-1D
are published by Gasser and Grundfest (1939) and they
remarkx that the two histograms "are similar". Although
thelr two histograms both have twe groups of fibers, their
histogram in figure 7-1A 1s shifted to the left approxi-
mately 3 microns relative to their histogram in figure
7-1D., The two histograms in figure 7-1A have similar
shapes but the bins with comparable numbers of filbers in
Gasser and Grundfestts (1939) ﬁistogram are about 3 microns
less than mine. Also my histogram in fipure 7-1A has

broader peaks and a larger overall range of fiber dl-
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ameters.l The two histograms in figure 7-1D are remark-
ably simllar except for the few very tall bins and the
greater number of fibers less than 3 microns 1n diameter
. in the Gasser and Grundfest (1939) histogram. The large
fluctuations in the number of fibers for adjacent bins in
the histograms compiled by Gasser (1935) (figure 7-1B)
and Gasser and Grundfest (1939) (figure 7-1D) probably
result from the use of bin widths (0.1 microns) that are
less than the resolution of the light microscope.

The dlameter histogram for only 337 fibers published
by Gasser (1935) is plotted in figure 7-1B. This histo-
gram does not have the characteristic bimodal shape seen
in all other cat saphenous nerve histograms, probably
because so few filbers were measured. Average data from
Boyd and Davey (1968) for five cat saphenous ﬁerve trans-
verse sections are plotted in figure 7-1C (solld line).
Since they matched eircles to the fiber shapes, the histo-
gram based on area for cat N 1s also plotted 1n figure
7-1C (dotted line). The shape of the histogram ls very
similar to mihe, although my area based histogram without
any adjustments 1s shifted about one micron to the right
relative to theirs.

Actually the histogfams in figures 7-1C and 7-1D are
remarkably similar when you consider the different methods

used. Simple shifts in histograms could easily result
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from slightly non-transverse sectiloning angles. Also the
tension on a peripheral nerve trunk during fixation may
have quite an effect on the mean ratio of xl/x2 plotte@
versus flber dlameter. The tenslon on nerve trunks during
fixation would probably affect the degree of obliqueness |
for many of the flbers seen in cross~sections and may even
affeect other aspects of the single filber shapes.

COMPOUND ACTION POTENTIALS

The principal features of all the cat saphenous nerve
CAPs recorded in thils study are similar and in general
agreement with CAPs recorded by Gasser and Grundfest
(1939), The CAP waveforms recorded for this study are
shown in figures 5~1, 5-2 and 5-3. Flgure 7-2 is a repro-
duction from Gasser and Grundfest's (1939) figure 9. Thelr
legend 1s quoted in figure 7-2. CAPs have an 1nitial large
peak such as the one labeled « in figure 7-2. An inflec-
tion or sometlimes a small peak (labeled B) is always seeﬁ
on- the declline of the a wave for conductlon distances
greater than 6 cm, The potential falls to a value near
zero for at least one milllisecond following the B wave,
Sometimes a small y wave is present toward the end of this
perlod as seen in figures 7-2 (at 2.3 ms.) and 5-3 (at
3 ms.). Finally, a small cSwave always appears for supra-
maximal stimull, Although the major features of these CAP

waveforms are the same in all nerves studled, there are
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Figure 7-2. Figure 9 by Gasser and Grundfest (1939).
"Reconstruction of the action potential of the saphenpus
nerve of the cat from the data comprised in figure 8.
Conduction distance 6 cm. The sclld line curve is the
recorded potential, Heavy' dots, summation of triangles.
Note that the recorded.actlon potential is diphasic. It
undercuts the reconstruction followlng the rirst eleva-

- tion, and the second elevatlon is so dlphasic that the

" potential passes below the base line at the position of
the 15 m.p.s. fibers. The latter, therefore, are visible
in the reconstruction, but not in the potential. The
fibers larger than 16 y are grouped with 16 p fibers."

- -
Their figure 8 is plotted in figure 7-1D (sclid line).
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Some signiflcant dilifferences in the relative amplitudes
and durations of the various components of the CAP re-
corded from different dats (compare filgures 5-2 and
5-~3).

The Greek letters a, R vy and & were first used
by Erlanger and Gasser (1924) to label the first four
waves In order of appearance for the bull frog sciatic
nerve. As other nerves were studled and functional
consideration included, Erlanger and Gasser (1937) divided
perlpheral nerve flbers into three groups. Group A
(subdivided into groups a, 8, vy, ¢ included thé myelin-
ated somatilc afferent and efferent flbers. Group B com-
prised the preganglioniec autonomle fibers and group C
contaihed unmyelinated somatic afferent and postganglionlce
autonomle fibers, Later, the group A flbers were divided
into groups a, B, y for myellnated efferent filbers and
groups T, II, TIT for myelinated afferent fibers in either
cutaneous or muscle ner'ves.3 Sometimes group I is further
subdivided into groups Ia and Ib'

The terminology described above 1s widely used in
the literature. Unfortunately, problems arilse when the
groups overlap or have different ranges of diameter i1n

different nerves, Therefore, the accepted terminology 1s
3

By an agreement at the Nobel Symposium I on "Muscle
Afferents and Motor Control" held in Stockholm in 1965,
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avolded when possible in thils study because the general-
1zed Punctleonal representation for the CAP given by equa-
tion 3~71is preferred. A mathematical descriptlion of the
flber diameter hlstogram is llkewlse preferred.

The variability of the CAPs recorded for this study
18 amall as shown by the small standard deviations in
fligures 5-4 and 5-5. Apparently the noise ilntroduced by
the recording instrumentation, tape recorder and the
analog to digital converter are all negligible, The devia-
tion defined by equation 5-1 15 less than 0.0015 for both
recorded CAPs. Generally 1t seems reasonable to state that
two CAPs are practically equal 1f their deviation 1s less
than 0.0015, Tt should be pointed out that we assume the
waveform dlfferences are not all concentrated In a small
reglon of the curves. 1In thils regard 1t 1s helpful to
compute the single maximum difference between the waveforms
as well as the devlation,

Figures 5—1; 5-2 and 5~3 show that despilte the proce-
dures used to obtaln monophasic recordings, the CAP does
fall below the baseline following the B and the ¢ eleva-
tlons. Similar deflections below the baselilne are present
in Gasser and Grundfest's (1939) CAP shown in figure 7-2.
I 1s st1ll possible that all the flbers are not depolar- .

1zed between the two recerding electrodes. Also the after-
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potentlals In the individual fibers may contribute some
downward deflection,

COMPOUND ACTION POTENTTAL RECONSTRUCTTONS

The deviations (defined by equation 5-1) in table
5-1 are qulte large for the CAPs reconstructed from the
Piber diameter histograms in Chapter IV, with.the default
blophyslcal and axon potential wave parameters. Flgures
5-6 and 5-7 show that the reconstructions from hlstograms
based on area come c¢lose to matching the ¢ wave of the re-
corded CAP, but considerable differences between the curves
exlst for the g and & waves,

The reconstructed a.wave 1s wilder than the recorded o
wave, probably because measurement errors and obliquely
cut fibers tend to make the peak in the diameter hlstogram
for a flbers too breoad. The reconstructed &6wave 1s also
broader than the recorded ¢ wave, for presumably the same
reason, and the reconstructed § wave has a much shorter
latency than the recorded § wave.

Gasser and Grundfest (1939) used two factors to reduce
similar discrepanbies between thelr recorded and recon-
structed CAPs. First thelr measurements showed the “g"
(ratio of axon to flber diameter) decreased for small
fibers. When conductlon velocitles were made proportional
tb axon. dilameters, the reconstructed ¢ wave latency in-

creased relative to the reconstrueted o wave latency,
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Second, because of the "virtual" cathode effect that re-
sults from current spread at the stimulating electrcdes,
they recorded phe d and ¢ waves separately and then com-
bined them before comparison with the reconstructed CAP.
Recent anatomical studles with the electroh mlcroscope
have shown that "g" does not decrease for small fibers.
The a wave latency did not decrease with 1nereased stim-
ulus strength in my studles so the "wvirtual" cathode
effect was negligible,

Some of these discrepancles undoubtedly result from
errors assoclated wlth the measurements made for the com-
pllation of fiber dlameter histograms. The approach
taken at thls polnt 1s to choose the best avallable di-
ameter histogram and then find blophysical and axon poten-~
tlal wave parameters that minimize the difference between
the recorded and reconstructed CAPs. The resulting optimall
parameter values are unlque for sets of paramefers that dd
not have redﬁndant parameters., The dliameter hilstogram
based on area adjusted by neighbor analysis'for A9<20° 1is
used as the begt avallable diaﬁeter histogram for the
reasons given on pages 183 and 184. |

Flgures 5~8 and 5-9 show that only the reconstructed
o wave 1s improved by parameter optimizations so long as
the 1inear relationship between conduction velocilty and

fiber diameter is retained. TPFigure 5-10 shows the results
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for an optimum piecewise linear relationship (equation
5-3) between conduction veloclty and fiber dilameter. The
result in flgure 5-10 has the smallest deviliation (.,0374)
for this study and 1s the only reconstruction that glves
a reasonable fit for the 4§ wave. |

The nonlinear curve in the inset of figure 7-2 from
Gasser and Grundfest (1939) is the conduction velocity~
fiber dlameter relationshlp found emplrically for a good
fit between thelr reconstructed and recorded CAPs. Notice
that theilr relatlonship between conductlon veloclty and
fiber dlameter 1s simllar to the corresponding functional
relationship shown in the inset of figure 5-~10. The avall-
able biophyslcal data for this relatlonshlp are not accur-
ate enough to rule out these types of mildly nonlinear
relatlonships between conduction velocity and fiber di-
ameter,

The insets in filgures 5-10 and 7-2 show the types of
functional relationshlp between conductlon velocity and
fiber dlameter that is needed for reasonable concurrence
for the recorded and reconstructed CAPs. These relatlion-
ships lead me to speculate that perhaps the blophyslcal
propertiles are-different for the myelinated fibers in the
two maJor plles of fibers In cat saphenous nerve dlameter
histograms, Since anatomically derived dlamefer histo-

grams are used to obtaln the relatlonships in these twe
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insets, 1t is quite posslble that the nonlinear relation-
ships result from inereasing measurement error for pro-
gressively smaller dliameter fibers.

Apparently the only reasonable way-to obtailn a
. better fit between the reconstructed and the recorded
CAPs in figure 5~10 1s to find lteratively a detalled
nonlinegr relationship between conductlion velocity and
fiber diameter. Such a solution would undoubtedly re-
qulre conslderable computer time with my current simula-~
tion techniques,

PREDICTIONS OF FIBER DIAMETER HISTOGRAMS FROM CAPS

The results in Chapter VI are the first known attempt
to predict the shape of a fiber diameter histogram from
a recorded CAP, Figure 6-1 demonstrates that the proce-
.dure used can accuralely predict the shape of the hilsto-
gram 1f rellable reconstruction parameters are avallable,
The condltions required for unique histogram predictlions
are reasonable (page 1U6).

Figures 6—3'and 6-4 indicate that a single linear
relationshilp between conductlon veloclty and filber dlameter
fof all fibher diameters results in an unreasonably tall
" narrow peak for small fibers in the predicted -histogram.
The negative part of the predicted histogram in figure 6-4
1s simply an artifact that results from the slightly bi-

phasic character of the recorded CAP and the monophasic
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axen potential wave in the model.

The results shown iIn flgure 6-6 are encouraging be-
cause the predilcted histogram 1s close to the anatomical
histogram except for fibers between 6 and 10 microns. In
Pigure 5-10 this corresponds to the £ wave 1n the recorded
CAP and the flt there 1s poor, Apparently smaller recon-
struction deviations are the key to reducing the differ-
ences hetween the predicted and the anatomical hilstograms
in figure 6-6.

The predicted histogram for a shorter conduction
distance (figure 6-8) should be the same as the predicted
histogram for a ldnger distance (figure 6~6). Although
the results for large fibers are good, the predilcted peak
fof small filbers 1s shifted to the right. It 1s possible
that nerve bundle nonhomogeneltles could contribute to
this discrepahcy. The prominent intermediate peak 1n the
predicted histogram in figure 6-8 1s particularly inter-
esting because no B wave inflection 1s visible on the de-~
cline of a peak in the recorded CAP for thls short con-
duction distance, The recorded CAP for the same nerve
at a longer conduction dilstance does exhibit a signifi-
cant B‘wave‘(figure 5-2). This indicates that the shape
of the predicted diameter histogram 1s extremely sensitive
to the CAP shape and therefore these studles may have im-~

portant clinlcal and research impllications.
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The diameter histogram predicted for another nerve
(cat M) shown in figure 6-10 does differ significantly
from the anatomical result for the same nerve. Only the
predliction for large fibers 1s reasonable, while the
result for small fibers 1s shifted considerably toward
smaller diameters from the anatomical fesult.

The q wave latency for cat M is'about 0.75 msec.
gréater than the § wave latency for cat N, yet the two
conduction distances are nearly equal (figures 5-2 and
5-3). The anatomical fiber diameter histograms for the
nerves from the two cats are nearly identical (figure
4-6). Thus the differences between the histogrﬁms in
figure 6-10 seem to be related to the different § wave
latencies in the recorded CAPs. Possibly the & wave
latency for cat M is increased by irreversible depolariza--
tion that might have spread from the adjacent crushed
nerve end. The recording electrode separation was the
same for recordings from the two nerves.

Generally the predicted histograms are closer to the
anatomical histograms for the larger fibers. This 1is not
particularly surprising because we know that large fibers
influence ﬁhe CAP much more than small fibers.

An alternative mefhod for predicting fiber diameter
histograms requires that the "pseudo inverse" of matrix A

in equation 6-2 be computed.u Then, the flber diameter

l'Sug'p;est:ed by an anonomous proposal reviewer.
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histogram (vector N) can be found by multiplying. the
vector Vpgx times the inverse of the matrlx A:

| N=v, . - A”1 (7-1).

The size of matrix A (120x80)s required for precise
predictions might make the matrix lnverslon prohibitively
expensive. This second method might be preferred when
appropriate biophysical and éxon poﬁential wave parameters
are better established because the: inverse matrix would
only have to be computed once. However, such a "unliver-
sal" inverse matrix would have to be recomputed for

each different conduction distance.

FUTURE STUDIES

Several additional studies are required before the
goal of developing a clinically useful nondestructive
estimate of peripheral nerve structure based on electrical
stimulation and recording techniques can be realized.
First, additional refinements of the methods used in this
study are needed to make the histogram predictions more
accurate, Second, the methods must be extended to accomo-
date multiphaslc CAPs because monophasic recording pro-
cedures damage the nerve. Finally, these procedures must
be extended to CAPs obtained with c¢linically acceptable
surface or needle electrode recording techniques. Of

course clinical testing and acceptance of this approach to
This estimate is based on 120 samples along the CAP
abscissa (6 msec. at 0.05 msec/sample) and 80 bins in
"the fiber diameter histogram (bin width of ‘0,25 microns).
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improved diagnoSis of peripheral neuropathies presents
additional problems. I belleve that aéceptable solutions
for all of these problems can be achleved.

The CAP reconstructiqns in Chapter V could probably
be improved if the function identificatlon procedure used
in Chapter VI is applied to finding an exact-nénlinear
relationship between conduction velocity and fiber di-
ameter. Of course different relationships would exist
for fiber diameter histograms based on different estimates
of fiber diameter. Certainly additional biophysical data
are needed to improve our understanding of the relation-
ship between conduction veloclty and fiber. diameter.

Additional basic studies are required to generate
more accurate anatomical fiber diameter histograms. |
Perhaps the high ratio of fiber periﬁeter to fiber area
for convoluted filbers could be used to 1dentify these
fibers so they could be analyzed differently. Anatomical
studles at different levels along peripheral nerves are
needed to establish whether significant single fiber taper-
ing and branchlng occurs.

Finally it might be useful to extend the study pre-
sented here to group B and group ¢ mammalian fibers. Also
studies on other mammalian peripheral nerves are needed
to find out if the results of this study are generally

applicable to all mammalian nerves.



CHAPTER VIIT

SUMMARY
1. The studies reported here are combilned physilological
and anatomical experiments on cat saphenous nerve. Exten-
slve combuter data processing and modelllng were an in-
tegral part of these studles. A better understaﬁding of
the relationships between myelinated fiber diameter histo-
grams and monophasic compound action potentials was the
overall goal. Of particular interest throughout this
study was the predlction of relatlve flber dlameter

histograms from monophasic CAPs.

2. The properties of a model for reconstrﬁcting com-
pound actlon potentials from fiber dlameter histograms were
investigated.‘ The shape of the fiber diameter hilstogram
was found to be the major determinant of the CAP shape.

The blophyslcal parameters that relate single fiber con-
duction velocity to fiber dlameter were also influential
determinants of the CAP shape. The parameters of the axon
potentlal wave that speclfy the shape of the single fiber
responses 1n the model were the least influentlal para-
meters studled, The effects of nonhomogeneous nerve trunks

were also simulated and studied wilth the model.

3. Flber diameter histograms were complled based on the

followlng primary estimates of flber diameter: perimeter/w,

201
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diameter of a circle with equivalent area, major‘chord and
the minor chord, The diameters based on area were the

most accurate except for obliquely cut fibers. A method
was developed to adjust the fiber dlameters of obliquely
cut flbers based on the shape and orientation of neighbor-~
ing flbers. The mean smallest distance from each f{lber
centrolid to the nerve bundle perimeter was nearly constant
for ail fiber dlameters.

i, The recorded CAPs had small standard deviatilons

and were slgnificantly different for the two cats. Recorded
and reconstructed CAPs were compared for the different
underlying fiber dlameter histograms. Selected model para-
meter values were optimlized to minimlze the sum of the
squared differences between the resorded and the recon-
structed CAPs, A nonlinear relatlonship between conduction
veloclty and fiber diameter was necessary to account for
the gap between peaks in the recorded CAP.

5. The model was used to predict relative fiber dilameter
hilstograms from monophaslc recorded CAPs. The hilstogram
predictions also require that blophysical constants, the
measured conduction distance and limits on the range of
fiber dlameter be glven. The predilcted and‘the anatomical~
1y derilved hiétograms agreed better for large dlameter

fibers than for small diameter flbers,
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