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Mechanical Model of Brain
Convolutional Development

Pathologic and experimental data suggest a model based
on differential growth within the cerebral cortex.

David P. Richman, R. Malcolm Stewart, John W. Hutchinson,

Fer centuries the convolutions (/) of the
human brain have evoked both scientific
and general interest. Biologists have exten-
sively investigated the cerebral cortex, but
remarkably little is known about the inira-
uterine events respensible for its con-
voluiled form. This article 15 based on our
observations (2—4) of 1wo human con-
genital cerebral malfermations, micro-
gyria and lissencephaly, which manifest
opposite  extremes of abnormal con-
volutional development. Biomechanical
analysis of brain development in these 1wo
conditions has led us to propose a general
model of the ontogenesis of cerebral con-
vojutions.

Normal Convolutionai Development

Cerebral convolutions (5) appear in man
in the fifth fetal month and continue their
development into the first postnatal year
(6). This period coincides wilh the time of
maximal increase in volume of the cerebral
cortex (7). Since cellular migration to the
cortex is essentially complete by the end of
the fifth fetal month (6, 8), this growth is
the consequence of several other factors,
including glial cell proliferation, growth
and differentiation of individual neurons.
and the influx of afferent fibers ().

The first convolulions to appear, the pri-
mary ones (such as the centrai and calca-
rine fissures) and secondary ones (such as
the parieto-gcecipital suicus and the frontal
and temporal gyn), are relatively constant
in their {ocation, configuration, and rela-
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lionship to corlical architectonic fields
({/0). The tertiary convolutions, by far the
most numerous, begin to develop lale in
the third trimester and become fully de-
marcaled only months after birth (6). They
appear random in their ferm and anaiomi-
cal relationships (//, 12).

The earitest students of convolutional
development observed that the ratio of the
volume of the enure cerebral hemisphere
1o the surfacc area of the cortex changes
very little throughout development; this is
the so-called law of Baillarger and Dareste
(13}, Cortical folding was considered a
process thal served to maintain the con-
stant ratio. This view, however, provides
litile insight into the origin and distribu-
tion of the physical stresses which actually
causc cortical foiding. Subsequent investi-
gators (i4) suggested that, within this
{framework, the location ol individual con-
volutions depends on local changes in cor-
tical structure, with sulci ocecurring in rela-
tion 10 boundaries belween cortical archi-
1lectenic fields.

Clark ({2} presented the first analytical
theary of convotutional development. He
pictured the expanding cerebral hemi-
sphere as constrained by nondeformabie
neighboring structures—ihe base of the
skuil and the basal gangiia below and the
corpus callosum above. He sugpested, ac-
cordingly, thal compressive stresses are sel
up in the hemisphere during its expansion,
and these stresses cause buckles or sulci
which run parallei to the noncompressible
limiting struclures.

Other early investigalors (/3) proposed,
however. that convolutionai development
is a purely intracertical process. They sug-
2ested that ceriain segments of the cortica)
surface undergo increased growth, with the
resultant local bulges evenlually becoming
gyn. Again the analysis was entireiy mor-

phologic, and mechanical factors were nat
considered.

Barron (/6), in the only experimental ex-
amination of the mechanics of corical
folding that we know of, suggested that
convolutional devetopment is, in fact, de-
pendent wholly on events and constraints
within the cortex itsell. The developing
cerebral cortex of sheep was surgically iso-
lated in utero from subcortical structures
al a time before the appearance of con-
volutions but after the completion of cellu-
lar migration. In one group of animals the
*nondeformable” corpus callosum, basal
ganglia, and thalamus were ablated. In an-
other group much of the ceniral hemi-
sphere, including central white matter, was
destroyed, markedly altering the ratio of
volume to surface area. Despite these ex-
tensive ablations all animals, at term, had
gyri and sulci of essentially normal size
and configuration. These experiments
clearly focus the analysis on intracortical
evenls as the primary determinants of cor-
tical folding during development.

Pathological Convolutional Development

Human brains with the malformations
of convolutional development microgyria
and iissencephaly (2—4) are remarkably ab-
normal in their intracortical siruciure. Mi-
crogyric brains (Fig. [A) have a corlex
that is markedly buckled, resulting in an
increase in number and decrease in size of
the gyri and sulci. Lissencephalic brains
(Fig. 1B), in contrast, have a smooth sur-
face lacking the usual secondary and ter-
tiary gyri. Beneath the lissencephalic cor-
tex, whose relative thickness is diminished
(4). 1s a broad collection of neurons lying
within the white matier of the hemispheric
wall, presumably arrested there during cel-
lular migration 1o the cortex.

The cellular patierns of the corlex in
these two developmenltal mallormations
differ from the six-layered archilecture of
normal brains (Fig. 2). In microgyria most
of the cells of cortical layer V (and occa-
sionally portions of adjoining layers 1V

.and VI are absent (2, 3). In the cariex of

lissencephalic brains the cells of lavers 1
and IV are either markedly reduced in
numtber or completely missing (2, 4).

The observed architeclonic differences
are correborated by measurements of the
lotal surface area, in the tangential plane.
of each of the carlical layers in normal and
microgyric cortex (Table 1). In normal
corlex the surface area increases progres-
sively from the innermost to the outermost
cellular layer {/7). The relative increase in
area 1n the more superficial layers is
grealer than would be expected for a series



of concentric spherical layers (/8). Thus, in
normal cortex the outer cellular layers ap-
pear to grow al a slightly faster rate than
the inner layers. Jn microgyric cortex the
surface areas of the outer cellular layers (11
and 111) are slightly greater than in normal
cortex, implying at least normal growth of
these layers. In contrasi, the surface areas
of the inner cellular Jayers (}'V and V) are
less than half of those in normal cortex.
This reduction in surface area, and also in
thickness, implies a severe retardation in
the growth of the inner portion of the cor-
tex. Thus, in both normal and microgyric
cortex there appears 1o have been a differ-
ential in growth between the outer and in-
ner cortical layers, which is more marked
in the microgyric cortex. Qualitative ob-
servations of lissencephalic cortex suggest,
on the other hand, that the growth of all
cortical layers, especially Il and IV, is
markedly reduced without any significan:
differential beiween the inner and outer
layers. These abnormalities in the in-
tracortieal structure in both microgyria
and lissencephaly—malformations which
might be considered the two limiling cases
of convolution formation—provide the
basis for a mechanical model of normal
and pathological convolutional devel-
opment based on intracartical factors.

Model of Cortical Buckling

The cerebral cortex may be divided into
two slrata, stratum | consisting of the
outer architectenic layers I, 11, and 111,
and stratum 2 consisting of the inner layers
IV, V, and VI. The implications of differ-
ential growth of these strata in normal, mi-
crogyric, and lisseneephalic cortex are
brought out by the following model of the
developing postmigratory cerebral hemi-
sphere, Consider a sphere of radius R with
two outer layers, stralum 1 and stratum 2
with thicknesses 1, and ¢,, bonded Lo each
other and to the inner core (Fig. 3A). Dif-
ferential growth leads (o stresses ¢, and o,
in the strata, and these are taken to be pos-
itive in eompression. The greater the
growth of stratum 1 relative to stralum 2,
the greater is ¢, compared to o,, and con-
versely. If the growth of each stratum is
sufficiently great compared to that of the
core, compressive stresses will develop in
sirata 1 and 2; thatis, ¢, > 0, 0, > 0. 1f the
growth of each cortical siratum isless than
that of the core, Lhe stresses in the strata
will be tensile; that is, ¢, < 0, ¢; < 0. The
elastic stiffness of the strata (their resis-
tance Lo incremental deformation) in the
stressed state is characterized by Young's
moduli £, and E, and the stiffness of the
inner core by E core

Table 1. Tolal {1angential) surface area ol Lhe
cortical cellular layers in each cerebral hemi-
sphere of a 27-week fetus with microgyria lim-
ited 10 one hemisphere (24).

Surfacc area {cm?)

Layer Normal Microgyric

hemisphere hemisphere
1 75.8 61.8
11 719 86.1
111 77.6 80.2
v 72.2 294
v 70.3 358
VI 67.5 67.8

Calculations of a,, ¢,, E,, E;, and E.gre
would require detailed knowledge of the
growth process and the stress-strain prop-
erties of human fetal cerebral malerial,
which is not available (/9). However, by
considering the likely range of the charac-
lerizing properties just defined, we have
undertaken a mechanical parameter study
of elastic buckling in the two-layered
model. The development of the surfaee
geography of the cortex is undoubiedly
complicated by additiona}l mechanieal and
anatomical factors, such as the time-
dependent behavior of the malterial, sur-
face undulations that are present at the
start of the convoluting process, and local
differences in geomelry and malterial prop-
erties within the strata. Nevertheless, the
elastic model should reveal the tendency
of the cortical layers to convolute or re-
main smooth as a consequence of the
proposed differential growth delinealed
above.

Results of Analysis of the Model

For the normal fetal cortex shorty after
completion of cellular migration we use
the following estimates (7, figure 12): 1, =
1 = 0.5 mm and R =25 mm. For stiff-
nesses salisfying E, = E; and the ralie
Ecore/ E, not less than about 1/100, the
buckling wavelengths are very short and
the effect of the curvature of the spherical
model can be neglected. With these as-
sumptions the system can be considered as
two flat plates, the contical layers, bonded
Lo an infinitely deep elastic foundation, the
core.

A mechanical analysis (20) of the elastic
behavior of this model under differential
growth of the layers reveals that the sur-
face will buckle if sufficient stresses ¢, and
o, develop. For each set of initial parame-
ters, there will be an entire family of pos-
sible buckling patterns. However, all such
solutions will be sinusoidal in their form,
similar to the surface tllustrated in Fig. 3B.

1f we consider a set of coordinates, x and
¥, on the surface, the buckling analysis
produces a general expression for the in-
cipient displacement of the surface in the
radial direetion in the functional form

Rxy) = sin2rx/i)sin 2wy /i)

where /, and /, are the wavelengths of
buckling (21) in the x and y directions. For
each set of initial parameters, the family of
possible solutions consists of the surfaces
of this form for which /, and {, satisfy
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Fig. L. (A) Microgyric cerebral corex of a 27-week fletus. Nole the markedty convoluted cortex with
the intergyral wavelength approximalely equal to the cortical thickress {arrows). Cresyl violet stair.
Scale line, 1 mm. (B} Lissencephalic cerebral corlex in a 2-year-old child. Note the smooth cortical
surface and the diminished cortical thickness (arrows). The cellular region (aslerisk) deep to the cor-
lex and mvolving most of the hemispheric wall is the zone of reuronal heterolopia. Cresy! violet
stain. Scale line, 1 mm.
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Fig. 3. (A) Proposed two-layered spherical model in the initial state belore buckling. {Symbots are
defined in the text.) (B) Illustration of a segment of the buckled surface predicted by the mechanjcal
analysis of the model in (A). The surface skown here, with the wavelength of buckling (f+,2) egual
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Fig. 2. Camera lucida drawings of the cyloarchitecture of lissen-
cephalic, normal. and microgyric cerebrai coriex. R oman numer-
als correspond to the standard cellular layers of Rorrnal cortex.
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in both the x- and y-directions, is only one of an enlire set of possible solutions.
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where / can be computed for any set of me-
chanical parameters: E|, E,, Eeorey oy, 02
and ¢, where 7 = (, 4 1;. The symmetrical
solution-——that is, the one for which the
wavelength in the x-direction is equal to
the wavelength in the y-direction {/, =
I, = {V2)—ts shown in Fig. 3B. We may
view { as the minimum possible wavelength
for any set of initial parameters. Figure 4A
shows the computed values of {, expressed
as //1, as a function of the stress ratio ¢,/
a,, for the choices E, = E, and E/E, =
1/10. Note than !/ is constant over a wide
range of values of o,/0,. The material was
taken to be elastically incompressibie, an
assumption which has little effect on the
prediction. Decreasing the ratio E./E,
by a factor of 10 was found to increase / by
only a facior of approximately 2.

A number of observations may be made
from these results of the mechanical analy-
sis of the model. The anatomical findings
discussed above suggest that during nor-
mal development stratum | grows some-
what more than stratum 2 and the growth
of both strata is held back by the slower
growth of the core. In this situation,
o, > a; > 0 Thus (from Fig. 4A) for
Eeore /JE, = 1/10, I/t = 8. In the normal
fetus during convolutional development,
=10 mm, and hence /=8 ==8 mm.
This predicted value of / is in reasonable
agreemen! with measurements of the nor-
mal “incipient” intersulcal distance at the
end of the seventh gestational month: 8.5
mm in the normal hemisphere of our 27-
week specimen and 7.5 mm in a specimen
illustrated in Sidman and Rakic (6, figure
10C).

In the microgyric brain the thickness of
the abnormal inner cortical stratum, 13, is
less than r,. Provided other factors remain
unchanged, if the inner stratum were ab-
sent altogether, the wavelengths would be
reduced by one-half (22). If 1the growth of
stralurn 2, relative to stratum 1, is suffi-
ciently reduced to resull in the devel-
opment of a tensile stress in stratum 2—
that is, o, < 0 and ¢,/a, < 0—then, as can
be seen in Fig. 4A, the wavelengths will be
further reduced. At a sufficiently negative
value of o,/¢,, {/r = . Hence, the model
prédicts that the wavelengths in microgyna
may be reduced to 2 value approximately
equal to the cortical thickness, 1 (23), a
finding in agreement with histologic obser-
valion in our case (see Fig. | A).

Fig. 4. {A) Plot of //1 as a funciion of a3/ay, for
the choices £y = E; and Ecore/E1 = 1/10 (sym-
bols are defined in the text). Note that for a;/0,
> 0, i/t = 8. Also as o,f/a, becomes pro-
gressively more negative, //¢ diminishes mark-
edly. {B) The critical stress in stralurn 1 re-
quired [or buckling, normalized by £, is
plotied as a function of the stress ratio aa/a,.



In the lissencephalic brain a large num-
ber of the cellular elements normally des-
tined for the cortex have been arresled
within the core. Since they grow and differ-
enliate in their heterolo pic location, we as-
sume that the relative growth of the cortex
is less than normal while the relative
growth of the core is greater than normal.
Hence the compressive stresses ¢, and g,
are probably less than in normal brains. As
can be seen from Fig. 4B, in order for
buckling (at any wavelength) 10 occur, the
compressive siress ¢, in the outer layer
must exceed a critical value. It is Jikely
that stress sufficient 1o exceed the critical
value never develops in the abnormal lis-
seneephalic corlex, and consequently its
surface remains smooth.

Implications of the Mode!

The mechanical model presented above,
which is based on the differential growth
between the outer and inner portions of the
cerebral coriex, yields theoretical resulis
that are in reasonable agreement with the
actual wavelenpths of the incipient gyri
and sulci in normal, microgyric, and lissen-
cephalic fetuses. The major prediction is
that, for a wide range of possible growth
ratios, the intergyral wavelength will be
eight times the cortical thickness. If, how-
ever, the growth of the inner cortical layers
is interrupted, the wavelenpgth may fall
markedly. Alse, if the growth of the cortex
is sufficiently reduced relative te that of the
entire hemisphere, no buckling will occur.
The apreement of these predictions wilh
anatomical and pathclogical observalions
tmplies that differential growth within the
cortex itsell can reasonably be considered
a major delerminant of convolution lor-
matien.

The model predicts that lines of buck-
ling may cccur anywhere on the cortical
surface, a resull in accord with the appar-
ently random pattern of distribution cf the
numerous lertiary pyri. However, in this
analysis we have nol considered the lactlors
that result in the relativety consiant config-
uration and position of the primary and
secondary convolutions. Perhaps siresses
on the enlarging cerebrum from external
constraints (/2) or those focused at the
boundaries belween archileclonic fields
(/4) are more significant in the devel-
opment of these convolutions than the ran-
dom siresses considered in the model.

Future measurements of cortical thick-
ness, incipient buckiing wavelength, and
the retative values of the Young's modul
for the cortex and central while matter in
normal and pathological fletal malerial
should provide betier tests of the validity

of the model. Experimental studies in-
volving, for example, the effect of intra-
uterine destruction of precise portions of
the developing hemisphere on convolution
formation will also be of interest. Such ad-
ditional data, while making it possible to
evaluate the present model, may provide
new insights into the development of brain
convolutions and, perhaps, into the more
general question of the role of mechanical
faclors in the ontogenesis of biological
form.

Summary

Qur observations of the pathology of hu-
man cerebral malformations are consistent
with previous experimental findings, which
suggesl that the forces responsible lor cere-
bral convolutional development are pre-
dominanily intracortical. The morphologi-
cal features of the cortex of the overly con-
voiuted microgyric brain and the poorly
conveluted lissencephalic brain suggest
various degrees of abnormal growth of the
inner and cuter certical layers in these two
malformations. These observations pro-
vide the basis for a peneral mechanical
moedel of cenvoiutional development. The
model is an elastic sphere consisting of
two superficial lavers bended to an inner
core. A mechanijcal parameter study of
various growth behaviors of the two super-
ficial {cortical) layers predicis sinusoidal
buckling of the surface in the normal and
microgyric cases but the absence of buck-
ling in lissencephaly, The predicied mini-
mum incipiennt buckling wavelengths (in-
tergyral distances)—eight times the corti-
cal thickness in nermal brains and equal
1o the cortical thickness in microgyric
brains—are 1n reasonable agreement with
those observed in (e1al brains.
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Wavelength here is equivalent to the intersulcal or
intergyral distance.

By definition r = 1, + f;. In the normal brain we
are assuming I, = J;. I1f in the microgyric brain 1,
were 1o become 0, then 1 would be reduced by one-
ha:{. Since / = B¢, [ would also be reduced by one-
half.

[fift =1, thent = 1.

The distribution of the microgyria has been pre-
viously reported (3). The normal hemisphere is 1n-
distinguishable from that of an age-maiched con-
trel. The surface area of each layer was oblained
by measuring i1s length in horizontal histological
sections with a Dielzgen map measure and in-
iegrating these values over the axis perpendicular
10 the plane of sectionimg. The specimen was avail-
able in 1080 serial seciions, and the lengths of the
lavers were measured 1n 25 representalive seclions.
The authers are graieful 10 P. Rakic, N. Gesch-
wind, T. McMahon, and R. Sidman (or helpfu}
suggesiions and criticism,
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