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Because the white matter of the cerebral cortex contains axons that
connect distant neurons in the cortical gray matter, the relationship
between the volumes of the 2 cortical compartments is key for
information transmission in the brain. It has been suggested that the
volume of the white matter scales universally as a function of the
volume of the gray matter across mammalian species, as would be
expected if a global principle of wiring minimization applied. Using a
systematic analysis across several mammalian clades, here we show
that the volume of the white matter does not scale universally with
the volume of the gray matter across mammals and is not optimized
for wiring minimization. Instead, the ratio between volumes of gray
and white matter is universally predicted by the same equation that
predicts the degree of folding of the cerebral cortex, given the clade-
specific scaling of cortical thickness, such that the volume of the gray
matter (or the ratio of gray to total cortical volumes) divided by the
square root of cortical thickness is a universal function of total
cortical volume, regardless of the number of cortical neurons. Thus,
the very mechanism that we propose to generate cortical folding
also results in compactness of the white matter to a predictable
degree across a wide variety of mammalian species.
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The folding of the cortical surface and the segregation of the
tissue of the cortical hemispheres into gray and white matter

are the 2 most evident characteristics of the cerebral cortex. The
proportion of the cerebral cortical volume that consists of white
matter tends to increase with total cortical volume (VT), varying
from 3% in the least shrew to 50% in the African elephant (1).
The segregation of the cerebral cortical volume into gray and
white matter is often assumed to lead to optimized axonal
propagation times (2). However, the telencephalon of avian
brains shows no clear separation into gray and white matter, even
though its network consists of even more neurons than found in
mammalian cortices of similar mass (3). Whether or not segre-
gated into a compartment of its own, and all else remaining
equal, the importance of minimizing the volume of the white
matter is clear: the shorter the axons, the smaller the propaga-
tion times, and therefore the faster that activity will be integrated
across distant sites.
In line with the obvious importance of minimizing the volume of

cortical white matter, VW, previous models have considered that
white matter volume is subject to universal principles that lead to
its minimization (4–6). However, more recent data have shown
that the assumptions made by those models turned out to be in-
correct. By analyzing a sample of 59 species of various mammalian
clades pooled together, Zhang and Sejnowski (4) found that VW

scales as a power function of the volume of cortical gray matter,
VG, with an exponent of 1.23 ± 0.01. Using a simple geometrical
model that assumed 1) that each unit area of cortical surface re-
ceives a constant total cross-sectional area of long-distance fibers
from the white matter; 2) that the geometry of the cortex mini-
mizes the total length of fibers; and 3) that the average thickness of
the cortical gray matter T varies universally with VG, Zhang and
Sejnowski calculated that VW should scale with VG raised to a
theoretical exponent of 1.33. Deeming this exponent close to the
empirical exponent of 1.23, the authors concluded that the uni-
versal scaling of VW with VG “might arise naturally as a conse-
quence of the local uniformity of the cortex and the requirement
for compact arrangement of long axonal fibers” (4).
The study by Zhang and Sejnowski (4), however, did not ex-

amine the scaling of VW with VG separately within each mam-
malian clade in the dataset. We have recently shown that,
contrary to their assumption that T scales universally with VG
(which amounts to a universal correlation between T and total
cortical surface area AT), T scales as a power function of total
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cortical surface area AT with different exponents across mam-
malian clades (7). By mathematical necessity, therefore, T does
not scale universally with VG, invalidating their third assumption
(4). Moreover, we have found that, while the proportion of
cortical neurons that are connected through the white matter is
fairly constant across rodent species (8), it decreases with in-
creasing numbers of cortical neurons (and thus cortical volume)
across primate species (9, 10). These findings make the first as-
sumption of Zhang and Sejnowski’s model unlikely. Considering

additionally that the discrepancy between their calculated and
observed exponents is a substantial 10 times the SD of the ob-
served exponent, it thus seems improbable that VW and VG scale
universally as proposed. In that case, the source of the rela-
tionship(s) between VW and VG remains to be determined.
Optimization, by itself, is not a well-posed fundamental prin-

ciple for biology, for 2 reasons. First, the choice of utility func-
tion that is maximized is not necessarily obvious and may be far
too intricate to be estimated empirically. Second, and more
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Fig. 1. VW scales as different functions of VG across mammalian clades. Each point represents 1 species according to the key in the graph (values in SI Appendix,
Dataset S1). (A) Variation in VW across species in our dataset can be fit with a single power function of VG with exponent 1.240 ± 0.036 (r2 = 0.970, P < 0.0001, n =
38 species; plotted in black). However, VW varies as a different function of VG in eachmammalian clade, with exponents as follows: artiodactyls, VW ∼ VG

0.923 ± 0.068,
r2 = 0.984, P = 0.0009 (lavender); marsupials, VW ∼ VG

1.066 ± 0.171, r2 = 0.907, P = 0.0034 (gray); primates, VW ∼ VG
1.140 ± 0.047, r2 = 0.987, P < 0.0001 (red);

carnivorans, VW ∼ VG
1.258 ± 0.045, r2 = 0.992, P < 0.0001 (orange); rodents, VW ∼ VG

1.260 ± 0.062, r2 = 0.993, P = 0.0003 (green). Notice that all r2 values per clade are
higher than the r2 value for the entire dataset, despite the smaller number of species per clade. (B) Variation in VW across species in Zhang and Sejnowski’s dataset
(57 of the reported 59 species) can be fit with a single power function of VG with exponent 1.228 ± 0.010 (r2 = 0.996, P < 0.0001, n = 57 species; plotted in black). In
their dataset, as in ours, VW varies as a different function of VG in each mammalian clade, with exponents as follows: artiodactyls, VW ∼ VG

1.250 ± 0.062, r2 = 0.995, P =
0.0025 (n = 4; lavender); cetaceans, VW ∼ VG

1.075 ± 0.064, r2 = 0.993, P = 0.0035 (n = 4; pink); primates, VW ∼ VG
1.326 ± 0.028, r2 = 0.990, P < 0.0001 (n = 25; red);

afrotherians, VW ∼ VG
1.195 ± 0.022, r2 = 0.999, P < 0.0001 (n = 5; blue); eulipotyphlans, VW ∼ VG

1.227 ± 0.054, r2 = 0.986, P < 0.0001 (n = 9; green). Notice that all r2

values per clade are higher than the r2 value for the entire dataset, despite the smaller number of species per clade. (C) In our dataset, the increase in the ratio
between VW and VG together with VG can be described as a power function of exponent 0.240 ± 0.036 across all species (r2 = 0.549, P < 0.0001, n = 38; plotted in
black, with the 95% confidence interval for the fit shown as dashed lines). However, as expected from the different exponents in A, VW/VG scales as functions of
VG with different exponents across rodents (0.260 ± 0.062, r2 = 0.855, P = 0.0244; plotted in green), primates (0.140 ± 0.047, r2 = 0.527, P = 0.0175; plotted in
red), and carnivorans (0.258 ± 0.045, r2 = 0.847, P = 0.0012; plotted in orange), and does not scale across marsupials (P = 0.7198) or artiodactyls (P = 0.3606). (D) In
Zhang and Sejnowski’s dataset, the increase in the ratio between VW and VG together with VG can be described as a power function of exponent 0.228 ± 0.010 across
all species (r2 = 0.906, P < 0.0001, n = 57; plotted in black, with the 95% confidence interval for the fit shown as dashed lines). However, as expected from the different
exponents in A, VW/VG scales as functions of VG with different exponents as follows: artiodactyls, not significant, P = 0.0565 (lavender); cetaceans, not significant, P =
0.3612 (pink); primates, VW/VG ∼ VG

0.326 ± 0.028, r2 = 0.857, P < 0.0001 (red); afrotherians, VW/VG ∼ VG
0.195 ± 0.022, r2 = 0.964, P = 0.0029 (blue); eulipotyphlans,

VW/VG ∼ VG
0.227 ± 0.054, r2 = 0.715, P = 0.0041 (green). Notice that, in C and D, data points for most species fall outside the 95% confidence interval.
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important, biological form results from evolution through
spontaneous variation and natural selection rather than by ab
initio design, so any optimization is constrained by what can be
achieved by changing a relatively few degrees of freedom in the
context of largely conserved developmental processes and pre-
existing conditions inherited from ancestors of a given lineage.
One possible such set of processes through which constrained

optimization of white matter connectivity might occur in evolution
(thereby possibly creating a link between the volumes of gray and

white matter in the cortex) are the push–pull forces that are both
subject and cause of cortical growth and development, and have
been previously proposed to lead to folding (11). Cortical mor-
phology, including cortical folding, which results in smaller cortical
volumes than expected for surface area, is ultimately a conse-
quence of tension (push–pull) forces at play during development,
and therefore is presumably highly conserved, subjected to natural
selection, and constrained by physics. It is thus possible that
whatever mechanism determines the degree of folding of the

1

0.9

0.8

0.7

0.6

0.5

10 10030 1,000 10,000 100,000 10,000,000

1
0.9

0.8

0.7

0.6

0.5

0.4

0.3

10 10030 1,000 10,000 100,000 10,000,000

V
G
/V

T

V
G
/V

T
(V

G
/V

T
).

T
-1

/2

Total cortical volume (V
T
), mm3

A
V

G
/V

T

Total cortical volume (V
T
), mm3 Average cortical thickness (T), mm

B

carnivorans

artiodactyls

scandentia

primates

afrotherians

marsupials

glires

Total cortical volume (V
T
), mm3

C

D

carnivorans

artiodactyls

scandentia

primates

afrotherians

marsupials

glires

0.5

0.6

0.7

0.8

0.9

1

10 100 1,000 10,000 100,000 1,000,000

carnivorans

artiodactyls

scandentia

cetaceans

primates

afrotherians

eulipotyphlans

glires

our dataset our dataset

Zhang and Sejnowski’s dataset

0.5

0.6

0.7

0.8

0.9

0.5 1.0 1.5 2.0 2.5 3.0

Fig. 2. The ratioVG/VT scales differently withVT in eachmammalian clade, but the ratio (VG/VT)·T
−1/2 scales universally withVT. Each point represents 1 species according to

the key in the graph (values in SI Appendix, Dataset S1). (A) In our dataset, the ratio VG/VT can be fitted across all species with a single power function of exponent −0.062±
0.008 (r2 = 0.631, P < 0.0001, n = 38; black). However, VG/VT varies as a different function of VT in each mammalian clade, with exponents as follows: artiodactyls, not
significant (P= 0.3908; lavender); marsupials, not significant (P= 0.5809; gray); primates,VG/VT∼ VT

−0.051 ± 0.016 (r2= 0.555, P= 0.0134; red); carnivorans,VG/VT∼VT
−0.074 ± 0.014

(r2 = 0.823, P = 0.0019; orange); rodents, VG/VT ∼ VT
−0.037 ± 0.008 (r2 = 0.880, P = 0.0182; green). Notice that the latter 2 r2 values per clade are higher than the r2 value for

the entire dataset, despite the smaller number of species per clade. (B) In Zhang and Sejnowski’s dataset, the ratio VG/VT can be fitted across the entire dataset with a
single power function of exponent −0.045 ± 0.002 (r2 = 0.869, P < 0.0001, n = 57; not plotted). However, here VG/VT varies evenmore clearly as a different function of VT

in eachmammalian clade, as a shallow function in eulipotyphlans (exponent,−0.020± 0.004, r2= 0.740, P= 0.0029, n= 9; green), as a less shallow function in afrotherians
(exponent, −0.045 ± 0.002, r2 = 0.992, P = 0.0003, n = 5; blue), and as a steeper function in primates (exponent, −0.068 ± 0.005, r2 = 0.903, P < 0.0001, n = 25; red).
Exponents for cetaceans and artiodactyls are not significant (P = 0.3427 and 0.0597, respectively). (C) The folding-dependent ratio (VG/VT)·T

−1/2, in comparison, is very well
fitted across all clades in our dataset by a single power function of VT of exponent −0.128 ± 0.006 (r2 = 0.919, P < 0.0001, n = 38; black), with more overlap across species.
Additionally, the ratio (VG/VT).T

−1/2 varies as clade-specific power functions of VT that are significant for each clade with the following exponents: artiodactyls, −0.104 ±
0.014 (r2 = 0.945, P = 0.0055; lavender); marsupials, −0.175 ± 0.050 (r2 = 0.758, P < 0.0001); primates, −0.118 ± 0.008 (r2 = 0.960, P < 0.0001; red); carnivorans, −0.157 ±
0.010 (r2 = 0.978, P < 0.0001; orange); rodents,−0.162 ± 0.011 (r2 = 0.985, P = 0.0008; green). Notice the higher values of r2 compared with the fits in A. The 95%
confidence intervals for individual values are plotted in both graphs. (D) The VG/VT ratio in our dataset decreases with increasing average thickness of the cortical gray
matter (Spearman correlation, −0.407; P = 0.0112). That is, the thinner the gray matter, the smaller the white matter fraction of the cortex tends to be.
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cortical surface also determines the relationship between the
volumes of gray and white matter. We have recently developed a
model that predicts the existence of a universal relationship be-
tween total surface area (AT), exposed surface area (AE), and
average cortical thickness (T, calculated as VG/AT) for lissence-
phalic and gyrencephalic species alike (7). According to this
model, this relation AT·T

1/2 = k·AE
1.25 is derived from the mini-

mization of the effective free energy associated with cortical shape
based on known mechanisms of axonal elongation and the self-
avoiding nature of the cortical surface. This is a very simple model
that, like the original one (4), seeks only to relate global cortical
morphological variables (i.e., areas, volumes, and average thick-
ness that pertain to the entire cortex), favoring generality over
detail, with a widely applicable (cross-species) but coarse-grained
(whole-cortex) description of cortical folding.
Empirically, by measuring the cortices of dozens of mammalian

species belonging to different orders and varying over 4 orders of
magnitude in total cortical surface area, we verified that lissence-
phalic and gyrencephalic species alike follow closely the theoretical
prediction, with AT·T

1/2 = k·AE
1.305 ± 0.010 and an r2 of 0.998 (7),

although the empirical exponent of 1.305 differs from the theo-
retical 1.25 by a small but statistically significant value. The
goodness of the fit of our model to empirical data strongly sug-
gests that AT and T are 2 independent evolutionary degrees of
freedom, from which VG, AE, and the folding index FI = AT/AE
result directly. Additionally, the relationship between the exposed
surface area of a cortical hemisphere and total cortical volume VT
can be very precisely estimated across species (see below) using
the relation between area and volume of a solid hemisphere,
VT = ð2=9 ffiffiffiffiffiffiffi

3  π
p ÞAE

3=2 = 0.0724AE
1.5, even though cerebral cortices

are obviously not perfect hemispheres. Thus, from T, AT, and AE
we can obtain both VT and VW = VT − VG, which implies that VG
and VW cannot be taken as independent variables.
One of the terms in our equation for free energy that defines

the degree of cortical folding (that is, AT and AE) is related to
self-avoidance, while the other is proportional to VW (SI Ap-
pendix). Thus, since we do not start by assuming VW minimiza-
tion, a constrained minimization of white matter volume is a
consequence, rather than a postulate, of our model (7).
Here, we examine the propositions that 1) the scaling of VW

with VG is clade-specific, contrary to the report by Zhang and
Sejnowski (4), but nevertheless 2) there is a universal relationship
between VG and VT (or VW) as a consequence of the mechanism
that leads to the folding of the cerebral cortex through the mini-
mization of the effective free energy of the cortex depending on its
surface area and thickness (7). We examine prediction 1 by
revisiting the dataset of Zhang and Sejnowski, for which we could
retrieve the original data cited for 57 of the 59 species. We also
examine prediction 1, and additionally prediction 2, using our own
dataset (SI Appendix, Dataset S1), which includes VG, VW, AT, T,
folding index (FI = AT/AE), and numbers of cortical neurons, N,
and consists of the data examined in ref. 7 plus new data for
6 marsupial and 8 carnivoran species for which numbers of neu-
rons were reported in refs. 12 and 13.

Results
We find that the relationship VW × VG can be well-fit across the
38 mammalian species in our dataset (SI Appendix, Dataset S1)
with a single power function of exponent 1.240 ± 0.036 (r2 =
0.970, P < 0.0001). However, our dataset includes enough spe-
cies of primates (10), marsupials (6), carnivorans (8), artiodactyls
(5), and rodents (5) to allow the calculation of power functions
for each order separately. We then find that VW scales as dif-
ferent functions of VG in each clade, with exponents that vary
from 0.923 ± 0.048 in artiodactyls to 1.260 ± 0.062 in rodents
(Fig. 1A). Exponents for artiodactyls (0.923 ± 0.048) and pri-
mates (1.140 ± 0.047) have 95% confidence intervals that ex-
clude the exponent of 1.240 that applies to all species in the

dataset. The exponent that applies to artiodactyls is not signifi-
cantly different from unity, which implies that, contrary to other
mammalian clades, larger artiodactyl cortices do not have pro-
portionately more white matter than gray matter. Importantly,
the fits that apply to each clade have higher r2 values than the fit
for all species, despite the smaller number of species per clade
(Fig. 1A). Likewise, while we obtain a similar exponent of
1.228 ± 0.010 across the 57 species in the dataset from Zhang
and Sejnowski, we find that breaking down by clade the analysis
of the VW × VG relationship in their dataset also reveals clade-
specific relationships (Fig. 1B). Strikingly, the exponents of each
of the clade-specific relationships differ between the 2 datasets
(compare Fig. 1 A and B), which indicates that, unlike a true
universal relationship, the precise set of species included affects
the exponents obtained for each clade. These findings indicate
that the relationship between VW and VG is not universal across
mammalian clades as previously thought.
The large variation in VG and VW, spanning 5 and 6 orders of

magnitude, respectively, may have masked the real extent of
divergence from different clades to the universal scaling rule
proposed by Zhang and Sejnowski (4). If such a universal scaling
rule applied as those authors proposed, and with an exponent
significantly above linearity, then the ratio VW/VG should in-
crease homogeneously with increasing VG across all species,
conforming in each clade to a power function of VG raised to an
exponent of 0.240 in our dataset, or 0.228 in theirs. Instead, we
find in our dataset that VW/VG does not increase significantly
together with VG across marsupial or artiodactyl species, and
whereas similar exponents of 0.258 ± 0.045 and 0.260 ±
0.062 apply to carnivorans and rodents, a significantly smaller
exponent of 0.140 ± 0.047 applies to primates (Fig. 1 C, red). In
Zhang and Sejnowkski’s dataset, exponents are also clade-
specific, and as in our dataset, VW/VG does not scale signifi-
cantly with VG in all clades (Fig. 1D). Importantly, in both
datasets, data points for most species fall outside the confidence
interval that applies to all species; and clade-specific exponents
differ between the 2 datasets, which include different species
subsets (compare Fig. 1 C and D). Thus, as the volume of the
gray matter increases across species, the volume of the white
matter does tend to increase, but differently across clades; not in
all clades; and differently depending on the precise dataset.
The relative scaling of the white and gray matter portions of

the cortex can more readily be captured as the ratio VG/VT.
Although power functions are not additive, the relationship VG × VT
across all species in the range of our dataset is indistinguishable
from a power function of exponent 0.938 ± 0.008 (r2 = 0.997; P <
0.0001; n = 38). If a universal scaling rule applied, then the gray
matter fraction VG/VT should decrease homogeneously with in-
creasing VT across all species as a single power function of VT
with a negative exponent of −0.062, and species with similar VT
should display similar gray matter volume fractions. We find that
the relationship between VG/VT and VT can indeed be described
across all 38 species in our dataset by a single power function of
exponent −0.062 ± 0.008, although with a fairly low r2 = 0.631
(P < 0.0001; Fig. 2A). Still, once more we find that the gray
matter fraction VG/VT is better described as clade-specific power
functions of VT, with exponents ranging from −0.037 ± 0.008 in
rodents to −0.074 ± 0.014 in primates (Fig. 2A). For similar
values of VT, we find that the gray matter fraction of the cerebral
cortical volume is much smaller in most primates than in carni-
vorans, rodents, and afrotherians. For example, VG represents
77% of VT in the capybara, the largest rodent in the dataset, but
only 59% of VT in the bonnet monkey, whereas both species have
values of VT around 22,000 mm3 (SI Appendix, Dataset S1).
Likewise, we find that in Zhang and Sejnowski’s dataset, there
are clade-specific relationships between VG/VT and VT, with a
clear distinction between eulipotyphlans, afrotherians, and primates
(Fig. 2B). As above, the clade-specific exponents differ across the
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2 datasets, which include different species, in contrast to what
would be expected of a truly universal relationship between VG/VT
and VT.
We next examine our prediction that the distribution of VT

into VG and VW should scale universally, but depending on the
relationship between AT, T, and AE that determines the degree
of cortical folding. The rationale behind this expectation is that
the product AT·T describes VG, whereas AE is tied to VT (7).
Thus, the same physical process of cortical folding that links AT
and T to AE should tie VG to VT, determining VW. Confirming
our previous report (7), we find that the product AT × T1/2 scales
as a universal function of AE

1.302 ± 0.014 (r2 = 0.996; P < 0.0001)
across all 38 species (Fig. 3A), 14 more species than in our
original study. Data on surface areas and thickness were not
available for the dataset used in Zhang and Sejnowski (4).
Our model of cortical folding (7) assumes that AE scales with

VT
2/3, according to a simple geometric approximation. Fig. 3B

shows that this assumption is warranted: We find that AE scales

with VT
0.668 ± 0.007 across all 38 species in the dataset (r2 = 0.996;

P < 0.0001), with an exponent that is virtually identical to the
expected 2/3 and with very little deviation from the expected
values across clades. This relationship can be rewritten as VT =
0.0756·AE

1.493, which is very close to the relation between area and
volume of a solid hemisphere, VT = ð2=9 ffiffiffiffiffiffiffi

3  π
p ÞAE

=2 = 0.0724AE
1.5.

Because AT = VG/T and AE ∼ VT
0.668, the initial equation

AT·T
1/2 ∼ AE

1.302 can be rewritten as VG/T· T
1/2 ∼ VT

0.668 × 1.302 or
VG·T

−1/2 ∼ VT
0.870. As shown in Fig. 4A, we find that VG·T

−1/2 ∼
VT

0.872 ± 0.006 (r2 = 0.998; P < 0.0001), a function that applies
universally across all clades. The exponent for this function has a
coefficient of variation of 0.69%, compared with 0.85% for the
exponent of the function VG ∼ VT. The normalized residuals
obtained for VG.T

−1/2 are not significantly correlated with VT
(Spearman, ρ = 0.096, P = 0.5675; Fig. 4B) and are not signifi-
cantly different between clades at the P < 0.01 level (Wilcoxon
pairwise comparisons), which indicates that variation in VG·T

−1/2 is
indeed universally and well described as a function of VT across
species. Thus, the product VG·T

−1/2 (that is, gray matter volume
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Fig. 3. The equation that describes the degree of cortical folding applies
universally across mammalian species. Each point represents 1 species
according to the key in the graph (values in SI Appendix, Dataset S1). (A) The
product AT·T

1/2 varies across all 38 species in our dataset as a power function
of AE with exponent 1.302 ± 0.014 (r2 = 0.996; P < 0.0001). (B) The exposed
cortical surface area, AE, varies in turn as a universal power function of VT

with exponent 0.668 ± 0.007 (r2 = 0.996; P < 0.0001; n = 38). The 95%
confidence intervals for individual values are plotted in both graphs.
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S1). (A) The product VG·T

−1/2 varies across all 38 species as a power function
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indicates the 95% confidence interval for individual values. (B) The residual
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for each species, are not significantly correlated with variation in VT

(Spearman correlation coefficient, 0.096; P = 0.5675).
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adjusted for cortical thickness) is well predicted by our model of
cortical folding to scale as a universal function of VT.
As shown above, given the scaling over several orders of

magnitude, a better test of the universality of the relationship
VG ∼ VT is to examine how the ratio VG/VT varies with VT. We
find that while the gray matter fraction VG/VT scales as a poor
universal function of VT, with r2 = 0.631, and the ratio VG/VT did
not scale significantly with VT in all clades (Fig. 2A), the gray
matter fraction adjusted for cortical thickness according to our
equation that describes folding, (VG/VT)·T

−1/2, does scale uni-
versally both across all clades, with VT

−0.128 ± 0.006 (r2 = 0.919;
P < 0.0001), and within each clade (Fig. 2C). The gray matter
fraction adjusted for cortical thickness shows much more overlap
across species and clades, and mostly overlapping clade-specific
exponents (Fig. 2C). This indicates that average cortical thick-
ness impacts the VG/VT ratio, which is illustrated by the signifi-
cantly decreasing gray matter fraction (i.e., a smaller VG/VT
ratio) as cortical thickness increases (Fig. 2D).
The relationship (VG/VT)·T

−1/2 = k·AE
a, which is directly

predicted from our model of cortical folding, is also a much

better (and universal) fit of the data (Fig. 5B) than the re-
lationship uncorrected for T, Vg/VT = k·AE

a (Fig. 5A). Accord-
ingly, the values of the constant k calculated for each species for
the relationship between (VG/VT) and VT = AE

a are much less
variable both within and across clades when T is taken into
consideration (k = T−1/2·VG/VT·AE

−a; Fig. 5D) than when it is not
(k = VG/VT·AE

−a; Fig. 5C).
We previously found that the degree of cortical folding is not a

universal function of the number of neurons in the cerebral cortex
(7). Here, we find that neither the gray matter ratio VG/VT nor the
gray matter ratio adjusted for cortical thickness, (VG/VT)·T

−1/2, is a
universal function of the number of neurons in the cortex: as
shown in Fig. 6, distinct functions apply to primates, rodents,
and carnivorans in our dataset. For similar numbers of cortical
neurons, rodents have larger ratios of VG/VT than carnivorans
and primates (Fig. 6A), while primates have larger values of
(VG/VT)·T

−1/2 than most other species (Fig. 6B). In contrast, for
a same VT, the different mammalian species analyzed have
comparable gray matter fractions once adjusted for cortical
thickness (Fig. 2C).
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Fig. 5. The ratio (VG/VT)·T
−1/2 varies universally with the exposed surface area of the cerebral cortex. Each point represents 1 species according to the key in

the graphs. (A) The ratio VG/VT decreases as a power function of the exposed surface area of the cerebral cortex, AE, with exponent −0.093 ± 0.012, but with a
moderate r2 = 0.631 (P < 0.0001; n = 38). (B) In contrast, the VG/VT ratio normalized for T, (VG/VT)·T

−1.2, decreases as a power function of AE with a much higher
r2 = 0.910 and a steeper exponent of −0.191 ± 0.010 (P < 0.0001; n = 38). C and D show the constants that apply to each species according to the power
functions depicted in A and B after normalization, for the sake of comparison, by the average value obtained for all 38 species, with a larger spread in C
(nonadjusted for T according to our folding model) than in D (adjusted for T).
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Finally, we examined whether, under the constraints of a self-
avoiding cortical surface and of a specified value of AT (which is
related to the cross-sectional area of white matter axons; ref. 7),
the observed value of T minimizes VW. By using the universal
relation depicted in Fig. 2C, we can express VW solely as a
function of AT and T (which is not a power function; SI Ap-
pendix) and find the value of T that minimizes VW while keeping
AT constant. If the value of VW is minimized, then the expected
value of T should be given by the following:

Topt = 2−
2ab

−1+2aba−
2ab

−1+2abAT
−
2að1− 1

abÞb
−1+2ab b−

2ab
−1+2abc−

2ab
−1+2abk−

2
−1+2ab,

where a, k, b, and c are taken from the relations AT·T
1/2 = k·AE

a

and VT = cAE
b. For the empirical values we have obtained, this

reduces to Topt ≅ 17=AT
0.65. We find for our data that the optimal

values Topt and the actual values of T can differ by a factor of
5 or more. The best-fit power law for T as a function of AT has an
exponent of 0.19 (r2 = 0.64), far from the −0.65 expected if T
were close to Topt. As a result, the ratio Topt/T ranges from
4.2 for the pygmy shrew to 0.002 for the African elephant. This
discrepancy indicates that, despite the intuition that wiring
length and volume should be minimized in evolution, cortical
diversity does not even approximately reflect minimization of
VW, and thus presumably wiring length, under a naive constraint
of AT. It is natural to expect wiring length optimization to be
present in some form, from evolutionary reasoning alone, but if
that is true, then we have not identified the set of constraints
under which minimization happens.

Discussion
Here, we show that once enough species of different mammalian
clades are analyzed separately, there is not a single universal re-
lationship that relates VG and VW directly, in contrast to the
previous suggestion by Zhang and Sejnowski (4) that this re-
lationship is universal. The existence of clade-specific scaling of
the relationship between VW and VG that is also dependent on the
particular species analyzed is confirmed by the lack of a universal
scaling of the gray matter fraction VG/VT as VT increases, or of the
VW/VG fraction as VG increases across mammalian species.
On the other hand, we show that there is an empirical uni-

versal relationship between VG·T
−1/2 and VT, as well as between

VG·T
−1.2/VT and VT, both in the form of power laws. More im-

portantly, these relationships are predicted by the same mecha-
nism of minimization of the effective free energy of the cortical
volume that we have shown to explain the degree of cortical
folding universally across mammalian species and even within an
individual cerebral cortex (7). We note that taking into account
clade-specific variation in T, which Zhang and Sejnowski (4)
dismissed by assuming universal variation of T with VT, is the
very factor that makes the empirical relationship between VG·T

−1/2

and VT universal, when the relationship between VG and VT is not.
Notice that while VW is predicted universally by our model, the
equation that describes the relationship between VW and VG (SI
Appendix) is not a simple power function.
Fig. 7 illustrates how the 2 universal relationships that we have

uncovered are sufficient to determine all coarse-grained mor-
phological variables that describe the cerebral cortex: AT, T (and
therefore VG), AE, VT, and therefore VW. The universal re-
lationship between AT, T, and AE is described by our model of
cortical folding (7); the universal relationship between AE and VT
is described in the present study and indicates that hemi-
sphericity is maintained as cortices vary in size. VG results from
the product of the number of cortical neurons N and the average
neuronal volume vN (14), assuming that the volume contributed
by glial cells scales proportionately to this product (15). The
volume VG is spread laterally in the growing cortex into clade-
dependent combinations of AT and T, which we consider to be
independent biological variables during cortical development.
According to our cortical folding model, depending on the spe-
cific combination of AT and T into which the growing volume VG
is spread, AE is determined as the cortex settles, at each point
during development, into the folded conformation that mini-
mizes its effective free energy according to the relationship
AE

1.305 ∼ AT·T
1/2 (7). Because VT accompanies AE as AE

3/2, as
hemisphericity is maintained, VT is also determined by cortical
folding, depending on the combination of AT and T. It thus
follows that VW, the other component of the expanding volume
that by definition amounts to VT-VG, is also determined as a
consequence of the folding of the cortical volume and surface
depending on the combination of AT and T. Thus, while the ratio
VG/VT does not vary as a single, universal function of the variable
VT (Fig. 2A), it is well described as a combined function of

1
0.9

0.8

0.7

0.6

0.5

0.4

0.3

1e+7 1e+83e+7 1e+93e+8 1e+103e+9 3e+10

1e+7 1e+83e+7 1e+93e+8 1e+103e+9 3e+10

V
G
/V

T
(V

G
/V

T
).

T
-1

/2

Number of cortical neurons

A

carnivorans

artiodactyls

scandentia

primates

afrotherians

marsupials

glires

Number of cortical neurons

B

carnivorans

artiodactyls

scandentia

primates

afrotherians

marsupials

glires

1

0.9

0.8

0.7

0.6

0.5

Fig. 6. The ratio (VG/VT)·T
−1/2 does not vary universally with the number of neu-

rons in the cerebral cortex. Each point represents 1 species according to the key in
the graph (values in SI Appendix, Dataset S1). (A) The ratio VG/VT does not vary
significantly as a function of the number of neurons in the cerebral cortex across all
clades. Scaling is significant in rodents (exponent −0.061 ± 0.011; r2 = 0.908; P =
0.0121) and in primates (exponent −0.052 ± 0.021; r2 = 0.438; P = 0.0370), but not
across carnivorans (P = 0.2580), marsupials (P = 0.9205), or artiodactyls (P = 0.6048).
(B) The ratio (VG/VT)·T

−1.2 varies as clade-specific functions of the number of neurons
in the cerebral cortex, with the following exponents: rodents, −0.266 ± 0.020 (r2 =
0.983; P = 0.0009); primates, −0.128 ± 0.018 (r2 = 0.860; P = 0.0001); carnivorans,
−0.171 ± 0.067 (r2 = 0.518; P = 0.0441); artiodactyls, −0.137 ± 0.032 (r2 = 0.743; P <
0.0001). The scaling is not significant in marsupials (P = 0.1136).
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2 variables, AT and T. Similarly, while VW is not a universal
power function of VT or of VT·T

1/2, it is a universal mathematical
function of VT·T

1/2 nevertheless—just not a simple power function.
We conclude that while VG/VT (and therefore VW/VT) does not
vary as a simple universal function of VT across all mammals, the
reciprocal fractions of the cortical volume that are constituted by
gray and white matter are indeed mathematically and universally
predictable across mammals as a consequence of the physical
mechanism of minimization of the effective free energy of the
cortical volume that leads to cortical folding, depending simply on
the combination of AT and T that define VG. Although at this point
our model addresses only folding at the level of the whole cortex, it
does predict and explain global cortical morphology across species.
There are obviously advantages to keeping VW small, but an

implication of our findings is that this quantity is not directly
optimized in mammalian cortices, or else is minimized under
constraints that remain to be identified. Rather, AT and T are
independent variables, from which all other global morphologi-
cal variables that characterize the geometrically hemispherical
cortical hemispheres, including VW, can be derived through a

universal folding mechanism. This mechanism effectively mini-
mizes VW, but only given AT and T, and far from optimizes it. To
the extent that a small VW is selected for, it can happen only
through minimizing AT and/or keeping T small relative to AT
(both of which contribute to more folding) through varying the
neuronal proliferative processes that determine AT and T, the
2 main degrees of freedom of cortical morphology. Although
changes in the plastic and elastic mechanical properties of ce-
rebral cortical matter might also lead to decreased VW, that is
unlikely due to the existence of a universal relationship between
AT, T, and AE across adult mammalian cortices (7), which sug-
gests that properties are largely conserved across species.
de Lussanet (16) has rearranged the terms in our theoretical

equation, k·AE
1.25 = AT·T

1/2, to show that the ratio between VT
and VG should be inversely proportional to the folding index AT/AE.
However, this elegant relation comes with no theoretical motivation
or alternative folding mechanism attached, and is only strictly true
for the theoretical exponents predicted by our model. As men-
tioned, the empirical exponent of 1.305 across different species is
statistically different from 1.25. The exponent obtained across
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Adjusting VG/VT according to T improves the fit (r2 = 0.634), but still leaves many outliers (compare with Fig. 5B, the truly universal relationship).

8 of 9 | www.pnas.org/cgi/doi/10.1073/pnas.1716956116 Mota et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1716956116


individuals for healthy human cortices is statistically indistinguish-
able from 1.25 once subjects are separated by age (17); across different
age groups, there is a small but systematic decrease in the value of k
with aging, possibly due to age-related changes in axonal mechanical
plasticity. This suggests that the discrepancy between theoretical and
empirical exponents in our comparative neuroanatomy data may be
due to a “smearing” of the data along the direction of age-related
changes in the morphological variables, as our dataset is not con-
trolled by (species-equivalent) age. This discrepancy is, however,
enough to make de Lussanet’s equation (16) not universal: As
shown in Fig. 8, most carnivorans have larger gray matter fractions
than primates and marsupials for the same folding index, just like
carnivorans have a larger VG/VT than these other species for the
same cortical thickness (Fig. 2D). In contrast, we find empirically that
the relationship (VG/VT)·T

−1/2 = k·AE
a, which we predict from our

cortical folding model, is indeed universal (Fig. 5B).
Another main implication of our finding for brain evolution is

that the enormous diversity of cortical morphology (in terms of
variation in neuronal density, surface area, volume, thickness, and
degree of cortical folding) can be quantitatively determined by a
small handful of variables: N, the average volume of individual
neuronal cells vN (which together define VG), and whatever defines
how VG is spread laterally into a given combination of AT and T.
From these 4 variables, AE is defined (Fig. 7), and with that come
folding index and VT, and therefore VW. In this context, it is
noteworthy that VG/VT is not related to the number of cortical
neurons by any single function across all species in our dataset, with
primates as obvious outliers, which makes it unlikely that an al-
ternative folding mechanism can be obtained directly from the
mechanics of neuronal proliferation, that is, directly from numbers
of neurons alone without taking into consideration the factors that
contribute to cortical geometry. There is therefore no generalizable
interplay between the numbers of neurons that build a cortical
network and functionally relevant parameters of the network, such
as average fiber length and thus signal propagation time, that do
not depend on the particular combination of AT and T that apply
to each clade. In other words, there are as many possible ways to
assemble a cortex as there are recognizable clades, which makes it
unlikely that any particular one is more or less optimal or adapted

than the others. It is thus plausible that most of the quantitative
variation in cortical morphology encountered in evolution has
resulted from natural variation in a restricted number of genes that
regulate just 4 variables: the number of neurons in the cerebral
cortex; their average size (that is, their cellular volume in the gray
matter, including dendritic and axonal arbors, which together with
the number of neurons defines the volume of the gray matter); and
the combination of surface area and thickness into which the
growing cortical volume is spread. Other variables of course must act
to define internal, spatial aspects of the cortical morphology, such as
local cortical thickness, the distribution of neurons into thicker or
thinner layers, the precise placement of functional areas and of the
spatial pattern of sulci and gyri, and the precise connectivity of white
matter tracts that are characteristic of primates, artiodactyls, or
carnivores, for instance. We are currently working on the formal-
ization of this quantitative model of cortical morphology.

Materials and Methods
We compiled our own published data on numbers of neurons, total cortical
surface area, exposed cortical surface area, volume of the cortical gray matter,
volume of the subcortical white matter (external to the striatum), average
thickness of the cortical gray matter, and folding index for 1 single cerebral
cortical hemisphere for 24 species: 10 primates (18–20), 1 scandentia (18),
5 artiodactyls (21), 3 afrotherians (22, 23), and 5 rodents (8). We also collected
morphometrical data from cerebral cortices of 6 marsupials and 8 carnivoran
species, for which cellular composition was reported in refs. 12 and 13. In our
own dataset, all data (including numbers of cortical neurons) were thus
available for 38 species. Additionally, we obtained the original data of 57 of
the 59 species analyzed by Zhang and Sejnowski (4). Numbers of neurons are
not available for that dataset. Numbers of neurons in our dataset were
obtained using the isotropic fractionator (24), which has been shown to yield
estimates that are similar to those obtained with stereology (25–27). All
morphological measurements were obtained as described in detail in ref. 21.
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