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Is prefrontal white matter enlargement a human
evolutionary specialization?

To the Editor:

Using a comparative volumetric analysis of
MRI scans of brains from 11 primate spe-
cies (including monkeys, apes and humans),
Schoenemann and colleagues! claim that the
prefrontal white matter of humans is enlarged
compared to that of other primates. This
would suggest that the evolution of human
cognitive capacities mediated by prefrontal
circuitry relies on enhanced interconnectiv-
ity. Problems with the authors’ definition
of the prefrontal sector and assessment of
human deviations from scaling trends, how-
ever, suggest that these conclusions are not
well supported.

Unlike the frontal cortex, which can be reli-
ably demarcated by the central sulcus?, the
borders of prefrontal cortex cannot be iden-
tified based on gross anatomy. Schoenemann
and colleagues devised a proxy measure of the
prefrontal sector comprising all tissue lying
in coronal slices anterior to the genu of the
corpus callosum. To justify application of this
segmentation scheme across phylogeny, the
authors referred to cytoarchitectural maps in
select species and concluded that their pre-
frontal proxy will underestimate values only
in humans, not in other primates. However,
they did not refer to existing cytoarchitectural
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maps of great apes>*, which suggest that their
prefrontal measurement underestimates these
species as well. The application of a topologi-
cal border that does not bear a realistic cor-
respondence to the histological parcellation of
the prefrontal cortex is problematic. Because
their proxy measure of prefrontal cortex
underestimates the actual value to varying
degrees among primates, their findings should
be treated with caution.

Notwithstanding problems in their ana-
tomical definition of ‘prefrontal’, even if their
segmentation is accepted, it is not certain that
their reported data support the conclusion
that human prefrontal white matter is dispro-
portionately enlarged. They found that human
prefrontal white matter is 41% greater than
that predicted for a nonhuman primate with
the same non-prefrontal white matter volume.
However, the slope of such scaling relation-
ships is notoriously sensitive to the taxonomic
composition of the reference group used to
calculate the line>®. We fit a separate regres-
sion line to the great ape data and used it to
predict the individual human values. Based on
our analysis, human prefrontal white matter is
only 12% + 11 (mean =* s.d.; n = 12) greater
than allometric expectations (Fig. 1a). This
suggests that humans have, at most, a moder-
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ate increase in prefrontal white matter volume
when taking into account their phylogenetic
affinities with great apes. Because great apes
are the closest relatives of humans, any unique
human neural specialization should be plainly
apparent in comparison with this group.
Whether the volume of human prefrontal
white matter departs from more general scal-
ing trends for interconnectivity can be exam-
ined in another way. It is well established that
overall neocortical white matter increases
disproportionately compared with gray mat-
ter in mammals’, either because of increased
demands for connections across areas or
because of increases in axon diameter. Thus,
the strongest case for exceptional enlargement
of prefrontal white matter would be to observe
human values larger than those predicted for a
primate of similar prefrontal gray matter size.
We tested this idea and found that humans
have only 2% + 28 more prefrontal white
matter than expected for a primate of similar
prefrontal gray matter volume (Fig. 1b). On
the basis of a prediction calculated from only
great ape data, the human values are actually
17% + 35 lower than expected. Given these
results, it is difficult to make a strong claim for
the evolution of specialized human enlarge-
ment of prefrontal white matter beyond
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Figure 1 The allometric scaling relationship of prefrontal white matter volume. In both plots, the least-squares regression lines are calculated based on mean
values from nonhuman species, and data points are shown for reference. (a) Separate lines are fit to data from great apes (dashed line: y=1.242x - 2.344;
r?=0.777, P=0.119) and other nonhuman primates (solid line: y=1.049x - 1.340; 2 = 0.959, P< 0.001). (b) The line fit to all nonhuman primates is
shown (y=0.976x-0.049; 2 =0.977, P< 0.001). The line based only on great ape data is y = 1.110x-0.632; 2= 0.734, P=0.143.
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simple allometric scaling to maintain func-
tional interconnectedness at a larger overall
brain size. Specialization of cortical neuron
types® and elevated gene expression associated
with metabolism and synaptic plasticity® in
humans suggest that subtle modifications of
architecture, function and connectivity'® may
have been critical in the evolution of human
cognitive capacities.
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Schoenemann et al. reply:

Sherwood et al. find the prefrontal volume
proxy we used problematic, even though it has
been widely used in the neuropsychological
literature for many years'#, and it (or vari-
ants) have also been applied to non-human
primates>®. Sherwood et al. believe this proxy
specifically underestimates the size of ape val-
ues, yet the frontispiece of one of the sources
they cite’ clearly shows any underestimation
is minor compared to that found in humans.

Taking refs. 7 and 8 together, we see that the
degree of underestimation using this method
increases as one gets closer to humans. An
image highlighting the approximate degree
of underestimation based on cytoarchitec-
tural maps”® is posted on our web site, so
interested readers may judge for themselves
(http://www.sas.upenn.edu/~ptschoen/Pics/
prefrontal-delineation.jpg).

Furthermore, using a proxy for prefron-
tal volume on MRI data is exactly what
Semendeferi et al. have reported in this same
journal®. Their proxy was total frontal volume
minus precentral gyrus volume, which also
does not follow cytoarchitectural boundaries
but leads to a varying degree of overestimation
of prefrontal size across species. Nevertheless,
the authors argue their data “...goes against the
large relative differences in the prefrontal cor-
tex between humans and great apes reported
in previous publications...” (p. 274) and “..
should prove useful until more definitive data
become available...” (p. 273). Our proxy is no
less valid; it simply focuses on more anterior
regions of the frontal cortex. Together, these
studies suggest that as one looks at increasingly
anterior regions, humans seem increasingly
disproportionate. Comparing Figures 2 and 3
from ref. 9 to our Figures 2 and 4 makes this
abundantly clear.

Sherwood et al. believe the strongest case
for specialized enlargement of prefrontal
white matter would be to show that it is dis-
proportionate relative to prefrontal gray mat-
ter. On the contrary, given that the role of the
prefrontal cortex includes executive oversight
of posterior regions, the interesting question
is how extensively it interconnects relative to
non-prefrontal regions. Our data show that
the distribution of white matter is peculiar in
humans, even though it scales with prefrontal
gray matter.

Sherwood et al. also argue that great apes
alone are the only valid comparison group.
The problem is that only four data points can
be used to estimate this relationship, thereby
vastly reducing confidence in the regression
prediction. (Humans would have to be more
than 950% larger than predicted in order to be
significantly larger.) Thus, it is an open ques-
tion whether humans have more prefrontal

white matter with respect to non-prefrontal
white matter than great ape data predict, but
it is not an open question regarding primates
as a whole (at least from our data).

How humans differ from primates as a
whole, versus how they differ from great apes
alone, are really two different, equally impor-
tant questions. Brodmann’s original data show
that chimpanzees have 56% more prefrontal
surface area than predicted from non-pre-
frontal surface area. This, combined with our
data suggesting an increased slope within great
apes, may suggest that prefrontal elaboration
accelerated in great apes.

The most interesting question is what
all these patterns mean behaviorally. It is
important to recognize that both behavioral
selection and developmental constraint expla-
nations exist for allometric scaling. Showing
that allometry statistically explains some
pattern does not indicate that it is therefore
behaviorally irrelevant.

Semendeferi ef al. note, “In a previous study,
we found that the relative volume of white mat-
ter underlying prefrontal association cortices is
larger in humans than in great apes™. We believe
our study is consistent with this statement.

P Thomas Schoenemann, L Daniel Glotzer &
Michael J Sheehan

Department of Anthropology, University of
Pennsylvania, Philadelphia, Pennsylvania
19104, USA.

e-mail: ptschoen@sas.upenn.edu

1. Zipursky, R.B., Lim, K.O., Sullivan, E.V., Brown, B.W.
& Pfefferbaum, A. Arch. Gen. Psychiatry 49, 195-205
(1992).

2. Sax, K.W. et al. Am. J. Psychiatry 156, 139-141
(1999).

3. Laakso, M.P. et al. Psychiatry Res. 114, 95-102
(2002).

4. Raz, N. et al. Cereb. Cortex; published online 9
February 2005 <http://cercor.oupjournals.org/>.

5. Lyons, D.M., Afarian, H., Schatzberg, A.F., Sawyer-
Glover, A. & Moseley, M.E. Behav. Brain Res. 136,
51-59 (2002).

6. McBride, T., Arnold, S.E. & Gur, R.C. Brain Behav.
Evol. 54, 159-166 (1999).

7. Bailey, P., von Bonin, G. & McCulloch, W.S. The
Isocortex of the Chimpanzee. (Univ. of Illinois Press,
Urbana, lllinois, 1950).

8. Brodmann, K. Anat. Anz. 41 (suppl.), 157-216
(1912).

9. Semendeferi, K., Lu, A., Schenker, N. & Damasio, H.
Nat. Neurosci. 5, 272-276 (2002).

10. Holloway, R.L. Am. J. Phys. Anthropol. 118, 399-401
(2002).

VOLUME 8 | NUMBER 5 | MAY 2005 NATURE NEUROSCIENCE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


