
Neurotoxicity, Neuroplasticity, and
Magnetic Resonance Imaging Morphometry

R ecently, Weinberger and McClure1 offered a pro-
vocative and cautionary perspective in connec-
tion with mounting longitudinal neuroimaging

evidence of progressive brain volume decline in schizo-
phrenia. Unfortunately, they confuse this increasingly
well-documented phenomenon with a neurodegenera-
tive hypothesis of schizophrenia. We agree with the au-
thors that neurodegenerative processes involving inflam-
mation and neuronal loss are unlikely based on the
neuropathology literature, and that volumetric mag-
netic resonance imaging (MRI) data cannot elucidate the
cellular or molecular mechanisms underlying progres-
sive volume loss. This does not diminish the impor-
tance of longitudinal neuroimaging studies, whose ra-
tionale is to examine whether brain dysmorphology is
static or progressive. This rationale is as valid today as it
was in 19882 and 1994,3 when Dr Weinberger’s group re-
ported nonprogressive ventricular enlargement in schizo-
phrenia and cited these findings as evidence that schizo-
phrenia is a static neurodevelopmental encephalopathy.4

In contrast with these early studies, most of which used
computed tomography, recent positive studies are gen-
erally based on quantitative volumetric MRI methods, in-
cluding gray-white segmentation, and larger sample sizes,
including carefully chosen control groups, and may there-
fore warrant greater weight. Moreover, progressive brain
changes do not preclude a neurodevelopmental insult in
schizophrenia, since an inherited neurodevelopmental ab-
normality can also exhibit progressive features. Ex-
amples include Huntington disease, Down syndrome, and
probably autism, to name a few.

Weinberger and McClure1 question the longitudi-
nal neuroimaging data because some of the progression
rates reported in schizophrenia appear to be unrealisti-
cally high. First, they note that if the rates are extrapo-
lated beyond the interscan interval, little brain tissue
would be left. While they acknowledge that progression
may not be linear over the course of the illness, they
counter that similar rates of progression have been re-
ported in schizophrenic patients at all stages of the ill-
ness. However, they fail to cite 2 articles relevant to this
point: In one,5 rates of cortical gray matter loss are con-
sistent with rates from several other studies. In an-
other,6 effect sizes for ventricular enlargement and cor-
tical gray matter decline from several longitudinal MRI
studies were shown to vary systematically with the ages
of the samples studied: effect sizes are greatest in ado-
lescent patients and smallest in middle-aged patients with

chronic disease. Second, they note that the progression
rates reported in schizophrenia are sometimes on a par
with known neurodegenerative diseases, such as Alzhei-
mer disease, which progress much faster. This argument
is based on selective and somewhat arbitrary compari-
sons of change rates from different neuroimaging labora-
tories using different methods. For example, they state
that Mathalon et al7 reported a 2% per year reduction in
frontal gray matter (they were 0.97% and 1.72% per year
for left and right hemispheres, respectively) and note
that this is close to the rate of hippocampal volume loss
reported in Alzheimer disease by Laakso et al.8 It can be
countered that the rates of expansion of frontal sulcal
(0.07 mL/y) and ventricular (0.8 mL/y) cerebrospinal
fluid volume reported by Shear et al9 in patients with
schizophrenia were much lower than the rates estimated
in patients with Alzheimer disease (cerebrospinal fluid
volume: frontal, 0.8 mL/y; ventricular, 5.0 mL/y) in the
same laboratory, applying similar region of interest defi-
nitions to computed tomography data. Various sources
of measurement error can reduce the accuracy of abso-
lute change estimates in longitudinal MRI studies, mak-
ing them appear unrealistic at times. However, provided
that these errors are randomly distributed across groups,
they do not undermine the validity of between-group
comparisons.

As a further criticism of the longitudinal MRI data,
Weinberger and McClure1 cite variability across studies
in the rates of change and regions affected, although
such variability is hardly surprising given the differ-
ences in patient samples and scanning methods across
laboratories that have also contributed to inconsisten-
cies in cross-sectional studies.10 The general conver-
gence of recent findings despite these myriad sources of
variance supports the likelihood that progressive mor-
phometric changes in schizophrenia do occur, albeit in
regions and at rates that have yet to be definitively
established. Moreover, the heterogeneity of schizophre-
nia likely contributes to inconsistencies in the litera-
ture. It is possible that progressive brain changes may
be more pronounced in different subgroups of patients,
such as childhood onset,11 poor-outcome,12 or more
severely psychotic13 patients.

Weinberger and McClure1 further criticize the neu-
roimaging literature because symptom change and brain
volume change do not show a consistent pattern of cor-
relations across studies. In most neuroimaging studies,
symptoms generally improve over the interscan interval
as a result of regression to the mean: patients tend to be
recruited during clinical exacerbations and followed-up
during relatively stable outpatient visits. This tendency
complicates the interpretation of correlations between
brain volume decline and clinical change, including the
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counterintuitive report of a relationship between greater
decline and clinical improvement.14 While surprising, it
would be premature to dismiss this correlation as spu-
rious since it does suggest a plausible hypothesis: The
brain parenchyma lost during progressive volume de-
cline may include some of the pathological neural cir-
cuitry underlying symptoms. Moreover, since symp-
toms wax and wane in schizophrenia, more trait-like
aspects of the clinical course are important to consider
in addition to symptom change. For example, several re-
ports find clinical severity to be associated with faster brain
volume decline,12,13 possibly reflecting a more malig-
nant pathophysiological process.15 More studies are
needed to clarify how progressive brain changes are re-
lated to clinical features, illness stage, patient sub-
groups, and medication effects. In addition to the sub-
stantive issues discussed above, it should be noted
that the summary table provided by Weinberger and
McClure1 contains several factual errors in connection
with the Mathalon et al5 study. The follow-up period
was erroneously listed as 3.3 years instead of 3.6 years.
The change rates for several regions were incorrectly
labeled with plus or minus signs, indicating the wrong
direction of change: right frontal sulci and posterior
temporal sulci should be labeled with a plus sign, indi-
cating expansion, and posterior temporal gray should
be labeled with a minus sign, indicating decline. In ad-
dition, significant decline in frontal gray was mistak-
enly identified as left instead of right hemisphere.

The mechanisms underlying progressive brain vol-
ume decline in schizophrenia may include “reversible
physiological changes and neuroplastic adaptations to the
environment or to the experience of being psychotic” as
suggested by Weinberger and McClure,1(p 556) consistent
with emerging concepts of experience-dependent neu-
roplasticity. For example, several models have hypoth-
esized that factors possibly related to loss of neuropil in
schizophrenia,16 including N-methyl-D-aspartate recep-
tor dysfunction,17,18 might result in reduced plasticity.19

Thus, progressive brain volume decline might result from
a failure to benefit from the neurotrophic effects of ex-
perience,20 including the impact of enriched environ-
ments on neurogenesis.21 Moreover, dynamic alter-
ations in synaptic architecture implicated in the
pathophysiological mechanisms of schizophrenia22-26 may
contribute to neuropil reduction over the course of the
illness. In addition, reductions27 or abnormalities of oli-
godendrocites,28-30 including problems with associated
genes and proteins31,34 may reflect alterations at the cel-
lular level contributing to progressive brain changes in
schizophrenia.

While the mechanisms underlying the neuroimag-
ing data showing progression in schizophrenia remain
unknown, they may reflect important pathophysiologi-
cal processes and are worthy of further study. Perhaps
the greatest contribution of these data has been to chal-
lenge the view of schizophrenia as a static neurodevel-
opmental encephalopathy. The enthusiasm with which
these neuroimaging results have been received does not
derive from misguided conclusions about their neuro-
degenerative nature; rather, it derives from the possibil-
ity that the pathophysiological processes responsible for

progressive brain dysmorphology in schizophrenia may
be ameliorated or reversed by appropriately targeted treat-
ments.

Daniel H. Mathalon, PhD, MD
Department of Psychiatry
Yale University School of Medicine
Psychiatry Service 116A
Veterans Affairs Connecticut Healthcare System
950 Campbell Ave
West Haven, CT 06516
(e-mail: daniel.mathalon@yale.edu)
Judith L. Rapoport, MD
Bethesda, Md
Kenneth L. Davis, MD
New York, NY
John H. Krystal, MD
New Haven, Conn

1. Weinberger DR, McClure RK. Neurotoxicity, neuroplasticity, and magnetic
resonance imaging morphometry: what is happening in the schizophrenic
brain? Arch Gen Psychiatry. 2002;59:553-558.

2. Illowsky B, Juliano DM, Bigelow LB, Weinberger DR. Stability of CT scan
findings in schizophrenia: results of an 8 year follow-up study. J Neurol Neu-
rosurg Psychiatry. 1988;51:209-213.

3. Jaskiw GE, Juliano DM, Goldberg TE, Hertzman M, Urow-Hamell E, Wein-
berger DR. Cerebral ventricular enlargement in schizophreniform disorder
does not progress: a seven year follow-up study. Schiz Res. 1994;14:23-28.

4. Weinberger DR. On the plausibility of ‘‘the neurodevelopmental hypoth-
esis’’ of schizophrenia. Neuropsychopharmacol. 1996;14:S1-S11.

5. Rapoport JL, Giedd JN, Blumenthal J, Hamburger S, Jeffries N, Fernandez
T, Nicolson R, Bedwell J, Lenane M, Zijdenbos A, Paus T, Evans A. Progres-
sive cortical change during adolescence in childhood-onset schizophrenia:
a longitudinal magnetic resonance imaging study. Arch Gen Psychiatry. 1999;
56:649-654.

6. Gogate N, Giedd J, Janson K, Rapoport JL. Brain imaging in normal and ab-
normal brain development - new perspectives for child psychiatry. Clin Neu-
rosci Res. 2001;1:283-290.

7. Mathalon DH, Sullivan EV, Lim KO, Pfefferbaum A. Progressive brain volume
changes and the clinical course of schizophrenia in men: a longitudinal mag-
netic resonance imaging study. Arch Gen Psychiatry. 2001;58:148-157.

8. Laakso MP, Lehtovirta M, Partanen K, Riekkinen PJ, Soininen H. Hippo-
campus in Alzheimer’s disease: a 3-year follow-up MRI study. Biol Psychia-
try. 2000;47:557-561.

9. Shear PK, Sullivan EV, Mathalon DH, Lim KO, Davis LF, Yesavage JA, Tin-
klenberg JR, Pfefferbaum A. Longitudinal volumetric computed tomo-
graphic analysis of regional brain changes in normal aging and Alzheimer’s
disease. Arch Neurol. 1995;52:392-404.

10. Shenton ME, Dickey CC, Frumin M, McCarley RW. A review of MRI find-
ings in schizophrenia. Schizophr Res. 2001;49:1-52.

11. Rapoport JL, Castellanos FX, Gogate N, Janson K, Kohler S, Nelson P. Im-
aging normal and abnormal brain development: new perspectives for child
psychiatry. Aust N Z J Psychiatry. 2001;35:272-281.

12. Davis KL, Buchsbaum MS, Shihabuddin L, Spiegel-Cohen J, Metzger M, Frec-
ska E, Keefe RS, Powchik P. Ventricular enlargement in poor-outcome schizo-
phrenia. Arch Gen Psychiatry. 1998;43:783-793.

13. Mathalon DH, Sullivan EV, Lim KO, Pfefferbaum A. Progressive brain vol-
ume changes and the clinical course of schizophrenia: a longitudinal mag-
netic resonance imaging study. Arch Gen Psychiatry. 2001;58:148-157.

14. Gur R, Cowell P, Turetsky B, Gallacher F, Cannon T, Bilker W, Gur R. A
follow-up magnetic-resonance-imaging study of schizophrenia: relation-
ship of neuroanatomical changes to clinical and neurobehavioral measures.
Arch Gen Psychiatry. 1998;55:145-152.

15. Wyatt RJ. Neuroleptics and the natural course of schizophrenia. Schiz Bull.
1991;17:325-351.

16. Selemon LD, Rajkowska G, Goldman-Rakic PS. Abnormally high neuronal
density in the schizophrenic cortex: a morphometric analysis of prefrontal
area 9 and occipital area 17. Arch Gen Psychiatry. 1995;52:805-818.

17. Contestabile A. Roles of NMDA receptor activity and nitric oxide produc-
tion in brain development. Brain Res Brain Res Rev. 2000;32:476-509.

18. Star EN, Kwiatkowski DJ, Murthy VN. Rapid turnover of actin in dendritic
spines and its regulation by activity. Nat Neurosci. 2002;5:239-246.

19. Nimchinsky EA, Sabatini BL, Svoboda K. Structure and function of den-
dritic spines. Annu Rev Physiol. 2002;64:313-353.

20. Gould E, Tanapat P, Rydel T, Hastings N. Regulation of hippocampal neu-
rogenesis in adulthood. Biol Psychiatry. 2000;48:715-720.

21. van Praag H, Kempermann G, Gage FH. Neural consequences of environ-
mental enrichment. Nat Rev Neurosci. 2000;1:191-198.

(REPRINTED) ARCH GEN PSYCHIATRY/ VOL 60, AUG 2003 WWW.ARCHGENPSYCHIATRY.COM
847

©2003 American Medical Association. All rights reserved.



22. Eastwood SL, Harrison PJ. Detection and quantification of hippocampal syn-
aptophysin messenger RNA in schizophrenia using autoclaved, formalin-
fixed, paraffin wax-embedded sections. Neuroscience. 1999;93:99-106.

23. Eastwood SL, Harrison PJ. Decreased synaptophysin in the medial temporal
lobe in schizophrenia demonstrated using immunoautoradiography. Neu-
roscience. 1995;69:339-343.

24. Glantz LA, Lewis DA. Reduction of synaptophysin immunoreactivity in the
prefrontal cortex of subjects with schizophrenia: regional and diagnostic speci-
ficity [corrected article appears in Arch Gen Psychiatry. 1997;54:660-669].
Arch Gen Psychiatry. 1997;54:943-952.

25. Karson CN, Mrak RE, Schluterman KO, Sturner WQ, Sheng JG, Griffin WS.
Alterations in synaptic proteins and their encoding mRNAs in prefrontal cor-
tex in schizophrenia: a possible neurochemical basis for ‘hypofrontality.’ Mol
Psychiatry. 1999;4:39-45.

26. Landen M, Davidsson P, Gottfries CG, Grenfeldt B, Stridsberg M, Blennow
K. Reduction of the small synaptic vesicle protein synaptophysin but not the
large dense core chromogranins in the left thalamus of subjects with schizo-
phrenia. Biol Psychiatry. 1999;46:1698-702.

27. Hof PR, Haroutunian V, Friedrich VL, Byne W, Buitron C, Perl DP, Davis
KL. Loss and altered spatial distribution of oligodendrocytes in the superior
frontal gyrus in schizophrenia. Biol Psychiatry. 2003;53:1075-1085

28. Uranova NA, Casanova MF, DeVaughn NM, Orlovskaya DD, Denisov DV.
Ultrastructural alterations of synaptic contacts and astrocytes in postmor-
tem caudate nucleus of schizophrenic patients. Schizophr Res. 1996;22:81-
83.

29. Uranova NA, Orlovskaya DD. Ultrastructural pathology of neuronal conmnec-
tivity in postmortem brains of schizophrenic patients. Ann Psychiatry. 1996;
6:55-72.

30. Uranova N, Orlovskaya D, Vikhreva O, Zimina I, Kolomeets N, Vostrikov
V, Rachmanova V. Electron microscopy of oligodendroglia in severe mental
illness. Brain Res Bull. 2001;55:597-610.

31. Davis KL, Stewart DG, Friedman JI, Buchsbaum M, Harvey PD, Hof PR, Bux-
baum J, Haroutunian V. White matter changes in schizophrenia: evidence
for myelin-related dysfunction. Arch Gen Psychiatry. 2003;60:443-456.

32. Hakak Y, Walker JR, Li C, Wong WH, Davis KL, Buxbaum JD, Haroutunian
V, Fienberg AA. Genome-wide expression analysis reveals dysregulation of
myelination-related genes in chronic schizophrenia. Proc Natl Acad Sci U S
A. 2001;98:4746-4751.

33. Mimmack ML, Ryan M, Baba H, Navarro-Ruiz J, Iritani S, Faul RLM, McK-
enna PJ, Jones PB, Arai H, Starkey M, Emson PC, Bahn S. Gene expression
analysis in schizophrenia: reproducible up-regulation of several members
of the apolipoprotein L family located in a high-susceptibility locus for schizo-
phrenia on chromosome 22. Proc Natl Acad Sci U S A. 2002;99:4680-4685.

34. Sklar P. Linkage analysis in psychiatric disorders: the emerging picture. Annu
Rev Genomics Hum Genet. 2002;3:371-413.

In reply

In our article,1 we argued that changes in measurements on
MRI scans over time in patients with schizophrenia should
not be interpreted as evidence that neurodegeneration or neu-
rotoxicity is a primary feature of the disease. The points that
we raised to support this argument included the paucity of
biologically plausible clinical-neuropathologic correla-
tions, the remarkable inconsistency of the data, and the vir-
tual absence of evidence of neurodegeneration in postmor-
tem brain tissue, despite numerous studies. That Mathalon
et al now state that concluding otherwise would be “mis-
guided” suggests that our argument was convincing, as these
authors in their earlier writings had advocated for a neu-
rodegeneration interpretation (although their current use
of the phrase “parenchyma lost” raises concerns that there
is still some reluctance). In defending the MRI morphom-
etry literature, they raise an important question: do longi-
tudinal MRI morphometry studies contribute to our under-
standing of the brain disorder that accounts for the clinical
condition? While our article addressed the problems with
this literature in terms of a specific interpretation of the find-
ings, we think that the question they now raise invites some
additional comment.

Mathalon et al suggest that longitudinal MRI mor-
phometry studies may be useful in identifying meaningful
subgroups of patients, or characterizing different stages of
illness, or medication effects, or novel phenomena for medi-

cations to affect. The fact that measurements on an MRI scan
change over time indicates that these changes (if not tech-
nical artifacts) have something to do with the experience of
having schizophrenia. Leaving aside the underlying physi-
cal basis for the changes (see our prior discussion1), the prob-
lem is that changes in body weight, comorbid drug or alco-
hol use, smoking, incidental head injury, antipsychotic and
other medication use, hormonal change, poor medical care,
etc, also may be associated with similar changes in MRI mea-
surements over time. In the best traditions of Karl Popper,
studies aimed at falsification, ie, to attempt to show that the
changes in patients with schizophrenia are such epiphe-
nomena, are needed.

For the volume changes to be taken as a reflection of
the primary illness biology, and not epiphenomena, medi-
cation effects, or the like, there should be lawful and con-
sistent relationships between the MRI changes and the clini-
cal course. The problem here is that while one can find an
occasional study with volume changes that are biologically
plausible and that show a lawful relationship with clinical
change (as Mathalon et al illustrate), too many of the stud-
ies do not (as we illustrated1). The suggestion by Mathalon
et al that the illogical positive correlation between clinical
improvement and brain shrinkage2-4 is a regression to the
mean artifact is not tenable, because, if anything, such sys-
tematic effects on one variable (ie, symptom change) would
obscure a within-subject correlation between this variable
and another (ie, MRI measures). As noted in our article,1

the problem is not just widespread inconsistency but im-
probable contradictions (eg, greater sulci increases in one
hemisphere but ventricle increases in the other hemisphere
in the same people5; hippocampal volume decrease in one
study of first-episode patients,6 yet an increase in another
study of a similar population,4 and no change in still an-
other7; and ventricular volume that literally bounces up and
down from one clinical episode to another1). Is it plausible
that patients with schizophrenia would have more than twice
the rate of “parenchyma loss” in their first year of illness8

than patients with primary progressive multiple sclerosis?9

The notion of Mathalon et al that “parenchyma lost”
during treatment might represent a salubrious dissolution
of noxious parenchyma is a creative proposal, but is there
an example in central nervous system therapeutics of such
a possibility (other than antineoplastic therapy)? The nox-
ious parenchyma hypothesis implies that brain shrinkage
is a desirable outcome for many patients. While it might be
of clinical value if the MRI changes were potential targets
for tracking the effects of treatments, the literature is very
clear that clinical parameters are much more reliable as in-
dications of clinical status than are MRI measurements.

As we stated in our article,1 the argument is not about
whether some MRI studies show progressive changes in mea-
surements; the debate is about what is actually progress-
ing, what causes it, and how important it is. Mathalon et al
now concur with our suggestion that the changes may be
physiologic, perhaps related at least in part to neuroplastic
remodeling of cellular processes (or, as we also suggested,
to changes in vascular volume, lipid compartments, or other
magnetic properties1). However, we would reiterate a cau-
tion here, as it is not clear that such cellular neuroplastic
adaptations would translate into gross MRI volume changes
(viz, the largely negative epilepsy literature1,10). It also is
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