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Abstract

Brain imaging studies in developmentally based psychopathologies most often use magnetic resonance imaging
(MRI) to study regional volumes, task-related activity, neurometabolite concentrations, or the paths of fiber tracts

within the brain. Methodological challenges for the use of MRI in studying these disorders include understanding
the ultrastructural correlates of brain structure and function that are below the limits of resolution of this imaging
modality and developing better methods for approximating the anatomical boundaries of the cytoarchitectonic units
that are defined by those ultrastructural characteristics. Conceptual challenges include distinguishing findings that
represent pathophysiologically central causes from compensatory and epiphenomenal effects, a difficulty that stems
directly from the inherently correlational nature of imaging data. The promise of functional imaging studies must
capitalize on the specificity of the cognitive and behavioral probes that are used to illuminate core features of the
pathophysiology of developmental disorders, while recognizing the assumptions and limitations of the subtraction
paradigms that are used to isolate the brain functions of interest. Statistical challenges include incorporating
adequate statistical models for scaling effects within the brain, as well as modeling important demographic correlates
that contribute to the substantial interindividual variability inherent in most imaging data. Statistical analyses need to
consider the substantial intercorrelation of measures across the brain and the importance of correcting for multiple

statistical comparisons, as well as the need for improved methods for brain warping and for assessing effective

connectivity in functional imaging studies.

Brain imaging studies of developmentally based
psychopathologies use magnetic resonance im-
aging (MRI) almost exclusively to study the
brain in vivo, because other neuroimaging
technologies, such as axial computerized to-
mography (CT scanning), positron emission
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tomography (PET), and single photon emission
computed tomography (SPECT) all require ex-
posure to radiation, which is considered ethi-
cally problematic in children, particularly healthy
children. MRI provides exquisite images of
brain anatomy and function. It can also pro-
vide measures of certain brain metabolite and
neurotransmitter concentrations, and it most
recently has been used to assess the integrity
and orientation of nerve fiber tracts (Peterson,
in press). Understanding the conceptual, meth-
odological, and statistical challenges that these
technologies pose for the study of develop-
mental psychopathology first requires a famil-
iarity with the basic elements of an image and
with the brain processes or structures that
these elements represent.
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Imaging Basics

Constructing an image

The basic building block of a 2-dimensional
(2-D) MR image is a tiny, 2-D square—a pic-
ture element, or pixel—that lies within the
plane of the image. The pixel represents a corre-
sponding 3-D cube of tissue—a volume ele-
ment or voxel—in the brain. Many pixels as-
sembled into a larger rectangular array constitute
a 2-D image that represents a corresponding
rectangular array within a 3-D “slice” of brain
tissue. The complicated MRI scanning pro-
cess turns the brain into a radio transmitter
that encodes some physical feature of the tis-
sue in each voxel as a numerical index within
the corresponding pixel of the image. This
physical feature may be, for example, the
number of protons in the tissue (in an anatom-
ical image), the relative concentration of deox-
yhemoglobin (in a functional image), or the
concentration of a chemical compound (in a
metabolite image; Anderson & Gore, 1997,
Buxton, 2002; Smith & Lange, 1998). The nu-
merical index associated with a pixel, and
therefore the physical feature in the brain
voxel that it represents, is assigned a level of
grayness ranging from black to white. The
strength of the radio signal coming from any
given voxel in the brain, and therefore the
level of grayness of its corresponding pixel
in the image, will differ from the neighboring
pixels in the image if the average physical or
chemical features of neighboring voxels in the
brain differ. The differing level of grayness
across the image is what we view as a picture
of the physical property of the brain that we
are imaging (Figure 1).

Measurement in differing imaging modalities

Anatomical MRI in research studies is used
primarily to measure the volumes and shapes
of brain regions. These regions are delineated
using manual or automated procedures which,
despite their vastly varying degrees of com-
plexity and sophistication, all generally clas-
sify pixels in the image as either belonging or
not to the region of interest (Caviness, Meyer,
Makris, & Kennedy, 1996; Clarke, Velthuizen,
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Camacho, Heine, Vaidyanathan, Hall, Thatcher,
& Silbiger, 1995; Le Goualher, Procyk, Col-
lins, Venugopal, Barillot, & Evans, 1999;
MacDonald, Kabani, Avis, & Evans, 2000;
Pham, Xu, & Prince, 2000; Toga & Thomp-
son, 2002; Viergever, Maintz, Niessen, Noord-
mans, Pluim, Stokking, & Vincken, 2001).
This classification is based on the gray scale
values of the pixels and their spatial contigu-
ity with other pixels having similar or differ-
ing gray scale values.

Functional MRI (fMRI) provides measures
of change in the gray scale value of each pixel
in an image across time. These changes in
gray scale value reflect primarily time-depen-
dent changes in the relative concentration of
dexyhemoglobin in the voxel, which in turn
are driven largely by changes in oxygen utili-
zation. Changes in oxygen consumption are
themselves caused by changes in neuronal ac-
tivity within the voxel (Ogawa, Tank, Menon,
Ellermann, Kim, Merkle, & Ugurbil, 1992).
Thus, although changes in the fMRI radio sig-
nal provide an index of change in neuronal
activity that is detected visually as changes in
gray scale value within a pixel of the image,
fMRI is not a direct, absolute, or specific mea-
sure of neuronal activity. Yoking these changes
in gray scale to the performance of some kind
of cognitive or behavioral task during acquisi-
tion of the images provides instead a good in-
dex of the relative change in neuronal activity
accompanying the task. Maps of brain activity
using fMRI are constructed by calculating the
change in the level of grayness in each pixel
when the brain is in two different states.
These states are usually determined experi-
mentally by instructing a subject to perform
two different cognitive or behavioral tasks,
one alternating with the other in an A—-B—-A-
B—A-B fashion. More recently, so-called
“event-related fMRI” has allowed the imple-
mentation of more naturalistic study designs
in which the change in neural activity associ-
ated with discrete events can be discerned by
averaging multiple fMRI time series segments
that are time locked to the occurrence of dis-
crete, single experimental trial or events, in a
manner that is directly analogous to the signal
detection and processing of event-related po-
tentials using electroencephalography (EEG;
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Figure 1. The construction of an image. Each 2-D picture element (pixel) has an associated
numerical index that quantifies the physical property of the corresponding 3-D voxel in the
brain (left panel). The numerical index in each of the pixels is assigned a gray scale value,
ranging from white to black, to provide a visual representation of the spatial distribution of
physical property in the brain that is being measured (right panel). This picture contains no
information that is not already coded numerically in the pixel array on the left. It simply
permits a more rapid visual assessment of the spatial distribution and quantification of the

numerical measurements.

Leung, Skudlarski, Gatenby, Peterson, & Gore,
2000; Peterson, Kane, Alexander, Lacadie,
Skudlarski, Leung, May, & Gore, 2002).

If the task-dependent variation in fMRI
signal is to have a coherent physiological
meaning, the two tasks for which the fMRI
signals are being compared must be carefully
and appropriately selected. The tasks must
differ from one another by a single or, more
realistically, a few physiological, affective, or
cognitive-processing components, so that
when brain activity is compared across tasks,
the differential processing component across
tasks is isolated and identified. One task there-
fore serves as the control or “baseline” task
for the other. Brain activity associated with
the control task is said in colloquial terms to
“subtract out” from brain activity associated
with the other, more primary, task of interest,
thereby leaving only the brain activity associ-
ated with the cognitive processing compo-
nents that are unique to the primary task. This
general strategy of comparing brain activity
associated with two or more tasks is typically
termed a “subtraction paradigm.”
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Magnetic resonance spectroscopy (MRS)
is used to quantify the concentrations of mo-
lecular compounds that are visible to the MRI
scanner, which include molecules containing
IH, 13C, 23Na, 31P, 19F, or lithium nuclei (Nov-
otny, Ashwal, & Shevell, 1998; Ross & Bluml,
2001). These compounds generate a charac-
teristic “chemical shift” fingerprint in the
spectrum of MRI radio signals emitted from
the brain. The area under a specific peak of
the spectrum estimates the concentrations of
the corresponding compound within a voxel
of brain tissue. Compounds that are typically
measured include: N-acetyl aspartate (NAA),
a putative index for the number and health of
neurons (Arnold, de Stefano, Matthews, &
Trapp, 2001) and a possible intercellular sig-
naling compound between neurons and glia
within the voxel (Lebon, Petersen, Cline,
Shen, Mason, Dufour, Behar, Shulman, &
Rothman, 2002); adenosine di- and triphos-
phate, molecules that are vitally important in
brain metabolism; choline, a key metabolite
of membrane phospholipids; lactate and pH,
indices of anaerobic metabolism; and gluta-
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mate, glutamine, and gamma amino butyric
acid, the brain’s major excitatory and inhibi-
tory neurotransmitters (Rothman, Sibson,
Hyder, Shen, Behar, & Shulman, 1999; Sib-
son, Dhankhar, Mason, Behar, Rothman, &
Shulman, 1997). Although MRS offers great
promise for the study of the neurochemical
underpinnings of developmental psychopathol-
ogies, it is still an evolving technology, the
most prominent limitations of which are its
poor spatial and temporal resolution when us-
ing the lower magnetic field strengths that are
most often employed for clinical investiga-
tions in pediatric populations (Novotny et al.,
1998; Ross & Bluml, 2001).

Diffusion tensor imaging (DTI) provides
information about the orientation and integrity
of the brain’s fiber tracts, particularly in white
matter (Pierpaoli, 2002). DTT therefore prom-
ises visualization of the anatomical processes
of neurons that establish long-range neural con-
nections in vivo, which can otherwise only be
inferred from anatomical and fMRI data sets.
DTI measures the degree of disruption that
the diffusion of water molecules causes in the
radio signal coming from within a brain voxel.
If the diffusion of water molecules is con-
strained by membranes, organelles, proteins,
and other cell structures in directionally ori-
ented fibers within a voxel, then the degree
and directional orientation of that constraint
can be quantified and coded with gray scale
values in the corresponding pixel of the MR
image. Representation of these values across
all pixels of the image provides a map of the
magnitude and directionality of regional dif-
fusivity across the brain (Conturo, Lori, Cull,
Akbudak, Snyder, Shimony, McKinstry, Bur-
ton, & Raichle, 1999).

Prior technologies

MRI affords considerable advantages over prior
neuroimaging technologies. One of these is
EEG, which has proved to be a time-tested,
cost-efficient clinical tool for the diagnosis of,
among other things, seizure disorders and en-
cephalopathies. The attraction of EEG has al-
ways been its ability to measure the electrical
activity of neurons directly, rather than using
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some more distant proxy for that activity, such
as regional metabolism (with PET), blood
flow (PET or SPECT), or deoxyhemoglobin
(fMRI). EEG measures that activity, more-
over, with exquisite temporal resolution, on
the time scale of firing of individual neurons.
Nevertheless, for a number of physical rea-
sons, the spatial resolution of EEG is inher-
ently poor, meaning that electrical sources
close together in the brain are blurred together
into a single signal when measured at the
scalp. The use of many electrodes across the
scalp and the development of new deblurring
techniques have improved the resolution of
EEG to several centimeters, but this is still
considerably poorer than the resolution pro-
vided by MRI (Gevins, Le, Leong, McEvoy,
& Smith, 1999). Localization of single point
sources of electrical activity within the brain
using EEG is also an inherently difficult and
perhaps insoluble mathematical problem (Dale
& Halgren, 2001; Gevins, Le, Brickett, Reut-
ter, & Desmond, 1991), one that places obvi-
ous constraints on the confidence of patho-
physiological interpretations of EEG data.
Moreover, localization of the EEG signal cur-
rently assumes the existence of only a single
source of brain activity associated with a cog-
nitive task at any one point in time; this as-
sumption seems implausible at face value,
given that information processing in the brain,
even for the simplest of tasks, is likely to be
parallel and distributed rather than serial
(Halpern, 2000; Mesulam, 1998; O’Brien &
Opie, 1999; Zaborszky, 2002). Finally, EEG
is able to measure electrical activity accu-
rately only from the cortical surface, not from
subcortical structures. This poses serious limi-
tations on the study of developmentally based
psychopathologies, many of which involve
disturbances in cortical—subcortical circuitry.

First developed in the mid-1970s, CT scan-
ning was the first technology to provide im-
ages of brain anatomy in vivo (Anderson &
Gore, 1997). The images of brain anatomy
that CT provides, however, are generally infe-
rior to those of MRI, primarily in the attribute
of the image that is referred to as contrast, the
ability to discriminate among different types of
tissue, such as gray matter, white matter, and
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cerebrospinal fluid (CSF). Also, whereas MRI
can acquire images in any orientation, CT
scans can be acquired only in the axial plane,
limiting to some extent the research applica-
bility of this imaging modality. Most impor-
tantly for the study of developmental psycho-
pathologies, however, is that CT scans are
acquired with X-radiation, and for research
purposes, any radiation exposure, no matter
how limited, is considered by many to be un-
ethical. Thus, CT has had very limited appli-
cation in the study of childhood disorders.

Methodological Considerations

Macroscopic measurement

Although the ability to measure brain struc-
ture, function, metabolites, and fiber tracts in
the living brains of children is tremendously
exciting, the finite, macroscopic size of the
voxels that currently can be probed with MRI
limits the biological conclusions that can be
drawn about the ultrastructural features of
brain tissue contained within the voxel. The
sizes of voxels that can routinely be visual-
ized is approximately 1 mm’ in anatomical
studies, 50-100 mm® in fMRI studies, and
1000-2000 mm’ in MRS and DTI studies. At
these sizes, the measures obtained with MRI
from a voxel can tell us little about the ultra-
structural features of tissue within the voxel
that are of greatest interest in the study of de-
velopmental illnesses, such as the number, an-
atomical integrity, or connectivity of its cellu-
lar elements. Instead, all of the ultrastructural
features of the voxel are blurred together into
a single numerical index representing the prop-
erty of interest for which the voxel is being
probed. NAA levels, for example, are aver-
aged together from all of the cellular sources
of NAA within the voxel. FMRI signals, simi-
larly, are averaged together from the activity
of all of the synapses in the voxel, and the
projections of neurons into and out of the
voxel that contribute to those synapses may
derive from very different regions within the
brain. Similarly, in DTI studies, fiber trajecto-
ries that cross within a voxel will be averaged
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to yield a measure that disrupts the tracking
of fibers across voxels.

Localization

It is important to recognize the difficulty of
identifying the location in the brain where mea-
surement is actually being made. This problem
with localization is particularly vexing for cor-
tical regions, where gray scale provides little
useful information for determining anatomi-
cally valid boundaries. Often, gray scale in-
formation is used to define cortical regions of
interest (ROIs) by identifying and defining
cortical sulci (Caviness et al., 1996) under the
assumption that those sulci delimit the bor-
ders of underlying cytoarchitectonic units as
defined by Brodmann and others (Braak,
1980; Brodmann, 1909; Flechsig, 1920). This
assumption, however, is true only to a first
approximation, as the spatial extent of these
cytoarchitectonic units often do not follow
sulcal boundaries (Dabringhaus, Schormann,
Steinmetz, Schlaug, Zilles, & Roland, 1995;
Zilles, Schleicher, Langemann, Amunts, Mor-
osan, Palomero—Gallagher, Schormann, Mohl-
berg, Biirgel, Steinmetz, Schlaug, & Roland,
1997). In addition, the considerable variability
in anatomical patterning of cortical sulci com-
plicates the use of sulci for region definition
(Ono, Kubik, & Abernathey, 1990), and sulci
provide only a portion of the visible boundary
for gyri lying at the cortical surface. Within
the longitudinal extent of a gyrus, for exam-
ple, the boundaries of regions lying within the
gyrus must be defined, and the gray scale in-
formation provided by MRI is almost never
helpful in visualizing them.

In practice, the longitudinal extents of these
regions are most commonly defined using planes
positioned through anatomical landmarks (com-
mon examples include the anterior and poste-
rior commissures, the boundaries of the cor-
pus callosum, and the positions of intersecting
or neighboring sulci) that are assumed to be
spatially invariant relative to the gyrus being
transected. The use of anatomical landmarks
in other brain regions to define an ROI, a pro-
cedure termed “planar stereotaxy,” is a crude
approximation of the underlying cytoarchitec-
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tural borders of the region, and the assump-
tion that the spatial relationship of the land-
marks to other structures within the brain is
invariant is largely untested (Andreasen, Flash-
man, Flaum, Arndt, Swayze, O’Leary, Ehr-
hardt, & Yuh, 1994; Kates, Warsofsky, Pat-
wardhan, Abrams, Liu, Naidu, Kaufmann, &
Reiss, 1999; Peterson, Staib, Scahill, Zhang,
Anderson, Leckman, Cohen, Gore, Albert, &
Webster, 2001). In addition, these attempts at
cortical subdivision all assume that cytoarchi-
tecture provides the gold standard for cortical
subdivision. Yet the standard itself is not ideal,
in that the divisions of Brodmann’s areas, far
from being clear and distinct, tend to transi-
tion gradually from one area to another and
do not have features that clearly and defini-
tively distinguish one area from another (Bar-
bas & Pandya, 1989; Fuster, 1997; Sanides,
1964). These problems with identifying valid
anatomical subregions all conspire to limit the
conclusions and inferences that can be drawn
in imaging studies regarding the localization
of anatomical and functional findings.

Conceptual and Design Challenges

Distinguishing cause from effect

Perhaps the major current challenge common
to all brain imaging studies is distinguishing
which findings represent core pathophysiologi-
cal processes, which findings are simply epi-
phenomena, and which represent compensa-
tory or adaptive changes of the nervous system.
Adaptation to the presence of debilitating symp-
toms, with all of their physical, emotional, cog-
nitive, and social ramifications, will likely alter
broadly distributed adaptive systems through-
out the brain, and these adaptive changes are
difficult to distinguish from the events that set
compensatory processes in motion to begin
with. The source of the problem of distin-
guishing cause and effect is the inherently de-
scriptive and correlational nature of in vivo
imaging data and, perhaps surprisingly, this is
true whether the data are acquired in cross-
sectional or longitudinal studies.

Cross-sectional correlates. Cross-sectional im-
aging studies typically report the comparison
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of one particular brain imaging measure across
two or more diagnostic groups, and indeed
this is the most common kind of study re-
ported in the imaging literature. These group
differences are usually interpreted as repre-
senting an abnormality in the patient group
that has contributed causally to the disease
process. These diagnostic correlates, however,
are almost always detected in individuals who
are already affected with a particular illness.
Cross-sectional findings from already-affected
individuals inherently precludes us from dis-
cerning whether a given group difference is
the cause or a consequence of the disorder
with which it is associated. This difficulty with
interpreting group differences is amply illus-
trated with findings from our own cross-
sectional studies of regulatory systems in pa-
tients with Tourette syndrome (TS) and obses-
sive—compulsive disorder (OCD).

Subjects who voluntarily suppress motor tics
activate broadly distributed cortical-subcortical
circuits that include inferior prefrontal cortex,
anterior cingulate cortex, and caudate nuclei
(Peterson, Skudlarski, Anderson, Zhang, Ga-
tenby, Lacadie, Leckman, & Gore, 1998).
Similar findings of hypermetabolism and ele-
vated blood flow to these same regions in rest-
ing subjects who have OCD have long been
touted as strong evidence that these regions are
the neural substrate of OCD symptoms; that is,
most investigators claim that hypermetabolism
in these regions produces obsessions and com-
pulsions (Baxter, Schwartz, Mazziotta, Phelps,
Pahl, Buze, & Fairbanks, 1988; Baxter, Phelps,
Mazziotta, Guze, & Schwartz, 1987; Breiter,
Rauch, Kwong, Baker, Weisskoff, Kennedy,
Kendrick, Davis, Jiang, Cohen, Stern, Belli-
veau, Baer, O’Sullivan, Savage, Jenike, &
Rosen, 1996; Rauch, Jenike, Alpert, Baer,
Breiter, Savage, & Fischman, 1994; Swedo,
Schapiro, Grady, Cheslow, Leonard, Kumar,
Friedland, Rapoport, & Rapoport, 1989). This
interpretation has been supported further by
reports that successful antiobsessional thera-
pies, either medication or cognitive behavioral
treatments (Baxter, Schwartz, Bergman, Szuba,
Guze, Mazziotta, Alazraki, Selin, Ferng,
Munford, & Phelps, 1992; Benkelfat, Nor-
dahl, Semple, King, Murphy, & Cohen, 1990;
Rubin, Ananth, Villanueva—Meyer, Trajmar,
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& Mena, 1995; Schwartz, Stoessel, Baxter,
Martin, & Phelps, 1996; Swedo, Pietrini, Leo-
nard, Schapiro, Rettew, Goldberger, Rapo-
port, Rapoport, & Grady, 1992), normalized
these regional metabolic “abnormalities.”

Findings from our study of voluntary tic
suppression, however, have called this inter-
pretation of the OCD imaging data into ques-
tion. The similarity in the pattern of elevated
neural activity in subjects with TS who were
suppressing their tics and in subjects with OCD
who were presumably “at rest” suggested in-
stead that the regional hypermetabolism in sub-
jects with OCD was a consequence of the gen-
eral requirement that those with OCD must
suppress their compulsions either during the
scan or during the period of radioligand up-
take prior to the scan. This suppression of
compulsory behaviors would thereby engage
regulatory circuits similar to those that sub-
jects with TS engage while suppressing their
tics. It could therefore have been predicted
that regional hypermetabolism in patients with
OCD would normalize after successful anti-
obsessional therapy, when the compulsions
and the need to suppress them were reduced
(Insel, 1992; Peterson & Thomas, 2000).

Our subsequent anatomical study of 155
patients with TS and 131 normal control sub-
jects reported the presence of larger prefrontal
cortices in children with TS and an inverse
association of these regional volumes with the
severity of tic symptoms (Peterson et al., 2001).
Prefrontal volumes in adults, however, were
smaller than control values, which we inter-
preted as likely resulting from the ascertain-
ment bias of studying adults who were still
symptomatic, rather than reflecting findings
in a more representative sample of adults who
have a lifetime history of tics and in whom
symptoms usually substantially improve (Leck-
man, Zhang, Vitale, Lahnin, Lynch, Bondi,
Kim, & Peterson, 1998). These findings, com-
bined with our earlier findings that prefrontal
regions activated significantly during the sup-
pression of tics, suggested that compensatory
responses involving activity-dependent plas-
ticity and hypertrophy of prefrontal regions
may be important in controlling tic symptoms.
The smaller prefrontal volumes in symptom-
atic adults with TS suggested that compensa-
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tory control is probably impaired, thus account-
ing for their persistence of symptoms (Peterson
et al., 2001). The possibility that the chronic
suppression of tics induces a plastic response
in prefrontal cortices that we can then visual-
ize macroscopically with anatomical MRI is
plausible in light of abundant clinical and pre-
clinical studies demonstrating that the central
nervous system (CNS) remodels itself in re-
sponse to repeated activity and use. These plas-
tic responses affect brain structure at all levels,
from the remodeling of synaptic architecture to
the organization of cortical maps (Buono-
mano & Merzenich, 1998; Cicchetti & Tucker,
1994a, 1994b; Elbert, Pantev, Wienbruch, Rock-
stroh, & Taub, 1995; Hann, Huffman, Leder-
hendler, & Meinecke, 1998).

Regulatory or compensatory circuits, simi-
lar to those engaged in the suppression of tics
and compulsory behaviors, are active in other
tasks in which either the explicit or implicit
suppression of an automatic response is required.
Activation of anterior cingulate, inferior fron-
tal, and caudate nuclei have been reported, for
example, in impulse control paradigms such
as Stroop interference and go—no-go tasks (Bush,
Whalen, Rosen, Jenike, Mclnerney, & Rauch,
1998; Carter, Mintun, & Cohen, 1995; Leung
et al., 2000; Pardo, Pardo, Janer, & Raichle,
1990; Peterson, Kane, et al., 2002; Peterson,
Skudlarski, Zhang, Gatenby, Anderson, & Gore,
1999), in studies of pain in which subjects
must inhibit withdrawal of the painful extrem-
ity (Craig, Reiman, Evans, & Bushnell, 1996;
Derbyshire, Jones, Gyulai, Clark, Townsend,
& Firestone, 1997; Derbyshire, Vogt, & Jones,
1998; Talbot, Marrett, Evans, Meyer, Bush-
nell, & Duncan, 1991), in studies of itch in-
duction in which subjects are not allowed to
scratch (Hsieh, Hagermak, Stahle—Backdahl,
Ericson, Eriksson, Stone—Elander, & Ingvar,
1994), in the regulation of sexual arousal (Beau-
regard, Lévesque, & Bourgouin, 2001), in stud-
ies of unsatisfied drug craving (Childress, Moz-
ley, McElgin, Fitzgerald, Reivich, & O’Brien,
1999; Maas, Lukas, Kaufman, Weiss, Daniels,
Rogers, Kukes, & Renshaw, 1998; Volkow,
Wang, Fowler, Hitzemann, Angrist, Gatley,
Logan, Ding, & Pappas, 1999), and in studies
of anticipatory anxiety to electric shock (Chua,
Krams, Toni, Passingham, & Dolan, 1999).
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Clearly, reduction in the noxious or motivat-
ing stimulus would also reduce the behavioral
response that is intended to respond, remove,
alleviate, or otherwise adapt to the stimulus.
Therefore, normalization of these activations
with successful treatment or intervention would
not prove that the activations represented ei-
ther the neural substrate of perceiving the stim-
ulus or the behavioral response to them.

Developmental and therapeutic correlates.
Cross-sectional studies often confuse and mis-
lead us in our understanding of the true natu-
ral history and developmental correlates of an
illness (Kraemer, Yesavage, Taylor, & Kupfer,
2000). A common assumption made in these
cross-sectional studies is that members of dif-
fering age cohorts who have the same phe-
nomenological diagnosis belong to a larger
general population of subjects who have the
same biological illness, and that therefore young-
er subjects will, with time, resemble their older
counterparts. In most cases, this assumption
will prove untrue, given that most childhood-
onset illnesses differ from their adult-onset
counterparts in phenomenology, degree of fa-
milial risk, associated comorbidities, and nat-
ural history.

The diametrically opposite morphological
findings in the cortices of children and adults
who have TS is an obvious example in which
ascertainment bias most likely contributed to
the detection of age correlates that may have
very little resemblance to the developmental
trajectories observed if these volumes were fol-
lowed longitudinally in a cohort from child-
hood into adulthood. Rather than having pro-
vided genuine insight into the natural history
of cortical development in subjects with TS,
the cross-sectional age correlations more likely
provided preliminary insight into the cortical
regions and processes that contributed to the
persistence of tic symptoms into adulthood,
specifically in this instance, smaller prefrontal
cortical volumes. These reduced prefrontal vol-
umes presumably release tic symptoms from
the inhibitory influences that reduce symptom
severity for most individuals with TS in late
adolescence and early adulthood (Bruun &
Budman, 1992; Leckman et al., 1998). Thus,
although cross-sectional studies of TS adults
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are important for the generation of pathophys-
iological hypotheses and the study of more se-
vere disease outcome, they are nevertheless
fraught with methodologic limitations that se-
verely limit our ability to interpret and gener-
alize the findings to the larger population of
TS subjects. Similar difficulties are likely to
plague cross-sectional studies of almost any pro-
cess, capacity, or illness that has age-specific
differences in prevalence.

Correlations of the magnitude of an abnor-
mality in an imaging study with the severity
of symptoms do not help to sort out cause from
compensatory effects, because the need for
compensation within the CNS is likely to be
proportional to the severity of symptoms. There-
fore, correlations of the magnitude of the ab-
normality with the severity of symptoms will
be similar if the abnormality represents cause
or if it represents compensation. In attempts
to demonstrate causality in imaging findings,
some investigators have elected to scan sub-
jects before and after successful pharmaco- or
psychotherapies (Baxter et al., 1992; Bench,
Frackowiak, & Dolan, 1995; Benkelfat et al.,
1990; Buchsbaum, Wu, Siegel, Hackett, Tren-
ary, Abel, & Reynolds, 1997; Mayberg, Li-
otti, Brannan, McGinnis, Mahurin, Jerabek,
Silva, Tekell, Martin, Lancaster, & Fox, 1999;
Rubin et al., 1995; Schwartz et al., 1996;
Swedo et al., 1992). Although this approach
might initially seem appealing, it does not ad-
dress the fundamental difficulty of dissociat-
ing cause from compensatory effect, because
compensatory systems are no longer needed
when the primary symptoms have been re-
moved by the successful therapy.

Even longitudinal brain imaging studies of
affected individuals do not fully address this
seemingly intractable issue of discerning cause
and effect. The longitudinal approach can allow
us to track changes in brain structure, func-
tion, and neurochemistry through time. These
measures of change in brain structure and
function can then be correlated with measures
of clinical change across time, and these mea-
sures of change can be helpful in allowing us
to generate hypotheses concerning which of
the baseline abnormalities are causing the ill-
ness and which are epiphenomena or compen-
satory responses. Unfortunately, however, im-
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aging changes that become evident in close
temporal proximity to symptom onset or to
times of exacerbation or remission of symp-
toms may still represent either the core process
responsible for these events or a compensatory
reaction to them. Assessing the correlation of
changes in a brain measure with the changes
in symptoms cannot prove whether the brain
changes caused the changes in symptoms or
whether the changes in symptoms caused the
changes in the brain properties being mea-
sured (Gerard & Peterson, in press; Pe-
terson & Thomas, 2000).

Possible solutions. One possible solution to
this difficult problem of disentangling cause
and effect in imaging studies is to extend our
imaging techniques to progressively younger
age groups or to high-risk cohorts in order to
identify trait rather than state markers of CNS
functioning that predispose individuals to par-
ticular illnesses. Studies of at-risk populations,
such as the offspring or young siblings of af-
fected individuals, would be uniquely able to
identify trait vulnerability markers for an ill-
ness. These vulnerability markers would be
relatively independent of compensatory changes
because they would be observed in the absence
of overt symptoms. Ideally, these high-risk
samples would be followed through time to
identify which pathophysiological processes
are associated with the switch from trait vul-
nerabilities to overt illness. These prospective
studies would then allow the study of state dis-
turbances early in their course, before chronic
compensatory mechanisms would exert their
neurobiological effects, as well as during ill-
ness onset and the ensuing compensatory re-
sponses.

A second possible solution is to yoke im-
aging studies to clinical trials in which a puta-
tive, causally relevant variable is experimen-
tally controlled and manipulated. This could be
possible, for example, in appropriately designed
imaging studies associated with prevention or
intervention trials. As noted above, simply cor-
relating imaging measures with measures of
change in therapeutic trials is insufficient to
sort out cause from compensation. Neverthe-
less, these effects can in principle be distin-
guished by using appropriate contrast groups,
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such as individuals who as placebo control
subjects experience spontaneous remission of
their illness. Although the active treatment
group will contain individuals who remit ei-
ther spontaneously or with placebo treatment,
with a sufficiently large sample, the brain-based
effects that are specific to treatment should be
statistically discernable over the nonspecific
effects of symptom reduction in the spontane-
ous remitters. This kind of design seems not
to have been implemented yet in an imaging
study.

A third possible solution is to image popu-
lations that are epidemiologically ascertained,
rather than simply to study samples of conve-
nience. This approach would, along with longi-
tudinal studies, help to identify the true longitu-
dinal trajectory of illness-related abnormalities
in the brain, although it still cannot in itself
distinguish abnormalities that are causal from
those that are compensatory. In imaging stud-
ies of TS, this kind of study design would help
us to know more definitively whether prefron-
tal volume reductions in adults are generally
true of all adults who have a lifetime history
of TS or whether they are present primarily,
as has been postulated, in adults with TS who
remain symptomatic. Imaging studies in epi-
demiological samples are unlikely to meet with
resounding success, however, because recruit-
ment into imaging studies, even for individu-
als who have a lifetime history of an illness,
tends to be poor, thereby distorting the repre-
sentativeness of the sample.

Conceptual and design challenges
in fMRI subtraction paradigms

Implicit in the subtraction methodology of
functional imaging studies is the assumption
that information processing in the brain is se-
rial and additive. Subtraction paradigms have
recently been popularized through the prolif-
eration of functional imaging studies, and yet
they have a long experimental tradition in cog-
nitive neuroscience, particularly in studies of
reaction times recorded during performance of
a hierarchy of cognitive processing tasks. Sub-
traction paradigms make several strong assump-
tions: (a) the brain is a serial processor; (b) cog-
nitive functions are linearly additive and can
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therefore be “subtracted,” one from another;
(c) cognitive processing is highly modular;
and (d) serially ordered modules for informa-
tion processing are spatially localized in the
brain. Although these assumptions have been
repeatedly and roundly criticized throughout
the history of cognitive neuroscience (Dolan
& Friston, 1997; Donders, 1969; Nemeroff,
Kilts, & Berns, 1999; Poeppel, 1996; Sternberg,
1969; Wexler, 1986), the experimental results
of these subtraction paradigms have proved to
be reasonably robust and reproducible in im-
aging studies, at least in well-designed experi-
ments (Leung et al., 2000; Peterson, Kane, et
al., 2002). Furthermore, these paradigms have
arguably produced, in some instances at least,
results that support some of these underlying
assumptions.

Experimental control. Probably the greatest
challenge in constructing fMRI subtraction
paradigms is to select the appropriate control
task for the primary task of interest. Many
fMRI tasks are poorly controlled, so that the
differential brain activity being detected could
be caused by any number of differences in
task conditions, including differences in the
physical properties of the stimulus presenta-
tion (e.g., the hue, saturation, brightness of color,
shape, contour, or texture of visual stimuli);
differences in comparative difficulties of the
two tasks (producing systematic differences in
alerting, orienting, vigilance, performance ef-
fort, uncertainty, confusion, search strategy,
or timing of a motor response); differences in
the cognitive strategy used to perform the
tasks; differences in the thoughts and affects
associated with each of the tasks; or differ-
ences in any number of other brain and men-
tal functions associated with the tasks.

Specificity of the probe. The dependence on
subtraction methodologies is both a strength
and a weakness of fMRI studies of develop-
mentally based psychopathologies. The strength
of subtraction paradigms is that they permit
probing of very specific mental processes in
healthy and ill individuals. The weakness of
subtraction paradigms is that they confine in-
vestigation to a very narrow domain of brain
functioning. Thus, fMRI currently is not able
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to measure and compare brain activity “at
rest” across individuals in the way that PET
and SPECT can. The utility and power of
fMRI in the study of developmental psycho-
pathologies will therefore depend critically on
the pathophysiological relevance of the sub-
traction paradigm and the mental process that
it probes, as well as on the quality of the de-
sign and implementation of that subtraction
paradigm in terms of how well it isolates the
mental process of interest. Currently, our
knowledge of the pathophysiology of any ill-
ness is too limited to provide a clear and ade-
quate guide for the selection of a mental or
behavioral probe that will illuminate central
pathophysiological features of the illness, and
not simply correlated or epiphenomenal ones.

Performance differences in fMRI studies. An-
other conceptual and methodological dilemma
facing the implementation of fMRI subtrac-
tion paradigms involves the interpretation of
results when subtraction paradigms employ
tasks in which patient and control groups are
known to perform differently. Most fMRI tasks,
in fact, are selected precisely because previ-
ous behavioral studies have demonstrated that
the patient group performs poorly on the task.
Investigators then usually assume that an
fMRI study that employs that task will dem-
onstrate differences in brain activation across
groups that will explain the origins of the per-
formance differences.

Conducting and interpreting studies when
performance in the task of interest differs across
groups, however, is problematic, and the prob-
lem can be stated in lay terms: if we already
know that two groups differ in the performance
of some task, then we already know that the
basis for that difference must be brain based.
A fancy procedure and pretty pictures are not
needed, critics will add, to know that brain
activity differs between the two groups. The
differences in brain activity may not represent
a core abnormality in one group, but instead
may depict an alternative pathway for infor-
mation processing that may be adaptive, or
they may deplete greater effort or frustration,
or some other epiphenomenal feature associated
with poorer performance on the task. There-
fore, knowing where in the brain activity dif-
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fers across groups may not alone help us in
understanding what those differences in brain
activity represent, because the origin of group
differences in brain activation when perfor-
mance on the task differs across groups has nu-
merous possible explanations. Of particular
relevance for studies of developmental disor-
ders is that performance often varies systemati-
cally with age even in healthy populations,
and this can seriously complicate the design
and interpretation of studies involving children.

When the differences in performance across
groups are measured as differences in reaction
time following presentation of a sensory stim-
ulus, the differences in activation maps across
groups can represent a kind of artifact of im-
age processing, particularly in event-related
fMRI studies. If the subtraction of images is
time locked to the presentation of the sensory
stimulus, images in the fMRI time series that
follow presentation of the stimulus will obvi-
ously differ across groups simply because of
the group differences in timing of the motor
response. Differences in activation across groups
may have little or no relationship to the neural
processes that actually cause the group differ-
ences in reaction times. Similarly, if the sub-
traction of images is time-locked to performance
of the motor response, images in the fMRI time
series associated with processing of the sen-
sory stimulus may differ across groups simply
because they are no longer aligned in time.
Neither method of time locking is necessarily
correct, because the differences in the timing
of information processing that underlies the
differences in performance across groups will
necessarily find their way into the fMRI sub-
traction paradigm and the images representing
them.

Possible solutions. 1 do not pretend to have an
easy answer for the difficulties posed by the
specificity of fMRI behavioral probes and by
the differences in performance measures that
affect many studies of developmental psycho-
pathologies. Nevertheless, one experimental
approach that has not yet been implemented
in any obvious way in existing functional im-
aging studies might help to mitigate some of
these more intractable problems. Rather than
trying to solve or sidestep the difficulties
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posed by the specificity of fMRI probes and
by the group differences in performance mea-
sures, this approach not only accepts those lim-
itations but also embraces and exploits them
in novel study designs. These designs system-
atically probe neural systems according to an
experimentally and theoretically well-founded
understanding of the hierarchy of brain orga-
nization (Mesulam, 1998).

Instead of selecting a task because group
differences in performance have been reliably
demonstrated, I instead advocate selecting tasks
based in part on the similarity of performance
across groups. Group differences in brain acti-
vation on those tasks will then likely represent
information processing pathways that are en-
gaged in the service of providing normal overt
behavioral performance, presumably as an al-
ternate strategy to perform the task or as a
compensatory neural system that is engaged
because the normal pathway is somehow dys-
functional. Demonstrating the presence of al-
ternate processing pathways in the context of
normal behavioral performance, however, will
not in itself, in any single subtraction para-
digm, indicate which components of infor-
mation processing are dysfunctional. Multiple
fMRI studies using multiple subtraction para-
digms must be conducted on the same indi-
viduals to probe information processing path-
ways from their earliest and most elementary
components to the latest and most superordi-
nate ones in order to determine where in the
processing pathways dysfunction and group
differences first appear.

In studies of developmental psychopathol-
ogies, therefore, initial studies of simple sen-
sory processing, conducted separately across
all sensory modalities, could be performed to
demonstrate that these elementary sensory pro-
cessing functions are in fact intact in the illness
of interest. These tasks, which are usually very
simple and which permit similar measures of
performance across even the most disparate of
patient and healthy comparison groups, would
be expected to activate primary sensory re-
gions. Next, studies of slightly higher sensory
processing could be conducted to demonstrate
the intactness of these processes within a sin-
gle sensory modality. These tasks, which in-
volve the progressive integration of features
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within a given sensory modality, would be ex-
pected to activate higher sensory association
areas. Next, studies could be conducted to as-
sess integration across sensory systems in the
groups of interest. These tasks would be ex-
pected to activate heteromodal association
areas in the parietal, temporal, or prefrontal
cortices. Finally, superordinate information
processing systems that are thought to help
organize and integrate, in a top-down fashion,
activity in lower order primary sensory, pri-
mary association, and heteromodal associa-
tion areas could be probed in tests of execu-
tive and attentional functioning. These tasks
would be expected to activate prefrontal, cin-
gulate, and higher order association areas (Pe-
terson et al., 1999).

This kind of study design will allow the
determination of normal and pathological brain
functioning in developmental psychopatholo-
gies, and it will help to localize more accu-
rately where in the information processing
stream abnormal neural functioning begins,
even when performance on the tasks is nor-
mal. Both normal and abnormal patterns of
activation, when taken together, will prove to
be informative of brain function and patho-
physiology in the patient group. Ironically, the
most informative of these findings is likely to
be the normal activation in the patient group,
for it in particular helps to narrow the search
for where in the brain abnormal functioning
first originates. Normal activity, moreover, is
likely to be more readily interpretable than is
abnormal activation in a single task, which as
we have seen can have multiple causes and
wildly divergent explanations.

Implementing this proposed design will re-
quire an extended, systematic program of re-
search that builds progressively on prior stud-
ies and their findings. This research paradigm
would stand in stark contrast to current re-
search strategies, which are mostly ad hoc and
designed to identify a putative central locus of
abnormality using a single fMRI experiment.
Ideally, this proposed program of research
would be conducted in a single experimental
cohort, to minimize variability in findings
across each of the stages of information pro-
cessing. Multiple scanning sessions in the
same patient and control groups would in-
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crease dramatically the practical difficulties of
conducting this program of research. Never-
theless, this kind of programmatic approach is
necessary if we are ever to make systematic
progress in understanding the etiologies of de-
velopmentally based psychopathologies.

Statistical Considerations

General

Findings from imaging studies have been
notoriously difficult to replicate. In many in-
stances, poor reproducibility probably relates
to the statistical instability associated with
small sample sizes, particularly in light of the
high interindividual variability of imaging data.
PET and SPECT studies, for example, still re-
port findings from samples of fewer than 10
subjects, which is most commonly necessitated
by the expense of these particular imaging
modalities. Other contributions to the poor re-
producibility of imaging studies has been the
general failure to incorporate into the statisti-
cal models covariates, such as sex, age, socio-
economic status, and comorbid illnesses, that
contribute substantially to interindividual vari-
ability in the imaging measures being studied.
Adequate modeling of these potentially con-
founding effects is possible only with appro-
priately large sample sizes.

Anatomical data

The methods for statistical analyses of im-
aging data are relatively unique among bio-
logical measures, and this includes the analy-
sis of anatomical imaging data. One of the
most important effects for which statistical
models of volumetric data must account is
morphological scaling. Scaling refers to the
fact that taller individuals will have bigger
brains and individuals with bigger brains will
have bigger subregions within their brains
(Gould, 1981). Men, for example, on average
have bigger brains than women, but this is
largely attributable to larger body sizes and
larger heads in men than in women. The same
is true for older compared to younger chil-
dren. Scaling typically accounts for the largest
portion of interindividual variance in regional
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volumes, and failure to account for scaling as
a potential confound can lead to erroneous re-
sults and inappropriate interpretations of im-
aging data.

Statistical analyses must therefore account
for these scaling effects when comparing brain
volumes across men and women or across age
groups. Precisely how best to do this is a mat-
ter of some controversy, but most studies con-
trol the analyses statistically either for total
body size (using a measure such as height) or
for head size (using a measure such as head
circumference, intracranial volume, or whole
brain volume; Arndt, Cohen, Alliger, Swayze,
& Andreasen, 1991; Mathalon, Sullivan, Rawles,
& Pfefferbaum, 1993). Statistical control is
generally preferred over the construction of
“normalized” values in which the subregion’s
volume is divided by the value of the scalar.
Older imaging studies of the ventricular sys-
tem, for example, often compared the “ven-
tricular to brain ratio” across diagnostic groups.
The problem with use of ratios is that they
employ a multiplication operator (ventricular
volume X 1/total brain volume), which will
multiply the measurement errors of the nu-
merator and denominator. Consequently, lin-
ear correction using statistical covariation
with the chosen scalar is generally preferred
when correcting a subregion’s volume for the
effects of scaling (Andreasen, Arndt, Cohen,
Alliger, & Swayze, 1993).

Another important consideration in the
analysis of anatomical data is the intercorrela-
tion among regional brain volumes, even after
controlling for scaling effects within the brain.
Imaging studies frequently report analyses for
volumes of the same structure in the left and
right hemispheres, for instance, or for multiple
different regions within the same hemisphere.
Because these measures are intercorrelated, the
tests are not statistically independent, and yet
their analysis using two separate statistical tests
still requires correction for multiple compari-
sons. The standard for analysis of multiple re-
gions is currently a repeated-measures analy-
sis of variance, which takes into account the
intercorrelation of the various dependent mea-
sures. Rather than considering intercorrelations
of a repeated measure across time (which is
the most common use of a repeated measures
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analysis), however, anatomical studies con-
sider the intercorrelations of a repeated mea-
sure across the spatial domain of the brain.
One disadvantage of this kind of analysis is
that it is complicated for many readers to un-
derstand, in that hypothesis testing is per-
formed simultaneously across these numerous
brain regions. If the study hypothesizes, for
example, that a group difference will be de-
tected in one region but not another (i.e., that
the abnormality is regionally specific, rather
than present to the same degree in all regions
measured), the hypothesis is tested using a
statistical interaction (e.g., region by diagno-
sis). Another disadvantage is that determining
the source of effect within an interaction (i.e.,
whether the significance of an interaction de-
rives primarily from one region among sev-
eral, or from one diagnosis, or from a combi-
nation of each) is not easy to assess. This is
particularly true for the kinds of complicated,
higher order interactions that are likely to be
detected in data sets for developmentally
based disorders, which might include, for ex-
ample, interactions between some combina-
tion of brain region, cerebral hemisphere, di-
agnosis, age, and sex.

Data from fMRI

Task-dependent variation in fMRI signal is
tested statistically by acquiring many images
in rapid succession while subjects alternate per-
formance between two tasks. A typical fMRI
experiment acquires an image in each slice
every 1-2 s, totaling several hundred to sev-
eral thousand images in each slice for each
subject in an experiment. Whether the fMRI
signal or, equivalently, the gray scale in a
pixel, varies with the alternation between
tasks at a level that is beyond chance is then
tested using any number of more or less so-
phisticated statistical procedures. The sim-
plest of these is to sort the signal values of the
fMRI time series into two populations, those
acquired during each of the two tasks, and
then to compare the means of the two popula-
tions of signal values using a parametric or
nonparametric test, most commonly a # test.
A common goal in studies of developmen-
tally based psychopathologies is to compare
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differential fMRI signal change associated
with a task across diagnostic groups or across
differing ages. This comparison, however, is
a nontrivial matter. Group comparisons of
fMRI signal changes typically are performed
either in a voxel-based or a ROI-based analy-
sis. These approaches differ in many respects,
the most important being, as their names im-
ply, the unit of analysis—whether it is a sin-
gle voxel or all voxels together within an ROL

Voxel-based approaches. The voxel-based ap-
proach compares signal changes across groups
on a voxel by voxel basis. This is done after
“warping” each individual brain into a similar
volume, shape, and spatial orientation, and
then superimposing these brains one on top of
another. Corresponding pixels in the images
from each person are then assumed to repre-
sent the same voxels of tissue across the brains
of individual subjects. The location of a pixel
in the image of the motor cortex in one per-
son, for example, is assumed to represent pre-
cisely the same anatomical and functional tis-
sue as the corresponding pixel in the image of
the motor cortex in another person. The warp-
ings are usually performed with reference to
a set of standard anatomical landmarks, the
anterior and posterior commissures and an
imaginary bounding box around the brain (Ta-
lairach & Tournoux, 1988). Mean signal changes
associated with alternation of the tasks are
calculated at each voxel for each individual in
the study. Every voxel therefore has associ-
ated with it a population of signal changes for
each diagnostic group in the study. These
populations of signal change are then com-
pared with one another using any number of
standard parametric or nonparametric statis-
tics, one test for each pixel in the image.

ROI-based approaches. In ROI-based compari-
sons of signal changes across groups, anatomi-
cal regions are first defined on each individu-
al’s unwarped images. These may be defined,
for example, by manually circumscribing the
boundary of the structure on the anatomical
images, and upon these ROIs are superim-
posed the mean signal changes of the func-
tional images at each voxel. The mean signal
changes for each voxel within each ROI are
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then either summed or averaged to provide a
descriptive statistic representing the overall
task-dependent change in signal within the
ROI. That measure of ROI-based signal change
for each individual, a single continuous vari-
able, is then used to compare activation in that
ROI across diagnostic groups.

Limitations of voxel- and ROI-based approaches.
Both voxel- and ROI-based approaches to com-
paring activations across groups have their
limitations. Probably the greatest limitation of
voxel-based approaches is the assumption that,
except for differences in scaling (i.e., in over-
all volume) and head orientation, the anatomy
and corresponding localization of function is
the same across individuals, across ages, and
across diagnostic groups, an assumption that
anatomical imaging studies of normal and pa-
tient groups have unequivocally demonstrated
to be false. Because of known differences from
normal in the anatomy of brains of patients
who have neuropsychiatric illnesses, the brains
of patients would not be expected to superim-
pose well on each other or on healthy control
brains when warped into the common coordi-
nate system (Bookstein, 2001). Consider the
kinds of effects that this misregistration of tis-
sues across diagnostic groups is likely to have.
The pixels representing gray matter in the fron-
tal cortex of one group, for example, might su-
perimpose on frontal white matter of the other
group. Because signal changes should occur
in the synapses located in cortical gray matter
and not in the axons or myelin of the under-
lying white matter, a voxel-based comparison
of signal changes across groups would dem-
onstrate more activation in the first group than
in the second, but this difference would sim-
ply be an artifact of misregistration in the
brains of the patient and control groups.

The ROI-based approach, in contrast, is
not particularly vulnerable to this kind of arti-
fact because it defines boundaries of the ROI
based on the relevant anatomy and anatomical
landmarks of each individual in the study. A
weakness of the ROI approach, on the other
hand, is that it assumes that anatomically and
functionally relevant regions can be reliably,
validly, and precisely defined. As we have al-
ready seen for regions such as the cerebral
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cortex, the assumption that cytoarchitectoni-
cally valid regions can be defined using the
gray scale values of MR images is a question-
able one. This difficulty is only compounded
when the ROIs are defined on functional MR
images, which have much poorer resolutions
(typically 70—100 mm”®) than do most current
anatomical images. In these poor resolution
data sets, cytoarchitectonic regions and their
boundaries are smoothed across these large vol-
umes.

Multiple comparisons. Another challenge in
the statistical analysis of fMRI data is the cor-
rection for multiple statistical comparisons
across voxels or ROIs. Because a typical fMRI
experiment is performed across 10s of 1000s
of pixels (50,000 pixels/subject is not uncom-
mon), strict Bonferroni correction for multiple
comparisons in voxel-based analyses would
require p values <.000001. This sets the statis-
tical bar for most real-world experiments at a
level that is, for several reasons, probably too
high. First, brain regions do not activate in
isolation in fMRI experiments, but rather in
functional networks. Therefore, to set a statis-
tical threshold with the expectation that only a
single voxel will activate past such a stringent
level of significance will predispose a study
to missing real activations (Type II errors).
Second, statistical tests in neighboring voxels
are not independent of one another, because
fMRI time series in neighboring voxels are
intercorrelated. This intercorrelation derives
in part from correlated noise across the vox-
els, as well as from correlation of real biologi-
cal signal coming from multiple voxels lying
within the same biological field of activation,
such as the same Brodmann’s area or the
same functional unit that spans multiple adja-
cent voxels (Roland, 1993).

A number of statistical alternatives to strict
Bonferroni correction have been proposed for
fMRI experiments. One is simply to set a less
stringent correction for voxel-based analyses.
The less stringent statistical threshold usually
is not adequately justified, and the actual thresh-
old employed ranges widely across experiments
and laboratories. A second approach has been
to apply several logical operators simultane-
ously to determine whether a voxel is “acti-
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vated.” A commonly applied rule is that a
voxel must meet some statistical threshold (a
particular ¢ or p value, for instance) and that
the voxel must also be connected to some pre-
designated number of voxels that also pass the
statistical threshold. Voxels captured in this
“cluster filter” are presumed to represent a field
of activation in the brain, and they are thought
to be much less likely to represent a false pos-
itive statistical outlier (Forman, Cohen, Fitz-
gerald, Eddy, Mintun, & Noll, 1995; Goutte,
Toft, Rostrup, Nielsen, & Hansen, 1999; Led-
berg, Akerman, & Roland, 1998; Poline, Wors-
ley, Evans, & Friston, 1997). Applying this
cluster filter has an effect similar to spatial
smoothing of the test statistic across voxels,
in that both reduce the number of isolated, spu-
rious false positive activations (Skudlarski, Con-
stable, & Gore, 1999). A third approach is to
use an ROI-based approach to statistical anal-
ysis, which effectively sums or averages across
the activations within all of the individual vox-
els that the ROI comprises. Having several
larger ROIs reduces significantly the number
of comparisons that are performed in the ex-
periment. Often this number is reduced even
further by invoking a repeated measures sta-
tistical analysis of activation, in which the re-
peated measure is fMRI signal change mea-
sured across the spatial domain of multiple,
intercorrelated ROIs (Peterson, Vohr, Kane,
Whalen, Schneider, Katz, Zhang, Makuch,
Gore, & Ment, 2002). Finally, the most com-
mon approach to the multiple comparisons
problem in fMRI data sets is to use the theory
of Gaussian random fields to model the distri-
butions of both the signal changes across the
data set and the interdependence of activa-
tions across voxels, allowing calculation of p
values that are corrected for the number of
independent statistical tests across the data set
(Ashburner & Friston, 2000; Worsley, Evans,
Marrett, & Neelin, 1992). This calculation is
nearly always performed using one of several
common software packages that are available
as both shareware and commercial software
for the analysis of functional imaging data sets.

Functional connectivity. Despite the immense
popularity of fMRI studies, they have not yet
fulfilled their promise of identifying the func-
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tional anatomical basis of developmental psycho-
pathologies. This shortcoming can be attributed
to the naive assumption that psychopathologies
arise in part from abnormalities in brain func-
tion that are spatially discrete and highly local-
ized. Indeed, one of the tacit assumptions of
fMRI subtraction paradigms is that neural ac-
tivity associated with one task, relative to ac-
tivity associated with its control task, will lo-
calize to a particular brain region. Countless
published imaging studies purport to have lo-
calized the brain region that is the center or
locus for a particular cognitive function, emo-
tional process, or behavior. These claims con-
stitute little more than a modern, albeit high-
tech, phrenology (Cohen, 1996; Friston, 2002;
Nemeroff et al., 1999).

Given contemporary understandings of brain
organization and function, a more reasonable
assumption is that developmental psychopa-
thologies, rather than being regionally local-
ized, are based within neural systems that are
distributed across multiple, interactive brain
regions (Cicchetti & Cannon, 1999; Halpern,
2000; Mesulam, 1998; O’Brien & Opie, 1999;
Zaborszky, 2002). One of the great challenges
for functional imaging studies is to devise
ways to study this distributed, functional in-
teraction. Improving our understanding of the
interaction of multiple brain regions may re-
quire using functional imaging modalities that
have a better temporal resolution than fMRI,
which is on the order of 1-2 s. Currently, bet-
ter temporal resolution is only possible using
EEG or magnetocencephalography. Presum-
ably, brain regions that increase their activity
earlier in time in some way contribute to the
activity of (and are “functionally connected”
to) other brain regions that activate later dur-
ing performance of a task (Dolan & Friston,
1997). Other approaches, however, have tried
to characterize the intercorrelation of activity
across brain regions using advanced statistical
procedures, such as principal components (Al-
exander & Moeller, 1994; Peterson et al.,
1999), independent components (McKeown,
Makeig, Brown, Jung, Kindermann, Bell, &
Sejnowski, 1998), variance components (Moel-
ler & Strother, 1991), cross-temporal correla-
tion (Biswal, Yetkin, Haughton, & Hyde,
1995; Hampson, Peterson, Skudlarski, Ga-
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tenby, & Gore, 2002), and mutual information
analyses (Friston, 2002; McKeown, Varadara-
jan, Huettel, & McCarthy, 2002), or structural
equation modeling (Horwitz & Sporns, 1994).
These analytic techniques are novel, however,
and their reproducibility and validity in im-
aging data sets are largely untested. Neverthe-
less, analyses like these are needed if func-
tional imaging studies are ever to fulfill their
promise of illuminating the etiologies of ill-
nesses at a systems level of understanding.

MRS and DTI data

Thus far, no good statistical methods have
been developed to compare the orientation of
fibers across groups of subjects in DTI data
sets, and this will be necessary for the effective
study of developmental psychopathologies us-
ing DTI. The difficulty with group comparisons
arises from the complication of analyzing the
directional component of the primary measure
in DTI data sets, the diffusion tensor. The non-
directional component of the diffusion tensor
has been quantified as a simple scalar mea-
sure in a number of different ways, and it can
be used to compare mean diffusivity across
groups (Pierpaoli, 2002). These nondirectional
measures, however, tend to be better suited to
detecting gross disruption of the integrity of
brain tissue, as occurs in stroke, rather than
the more subtle disruptions in organization of
fiber tracts. Developing techniques to com-
pare the full diffusion tensor, including its di-
rectional component, is one of the important
statistical challenges for DTI.

In MRS, measurement of even the most
abundant compounds, such as NAA, requires
a volume of more than 1 cubic centimeter per
voxel on most clinically available scanners. Mea-
surement of less abundant compounds requires
even larger voxels. Voxels of this size often
include in their volume multiple tissue types,
which seriously complicates interpretation of
metabolite levels. The sizes of peaks in the MRS
spectra will depend, for example, on the rela-
tive proportions of CSF, gray matter, and white
matter in each voxel. These proportions can
vary systematically across the diagnostic groups
whose spectra are being compared. For exam-
ple, a relatively thicker or thinner cortical rib-
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bon within the voxel could produce group dif-
ferences in metabolite levels and be interpreted
erroneously as representing differences in the
concentrations of metabolites within the corti-
cal ribbon itself. The improving spatial reso-
Iution of MRS with the increasing availability
of higher field scanners will help to minimize
these effects of including multiple tissue types
within a voxel. In addition, mathematical tech-
niques have been developed to help estimate
and correct statistically for the proportion of
various tissue types within a voxel. Improving
these procedures for statistical correction is an
important challenge for future MRS imaging
studies.

Conclusions

Neuroimaging technologies, by providing a
window into the structure and function of the
living brain, have revolutionized medicine and
clinical neuroscience. We now have the ability
to apply these technologies safely to the study
of brain development in healthy and ill chil-
dren. The technological advances in the two
decades or so in which MRI has been avail-
able have been astounding, and we cannot yet
even conceive of the new windows into brain
structure and function that continuing techno-
logical advances in the coming decades will
bring. These technological advances will un-
doubtedly help to address, to some extent, some
of the challenges outlined here in the study of
developmental psychopathologies, just as tech-
nological advances have helped to address the
technological and methodological challenges
historically faced in the fields of physics, as-
tronomy, chemistry, molecular biology, and ge-
netics. Technological advances have also helped
to define and drive the scientific agendas of
those fields, and they will no doubt do the
same in studies of developmentally based psy-
chopathologies.

Technology, however, is no substitute for
sound theory, good experimental design, and
rigorous methodology. Many of the concep-
tual, methodological, and statistical difficul-
ties outlined here will still challenge future
imaging studies that employ these emerging
and still undeveloped technologies. Indeed, al-
though new imaging technologies address some
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of the limitations of anteceding technologies,
they always seem to bring their own new sets
of limitations and always raise new method-
ological, conceptual, and statistical questions.
Future imaging studies will continue to grapple
with issues of adequate sample size, modeling
of potentially confounding effects, disentan-
gling cause from compensatory or epiphenome-
nal effects, valid anatomical localization, and
the analysis and interpretation of findings at a
neural systems level of conceptualization. It
will be incumbent upon investigators to learn
about the limitations of their technologies and
the difficulties in interpretation that these lim-
itations engender and then to discuss them un-
failingly and candidly in their original, data-
based publications.

The methodological, conceptual, and sta-
tistical challenges inherent in the application
of imaging technologies are most pernicious
and insidious when the technological aspects
of the study are not well integrated with the
neuroscientific and pathophysiological ones.
The truth of this assertion may seem painfully
obvious to many, but imaging studies are in-
creasingly being conducted by psychologists,
psychiatrists, and neuroscientists who have only
a meager understanding not only of the strengths
and limitations of the technologies and their ap-
propriate implementation but also of the range
of interpretations that are possible for the data
that imaging technologies provide. These in-
vestigators are relying increasingly on experts
in physics, engineering, or the radiological sci-
ences to implement and safeguard the techni-
cal aspects of their studies. Experts in the phys-
ical and radiological sciences, on the other
hand, usually have little or no knowledge of
the neural or pathophysiolgical processes that
neuroscientists and clinicians want to study or
measure; thus, they can provide little or no
informed advice on how to measure it.

Scientifically fruitful and valid applications
of neuroimaging technologies to the study of
developmental psychopathologies requires a
genuinely integrated knowledge of physics, en-
gineering, biostatistics, clinical neuroscience, hu-
man development, and psychopathology. Close
communication among members of each of these
disciplines can help to foster this integration dur-
ing the course of a study, although more real-
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istically it will need to occur over the course
of an entire academic career. Given the real-
world demands of academic schedules and the
difficulty of retaining personnel of multidisci-
plinary teams throughout their careers, how-
ever, the necessary level of integration across
separate individuals or academic departments
has been achieved only rarely, and the quality
of the science has suffered accordingly.

The only way of ensuring the desired level
of integration across disciplines is for one
member of the study team to be trained in the
theory and methods of each of the component
disciplines. Despite the burgeoning number of
imaging studies of developmental disorders
that are published or underway, currently only
a handful of investigators have received the
kind of training and experience that permit this
kind of multidisciplinary integration. The dearth
of appropriately trained investigators is not sur-
prising, given the magnitude of the task of train-
ing across these diverse disciplines, the duration
of time involved, and the paucity of organized
training programs that can appropriately edu-
cate and develop new investigators. Entering
into training in this area of research is there-
fore a daunting prospect for most prospective
young investigators. The added burden of re-
maining at a trainee’s salary indefinitely can
be the final consideration that dissuades even
the most idealistic and intellectually passion-
ate young clinical investigators from under-
taking the necessary scientific training. There-
fore, academic departments and government
sponsored training programs need to provide
better funding for the multidisciplinary train-
ing that is required to learn how to conduct
imaging studies well, if prospective young in-
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