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Abstract

MRI diffusion-tensor tracking (DTT) was performed in 17 high-functioning adolescents/adults with autism and 17
pairwise-matched controls. White matter pathways involved in face processing were examined due to the relevance
of face perception to the social symptoms of autism, and due to known behavioral and functional imaging findings
in autism. The hippocampo-fusiform (HF) and amygdalo-fusiform (AF) pathways had normal size and shape but
abnormal microstructure in the autism group. The right HF had reduced across-fiber diffusivity (D-min) compared
with controls, opposite to the whole-brain effect of increased D-min. In contrast, left HF, right AF, and left AF had
increased D-min and increased along-fiber diffusivity (D-max), more consistent with the whole-brain effect. There
was a general loss of lateralization compared with controls. The right HF D-min was markedly low in the autism
subgroup with lower Benton face recognition scores, compared with the lower-Benton control subgroup, and
compared with the higher-Benton autism subgroup. Similar behavioral relationships were found for performance
1Q. Such results suggest an early functionally-significant pathological process in right HF consistent with
small-diameter axons (with correspondingly slower neural transmission) and/or higher packing density. In left

AF and HF, changes were interpreted as secondary, possibly reflecting axonal loss and/or decreased myelination.
(JINS, 2008, 14, 933-946.)
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INTRODUCTION 2004; Minshew, 1996; Minshew & Williams, 2007), mainly
affecting local intra-cortical connections, cortico-cortical
connections, and cortico-subcortical connections. This model
of autism evolved from converging evidence that suggested
both gray and white matter abnormalities in autism. Some
of the first evidence came from studies that demonstrated
that most, though not all, children with autism exhibited an
acceleration in head growth by age 12 months that was
shown by later structural MRI studies to result from increased
Com;spondence a.nd reprint requests to: Thomgs E. Conturo, Malligck— volume of cortical gray and intra-cerebral white matter ( Ayl—
rodt Institute of Radiology, Washington University School of Medicine,
4525 Scott Avenue, Campus Box 8225, St. Louis, MO 63110, E-mail: ~ Ward et al., 2002; Courchesne et al., 2001; Hazlett et al.,
tconturo @wustl.edu 2005; Lainhart, 2006). The increase in intra-cerebral white
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Many advances have been made in the past several decades
in characterizing the unique behavioral and cognitive fea-
tures of autism and, more recently, the neurobiological basis
of this disorder. The neurobiologic findings have led to the
current understanding of autism as a disorder of neural sys-
tems and connectivity (e.g., Belmonte et al., 2004; Just et al.,
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matter volume has been shown to predominantly involve
the outer radiate white matter (cortico-cortical connec-
tions) (Herbert et al., 2004). A landmark histopathologic
study contributed further to the emerging picture by report-
ing increased horizontal density of the vertically oriented
columns of cortical cells (minicolumns) (Casanova et al.,
2002). Thus, the increase in cortical gray matter was linked
to the increase in white matter by the increase in white
matter projections necessary to maintain the connectivity
of the increased number of cortical cells (Casanova et al.,
2002, 2003, 2006).

These emerging anatomic findings suggesting distur-
bances in brain connectivity in autism were substantiated
and elaborated by the functional magnetic resonance imag-
ing (fMRI) studies of Just and colleagues who reported a
reduction in functional correlation among key brain regions
activated during various executive, social, and language tasks
(Just et al., 2004, 2007; Kana et al., 2006, 2007; Koshino
et al., 2005; Luna et al., 2002; Mason et al., 2008). These
findings indicate that the brain in autism is broadly charac-
terized by an under-connectivity at the system level. Func-
tional measures of the synchronization of activation between
different cortical regions are thought to reflect the perfor-
mance of the white matter connecting these regions, sug-
gesting the importance of specifically examining white
matter pathways in autism.

A continuing area of interest, related to the significant
social impairment in autism, has been the decreased ability
to recognize and remember faces and to identify emotion in
faces (Adolphs et al., 2001; Celani et al., 1999; Dawson
et al., 2002, 2004; Gepner et al., 1996; Klin et al., 1999).
Therefore, numerous fMRI studies of face processing have
been completed in autism. Many f MRI studies have reported
a reduction in fusiform face area activation and a possible
reliance on object processing areas in response to face stim-
uli in individuals with autism (Baron-Cohen et al., 1999;
Critchley et al., 2000; Grelotti et al., 2005; Hubl et al.,
2003; Pierce et al., 2001; Schultz, 2005; Schultz et al., 2000)
with object processing being less affected in autism (Hum-
phreys et al., 2008). In other fMRI studies of autism, fusi-
form activation was found in response to faces (Hadjikhani
et al., 2004, 2007; Pierce et al., 2004), or related to time
spent fixating on the eyes (Dalton et al., 2005). Such vari-
ability of results has been interpreted as suggesting anom-
alies of networks rather than of a single brain area
(Hadjikhani et al., 2004). Additional fMRI studies have
reported reduced functional correlations between the fMRI
signal measured from the fusiform face area and other rel-
evant activated brain areas in various tasks in autism (Klein-
hans et al., 2008; Koshino et al., 2008). Taken together,
these results suggest that face-processing networks involv-
ing the fusiform area are implicated in autism, but the nature
of the neurobiological abnormality is not yet understood.

The fusiform area is functionally related to amygdala
and hippocampus, two other structures that have been stud-
ied with respect to autism. Several fMRI studies have
reported abnormal amygdala activation in autism during
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face and emotion processing (Ashwin et al., 2007; Baron-
Cohen et al., 1999; Critchley et al., 2000; Dalton et al.,
2005; Wang et al., 2004). Hypoactivation of the amygdala
during face processing has been found even when no sig-
nificant difference occurred in activation of the fusiform
(Hadjikhani et al., 2007). One fMRI study (Pierce et al.,
2001) reported abnormal activation of the fusiform face
area and anatomical abnormalities in the amygdala in the
same adult subject group with autism.

Studies of very young children with autism (age 2—-4
years) demonstrated that the amygdala and hippocampus
were also involved in the early brain overgrowth process
(Sparks et al., 2002), with enlargement associated with
social /communication symptoms (Munson et al., 2006).
Cross-sectional studies of older children, adolescents and
young adults had variable findings, typically showing nor-
mal or decreased amygdala and/or hippocampal volume
(Aylward et al., 1999; Herbert et al., 2003; Nacewicz et al.,
2006; Nicolson et al., 2006; Pierce et al., 2001; Piven et al.,
1998; Schumann et al., 2004). However, studies also showed
enlargement of the hippocampi persisting through adoles-
cence (Palmen et al., 2006; Schumann et al., 2004), dispro-
portionally affecting right hippocampus (Schumann et al.,
2004). Another study found a subtle shape abnormality of
the right hippocampus in children with autism (Nicolson
et al., 2006). Overall, the volumetric studies of amygdala/
hippocampus suggest early overgrowth followed by normal-
ization of the amygdalar volumes in middle childhood with
normalization or persistence of the hippocampal enlarge-
ment. The normalization of total brain volume and individ-
ual structures after middle childhood occurs in a context of
continued behavioral deficits and differences in functional
brain measures, suggesting abnormalities at the microstruc-
tural level in autism.

Diffusion-tensor MRI (DT-MRI) provides a tool for defin-
ing and characterizing white matter pathways and the micro-
structural level in vivo, thus providing an opportunity for
defining the basis for functional impairments in pathways
of central importance to the pathophysiology of autism.
DT-MRI produces quantitative images of the microscopic
mobility or diffusion of water in tissues. Measurements of
the degree to which diffusion is direction dependent (diffu-
sion anisotropy) are sensitive to microstructural features of
white matter (Pierpaoli et al., 1996; Shimony et al., 1999).
The related technique of diffusion-tensor tracking (DTT)
can be used to trace neuronal fiber pathways (Conturo et al.,
1999; Mori et al., 1999) and test for altered connectivity
between brain regions. DTT can be combined with DT-MRI
to measure tensor parameters (e.g., anisotropy) within the
exact data space of a pathway, to evaluate microscopic char-
acteristics such as fiber coherence and myelination in that
pathway. DTT derives from measurements of anisotropic
water diffusion and principal diffusion directions (Basser
et al., 1994; Conturo et al., 1996), and the general observa-
tion that water preferentially diffuses along the direction of
fibers (e.g., Henkelman et al., 1994; Makris et al., 1997;
Stanisz et al., 1997). Using DTT, we previously identified
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and traced pathways interconnecting medial-temporal lobe
and mid-fusiform gyrus in typical adults (Smith et al., 2003,
2005, 2008). There have been a few reported DT-MRI stud-
ies of autism (Alexander et al., 2007; Barnea-Goraly et al.,
2004; Ben Bashat et al., 2007; Keller et al., 2007; Lee
et al., 2007) and one DTT study (Catani et al., 2008); how-
ever, none of these studies used DTT to identify and ana-
lyze pathways interconnecting medial-temporal lobe and
mid-fusiform gyrus.

The purpose of this study was to use DT-MRI and DTT
to investigate the integrity of white matter pathways involved
in face processing, that is, the hippocampo-fusiform (HF)
and amygdalo-fusiform (AF) pathways, in high-functioning
individuals with autism and pair-wise matched controls. We
also compared DT T-based measures of microstructural integ-
rity to relevant behavioral performance measures.

METHODS

Participants

The two subject groups were composed of 17 high-
functioning adolescents/adults with autism (14 males; 3
females) and 17 normal adolescent/adult controls, pair-
wise matched for gender, ethnicity, handedness, age (within
3 years), Verbal IQ (VIQ), Performance IQ (PIQ), and Full-
Scale IQ (FSIQ) [within 15 points (1 standard deviation,
SD) for each IQ score] based on the Wechsler Abbreviated
Scale of Intelligence (WASI, Wechsler, 1999). Pair-wise
matching was pursued to address the impact of age/IQ on
DT-MRI. Demographic, psychometric, and matching statis-
tics are in Table 1. The sample was restricted to individuals
with high-functioning autism (e.g., PIQ/VIQ/FSIQ = 80)
to ensure cooperation for scanning, matchability to normal
controls, and low likelihood of associated disorders. All
autism participants and most controls were recruited through
the Subject Core of the University of Pittsburgh Collabora-
tive Program of Excellence in Autism (CPEA) funded by
the National Institutes of Health.

All participants with autism met all criteria on the Autism
Diagnostic Observation Schedule (ADOS, Lord et al., 2000)
for autism, e.g., for Communication (cutoff, 3; range, 3-7),
Reciprocal Social Interaction (cutoff, 6; range, 7-13) and
Total (cutoff, 10; range, 10—18) algorithm scores. Addition-
ally, these participants met autism criteria on the Autism
Diagnostic Interview-Revised (ADI-R, Lord et al., 1994)
including age of onset. The diagnosis of autism was con-
firmed by expert opinion (N.J.M. or D.L.W.). The partici-
pants with autism did not have associated or causative
chromosomal, neurologic, or infectious conditions, were in
good medical health, and had no history of seizures, birth
injury, or head trauma. Medication histories are in Table 1.
(See Supplement for relevant medication exclusion criteria
and discussion of medication effects, which can be viewed
online at www.journals.cambridge.org/ins.)

Controls were recruited to individually match the autism
participants. Candidates were prescreened with question-
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naires regarding current/past personal and family history
of medical /neurological /psychiatric disorders. Inclusion cri-
teria were good physical health, no regular CNS medica-
tions, good school/job record, and good peer relationships
based on parent- or self-report and staff observations dur-
ing eligibility testing. Exclusion criteria were personal his-
tory of neuropsychiatric disorders, learning disability, or
brain injury at/after birth; first-degree family history of
developmental cognitive disorders or mood/anxiety disor-
ders (other than a single episode of situational depression in
one first-degree relative); and autism in first-, second-, or
third-degree relatives. All participants in both groups were
prescreened for history of metal, claustrophobia, or weight =
114 kg. The Institutional Review Boards at the two sites
approved the study. Written informed consent was obtained
from all participants after explaining all procedures.

Behavioral Testing

Handedness was determined using the Lateral Dominance
Examination (Halstead-Reitan Neuropsychological Test Bat-
tery, Reitan & Wolfson, 1993). Trained research techni-
cians administered WASI IQ testing. There were no statistical
group differences for PIQ/VIQ/FSIQ (Table 1). Face rec-
ognition was assessed with the Benton Facial Recognition
Test (Benton et al., 1983), where participants match front/
side views of faces photographed under identical /altered
lighting conditions. The autism group scored slightly lower
than controls on this test (Table 1). Using IQ and Benton
scores, subject groups were divided into lower- and higher-
performance subgroups for further analysis (see Results).
The relatively small number of autism participants having
lower Benton scores is consistent with previous reports of
young adults with high-functioning autism (Humphreys
etal., 2007), and is due to several factors: participants with
autism may attain correct responses by taking more time;
relying on facial feature information that is not controlled
for in this test (Duchaine & Weidenfeld, 2003); or using
other compensatory brain regions (Hubl et al., 2003; Pierce
etal., 2001; Schultz et al., 2000). Such effects can be reduced
using subtle face recognition tests (Rump et al., 2008).
Because these compensatory skills improve with age in
autism (Gastgeb et al., 2006), older age groups perform
better. Thus, while low Benton scores indicate abnormal
face processing, high Benton scores could indicate compen-
satory processing. Accordingly, the lower-Benton autism
subgroup mostly contains individuals with abnormal face
processing, while the higher-Benton subgroup contains indi-
viduals with normal and abnormal face processing.

MRI Scan Sites

All 17 autism participants and 13/17 control participants
were recruited and behaviorally tested in Pittsburgh; 4 con-
trols were recruited and behaviorally tested in St. Louis. All
individuals were scanned at their site of behavioral testing,
except for two autism participants scanned in St. Louis to
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Table 1. Demographics, behavioral data, and medication history

age
Match # Scan site (years) Ethnicity Gender Handedness VIQ PIQ FSIQ Benton score Medications (within 3 years of MRI)
autism group
1 Pgh 22.19 White M R 107 108 108 29 strattera (atomoxetine) [for ADHD]
2 Pgh 22.05 White M R 97 102 100 44 paxil (paroxetine) [SSRI]
3 Pgh 25.70 White M R 116 116 118 46 none
4 Pgh 20.02 White M R 95 95 95 34 seroquel (quetiapine) [antipsychotic]
5 Pgh 22.34 White M R 83 132 105 48 tegretol (carbamazepine) [anticonvuisant]: cymbalta (duloxetine) [SNRI]
6 Pgh 21.90 White F R 96 106 101 42 allegra, zyrtec, claritin [for allergy]; naproxen [NSAID]
7 Pgh 23.84 White M R 93 105 99 41 none
8 Pgh 32.90 White M L 104 116 110 48 none
9 StL 39.61 White F R 109 80 94 40 none
10 StL 53.40 White F R 110 107 110 45 [thyroid medication]
11 Pgh 22.52 White M R 112 117 116 51 concerta (methylphenidate) [for ADHD]; remeron (mirtazapine) [NaSSA]
12 Pgh 18.15 White M R 111 121 118 48 none
13 Pgh 17.69 White M R 95 101 98 50 none
14 Pgh 49.15 White M R 88 103 96 44 none
15 Pgh 22.67 White M R 83 110 96 43 celexa (citalopram) [SSRI]; multivitamin, vitamin E
16 Pgh 19.15 White M R 109 88 99 43 none
17 Pgh 16.52 Asian M R 104 119 112 40 prozac ( fluoxetine) [SSRI]
Mean = 26.46 100.71 107.41 104.41 43.29
SEM = 2.73 2.58 3.16 2.08 1.40
control group
1 Pgh 24.14 White M R 111 116 115 42 none
2 Pgh 24.84 White M R 105 112 109 45 none
3 Pgh 23.05 White M R 107 114 111 51 methotrexate/folate, chloroquine [for arthritis], ranitidine [H2]
4 Pgh 20.64 White M R 102 103 103 43 none
5 StL 19.77 White M R 93 117 105 48 none
6 Pgh 19.39 White F R 95 109 92 44 none
7 Pgh 23.73 White M R 89 109 99 40 none
8 Pgh 32.35 White M L 94 116 105 46 none
9 StL 36.61 White F R 119 96 108 — none
10 Pgh 50.86 White F R 115 112 116 42 none
11 Pgh 22.56 White M R 116 114 117 51 none
12 StL 19.75 White M R 105 120 113 — none
13 Pgh 16.49 White M R 88 88 86 40 sulfacetamide, clindamycin, tazarotene, azeleic acid [for skin]
14 Pgh 51.77 White M R 97 91 93 47 none
15 Pgh 21.67 White M R 96 106 101 41 minocychne [for skin]
16 Pgh 17.22 White M R 96 102 99 48 none
17 StL 18.48 Asian M R 119 111 117 47 none
Mean = 26.08 102.76 108.00 105.24 45.00
SEM = 2.69 2.59 2.31 2.34 0.92
differences
p= 0.919 0.565 0.878 0.788 0.162

Note. Pgh = Pittsburgh; StL = Saint Louis; M = male; F = female; R = right; L = left; SEM, VIQ, PIQ, and FSIQ are as defined in text; age was at the time of MRI. The p values are for two-tailed unpaired t tests except for Benton scores,
where a one-tailed 7 test was used (p = 0.162 unpaired and 0.115 paired), chosen because the autism group was expected to have lower face processing function. For the medications, brand names are in regular font, generic names are in
italics, and medication classes are in square brackets. Abbreviations for the medication classes are: ADHD = attention-deficit hyperactivity disorder; SSRI = selective serotonin reuptake inhibitor (antidepressant); SNRI = serotonin-
norepinephrine reuptake inhibitor (antidepressant); NaSSA = noradrenergic and specific serotonergic antidepressant (a tetracyclic antidepressant); NSAID = non-steroidal anti-inflammatory drug; H2 = histamine-2 blocker. Autism
participant #5 was taking an anticonvulsant for behavioral purposes and not for a seizure disorder.
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more evenly distribute participants across scanning sites
(Table 1). Some participants were re-scanned within/
across sites for scan-rescan variability analysis (see Supple-
ment). The same person (T.E.C.) performed all scanning.

DT-MRI Acquisition and DTT

In Pittsburgh, imaging was conducted at the Frank B. Fuhrer
MRI Center at University of Pittsburgh Medical Center-
Shadyside on a Siemens 1.5T Vision scanner. In St. Louis,
imaging was conducted at Washington University School
of Medicine on an identical 1.5T Vision scanner. The same
procedures and parameters were used at both sites, and there
were no vendor hardware/software scanner modifications
during the study. Stringent customized scanner mainte-
nance and quality control were used similarly at both sites.
Participants were unsedated, positioned with ample com-
fort padding, and instructed to hold still (aided by tape across
the forehead). Participants listened to music through acous-
tically shielded headphones. Participants had volunteered
for previous MRI studies and/or trained in a mock scanner
environment before this study.

Head positioning was similar in both groups (0.07° dif-
ference in group-mean anterior-posterior brain tilt; p = .976).
Head movement was negligible in both groups. DT-MRI
data acquisition, whole-brain track computation, and path-
way selection were similar to our previous studies (Conturo
et al., 1999; Lori et al., 2002). Following structural MRI,
DT-MRI data were acquired using a custom single-shot
multislice echo-planar pulse sequence with tetrahedral-
orthogonal encoding (7 directions) developed in-house, with
TE = 94 ms, TR = 15.75 s, 2.5-mm isotropic voxels (inter-
polated to 1.25 X 1.25 X 2.5-mm), 45 slices, and ten scan
repeats collected in two 15.75-min scans. Data were acquired
without cardiac gating to shorten scan times and maximize
cooperation. The same DT-MRI sequence was run at both
sites, and was not modified during the study. In combina-
tion, the scanner hardware and pulse sequence provided a
basic set of stable, reliable methods across the two sites and
multi-year scanning period.

From the diffusion-weighted images, whole-brain track
data were calculated, pathways were selected, and quality-
control was tested (see Supplement). The same operator
performed all pathway selections, blinded to participant,
with outcomes not determined until all selections were com-
plete. The AF pathway (Fig. 1, red) projected to/from the
amygdala, while the HF pathway (Fig. 1, blue) projected
to/from hippocampus, confirmed on two-dimensional (2D)
anatomical overlays (Fig. 1, lower). The posterior end of
the pathways began/ended adjacent to mid-fusiform gyrus
at the crest of, and medial to, lateral occipitotemporal sulcus.

Pathway Metric Measurement

Pathway metrics were measured from all selected pathways
using in-house software. To avoid errors from anatomical
variation, region sampling, and image transformation/
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warping/blur, all metrics were measured in the “pathway
space” determined by DTT (which was in the T2-weighted
diffusion imaging data space). Two different classes of DTT
metrics were measured: (1) metrics reporting macrostruc-
tural features of the overall pathway (e.g., pathway size);
and (2) metrics reporting microstructural features within
the pathway (e.g., fiber packing). Specifically, the measured
macrostructural DTT metrics were: (a) pathway volume;
(b) mean pathway length; and (c) mean pathway cross-
sectional area. Pathway volume was measured as the total
volume of brain voxels traversed by the track lines of the
pathway. Mean pathway length was calculated as mean track
length. Mean cross-sectional area was calculated as volume/
mean length. These macrostructural features are on the milli-
meter scale. In contrast, microstructural DTT metrics are
tensor parameters that describe the microscopic move-
ments of water molecules among several adjacent axons,
and relate to microscopic pathway features on the cellular
(micron) scale. The two primary microstructural DTT met-
rics were the smallest principal diffusion coefficient (D-min)
and largest principal diffusion coefficient (D-max). Second-
ary microstructural metrics (e.g., anisotropy, D-radial) are
described in Supplement. Tensor parameters were mea-
sured at each point along the tracks within the pathway. The
microstructural DTT metrics were then calculated as the
average value of the parameter within that pathway.

D-min (the smallest eigenvalue of the tensor) describes
the strength of water diffusion in the direction that intrinsi-
cally has the slowest diffusion (typically perpendicular to
the white matter fiber axis), as sampled among several adja-
cent axons and averaged across the ~mm voxel dimen-
sions. D-min describes the intrinsic across-fiber diffusion,
particularly for pathways having curves/divergences (see
Supplement), and can be termed the “across-fiber diffusiv-
ity.” D-max (largest tensor eigenvalue) describes the strength
of water diffusion in the direction that characteristically has
the fastest diffusion (typically along the fiber axis). Thus,
D-max can be termed the “along-fiber diffusivity,” some-
times called “axial diffusivity.”

Some general relations between metrics and biological
features can be inferred to guide interpretation. D-min sam-
ples the resistance to across-fiber diffusion imparted by
barriers such as membranes and myelin. Such barriers impede
diffusion by both resisting water passage, and being closely
spaced such that water molecules encounter multiple barri-
ers during the time-scale (milliseconds) and space-scale
(microns) of DT-MRI. Accordingly, a low D-min (slow
across-fiber diffusion) could be due to thicker myelin (over-
myelination), a more water-impermeant myelin, denser pack-
ing of fibers, and/or smaller fiber diameters. A high D-min
(faster across-fiber diffusion) could be due to delayed myeli-
nation (under-myelination), loss of myelin (demyelina-
tion), more water-permeable myelin (dysmyelination), loss
of axonal membrane integrity (axonal damage), more sparse
packing of fibers (e.g., axonal dropout), less-coherent fiber
packing (e.g., cellular remnants or incomplete pruning),
and/or larger-diameter fibers. For D-max, a high value (fast
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Fig. 1. Amygdalo-fusiform (red) and hippocampo-fusiform (blue) pathways for a typical matched subject pair of an
autism participant (a) and control participant (b). The data are from subject pair #7 in Table 1. Pathways are shown in
three-dimensional (3D) projection display viewed from above (upper part of a and b), and from the medial side (middle
part of a and b). The medial views of the left pathways are inverted so that the left pathway orientations are similar to
the right pathways. The 2D anatomical overlays of pathways on 10 images (lower part of a and b) demonstrate the
precise anatomical location of pathways with respect to T2-weighted images.

along-fiber diffusion) indicates less hindrance to water move-
ment along axons, and could be due to axonal loss and/or
less-dense fiber packing.

For each metric M, we calculate laterality (the degree to
which the metric differs between the two hemispheres) as:

[M(left) — M(right)]/[M(left) + M(right)].

Laterality measurements are important in their own right
for providing insight into the specialization (or develop-
ment) of a given brain structure in a population such as
autism, in cases where that structure develops asymmetri-
cally in controls (e.g., De Fosse et al., 2004; Escalante-
Mead et al., 2003; Herbert et al., 2002, 2005). Laterality
calculations also control for factors that could affect path-
way measurements in both hemispheres (e.g., brain water
content). Finally, for each metric, we divide pathway val-
ues by the values calculated from whole-brain track data.
Such whole-brain normalization controls for global changes
(e.g., general developmental age), thus testing the specific-
ity of pathway findings. Laterality and normalization cal-
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culations reduce variability as each individual serves as her/
his own control (normalization does not affect laterality).

Statistical Testing

Differences in group means were tested for significance
using ¢ tests (JMP7.0, SAS Institute, Cary, NC). Conserva-
tively, unpaired ¢ tests were reported for all analyses. In
some cases, paired ¢ tests were also reported for compari-
son, treating participants as matched pairs according to the
study design. Unless otherwise stated, p values are for two-
tailed unpaired ¢ tests. All uncertainties for DTT metrics
are = 1 SEM. Effect size (Eff) was calculated as in
Supplement.

Results

Pathway Shape, Location, and Size

The AF/HF pathway system was identified in all 17 partici-
pants with autism and all 17 controls. Figure 1 shows typ-
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ical results for a matched subject pair. The pathways in the
autism group had normal shape and trajectory (Fig. 1), and
terminated in normal locations immediately adjacent to mid-
fusiform area, lateral amygdala, and anterolateral hippocam-
pus (Fig. 1, lower). One participant with autism had very
small right HF and AF pathways. There were no detectible
statistically-significant group differences in the macrostruc-
tural DT T metrics of pathway volume, mean pathway length,
or mean cross-sectional area (see Methods). The lateralities
in these three macrostructural metrics were also normal com-
pared with controls.

Primary Pathway Metrics: D-min and D-max

The results for D-min (across-fiber diffusivity) are shown
in Figure 2. There was a statistically significant shift in the
laterality of the HF pathways toward a lower D-min on the
right, with a loss of the normal lateralization occurring in
controls (Fig. 2b), indicating an abnormality of the HF
pathway system. The group-mean laterality in D-min of
the HF pathways was (+0.30 = 1.07)% for the autism
group and (—3.95 £ 0.92)% for controls (Eff = +4.25%;
p = .0040 unpaired, p = .0017 paired). The statistical
power for detecting this finding was 85% for unpaired
analysis, 91% for paired analysis. The left AF and HF
pathways and right AF pathway had trends toward increased

.49 - 2
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D-min, while the right HF pathway had a trend toward
decreased D-min (Fig. 2a). There was also a global trend
of higher D-min in the whole-brain track data (autism D-min
0.3948 £ 0.0095 wm?/ms, controls 0.3769 + 0.0093 um?/
ms; %Eff = +4.75%; p = .18). Thus, the above pathway
trends of increased D-min might be partially due to a
global brain effect. To test for pathway-specific group dif-
ferences in D-min, the whole-brain normalized D-min
was calculated, which accentuated the autism-versus-
control differences in right HF, suppressed the differences
in the other three pathways (Fig. 2c), and yielded a
statistically-significant D-min reduction in right HF under-
lying the laterality shift (autism normalized D-min 1.159 =+
0.027, controls 1.242 + 0.028; %Eff = —6.67%; p = .038
unpaired, p = .014 paired). The statistical power for detect-
ing this effect was 54% (unpaired), 73% (paired). Type-I
and Type-II error rates and paired analysis are discussed in
Supplement.

For along-fiber diffusivity, all four pathways had trends
toward an increased D-max in the autism group compared
with controls (Fig. 3a), which was statistically significant
for the right AF pathway (autism D-max 1.303 = 0.011 wm?/
ms, controls 1.264 + 0.013 um?/ms, %Eff = 3.04%; p =
.025). The D-max differences between groups were not
reinforced by whole-brain normalization (Fig. 3c). See Sup-
plement for secondary metric results.
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Fig. 2. Comparison of the pathway D-min in autism and control groups. a: The left amygdalo-fusiform (AF), left
hippocampo-fusiform (HF), and right AF pathways show trends of an increased D-min in the autism group compared
with controls (e.g., p = .134 unpaired and .089 paired for the left HF pathway). In contrast, the right HF shows a trend
of a decreased D-min in the autism group compared with controls. b: Analysis of laterality (see Methods) shows a
strong change in laterality in the HF pathway system ( p= .0040 unpaired, .0017 paired) with a loss of lateralization,
where laterality ranges from +100% (full left-lateralization) to O (no lateralization) to —100% (full right-
lateralization). Because two pathway systems (HF and AF) were analyzed for laterality, the Bonferroni-corrected
p-value threshold was .05/2 = .025 (to conservatively correct for multiple comparisons). ¢: Normalization by the
whole-brain D-min value reveals that the laterality shift in (b) is predominantly due to a specific decrease in D-min in
the right HF pathway in the autism group, compared with controls (p = .038 unpaired and .014 paired, where the
corrected p-value threshold is 0 .025 because two HF pathways are tested). This normalization effectively normalizes
the pathway measurement by the average whole-brain value for white matter that has an anisotropy above the track-
ability threshold. Because the whole-brain D-min in the autism group is increased compared with controls (see text),
the decreased D-min in the right HF pathway in (a) is accentuated in (c). In contrast, the trend of increased D-min in the
three other pathways in the autism group compared with controls in (a) is suppressed in (c), because the D-min increase
in these three pathways is similar to the overall whole-brain increase in D-min. Error bars are +=1SEM. The p values
shown in the Fig. are for unpaired 7 tests (with p values for paired comparisons given in parentheses).
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Fig. 3. Comparison of the pathway D-max in autism and control groups. a: All four pathways have a trend of increased
D-max in the autism group compared with controls. b: Laterality analysis shows a trend toward loss of the normal
laterality in the AF pathways in the autism group. Because the trend in (a) affects all four pathways, the effects on
laterality are less than for D-min in Figure 2b. ¢: Normalization by the whole-brain white matter D-max value shows
no significant difference in the autism and control groups, indicating that the increases in D-min in (a) are in part

reflective of a more global pattern.

Although subtle, many of these observations reached sta-
tistical significance, even using the conservative unpaired ¢
test and Bonferroni threshold (Fig. 2 legend), in part due to
low scan-rescan variability (see Supplement). Variability
was further reduced by computing laterality and whole-
brain normalization (based on scan-rescan analysis; not
shown).

Relation to Face Recognition Scores

To evaluate the functional significance of the main finding

Benton) versus 1.187 = 0.030 (higher-Benton; %Eff =
—6.64%; p = .053, one-tailed). In other words, the autism
participants who had lower Benton scores on-average tended
to have a stronger D-min reduction in right HF. In contrast,
for controls there was no significant difference between
lower-Benton and higher-Benton subgroups (lower-Benton
1.262 £ 0.053, higher-Benton 1.238 =+ 0.042; %Eff =
+1.95%; p = .70), indicating the specificity of this DTT-

of decreased D-min in right HF (Fig. 2c), we related DTT 1.35 po
data to behavioral measures. Because the predominant func- £ 1.30 AN autism
tion of the right HF pathway is face recognition (Smith ®
et al., 2005), we compared the right HF D-min to Benton ;1_25
face-recognition scores. If the decreased D-min in right HF é I
in Fig. 2c were functionally significant, one would expect a 3-.1 —
generally stronger reduction in D-min in the autism partici- T4.151
pants who have lower Benton scores. We tested this hypoth- %
esis by dividing each subject group into lower-Benton and g1-109y
higher-Benton subgroups using a single cutoff (scores = 51_05 L
42) chosen to yield an adequate sample size in the two E
lower-Benton subgroups (6 autism/5 controls). 61.00
This subgroup analysis (Fig. 4) shows two important rela- 0.95 ML1-1% 1.190 1.238 ||1.
tionships. First, the group difference in normalized D-min Dghar _lowse ghor | dowor
seen in Figure 2c is accentuated when comparing the two left HF right HF

lower-Benton subgroups. The normalized D-min was 1.108 &=
0.039 in the lower-Benton autism subgroup versus 1.263 +
0.053 in the lower-Benton control subgroup (%Eff =
—12.2%; p = .014, one-tailed), which was a stronger effect
than the —6.67% effect between the two full-subject groups
(see above). Second, the autism participants in the lower-
Benton subgroup on-average had a significantly reduced
D-min compared with the autism participants in the higher-
Benton subgroup (compare the two right-most gray bars in
Fig. 4), with a normalized D-min of 1.108 =+ 0.039 (lower-
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Fig. 4. Comparison of the HF pathways to Benton facial recogni-
tion test scores. For the right HF pathway, which had a reduction
in the normalized D-min in the autism group compared with con-
trols in Figure 2c, this reduction is more severe when considering
the two subgroups with lower Benton scores (right-most white
and gray bars), with p = .014 (one-tailed; corrected threshold .025
for two comparisons for the right HF pathway). Also, within the
autism group, the normalized D-min in the right HF pathway was
more severely reduced in the lower-Benton subgroup compared
with the higher-Benton subgroup (p = .053; one-tailed).
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Benton relationship to autism. Results were similar using a
different lower-Benton cutoff (= 41). Correlation analysis
showed a trend of a reversed DT T-Benton relation (autism
Spearman’s p = +0.32; controls —0.26).

Relation to IQ Scores

To further evaluate the functional significance of the right
HF D-min, we tested for relations between D-min and 1Q.
The right HF pathway is expected to subserve object rec-
ognition (as well as face recognition) functions (Smith et al.,
2003, 2008). The right HF would thus be probed by the
WASI PIQ score, half of which is derived from Block-
Design tasks (which involve object processing). We thus
hypothesized that there is a stronger reduction in D-min in
the autism participants who have lower PIQ scores, indicat-
ing the functional significance of the D-min reduction.
Accordingly, as with the Benton test, we divided each sub-
ject group into lower-PIQ and higher-PIQ subgroups using
a single cutoff (PIQ = 109) to yield similar-sized sub-
groups (10 autism/8 controls in lower-PIQ subgroups).
The PIQ subgroup analysis (Fig. 5) revealed the same
two important relationships found in the Benton subgroup
analysis (Fig. 4). First, the pattern of a lower normalized
D-min in right HF in the autism group compared with con-
trols (Fig. 2c) was accentuated when comparing the lower-
PIQ subgroups (Fig. 5). The normalized right HF D-min in
the lower-PIQ autism subgroup (1.118 = 0.030) and lower-
PIQ control subgroup (1.237 *= 0.048) were statistically
different (%Eff = —9.65%; p = .021, one-tailed), with a

1.35
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E
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=
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-
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Fig. 5. Comparison of the HF pathways to performance IQ (PIQ)
scores. Similar to the comparison to Benton scores (Fig. 4), the
reduction in the normalized D-min in the autism group compared
with controls is more severe in the subgroup that had lower PIQ
scores (right-most white and gray bars), with p = .021 (one-tailed;
corrected threshold 0.025 as in Fig. 4). Also, within the autism
group, the D-min reduction was more severe in the lower-PIQ
subgroup compared with the higher-PIQ subgroup (p = .045;
one-tailed).
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stronger effect than for the full-group comparison (%Eff =
—6.67%). Second, the normalized D-min in the lower-PIQ
autism subgroup (1.118 = 0.030) was significantly less than
in the higher-PIQ autism subgroup (1.219 * 0.044; %Eff =
—8.30%; p = .045, one-tailed). As with the Benton results,
the autism participants who had lower PIQ on-average tended
to have lower D-min in right HE. In contrast, in controls
there was no difference between lower-PIQ (1.237 + 0.048)
and higher-PIQ (1.247 = 0.038) subgroups (%Eff = —0.77%;
p = .87), indicating the specificity of this DTT-PIQ rela-
tionship to autism.

As a negative-control test, the VIQ should not relate to
right HF pathway functions (because the HF language func-
tions are exclusively on the left (Smith et al., 2005, 2008).
There was no DTT-VIQ relationship (p = .507 for lower-
VIQ vs. higher-VIQ autism subgroups; cutoff VIQ = 99; 8
autism/8 controls in lower-VIQ subgroups), indicating the
specificity of the Benton and PIQ results.

DISCUSSION

This study analyzed the macrostructure and microstructure
of pathways interconnecting hippocampus/amygdala with
the mid-fusiform gyrus, which comprise a neural system
highly relevant to face processing deficits in autism. The
main results were as follows: (1) the normal macrostruc-
tural features of the pathways (e.g., volume); (2) the spe-
cific and functionally significant reduction in D-min of the
right HF pathway; and (3) the less-specific increase in D-min
and D-max of the other three pathways (right AF/left HF/left
AF). The normal macrostructure, with no major gross ana-
tomical aberrations such as absent pathways or altered tra-
jectories, is consistent with the generally normal gross
anatomy of the brain (Kemper & Bauman, 1993) and the
normal intra-cerebral white matter volume in adolescents/
adults with autism (Aylward et al., 2002; Hazlett et al.,
2006; Lainhart, 2006), which contrasts with the severity of
clinical manifestations. The macrostructural results suggest
that the general pathway “machinery” is in place, but the
microstructural /behavioral results suggest that this machin-
ery operates abnormally.

Microstructural Pathway Characteristics

The principal finding is a slower D-min in right HF in the
autism group. The decrease in D-min is an unusual finding
in that the effect is opposite that of the other three pathways
and whole brain. The D-min decrease in right HF is func-
tionally significant in that the effect is consistently stronger
in lower-Benton and lower-PIQ subgroups. This D-min/
behavioral relationship in right HF is also unusual because:
the D-min /behavioral relationship is reversed compared with
controls (Figs. 4, 5); and the D-min/function relationships
are weaker in the other pathways (even though both path-
way sides are involved in face/object processing, Smith
et al., 2005, 2008). Overall, these results suggest that there
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are unique microstructural mechanisms underpinning the
D-min decrease and D-min/behavioral reversal in right HF.

Typically, lower D-min reflects more myelination, which
is associated with higher function (faster neural transmis-
sion). The autism group exhibited a reversal of this expected
relationship (i.e., lower D-min in right HF was associated
with lower Benton/PIQ scores). In total, these results indi-
cate a characteristic, distinct pathologic process in the autism
group that preferentially affects right HF and causes path-
way dysfunction.

In contrast to right HF, the other three pathways had
trends of increased D-min (Fig. 2a) and D-max (Fig. 3a)
versus controls (statistically significant in right AF). These
patterns were less specific than the right HF findings, because
these D-min/D-max increases were suppressed by whole-
brain normalization (Figs. 3c, 4c). These patterns thus sug-
gest that the pathologic process in these three pathways
differs somewhat from the process in right HF.

Postulated Mechanism

Because typical neuropathologic processes (e.g., demyeli-
nation, axonal loss) cause D-min increases, and because
decreased D-min is usually associated with increased func-
tion (hyper-myelination), a non-myelin mechanism must
be postulated for the decreased D-min in right HF. Possible
causes of low D-min (decreased across-fiber diffusivity)
include increased myelination, increased fiber-packing den-
sity, and decreased axon diameter. Of these mechanisms,
small axon diameters would most readily decrease func-
tion, because neural conduction speed is physiologically
slower for smaller-diameter axons at similar myelination
(Titmus & Faber, 1990). Thus, the right HF findings are
most parsimoniously explained by smaller-diameter axons
(possibly an early pathologic process), which would reduce
D-min by moving water barriers closer together. Alterna-
tively, increased packing density (i.e., closer packing) and/or
coherence could explain the findings, without diameter
changes, but a relation to decreased function is less clear. A
combination of changes could also occur, such as decreased
diameter with increased packing density (histologically
reported for hippocampal cell bodies, Bauman & Kemper,
2005), with both changes cooperatively reducing D-min.

Increased D-min/D-max suggests a different process in
the other pathways. The best explanation for those path-
ways is myelination decrease and/or axonal loss (possibly
a later, secondary process), both of which would increase
D-min/D-max. Axonal loss in amygdala was reported his-
tologically (Schumann & Amaral, 2006). The mechanism
of myelination decrease /axonal loss in those pathways could
be a more severe manifestation of global brain changes.
Mixed effects are also possible, with a diameter component
superimposed on the effects of myelination/axonal loss,
whereupon the measured D-min would reflect the dominant
mechanism (e.g., see right AF, Figs. 2c, 3).

All observations in Figures 2, 3 fit this overall mecha-
nism (even though only some observations reach statistical
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significance in isolation), supporting the proposed mecha-
nism. Alternative mechanisms are also possible, such as
change in axoplasm, or increased right HF myelination from
years of cognitive effort in the setting of long-term face-
processing impairments. However, such cognitive mecha-
nisms are less consistent with the stronger D-min reduction
in the lower-Benton subgroup (Fig. 4), and the contrast
between right/left HF pathways (Fig. 2b; both pathways
being involved in face processing). Future study of younger
children could help differentiate these mechanisms.

The finding of a characteristic right HF process suggest-
ing small-diameter axons is consistent with several lines of
evidence. First, histologic studies reported small hippocam-
pal cell bodies resembling an earlier maturational state, allud-
ing to curtailed development in autism (Bauman & Kemper,
2005). Second, Casanova et al. (2002) observed small neu-
ronal cell bodies in cortical minicolumns. Smaller cell bod-
ies typically project smaller-diameter axons (M. Casanova,
Personal Communication, 7/3/2007). Third, face recogni-
tion impairments occur very early in autism (Adolphs et al.,
2001; Celani et al., 1999; Dawson et al., 2002, 2004; Gep-
ner et al., 1996; Klin et al., 1999), consistent with an early
abnormality in right HF (and also compatible with cogni-
tive mechanisms). Fourth, small-diameter axons are consis-
tent with reduced functional correlations in f MRI, because
slower transmission of information in small-diameter axons
would reduce synchrony between regions. This mechanism
is also consistent with fMRI observations that some autism
participants use alternative brain mechanism to process faces
(Hubl et al., 2003; Pierce et al., 2001; Schultz et al., 2000),
which could bypass an abnormal right HF. Fifth, slower
reaction times and increased brain-potential latencies (slower
processing speed) were observed in autism during tasks
including face processing (Harris et al., 1999; McPartland
et al., 2004; Tardif et al., 2007; Townsend et al., 1996).
Last, a recent study suggests that autism symptoms can
improve during febrile episodes (Curran et al., 2007). It
is possible that known physiologic temperature effects on
nerve conduction velocity (e.g., Rutkove, 2001; Tasaki &
Fujita, 1948) could accelerate transmission sufficiently to
improve function.

The results herein also link broadly with other published
studies. The hippocampus/amygdala were found to be
involved in early brain over-growth, and to have alterations
in fMRI activation in autism (see Introduction). Previous
DT-MRI/DTT studies of older children, adolescents, and
adults with autism found decreased anisotropy in/near cor-
pus callosum (Alexander et al., 2007; Barnea-Goraly et al.,
2004; Keller et al., 2007), in superior cerebellar peduncles
(Catani et al., 2008), and in temporal (Barnea-Goraly et al.,
2004; Lee et al., 2007) and frontal (Barnea-Goraly et al.,
2004) regions, with concomitant D-radial increases reported
in some cases (Alexander et al., 2007; Lee et al., 2007).
One study (Barnea-Goraly et al., 2004) detected lower anisot-
ropy near amygdala bilaterally, which could relate to the
findings in AF pathways. These reports are consistent with
the DTT changes in right AF and left AF/HF, except that
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we observed small changes in anisotropy due to D-max and
D-min both increasing, suggesting a component of axonal
loss (Lee et al., 2007 reported no change in D-max). The
decrease in anisotropy reported over several regions is con-
sistent with our observed whole-brain D-min increase. D-min
reductions (or anisotropy increases), as found herein using
pathway-specific measurements, were not reported in the
above studies. However, one DT-MRI study of 1.8- to 3.3-
year-old children with autism (Ben Bashat et al., 2007)
using sedation did report diffuse anisotropy increases, which
the authors attributed to accelerated white matter matura-
tion. It is interesting to consider whether those findings and
the right HF findings might be related (e.g., persistency of
high anisotropy/low D-min from early childhood).

SUMMARY

This DTT study constitutes an initial attempt to explore the
microstructure of key pathways related to face /emotion pro-
cessing in autism. The definition of relevant pathways inter-
connecting medial-temporal and mid-fusiform structures,
the precise quantitative measurement of various macro- and
microstructural pathway features, and the demonstration that
comparisons to behavioral measures can provide meaning-
ful neurobiological insights, represent significant techno-
logical advances. A wider range of the autism spectrum
needs to be studied to extrapolate the findings to lower-
functioning autism, and more-specific behavioral measures
are needed to refine interpretations. Nonetheless, the find-
ings provide feasibility and new insights into neurobiologic
disturbances in autism.
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