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Prospective studies of infants at risk for autism spectrum disorder have provided important clues about the early behavioural
symptoms of autism spectrum disorder. Diagnosis of autism spectrum disorder, however, is not currently made until at least 18
months of age. There is substantially less research on potential brain-based differences in the period between 6 and 12 months
of age. Our objective in the current study was to use magnetic resonance imaging to identify any consistently observable brain
anomalies in 6-9 month old infants who would later develop autism spectrum disorder. We conducted a prospective infant
sibling study with longitudinal magnetic resonance imaging scans at three time points (6-9, 12-15, and 18-24 months of age),
in conjunction with intensive behavioural assessments. Fifty-five infants (33 ‘high-risk’ infants having an older sibling with
autism spectrum disorder and 22 ‘low-risk’ infants having no relatives with autism spectrum disorder) were imaged at 6-9
months; 43 of these (27 high-risk and 16 low-risk) were imaged at 12-15 months; and 42 (26 high-risk and 16 low-risk) were
imaged again at 18-24 months. Infants were classified as meeting criteria for autism spectrum disorder, other developmental
delays, or typical development at 24 months or later (mean age at outcome: 32.5 months). Compared with the other two groups,
infants who developed autism spectrum disorder (n =10) had significantly greater extra-axial fluid at 6-9 months, which
persisted and remained elevated at 12-15 and 18-24 months. Extra-axial fluid is characterized by excessive cerebrospinal
fluid in the subarachnoid space, particularly over the frontal lobes. The amount of extra-axial fluid detected as early as 6
months was predictive of more severe autism spectrum disorder symptoms at the time of outcome. Infants who developed
autism spectrum disorder also had significantly larger total cerebral volumes at both 12-15 and 18-24 months of age. This is the
first magnetic resonance imaging study to prospectively evaluate brain growth trajectories from infancy in children who develop
autism spectrum disorder. The presence of excessive extra-axial fluid detected as early as 6 months and the lack of resolution by
24 months is a hitherto unreported brain anomaly in infants who later develop autism spectrum disorder. This is also the first
magnetic resonance imaging evidence of brain enlargement in autism before age 2. These findings raise the potential for the use
of structural magnetic resonance imaging to aid in the early detection of children at risk for autism spectrum disorder or other
neurodevelopmental disorders.
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Introduction

Autism spectrum disorder (ASD) affects 1 in 88 children in the USA
(CDC, 2012). Diagnosis is made on average at ~4 years of age (CDC,
2012) and is based on behaviourally defined impairments in social
interaction and communication, along with the occurrence of re-
stricted interests and repetitive behaviours (APA, 2000). Early detec-
tion is critical because early intervention is effective in decreasing
impairments (Dawson et al., 2010) and may result in more positive
long-term outcomes for the child (Rogers and Vismara, 2008).

Efforts to identify early risk markers for ASD have benefitted from
prospective longitudinal assessments of infant siblings of children
with ASD. The recurrence rate of ASD in siblings is 18.7%
(Ozonoff et al., 2011), a nearly 20-fold greater risk than in the gen-
eral population. An additional 20-30% of infant siblings of children
with ASD will have other developmental delays (Gamliel et al., 2007;
Constantino et al., 2010). Thus, infant sibling studies provide an ef-
ficient strategy for identifying early signs of ASD. To date, prospect-
ive studies of infant siblings have not identified behavioural
differences at 6 months in infants who are ultimately diagnosed
with ASD (Rogers, 2009; Ozonoff et al., 2010; Landa et al., 2012).
Symptoms more fully diagnostic of ASD appear to develop gradually
between 12 and 24 months of age (Zwaigenbaum et al., 2005;
Ozonoff et al., 2010; Landa et al., 2012).

Currently, there is no definitive early biological marker for ASD
risk. There is some indication of early biological differences in
young children who will later be diagnosed with ASD, including
larger head size by 4-6 months of age (Lainhart et al., 1997,
Courchesne et al., 2003; Dawson et al., 2007; Nordahl et al.,
2011). There is also evidence for alterations in event-related po-
tentials (Elsabbagh et al., 2012) and in the microstructural organ-
ization of white matter tracts (Wolff et al., 2012) in infants later
diagnosed with ASD. It remains unclear, however, whether MRI
analyses could detect clinically significant structural anomalies in
infants at risk for ASD and whether these would be associated
with developing ASD. We conducted a longitudinal MRI study
of infant siblings starting at 6 months of age, which was carried
out in conjunction with behavioural assessments leading to an
outcome classification at 24 months or later (mean age: 32.5
months). Infants were imaged at three time points: 6-9 months,
12-15 months, and 18-24 months of age. Our objective was to
identify any consistently observable MRI findings as early as
6 months that differentiate infants who develop ASD from those
with typical development or other delays.

Materials and methods

Participants

Participants were recruited from a larger, ongoing longitudinal behav-
joural study (Ozonoff et al., 2010). From September 2009 to February

2011, all participants recruited to the behavioural study were also
invited to take part in the MRI study. During the initial phone screen-
ing to determine eligibility in the behavioural study, each parent was
asked if they would be interested in the MRI component. Parents who
responded affirmatively were described the MRI process and safety
screened for any MRI contraindications. This resulted in the recruit-
ment of 64 infant participants into the MRI study, 41 of whom were
‘high-risk’ infants (68% male, n = 28) having at least one older biolo-
gical sibling with ASD and 23 of whom were ‘low-risk’ infants (65%
male, n = 15) having no biological relatives with ASD (to third-degree
relatives). Infant participants underwent their first MRI scan at either 6
months (n =36) or 9 months of age (n=28), a second MRI scan at
12-15 months, and a third MRI scan at 18-24 months. This study was
approved by the UC Davis Institutional Review Board.

Clinical procedures and measures

Assessment visits

Participants were seen in the laboratory for an assessment that mea-
sured cognitive, social, communication and motor functioning, along
with other experimental measures and parent questionnaires. Infants
were scheduled for assessment visits at 6, 9, 12, 15, 18, 24 and 36
months. Participants were classified with a clinical outcome at their 24
and 36 month visits. The following testing was carried out.

The Mullen Scales of Early Learning (Mullen, 1995) is a standardized
developmental assessment appropriate for use between birth and 68
months of age. It provides scores in four cognitive areas (expressive
language, receptive language, visual reception and fine motor) as well
as gross motor functioning. Developmental quotient scores were used,
rather than standard scores, in order to avoid truncating the scores of
very low performing subjects. Developmental quotient scores for each
subtest were calculated using the age-equivalents provided by the
Mullen norms, divided by chronological age at the time of testing,
and multiplied by 50 (in order to be scaled similarly to the subtest
standard scores). The overall developmental quotient score was calcu-
lated as the average of the age-equivalent scores on the four cognitive
subtests, divided by the child's chronological age, and multiplied by
100 (in order to be scaled similarly to the Mullen Early Learning
Composite).

The Autism Diagnostic Observation Schedule (ADOS; Lord et al.,
2002) is a standardized assessment comprised of structured inter-
actions that elicit behaviours diagnostic of ASD. Module 1 of the
ADOS (designed for non-verbal children or children with only single
words) or Module 2 (children with consistent phrase speech) was ad-
ministered starting at 18 months. The communication and social inter-
action total score served as an index of symptom severity (ranging
from 0-24). The ADOS yields empirically derived cut-offs for ASD (7
or higher on Module 1, and 8 or higher on Module 2).

Physical measures including head circumference, weight and height
were measured at each assessment visit.

Outcome classification

Infants were classified into the following outcomes at their 24- and
36-month visits: ASD, other developmental delays and typical devel-
opment. To be classified as ASD, the infant was diagnosed by a
licensed clinician using DSM-IV criteria (APA, 2000), ADOS scores
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and clinical observation. To be classified as having typical develop-
ment, the infant had ADOS and Mullen scores in the normal range,
defined as having: (i) an ADOS score <4 on Module 1 or <5 on
Module 2; (ii) an overall Mullen developmental quotient score of at
least 85 [i.e. 1.5 standard deviation (SD) below the mean of 100]; (iii)
at most one Mullen subtest score <35 (i.e. 1.5 SD below the mean of
50); and (iv) no single Mullen subtest score <30 (i.e. 2 SD below the
mean of 50). Infants not meeting criteria for either typical develop-
ment or ASD were classified as having other developmental delays. For
statistical comparisons, the typical development classification was fur-
ther subdivided by risk status, which yielded four outcome groups: (i)
ASD; (i) other developmental delays; (iii) high-risk typical develop-
ment; and (iv) low-risk typical development.

Imaging procedures

Infants were scanned during natural sleep (Nordahl et al., 2008) at the
UC Davis Imaging Research Centre on a 3 Tesla Siemens TIM Trio MRI
system using an eight-channel head coil. T;-weighted 3D MP-RAGE
structural scans were acquired first (1 mm?® voxels; repetition
time =3200 ms; echo time =5.08 ms; field of view =176 mm; 192
sagittal slices). T,-weighted scans were also acquired for radiological
evaluation. Success rate in acquiring the MP-RAGE was 78%. A cali-
bration phantom (Phantom Laboratory, Inc.) was scanned at the end
of each MRI session in order to produce a 3D image distortion map
(Image Owl) and distortion correction was implemented as previously
described (Nordahl et al., 2012).

Imaging analysis

Radiologist evaluation

A board-certified paediatric radiologist (S.L.W-G.), unaware of risk
group, evaluated all scans for incidental findings (i.e. unexpected
asymptomatic brain abnormalities).

Total cerebral volume

Distortion-corrected images were preprocessed by removing non-brain
tissue (Smith, 2002) and correcting inhomogeneity (Sled et al., 1998).
Each participant's image was warped to a paediatric template (Nordahl
et al., 2011) and a mask of the cerebrum (Schumann et al., 2004) was
applied to each image. The cerebrum excludes the brainstem and
cerebellum, which yields the total cerebral volume as our main meas-
urement for brain size. The resulting total cerebral volume image was
transformed back to native space and cleaned by removing any
remaining non-brain voxels (Analyze Software; Robb et al., 1989).
Inter-rater reliability checks of the protocol produced an intraclass cor-
relation coefficient of 0.99.

Quantification of extra-axial fluid volume

While reviewing the radiologist evaluations, we found one incidental
finding that seemed to be associated with high-risk infants, the pres-
ence of ‘prominent extra-axial fluid." Extra-axial fluid is characterized
by excessive cerebrospinal fluid (CSF) in the subarachnoid space (Figs
1 and 2). This prompted us to develop a quantitative protocol to ob-
jectively measure the volume of extra-axial fluid in each participant's
scan. Experimenters unaware of risk group or outcome status manually
traced the dura on successive coronal slices throughout the rostrocau-
dal extent of the brain. The sum of the area contained within the dura
yielded the intracranial volume (Fig. 3A). Subtracting the total cerebral
volume (Fig. 3B) from the intracranial volume resulted in the volume
of extra-axial fluid (Fig. 3C). Since extra-axial fluid was most
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prominent in the subarachnoid space over the dorsal convexity of
the brain, we defined a ventral boundary of our region of interest as
a horizontal slice through the anterior commissure. Defining this
boundary had the added benefit of avoiding the complication of in-
terpreting extra-axial fluid in ventral regions where identifying the dura
is difficult and where there are sinuses and vasculature that should not
be classified as CSF. Reliability checks of the protocol produced an
intraclass correlation coefficient of 0.99.

Lateral ventricle volume

In addition to quantifying the amount of CSF in the subarachnoid
space, we quantified the amount of CSF in the ventricular system by
measuring the volume of the lateral ventricles. Distortion-corrected
images were preprocessed by removing non-brain tissue (Smith,
2002), correcting inhomogeneity (Sled et al., 1998) and segmenting
CSF from brain tissue (Zhang et al., 2001). An experimenter unaware
of risk or outcome status defined the lateral ventricles from the result-
ing CSF image on successive coronal slices. Intraclass correlation coef-
ficient was 0.99.

Analytical approach

We used a linear mixed model for repeated measures approach to the
analysis of the data, with MRI time point as the within subjects factor.
We tested whether outcome group (i.e. ASD, other developmental
delays, high-risk typical development, low-risk typical development)
significantly explained the individual variability of each MRI meas-
ure—total cerebral volume, extra-axial fluid and lateral ventricle
volume—above and beyond covariates of age, weight and gender.
A model for each MRI measure examined covariates and outcome
group in succession, testing the unique effect of each subsequent vari-
able as a chi-square test for the improvement of model fit. Aside from
age, variables that did not uniquely contribute to the MRI variable (i.e.
a significant main effect was not found to improve model fit) were not
retained in the model. To examine the effect of outcome group, the
ASD group was designated as the reference group for a priori com-
parisons between groups. All analyses were performed using SAS JMP
software (SAS Institute).

Results

Sample description

Table 1 shows the sample characteristics by risk group. Of the
original 64 infants in the study, nine infants underwent their first
MRI but did not return for their 24 or 36-month outcome visits,
and thus were not included in the analysis. There were no differ-
ences in developmental quotient between the nine infants who
were dropped from the study and the remaining sample
(n=55). The groups comprised of the remaining 33 high-risk
and 22 low-risk infants did not differ significantly on gender,
age at Time 1 MRI, interval between MRI time points, or age at
outcome assessment (Table 1). Analyses included these 55 infants
who were successfully scanned at Time 1 (6-9 months). Of these
infants, 43 were scanned again at Time 2 (12—15 months), and 42
were scanned again at Time 3 (18-24 months).
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Typically-developing infant, at 9 months

o

B Infant with prominent Extra-Axial Fluid, at 9 months

=
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Figure 1 (A) Low-risk infant with normal MRI at 9 months, confirmed as having typical development at 36 months. (B) High-risk infant
with excessive extra-axial fluid at 9 months. (C) The same high-risk infant with excessive extra-axial fluid still present at 15 months, and

(D) at 21 months; infant was diagnosed with ASD at 36 months.

Outcome classifications

All infants in the study (n = 55) received an outcome classification
at 24 months or later; a majority of these infants (38 of 55) have
reached 36 months, and their outcome classification was also
determined at this visit. Ten infants (eight male, two female; all
high-risk; 30.3% of high-risk group) received an ASD classification
at 24 months. Eight of the 10 infants have reached 36 months and
have had their ASD diagnosis confirmed at this visit. None of the
ASD diagnoses made at 24 months were changed at 36 months.
There were 24.2% of the high-risk group (8 of 33) and 13.6% of
the low-risk group (3 of 22) who were classified as having other
developmental delays. There were 45.5% of the high-risk group
(15 of 33) and 86.4% of the low-risk group (19 of 22) who were
determined to have typical development. Table 2 shows behav-
ioural measures at outcome for each group.

Total cerebral volume

Age, gender and weight all had significant effects on total cerebral
volume. Total cerebral volume increased with age between the

three time points (% =54.19, df =1, P < 0.0001), was higher in
males than females (x>=19.26, df=1, P < 0.0001), and was
higher for children who weighed more (x*=22.93, df=1,
P < 0.0001). Above and beyond these variables, there was a sig-
nificant outcome group x age interaction (y?=10.93, df=3,
P=0.01) and significant main effect of outcome group
(x*=26.94, df =3, P <0.0001), which indicates that the ASD
group had a significantly faster growth trajectory of total cerebral
volume than the other groups, and by 12-15 months, had signifi-
cantly larger total cerebral volume. Figure 4 shows the estimated
marginal means for total cerebral volume at each MRI time point.
Infants who developed ASD had 7% larger total cerebral volume
than low-risk typical infants by 12—15 months (P < 0.05) and 8%
larger total cerebral volume at 18-24 months (P < 0.01). There
were no interactions with gender.

Quantified volume of extra-axial fluid

Outcome group was a significant predictor of extra-axial fluid
(x*=128.35, df =3, P <0.0001) after controlling for differences
in age and total cerebral volume. The ASD group had significantly
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Figure 2 (A) T,-weighted image of a low-risk infant with normal MRI at 9 months, confirmed as having typical development at 36
months. CSF is indicated as brighter regions in these images. Images are of a horizontal section (left) coronal section (middle) and sagittal
section (right) through the brain. (B) Similar T,-weighted images of a high-risk infant with excessive extra-axial fluid at 9 months,

diagnosed with ASD at 36 months.

B Total Cerebral Volume

Figure 3 Quantification of extra-axial fluid. (A) Manual tracing of dura on successive coronal slices are summed to yield intracranial
volume; (B) semi-automated tissue segmentation with manual intervention yields total cerebral volume; (C) resulting space between dura

and cerebral surface yields extra-axial fluid volume.

greater extra-axial fluid than all other groups (Figs 1 and 2).
Post hoc comparisons revealed no significant differences between
the three remaining comparison groups. There was no interaction
between age and outcome group, indicating that extra-axial fluid
was elevated in the ASD group at all ages (6-9, 12-15 and 18-24
months of age). There was no significant effect or interactions of
gender, suggesting that the elevated extra-axial fluid in the ASD
group was present in both girls and boys. Figure 5 shows the
estimated marginal means for extra-axial fluid at each MRI time
point. Infants who developed ASD had 20% greater extra-axial
fluid than low-risk typical infants at 6-9 months (P < 0.01), 33%

greater fluid at 12-15 months (P < 0.005), and 22% greater fluid
at 18-24 months (P < 0.005).

Associations between extra-axial fluid
and later autism symptoms

We examined whether the amount of extra-axial fluid in early
infancy was associated with cognitive function and autism severity
at the time of outcome. We tested Mullen overall developmental
quotient and then ADOS scores in succession, while controlling for
differences in age and total cerebral volume. Extra-axial fluid had
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Table 1 Sample characteristics by autism risk group

Autism risk group, mean (SD)

Variable High-risk Low-risk
(n=33) (n=22)

Gender (% male) 66.7% (n=22) 682% (n=15)

Age at Time 1, months 7.3 (1.5) 8.0 (1.6)

Time 1 to Time 2 interval, 6.1 (0.6) 6.2 (0.5)
months

Time 2 to Time 3 interval, 6.5 (1.1) 7.1 (1.4)
months

Age at outcome, months 33.3 (5.3) 31.2 (6.4)

Mullen overall developmental 93.1 (16.4) 105.9 (10.4)
quotient at outcome**

ADOS algorithm score at 7.1 (4.9) 2.2 (1.5)
outcome* **

ASD diagnosist 30.3% (n=10) 0.0% (n=0)

Other developmental delayst 24.2% (n=28)
Typical development 455% (n=15)

13.6% (n=3)
86.4% (n=19)

**P < 0.005; ***P < 0.0001 difference between high-risk versus low-risk groups
on outcome scores.

tHigh-risk infants were significantly more likely than low-risk infants (P < 0.005)
to be classified as ASD or other developmental delays.

Data is reported as mean (SD), unless otherwise noted as % of group (n = number
of subjects).

a trend association with Mullen overall developmental quotient at
the time of outcome (x?=3.13, df =1, P = 0.08). Then, after con-
trolling for differences in overall developmental quotient across all
subjects and outcome groups, we found that elevated extra-axial
fluid during infancy was predictive of later autism severity at
24-36 months (i.e. main effect of ADOS communication + social
interaction total score, x*=7.87, df=1, P <0.01). Thus, the
increased extra-axial fluid detected as early as 6 months of age
was predictive of later ASD symptoms, above and beyond levels of
overall cognitive functioning. Furthermore, there was a significant
interaction between age and the ADOS Communication subscore
(x*=3.83, df = 1, P = 0.05), which suggests that the longer extra-
axial fluid remained elevated, the worse the communicative symp-
toms of ASD at the time of outcome.

Lateral ventricles

After controlling for age and total cerebral volume, there was a
significant effect of gender on lateral ventricle volume, with male
infants having larger lateral ventricles than females (x*=5.80,
df =1, P <0.05). There was also a marginally significant effect
of outcome group, above and beyond age, total cerebral
volume, and gender, with the ASD group having slightly larger
lateral ventricles compared to all other groups (x*=6.75, df =3,
P =0.08).

Head circumference

Table 3 shows that head circumference is correlated with body
size, total cerebral volume, and extra-axial fluid. We examined
physical and MRI measures in succession to evaluate how each
measure uniquely contributes to head circumference. Both age

M. D. Shen et al.

(x*=94.01, df =1, P < 0.0001) and weight (x*=23.87, df =1,
P < 0.0001) had significant effects on head circumference. Total
cerebral volume was a highly significant predictor of head circum-
ference (x*=43.35, df =1, P < 0.0001), above and beyond dif-
ferences in age and body weight. Adding extra-axial fluid was also
found to have an independent and unique effect on head circum-
ference (x> =7.03, df =1, P < 0.01). This indicates that both total
cerebral volume and extra-axial fluid contribute to individual vari-
ability in head circumference. Furthermore, there was a significant
effect of outcome group on head circumference, and no inter-
action with age, which indicates that the ASD group had signifi-
cantly larger head circumference across all ages (x*=10.66,
df =3, P < 0.05).

Discussion

Extra-axial fluid is characterized by an excess of CSF in the sub-
arachnoid space, particularly along the convexities of the frontal
lobe (Barlow, 1984; Maytal et al., 1987; Odita, 1992; Hellbusch,
2007). It is known by many synonyms (e.g. benign extra-axial
fluid of infancy, benign external hydrocephalus, communicating
hydrocephalus, subarachnoid fluid collections; reviewed in Zahl
et al., 2011), which may reflect how little is understood about
its pathophysiology and long-term outcome. The presenting symp-
tom is usually rapid head growth in the first year of life, with the
greatest increase in head circumference around 6 months (Sahar,
1978; Barlow, 1984; Alvarez et al., 1986). The lateral ventricles of
these children are either normal or mildly enlarged (Sahar, 1978;
Alvarez et al., 1986; Odita, 1992), and intracranial pressure is
normal or slightly elevated (Sahar, 1978; Chazal et al., 1985).
Boys comprise about two-thirds of the infants detected with
extra-axial fluid (Sahar, 1978; Nickel and Gallenstein 1987;
Hellbusch, 2007). The presence of extra-axial fluid in infancy has
been considered ‘benign’ because it is not currently associated
with a clinical syndrome or gross anatomical abnormality (stroke,
trauma, tumour) and because excess fluid typically resolves with-
out intervention later in infancy (Maytal et al., 1987; Odita,
1992). However, several reports have associated extra-axial fluid
with a co-occurrence of seizures (Sahar, 1978; Chazal et al., 1985;
Hellbusch, 2007) and motor delays (Sahar, 1978; Nickel and
Gallenstein, 1987; Lorch et al., 2004; Hellbusch, 2007), although
the long-term outcomes are poorly understood because there is
typically no longitudinal follow-up with imaging and behavioural
assessments.

The clinical presentation of extra-axial fluid shares common
characteristics with ASD, including enlarged head circumference
early in life, higher rate in boys than girls, and a co-occurrence
with seizures, but the presence of extra-axial fluid has not pre-
viously been associated with infants who develop ASD. There are
some previous findings of increased CSF in ASD, but these re-
ports of older children and adults did not focus on the subarach-
noid space (McAlonan et al., 2005; Hallahan et al., 2009). We
conducted a longitudinal MRI study of infants at risk for ASD
and found that, relative to typically developing infants and those
with other developmental delays, infants who developed ASD
had significantly greater extra-axial fluid by 6-9 months of
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Table 2 Descriptive statistics by outcome group
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Outcome group, mean (SD)

Variable ASD Other delays High-risk typical Low-risk typical
Number of subjects 10 11 15 19
Age at outcome, months 33.7 (5.3) 31.9 (5.9) 33.2 (5.5) 31.7 (6.4)
Mullen overall developmental quotient** 77.37 (13.77) 93.37 (13.79) 104.38 (9.87) 107.11 (8.83)
Expressive language* ** 34.24 (8.62) 48.00 (5.26) 51.01 (4.58) 51.54 (8.43)
Receptive language* * 33.99 (11.85) 46.47 (12.54) 51.59 (8.83) 56.81 (6.05)
Fine motor* 41.38 (5.36) 47.38 (9.69) 48.03 (4.22) 48.57 (4.64)
Visual reception 45.12 (10.18) 44.88 (6.57) 58.15 (10.43) 57.29 (9.35)
Gross motor* 39.98 (3.79) 47.33 (2.04) 52.45 (5.32) 51.17 (4.87)
ADOS communication + social*** 13.30 (2.67) 5.73 (2.72) 3.20 (2.04) 2.00 (1.45)
*P < 0.05; **P < 0.005; ***P < 0.0001 ASD versus all other comparison groups.
Mullen subtest scores have standardized mean = 50, SD = 10.
Data is reported as mean (SD), unless otherwise noted as number of subjects.
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Figure 4 Mean total cerebral volume by outcome group at
each MRI time point.

age. This finding persisted with extra-axial fluid remaining signifi-
cantly elevated at 12-15 and 18-24 months of age. The ASD
group had mildly enlarged lateral ventricles, which is consistent
with reports that increased extra-axial fluid is usually found in
the absence of severe ventricular enlargement (Sahar, 1978;
Alvarez et al., 1986; Odita, 1992). These results lead us to the
provisional conclusion, pending replication, that the presence of
excessive extra-axial fluid that does not resolve by the second
year of life may be a hitherto unappreciated characteristic of
infants who develop ASD.

The quantification of extra-axial fluid was key to characterizing
the nature of the pathology and its relation to autism symptoms.
Our finding that elevated extra-axial fluid during early infancy was
associated with both a diagnosis of ASD and more severe autism
symptoms calls into question the ‘benign’ nature of this finding.
We found that the amount of extra-axial fluid was associated with
later ASD symptoms, above and beyond levels of overall cognitive
functioning. This suggests that elevated fluid detected at 6 months
and still elevated through 24 months may be a predictive marker

Enor bars = +1 SEM

Figure 5 Mean extra-axial fluid volume by outcome group at
each MRI time point.

specific to ASD symptoms, and not merely of general develop-
mental delays. Furthermore, the longer extra-axial fluid remained
elevated, the worse the ASD communication symptoms were.

In typical brain development, on the other hand, the subarach-
noid space increases from birth to 7 months, declines between
12-24 months, and is minimal by 24 months (Kleinman et al.,
1983; Lam et al., 2001). Our finding that extra-axial fluid is ele-
vated and persists until at least 24 months suggests that the
normal mechanisms for absorption of CSF may be aberrant in
infants who develop ASD. There are two primary mechanisms
that are responsible for CSF outflow. In the mature brain, return
of CSF to the venous circulation takes place through re-absorption
into arachnoid granulations that are located along the superior
sagittal sinus (Kapoor et al., 2008). However, arachnoid granula-
tions are not present at birth and only mature over the first 18
months of life (Le Gros Clark, 1920; Gémez et al., 1981). The
immaturity of arachnoid granulations in infancy may cause CSF to
accumulate in the subarachnoid space, leading to elevated extra-
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Table 3 Correlations between Time 1 MRI and physical measures

Total cerebral volume Fluid Lateral ventricles Height Weight
Total cerebral volume
Extra-axial fluid 0.41**
Lateral ventricle volume 0.18 0.36**
Height 0.45** 0.33*%* 0.07
Weight 0.52** 0.35%* —0.03 0.67**
Head circumference 0.69%* 0.52** 0.14 0.49** 0.60**

*P < 0.05; **P < 0.01.

axial fluid (Barlow, 1984; Maytal et al., 1987). Beyond the arach-
noid granulations, there is evidence that CSF can exit the brain in
other ways. Human and animal studies demonstrate that CSF ab-
sorption occurs through lymphatic pathways, primarily through the
cribriform plate and ultimately into the extracranial lymphatics
located in the paranasal region (Johnston et al., 2004). In fact,
lymphatic drainage may be the primary pathway for CSF absorp-
tion during the neonatal period (Johnston, 2003). There is a
marked increase in CSF production in the first year of life
(Yasuda et al., 2002), which may not be a problem for typical
infants whose CSF production is balanced by proper absorption
through the mechanisms discussed above. However, there may
be an imbalance between CSF production and CSF drainage in
infants with excessive extra-axial fluid.

MRI studies have used injected isotopes or contrast agents to
measure the flow of CSF in infants with extra-axial fluid and have
demonstrated that CSF is stagnant or has limited flow in the sub-
arachnoid space over the convexities of the brain (Sahar, 1978;
Briner and Bodensteiner, 1981; Chazal et al., 1985; Nickel and
Gallenstein, 1987). How could the accumulation of stagnant CSF
over the superficial surface of the brain have a deleterious affect
on brain development? CSF has many important functions, includ-
ing the removal of potentially harmful byproducts of brain metab-
olism (Johanson et al., 2008). Stagnation of CSF could lead to the
accumulation of waste byproducts and neuromodulators in brain
tissue that may alter the extracellular environment of neurons and
impact their function (Del Bigio, 2010). CSF also serves as a means
of transporting important cytokines, growth factors, and other
signalling molecules that are required for the normal development
of the neocortex (Johanson et al., 2008). An imbalance of CSF
production and absorption alters the concentration of these factors
and could lead to serious consequences on cortical development
(Mashayekhi et al., 2002). For example, stagnation of CSF flow in
animal models leads to an alteration of neurogenesis and prema-
ture migration of progenitor cells (Mashayekhi et al., 2002).
Indeed, the composition of CSF drawn from the subarachnoid
space in infants with extra-axial fluid has a markedly higher pro-
tein concentration than CSF drawn from the ventricles or from
lumbar puncture (Chazal et al., 1985), and also compared to
CSF in normal infants (Briner and Bodensteiner, 1981). CSF is
recycled at a much slower rate in early life (Johanson et al.,
2008), and coupled with a higher ratio of CSF to brain volume
(Yasuda et al., 2002), these factors give the developing brain less
ability to eliminate harmful metabolites and toxins, thus making it

more vulnerable to damage (Johanson et al., 2008). In fact, it is
possible that the accumulation of extra-axial fluid begins before
birth, since prenatal MRI has shown that infants with extra-axial
fluid had prominent CSF-filled subarachnoid spaces during the
foetal period (Girard and Raybaud, 2001).

The findings reported here may have a bearing on studies that
report electrophysiological indices of children at risk for ASD.
Nelson and colleagues, for example, have used EEG signals to
accurately classify infants to either the high-risk or typical group
(Bosl et al., 2011) and have found resting EEG differences
between high- and low-risk infants (Tierney et al., 2012).
However, these studies did not conduct parallel MRI analyses.
Therefore, if a subset of the high-risk children had increased
extra-axial fluid, this may explain, in part, the EEG differences
since CSF is known to alter conductivity of the EEG signal
(Baumann et al., 1997).

The longitudinal trajectories of brain growth acquired through
this study may enhance our understanding of early brain develop-
ment in ASD. One of the most often cited and replicated findings
of the neuropathology of ASD is that individuals with ASD are
born with normal head size, but that head growth accelerates,
compared to typically developing children, sometime during the
first year of life (Lainhart et al., 1997; Courchesne et al., 2003).
These findings are largely based on retrospective head circumfer-
ence studies, and the general assumption has always been that
head circumference is tightly coupled to brain volume. Brain
volume, however, can only be directly studied using MRI. We
found that both brain and extra-axial fluid volumes contribute to
infant head circumference. In addition to elevated extra-axial fluid,
we found that infants who later developed ASD had enlarged
brain size as early as 12 months, consistent with reports in toddlers
(Courchesne et al., 2001; Hazlett et al., 2005; Schumann et al.,
2010; Nordahl et al., 2011). Thus, both brain volume and extra-
axial fluid volume are important aspects of brain development that
should be considered as potential predictive factors in infants at
risk for ASD. This is the first MRI study to prospectively evaluate
brain growth trajectories from infancy in children who develop
ASD, and it is the first direct MRI evidence of brain enlargement
in these children before 2 years of age.

Although we believe that the findings reported here are intri-
guing and should be put on record, there are also important cav-
eats associated with this study. The number of infants with an
ASD outcome (n = 10) was relatively small. We welcome attempts
at replication in larger, ongoing imaging studies of infants at risk
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Figure 6 Predicting ASD cases using an extra-axial fluid
threshold. The dotted line represents a level of fluid-to-brain
volume that yields 78% sensitivity (percentage of ASD cases
above the threshold) and 79% specificity (percentage of non-
ASD cases below the threshold) in predicting ASD cases at
12-15 months (i.e. ratio of extra-axial fluid to total cerebral
volume = 0.14).

for autism. A necessary future direction to evaluate the use of this
as a potential biomarker is to gain more information about how
often it is associated with ASD versus other atypical developmental
outcomes or typical development, since some infants with extra-
axial fluid did not have ASD outcomes. Furthermore, it will be
necessary to develop thresholds for extra-axial fluid that best pre-
dict risk and then determine the sensitivity and specificity of such
cut-offs. Figure 6 illustrates how this could be done, using the
current study sample as an example. The objective was to deter-
mine the threshold at which extra-axial fluid is disproportionate to
brain size, and that could best predict ASD risk. The ratio of extra-
axial fluid to total cerebral volume (fluid:brain) was calculated for
each infant. At each level of fluid:brain, the sensitivity (% of ASD
cases above the threshold, i.e. true positive rate) and specificity
(% of non-ASD cases below the threshold, i.e. true negative rate)
was determined. This was done for each MRI time point. The level
of fluid:brain was chosen that maximized the sensitivity and spe-
cificity of the threshold. The dotted line in Fig. 6 represents the
fluid:brain ratio of 0.14 that yields 78% sensitivity and 79% spe-
cificity in predicting ASD cases at 12—-15 months. By comparison,
parental concerns at 12 months have 82% sensitivity and 60%
specificity in predicting ASD diagnosis (Ozonoff et al., 2009).
Although our example is based purely on a single MRI measure,
this strategy could be used in conjunction with behavioural and
clinical profiles to improve its predictive utility.

Brain 2013: 136; 2825-2835 | 2833

If our findings are replicated in a larger cohort, we believe that
the presence of increased extra-axial fluid at 6-9 months of age in
siblings of children with ASD, particularly if it persists at 12-24
months, may be a useful biomarker for early detection of ASD
risk. This will increase justification for renewed discussions as to
whether monitoring structural MRIs should become standard of
practice for children at high risk for ASD. The scans in the current
study were carried out during natural sleep (Nordahl et al., 2008)
and present a potentially safe and informative index of early ab-
normal brain growth. If these findings are replicated, it would also
raise the question of whether the increased extra-axial accumula-
tion of CSF may directly contribute to abnormal brain develop-
ment, particularly of the frontal lobe where the accumulation is
most apparent, and could underlie some of the behavioural alter-
ations associated with ASD.
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