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Abstract

Research has demonstrated the potential role of the brainstem in the pathobiology of autism.

Previous studies have suggested reductions in brainstem volume and a relationship between this

structure and sensory abnormalities. However, little is known regarding the developmental aspects

of the brainstem across childhood and adolescence. The goal of this pilot study was to examine

brainstem development via MRI volumetry using a longitudinal research design. Participants

included 23 boys with autism and 23 matched controls (age range = 7–17 years), all without

intellectual disability. Participants underwent structural MRI scans once at baseline and again at

two-year follow-up. Brainstem volumetric measurements were performed using the BRAINS2

software package. There were no significant group differences in age, gender, handedness, and

total brain volume; however, full-scale IQ was higher in controls. Autism and control groups

showed different patterns of growth in brainstem volume. While whole brainstem volume

remained stable in controls over the two-year period, the autism group showed increases with age

reaching volumes comparable to controls by age 15 years. This increase of whole brainstem

volume was primarily driven by bilateral increases in gray matter volume. Findings from this
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preliminary study are suggestive of developmental brainstem abnormalities in autism primarily

involving gray matter structures. These findings are consistent with autism being conceptualized

as a neurodevelopmental disorder with alterations in brain-growth trajectories. More longitudinal

MRI studies are needed integrating longitudinal cognitive/behavioral data to confirm and elucidate

the clinical significance of these atypical growth patterns.

Keywords

Autism; brainstem; development; gray matter; longitudinal; MRI

1. Introduction

Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder characterized

by impairments in reciprocal social interaction and verbal/non-verbal communication, and

the presence of stereotyped behavior [1]. In addition to the core social-communication-

behavioral symptoms that define ASD, there are a number of associated features widely

ascribed to these disorders, including underreactivity and/or overreactivity to sensory stimuli

and self-stimulation [2]. The prominence of these symptoms has fueled an early hypothesis

suggesting that ASD is a disorder of impaired sensory modulation, resulting from

developmental brainstem abnormalities [3]. However, only a limited number of studies have

focused on this structure and its relationship to the pathophysiology of ASD.

Compared to the cerebrum, the brainstem is small in size; however, its development and

neuroanatomy are quite complex [4]. Like the rest of the brain, the brainstem originates

from the ectoderm; however, its structures mature early and precede the development of

limbic and cortical structures. The brainstem consists of four main divisions: diencephalon,

mesencephalon, pons, and medulla oblongata. Similar to the cerebrum, it contains both

white and gray matter. The gray matter of the brainstem (i.e. neuronal cell bodies) is found

in clumps and clusters throughout the entire structure to form the cranial nerve nuclei, the

reticular formation, and pontine nuclei. The white matter consists of fiber tracts (i.e. axons

of neurons) passing down from the cerebral cortex (important for voluntary motor function)

and up from peripheral nerves and the spinal cord (where somatosensory pathways travel).

Ultimately, it serves as the connection between the cerebral hemispheres with the medulla

and the cerebellum and is responsible for many regulatory functions.

Brainstem abnormalities in ASD might cause disruptions in key neural networks leading to

the expression of both core and associated symptoms. Some neurobiological models of

emotion and behavior regulation adopt a vertical-integrative perspective [5, 6]. Effective

regulation depends on the integration of a hierarchical system consisting of the brainstem,

limbic system, and cerebral cortex. The brainstem serves as the foundation of this system via

its role in regulation of basic vital functions, such as respiration, pulse, blood pressure,

consciousness, sleep, etc. Recent research has culminated in a conceptual model for the

development of behavior and emotion regulation that incorporates three integrated levels of

processing: 1) brainstem-related physiological regulation of cyclic processes and sensory

integration; 2) emotion and attention regulation capacities that draw on the integration of

brainstem and limbic systems; and 3) higher-level outcomes that draw on the intactness of
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brainstem and limbic networks, including socio-emotional self-regulation, inhibitory control,

and cognitive processing [7].

Over the past two decades, numerous cross-sectional studies have suggested the presence of

brainstem abnormalities in ASD. With the advent of electrophysiological techniques for

audiological and neurological assessment, several auditory response studies were reported in

ASD suggesting brainstem involvement [2]. Moreover, structural magnetic resonance

imaging (MRI) studies have examined the brainstem and reported various morphometric

abnormalities. Early studies using area measurements from midsagittal images, reported

reductions in brainstem size [8–10]; however, not all studies are in agreement [11–15].

Additionally, two cross-sectional volumetric MRI investigations observed no differences in

the brainstem volume in ASD compared to controls [16, 17]. In contrast, a recent study of

brainstem volumes reported reductions in whole brainstem volume and total brainstem gray

matter in the group of mainly adult participants with autism [18]. While many studies have

examined the brainstem for abnormalities in ASD, the findings remain both inconsistent and

inconclusive.

There are many factors that may account for the inconsistent findings in these cross-

sectional studies. First, there may be major differences in demographics such as age, gender,

handedness, and ethnicity. While many groups report adequate group matching, the

difference between studies from different groups can be substantial. Second, there is

significant diagnostic heterogeneity across sites with some studies including only autism

proper and others including the entire autism spectrum. Third, implementations of different

neuroimaging methods create another layer of complexity. Sites vary in terms of scanning

equipment, protocols and image processing/analysis techniques. Many of these issues can be

eloquently addressed using a longitudinal research design.

To address these limitations, several longitudinal studies have recently been conducted over

the last few years. These investigations have contributed to the description of the aberrant

development of the brain in autism, reporting on measures of regional brain volumes [19],

cortical thickness [20], surface area [21], and social brain modules [22]. However, no study

to date has specifically examined the brainstem in a longitudinal design. In light of the

mounting evidence implicating the brainstem in ASD pathophysiology, this pilot study was

completed to examine brainstem development in children and adolescents with autism via

MRI volumetry using a longitudinal research design.

2. Methods

2.1 Participants

The original sample consisted of 50 boys; however, four were excluded for issues related to

follow-up and data quality. Therefore, quantitative volumetric analysis was performed on

brain MRI scans obtained from 46 boys: 23 with ASD and 23 healthy controls recruited at

the Western Psychiatric Institute and Clinic (Pittsburgh, PA). The study was confined to

boys because the sample size was too small to accommodate for the structural variability

associated with gender.
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Subjects with ASD were referred to a research clinic from the community and met the

following inclusion criteria: 1) diagnosis of ASD through expert clinical evaluation and two

structured research diagnostic instruments, including the Autism Diagnostic Interview-

Revised (ADI-R) [23] and the Autism Diagnostic Observation Schedule (ADOS, Module 3)

[24], and 2) absence of other neurological disorders. Those with autistic disorder met both

ADI-R and ADOS criteria for autism. Subjects with pervasive developmental disorder, not

otherwise specified (PDD-NOS) had ADOS scores ranging from 7–10 while meeting ADI-R

criteria for autism. Nine of the participants with ASD were taking psychotropic medications:

most of them were either taking a psycho-stimulant or a selective serotonin reuptake

inhibitor, with only one subject receiving an atypical antipsychotic.

Controls consisted of medically healthy individuals recruited from the community through

advertisements in areas socioeconomically comparable to those of the families of origin of

the participants with ASD. Control subjects had a full-scale IQ ≥ 70 and were screened by

face-to-face interviews, questionnaires, telephone interviews, and observation during

psychometric tests. Individuals with a family history of any neuropsychiatric disorder (such

as ASD, learning disability, affective disorders, and schizophrenia) were not included.

Potential subjects with a history of birth asphyxia, head injury, or a seizure disorder were

also excluded. All control subjects had no present or lifetime history of psychiatric disorders

and no learning disability as assessed by the Schedule for Affective Disorders and

Schizophrenia for School-Age Children [25] and the Wide Range Achievement Test-

Revised [26], respectively.

Evaluation of potential subjects also included obtaining a thorough medical history, as well

as laboratory testing when indicated. The Wechsler Intelligence Scale for Children was

administered to measure cognitive functioning [27]. The Hollingshead method was used to

assess socioeconomic status (SES) of the family of origin of all participants [28]. After

procedures were fully explained, all subjects or their legal guardians provided written

informed consent. Verbal assent was obtained from all subjects. The University of

Pittsburgh Institutional Review Board approved the methodology of the study.

2.2 Neuroimaging

Brain scans were obtained using the same acquisition protocol at baseline as well as at

follow-up. The mean time difference between the two scans was two years. No difference in

this interval period was observed between individuals with autism and controls. MRI scans

were acquired using a 1.5-T General Electric Signa MRI scanner (GE, Milwaukee, WI,

USA). Final images for each subject were generated by obtaining T1-, T2-, and proton

density-weighted images from all participants. The T1-weighted spoiled gradient recalled

acquisition in steady state sequence was acquired using the following parameters: slice

thickness = 1.5 mm, slice number = 124, echo time = 5 ms, repetition time = 24 ms, flip

angle = 40 degrees, number of excitations = 2, field of view = 260×260 mm2 and matrix =

256×192 mm2. Both proton density- and T2-weighted images were obtained with the

following parameters: slice thickness = 5 mm, echo time = 96 ms for T2 and 36 ms for

proton density, repetition time = 3000 ms, number of excitations = 1, field of view =

260×260 mm2 and matrix = 256×192 mm2 with an echo train length = 8. All images were
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obtained in the coronal plane. MRI data were identified by scan number alone to retain

blindness of raters. All images were inspected by an experienced rater for motion and other

artifacts. Images with major artifacts precluding complete data processing and analysis were

discarded.

2.3 Processing and Analysis

Image processing was performed on a Silicon Graphics workstation (SGI, Mountain View,

CA, USA) using the BRAINS2 software package [29]. Six brain-limiting points (anterior,

posterior, superior, inferior, left, and right) were identified to normalize the image data to

the standard Talairach stereotactic three-dimensional space [30] in which the anterior-

posterior commissure line specifies the x-axis, a vertical line rising from the x-axis through

the inter-hemispheric fissure specifies the y-axis, and a transverse orthogonal line with

respect to x and y coordinates specifies the z-axis. After fitting the images to a standard

three-dimensional space, the pixels representing gray matter, white matter, and cerebrospinal

fluid were identified using a segmentation algorithm applied to T1-, T2-, and proton density-

weighted image sequences as described elsewhere [31]. Raters were blinded and

measurements were performed using the BRAINS2 masks as generated by a neural network

and corrected by manual tracing (intraclass correlation coefficient > 0.9). Total brain volume

(TBV) was defined as the cerebrum, cerebellum, and brainstem while excluding

cerebrospinal fluid. The brainstem was defined as the infra-tentorial brain tissue volume

superior to the foramen magnum and excluding the cerebellar volume [29, 32].

2.4 Analytic Plan

Mixed effects regression models estimated group differences in total brainstem growth.

Separate models were computed for whole brainstem volume and left and right gray and

white matter volumes. Diagnostic group (ASD vs. control) was a fixed-effects factor,

baseline TBV was a time-invariant predictor, and age was a time-varying covariate in each

model. Brainstem measurements at baseline and two-year follow-up were included as

repeated measures. A significant age effect would specify brainstem growth with increasing

age, regardless of diagnostic group. A significant diagnostic group effect would indicate

differences in brainstem volume between individuals with ASD and controls, irrespective of

age. A significant two-way interaction between age and diagnostic group would identify a

unique pattern of brainstem growth in ASD. This interaction is a longitudinal comparison

where each participant contributes two ages and two brainstem volumes to the analysis,

equivalent to a time by diagnostic group interaction in a traditional repeated measures

ANOVA model.

Mixed effects regression models are advantageous to repeated measures ANOVA in that

they accommodate missing time points, explicitly evaluate the effects of age rather than the

time of the measurement (baseline and follow-up), directly model the relationship between

age and brain volumes, and utilize all available data. Analyses were computed with and

without TBV adjustment, and where applicable, differing findings are presented. Analogous

mixed effects regression models were used in recent longitudinal studies of the amygdala

and corpus callosum in autism [22]. For each mixed effects regression model, F-tests for the

main and interaction terms were converted to Cohen’s d to examine the magnitude of these
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effects. Conventions for interpretation of Cohen’s d were as follows: small (d = 0.20),

medium (d = 0.50), and large (d = 0.80) [33]. The effect size for age gives the magnitude of

growth in the brainstem regardless of diagnosis. The effect size for diagnostic group gives

the magnitude of group differences in the brainstem regardless of age. The effect size for the

interaction term of age and diagnostic group gives the magnitude of group differences in the

slope of brainstem growth [34].

3. Results

Sample characteristics are summarized in Table 1. There are no significant differences in

age, SES, TBV, and handedness. While none of the study participants were intellectually

disabled, full-scale IQ was significantly higher in the control group. Results for whole and

subregion brainstem volumes are presented in Table 2. Figure 1 presents whole brainstem

volume across ages 8–17 years for both ASD and control groups. ASD and control youth

showed different patterns of growth in whole brainstem volumes. Whole brainstem volume

remained relatively stable in healthy controls. In contrast, individuals with ASD showed

increases with age [age X diagnosis interaction F(1,68) = 13.89, p < 0.001], reaching

volumes comparable to controls by age 15 years. This effect was large (d = 0.90) and was

even more pronounced in youth with ASD who had larger TBV [age X diagnosis X TBV

interaction F(1,72) = 14.62, p < 0.001]. The increase in whole brainstem volume in ASD

participants was primarily driven by whole brainstem gray matter volume (d = 0.85; p =

0.006) with only modest non-significant increases in whole brainstem white matter volume

(d = 0.44, p = 0.167). Changes were similar across the left and right brainstem regions.

4. Discussion

Characterizing abnormal brain growth trajectories in individuals with autism is an area of

great interest and is best examined by studies implementing a longitudinal design. While

several other brain regions have already been studied in this manner, no study to date has

investigated whether the brainstem undergoes an abnormal growth trajectory in ASD.

Therefore, the main goal of this pilot study was to assess whether there might be an

abnormal pattern of brainstem growth in ASD. At baseline, brainstem volume in ASD youth

is smaller compared to controls [18]. However, this study provides preliminary data

supporting a gradual increase in volume in the ASD group, reaching volumes comparable to

controls over a seven-year period. In contrast, brainstem volumes in control subjects remain

relatively stable during the same time period. This apparent brainstem “growth” in ASD is

largely attributed to increases in gray matter volume, providing an important clue to the

underlying pathophysiology.

The gray matter of the brainstem represents neuronal cell bodies which are found in clumps

and clusters throughout the structure to form the cranial nerve nuclei, reticular formation,

and pontine nuclei. Gray matter can also represent the volume of synaptic density and

connections. It follows that the apparent increase in gray volume may correspond to

increases in total volume of neural cell bodies, increase in synaptic connections, and/or

reduction in synaptic pruning. If there is indeed an increase in volume of neuronal cell

bodies, what remains unclear is whether this is from an increase in the neural cell
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populations (i.e. proliferation), increase in size of existing cell bodies (i.e. hypertrophy), or

some combination of these processes. The apparent stability of white matter volume does

not support a process of increased myelination though increase in synaptic connectivity is

consistent with the increase in gray matter volume. Finally, it also remains to be determined

which brainstem regions or nuclei/neurons are involved in this volumetric increase.

Additional studies looking at brainstem subregions are clearly needed to better characterize

this abnormal pattern of growth.

Nevertheless, these preliminary findings are consistent with other studies reported in the

research literature. As mentioned previously, our group has examined brainstem volume in

ASD on a sample of adolescents and adults who had a mean age of 22 years and found no

differences in whole brainstem volume between ASD and controls groups [16]. The lack of

volumetric differences in a much older sample of ASD participants is congruent with the

normalization of whole brainstem volume reported in this study. Remarkably, the findings

of this study are consistent with reports of abnormal brain growth trajectories of youth with

ASD reporting on measures of regional brain volumes [19], cortical thickness [20], surface

area [21], amygdala and corpus callosum in autism [22]. Moreover, the most replicated

finding is the increased brain size in early childhood followed by possible normalization

later on in life [36–38]. However, it should be noted that abnormal brain growth has multiple

dimensions. Brain volumes may increase, decrease, or stay the same depending on specific

location and/or age range. For a particular age range, it is possible that two regions have

different patterns of volumetric change. Overall, unusual growth patterns may represent a

global or regional effect where different areas of the brain of individuals with autism grow at

different stages of development dissimilar from the growth pattern seen in typically

developing individuals.

Findings reported in this study must be interpreted in the context of several methodological

limitations. The sample size is quite modest for a structural MRI study and consists of high-

functioning participants with ASD. Small sample sizes amplify the effect of variability and

may lead to erroneous results. Limiting the study to the higher-functioning ASD population

limits its generalizability as the majority has some degree of intellectual disability. However,

the implementation of longitudinal studies is very challenging with the need to minimize

attrition and including subjects with a relatively narrow age range. Comprehensive

longitudinal clinical characterization of participants is also lacking, precluding the

examination of the relationships between behavioral/cognitive features and imaging

measures. Moreover, this study did not separate the brainstem into individual components

(i.e. midbrain, pons, and medulla) which limits specific regional localization of gray matter

growth. Finally, no study-specific quality control was implemented over the two-year

interval. Overtime, this may lead to systematic errors which may be reflected in 1%

reduction in brainstem volume in controls of the current study. However, this would not be

expected to bias the results given that the same effect applies equally to autism and control

groups.
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5. Conclusion

Although there are multiple cross-sectional studies examining brainstem size in ASD, results

have been inconsistent and no studies to date specifically assessed brainstem development

using a longitudinal design. While preliminary, findings from the present investigation are

suggestive of abnormal brainstem growth patterns in ASD and are consistent with existing

neuroimaging literature. The increase in gray matter, leading to brainstem volumes

comparable to controls by age 15 years, supports previous observations of abnormal growth

patterns also driven by gray matter. While these findings may represent small portion of a

more global process, this does not preclude that the brainstem has an important role in the

ultimate phenotypic expression of ASD given its potential role in emotion/behavior

regulation and underreactivity and/or overreactivity to sensory stimuli. However, in light of

the aforementioned observations, additional longitudinal studies are needed before any

conclusions can be made. Multimodal, longitudinal morphometric and functional studies are

warranted in larger samples of well-characterized individuals with ASD to examine the three

sub-regions of the brainstem using well-validated analytic techniques.
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Highlights

Autism and control groups showed different patterns of brainstem growth

Whole brainstem volume remained stable in controls over the two-year period

Whole brainstem volume increased in the autism group over the two-year period

Normalization of brainstem volume was primarily driven by increases in gray matter

Autism is a neurodevelopmental disorder with alterations in brain-growth trajectories
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Figure 1.
Age-related changes in total brainstem volume (cm3) in participants with autism (red and

grey dotted lines) and healthy controls (black and grey solid lines).
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