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Abstract: There is a need for quantitative biomarkers for early diagnosis of autism. We
showed previously that hemoglobin concentrations show contrast between autistic group vs
control group in humans. Cerebral blood flow can provide additional sensitivity for improved
characterization. Diffuse correlation spectroscopy (DCS) has been shown to be reliable method
to obtain blood flow contrast in animals and humans. Thus, in this study we evaluated DCS in
an established autism model. Our results indicate that autistic group had significantly lower
blood flow compared to control group. These results confirm the previous results obtained from
humans by positron emission tomography and magnetic resonance imaging.

1. Introduction

Autism spectrum disorders (ASD) is now recognized to occur in approximately 1% of the
population and is a major public health concern because of their early onset, lifelong
persistence, and high levels of associated impairment [1]. ASD is a highly heritable,
biologically based neurodevelopmental disorder. Despite this fact, the exact cause remains
unknown. Finding the cause has been challenging because ASD encompasses a range of
complex disorders that involve multiple genes and demonstrate great phenotypical variation.
Estimates of recurrence risks based on family studies of idiopathic ASD are approximately 6%
when there is an older sibling diagnosed with ASD, and even higher when there are already
two children with ASDs in the family [2]. One of the main difficulties when diagnosing and
treating autism is the observational nature of the diagnostic schedules [3]. Although these
diagnostic methods have a high sensitivity of around 90%, the specificity can be quite low,
leading to overdiagnosis and overtreatment. Also, the time requirement is cost-intensive and
requires a dedicated team of physicians to accurately track progress.

There exists a need for a non-observational diagnostic system capable of measuring in-vivo
biomarkers to both accurately place a patient along the ASD spectrum and track the efficacy of
therapies in patients that receive them. Recent in-vivo imaging studies have shown that cerebral
hypoperfusion presents as a comorbidity in ASD subjects when compared with control groups.
Traditionally these measurements have been performed using positron emission tomography
(PET) or single-photon emission computed tomography (SPECT) [4-8]. Functional magnetic
resonance imaging (fFMRI) was also used in a series of ASD neuro-imaging studies with a
sensitivity of ASD diagnosis up to 75% [9-11]. An arterial spin labeling MRI study also showed
robust hypoperfusion results in the ASD population [12]. The results of these studies are
encouraging, however, the imaging modalities of PET, SPECT, and MRI are limited for routine
clinical use in adolescent ASD diagnosis. The extended imaging durations and the sensitivity
to motion artifact also present a risk in rendering data unusable.

Efforts have been made in the optical imaging field to fill this need as optical imaging
techniques possess the unique combination of advantages of being relatively inexpensive,
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simple to operate, and with non-contact imaging options. Initially, functional near-infrared
spectroscopy (FNIRS) has been used to monitor hemodynamic abnormalities in autism subjects
through monitoring changes in blood chromophore concentrations (specifically oxygenated and
deoxygenated hemoglobin) as we have previously shown in clinical studies [13,14]. Laser
Doppler flowmetry was performed as part of a multimodal imaging study which found
neurovascular dysfunction in the 16p11.2 deletion mouse model of ASD [15]. Laser speckle
imaging (LSI) at 532nm was applied for an autism model in mice with the advantage of wide-
field imaging in a non-contact, camera-based setup [16]. However, it has limited penetration
depths of 100s of microns, where majority of the reflected signal will be from the scalp tissue.
Therefore, there exists a need for a low-cost, non-invasive optical approach that is capable of
measuring brain blood flow in the ASD mouse model. Here, we present results from a custom-
built diffuse correlation spectroscopy (DCS) system that we used previously in our human
studies [17].

2. Material and methods
2.1 Animals

Three-month-old mice were sourced from Jackson Labs (Bar Harbor, ME, USA). Study groups
contained 6 male C57BL/6J (control) and 6 age-matched male BTBR T+ Itpr3tf/J (ASD) mice.
The groups will hereby be referred to using their common names of C57/B and BTBR,
respectively. The BTBR mouse model is previously phenotyped to show similar symptoms and
behaviors to the human form of ASD [18,19]. It is believed that the structural abnormality of
an absent corpus callosum is a key component associated with core behavioral issues of ASD
[20,21].

The heads of the mice were shaved, and a chemical depilatory agent was applied to ensure
that the imaging area was clear of hair. The hair removal procedure was done 24 hours in
advance of imaging to allow time for any redness or swelling caused by minor skin irritation to
subside.

Immediately prior to imaging, the mice were anesthetized through gaseous administration
of an isoflurane and oxygen blend. To control for the decreased blood flow caused by
hypertension as a result of isoflurane administration all of the mice were anesthetized and
imaged on a precise schedule [22]. Each mouse was incubated with 5% isoflurane at a flow rate
of 300 ml/min for 2 minutes. The mice were then transferred to a nose cone where the isoflurane
dose was dropped to 2.5% at the same flow rate. DCS measurements were taken starting at 7
minutes after initial anesthesia administration and frequency domain measurements followed
starting at 9 minutes.

All procedures related to animal care were conducted with the approval of the Institutional
Animal Care and Use Committee at Wright State University.

2.2 Diffuse Correlation Spectroscopy

In-depth details of the DCS technique have been covered in previous reviews [23-25]. The
DCS instrument used in this study has been described in our previous work [16,25]. Briefly,
DCS was initially used for monitoring flow dynamics in a turbid medium, such as living tissue
[24,27-30]. DCS measures the emitted light intensity autocorrelation function, whose decay
rate reflects the dynamics of “scatterers” - in this case moving blood cells in tissue [23,27]. The
dynamic information of the scatterers (moving blood cells in the microvasculature) can be
obtained by fitting the model to the experimental data [22,23,26]. It was shown that the
diffusive motion, aDg, can model the dynamics in deep tissue to obtain the blood flow index
(BFI), where o is proportional to tissue blood volume fraction, and Dg is the effective Brownian
diffusion coefficient [26,27,31]. The normalized diffuse electric field temporal autocorrelation
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function (g1 (r,7)) extracted from normalized intensity temporal autocorrelation function (gz
(r,7)) via Siegert relation is fitted to an analytical solution of the diffusion equation to estimate
the BFI parameter.

In this study, the DCS system consists of a continuous-wave laser source (785 nm
CrystaLaser, Reno, NV, USA) with coherence length longer than 10 m, eight NIR-optimized
single-photon counting module (SPCM-NIR, Excelitas, QC, Canada), and a 8-channel auto-
correlator board (Correlator.com), of which one channel was used. A single multi-mode fiber
(1000 um core diameter, 0.39 numerical aperture (NA)) was used to guide the 785 nm laser
light to the scalp and a single-mode fiber (5 um core diameter, NA of 0.13) collected the light
emitted from the scalp to the single-photon counting modules, as shown below in (Fig 1A). The
separation distance of the source and detector fiber was set at 5 mm with the detector fiber
placed at the midpoint of the cerebral cortex and a translational stage was used to place the
source fiber 5 mm anterior to the detector fiber, as shown below (Fig 1B).

The optical parameters (absorption coefficient, [, and reduced scattering coefficient, s’)
at 690 nm and 830 nm were resolved using a frequency-domain NIRS system (OxiplexTsS, 1SS
Inc., Champaign, IL, USA). A custom probe with source-detector separations at 2, 4, 6, and 8
mm was fabricated using 400 um multimode source fibers and a single 1000 um detector fiber
to allow probing optical property measurements at a similar depth as our DCS measurements.
The optical properties measured at 830 hm were used as inputs for the BFI calculations from
the DCS data.

A) DCS B)
8 Channel
Correlator O DCS Source
785 nm Laser 1SS OxiplexTS ® DCS Detector

Source (FD-NIRS)

.(u;(om FD-NIRS
Probe

SPCM

Custom FD-NIRS Probe

Figure 1. (A) Optical instrumentation of DCS and FD-NIRs systems guiding optical information to and from the
mouse scalp. (B) Top down view of the probe placement on the scalp in reference to the mouse brain underlying the
scalp.

2.3 Immunohistochemistry

Previous reports have shown that the neurogenesis markers of doublecortin (DCX) and Ki-67
are positively associated with CBF decreases in the BTBR mouse model measured with DW-
LSI [13]. DCX is a microtubule-associated protein expressed by neuronal precursor cells and
immature neurons in adult cortical structures and Ki-67 is detectable within the nucleus during
proliferation. Therefore, we measured against this same biomarker using the
immunohistochemistry (IHC) protocol outlined via Abookasis et al. [16] with primary and
secondary antibodies sourced from Abcam (Cambridge, United Kingdom) DCX primary
18723, Ki-67 primary 15580. The DCX sections were stained with a primary concentration of
1:1000 in 0.5% bovine serum and a secondary concentration of 1:250. The Ki-67 sections were
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stained with a primary concentration of 1:200 in 0.5% bovine serum and a secondary
concentration of 1:250. Stained sections were imaged under compound light microscopy at
x400 magnification. DCX sections were imaged in the granular cell layer (GCL) of the dentate
gyrus (DG) and the Ki-67 sections were imaged in the sub-granular zone.

3. Results and discussion

Optical absorption coefficient () and reduced scattering coefficient (us”) results at 690 nm
and 830 nm are summarized for BTTR and C57/B6 groups in Figure 2. For p, measurements
(Fig 2A), the BTBR group had 0.244 + 0.007 at 690nm, and 0.224 + 0.013 cm at 830 nm,
while these values were 0.223 £ 0.003 cm™* and 0.203 + 0.008 cm for the C57/B6 group. The
Wilcoxon rank sum test showed that the differences in [, between the groups were significant,
p = 0.0036 at 690 nm and p = 0.0246 at 830 nm. Reduced scattering coefficient ()
measurements for BTBR 690 nm was 8.38 + 0.20 cm™, and 7.00 + 0.90 cm™* at 830 nm, and
for C57/B6 s> at 690 was 8.91 +0.33 cm™? and 6.42 + 0.30 cm™ showed that 830 nm. The
Wilcoxon rank sum test showed that the difference was not statistically significant (p>0.05).

A) Absorption Group Mean B) Scattering Group Mean
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Figure 2. (A) Absorption coefficient (p,) measurements for BTBR (690 nm, 830 nm) and C57/B6, indicating
significantly lower absorption at 690 nm (p = 0.0036) and 830 nm (p = 0.0246) for the C57/B6 group. (B) Reduced
scattering coefficient (us’) measurements for BTBR (690 nm, 830 nm) and C57/B6.

The individual blood flow index results in Figure 3A and the group mean values are shown
in Figure 3B. The group average of aDg measurements for BTBR was (0.56 + 0.02) * 108
cm?/s, while it was (1.12 + 0.06) * 10® cm?/s for C57/B6 mice. The Wilcoxon rank sum test
showed that there was a significant difference (p = 0.0152) between the BTBR and C57/B
groups, clearly indicating that there exist hypoperfusion in the BTBR group compared to the
control group.
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Figure 3. (A) Individual blood flow measurements of each mouse in terms of (aDg). (B) Group average of oDg
measurements for BTBR (0.56 +/- 0.02) * 108 cm?/s and C57/B6 (1.12 +/- 0.06) * 10® cm?/s. A significantly lower
blood flow (hypoperfusion) is observed for the BTBR group (p = 0.0152).

The results of the IHC staining on the brain sections are shown below (Fig 4). The DCX
images show a higher cell count in the representative control image (Fig 4A) as compared to
the representative autism tissue image (Fig 4C). The Ki-67 staining of the autism image appears
to have an underdeveloped sub-granular zone (Fig 4D), causing the cell count in the control

sections (Fig 4B) to be higher by default.

Figure 4. DCX IHC staining results of the (A) C57/B6 and (C) BTBR representative sections. Images were centered
on the GCL of the DG at 400x magnification. Ki-67 IHC staining results of the (B) C57/B6 and (D) BTBR
representative sections. Images were centered on the sub-granular zone at 400x magnification.

The decreased blood flow in the ASD mouse model is consistent with the results seen in
past research of the BTBR model [16]. Recent reviews have also shown supporting evidence
for cerebral hypoperfusion from both PET/SPECT and fMRI studies [32]. The prevailing theory
for this pathology is a dysfunctional vasodilation response in the autism cerebral arteries. A
healthy brain will exhibit CBF that is largely unchanged over time due to the combined effect
of the basal tone in smaller arterioles and the mechanical vascular resistance of larger arteries
[33]. When the cerebral metabolic demands increase in an area, such as during an activity or
task that recruits neurons from that brain region, the blood vessels dilate to reduce resistance
and increase blood flow [34]. In ASD there appears to be a lack of this normal compensatory
dilation and increase in blood flow when engaged in a task, such as during speaking or focusing
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on solving a problem [35,36]. When the blood vessels do not properly dilate, the smaller cross-
sectional area of the lumen may cause higher blood pressure and restricted blood flow.

There also exist possible intrinsic structural explanations for these hypoperfusion results.
Exacerbated inflammatory responses have been extensively documented in ASD patients. The
resulting intracranial pressure can potentially cause mechanical vasoconstriction and as a result
decreased blood flow [37,38]. Furthermore, evidence from recent research suggests that the
majority of children with ASD also exhibit ongoing general neuroinflammatory disorders [39].
The increased absorption observed in the BTBR group could also be a result of neuro-
inflammation. The increase in local tissue volume due to inflammation would result in
increased chromophore concentration (in the form of hemoglobin and water) that would
increase the absorption coefficient measurement. The lack of a significant difference in
scattering parameter between the BTBR and C57/B6 models is contrary to expectations based
on the decreased neurogenesis cell count shown in previous literature [16]. This could be due
to a low sample size but could also be due to the physiological difference between the two
mouse models. However, if we write |15 = aA~? for the Mie scattering representtaion, it is clear
from the Figure 2B that b parameter (related to scattering power) is much smaller in autistic
group (BTBR) than the control group (C57/B6). We will investigate this further by fitting both
a and b from the measurements having additional wavelengths. Further investigation should be
performed in terms of physiological measurements of the head anatomy between the two
models.

4, Conclusion

The decreased CBF in the BTBR mouse model observed here is consistent with previous
results. The depth-sensitive DCS device has shown that the blood flow in the autistic brain is
significantly lower in the BTBR model. Frequency domain measurements showed differences
in optical properties between the two models. Multimodal approach assessing tissue structure
and function such as scattering coefficient, vascular structure, blood flow and blood volume
measurements could give insights related to the assumption of dysfunctional vasodilation
causing lower blood flow. We will pursue these studies in the near future.
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