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US Ultrasound

1 Introduction

The study of sonic waveforms long predates the invention and application of the
current forms of clinical ultrasound (US). As early as 1826, Jean-Daniel Colladon,
a Swiss physicist and engineer, and Charles-Francois Sturm, a mathematician, stud-
ied hydroacoustics by utilizing the combination of an underwater bell and a simul-
taneous ignition of gunpowder to compare speed of underwater sound to that of
light, thereby estimating the former at 1,435 m/s. While this early study of sonifica-
tion was of an academic vein, underwater sonar was eventually studied, refined, and
popularized for submarine navigation during World War I. The disastrous voyage of
the Titanic likewise highlighted the need for better means of navigation. By the
1930s, ultrasound had been exapted for such uses as radar and metal flaw detection,
the latter largely utilized for detecting flaws within the metal construction in hulls
of large ships and plates of battle tanks. Also by this time, high-intensity ultrasound
was being recognized as a useful therapeutic tool by the medical industry. Eventually,
it evolved into an important tool for neurosurgery. Unfortunately, the 1940s saw an
uprise in enthusiasm for ultrasound use, leading to boisterous claims of its cure-all
capacity and its utilization in a variety of unwarranted therapies. Simultaneously, a
mounting skepticism grew — a skepticism which ultimately retarded research into
ultrasound’s numerous applications, such as diagnostics.

Following a body of research investigating its bioeffects, ultrasound has slowly
overcome the medical community’s initial skepticism from the 1940s to 1950s.
However, a similar albeit more confined overconfidence in ultrasound’s safety has
led to its overuse within obstetrics. For the first few decades of ultrasound’s use in
prenatal care, the FDA strictly regulated absolute intensity levels according to the
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specific application. Now, however, risk is assessed by real-time thermal and cavita-
tional indices available on the device itself. This has shifted control away from a
regulatory authority dictating absolute exposure levels, to the end user who interprets
machine output and adapts usage based on medical experience (Barnett et al. 2000).

To complicate matters, machine reliability is being called into question. Recently,
a series of studies assessing ultrasound transducer error rates reveals that of seven
manufacturer’s equipment tested across 676 different transducers, on average 40 %
of those transducers were defective (Martensson et al. 2009). All companies tested
exhibited a minimum of 20 % error rates, while one company tested as high as 67 %.
A separate study by the same research group sampled additional ultrasound trans-
ducers in a single hospital setting, finding 81 of 299 actively used ultrasound
machines to be defective. Approximately 83 % of these errors were due to delamina-
tion of the ultrasound lens or breaks in the cables (Martensson et al. 2010). The group
stresses the need for thorough and frequent transducer testing, beyond that of annual
testing, in part because it is usually very difficult for the sonographer to recognize
transducer defects due to a slow degradation of image quality that may not be readily
identifiable. However, not only for the purpose of image quality and diagnostics is it
imperative that ultrasound machines perform as they are intended: faulty transducers
lead one to question whether the safety indices are accurately gauging exposure lev-
els and, if not, what the true range of exposure levels may be. With faulty equipment,
there is no way to ensure that exposures are not reaching harmful ranges.

In addition to questionable transducer performance, practitioners and sonogra-
phers who routinely utilize ultrasound in their practices appear to be poorly edu-
cated in the possible risks of ultrasound exposure. In a survey of 130 end users,
82.3 % failed to demonstrate understanding of the term “thermal index” which
gauges temperature levels within exposed tissue, 96.2 % failed to demonstrate
understanding of “mechanical index” which gauges cavitational levels within the
tissue, and, alarmingly, only 20 % of end users knew where these safety indices
were located on the machines (Sheiner et al. 2007). While patient safety is now
dependent on machine performance and sonographer judgment, it is clear that ear-
lier FDA deregulations have placed the onus of that safety on the shoulders of faulty
equipment and undereducated end users.

Along with deregulated medical practices, ultrasound services are available for
private use through businesses which offer additional ultrasonography so that patrons
can “start the family photo album early,” have 3D image renderings of the baby, and
even have videos made. Ultrasound equipment is also available for purchase at web-
sites such as eBay and Amazon, and additional devices like Doppler heart rate moni-
tors can be purchased for daily, medically unsupervised monitoring of the baby’s
heartbeat. While the FDA has warned against these services and the use of such
devices within the home, these warnings have been poorly publicized and the vast
majority of the public and practitioners are unaware of their potential dangers.

However, not only are there poor regulations, poor practitioner and public educa-
tion, and faulty equipment; the understanding of the basic biophysics of ultrasound
has been weakly applied across disciplines. There is a considerable body of evidence
which illustrates ultrasound’s bioeffects on various cell and tissue types; however,
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when reviewing the literature, it appears that little of this knowledge has been
viewed in light of prenatal care. Instead, articles abound on cardiovascular studies,
targeted drug therapy, transmembrane delivery of nonviral genes, and even transcra-
nial stimulation of brain circuitry — each of these illustrating a host of its primary
and secondary effects on the cell. It is amazing that prior to now, there has been only
a minimal application of this vast body of knowledge to the study of ultrasound
exposure and prenatal development (for some of the few examples in the literature,
see Dinno et al. 1989; Ang et al. 2006; Schneider-Kolsky et al. 2009).

With the climbing rates of autism, the increasing frequency of ultrasound use and
its frightening deregulations, and what we currently know about the basic biophysics
of ultrasound, links are being drawn between cellular morphologies characteristic of
autism and those which result from ultrasonic exposure. In addition, there are superfi-
cial links between their various cell metabolics, including altered rates of reduction-
oxidation (redox) reactions at lipid membranes as well as throughout the cell,
abnormalities in calcium signaling, upregulation of certain growth factor signaling
pathways, and even modifications in key epigenetic patterns. One likely reason why
these bioeffects have rarely been studied following prenatal ultrasound is because they
are subtle, usually microscopic, and may involve changes in transcription and not the
degradation of tissues or the mutagenesis of DNA. It takes the skilled study of micro-
scopic morphology and shifts in molecular networks to gauge how ultrasound func-
tions as a teratogen. Ultimately, there may be some avoidance within the medical and
lay communities to disturb the status quo: not only do parents want that first picture of
their unborn child, but ultrasound as an industry makes good money. Should prenatal
ultrasound ultimately prove unsafe in its current application, it will take the coopera-
tion of research, medicine, business, government, and the public to tighten regulations
and ensure, as useful a tool as it is, that the risks do not outweigh the benefits.

2 Two Main Effectors: Transient Membrane Porosity
and Disruption of Redox Homeostasis

While most laymen think of obstetric ultrasound as an image, there are distinct dif-
ferences between sonography and photography. The medium of photography for
instance is light or photons; light enters the aperture of the camera and is then
recorded on film or an electronic image sensor. While flash bulbs are often employed,
from the point of view of the camera, this entire process is fairly passive: the camera
measures the dispersed rays of light already present within the environment. An
ultrasound, however, not only captures the sound vibrations of a target object; it also
actively creates them and focuses them onto a target. Therefore, unlike a camera, the
ultrasound is aiming sound waves onto an object then measuring the echo as the
sound returns to the device.

Scientific convention has normally separated ultrasound mechanics into thermal
and nonthermal means, the latter comprising cavitational and noncavitational mecha-
nisms. Noncavitational mechanisms include forces such as radiation torque, radiation
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force, radiation pressure, and acoustic streaming, all reflective of the different types
of fluid pressure placed on the cell surface by the ultrasound beam. Cavitation, named
for the gaseous cavities induced by ultrasound exposure, includes two subtypes: sta-
ble and transient. The former denotes bubbles which have formed; oscillate, creating
a shear stress (stress which is applied parallel or tangential to a surface); and remain
intact during many acoustic cycles. The latter, transient cavitation, refers to the for-
mation, expansion, and implosion of bubbles during a compression half cycle from
which a shock wave of pressure is emitted. This shock wave can rupture the cellular
membrane, triggering necrosis or apoptotic pathways, or, at lower intensities, can
create transient porosity of the membrane leading to teratogenic yet nonlethal chains
of events (Riesz and Kondo 1992, for review).

Though conventional science and medicine have been most concerned with risks
of hyperthermia and tissue damage due to shock waves from transient cavitation, we
would like to broaden the research and medical communities’ focus to include less
deleterious but no less teratogenic mechanisms: namely, the transient permeation of
the membrane and the redox reactivity resultant from lower intensity cavitation.
This includes both cavitational and noncavitational means in the application of
mechanical force upon the cell, as well as free radical release from the imploded
cavity. It is these elements, we argue, which have the most teratogenic potential
because they do not endanger the cell but alter genetic expression and epigenetic
patterning, potentially leading to multigenerational cellular effects from a single
exposure. For instance, Liebeskind et al. (1981) found that cultured cells expressed
changes in their overall morphology following ultrasound exposure, exhibiting
abundant numbers of irregular microvilli which are small pseudopod extensions
arising from the surface of the cell due to actin polymerization (or growth) of the
actin cytoskeleton. These were present as early as three days following exposure
and were still present 37 days later, suggesting that ultrasound had led to permanent
changes in DNA transcription. Ultrasound may be capable of inducing this actin
polymerization via targeting the MAPK pathway, possibly through a series of events
triggered by hyperosmotic shock, through redox-triggered phosphorylation of
MAPK, and also through direct targeting of the redox-sensitive cytoskeleton itself
(Ho 2006; Zhu et al. 2005; Fiaschi et al. 2006; McDonagh et al. 2005).

As mentioned, increased membrane permeability is one of two important biologi-
cal effectors in ultrasound exposure. Upon exposure, minute gaseous bubbles present
in the fluids surrounding and within the cell begin to grow through a process called
rectified diffusion, oscillate, and then implode, creating shock waves that assault the
cell membrane. Cavities which do not implode but remain for several cycles create
shear stress across the membrane. Likewise, noncavitational means can increase
membrane permeability simply through radiative forces of water against the cell.
When the water molecules comprise large enough clusters, the lipid membrane is
disturbed, creating a pore of approximately 1.4 nm in diameter (Minkel 2010, for
review). These pores then reseal following the influx of calcium, which triggers
fusion of lysosomes with the membrane in a lysosomal-associated membrane pro-
tein 1 LAMP-1-dependent manner (Deng et al. 2004; Reddy et al. 2001; Yang et al.
2008). During this transient porosity, a portion of extracellular fluids is taken up into
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the cell, triggering a cascade of molecular activity in response to the breakdown of
barriers between intracellular and extracellular compartments. To give some per-
spective, gap junctions, which are direct open funnels between select cells and allow
the passage of larger molecules between those cells, are approximately 1.2-2 nm in
diameter (Hormuzdi et al. 2004; Bennett and Zukin 2004). This is very similar in size
to the 1.4 nm transient pore that is created during ultrasound exposure from noncavi-
tational radiative forces. Such a pore would allow the rapid influx of ions like cal-
cium and sodium into the cell, as well as other external amino acids and cellular
metabolites, and the efflux of ions such as potassium (Pébay et al. 2011, for review).
This in turn would trigger chains of events related to the breakdown of barriers, such
as conduction within neurons, and downstream targeting of CREB, PKC, MAPK,
cAMP, cGMP, histone deacetylases (HDACs), and numerous other pathways. For
pathways which function as positive feedback loops, or which lead to alterations in
epigenetic patterns such as the targeting of HDACs, such transient permeability may
permanently alter the phenotype of the cell. In addition, the gap junctions which are
vital in the development and maintenance of various stem cell populations may fur-
ther increase tissue reactivity to transient prenatal exposure by sharing these influxes
among all interconnected cells, and in support of these, studies have noted the occur-
rence of calcium waves during and following ultrasound (Kumon et al. 2007).

Prior to the realization that water pressure alone could alter the fluidity and per-
meability of cellular membranes, it was considered that the redox reactions, or lipid
peroxidation, in the outer membrane might cause the degradation seen therein (e.g.,
see Juffermans et al. 2006). Under intense redox conditions, this may be possible;
however, groups such as Lawrie et al. (2003) have found that the uptake and subse-
quent expression of nonviral transgenes are not dependent upon redox mechanisms
but utilize another means of entry. Koshiyama et al. (2006) found that structural
changes of the phospholipid bilayer due to ultrasound-induced jets of water were
enough to create transient pores in the membrane. While lipid peroxidation can
indeed alter the fluidity and subsequent permeability of the cell, the more immediate
effector of porosity appears to be the radiative force of water on the phospholipid
bilayer (Zhu et al. 2005; Pohl et al. 1993; Koshiyama et al. 2006).

Redox reactions are, however, responsible for a number of the bioeffects seen
following clinical ultrasound and are therefore considered here as a second main
effector of exposure. Redox, short for reduction-oxidation, refers to the theft of an
electron by a free radical from a surrounding compound or molecule, with a new free
radical forming in its place. This chain reaction continues like a string of dominoes
and can be thousands of reactions long. Unsaturated fats, particularly polyunsatu-
rated fats, within the lipid membrane can be especially vulnerable to this kind of
attack due to the weak double-carbon bonds present in these unsaturated lipids.
A reactive oxygen species (ROS) can target the multiple carbon double bonds within
the polyunsaturated fatty acid, allowing for easy dissociation of the hydrogen atoms
present in the lipid. Another free radical can then steal the unpaired electron from the
hydrogen linked with the carbon double bond, turning the carbon into a free radical
itself. This conjugated diene can then react with oxygen to form a proxy radical,
which thus propagates the redox chain reaction, until at which point two free radicals
meet and form a covalent bond with one another. Mitochondrial membranes are
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likewise vulnerable to redox mechanisms, not only from the surrounding environ-
ment but from within the mitochondrion itself through the production of ATP which
produces superoxide anions as a by-product. Superoxide can then either be turned
into hydrogen peroxide through the intervention of superoxide dismutase or can
form a highly reactive ROS, a hydroxyl radical. Proteins, RNA, and DNA are also
targets of oxidation; however, they are comparatively less vulnerable than the poly-
unsaturated lipids in the various cellular membranes, not only due to their molecular
composition but also because of their locations within the cell, given that mem-
branes generally feel the first brunt of a free radical attack.

The sonolysis of water produces hydroxyl radicals (OH") as one of its main by-
products. Of the initial molecular products succeeding this reaction is the formation
of hydrogen peroxide (H,0,), hydrogen atoms, water, and other oxidized molecules
coming from the cellular landscape, such as peroxidized lipids (for review, see Riesz
and Kondo 1992). Increased levels of hydrogen peroxide have also been noted in vivo
following ultrasound exposure (Juffermans et al. 2006). The production of this and
other reactive oxygen species, such as the aforementioned conjugated dienes, lipid
hydroperoxides, and malondialdehydes, each exhibits a dose-dependent increase fol-
lowing ultrasound. This in turn is tightly linked with the occurrence of lipid peroxi-
dation within the membrane (Jana et al. 1990). Following exposure, there are changes
in membrane fluidity as well as changes in cytoskeletal arrangement mentioned pre-
viously (Zhu et al. 2005). Actin polymerization may be triggered through a number
of means, each working in concert to create the microvillus extensions seen follow-
ing ultrasound. The MAPK pathway is a prime potential target for ultrasound-
induced oxidation, given its natural sensitivity to redox mechanisms under normal
circumstances. It has been shown that if MAPK is inhibited during H,O, exposure,
the membrane and cytoskeletal changes reminiscent of ultrasonic exposure which
would have otherwise resulted will instead be suppressed (Zhu et al. 2005).

As mentioned, the cytoskeleton is itself a direct target of redox reactions. While
oxidation is normally considered as a destructive mechanism, actin oxidation is
necessary for the growth of the cytoskeleton (Fiaschi et al. 2006; McDonagh et al.
2005). Cell-to-cell adhesion, however, is also a necessary component in the mainte-
nance of stem cell fate, and loss of that adhesion, such as occurs following oxidation-
induced polymerization of the cytoskeleton, can cause cells to differentiate
prematurely, creating heterochronies in tissue development (Campos et al. 2004). It
has been shown that following US exposure, such loss of adhesion can occur (e.g.,
see Siegel et al. 1979). For neural stem cell fate, this can alter subpopulation num-
bers of mature cells and thus lead to changes within the structure and function of the
entire cerebral system.

2.1 Secondary Effects Following US Exposure

When discussing secondary effects following low-level ultrasound exposure, one
must ultimately ask: What are the general downstream effects of transient mem-
brane porosity and the production of free radicals? A US-induced membrane pore is
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similar in diameter to that of a gap junction and allows the influx and efflux of ions,
amino acids, and other metabolites which would also flow through gap junctions. In
this instance, however, extracellular contents are allowed into the cell while intra-
cellular contents are allowed out, different from a gap junction which allows the
exchange of intracellular fluids between cells.

In the case of ions, the creation of a transient pore within the membrane is indis-
criminate and the equivalent of briefly opening all ionic channels at once. Sodium,
calcium, and chlorine rush into the cell, and potassium rushes out altering their
concentration gradients. Electrochemically, this alters the resting membrane poten-
tial of the cell and can lead to polarization and thus action potentials (Tyler et al.
2008). In the central nervous system, this triggers chains of events related to vesicu-
lar release of neurotransmitters into the synapse, as well as intracellular chains of
events following calcium influx, such as signal transduction through G protein-
coupled receptors. Ultimately, this activation can lead to events such as neuronal
transmission, long-term potentiation (LTP) through the NMDA receptor, and motil-
ity, growth, and proliferation in the case of immature cells (Berridge et al. 2000). As
can be deduced by these chains of events, ultrasound leads to calcium influx, and
calcium influx can subsequently lead to changes in gene expression.

Calcium influx ensues transient membrane porosity. As discussed, a continuation
of calcium waves generally follows this permeability, targeting a host of down-
stream effectors (Kumon et al. 2007). In neural stem cells and progenitors, calcium
waves appear to control their proliferation. Transient increases in calcium can also
lead to cell differentiation and neuritogenesis of these populations (Pébay et al.
2011). As an intracellular signaling molecule, calcium targets pathways such as
MAPK/ERK, calmodulin, and PKA, which all converge onto CREB. CREB then
binds DNA sequences called cAMP response elements (CRE) and, depending on its
binding partners, can either agonize or antagonize expression of genes such as c-fos,
BDNF, corticotropin-releasing hormone, tyrosine hydroxylase, and enkephalin
(Zhang et al. 2005). Some of the calcium receptors are likewise vulnerable to redox
regulation, having a so-called redox switch in which oxidative mechanisms turn the
receptor “on,” whereas reduction turns the receptor “off” regardless of upstream
activation (Campbell et al. 1996).

As one can see as per example of the calcium receptor, redox-induced chains of
events can lead to considerable alterations in phenotypic expression. This is because
redox mechanisms regulate many of the same pathways which are triggered by
changes in resting membrane potential as seen following transient porosity, such as
pathways for cell survival, growth, proliferation, motility, and even apoptosis. In
pyramidal neurons, redox mechanisms also regulate NMDA receptor activity
through the receptor’s various sulfthydryl groups (Lei et al. 1992). Targets under
direct or indirect regulatory control from reduction-oxidation include growth fac-
tors such as VEGF and EGF; cytokines such as TNF-a, IL-1f, and IL-8; various
adhesion molecules such as integrins; the MAPK/ERK pathway; the Akt pathways;
the canonical Wnt pathway; the JNK pathway; the NFkB pathways; AP-1; matrix
metalloproteinases; the calcium and NMDA receptors mentioned before; and many
others (Roy et al. 2008; Pébay et al. 2011; Rahman et al. 2004; Funato et al. 2006;
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Buhimschi et al. 2000). Because redox mechanisms are so heavily influenced by
environmental effectors, such as food intake, air quality, radiation exposure, and
infection, it is speculated that reactivity to reduction-oxidation, particularly by inte-
grating redox mechanisms into its cell signaling pathways, is one way the living
organism adapts to the demands of its environment.

Previous studies have found that redox mechanisms regulate proliferation in
numerous cell types (Ranjan et al. 2006; Griendling and Ushio-Fukai 1998).
Likewise, ultrasound exposure itself has been shown to increase proliferation in
populations of fibroblasts, osteoblasts, monocytes, chondrocytes, and endothelial
progenitor cells (Doan et al. 1999; Zhang et al. 2003; Young and Dyson 1990a).
Unsurprisingly, downstream of redox activity are targets such as N-Myc, a gene
which acts both as a transcription factor but more importantly as a regulator for a
large number of genes by recruiting histone acetyltransferases (HATS) to the DNA,
thus altering chromatin structure and the epigenome (Medina et al. 1992; Cotterman
et al. 2008). Oxidative stress is also capable of inhibiting histone deacetylase
(HDAC) activity (Rahman et al. 2004). Because the hormone, glucocorticoid, func-
tions to recruit HDACs to the site of gene expression, inhibiting HDACs thereby
renders the cell insensitive to glucocorticoid activity and vulnerable to chronic
inflammation (Adcock et al. 2005).

The inhibition of HDACS likewise can lead to the upregulation of the canonical
Wnt pathway, thus leading to increased cellular proliferation (Wiltse 2005). The
Whnt ligand binds to the LRP/Frizzled co-receptors which in turn activate the intra-
cellular mediator, Dishevelled. Dishevelled then disrupts the Axin/APC complex
which would normally bind and mark the transcription factor, B-catenin, for degra-
dation; instead, pB-catenin is freed into the cytosol, is then transported across the
nuclear membrane, and subsequently binds and displaces Groucho, thereby activat-
ing LEF/TCF transcription and promoting cell cycle progression. If, however, an
HDAC is bound to Groucho, this in turn prevents the binding of B-catenin to the
complex and prevents cycle progression. The canonical Wnt pathway is subject to
various redox controls: Dishevelled, for instance, is vulnerable to reduction mecha-
nisms which suppress it (Funato et al. 2006); Wnt is also downstream from the Akt,
mTOR, and ERK pathways through its involvement with GSK3p, and each of these
pathways are redox regulated either via direct redox-induced phosphorylation or
phosphorylation of one or more of their constituents (Murata et al. 2003; Sarbassov
and Sabatini 2005). Given its various redox regulatory mechanisms, as well as its
downstream position of pathways such as Akt, mMTOR, and MAPK/ERK, it is per-
haps unsurprising that Wnt’s upregulation has been reported following ultrasound
exposure (Olkku et al. 2010).

Ultrasound is known to upregulate production of a variety of products, such as
cyclooxygenase-2, basic FGF, prostaglandin E,, and nitric oxide (NO), although the
precise cause, cavitational or noncavitational, is currently unknown (Hsu et al.
2007; Reher et al. 1999, 2002). While NO is certainly a free radical, its production
in this instance is more likely due to one of transcription of inducible nitric oxide
synthase (iNOS), based on the time course of its presentation following exposure,
and not due directly to cavitation (Reher et al. 2002). Instead, its production is more
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likely a result of activation of the MAPK/ERK and NFxB pathways (Hou et al.
2009). While NO normally acts as an antioxidant in its capacity to reduce lipid per-
oxyl radicals, its increased production does, however, raise the risk of itself forming
a free radical, peroxynitrite, in the presence of superoxide anion which is produced
by the electron transport chain (Hogg and Kalyanaraman 1999). While it can act as
an antioxidant in its native form, NO also functions as an intracellular signaling
molecule, such as activating the cyclic GMP pathway, and also plays important
roles in vascular dilation which can subsequently affect the tissues around which the
vasculature forms its niche (Shen et al. 2004).

2.2 Ultrasound and Corticogenic Heterochrony

As with all tissues, the central nervous system follows a coordinated series of devel-
opmental events. The development of a given cell is determined not only by intrin-
sic factors but by extrinsic ones as well, particularly by temporal cues, location, and
its orientation relative to the different cells surrounding it and its location in space.
In relation to these cues, hydrodynamic forces play important roles in cellular
instruction by helping to form chemical gradients. For instance, the flow of CSF
within the ventricles, along with the help of ependymal cilia, promotes aspects of
the rostral-caudal patterning of the cortex through a gradient distribution of key
soluble instructive factors (Go6tz and Stricker 2006). Hydrodynamic forces and
shear stress likewise play vital roles in the development and continued maintenance
of the vascular system (Yamamoto et al. 2003), and the vasculature in turn forms a
niche surrounding the neural stem cell population, releasing soluble factors which
stimulate self-renewal, neurogenesis, and cell differentiation (Shen et al. 2004).

As one might imagine, ultrasound could impose a serious threat to cellular devel-
opment by providing false navigational cues via hydrodynamics, cavitation, and
reduction-oxidation mechanisms, leading to a heterochrony of neural tissues (for
review, see Banerjee and Slack 2002; Guirao et al. 2010). In 2006, Ang et al. pub-
lished work illustrating this phenomenon: mice were exposed in utero on embryonic
day 16 (mid-to-late neurogenesis) to ultrasound, with exposure ranging anywhere
from 5 to 420 min. Exposed and control mice were collected on postnatal day 10
and analyzed. The researchers found that following ultrasound, mouse cortex exhib-
ited signs of migratory abnormalities as well as periventricular ectopias. While no
behavioral studies were performed on these mice, Schneider-Kolsky et al. (2009)
also exposed fetal chickens to 1-10 min of ultrasound and found that Doppler ultra-
sound in particular triggered significant memory and learning impairment in the
range of 4-5 min of exposure. Doppler ultrasound is utilized to evaluate blood flow
and is generally used in obstetrics for monitoring heart development; however, as a
device it is also available for private use and can be purchased by expectant parents
for unregulated use within the home.

The migratory and proliferative abnormalities seen in the US-exposed mouse
cortices may have similar causal roots because both mitosis and cell motility utilize
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overlapping molecular pathways to perform their functions. Pathways such as Akt,
MAPK/ERK, mTOR, Wnt, and JNK exhibit a considerable cross talk and overlap
of functions in proliferation and migration (for review, see Williams and Casanova
2011). For instance, PTEN is a protein which regulates the Akt pathway; when
PTEN is downregulated, Akt is subsequently upregulated. In a Pten knockout model
of autism and macrocephaly which specifically targets neural stems cells through a
Nestin-cre combination, this mouse model not only exhibits drastically increased
neurogenesis of certain subpopulations, but it also exhibits extreme laminar maldis-
tribution, suggestive of migratory disturbances (Groszer et al. 2001). Mutations in
the transcriptional repressors Hesl, Hes3, and Hes5 cause combined abnormalities
in proliferation and cell migration (Hatakeyama et al. 2004).

Heterochrony is a term used to describe not only variations in homologous tissues
between species; it can also refer to variations within a species of a given tissue and
whether cell fate is expressed comparatively early or is retarded in its development
and remains in a state of immaturity for an extended period of time. Generally, this
prolonged immaturity will involve continued symmetric or asymmetric proliferation
and thus result in changes in ratios of cell subpopulations (Banerjee and Slack 2002,
for review). On a broad scale, evolutionary theorists have proposed that the retarded
heterochrony of the initial radial glial progenitor population has led to increases in
encephalization across species, i.e., bigger brains. However, Casanova et al. (2002)
also propose that such a heterochrony within the human population may underlie
aspects of the autism phenotype, in which retarded development of radial glia leads
to a greater number of neocortical minicolumns and a subsequent disturbance in
overall cerebral connectivity patterns which cause the behavioral syndrome.

Such heterochronies can also be seen in the variety of autism animal models used
to study the conditions. For instance, a model for Fragile X syndrome, a genetic
condition highly comorbid with autism, exhibits a distinct increase in the number of
Tbrl-immunolabeled cells within the infragranular layers of the neocortex, suggest-
ing that the radial glia which produced these cells are held in a state of prolonged
proliferation (Tervonen et al. 2009). The tuberous sclerosis model (Tsc2 knockout),
also highly comorbid with autism, conversely exhibits increased numbers of Tbr2-
immunolabeled intermediate progenitors within the subventricular zone and a
simultaneous decrease in numbers of infragranular cells, although total number of
neurons within the cortex does not appear generally disturbed (Way et al. 2009).
This model instead suggests that the Tsc2 knockout’s radial glia mature early, pro-
duce fewer infragranular neurons, and instead produce more intermediate progeni-
tors, the latter which are subsequently maturationally retarded and held in a
proliferative state for a longer period of time. Thus, both of these models display
distinct heterochronies which lead to laminar anomalies different from one another
and their controls and are reflective of the neocortical development seen in their
respective human conditions, thus illustrating how slight changes in relative tissue
development can drastically change the function of that tissue, e.g., behavior and
cognition. Ultimately, just as with mutations in the Fmrl gene in Fragile X or in the
Tsc2 gene in Tuberous sclerosis, ultrasound may not play a teratogenic role in all
cases of autism, but it may play an integral one in a portion of them, particularly
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individuals who may be more susceptible to its effects either through inherited pro-
clivity, due to differences in exposure, to multiple environmental hits from other
agencies, or a combination thereof. In lieu of developmental plasticity and the
capacity for development to be guided towards a particular common phenotype
through different yet converging pathways, one can see how the molecular activities
which result from ultrasound exposure may share commonalities with other causal
factors already known to be associated with autism.

2.3 Factors Associated with Autism

Abnormalities in cerebral growth have been a recognized association with autism
for a number of years, in particular the increase in head circumference during child-
hood which generally normalizes by puberty or adulthood (Aylward et al. 2002).
Casanova (2004) has noted that this initiation of unusual growth coincides with the
time period for myelination, a process which is known to add considerable volume
to the cerebral cortex. Instead, he suggests that this increase in volume is due to
myelination and is reflective of the earlier corticogenic disturbances which ulti-
mately lead to a rise in total cell numbers within the neocortex and subcortical
structures. This retarded growth of the progenitor population is reflected in the total
number of minicolumns which comprises the neocortex. In addition, a combination
of migratory and proliferative disturbances have been found in the brains of autistic
in the form of heterotopias and dysplasias — findings not unlike those produced in
the Ang et al. (2006) murine model of prenatal ultrasound exposure (Bailey et al.
1998; Wegiel et al. 2010).

Increases in proliferation following ultrasound exposure can be seen in a number
of cell types, such as fibroblasts, osteoblasts, chondrocytes, and monocytes (Doan
et al. 1999; Zhang et al. 2003). Unfortunately, little research has been performed on
broader cell types because ultrasound is used heavily as a therapeutic tool for bone
repair, and therefore, there is less demand for applied research in other areas.
Ultrasound effects on the mitogenic factor-releasing capacity of macrophages and
their direct effects on proliferative rates of fibroblasts have however been studied,
illustrating that indirect bioeffects from cell-to-cell interaction also follow ultra-
sound exposure (Young and Dyson 1990b). Given the effects ultrasound has on
membrane permeability and the cellular growth which generally follows transient
cell porosity, it will be interesting to note in future whether these results are repli-
cated across cell types.

Some of the US-induced disturbances in proliferation are reflected in some of the
autism genetics research performed to date. PTEN, for instance, is associated with
a set of hamartomatous conditions with loss-of-function mutations; it is also signifi-
cantly associated with autism and combined macrocephaly (McBride et al. 2010).
PTEN lies upstream of pathways such as Akt and regulates the phosphorylation of
PIP, to PIP;; therefore, any loss of function of this protein leads to abnormal upreg-
ulation of Akt and changes in related pathways. MAPK/ERK is another aforemen-
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tioned pathway which shares considerable crosstalk and co-regulation with the Akt
pathway. c-Met, a proto-oncogene whose mutations are associated with nonsyn-
dromic forms of autism, likewise lies upstream of MAPK/ERK and promotes its
activity (Campbell et al. 2006). Its activation is also heavily inhibited by PTEN in a
complex fashion, providing links through these various interactive pathways to the
heterogeneous forms of autism (Abounader et al. 2004).

Ultrasound, like some of the syndromic and nonsyndromic mutations in autism,
targets familiar pathways like MAPK/ERK, Akt, NFxB, Wnt, and numerous more
(Hou et al. 2009; Olkku et al. 2010). These pathways are targets of pore-induced
cellular signaling and activation of calcium-activated pathways, but many of these
molecules have phosphorylation sites that may be directly oxidized through US
exposure. As discussed earlier, Dishevelled, upon reduction, is downregulated irre-
spective of Wnt ligand activity, and thus, following ultrasonic oxidation, this path-
way’s activity may be upregulated. Oxidation can also inhibit HDACs and thereby
upregulate canonical Wnt through a transcriptional means which can then be epige-
netically inherited for multiple cellular generations. HDAC inhibition has previ-
ously been linked with autism, showing that prenatal valproic acid and/or
carbamazepine exposure can increase risk of developing the condition (Rasalam
et al. 2005). Both of these medications have a variety of secondary effects, but as
one of their primary effects, they act as potent HDAC classes I and II inhibitors
(Shimshoni et al. 2007). The MAPK/ERK pathways have also been found to regu-
late HDAC:s, linking their activity with chromatin remodeling and autism-associated
mutations in some of the MAPK genes, such as MAPK3 (Zhou et al. 2000; Sanders
etal.2011). Ultrasound’s effects on migration may also be echoed in the RELN gene
which is associated with some nonsyndromic forms of autism. Reelin is an extracel-
lular matrix protein which is intimately involved in neuronal migration, cell adhe-
sion, and even synaptic plasticity, and any loss-of-function mutation inevitably
causes extreme disruption of the cortex (Weeber et al. 2002). Other genes involved
in cell adhesion, such as CNTNAP2 whose loss of function is associated with autism,
may provide phenotypic links to the loss of intercellular adhesion seen following
US exposure (Pinto et al. 2010; Siegel et al. 1979).

Oxidative stress, like that following ultrasound exposure, has been associated with
autism, although understanding in the field of study is still in its infancy. By-products
of oxidative stress have been studied in autism at a number of levels, including the
membrane level, in serum and urine, and at the level of specific endogenous and
dietary antioxidants. For instance, increased levels of 8-hydroxy-2-deoxyguanosine
and 8-isoprostane-F2a, both by-products of lipid peroxidation and thus indicators of
the activity of this process, have been noted in the serum of autistic children as have
lower levels of glutathione which is an important antioxidant and regulator of redox
homeostasis (Ming et al. 2005; James et al. 2006). A poverty of production of the
binding proteins, transferrin, an iron-binding protein, and ceruloplasmin, a copper-
binding protein, has been noted in the conditions as well (Chauhan et al. 2004). Both
iron and copper are potential catalysts of oxidation due to the ease with which they
lose and gain electrons, and therefore, their binding proteins are important regulators
of these catalysts’ activities. Ultimately, lower levels of transferrin or ceruloplasmin
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in the blood may suggest an increased risk to oxidative stress due to higher concen-
trations of free iron and copper. From an ecological standpoint, air pollution, particu-
larly pollution due to heavy metals such as mercury, cadmium, and nickel, has also
been associated with increased autism risk. These metals, similar to copper and iron,
have the capacity to act as free radicals as well as to inactivate glutathione (Windham
et al. 2006; Valko et al. 2006, for review). In summary, it is clear that redox homeo-
stasis is disrupted in a portion of cases of autism, although by means unknown.
Because redox dysregulation can be a sign of disrupted cellular health, it is difficult
to postulate whether oxidative stress is a cause or a result of the conditions.

3 Discussion

While focusing on a few snippets of the larger ever-growing body of autism, research
must seem like magnifying a molehill into a mountain and subsequently taking it
out of context; instead we have tried to select examples which speak to an underly-
ing theme, namely, one of dysregulation of cellular growth, migration, and differen-
tiation in autism. And in that sense, heterogeneous autism may be a good example
of “all roads lead to Rome” such that multiple avenues, including genetic mutation,
epigenetic alteration, medication exposure, oxidative stress, diet, ultrasound, or a
combination of effectors, may produce a common phenotype. As West-Eberhard
(2005) states:

[it] does not matter, for the form taken by the morphological change, whether the pivotal
change . . . was induced by a mutation or by an environmental accident. The particular
characteristics of the novel morphology . . . arose via mechanisms of developmental plastic-
ity, not owing to the particular genetic or environmental change that may have induced them
(p. 618).

Biological plasticity is reflected at numerous levels. In this chapter, we have
focused on its plasticity at the molecular and cellular levels, illustrating that the
activity of key pathways, reflected in the genetics of some cases of autism, can be
altered through means other than DNA mutation and may instead be largely epigen-
etic. Epigenetic in this context refers to more than the alteration and inheritance of
chromatin and methylation patterns but also to modes of inheritance that exist out-
side the cell, including that of its surrounding ecology. Mutations associated with
syndromic and some nonsyndromic cases of autism, while still only comprising a
minority of the larger spectrum, can help us pinpoint some of the particular molecu-
lar pathways which are involved in the broad spectrum of autism. It is this concept
which we have earlier dubbed, “The Lowest Common Denominator of Autism”
(Williams and Casanova 2010, 2011, for review). While genetics gives us vital
information, it is obvious that autistic genotypes are heterogeneous, and so we must
move to a higher level of comparison to identify trends, namely, the activity and
timing of key molecular pathways involved in producing a common phenotype.
To paraphrase West-Eberhard (2005) in this context, it does not matter what causes
the alteration in activity of a given pathway but that it is altered at all. Given that
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molecular pathways are not unlike a string of dominoes, it does not ultimately mat-
ter whether you target one domino or another within the grouping; the end result
(genetic transcription or transcriptional suppression) is much the same. And the
redundancy and cross-regulation of these various pathways likewise underlie the
variability of biological plasticity. Therefore, if we apply this concept to prenatal
ultrasound exposure, noting the commonalities its bioeffects share with both syn-
dromic and nonsyndromic forms of autism, we can slowly begin to see how ultra-
sound may play some role in the conditions’ etiology.

It has been extremely difficult to pin down ultrasound as a risk factor for autism.
For one, funding and interest have been scarce because the idea of ultrasound as a
teratogen to most people sounds like a pseudoscience, when in fact our understand-
ing of its biophysical mechanics shows quite clearly that concern is justifiable. In
reference to the modicum of work which has already been done on this topic,
Grether et al. (2010) performed an epidemiological study which at face value pro-
vides evidence which would quell our concerns; however, as we learn more about
the deregulation of the method and its variability of exposure in real medical prac-
tices, it becomes almost impossible to gauge risk by searching through medical
records. In essence, we need well-controlled studies with well-defined parameters,
and that includes animal studies which can give us even greater control within the
laboratory and provide postmortem materials. Only in these ways can we clarify
what role ultrasound plays in development and precisely how safety standards need
to be tightened.

At one point in time, X-rays were used to excess in medical practice until eventu-
ally researchers realized that they were carcinogenic. This new tool was discovered
in 1895 and was rapidly put to prolific and poorly regulated use. It was not until skin
damage was linked with exposure that scientists and practitioners slowly began to
improve safety regulations. By 1927, several decades later, there was an inkling of
awareness of its mutagenic properties when Hermann Muller discovered that X-rays
could promote genetic mutations in Drosophila (Muller 1927), and by the 1950s
research suggested links between prenatal exposure and later development of cancer
in childhood (e.g., see Giles et al. 1956). As discussed within the introduction of this
chapter, the history of ultrasound shares parallels to X-ray in its early unregulated
use, with a subsequent tightening of safety standards after the realization that ultra-
sound, while not mutagenic, can nevertheless cause tissue damage. Such is human
nature to apply a novelty excessively until we discover its side effects.

Unfortunately, the last several decades have experienced a loosening of these
regulations while very little of the growing body of research on ultrasound has been
applied to its use in obstetrics. Very few scientists who study its effects on targeted
drug therapy, on bone and cartilage regeneration, on gene delivery, and on intravas-
cular dilation and imaging and numerous other studies for its application seem to
publish any concerns regarding its use in fetal monitoring. In part, this is likely a
reflection of the isolation in which each subfield generally resides. Developmental
biologists are probably unfamiliar with the relevant literature, and scientists from
other fields who do research ultrasound likely have little professional interest in pub-
lishing out of their disciplines. And for the developmental biologist, drudging up
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literature on “ultrasound” and “safety” usually results in various old reviews citing
the same outdated materials and reiterating the same pacifying statements, while in
order to find the current science, the developmental biologist must search through
foreign literature on gene transfection, delivery of medications to target organs utiliz-
ing ultrasound-enhanced microbubbles, or work elucidating bone repair by therapeu-
tic ultrasound. A good deal of the science of ultrasound is known and available to the
reader, but it is hidden by search engines and disciplinary isolation, and this will only
be rectified once embryologists delve into these texts and apply them to their own
field. And therefore it is our hope that this chapter will serve as a cross-disciplinary
starting point for those scientists who wish to travel into less familiar territories.
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