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Focused ultrasound with microbubbles induces sterile
inflammatory response proportional to the blood brain
barrier opening: Attention to experimental conditions
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Abstract

This editorial highlights the findings of McMahon [1] and demonstrates the need for careful attention to
experimental conditions that influence microbubble concentration and pharmacokinetics contributed to
focused ultrasound-induced blood brain barrier opening and sterile inflammation.

Related article: Theranostics 2017; 7(16):3989-4000. doi:10.7150/thno.21630

The blood-brain barrier (BBB) maintains
homeostasis, preventing the passage of toxins and
cells into the brain that could induce inflammation
and damage the surrounding elements of the
neurovascular unit (NVU). Focused ultrasound (FUS)
coupled with intravenous infusion of microbubbles
(MB) can open the blood brain barrier and allow
leakage of neurotherapeutics and plasma proteins
into the parenchyma that can activate astrocytes and
microglia [2]. Pulsed focused ultrasound (pFUS)
induces stable MB oscillations, which radiate pressure
waves on and through the NVU. Either stable
oscillations, or possibly intertial caviation, could alter
the parenchymal microenvironment to increase
expression of the cytokines, chemokines, trophic
factors (CCTF), and cell adhesion molecules (CAM)
observed in a sterile inflammatory response (SIR) [2].
Transient SIR can both cause damage and stimulate
repair mechanisms in the parenchyma ([3, 4].
pFUS+MB increases interferon-y expression within
the parenchyma by stimulating a local immune
response within the targeted parenchyma [2] and this
cytokine can stimulate an innate immune response
aiding in the clearance of amyloid plaques in
Alzheimer’s disease (AD) models [5, 6].

McMahon [1] reported that pFUS+MB-induced
BBB disruption (BBBD) increased mRNA associated
with inflammatory pathways involving nuclear factor
kappa-light-chain-enhancer of activated B cells
(NFxB) in brain obtained at 6 h post sonication, and
that the SIR magnitude depended on the MB dose.
Coupling pFUS with the US contrast agent Definity®
at 10 pL/kg did not significantly elevate
transcriptomic constituents of NFxB pathways,
resulting in significantly less (p<0.01) signal intensity
(SI) changes on gadolinium (Gd)-T1 weighted (w)
images when compared to pFUS+Definity® at 100
uL/kg when the sonication peak negative pressure
(PNP) was controlled by passive cavitation detection
(PCD). pFUS+Definity® at 100 pL/kg resulted in a SIR
evidenced by increasing mRNA expression of
pro-inflammatory factors, larger SI changes that were
homogenous in appearance, and the appearance of
hypointense voxels on T2*w imaging 4 h
post-sonication  that were  consistent  with
parenchymal damage. pFUS+Definity® at 100 uL/kg
using PCD feedback did result in an inflammatory
response with transcriptomic elevations in Ccl5, Faslg,
Tnf, Il1b and Icaml presumably in the absence of
inertial cavitation. A linear correlation was observed
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between transcriptomic responses to pFUS+MB-
induced BBBD and SI changes on MRI. However, the
changes in SI and mRNA expression following
pFUS+Definity® resulted in correlations with R2
ranging from 0.693 to 0.386 (depending on the CCTEF),
implying that between approximately 31% to 62% of
the mRNA expression variability is unrelated to SI
changes. The mRNA encoding for a range of IL1b,
IL1a, and TNF associated with SIR had <42% of their
variability accounted for based on SI alone, leaving
other factors contributing to changes in SI
unaccounted for [1]. A lack of transcriptomic changes
does not necessarily indicate unaltered protein
expression since cells contain baseline quantities of
mRNA available for protein translation without
transcribing new mRNA. It is also possible that
transcriptomic responses consistent with activated
NF«kB pathways to pFUS+Definity® at 10 uL/kg
would have been observed if tissue sampling had
been performed at other time points [2].

These observations underscore the vital need to
address questions regarding pFUS+MB-induced
BBBD relating to MRI SI changes: 1) What magnitude
of SI changes on Gd-T1w MRI precisely define BBBD?
2) How does the magnitude of SI changes following
pFUS+MB predict adequate parenchymal delivery of
neurotherapeutics or stimulation of molecular and or
immune responses?

McMahon attempted to replicate parts of a
previous study by Kovacs [2], which used a pFUS
peak negative pressure of 0.3 MPa (in water) at a
transducer frequency of 589 kHz (translating to a
mechanical index of 0.39)—below the reported limits
of BBBD with erythrocyte extravasation [7] that
induced a SIR in the area of BBBD. Important
differences between the two studies lead to some
overstating of the data in [1]. McMahon attributes the
SIR in Kovacs [2] to the fact that the Optison™ MB
dose (500 pL/kg) was 10-fold higher than the clinical
dose and thus comparable to Definity® at 100 pL/kg
(10-fold higher than its clinical US imaging dose). This
relationship may not hold true for pFUS+MB induced
BBBD. The two MB preparations are different in size,
dispersity, and concentration (Definity®=1.2x1010
MB/mL, Optison™=5-8x108 MB/mL), which may
affect their ability to open the BBB. Differences in total
numbers of MB infused, infusion rates (IR),
oxygenation states, and number of targets influence
BBBD may alter the downstream parenchymal
molecular responses. Kovacs infused Optison™
(5-8%107 MB) at 100 pL/min over 1 min starting 30 s
before sonication in rats inhaling 100% O, that
resulted in homogeneous BBBD over 9 focal spots
based on Gd-T1lw images [2]. McMahon [1] infused
Definity® diluted in saline at 10 or 100 pL/kg (1.2x108

MB/kg or 1.2x10° MB/kg, respectively) at 120
puL/min in rats on medical air (21% O.) sonicating at
various PNP in one focal area. The intravascular
half-life (T1/2) of both MBs is 1.3 min in air and 0.72
min on 100% O [8-10]. MBs are eliminated through
the lungs and plasma concentration depends on the
initial dose, IR, T1/2, and oxygenation status.

Figure 1 contains the equations and graphs from
pharmacokinetic modeling (http:/ /www.
gatewaycoalition.org/files/hidden/deliv/ch3/3_5fh
tm) of Definity® at 100 pL/kg, 20 uL/kg, and 10
uL/kg (air), IR=120 pL/min and Optison™ at 500
uL/kg on air or 100% O, IR=100 uL/min, all with 120
s of pFUS [1, 2]. The Definity® dose of 20 uL/kg is
based on a previous report [11]. During the total FUS
“on” time, the area under the curve (AUC) was
2.63x10” MB/kg for Definity® at 100 pL/kg on air.
This was >8.4x greater than Optison™ at 0.25-0.4x10°
MB/kg (500 pL/kg) while inhaling 100% O,. Kovacs’
MB dosing and pFUS protocol resulted in essentially
no difference in AUC as Definity® at 10 pL/kg,
underscoring the importance of IR and inhaled O [2].
The AUC calculations assumed fixed FUS pressures
because the data presented by McMahon [1] do not
allow determination of at which US burst number
(i.e., time after initiating pFUS) stable cavitation
would be detected. However, we can determine that
AUC differences between constant or ramped
pressures are negligible. McMahon [1] states that PNP
was initially set at 0.128 MPa and ramped up to a
mean of 0.192 MPa (0.064 MPa difference). Increasing
by 0.008 MPa/cycle means that 0.192 MPa would be
achieved by the 9t pulse. If we generously assume
that no cavitation whatsoever occured during the first
8 pulses and remove those data points from the
integration, the AUC values only change by <1% (2.63
vs. 2.61 for 100 nL/kg; 0.300 vs. 0.298 for 10 pL/kg).
Of course, in reality, stable cavitation likely begins
before the transducer reaches an inertial cavitation
threshold. The modeling demonstrates that
approaches to MB dosing demand at least quantifying
circulating MB as discrete cavitation nuclei. It is
clearly insufficient to simply adjust volumes of
solution when dealing with different formulations.
MB dosing by gas volume/kg correlates with BBBD
and represents an alternative to liquid-volume-based
dosing. MB size affects physical interactions with
pFUS, making certain diameters better BBBD agents
at a given frequency [12]. Moreover, vascular
heterogeneity will give different vessel types varying
susceptibility to BBBD for disperse MB sizes.

We agree with McMahon's findings that SIR will
be proportional to MB dose on some level, but the
picture is extremely complex. For pFUS+MB to
emerge as a viable therapeutic option will require: 1)
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quantitative imaging standards that define adequate
BBBD (i.e., MRI parameters and findings); 2)
validated therapeutic and molecular/immunogical
outcomes; and 3) the understanding of how the
magnitude of BBBD is influenced by MB number, size,
dispersity, IR and clearance. There are wide ranges of
MRI parameters that can be manipulated to increase
the conspicuity of BBBD following sonication, which
also need standardization. Defining the infused MB
concentration, IR and appropriate pFUS parameters
used when canvassing brain pathologies, while
investigating safety and the specific value of
pFUS+MB to induce a SIR are necessary in
stimulating an immune response.

There are several reports that pFUS+Definity® at
higher doses (20-80 pL/kg) was needed to open the
BBB and clear amyloid plaques in mouse AD models
[13-15]. In the canine model of aging [16], pFUS with
PCD feedback was coupled with an infusion of
Definity® at 20 pL/kg. Although BBB opening was
detected on Gd-T1w MRI, the clearance of amyloid
plaques did not reach significance for the entire cohort

A Plasma concentration during infusion

Co= 22 x(1 —e7ke)

Plasma concentration after infusion
G = (Cint - e_kelr)

Definity and Optison
ti2= 1.3 min MA
t12= 0.72 min 100% O,
Definity Infusion Rate = 120 pL/min
=1.4x10° MB/min;
Optison Infusion Rate = 100 yL/min
= 5-8x107 MB/min

C, = Plasma Concentration

Cint = Initial Concentration

ko = Infusion Rate

CL = Clearance rate (k,*Vy)

V4 =61 mL/Kg

ke = Elimination rate constant (0.693/t,,,)
ke100% O, = 0.963/min; k(MA) = 0.533/min

possibly due to the small sample size. An SIR
following pFUS+MB BBBD would be likely to occur
with a Definity® dose >20 uL/kg compared to
Definity® at 10 pL/kg used by McMahon [1]. Indeed,
an SIR that includes elevation in CCTF and CAM
could be important to initiate an immune response
that would help clear amyloid plaques [5, 6]. If the
minimal SIR profile observed by McMahon at 10
uL/kg [1] was induced in the transgenic AD mouse,
there is a high possibility that little changes to
pathology would be observed. Noninvasive image
guided pFUS+MB opening of the BBB does hold
potential compared to other invasive techniques [17],
but still requires standardized parameters for US, MB
dosing, IR, and MRI protocols. This leaves subsequent
studies that investigate biology and therapeutic
effectiveness sometimes difficult to interpret and
underscores the importance of wusing acoustic
emissions to calibrate PNP, which widens the safety
window of pFUS+MB and improves consistency in
BBBD.
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Figure 1. (A) Pharmacokinetic equations and definition of parameters used for modeling clearance of MB. (B) Graphs of models using either Definity® or Optison™

at various MB/kg doses and IR. Line represents on-time of pFUS.
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