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Objective: For the treatment of tumor hypoxia, microbubbles comprising oxygen as a majority component of the gas core
with a stabilizing shell may be used to deliver and release oxygen locally at the tumor site through ultrasound destruc-
tion. Previous work has revealed differences in circulation half-life in vivo for perfluorocarbon-filled microbubbles, typi-
cally used as ultrasound imaging contrast agents, as a function of anesthetic carrier gas. These differences in circulation
time in vivo were likely due to gas diffusion as a function of anesthetic carrier gas, among other variables. This work has
motivated studies to evaluate the effect of anesthetic carrier gas on oxygenmicrobubble circulation dynamics.
Methods: Circulation time for oxygen microbubbles was derived from ultrasound image intensity obtained during
longitudinal kidney imaging. Studies were constructed for rats anesthetized on inhaled isoflurane with either
pure oxygen or medical air as the anesthetic carrier gas.
Results: Results indicated that oxygen microbubbles were highly visible via contrast-specific imaging. Marked sig-
nal enhancement and duration differences were observed between animals breathing air and oxygen. Perhaps
counterintuitively, oxygen microbubbles disappeared from circulation significantly faster when the animals were
breathing pure oxygen compared with medical air. This may be explained by nitrogen counterdiffusion from
blood into the bubble, effectively changing the gas composition of the core, as has been observed in perfluoro-
carbon core microbubbles.
Conclusion: Our findings suggest that the apparent longevity and persistence of oxygen microbubbles in circula-
tion may not be reflective of oxygen delivery when the animal is anesthetized breathing air.
Keywords:
Bubble
Contrast-enhanced ultrasound
Ultrasound contrast agent
Tumor hypoxia
Radiation therapy
1,2-dibehenoyl-sn-glycero-3-phosphocholine; DSPE-PEG2000, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
ed saline; CPS, Cadence contrast pulse sequence; TIC, time-intensity curve(s); AU, arbitrary unit(s); ROI, region of
mum intensity projection; MAP, mean arterial pressure; CEUS, contrast-enhanced ultrasound
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Introduction

Radiation therapy is an effective tool for the treatment of cancer. As in
most oncology treatments, however, there are also significant risks associ-
ated with radiation therapy. One major mechanism of radiation-induced cell
damage is the creation of single- and double-strand breaks in DNA from the
impingement of high-energy particles and the generation of reactive oxygen
species, often described as the oxygen fixation hypothesis [1−3]. In the pres-
ence of sufficient oxygen, the fragmented DNA strands are molecularly fixed,
converting to peroxyl radicals that are unable to be repaired by cellular
machinery, leading ultimately to cell death. However, in the absence of oxy-
gen, the damaged DNA can be chemically reduced and repaired, resulting in
reduction of permanent damage [1,4].

Hypoxia, or the absence of oxygen, is a hallmark feature of solid
tumors. Tumor growth may outpace new vessel formation, increases in
interstitial pressure may collapse existing vasculature and increased
metabolic activity can further deplete available oxygen in tissue.
Although there are many additional effects of hypoxia on cell regulation
and stress tolerance [5,6], the lack of available oxygen greatly reduces
radiotherapeutic efficacy in hypoxic cells and tumors [7,8]. It follows
that oxygen delivery to tumors prior to or during radiation therapy could
improve treatment efficacy. Strategies for tumor oxygenation have been
explored, such as hyperbaric oxygen therapy, carbogen breathing and
vasodilators [9−11], as well as oxygen delivery via perfluorocarbon
emulsions [12,13].

Microbubble ultrasound contrast, consisting of a poorly water-solu-
ble gas stabilized by a shell material, has been used for diagnostic imag-
ing for decades in the clinic. In addition to their diagnostic uses, it has
been recognized that microbubbles can be used for therapeutic out-
comes, both as delivery vehicles themselves and as an agent to enhance
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transfer of acoustic energy to tissue. Many parts of the microbubble may
be functionalized for the purposes of carrying drug payloads, and their
responsiveness to an acoustic field allows them to be destroyed in a spe-
cific region, releasing their payload [14]. Microbubbles for imaging are
traditionally filled with low-solubility gasses such as sulfur hexafluoride
and octafluoropropane to increase their circulation lifetime. However,
the core gas can be replaced for the purpose of gas delivery [15,16].
Oxygen-filled microbubbles (OMBs) have been investigated as theranos-
tic agents to reverse oxygen depletion, primarily in the contexts of hyp-
oxemia and tumor radiosensitization. Pre-clinical results in a rabbit
model of complete tracheal occlusion have indicated that intraperitoneal
infusion of OMBs can significantly prolong survival [17]. The strategy of
peritoneal microbubble oxygenation has also had promising results in a
rat model of acute respiratory distress syndrome, resulting in a 37%
increased survival rate compared with that of untreated and saline-
treated control groups [18]. As an adjuvant cancer theranostic agent,
OMBs have been found to re-oxygenate tumors and improve sonody-
namic therapy, brachytherapy and external beam radiation therapy in
rodent models [19−24].

Isoflurane is a common anesthetic used for rodent experiments. Iso-
flurane is administered with a calibrated vaporizer that volatilizes iso-
flurane into a carrier gas stream, which is delivered to the animal via
nose cone. Inhaled anesthesia carried on oxygen gas is commonly
employed for pre-clinical studies in rodents. However, contrast-
enhanced ultrasound, as well as radiation therapy, is usually performed
with human patients breathing air.

The purpose of this study was to evaluate the effect of anesthetic car-
rier gas on dissolution and clearance kinetics of intravenously adminis-
tered oxygen microbubbles. It was initially hypothesized that breathing
oxygen as the anesthetic carrier gas would reduce oxygen microbubble
dissolution and result in longer circulation kinetics.

Methods

Oxygen microbubble preparation

Oxygen microbubbles were synthesized as described previously [22].
Briefly, 1,2-dibehenoyl-sn-glycero-3-phosphocholine (DBPC) and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol 2000)
(DSPE-PEG2000) in a 9:1 mol ratio were dissolved in phosphate-buffered
saline (PBS) at a total lipid concentration of 12 mg/mL. Lipid and emulsi-
fier were added to 10 × diluted PBS. The system was heated to the main
phase transition temperature of the main lipid (75°C) constituent and
stirred gently using a magnetic stir bar to make a homogenous suspension.
The heated lipid suspension was further subjected to low-power probe son-
ication (30% amplitude) for 10 min (Branson Digital Sonifier SFX 550,
Danbury, CT, USA) to further disperse multilamellar structures into unila-
mellar structures. The lipid suspension was then cooled to 4°C.

Oxygen-filled microbubbles were then generated by sonicating the
lipid solution (Branson, Danbury, CT, USA) in a water-cooled (5°C) con-
tinuous-flow closed chamber, under oxygen atmosphere. Resulting
OMBs and foam were collected and processed via differential centrifuga-
tion to separate unreacted lipid suspension and macrofoams from the
OMB microfoam cake containing OMBs with a volume weighted diame-
ter <10 μm. The OMB microfoam obtained was characterized with
respect to final size and concentration, as measured by single-particle
optical sizing (AccuSizer 780, NICOMP Particle Sizing Systems, Santa
Barbara, CA, USA). OMBs were stored at a high concentration (70%
−80% v/v) and diluted to 50% gas fraction in oxygen-saturated PBS
immediately prior to administration.

Microbubble time−intensity curves

All animal experiments were reviewed and approved by the Univer-
sity of North Carolina Institutional Animal Care and Use Committee.
Healthy female Fisher 344 rats (∼125 g) were anesthetized with isoflur-
ane (2.5%) with either pure oxygen or medical air carrier gas and placed
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on a heated imaging platform in the right lateral recumbent position
(Fig. 1). Contrast-naïve animals (n = 6 per group) were used for each
acquisition to mitigate any confounding effect of antibody-mediated
microbubble clearance, which has been previously observed with
repeated administration of lipid-shelled microbubbles decorated with
PEG [25]. Animals were shaved and depilated over the left kidney.
Ultrasound images of the longitudinal view of the kidney were acquired
using Cadence contrast pulse sequence (CPS) at 7 MHz (20 Hz frame
rate) with a 15L8 linear array transducer (Acuson Sequoia 512, Siemens
Medical Solutions USA, Issaquah, WA, USA) at a mechanical index of
0.18, with 80 dB dynamic range and a CPS gain of 0 with uniform time-
gain compensation. Frames were saved at 2 Hz for 300 s. At 10 s, ani-
mals received a 750- to 1000-μL bolus injection of OMBs at a concentra-
tion of 1.0 × 109 OMBs/mL (gas volume fraction 50%) injected over
30 s. Following contrast elimination, animals were removed from anes-
thesia and allowed to recover before being returned to their cages.

DICOM CPS images were converted to AVI format and processed in
Fiji software [26] to obtain time−intensity curves (TICs) for evaluation
of microbubble circulation and elimination kinetics, calculated as pixel
intensity arbitrary units (AU). Because of the high dose delivered, acous-
tic shadowing was observed in some of the animals. To minimize proc-
essing artifacts caused by acoustic shadowing, a region of interest (ROI)
was selected by defining a 60- × 30-pixel oval over the peripheral region
of the kidney proximal to the transducer rather than the entire kidney
[25,27]. The average pixel intensity value of the ROI was determined
for each frame and plotted over time to construct TICs. Data are pre-
sented as the mean ± standard deviation unless otherwise stated. All sta-
tistical analyses were performed in GraphPad Prism 9.4 (GraphPad
Software, Inc., La Jolla, CA, USA). Values of p < 0.05 were considered to
indicate statistical significance. Mean area under the curve (AUC) was
calculated with an offset value of 20 and compared between the two
groups via an unpaired t-test using the total area, standard error and
total degrees of freedom of each group, similar to methods described
previously [22]. Non-linear regression analysis was used to calculate the
average elimination rate constant (Ke), half-lives and the standard error
of the mean (SEM) of each group. Elimination rates, as well as half-life
constants between the oxygen and air anesthesia groups, were compared
via extra sum-of-squares F-test. Maximum intensity projection (MIP)
images were produced by combining the maximum pixel values over
time for each image in the series as a representative visualization of kid-
ney perfusion in Fiji software [26].
Gas diffusion modeling

To investigate the microbubble dissolution during normal, oxygen
and air breathing, we used the multigas microbubble dissolution model
previously developed by Kwan and Borden [28,29]. The model predicts
the size and gas content evolution by diffusion as a function of the
microbubble shell properties and gas-environment composition using
the expressions

dni
dt

� 4πRKH;i

Ωs;i � Ωw;i
PH � PE � 3BT

4πR3 ∑
N

j
nj � fiP∞;i

 !
where i≠j �1�

0 � 2σR2 � PHR3 � 4π
3BT

∑ni �2�
where n is the moles of gas in the microbubble core, i represents the gas
species, t is the time coordinate, R is the radius of the microbubble, KH is
the molar Henry’s constant, Ωs;i is the dependence of gas permeation
resistance through the lipid shell, Ωw;i is the resistance of gas diffusion
through the surrounding media, PH is the hydrostatic pressure, PE is the
pressure exerted by the interface on the gas core, B is the ideal gas con-
stant, T is the absolute temperature of the system and σ is the surface
tension (also dependent on the shell and bubble radius, see below). The
saturation fraction, f, relates the bulk partial pressure with the dissolved



Figure 1. Schematic of experiment. Isoflurane, carried on medical air or pure oxygen, was used to anesthetize rats. Oxygen microbubbles were administered via intra-
venous bolus injection as contrast-specific ultrasound images of the kidney were acquired. Average contrast enhancement was calculated in a region of interest (ROI)
per frame and plotted to build time−intensity curves from which area under the curve, a first-order exponential decay fit and half-lives were calculated.
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gas saturation pressure P∞. To estimate the dependence of gas perme-
ation on the state of lipid encapsulation, the energy barrier model is
implemented, as

Ωs;i � Ωne
πa2

i
kBT

Π R� � �3�
where Ωn is a constant dependent on the lipid shell composition, kB is
Boltzmann�s constant, a is the collision radius for gas species i and Π�R�
is the surface pressure of the lipid shell (Π�R� � σ�R� � σ0, where σ0 is
the surface tension of a free gas/water interface ∼73 mN/m).

The surface tension during growth and microbubble compression is
given by
where kE is the expansionmodulus of the shell, σEQ is the equilibrium sur-
face tension of the monolayer (25 mN/m), σbreak is the break-up tension,
KE is the relaxation rate, σβmax

is the tension of the monolayer at maxi-
mum strain (βmax) and kc is the compression modulus. The DBPC shell
and gas parameters are summarized in Tables S1 and S2 (online only).
Mean partial pressures for dissolved O2 in arterial blood from animals
anesthetized with oxygen and air are listed in Table S3 (online only).
Results

There were visible differences in circulation kinetics for OMBs as a
function of anesthetic carrier gases. Kidney perfusion was observed with
OMBs in pure oxygen and medical air-breathing animals (Fig. 2). How-
ever, animals anesthetized on air exhibited enhancement at the proximal
3

surface of the kidney and a decrease in enhancement beneath, consistent
with acoustic shadowing. After maximum contrast enhancement, a
decrease to baseline was observed in both groups. Overall, time−inten-
sity curve analysis revealed significant differences in OMB circulation
persistence between the two anesthetic carrier gases. The area under the
curve was significantly higher in animals breathing air (3503 ± 98 AU)
than in those breathing oxygen (906.6 ± 79.1 AU) (p < 0.0001). Con-
trast enhancement was significantly longer for animals breathing air
than oxygen (Fig. 3). The average circulation half-lives for OMBs were
14.47 ± 0.21 and 5.48 ± 0.15 s (p < 0.0001) in animals breathing air
and oxygen, respectively (Fig. 4).
Areas under the time−intensity curves for animals breathing air
(3503 ± 98 AU) were statistically significantly greater compared with
those for animals breathing oxygen (906.6 ± 79.1 AU) (p < 0.0001).
The average half-life, calculated from a least-squares fit of a one-phase
exponential decay of the time−intensity curves, was significantly longer
for oxygen-breathing than for air-breathing animals (14.47 ± 0.21 and
5.48 ± 0.15 s, respectively; p < 0.0001, n = 6 per group).

To confirm our in vivo experimental results, we simulated microbub-
ble dissolution by numerically solving eqns (1) and (2) using a first-
order finite differences method in MATLAB (The MathWorks, Natick,
MA, USA), as described previously [28,29]. The simulations predicted
the dynamics of a 5.9 μm diameter microbubble initially filled with pure
O2 and suddenly immersed in arterial blood for an animal breathing
either air or pure O2. Partial pressures of O2 and arterial blood pressure
values were taken from Table S3 to compare the microbubble



Figure 2. Representative maximum intensity projections of time series contrast ultrasound following oxygen microbubble intravenous injection when the animal is
breathing air (a) or oxygen (b). Scale bar = 5 mm. Air-breathing animals exhibited more uniform perfusion compared with animals breathing oxygen, which exhibited
enhancement mostly in larger vessels.
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dissolution during air and oxygen breathing (Fig. 5). Figure 5A illus-
trates that breathing oxygen accelerates the microbubble dissolution
rate (5.5 s), whereas breathing air increased the microbubble stability
6.3-fold versus oxygen breathing (35 s). Figure 5B illustrates that the O2

content in the microbubbles quickly diffuses during O2 breathing, while
the presence of N2 reduces the rate of O2 efflux.

Discussion

Air-breathing animals exhibited substantial contrast enhancement,
whereas oxygen-breathing animals exhibited incomplete perfusion of
the kidney, likely because of dissolution of the OMBs before perfusion of
the smaller vasculature. On maximum intensity projection, animals
breathing air displayed even and complete perfusion, whereas oxygen
breathing resulted in substantial enhancement in large vessels. Con-
versely to our initial hypothesis, we found that the contrast longevity of
oxygen microbubbles injected into air-breathing animals was signifi-
cantly longer than that of animals breathing oxygen. Recent contrast-
enhanced ultrasound (CEUS) imaging protocols advocate intermittent
imaging to reduce artificial depletion of contrast [30]. In our experi-
ments, images were continuously acquired. Because of the low mechani-
cal index and high perfusion in the kidney, it is unlikely that continuous
imaging dramatically affected contrast longevity. In either case, both
groups were imaged with the same parameters and would be similarly
affected, allowing relativistic comparison. The bolus injection was
Figure 3. Time−intensity curves obtained from contrast-specific imaging.
Shaded area represents standard deviation with the average drawn through each
shaded region (n = 6 per group).

4

administered by hand, using a timer for consistency. Future studies
could employ a syringe pump to reduce variability. Beyond these minor
experimental limitations, many potential factors may be responsible for
the differences in contrast longevity observed.

It has been determined that bolus injections of oxygen microbubbles
may cause hemodynamic changes. When a very high dose of 1,2-dis-
tearoyl-sn-glycero-3-phosphatidylcholine (DSPC)/cholesterol bubbles
were administered to rats, a significant reduction in mean arterial pres-
sure (MAP) was observed along with an increase in pulmonary resis-
tance [31]. Black et al. hypothesized that this was related to temporary
pulmonary obstruction by the rather large bolus, compared with our
studies. The current study was limited by the lack of advanced physio-
logical monitoring, but animals breathing either gas received the same
microbubble preparation. The relatively low-dose injections were well
tolerated in both groups.

Choice of anesthetic carrier gas can affect systemic vascular tone. For
example, breathing 100% oxygen led to a 20% reduction in cerebral
blood flow in humans as measured by magnetic resonance imaging
[32]. In rats, compared with air breathing, oxygen breathing resulted in
lower respiration rates and increased mean arterial pressure [33].
Although both groups exhibited ventilation−perfusion mismatch, it was
greater in animals breathing 100% oxygen. It has previously been deter-
mined that the anesthetic carrier gas has a significant effect on micro-
bubble dissolution and circulation kinetics for air-filled protein-shelled
microbubbles [34,35] and lipid-shelled perfluorocarbon microbubbles
[36,37]. In their evaluation, Mullin et al. [36] found that, with the
exception of pO2 and pN2, there was little difference in blood gas values
between carrier gases, and they also suggested that respiration rate,
heart rate and body temperature did not contribute to differences in cir-
culation times [36]. They instead determined that for perfluorocarbon
bubbles, the increase in contrast longevity when breathing air can be
explained as a counterdiffusion of dissolved nitrogen into the bubble.
The influx of N2 into the bubble dilutes the O2 already there, thereby
reducing the pO2 and the corresponding driving force for dissolution.
Simulating injection of perfluorocarbon bubbles into arterial blood
where the animal was breathing oxygen demonstrated a counterdiffu-
sion of oxygen into the bubble, but because of oxygen’s relatively high
solubility in blood, the bubble dissolved more rapidly [36]. While
breathing 100% oxygen, bubble and blood pO2 differences in the arterial
blood would be relatively small; however, in the venous blood pO2 is
only slightly elevated above normal [38], resulting in a large bubble
−blood pO2 gradient. Our results in this study reveal an effect similar to
the findings of Mullin et al. [36], even with substantially increased oxy-
gen delivery.

Because of increased contrast longevity, air is the recommended car-
rier gas for contrast ultrasound imaging experiments conducted under
isoflurane anesthesia [39]. Compared with commonly used injectable



Figure 5. Gas diffusion modeling results for oxygen microbubbles injected intravenously into animals breathing medical air or pure oxygen. (A) Change in initial
diameter over time for 5.9-µm simulated bubble. (B) Evolution of gas content over time for simulated microbubbles.

Figure 4. Area under the curve (AUC) (a) and half-life (b) analysis of the time−intensity curves for the air- and oxygen-breathing groups, revealing a significant differ-
ence in AUC (p < 0.0001) and half-life (p < 0.0001) between the two groups. Error bars represent standard error. n = 6 per group.
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anesthetics, isoflurane is a respiratory depressant [40]. However, ani-
mals anesthetized via injectables are often spontaneously breathing air,
which would likely have a similar effect on contrast longevity as breath-
ing air under isoflurane anesthesia because of the nitrogen exchange
occurring in the blood. Although our modeling data suggest this to be
plausible, anesthetics vary in their cardiac, respiratory and hemody-
namic impacts on the animal. Further studies directly comparing inhala-
tional and injectable anesthetics would be useful to determine this
definitively.

Other research exploring polymer-shelled oxygen microbubbles also
reveal visibility on contrast ultrasound [19,20]. Their OMBs demon-
strated contrast enhancement; however, contrast longevity was not
explicitly reported in vivo. Over the two studies, the researchers did use
both isoflurane and injectable anesthetics, but the study was not
designed to allow direct comparison between the two. Modeling data
suggest increased circulation persistence of OMBs on air is due to gas
counterdiffusion between the bubble and the plasma. The increased
lipid chain length reduces dissolution rate sufficiently to allow for nitro-
gen influx when breathing air, whereas in the oxygen case, the bubbles
dissolve completely because of oxygen’s solubility in blood and diffusion
out of the bubble while in the venous circulation.

Conclusion

Lipid-shelled oxygen microbubbles formulated with DBPC persist in
circulation longer when the animal is breathing medical air than when
breathing pure oxygen under isoflurane anesthesia. This likely results
from nitrogen counterdiffusion from plasma and tissue into the bubble
as suggested by our modeling results. Therefore, contrast longevity in
5

circulation as measured by contrast-specific ultrasound may not corre-
spond directly to oxygen circulation kinetics as the bubble gas content
changes over time.
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