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Abstract

Purpose—Histotripsy employs pulsed cavitational ultrasound for non-invasive tissue ablation.
Some forms of therapeutic ultrasound cause intravascular hemolysis. We investigated the extent
and consequences of histotripsy induced hemolysis in vivo.

Materials and Methods—Porcine femoral venous blood was treated with histotripsy in 11
animals with systemic heparinization and 11 without heparin. Serum and hemodynamic
measurements were obtained at 0, 2, 5, 10, 15, 30 minutes, and 48-72 hours post-procedure.
Fischer’s exact test was used to determine differences in mortality between heparinized and non-
heparinized groups. A linear mixed effects model was used to test for differences in blood-
analytes and hemodynamic variables over time.
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Results—Of 11 non-heparin treated animals, 5 died during or immediately following histotripsy
(non-heparin mortality 45% vs. heparin mortality 0%, p=0.035). Serum hematocrit, free
hemoglobin, LDH, and right ventricular systolic pressure (RVSP) changed significantly (p<0.001)
over the treatment time. Serum hematocrit decreased slightly (32.5 + 3.6 to 29.4 + 4.2%), while
free hemoglobin (6.2 + 4.6 to 348 £ 100 mg/dL), LDH (365 + 67.8 £ to 722 = 84.7 U/L), and
RVSP (23.2 £ 7.2 t0 39.7 = 12.3 mmHg) increased. After 48 to 72 hours, hematocrit remained
slightly decreased (p=0.005), while LDH and free hemoglobin remained slightly increased
compared to baseline (both p<0.001).

Conclusion—Intravascular histotripsy applied to free flowing venous blood is safe with
systemic heparinization, causing only transient hemodynamic and metabolic disturbances, thereby
supporting its use as a future non-invasive thrombolytic therapy modality.

Introduction

Pulsed cavitational ultrasound, or histotripsy, discretely and non-invasively mechanically
fractionates tissue (1). Animal studies have established several potential clinical
applications, including deep vein thrombosis treatment, creation of palliative intracardiac
communications in infants with congenital heart disease, and in utero palliation of
congenital malformations (2—4). Other forms of therapeutic ultrasound with thermal effects
cause hemolysis with increasing therapeutic intensity (5). Unlike these other modalities,
histotripsy utilizes short, high intensity pulses to mechanically fractionate tissue through
acoustic cavitation, and without thermal necrosis (1). Nevertheless, hemolysis remains a
concern as in vitro studies have suggested acoustic cavitation may cause hemolysis in the
absence of thermal effects (6).

While the safety profile of histotripsy has been investigated generally, the effect of
histotripsy on the circulating blood volume with regards to hemolysis has not been
previously described. Determining the extent of hemolysis following histotripsy is clinically
important, as hemolysis can lead to acute anemia. Additionally, hemolysis increases serum
free hemoglobin, potentially leading to endothelial dysfunction and secondary platelet
activation and aggregation, renal injury, intravascular thrombosis and pulmonary
hypertension (7).

The purpose of this study was to establish the safety profile of histotripsy with respect to the
circulating blood volume, primarily by evaluating reduction in serum hematocrit following
histotripsy as a marker for clinically significant hemolysis. Secondary objectives included
evaluation of clinically relevant sequelae of hemolysis, such as hyperkalemia, acute kidney
injury, and pulmonary hypertension.

Materials and Methods

Animal Model

The protocols described herein were approved by the University Committee on Use and
Care of Animals at our institution. A porcine model was developed that maximizes the
potential adverse effects of histotripsy, including hemolysis, on the circulating blood volume
in vivo by focusing therapy on free flowing blood through a femoral vein. Prior studies in
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our laboratory evaluating histotripsy mediated thrombolysis and the creation of intracardiac
defects routinely employed systemic heparinization during therapy (2,3). As the target in the
present study was not intracardiac tissue nor intravascular thrombus, we opted not to
systemically heparinize half of the study animals, as the risk for thrombosis or embolization
was thought to be low. However, because heparin has been shown to mitigate endothelial
cell dysfunction, we also sought to ameliorate potential adverse effects of histotripsy by
administering heparin to half the animals (8,9). As the precise effects of heparinization
during histotripsy were unknown, sample size was determined based on statistical power to
detect a hypothesized higher mortality rate in the non-heparin group. With 11 pigs per
group, there was 82% power to detect a > 30% increase in mortality in the non-heparinized

group.

Animal Preparation

Animal preparation and the histotripsy therapy apparatus used with this technique have been
previously described in detail (2). Juvenile pigs (mixed breed and pure breed) weighing
between 30-40 kg were sedated with 5 mg/kg teletamine + zolazepam (Telazol, Fort Dodge
Animal Health, Fort Dodge, 1A, USA) and 2.2 mg/kg xylazine (Lloyd Laboratories,
Shenandoah, IA, USA), followed by endotracheal intubation and rotation to a supine
position. Isoflurane 0.5-3.5% (Vet-One, Meridian, USA) was administered through the
endotracheal tube for anesthesia. Animals were spontaneously breathing, though mechanical
ventilation was initiated for those that became apneic during histotripsy. A chemical
depilatory (Nair, Church & Dwight Co., Princeton, NJ, USA) was applied to the legs for 10
minutes for hair removal to provide adequate ultrasound transmission.

Using sterile technique, a 6 French sheath (Cook Medical, Bloomington, IN, USA) was
percutaneously inserted into the right internal jugular vein or right femoral vein. A5 or 6
French balloon wedge catheter (Arrow International, Reading, PA, USA) was advanced
through the venous sheath and into the right ventricle. A 5 French micropuncture introducer
(Cook Medical, Bloomington, IN, USA) was percutaneously inserted into the right femoral
artery. Pressures from the right ventricle catheter and right femoral artery introducer were
transduced simultaneously.

A hole was cut in the middle of a transparent polyethylene sheet, and loban (3M, St. Paul,
MN, USA) was affixed over this hole. The loban was then affixed to the skin overlying the
left femoral vein and a section of loban over the histotripsy target was cut away. The
polyethylene sheet was then used to line a bottomless bowl, and the bow! was filled with
warm, degassed water to minimize pre-focal cavitation. The use of this setup enabled direct
ultrasound transmission to the skin overlying the femoral vein target, while ensuring an
impermeable water bath sufficiently large to appropriately treat the target, given the fixed, 9
cm focal length of the therapy transducer (Figure 1).

A 1 MHz 10 cm diameter spherically-focused transducer (Imasonic, Besancon, France) was
attached to a computer-controlled 3-axis motorized positioning stage (Parker-Hannafin,
Rohnert Park, CA, USA). The transducer had a 4 cm concentric hole, through which an 8
MHz phased array ultrasound imaging probe was placed (S8, SONOS 7500, Philips
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Healthcare, Andover, MA, USA). The 8 MHz probe was used to align the therapy focus
within the femoral vein and provide real time visualization of histotripsy therapy.

Targeting, Treatment and Evaluation

The focus of the therapy transducer was located on the ultrasound image by applying
histotripsy pulses to an empty water bath. The center of the bright, percolating cavitation
cloud was marked as the focal position (Figure 2). Next, the focus was aligned within the
left femoral vein. The 11 anticoagulated animals received 100 Units/Kg of unfractionated
heparin (Sargent Pharmaceuticals, Schaumburg, IL). Additional heparin was given before
starting histotripsy, if necessary, to maintain ACT > 200 seconds. The histotripsy transducer
was driven to emit 5 cycle ultrasound pulses at 500 Hz for 30 minutes. The lowest
transducer output necessary to produce a consistent bubble cloud was used for each
treatment (Figure 3). These histotripsy transducer settings were selected, as the efficacy of
this experimental setup has been previously demonstrated for thrombolysis of acute deep
vein thrombosis in the femoral vein in a porcine model (2). Serum lab studies and
hemodynamic values were obtained at baseline, and 2, 5, 10, 15, and 30 minutes following
histotripsy initiation. For those animals that received heparin, a post-histotripsy ACT was
checked and anticoagulation was reversed with protamine (APP Pharmaceuticals,
Schaumburg, IL) if the ACT remained greater than 200 seconds. Repeat serum specimens
were obtained 48 to 72 hours after therapy.

Statistical Analysis

Results

Mortality

Fisher’s exact test was used to test for differences in frequency of death between heparinized
and non-heparinized groups. The continuous blood-analyte variables were expressed as
mean + standard deviation. A linear mixed effects model was used to test for differences
between treatment groups in blood-analytes over time (in minutes), where the within subject
correlation structure was modeled using a linear term for time. A backwards model selection
procedure was applied to the analysis of each blood analyte, with variables for the heparin
treatment, linear and quadratic time in minutes, and the pairwise interaction terms between
treatment and time included in the initial full model. Starting with the pairwise interactions,
p-values were computed using likelihood ratio tests, and non-significant variables were
successively removed from the model. Using a one-degree of freedom likelihood ratio test,
the treatment effect was tested in the final model, which retained the treatment effect along
with significant time and/or time-by-treatment interactions. P-values less than 0.05 were
considered statistically significant. Except where otherwise noted, statistical analyses were
carried out using the R statistical programming language (version 3.0.2).

All animals that received heparin therapy (11/11) completed the 30 minutes of histotripsy
treatment versus only 7 out of 11 animals without heparin therapy. The four non-survivors
developed apnea, hypotension, and ST segment changes immediately after therapy initiation
and died during histotripsy treatment despite starting mechanical ventilation with the onset
of apnea. The median duration of histotripsy in these animals was 3.5 minutes (range 2 to 5
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minutes). Another animal in the non-heparin group developed apnea and required
mechanical ventilation but completed 30 minutes of histotripsy. However, this animal could
not be weaned from mechanical ventilation and was euthanized following histotripsy. In the
heparin group, 3 animals developed apnea 8.5 to 21 minutes after starting histotripsy and
briefly required mechanical ventilation. All 3 pigs were promptly weaned from the ventilator
after completing 30 minutes of histotripsy. Overall mortality in the heparin treated group
was 0%, versus 45% in the non-heparin group (p=0.035).

Immediate Histotripsy Effects

As shown in table 1 and figure 4, there was a statistically significant decrease (p<0.001) in
serum hematocrit over histotripsy treatment time (Baseline 32.5 + 3.6 vs. Post-treatment
29.4 £ 4.2%). Relative to baseline, the expected decrease in serum hematocrit after 30
minutes of histotripsy was 2.52% (Table 1). There was a statistically significant (p<0.001)
increase in free hemoglobin (Baseline 6.2 + 4.6 vs. Post-treatment 348 + 100 mg/dL) and
LDH (Baseline 365 + 67.8 + vs. Post-treatment 722 + 84.7 U/L). The expected rise in free
hemoglobin and LDH after histotripsy treatment predicted by the mixed linear effects model
was 280.47% and 314.24%, respectively. Additionally, the rate of rise decreased over time
for both free hemoglobin (Time? regression coefficient = —0.25, p<0.001) and LDH (Time?
regression coefficient = -0.12, p<0.001). With regards to hemodynamic variables, there was
a statistically significant (p<0.001) increase in RVSP with histotripsy (Baseline 23.2 + 7.2
vs. Post-treatment 39.7 + 12 mmHg; expected increase 6.45%), and the rate of rise in RVSP
decreased over time (Time2 = —0.06, p<0.001). Apart from this, there were no other
clinically significant sequelae of intravascular hemolysis. Specifically, there was no
significant (p=0.734) change in heart rate (Baseline 93 *+ 18 vs. Post-treatment 92 + 16 bpm;
expected decrease 2.76%) or systemic systolic blood pressure (Baseline 87.9 + 13 vs. Post-
treatment 89.7 + 18 mmHg; expected decrease 1.38%). There was a small but statistically
significant (p<0.001) increase in serum potassium (Baseline 4.2 £ 0.4 vs. Post-treatment 4.8
+ 0.3 mmol/L; expected increase 0.3%), and the rate of rise decreased over time (Time?
regression coefficient = -0.002). Of note, there were no significant electrocardiographic
changes consistent with hyperkalemia. Additionally, there was no significant change
(p=0.118) in serum creatinine following histotriopsy (Baseline 1.1 £ 0.2 vs. Post-treatment
1.2 £ 0.2 mmol/L; expected increase 0.12%).

Along with mildly decreased hematocrit, there were small, but statistically significant
(p<0.001) decreases in white blood cell (WBC) count (Baseline 15.6 + 3.4 vs. Post-
treatment 11.9 + 2.7 K/uL; expected decrease 2.07%) and platelet count (Baseline 397 + 102
vs. Post-treatment 344 + 79 K/pL; expected decrease 36.63%). The rate of fall in the WBC
count decreased over time (Time? regression coefficient = —0.369, p<0.001), as did the rate
of fall in the platelet count (Time? regression coefficient = 0.225, p=0.004).

When comparing heparin and non-heparin treated animals, the two groups were mostly
similar with regards to the measured serum and hemodynamic variables. However, heparin
treated animals were more likely to have increased RVSP (p=0.036) compared to non-
heparin treated animals.
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Follow-Up Studies

Of the 17 animals that survived histotripsy, serum laboratory data was available for 16 pigs
48 to 72 hours following histotripsy. All surviving animals were noted to have red tinged
urine after returning to the animal housing facility, which subjectively resolved prior to
follow up evaluation at 48 to 72 hours. All animals returned to their baseline behavior and
fed normally. As seen in Table 2, serum hematocrit remained slightly decreased at follow up
when compared to baseline (Baseline 32.7 + 3.7 vs. Follow-up 29.3 + 3.8%, p=0.005). LDH
also remained elevated (Baseline 363 + 58 vs. Follow-up 549 + 88 U/L, p<0.001). Free
hemoglobin also remained slightly elevated when compared to baseline (Baseline 6.5 + 5 vs.
Follow-up 8.7 £ 4.3 mg/dL, p<0.001). WBC count, which was decreased immediately
following histotripsy, returned to baseline at follow up (Baseline 14.1 + 3.1 vs. Follow-up
15.9 £ 4.5 K/L, p=0.804) as did platelet count (Baseline 388 + 83 vs. Follow-up 374 + 106
K/uL, p=0.679). Serum potassium was slightly decreased at follow-up (Baseline 4.2 + 0.3
vs. Follow-up 3.8 + 0.3 mmol/L, p=0.011). Creatinine remained stable following histotripsy
(Baseline 1.1 + 0.2 vs. Follow-up 1.1 £ 0.2 mmol/L, p=0.932).

Discussion

This study demonstrates that histotripsy, targeting free flowing blood, is associated with
mild intravascular hemolysis and provides evidence to support systemic anticoagulation
during histotripsy therapy. Absence of heparin prior to histotripsy was associated with high
mortality albeit under the extreme case scenario of this experiment. This study also adds to
the growing body of evidence describing the feasibility and general safety of this technique
(2,3,10).

While other forms of therapeutic ultrasound are associated with hemolysis, this had not been
previously evaluated with histotripsy. As noted above, our study design maximized adverse
effects of histotripsy. Clinical histotripsy applications would be less traumatic to circulating
blood, as the primary therapeutic targets in such cases are tissue or thrombus (2-4). Also,
the total histotripsy duration in this study (30 minutes) was longer than previously reported
treatment times for cardiovascular applications in our laboratory such as thrombolysis (18
minutes), ventricular septal defect creation (4 minutes), or atrial septal defect creation (16
minutes) (2,3,11). We hypothesized that deliberately targeting the femoral vein would cause
substantial histotripsy mediated hemolysis by mechanical fractionation in a time dependent
fashion. However, despite the extreme case scenario of this experiment, we did not find any
clinically significant hemolysis induced anemia. Intravascular hemolysis can also be
associated with life threatening hyperkalemia (12). With histotripsy, however, serum
potassium was only mildly increased, and there were no electrocardiographic signs of
hyperkalemia. Cell free hemoglobin due to hemolysis is an additional concern, as this has
been associated with cytotoxic effects on the vascular endothelium as well as acute renal
failure (13). With histotripsy, however, there were no signs of acute kidney injury as
evidenced by a stably normal creatinine immediately, and 48 to 72 hours, following
histotripsy. While we observed transiently increased free hemoglobin during histotripsy,
which increased in a quadratic time dependent fashion, the free hemoglobin rise compares
favorably to invasive rheolytic intravascular thrombolysis systems, such as the AngioJet
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(Boston Scientific, Marlborough, MA), and ultrasonic systems, such as OmniWave
(Omnisonics, Lakewood, NY). A previous study in pigs found peak free hemoglobin of
1,367 mg/dL after 10 minutes of AngioJet therapy (14). After 10 minutes of OmniWave
therapy, peak free hemoglobin was 228 mg/dL (14). After 10 minutes of histotripsy in this
study, free hemoglobin was 156 + 58.4 mg/dL in the surviving animals. While our results
compare favorably to other invasive thrombolysis systems, the acute rise in non-
compartmentalized hemoglobin may still be clinically important, as free hemoglobin is an
avid nitric oxide scavenger (7). Naturally occurring disease states, such as
hemoglobinopathies associated with intravascular hemolysis, as well as clinical trials of cell
free hemoglobin infusions, have been associated with pulmonary hypertension attributed to
nitric oxide scavenging by free hemoglobin (15,16). Our study demonstrated a transient,
statistically significant increase in RVSP, which may be due to free hemoglobin mediated
nitric oxide scavenging and pulmonary vasoconstriction. The rise in RVSP was significantly
greater in the heparin treated group. We hypothesize that this group, in which there was no
mortality, had a greater mean treatment time with a normal cardiac output, thereby exposing
a larger blood volume to the effects of histotripsy.

Notably, all of the heparin treated animals survived histotripsy, while 46% of non-
heparinized animals expired shortly after histotripsy initiation. The survival benefit of
heparin may be conferred through multiple modalities. Heparin has been demonstrated to
have anti-inflammatory properties and can potentially stabilize endothelial cell function
(8,9,17). Heparin has also been shown to activate endothelial nitric oxide synthase (eNOS),
leading to vascular relaxation (9). Upregulation of eNOS and increased endothelial nitric
oxide production may attenuate the adverse effects associated with free hemoglobin
mediated nitric oxide scavenging. Nitric oxide depletion leads to increased platelet
activation, adhesion, and aggregation (18). Free hemoglobin can also directly activate
platelets (19). Diffuse and systemic platelet activation could potentially mediate sudden
death. For example, a murine model of massive intravascular hemolysis resulted in fatal
pulmonary arterial hypertension (20). The mechanism of sudden death and pulmonary
hypertension in this murine model was attributed to diffuse platelet activation and in situ
thrombosis in pulmonary perialveolar vessels (20). Heparin binds to antithrombin 111 and
manifests its primary anticoagulant effect by inhibiting thrombin (21). As thrombin is a
potent platelet activator, the indirect effects of heparin on platelet function inhibition may
counterbalance the platelet activating effects of free hemoglobin and nitric oxide depletion,
thereby decreasing mortality in animals treated with heparin prior to histotripsy (22,23).

There are several limitations to this study. While heparin administration was associated with
decreased mortality, the mechanisms conferring heparin protection were not evaluated. In
general, pigs are considered hypercoaguable relative to other species (24). If the protective
role of heparin is based on its anti-coagulative effect, our findings may overestimate the
potential harms of histotripsy without heparin in humans, who may be less likely to form
lethal micro-thrombi relative to pigs. Additionally, as noted above, our experimental design
established a worst case scenario that maximized hemolysis, and may therefore overestimate
the potential harms of histotripsy associated with hemolysis. Clinical applications that target
tissue or thrombus, as opposed to free flowing blood may result in less hemolysis. Among
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animals that died during histotripsy, a complete pathological exam was not performed that
may have helped determine the mechanism of death.

In summary, histotripsy targeting free-flowing blood is associated with only mild, transient
hemolysis and mildly increased RVSP. Heparin appears to eliminate mortality during
histotripsy.
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Figure 1.

Schematic demonstrating the histotripsy therapy transducer and imaging transducer

suspended over a water bath, oriented for femoral vein targeting

J Vasc Interv Radiol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Devanagondi et al.

Page 11

Bubble Cloud

Figure 2.
A percolating histotripsy bubble cloud is induced in an empty water bath and is marked to

subsequently assist in appropriately targeting the femoral vein.
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Bubble Cloud

Figure 3.
Histotripsy applied to the femoral vein lumen, as demonstrated by the echobright cavitation

cloud. The femoral vein is imaged along its long axis.
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Figure 4.

Hematocrit declines over histotripsy treatment time. The solid line depicts the linear
decrease of hematocrit over time depicted by the linear mixed effects model including both
heparin treated and non-treated pigs. The diamond indicates the mean of all hematocrit
measurements at each time point among the pigs that survived at that time point, and the
vertical bars encompass the 10t to 90™ percentile.
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Histotripsy Follow Up

Baseline 48-72h Follow up p
Hematocrit (%) 32.7+£3.7 29.3+3.8 0.005
Free Hgb (mg/dl) 6.5+5.0 8.7+43 <0.001
LDH (U/L) 363 £58.2 549 +87.8 <0.001
K (mmol/L) 4203 3.8+03 0.011
WBC 141+31 159+45 0.804
Platelet 388 + 83 374 £ 106 0.679
Creatinine 1.1+0.2 11+02 0.932

Data are presented as mean + standard deviation

P values calculated from the paired sample Wilcoxan signed rank test
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