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corporeal circuit into an oxygenator and then delivered through a 10 Fr balloon catheter placed
in the thoracic aorta.

This resulted in the return of a spontaneous circulation (ROSC) as demonstrated by ECG and
aortic root pressure waveform. This model and accompanying SAAP system allow for
standardized and reproducible recovery from exsanguination cardiac arrest.

INTRODUCTION:

Hemorrhage accounts for the majority of potentially preventable trauma deaths?. In the terminal
stages of exsanguination, coronary perfusion is reduced, leading to cardiac arrest and death.
Current strategies — intravenous transfusion and cardiac massage — are ineffective as they do not
address the failure of coronary perfusion.

SAAP is a catheter-based resuscitation technique that aims to address this problem by the
infusion of oxygenated resuscitation fluid and drugs directly to proximal aorta, perfusing the
coronary and cerebral circulation. Limited swine studies have demonstrated promising outcomes
in restoring cardiac activity following ventricular fibrillation and hemorrhagic cardiac arrest?*.
However, SAAP research is ongoing and the technique remains in the pre-clinical phases.

There are several technical challenges with SAAP. It is critical that a certain volume of perfusate
be delivered via the catheter at a precise infusion rate, and currently there is no commercially
available, FDA approved catheter for use in SAAP. The technique requires a specific circuit which
is capable of efficiently storing, oxygenating and delivering perfusate during SAAP. The aim of
this study is to present a traumatic pulseless electrical activity (PEA) cardiac arrest animal model
and custom built, reliable SAAP system for use in exploring this tool in exsanguination animal
research.

PROTOCOL:

This study was conducted at the Medical School Teaching Facility (MSTF, University of Maryland,
Baltimore, MD, USA), which is accredited by the American Association for Laboratory Animal
Science. The study protocol was approved by the local Institutional Animal Care and Use
Committee.

1. Animal selection and housing

1.1. Use adult male swine (Sus Scrofa) weighing 60-80 kg.

1.2. Following arrival to the animal facility, house the animals one per cage but with ability to
interact with animals in the neighboring cages.

1.3. House the animals for a minimum of 48 hours to assure acclimatization. Allow the animals
free access to water and feed them a standard diet until the night before the experiment when
the animals should be fasted to minimize the risk of aspiration during intubation.
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1.4. Monitor the animals regularly to confirm that they are in good health.
2. Sedation and induction of general anesthesia

2.1. Sedate the animal while it is still in its housing area by intramuscular injection of Telazol (4-
5 mg/kg)/xylazine (1.8-2.2 mg/kg) caudal to the ear or in the gluteus muscle.

2.2. Transport the animal from the housing area to the operating room and place it in dorsal
recumbency on the operating table.

2.3. Place a pulse oximetry probe on the animal’s ear, place a face mask on the animal’s snout
and give Isoflurane in 100% O,, until the mandible is relaxed, to induce anesthesia.

2.4. Place an endotracheal (ET) tube using a laryngoscope. This should be achieved by holding
the jaws open, pulling out the tongue, identifying the epiglottis, passing the tip of the
laryngoscope into the oropharynx and displacing the epiglottis from the soft palate. Advance
the ET tube through the vocal folds 6-10 cm and then rotate it in a curve down position relative
to the top of the animal’s head.

2.5. Inflate the ET cuff with air with 10 cm?3, secure the ET tube to the animal’s snout using
gauze ties and auscultate the animal’s chest to confirm correct placement of the tube.

2.6. Connect the ET tube to a mechanical ventilator via a heat and moisture exchanger.
2.7. Confirm appropriate mechanical ventilator settings to deliver an inspired O fraction of 30%,
with a tidal volume of 7-10 mL per kg of body mass, a respiratory rate of 10-15 breaths/min,

aiming for an end tidal CO; tension of 38-42 mmHg.

2.8. To maintain anesthesia, use 1.5-3% isoflurane. Regularly asses the animal’s respiratory
parameters.

3. Surgery
3.1. Surgical site sterilization and preparation

3.1.1. Remove the hair overlying the site for the laparotomy incision and percutaneous access
sites using an electric hair clipper.

3.1.2. Scrub all incision sites and percutaneous puncture sites with betadine and allow to dry.

3.1.3. Place sterile drapes around the operative sites to preserve the sterile surgical fields and
prevent contamination. Secure these in place with staples.
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3.1.4. Retract the front and back hooves with slight flexion and restrain in place with rope or
tape.

3.1.5. Place the ECG adhesive electrodes on the right forelimb, left forelimb, right hindlimb and
left hindlimb and over the xiphoid. Attach the correct ECG leads to the adhesive electrodes.

3.2. Laparotomy
3.2.1. Use electrocautery to make a 20 cm midline abdominal incision.

3.2.2. Use electrocautery to dissect through the subcutaneous tissue and linea alba. Enter the
peritoneal cavity under direct vision using scissors.

3.3. Splenectomy
3.3.1. Remove the spleen to prevent autotransfusion in response to exsanguination.

3.3.2. Deliver the spleen into the midline wound, clamp the hilum vessels with two hemostats
and transect between the hemostats. Ligating the transected ends with O silk ties.

3.3.3. Identify the deeper lying short gastric vessels, place two hemostats, transect the vessels
between the hemostats and ligate the ends with O silk ties.

3.3.4. Carefully inspect the ligated vessels to ensure hemostasis. Ligate any bleeding vessels.
3.3.5. Examine the spleen in situ to make sure it is dissected free and remove it.

3.4. Cystostomy

3.4.1. Deliver the bladder through the laparotomy wound.

3.4.2. Grasp the ventral part of the bladder between two DeBakey clamps and make a 1 cm
incision using scissors.

3.4.3. Pass a suction catheter into the opening and remove the urine from the bladder.

3.4.4. Place a 14 Fr urinary catheter into the bladder. Inflate the catheter balloon with 10 mL of
saline.

3.4.5. Place a purse string suture using a 3.0 nylon suture to secure the catheter in the bladder
to prevent urine spillage.

3.4.6. Connect the catheter to a collection bag.
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3.4.7. Close the laparotomy wound with a running stitch using a 3’0 nylon suture.
4. Instrumentation

NOTE: See Table 1 for key steps in connecting the SAAP circuit.

4.1. Percutaneous vascular access

4.1.2. Right and left internal jugular vein cannulation (Figure 1)

4.1.2.1. Using ultrasound (US) guidance, visualize the internal jugular vein; it is usually located
about 2-3 cm deep to the skin in the jugular furrow.

4.1.2.2. Puncture the skin with an 18 G needle placed at a 45° angle to the skin and introduce it
into the venous lumen under US vision. Pass an 0.035” Seldinger guidewire through the needle.

4.1.2.3. Remove the needle, taking care to leave the guidewire in the venous lumen.

4.1.2.4. Make a 5 mm skin incision adjacent to the wire, and thread a 7 Fr sheath with a dilator
into the vein over the guidewire.

4.1.2.5. Remove the guidewire and the introducer, leaving the sheath in position. Secure the
sheath in place by suturing it to the skin with 1.0 silk sutures.

4.1.2.6. Repeat the above steps to cannulate the contralateral Internal jugular vein.

NOTE: One of the jugular vein sheaths is used for right atrial pressure monitoring, the other one
can be used for drug delivery depending on the study protocol. Alternatively, external jugular
veins can be used for cannulation.

4.1.3. Carotid Artery Cannulation (Figure 1)

4.1.3.1. Locate the carotid artery just lateral to the trachea using US guidance.

4.1.3.2. Puncture the skin with an 18 G needle placed at a 45° angle to skin and introduce it into
the arterial lumen under US vision, pass an 0.035” Seldinger guidewire through the needle.

4.1.3.3. Remove the needle, taking care to leave the guidewire in the arterial lumen.

4.1.3.4. Make a 5 mm skin incision adjacent to the wire, and thread a 7 Fr sheath with a dilator
into the artery over the guidewire.

4.1.3.5. Remove the guidewire and the introducer, leaving the sheath in position. Secure the
sheath in place by suturing it to the skin with 1.0 silk sutures.
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4.1.4. Right and left femoral artery cannulation
4.1.4.1. Locate the right femoral artery in the femoral canal using US guidance.

4.1.4.2. Puncture the skin with an 18 G needle at a 45° angle to skin and introduce it into the
arterial lumen under US vision. Pass an 0.035” Seldinger guidewire through the needle.

4.1.4.3. Remove the needle, taking care to leave the guidewire in the arterial lumen.
4.1.4.4. Make a 10 mm skin incision adjacent to the wire.
4.1.4.5. Thread a 14 Fr sheath with a dilator into the artery over the guidewire.

4.1.4.6. Remove the guidewire and the introducer, leaving the sheath in position. Secure the
sheath in place by suturing it to the skin with 1.0 silk sutures.

4.1.4.7. For the left femoral arterial access, repeat step 4.1.4.1.

4.1.4.8. Puncture the skin with an 18 G needle at a 45° angle and introduce it into the arterial
lumen under US vision. Pass a 90 cm 0.035” Seldinger guidewire through the needle.

4.1.4.9. Remove the needle, taking care to leave the guidewire in the arterial lumen.
4.1.4.10. Make a 10 mm skin incision adjacent to the wire.
4.1.4.11. Thread an 18 cm long, 15 Fr ECMO cannula into the artery over the guidewire.

4.1.4.12. Remove the guidewire along with the dilator and clamp the distal end of the cannula
to prevent the back bleeding.

4.1.5. Femoral vein cannulation
4.1.5.1. Locate the femoral vein in the femoral canal using US guidance.

4.1.5.2. Puncture the skin with an 18 G needle at a 45° angle and introduce it into the venous
lumen under US vision, pass an 0.035” Seldinger guidewire through the needle.

4.1.5.3. Remove the needle, taking care to leave the guidewire in the venous lumen.

4.1.5.4. Make a 5 mm skin incision adjacent to the wire, and thread a 9 Fr central venous
catheter with an introducer into the vein over the guidewire.
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4.1.5.5. Remove the guidewire and the introducer, leaving the catheter in position. Secure the
line in place by suturing it to the skin with 1.0 silk sutures.

4.2. Percutaneous vascular monitoring (Figure 1)
4.2.1. Aortic Root Pressure

4.2.1.1. Using fluoroscopy introduce a micromanometer catheter into the 7 Fr sheath in the
right carotid artery.

4.2.1.2. Confirm that the overlying sheath is not fully advanced, with 5-10 cm withdrawn to
allow the catheter tip to be exposed.

4.2.1.3. Confirm the catheter tip is in the aortic arch by visualizing the aortic pressure waveform
presented on the data collection screen.

4.2.2. Right atrial pressure

4.2.2.1. Using fluoroscopy introduce a previously calibrated micromanometer catheter into the
5 Fr sheath in the right internal jugular vein.

4.2.2.2. Confirm the catheter tip placement in right atrium by observing the pressure waveform
presented on the data collection screen.

5. Exsanguination
5.1 Preparing the setup
5.1.1. Inject 15,000 IU of unfractionated heparin via the sidearm of the 1}V sheath.

5.1.2. Load the exsanguination tubing into the roller of the peristaltic pump used for the
exsanguination.

5.1.3. Connect one end of the tubing to the circuit reservoir using standard IV tubing.

5.1.4. Connect the other end of the exsanguination pump tubing using a straight coupler and a
2-inch segment of %” ID tubing to the end of the 15 Fr ECMO cannula in the femoral artery.

5.1.5. Remove the clamp from the 15 Fr Cannula.

5.1.6. Calculate logarithmic exsanguination rate intervals using the formula®. Interval length
and exsanguination rate depend on the study protocol.



307

308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

fi-1

) ﬁ+b(5x_t>

t;—3

(L+x)

\ (L+x)—t>

x = length of time in each increment
L = Estimated time to 50% blood volume loss
t; = current time increment
fi = flow rate solved for at time increment i
i — 1 = previous step function increment

\

5.1.7. Set the desired pump rate according to the protocol using the programmable specific
pump computer software -PUMPTERM.

5.1.8. Connect the computer the programmable pump using a standard Ethernet port. Once the
controlled pump is programmed with updated initial flow rate displayed on the digital display, it
can be disconnected from the computer.

5.2. Pump controlled exsanguination

5.2.1. Begin the exsanguination by pressing the START/ STOP button on the pump.

5.2.2. Continue the exsanguination as per protocol until PEA is demonstrated by loss of aortic
pressure (SBP <10 mmHg) with loss of pulsatility in the aortic root pressure waveform
accompanied by sinus ECG rhythm.

5.2.3. Stop the exsanguination by manually pressing the START/ STOP button on the pump.

6. SAAP

6.1. SAAP circuit preparation

6.1.1. Construct the circuit tubing using barbed Y and straight connectors and 3/8” ID tubing to
incorporate a reperfusion limb, main perfusion limb, SAAP perfusion limb and a peripheral
perfusion limb (Figure 2). Secure the connections with cable ties.

6.1.2. Connect the proximal tubing to the blood reservoir.

6.1.3. Connect the tubing to the centrifugal pump.

6.1.4. Connect the tubing to the oxygenator.
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6.1.5. Connect the oxygenator to the source of oxygen using a standard oxygen tubing by
inserting it into the oxygen infusion port on the oxygenator.

6.1.6. Load the main perfusion limb into the peristaltic pump head.
6.1.7. Deliver the oxygen at 6 L/min by rotating the dial on the oxygen cylinder.
6.1.8. Add 15,000 IU of unfractionated heparin into the circuit reservoir.

6.1.9. Confirm that the perfusion limb of the circuit is clamped, and the reperfusion limb is open
as the shed blood is pumped into the blood reservoir during exsanguination. Activate the
centrifugal pump in the SAAP circuit by pressing the START/ STOP button and set the flow at
any rate. This will allow blood to circulate preventing coagulation.

6.1.10. Mark the balloon insertion length by placing it externally against anatomical landmarks.
Aim for the balloon to sit in the proximal thoracic aorta.

6.1.11. Flush the SAAP catheter and confirm it has a 3-way stopcock attached to the catheter
hub.

6.1.12. Confirm that the balloon is fully deflated and confirm the catheter has a 2-way stopcock
at the balloon port.

6.1.13. Connect the SAAP perfusion limb to the SAAP catheter and the peripheral perfusion
limb to the venous catheter (Figure 3).

6.1.14. Attach a 60 mL syringe filled with a solution of 0.1 mg of epinephrine (in 1 mL), 10 mL of
contrast and 49 mL of saline to the to the side port of the 3-way stopcock at the arterial lumen
of the SAAP catheter (Figure 3). This solution is the aortic valve (AV) closure bolus which will be
injected immediately prior to SAAP perfusion to prevent retrograde filling of the left ventricle.

6.1.15. Attach a 20 mL syringe filled with 15 mL of saline/contrast solution (1:1) to the balloon
port of the catheter (Figure 3).

6.1.16. Set the peristaltic pump in the SAAP circuit to deliver the perfusate (oxygenated blood)
at a rate of 10 mL/kg of the animal’s body weight by manually programming the pump using
the “up” and “down” buttons on the pump dial.

6.2. SAAP delivery
6.2.2. Insert the SAAP catheter into the 14 Fr sheath in the femoral artery (Figure 2) to a

previously determined length and inflate the balloon by injecting 15 mL of saline contrast mix
into the balloon port using a previously attached syringe.



389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431

6.2.3. Confirm the balloon placement with fluoroscopy.

6.2.4. Close the reperfusion limb of the SAAP circuit by applying the clamp to it and open the
perfusion limb by taking the clamp off it (Figure 2).

6.2.5. Quickly manually inject the 60 mL of AV closure bolus using the syringe attached to the
side port of the arterial port stopcock.

6.2.6. Immediately open the end port of the arterial port stopcock.

6.3.7. Start the Peristaltic pump in the SAAP circuit by pressing the RUN/STOP button.

6.2.8. After sixty seconds stop the peristaltic pump by pressing the RUN/STOP button.

6.2.9. Deflate the SAAP balloon by Aspirating 20 mL syringe attached to the SAAP balloon port.

6.2.10. Close off the flow to the catheter with stop stopcock at the arterial lumen of the
catheter.

6.2.11. Assess the SBP and ECG rhythm.

NOTE If after 2 minutes from starting SAAP SBP < 90 mmHg, up to 7 boluses of 200 mL of
heparinized shed blood or pre-purchased citrated whole blood can be infused via the SAAP to
maintain SBP >90 mmHg.

6.2.10.2. If stored blood is used for SAAP, co- infusion with calcium gluconate is necessary to
prevent citrate calcium binding in the myocardium. Inject calcium gluconate immediately
before SAAP perfusion using a syringe attached to the side port of the 3- way stopcock
connected to the SAAP Catheter. Use 1 gram of calcium gluconate per packed RBC unit and 3
grams per whole blood unit®.

6.2.10.3. If the animal develops ventricular fibrillation or ventricular tachycardia, attempt
defibrillation by placing paddles over the sternum and the apex and, following personnel
clearance form contact with the animal.

6.2.10.3.1 Continue ventilation, immediately prior to delivering shocks disconnect the pressure
transducers from the signal conditioning units- reconnect these immediately after delivering
the shock.

6.2.10.3.2. Deliver a shock using a biphasic defibrillator starting at 150 J, reassess the rhythm
for up to one-minute following this. If ventricular tachycardia or fibrillation are present deliver
up to two more shocks at 200 J following one minute of rhythm assessment after each shock.
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NOTE The defibrillation algorithm used here is for a biphasic defibrillator, monophasic
defibrillators will usually require less energy. If other cardiac rhythms are identified- Atrial
Fibrillation, PEA etc. defibrillation should not be attempted, and the animal should be treated
according to specific study protocol.

7. Peripheral perfusion

NOTE: Following successful SAAP resuscitation depending on the study protocol, further volume
replacement can be continued peripherally using the SAAP circuit.

7.1. Clamp the SAAP perfusion limb of the main perfusion limb.

7.2. Confirm that the peripheral perfusion limb of the SAAP circuit is connected to the sidearm
of the catheter in the femoral vein and the stopcocks and tubing are open.

7.3. Assure appropriate resuscitation fluid and volume is in the SAAP reservoir.
7.4. Assure that the recirculation limb of the SAAP circuit is clamped.

7.5. Infuse the fluid according to protocol needs by setting the appropriate flow settings on the
peristaltic pump.

8. Euthanasia

8.1. At the end of the experiment, euthanize the animal by injecting >2 mmol/kg of potassium
chloride into a central vein and wait for 1 minute of asystole.

REPRESENTATIVE RESULTS:

Aortic root blood pressure was 83/58 mmHg at baseline and gradually decreased to 0-10 mmHg
during the exsanguination. Following onset of pulseless electrical activity (PEA), SAAP was
performed, during which, the systolic blood pressure rapidly increased to 120 mmHg for the
duration of SAAP (Figure 4). Following cessation of SAAP and aortic balloon deflation BSP
dropped to about 60 mmHg however it gradually increased again during the post- SAAP period
to baseline levels with a couple of spikes representing IV fluid bolus (arrows).

FIGURE AND TABLE LEGENDS:

Figure 1. Diagram demonstrating access sites in the swine for data collection and monitoring. 7
Fr sheath placed in the left Internal Jugular Vein (1JV) can used for drug delivery depending on
the protocol needs. A 7 Fr Sheath in the right IJV allows placement of a pressure transducer into
the right atrium, and a 7 Fr Sheath in the right Carotid artery allows placement of a pressure
transducer into the aortic arch.

Figure 2. Diagram of the SAAP circuit demonstrating the setup of the circuit elements including
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blood reservoir, oxygenator, centrifugal and peristaltic pumps as well as the reperfusion limb,
main perfusion limb, SAAP limb and peripheral limb. *Exsanguination tubing not shown

Figure 3. Diagram demonstrating the SAAP circuit elements: SAAP perfusion limb and
peripheral perfusion limbs with percutaneous access and SAAP catheter set up in a swine
model. Aortic valve (AV) closure bolus and SAAP balloon inflation bolus syringes are
demonstrated to be connected to the corresponding ports in the SAAP catheter. A 15 Fr ECMO
cannula placed in the right femoral artery is connected to exsanguination tubing.

Figure 4. Trend in the aortic root blood pressure (BP) throughout the exsanguination, during
selective aortic arch perfusion (SAAP) following cardiac arrest and following SAAP. Dotted line
demonstrating a significant temporary reduction in SBP upon SAAP balloon deflation.

Table 1. Key steps and components of constructing the SAAP circuit.

DISCUSSION:

Adequate perfusate oxygenation is a critical capability of SAAP4. We use a filter that is integrated
with a reservoir. The filter is connected to an oxygen cylinder via standard oxygen tubing. The
oxygen flow is delivered to the oxygenator at 6 L/min. The centrifugal pump incorporated in the
circuit propels the blood, which is filtered through the oxygenator. Adequate oxygenation can be
confirmed by performing a blood gas analysis of a sample from the perfusion limb of the circuit.
A blood gas sample performed during an experiment using the model confirmed sufficient
oxygenation with findings of: pO2 746 mmHg, sO2> 100.0%, FO,Hbe 99.2%. Adequate perfusion
using the SAAP circuit must be achieved in order to attain ROSC. Manning and colleagues
demonstrated that a rate of 10 mL/kg of body weight per min is the optimum flow rate to raise
coronary perfusion pressure (CPP) and result in ROSC®. It was also demonstrated that higher flow

rates resulting in too much perfusate may result in cardiac overload or pulmonary edemaZ. The
circuit pump has to have enough power to deliver the perfusate not only through the 3/8-inch ID
tubing but also through a relatively long and narrow lumen of the SAAP catheter which measures
81 cm and has a 10 Fr internal diameter. We have found that the centrifugal pump alone is not
able to deliver adequate flow rates in this situation, thus a peristaltic pump has been included in
the circuit. Adding intra-aortic epinephrine to the SAAP has been shown to lead to more rapid
ROSC2. This is best done immediately prior to SAAP perfusion and can be achieved by injecting a
small dose (0.2- 0.5 mg) via a three-way stopcock attached to the aortic lumen of the SAAP
catheter (Figure 2) and flushed with the SAAP perfusion. The SAAP catheter itself is a crucial
element of the whole apparatus. However, no commercially available FDA approved catheter
exists for performing SAAP. We have used a prototype catheter which has an internal diameter
of 10 Fr, and 13 Fr external diameter, contains a compliant balloon near the tip which can hold
up to 50 mL of volume. The catheter has two ports: a balloon port and an arterial lumen port,
both of which can accommodate standard IV tubing connectors.

The limitations of this system include the need to calibrate the equipment for blood. Most of
commercial non-clinical grade pumps are calibrated to water and given that blood has a different
viscosity this may result in different hemodynamic behavior. The equipment described in building
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the SAAP circuit is not sterile, this should be considered when contemplating survival studies. A
porcine model has been extensively used in trauma and cardiovascular research due to anatomic
and physiologic compatibility of swine and humans. However, some differences do exist that may
influence the outcomes and should be considered when applying this model. The circuit consists
of 3/8-inch ID (internal diameter) tubing, which does not have surface coating; however, addition
of unfractionated heparin to the collection reservoir combined with recirculation of blood within
the circuit seems to mitigate the risk of thrombosis. Although trauma patients can present with
coagulopathy’, systemic heparinization is contraindicated, anti-thrombotic measures such as
tubing coating should be considered for clinical grade application. For non-survival animal
research however, the model can be safely applied. The need to heparinize for systemic
heparinization in order to prevent the circuit thrombosis may pose a significant limitation
depending on the study protocol. The possible effects of systemic heparinization on myocardial
and neurological injury have not studied and cannot be excluded as confounding factors and
should be taken under consideration when designing studies with the use of the described circuit.
An alternative could be using heparin bonded tubing. Moreover, systemic anticoagulation used
in the model is not formally confirmed by laboratory tests and is verified only by lack of
thrombosis observed in the circuit. The exsanguination model applied is one of rapid
exsanguination. The speed and rate of exsanguination may have an impact on the on the survival
and metabolic as well as physiological markers following successful resuscitation with SAAP. This
should be considered when designing studies based on exsanguination models. Further studies
should be undertaken to fully elucidate the impact of exsanguination rate and speed on the
ability to obtain and maintain good ROSC following resuscitation.

Currently there are no commercially available circuits that are specifically developed to deliver
SAAP. A circuit for SAAP must have the following capabilities: ability to store perfusate (blood)
without the risk of thrombosis, adequate oxygenation and efficient delivery of perfusate at a
specific flow rate. Preventing coagulation is paramount when considering storing blood in a
circuit even if it is of a short duration. Whilst commercially available circuit tubing for clinical use
has surface coating to prevent platelet adhesion, this type of tubing is designed to be single use
and the antithrombotic coating usually becomes ineffective after about 14 days®. Modified
circuits were constructed by Barnard, Hoops and colleagues®® who utilized a 3 L reservoir, a
peristaltic pump, and a Cardiohelp system, with an HLS-7 circuit — typically available for ECMO.
Clinical grade circuit elements, however, are expensive and cost in the range of $30,000.00 and
$130,000.00 depending on the manufacturer (Medtronic and Gentinge, personal
communication, April 14, 2020). Moreover, as these circuit elements are not specifically designed
for SAAP, they still require some modification, and additional equipment such as peristaltic
pump. The cost of the circuit here was significantly lower at $13,500.00, with the pumps
constituting the majority of it.

The current report presents a porcine model of traumatic PEA exsanguination cardiac arrest and
a specially built circuit which can effectively deliver SAAP (Figure 1). The model of controlled
exsanguination used in this study utilized a logarithmic trend with initially rapid rates of bleeding
which gradually slow down to a plateau. This model was developed to provide a reproducible
hemorrhage which reflects decreasing bleeding rate due to hypotension, and the resulting
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physiological sequalae. The algorithm can be used to produce logarithmic rates of bleeding to
cardiac arrest of varying length depending on the study protocol. SAAP resuscitation has
demonstrated promising outcomes in animal models of traumatic and non-traumatic cardiac
arrest>*1, This technique presents an attractive adjunct in the era of emerging endovascular
resuscitation. Further studies are needed to further explore its effectiveness in resuscitation of
patients with cardiac arrest before the technique is adopted into clinical realm. Currently
described SAAP circuit is a cost effective and reliable method of studying the technique before a
dedicated circuit is available. The logarithmic, non-linear hemorrhage model presents a
reproducible and reliable model for studying resuscitation in traumatic PEA.

The critical steps within the protocol described are relatively rapid logarithmic exsanguination?®?
and SAAP resuscitation. Exsanguination is performed logarithmically using a programmable
pump where the rate of bleeding calculated is based on the animal’s weight decreases every
minute. Although this can be done manually, a computer-controlled design allows a precise and
smoother pattern. To assure adequate flow rates, exsanguination should be performed using
circuit tubing and arterial access cannula of sufficient caliber. SAAP technique requires a
concentrated effort of multiple rapid tasks performed in succession, starting with ensuring the
circuit is adequately prepared to rapid manual infusion of the AV closure bolus to smooth and
quick transition to SAAP perfusion. Contrast added to the SAAP balloon and the AV closure bolus
can aid in visualization of the initial perfusion if fluoroscopy is available. However, it is not
compulsory and can be omitted depending on the study protocol.
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Key Steps Key Components

Construct the circuit tubing using barbed Y and straight connectors to incorporate a reperfusion limb, 3/8” ID tubing, Barbed Connectors
main perfusion limb, SAAP perfusion limb and a peripheral perfusion limb (Figure 1)

Secure the connectors with cable ties Cable ties
Connect the proximal tubing to the reservoir Blood Reservoir
Connect the tubing to the centrifugal pump Centrifugal pump
Connect the tubing to the oxygenator Oxygenator
Connect the oxygenator to oxygen source Oxygen source, Gas tubing
Load the tubing into the peristaltic pump head Peristaltic pump
SAAP catheter
Connect the SAAP perfusion limb to the SAAP catheter and the peripheral perfusion limb to the Venous catheter

venous catheter (Figure 2) 3-way and 2-way stopcocks
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Table of Materials

Name of Material/ Equipment
3/8” ID tubing
1/4" Tubing

2-way stopcocks
3-way
Barbed Connectors

Barbed Connectors
Blood Reservoir
Cable ties

Centrifugal pump BVP-Z
Controlled Peristaltic Dispensing Pump

ECMO Cannula

Gas tubing

Oxygen source
Oxygenator

Peristaltic pump 1 MCP
SAAP catheter

Venous catheter

Company
Saint-Gobain

Tygon
Harvard
Apparatus
Harvard
Apparatus
Harvard
Apparatus
Harvard
Apparatus
LivaNova

Commercial

Electric
ISMATEC

New Era Pump

Systems
Medtronic
AirlLife
AirGas
LivaNova
ISMATEC
n/a
Teleflex

Click here to access/download;Table of Materials;JoVE_Materials 02.xls

Catalog Number

E-3603
E-3603

72-2650

72-2658

72-1587

72-1575
50715

GT-200ST

ISM 446

NE-9000B

96570-015

1302

OX USP300

50715
ISM 405

CDC-29903-1A

Comments/Description
This tubing is used throughout the circuit.
2" segment for a connector between Exsangi

standard stopcock
Standard stopcock
Y connectors

Straight connectors
This is sold together with the oxygenator
Standard cable ties.

Centrifugal Pump used for recirculation of bl
Peristaltic pump for Exsanguination

Exsanguination cannula

Standard oxygen tubing

Standard oxygen tank with flowmeter

This is sold together with the reservoir

SAAP peristaltic pump

Proprietary catheter designed by Dr. Mannin
9 French single lumen catheter

*
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Editorial Office:
Introduction: Cite a reference for Lines 64-65

Protocol Detail: Please note that your protocol will be used to generate the script for the video
and must contain everything that you would like shown in the video. Please ensure that all
specific details (e.g. button clicks for software actions, numerical values for settings, etc.) have
been added to your protocol steps. There should be enough detail in each step to supplement the
actions seen in the video so that viewers can easily replicate the protocol.

1) Line 131: which incision? This makes it sound like an incision is already present. Mention
shaving site.

Response

This Has been clarified.

Protocol Numbering:

1) Please adjust the numbering of your protocol section to follow JoVE’s instructions for
authors, 1. should be followed by 1.1. and then 1.1.1. if necessary and all steps should be lined
up at the left margin with no indentations.

Response

This Has been done.

Protocol Highlight: After you have made all of the recommended changes to your protocol
(listed above), please re-evaluate the length of your protocol section. There is a 10-page limit for
the protocol text, and a 3- page limit for filmable content. If your protocol is longer than 3 pages,
please highlight ~2.5 pages or less of text (which includes headings and spaces) in yellow, to
identify which steps should be visualized to tell the most cohesive story of your protocol steps.
1) Please ensure completeness.

2) The highlighting must include all relevant details that are required to perform the step. For
example, if step 2.5 is highlighted for filming and the details of how to perform the step are
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be included
in the highlighting.

3) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow
from one highlighted step to the next.

4) Please highlight complete sentences (not parts of sentences). Include sub-headings and spaces
when calculating the final highlighted length. 5) Notes cannot be filmed and should be excluded
from highlighting.

Response

The protocol and highlighting has been amended in order to meet the above criteria.

Discussion: JOVE articles are focused on the methods and the protocol, thus the discussion
should be similarly focused. Please ensure that the discussion covers the following in detail and
in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the
technique, 3) significance with respect to existing methods, 4) future applications and 5) critical
steps within the protocol.

Response

The discussion section has been amended to reflect the JOVE guidance.
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If your figures and tables are original and not published previously or you have already obtained
figure permissions, please ignore this comment. If you are re-using figures from a previous
publication, you must obtain explicit permission to re-use the figure from the previous publisher
(this can be in the form of a letter from an editor or a link to the editorial policies that allows you
to re-publish the figure). Please upload the text of the re-print permission (may be copied and
pasted from an email/website) as a Word document to the Editorial Manager site in the
"Supplemental files (as requested by JOVE)" section. Please also cite the figure appropriately in
the figure legend, i.e. "This figure has been modified from [citation]."

Reviewer #1:

1. This is an asystole model. Traumatic PEA and VF have higher survival rates than asystole
(and the authors discuss VF in the Introduction) so it should be clarified that this is an asystole
model in the Introduction section.

Response

We absolutely agree with the reviewer regarding the impact of the type of cardiac arrest on
overall survival rates. However following the initial submission of this manuscript we have
expanded the model development phase of our work and further changed our model to actually
reflect PEA rather than asystole. Having done more work on this model we have concluded that
the rate of hemorrhage has a significant impact on the resuscitability/ survivability of the animal
post SAAP and thus chose to use the PEA model in our further experimental work. We have
observed that using conventional SAAP with slower hemorrhagic model ultimately leads to
extremally poor survival beyond only few minutes after SAAP, whilst animals who bled faster
have much higher survival beyond initial SAAP resuscitation. We suspect there are other factors
related to possible SAAP adjuncts and the physiology of trauma which affect this. This
hypothesis has not yet been tested and should be in the future. However, for the current purposes
of studying the standard SAAP without significant resuscitative adjuncts, using an
exsanguination model which would result in meaningful resuscitation rates (traumatic PEA)
would be more beneficial. We have amended the introduction section of the manuscript to clarify
use of the traumatic PEA model, and also amended the discussion section to highlight the
limitations discussed above.

Reviewer #2:

1. In Representative Results, it states "the systolic blood pressure rapidly increased to about
55mmHg for the duration of SAAP" however in the protocol "SAAP Delivery, Step 9" an SBP >
90mmHg is targeted. Please clarify this discrepancy.

Response

We agree with the reviewer that the representative results provided did not reflect the protocol.
We have amended the representative results figure using data from another animal which
adequately represent the target blood pressure presented in the protocol.



2. Why was mild hyper-oxia (FiO2 = 30%) used?

Response We use mild hyper-oxia in order to prevent lung collapse. As the animal is in
recumbent position, this may make it prone to collapse in certain parts of the lung. We found
anecdotally that this allows to offset the atelectasis seen in recumbent ventilated animals.

3. How is LAD flow measured? The transducer or calculation does not appear to be described.
Response

We have rationalized some elements of the protocol in order to compress it and thus have
removed LAD, as well as PV loop and Right Ventricular pressure catheters. We have concluded
that using these transducers provides interesting data, however, is ultimately redundant for this
specific protocol. The body of the manuscript has been amended to reflect the changes to the
protocol.

4. Please explain the variables in the equation for exsanguination rate (Page 7, Line 327) and
provide reference.

Response

The explanation to the variables in the equation and citation have been provided.

5. Would be beneficial to confirm anticoagulation following heparin bolus using ACT sampling.
Response

This is a very good question. We agree that formal confirmation of anticoagulation by laboratory
measures would be beneficial, however, this is currently out-with our laboratory resources.
Currently we are guided by the visual feedback (ie lack of congealed blood in the tubing or other
elements of the circuit), as well as our clinical experience in the fields of vascular and trauma
surgery. We recognize that this is a limitation to the protocol and the manuscript has been
amended to reflect this.

6. Elaborate on how exsanguination is halted (e.g. where does clamping take place, how are
pumps transitioned)

Response

Exsanguination is halted by stopping the peristaltic pump which is done by pressing the
“start/stop” button on the pump, clamping does not take place in this instance. We have since
amended the protocol where the exsanguination takes place via a separate access line (15 Fr
Short ECMO cannula). The SAAP delivery is performed by using a separate ready peristaltic
pump which is connected to separate tubing.

7. Label Figure 1 with: "Reperfusion limb", "Main perfusion limb", "Peripheral limb", "SAAP
limb"

Response

This has been done.

8. Add additional diagram of catheter insertion from carotid and jugular and what is transduced
from where.

Response

This has been done. A figure depicting neck vessel access has been added.



9. Describe timing of defibrillation shocks and algorithm regarding presentation of various
cardiac rhythms

Response

This has been done.

10. What are the effects of heparinization on myocardial and neurological injury during cardiac
arrest? The lack of translation of systemic heparinization in trauma patients is discussed;
however, heparin would also not be clinically present during cardiac arrest. How could this
potentially effect interpretation of the injury model with respect to the heart, brain, or other
major organ injury outcomes associated with hypoxic-ischemia?

Response

This is a great question for which we don’t have a good answer. Anecdotally we have used VA
ECMO circuits without systemic heparinization in trauma patients and although it is possible, the
risk of thrombosis is high. The model described in this paper is somewhat contrived and possible
confounding factors stemming from systemic anticoagulation in a traumatic model should be
explored in future studies. We recognize this might be a limitation and have amended the
discussion part of the manuscript to reflect this.

11. Typos:

Page 1, Line 65: "failure coronary perfusion”

Page 2, Line 113: "form" -> "from"

Page 2, Line 115: "animal™ -> "animal's"

Page 2, Line 120: "ventilation™ -> "ventilator"

Page 11, Line 481-482: grammatical error

Page 12, Line 536: "if" -> "of"

Response

The typos and grammatical errors have been corrected.



