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SUMMARY:  27 
Hemorrhagic shock is a severe complication in seriously injured patients, which leads to life-28 
threatening oxygen undersupply. We present a standardized method to induce hemorrhagic 29 
shock via blood withdrawal in pigs that is guided by hemodynamics and microcirculatory cerebral 30 
oxygenation.  31 
 32 
ABSTRACT:  33 
Hemorrhagic shock ranks among the main reasons for severe injury-related death. The loss of 34 
circulatory volume and oxygen carriers can lead to an insufficient oxygen supply and irreversible 35 
organ failure. The brain exerts only limited compensation capacities and is particularly at high 36 
risk of severe hypoxic damage. This article demonstrates the reproducible induction of life-37 
threatening hemorrhagic shock in a porcine model by means of calculated blood withdrawal. We 38 
titrate shock induction guided by near-infrared spectrometry and extended hemodynamic 39 
monitoring to display systemic circulatory failure, as well as cerebral microcirculatory oxygen 40 
depletion. In comparison to similar models that primarily focus on predefined removal volumes 41 
for shock induction, this approach highlights a titration by means of the resulting failure of macro- 42 
and microcirculation. 43 
 44 
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INTRODUCTION:  45 
Massive blood loss is among the main causes of injury-related deaths1–3. The loss of circulatory 46 
fluid and oxygen carriers leads to hemodynamic failure and severe oxygen undersupply and can 47 
cause irreversible organ failure and death. The severity level of shock is influenced by additional 48 
factors like hypothermia, coagulopathy, and acidosis4. Particularly the brain, but also the kidneys 49 
lack compensation capacity due to high oxygen demand and the incapability of adequate 50 
anaerobic energy generation5,6. For therapeutic purposes, fast and immediate action is pivotal. 51 
In clinical practice, fluid resuscitation with a balanced electrolyte solution is the first option for 52 
treatment, followed by the administration of red blood cell concentrates and fresh frozen 53 
plasma. Thrombocyte concentrates, catecholamines, and the optimization of coagulation and the 54 
acid-base status support the therapy to regain normal physiological conditions after sustained 55 
trauma. This concept focuses on the restoration of hemodynamics and macrocirculation. Several 56 
studies, however, show that microcirculatory perfusion does not recover simultaneously with the 57 
macrocirculation. Especially, cerebral perfusion remains impaired and further oxygen 58 
undersupply may occur7,8. 59 
 60 
The use of animal models allows scientists to establish novel or experimental strategies. The 61 
comparable anatomy, homology, and physiology of pigs and humans enable conclusions on 62 
specific pathological factors. Both species have a similar metabolic system and response to 63 
pharmacologic treatments. This is a great advantage in comparison to small models where 64 
differences in blood volume, hemodynamics, and overall physiology make it almost impossible 65 
to mimic a clinical scenario9. Furthermore, authorized medical equipment and consumables can 66 
be easily used in porcine models. Additionally, it is easily possible to obtain pigs from commercial 67 
suppliers, which allows a high diversity of genetics and phenotypes and is cost reducing10. The 68 
model of blood withdrawal via vessel cannulation is quite common11–15.  69 
 70 
In this study, we extend the concept of hemorrhagic shock induction via arterial blood withdrawal 71 
with an exact titration of hemodynamic failure and cerebral oxygenation impairment. 72 
Hemorrhagic shock is achieved if the cardiac index and mean arterial pressure drops below 40% 73 
of the baseline value, which has been shown to cause considerable deterioration of the cerebral 74 
regional oxygenation saturation8. Pulse contour cardiac output (PiCCO) measurement is used for 75 
continuous hemodynamic monitoring. First, the system has to be calibrated by transpulmonary 76 
thermodilution, which enables the calculation of the cardiac index of the extravascular lung water 77 
content and the global end-diastolic volume. Subsequently, the continuous cardiac index is 78 
calculated by pulse contour analysis and also provides dynamic preload parameters like pulse 79 
pressure and stroke volume variation.  80 
 81 
This technique is well established in clinical and experimental settings. Near-infrared 82 
spectroscopy (NIRS) is a clinically and experimentally established method to monitor changes in 83 
cerebral oxygen supply in real-time. Self-adherent sensors are attached to the left and right 84 
forehead and calculate the cerebral oxygenation noninvasively in the cerebral frontal cortex. Two 85 
wavelengths of infrared light (700 and 900 nm) are emitted and detected by the sensors after 86 
being reflected from the cortex tissue. To assess the cerebral oxygen content, contributions of 87 
arterial and venous blood are calculated in 1:3 relations and updated in 5 s intervals. The 88 



  

sensitivity in depth of 1–4 cm is exponential decreasing and influenced by the penetrated tissue 89 
(e.g., skin and bone), although the skull is translucent to infrared light. The technique facilitates 90 
quick therapeutic actions to prevent patients from adverse outcomes like delirium or hypoxic 91 
cerebral injury and serves as the target parameter in case of impaired cardiac output16,17. The 92 
combination of both techniques during experimental shock enables an exact titration of 93 
macrocirculation, as well as cerebral microcirculatory impairment, to study this life-threatening 94 
event. 95 
 96 
PROTOCOL:  97 
The experiments in this protocol were approved by the State and Institutional Animal Care 98 
Committee (Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany; Chairperson: Dr. 99 
Silvia Eisch-Wolf; reference number: 23 177-07/G 14-1-084; 02.02.2015). The experiments were 100 
conducted in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 101 
guidelines. The study was planned and conducted between November 2015 and March 2016. 102 
After extended literature research, the pig model was chosen as a well-established model for 103 
hemorrhagic shock. Seven anesthetized male pigs (Sus scrofa domestica) with a mean weight of 104 
28 ± 2 kg and an age of 2–3 months were included in the protocol. The animals were cared for by 105 
a local breeder that was recommended by the State and Institutional Animal Care Committee. 106 
The animals were kept in their known environment as long as possible to minimize stress. Food, 107 
but not water was denied 6 h before the experiment was scheduled, to reduce the risk of 108 
aspiration. The representative time course is displayed in Figure 1. 109 
 110 
1. Anesthesia, intubation, and mechanical ventilation 111 
 112 
1.1. Sedate pigs with a combined injection of ketamine (4 mg·kg-1) and azaperone (8 mg·kg-1) in 113 
the neck or the gluteal muscle with a needle for intramuscular injection (1.2 mm). Ensure that 114 
the animals remain stable until the sedation sets in.  115 
 116 
CAUTION: Gloves are absolutely necessary when handling animals.  117 
 118 
1.2. Transport the sedated animals to the laboratory.  119 
 120 
NOTE: The animals fall deeply asleep and do not awake during normal handling, like when they 121 
are lifted into the transport cage. In this setting, the transport time was about 20 min with a 122 
special van for animal transport. 123 
 124 
1.3. Monitor the peripheral oxygen saturation (SpO2) with a sensor clipped to the pig’s tail or ear 125 
directly after arrival. 126 
 127 
1.4. Disinfect the skin with colorless disinfection tincture and wait for 3 min before inserting a 128 
peripheral vein catheter (1.2 mm) into an ear vein. Then, induce anesthesia by an intravenous 129 
injection of fentanyl (4 µg·kg-1) and propofol (3 mg·kg-1). 130 
 131 
1.5. When all reflexes are absent and spontaneous breathing expires, place the pigs in supine 132 



  

position on a stretcher and fix them with bandages.  133 
 134 
NOTE: Adequate levels of anesthesia have to be confirmed by an experienced researcher by the 135 
absence of an eyelid reflex and other reactions to external stimuli. 136 
 137 
1.6. Immediately start noninvasive ventilation with a dog ventilation mask (size 2). Use the 138 
following ventilation parameters: inspiratory oxygen fraction (FiO2) = 1.0; respiratory rate = 14–139 
16 min-1; peak inspiratory pressure < 20 cm H2O, positive end-expiratory pressure (PEEP) = 5 cm 140 
H2O. 141 
 142 
1.7. Maintain anesthesia via a continuous infusion of fentanyl (0.1–0.2 µg·kg-1·h-1) and propofol 143 
(8–12 mg·kg-1·h-1) and start an infusion of balanced electrolyte solution (5 mL·kg-1·h-1). 144 
 145 
1.8. Facilitate endotracheal intubation by the application of a muscle relaxant (atracurium 0.5 146 
mg·kg-1). 147 
 148 
1.9. Secure the airway via intubation with a common endotracheal tube (ID 6–7) and an 149 
introducer. Use a common laryngoscope with a Macintosh blade (size 4). Two persons facilitate 150 
the procedure. 151 
 152 
1.9.1. Person 1: Fix the tongue outside with a piece of tissue and open the snout with the other 153 
hand.  154 
 155 
1.9.2. Person 2: Perform a laryngoscopy. 156 
 157 
1.9.3. Person 2: When the epiglottis comes into view, move the laryngoscope ventrally. Lift up 158 
the epiglottis and make sure the vocal cords are visible.  159 
 160 
NOTE: If the epiglottis does not move dorsally, it sticks to the soft palatine and can be mobilized 161 
by the tip of the tube. Alternatively, a blade with another size (3 or 5) or type (Miller blade) can 162 
be used.  163 
 164 
1.10. Move the tube carefully through the vocal cords.  165 
 166 
NOTE: The narrowest point of the trachea is not on the level of the vocal cords but subglottic. If 167 
tube insertion is not possible, try to rotate the tube or use a smaller tube.  168 
 169 
1.11. Pull the introducer out of the tube, use a 10 mL syringe to block the cuff with 10 mL of air, 170 
and control the cuff pressure with a cuff manager (30 cm H2O). 171 
 172 
1.12. Start mechanical ventilation after the tube is connected to a ventilator (PEEP = 5 cm H2O; 173 
tidal volume = 8 mL·kg-1; FiO2 = 0.4; inspiration-to-expiration ratio = 1:2; respiratory rate = 174 
variable to achieve an end-tidal CO2 of <6 kPa).  175 
 176 



  

NOTE: Avoid fluctuation of the CO2 to minimize any respiratory effects on the cerebral perfusion. 177 
 178 
1.13. Make sure that tube position is correct by regular and periodic exhalation of CO2 via 179 
capnography, and check the double-sided ventilation through auscultation. 180 
 181 
NOTE: If the tube is placed incorrectly, air inflation into the stomach rapidly forms a visible bulge 182 
in the abdominal wall, even before the capnography is installed. In this case, replacement of the 183 
tube and the insertion of a gastric tube are absolutely necessary. 184 
 185 
1.14. With two persons, place a gastric tube into the stomach to avoid reflux and vomiting. 186 
 187 
1.14.1. Person 1: Fix the tongue outside with a piece of tissue and open the snout with the other 188 
hand.  189 
 190 
1.14.2. Person 2: Perform a laryngoscopy of the porcine larynx. 191 
 192 
1.14.3. Person 2: Visualize the esophagus. 193 
 194 
1.14.4. Person 2: Push the gastric tube inside the esophagus with a pair of Magill forceps until 195 
gastric fluid is drained. 196 
 197 
NOTE: Sometimes, visualization is not easy. In this case, move the laryngoscope dorsally to the 198 
tube and push it ventrally to open the esophagus. During the procedure, the animal body is 199 
covered with blankets to avoid hypothermia. If the animal’s body temperature decreases, use a 200 
heating system to stabilize the temperature on a physiological level (see the Table of Materials). 201 
The body temperature is displayed on the screen of the PiCCO. 202 
  203 
2. Instrumentation 204 
 205 
2.1. Use bandages to pull back the hind legs to smoothen the folds in the femoral area for vessel 206 
catheterization.  207 
 208 
2.2. Prepare the following materials: one 5 mL syringe, one 10 mL syringe, one 50 mL syringe, 209 
one Seldinger needle, introducer sheaths (2 mm, 2.7 mm, 2.7 mm), guidewires for the sheaths, a 210 
central venous catheter with three ports (2.3 mm, 30 cm) with guidewire, and a PiCCO catheter 211 
(1.67 mm, 20 cm). 212 
 213 
2.3. Disinfect the inguinal area with colored disinfection, wait for 2 min, and wipe the disinfection 214 
off with a sterile tissue. Repeat this procedure 3x. After the third time, do not remove the 215 
disinfection.  216 
 217 
2.4. Fill all catheters with saline solutions.  218 
 219 
2.5. Apply ultrasound gel to the ultrasound probe. Cover the inguinal area with a sterile 220 



  

fenestrated drape and scan the right femoral vessels with ultrasound. Use the Doppler technique 221 
to distinguish between the artery and the vein18. 222 
 223 
2.6. Bright red pulsating blood confirms the aspired needle position. Disconnect the syringe and 224 
insert the guidewire into the right femoral artery. 225 
 226 
2.7. Visualize the longitudinal axis of the right femoral vein and insert the Seldinger needle under 227 
permanent aspiration with the 5 mL syringe.  228 
 229 
2.8. Aspirate dark red nonpulsating venous blood.  230 
 231 
2.9. Visualize the right femoral artery axially and switch to a longitudinal view of the artery by 232 
rotating the probe 90°.  233 
 234 
2.10. Puncture the right femoral artery under ultrasound visualization with the Seldinger needle 235 
under permanent aspiration with the 5 mL syringe. 236 
 237 
NOTE: The ultrasound-guided Seldinger technique is associated with significantly lower blood 238 
loss, tissue trauma, and time consumption than other methods of vascular access19,20. 239 
 240 
2.10.1. If the correct position of the needle in the different vessels cannot be established for 241 
certain, take the blood probes and analyze the blood gas content with a blood gas analyzer (see 242 
the Table of Materials). A high oxygen level is a good sign of arterial blood, and a low oxygen 243 
level is a sign of venous blood.  244 
 245 
2.11. Insert the guidewire for the central venous catheter into the right femoral vein after 246 
disconnecting the syringe and retracting the Seldinger needle. 247 
 248 
2.12. Visualize both right vessels with ultrasound to control the correct wire position. 249 
 250 
2.13. Push the arterial introducer sheath (2 mm) over the guidewire into the right artery and 251 
secure the position with blood aspiration.  252 
 253 
2.14. Use the Seldinger technique to position the central venous line into the right femoral vein. 254 
Aspirate all ports and flush them with saline solution.  255 
 256 
2.15. Perform the same procedure on the left inguinal side to insert the other introducer sheaths 257 
in the Seldinger technique into the left femoral artery (2.7 mm) and femoral vein (2.7 mm). 258 
 259 
2.16. Connect the right arterial introducer sheath and the central venous catheter with two 260 
transducer systems for the measurement of invasive hemodynamics, and position both 261 
transducers on the heart level to get appropriate values. 262 
 263 
2.17. Switch the three-way-stopcocks of both transducers open to the atmosphere to calibrate 264 



  

the systems to 0 as is prescribed in the operation instructions.  265 
 266 
NOTE: It is absolutely necessary to avoid any air bubbles and bloodstains in the systems to 267 
generate plausible values.  268 
 269 
2.18. Switch all infusions for maintaining anesthesia from the peripheral vein to the central 270 
venous line. 271 
  272 
2.19. Take baseline values (hemodynamics, spirometry, NIRS (see section 4) and PiCCO (see 273 
section 3) after 15 min of recovery. 274 
 275 
2.20. Initiate hemorrhagic shock (see section 5). 276 
 277 
3. PiCCO measurement  278 
 279 
NOTE: For the PiCCO equipment, see the Table of Materials. 280 
 281 
3.1. Insert the PiCCO catheter into the right arterial introducer sheath. 282 
 283 
NOTE: In clinical medicine, PiCCO catheters are directly placed by the Seldinger technique. 284 
However, placement via an introducer sheath is feasible as well.  285 
 286 
3.2. Connect the catheter with the arterial wire of the PiCCO system and the arterial transducer 287 
directly with the PiCCO port. Then, recalibrate as described in step 2.17. 288 
 289 
3.3. Connect the venous measuring unit of the PiCCO system with the left venous introducer 290 
sheath.  291 
 292 
NOTE: It is necessary to connect the venous and arterial probes at some distance from each other. 293 
Otherwise, the measurement will be disturbed, because the application of cold saline solution 294 
into the venous system will influence the arterial measurement. For more details on PiCCO, see 295 
Mayer and Suttner21. 296 
 297 
3.4. Turn on the PiCCO system and confirm that a new patient is measured. 298 
 299 
3.5. Enter the animal’s size and weight and switch the category to adults. 300 
 301 
3.6. Enter the protocol name and ID and enter Exit. 302 
 303 
3.7. Set the injection volume to 10 mL. 304 
 305 
NOTE: The volume of the chosen injection solution can be varied. A higher volume makes the 306 
measured values more valid. Chose a small volume to avoid any hemodilution effects through 307 
repetitive application. 308 



  

 309 
3.8. Enter the central venous pressure. 310 
 311 
3.9. Open the three-way stopcock to the atmosphere, click on Zero for system calibration, and 312 
click on Exit. 313 
 314 
3.10. Calibrate the continuous cardiac output measurement as described next and click on TD 315 
(Thermodilution). Prepare physiological saline solution with a temperature of 4 °C in a 10 mL 316 
syringe and click on Start. 317 
 318 
3.11. Inject 10 mL of the cold saline solution quickly and steadily into the venous measuring unit 319 
and wait until the measurement is completed and the system requests a repetition. 320 
 321 
3.12. Repeat this procedure until three measurements are completed. 322 
 323 
3.13. Let the system calculate the mean of all parameters and click on Exit. 324 
 325 
3.14. After complete calibration, immediately start the measurement. To monitor shock 326 
induction, focus on the PiCCO-derived parameter cardiac index. 327 
 328 
4. Cerebral regional oxygenation saturation  329 
 330 
NOTE: For the equipment to monitor cerebral regional oxygenation, see the Table of Materials. 331 
 332 
4.1. Shave the forehead of the pig with a disposable razor and water and stick two self-adherent 333 
sensors (see the Table of Materials) for NIRS to the forehead of the pig. 334 
 335 
4.2. Connect the preamplifier to the monitor and connect the sensor cable connectors color-336 
coded to the preamplifier. 337 
 338 
4.3. Close the preamp locking mechanism and attach the sensors to the sensor cables. 339 
 340 
NOTE: In order to record real-time data, a USB flash drive has to be connected to the NIRS 341 
monitor.  342 
 343 
4.4. Switch on the monitor, click on New Patient, enter the study name, and click on Done. 344 
 345 
4.5. Check the incoming signal. When the signal is stable, click on Baseline Menu and click on Set 346 
Baselines. If the baseline has already been entered, confirm the new baseline by clicking Yes and 347 
click on Event Mark. 348 
 349 
4.6. Chose the event with the arrow buttons on the keyboard and with Next Event; select the 350 
event 3 Induction and press Select Event. 351 
 352 



  

NOTE: If further information is necessary, consult the operation manual of the NIRS system22. 353 
 354 
5. Hemorrhagic shock induction 355 
 356 
5.1. Connect left introducer sheath with a tree-way stopcock. Connect one port of the three-way 357 
stopcock with a 50 mL syringe and one with an empty infusion bottle. 358 
 359 
NOTE: Alternatively, the withdrawn blood may be collected in citrated bags for later 360 
autotransfusion. This is a major advantage of controlled blood withdrawal.  361 
 362 
5.2. Measure and document the exact hemodynamic parameters and calculate 40% of the 363 
cardiac index and mean arterial pressure as hemodynamic targets. Set the event 93 Blood Loss 364 
in the NIRS system as described in step 4.6. 365 
 366 
NOTE: Hemorrhagic shock is achieved if the cardiac index and mean arterial pressure drops below 367 
40% of the baseline value. A considerable cerebral regional oxygenation saturation (crSO2) 368 
decline of 20% is preferable to depict microcirculatory impairment. The average blood loss to 369 
achieve this lies within a range of 25–35 mL·kg-1.  370 
 371 
5.3. Aspirate 50 mL of blood into the syringe and switch the three-way stopcock. Push the blood 372 
into the empty bottle.  373 
 374 
5.4. Note the removed blood volume. 375 
 376 
5.5. Monitor the arterial blood pressure, the cardiac index, and the crSO2 closely. Repeat the 377 
blood withdrawal until the target blood pressure and cardiac index are achieved (after 20–30 378 
min). 379 
 380 
5.6. Set the event 97 Hypotension in the NIRS device as described in step 4.6. 381 
 382 
NOTE: Do not withdraw the blood too quickly, because this bears the risk of immediate cardio-383 
circulatory failure. After finishing the shock induction procedure, the animals can be used for 384 
various therapeutic interventions. 385 
 386 
6. End of the experiment and euthanasia 387 
 388 
6.1. Inject 0.5 mg of fentanyl into the central venous line and wait for 5 min. 389 
 390 
6.2. Inject 200 mg of propofol into the central venous line and euthanize the animal with 40 mmol 391 
potassium chloride.  392 
 393 
REPRESENTATIVE RESULTS:  394 
After starting the shock induction, a short time of compensation can be registered. With ongoing 395 
blood removal, the aforementioned cardio-circulatory decompensation, as monitored by a 396 



  

significant decrease of crSO2, the cardiac index, the intrathoracic blood volume index, and the 397 
global end-diastolic volume index (Figure 2, Figure 3, and Figure 4), occurs. Furthermore, 398 
significant tachycardia and a decrease of arterial blood pressure are observed as common 399 
manifestations of hemorrhagic shock (Figure 2). Stroke volume variation increases significantly 400 
(Figure 3). Extravascular lung water content and systemic vascular resistance are usually 401 
unaffected (Figure 3). After ending the blood withdrawal (28 ± 2 mL·kg-1), the hemodynamic 402 
values remain on a critically low level. Parallelly, crSO2 also drops down significantly. These 403 
sensors do not regularly start on the same level, but the percental dropdown is comparable. 404 
Figure 4 shows a representative recording from one animal. Hemoglobin content and hematocrit 405 
do not directly decrease in the process, but lactate levels rise and the central venous oxygen 406 
saturation decreases (Figure 5). 407 
 408 
FIGURE LEGENDS:  409 
 410 
Figure 1: Experimental flow chart. The baseline is set after preparation and a 30 min stabilization. 411 
Shock is induced for 30 min. Pulse contour cardiac output parameters and cerebral regional 412 
oxygenation are measured during the whole experiment. The times of measurement are termed 413 
as Preparation, Baseline, and Shock. 414 
 415 
Figure 2: Development of hemodynamics during hemorrhagic shock. Effects over time are 416 
analyzed by ANOVA and post hoc Student-Newman-Keuls method. #p < 0.05 to baseline. Data are 417 
presented as mean and standard deviation. (A) Heart rate (B) mean arterial pressure, and (C) 418 
central venous pressure are considerably influenced in this model. 419 
 420 
Figure 3: Development of the pulse contour cardiac output and thermodilution-derived 421 
parameters during hemorrhagic shock. Effects over time are analyzed by ANOVA and post hoc 422 
Student-Newman-Keuls method. #p < 0.05 to baseline. Data are presented as mean and standard 423 
deviation. (A) Cardiac index decreases, (B) Stroke volume variation increases, (D) intrathoracic 424 
blood volume index and (E) global end-diastolic volume index decrease, (C) systemic vascular 425 
resistance index and (F) extravascular lung water index remain unaffected. 426 
 427 
Figure 4: crSO2 flow chart during hemorrhagic shock in one representative animal. The left panel 428 
shows a schematic presentation of the crSO2 during hemorrhagic shock. The right panel shows 429 
the display of the NIRS system. crSO2 significantly breaks down through shock induction and 430 
remains at a low level after the blood withdrawal is ended.  431 
 432 
Figure 5: Development of hematologic parameters during hemorrhagic shock. Effects over time 433 
are analyzed by ANOVA and post hoc Student-Newman-Keuls method. #p < 0.05 to baseline. Data 434 
are presented as mean and standard deviation. (A) Hemoglobin and (D) base excess remain 435 
unaffected, (C) lactate level rises significantly, (B) central venous oxygen saturation decreases. 436 
 437 
DISCUSSION:  438 
The protocol describes one method of inducing hemorrhagic shock via controlled arterial 439 
bleeding in pigs that is guided by systemic hemodynamics, as well as by cerebral microcirculatory 440 



  

impairment. Shock conditions were achieved by a calculated blood withdrawal of 25–35 mL·kg-1 441 
and confirmed by the mentioned composite of surrogate parameters indicating considerable 442 
cardio-circulatory failure. If untreated, this procedure was lethal within 2 h in 66% of the animals, 443 
which underlines the severity and reproducibility of the model. Adequate fluid resuscitation, on 444 
the other hand, restabilized the circulation and approved the patency to mimic a clinical 445 
scenario8. However, less blood loss may not lead to the hemodynamic instability that also 446 
affected crSO2 leading to experimental failure. The amount of removed blood needed to be 447 
adapted to the animal’s body weight, which corresponded with the total blood volume8. 448 
 449 
This method allows scientists to examine different aspects of this life-threatening condition and 450 
opens up the opportunity to study a wide array of therapeutic interventions in a pseudoclinical 451 
scenario. In this context, it is important to note that during manifest hemorrhagic shock, the 452 
macrocirculation alone hardly indicates an intact or impaired microcirculation and organ oxygen 453 
supply7. The advantage of the procedure lies in its simple design and usability. The transfer to 454 
other medium-sized mammals appears uncomplicated, although different species may exhibit 455 
specific challenges. The design provides high flexibility as different levels of cardio-circulatory 456 
impairment can be easily chosen by titrating the effect variables. The combination with NIRS 457 
provides information about the otherwise unrecognized microcirculatory oxygen supply during 458 
hemorrhagic shock.  459 
 460 
Some of the model’s critical steps have to be highlighted and require attention. Adequate 461 
sedation prior to transport is essential to avoid stress that could complicate the animal handling 462 
and falsify results by endogenic catecholamine release. The porcine snout, with its long 463 
oropharyngeal cavity, complicates intubation and makes the assistance of a second person 464 
reasonable. Regularly, the epiglottis sticks to the palate and has to be mobilized with the tip of 465 
the tube. The narrowest part of the airway is not at the level of the vocal cords but subglottic, 466 
like in pediatric patients23. These aspects make adequate muscle relaxation essential because 467 
intubation is facilitated. Ultrasound-guided vessel catheterization is preferable, although surgical 468 
access can also be used in reproducible fashion. The minimally invasive technique needs special 469 
training and experience but can minimize uncontrolled bleeding, tissue damage, complication 470 
rates, access time, and pain24. The induction of the hemorrhagic shock itself appears to be very 471 
simple, but the user should be aware of several pitfalls. It is important to reduce the blood 472 
removal speed to recognize hemodynamic instability. Arterial removal is efficient, but when it is 473 
performed too fast, it can lead to unplanned cardio-circulatory and experimental failure. The 474 
calculation of the approximate extraction volume helps to manage the removal and avoids 475 
critically low cardio-circulatory levels25–27. Other published protocols vary in terms of targeted 476 
hemodynamic failure, amount of removed blood volume, and period of blood withdrawal. The 477 
punctuated vessel can differ as well27,28.  478 
 479 
NIRS enables real-time measurements of the crSO2. In several clinical settings, this method has 480 
been used to recognize an impaired cerebral oxygen supply: particularly during cardiac and major 481 
vascular surgery, NIRS represents a valuable tool. NIRS-derived parameters can predict a worse 482 
neurological outcome and patient survival caused by insufficient tissue oxygenation29. 483 
Interestingly, the intracerebral lactate level decreases in correlation with the NIRS values. Studies 484 



  

have shown that, during oxidative stress, lactate can be utilized as a source of pyruvate, and the 485 
intracranial lactate level decreases10. These findings and measurements are not considered in 486 
this basic model description. Changes of mean arterial pressure that influence the cerebral 487 
perfusion, PaO2, PaCO2, or the hemoglobin directly affect NIRS-derived crSO2

30,31. NIRS has a 488 
prognostic value in patients suffering from hemorrhagic shock and hemodynamic instability as 489 
well32-39. However, several limitations and disadvantages have to be noted. Extracranial tissue 490 
below the sensors, like skin, muscles, and fat, may influence the measurements and can lead to 491 
false negative results. The spatial resolution is low, and the penetration depth is limited32–34,40–492 
43. The method neither differentiates between arterial and venous blood nor between oxygen 493 
delivery and demand41,44,45. The device is primarily approved for human application. The used 494 
sensors are designed for human adults. Smaller sensors for children and newborns exist, but 495 
these were not available for this protocol. In pigs, the technique is widely accepted, and crSO2 496 
correlates with a partial pressure of oxygen, quantitative electroencephalography, and cerebral 497 
venous oxygen saturation46,47. Several devices directly measure the oxygen partial pressure in 498 
the cerebral tissue. For this purpose, the probes have to be inserted surgically into the brain. This 499 
enables unaffected measurements in the respective region of interest and avoids disturbances 500 
by surrounding noncerebral tissue. Although this approach is highly invasive, it is rather suitable 501 
for special scenarios, like neurosurgical procedures48–51. The use of porcine models to simulate 502 
human pathomechanisms is a very common approach11–13,15. The advantage lies in the 503 
physiologic comparability between both species. Experiments that simulate life-threatening 504 
clinical conditions require fundamental expertise in intensive care medicine and anesthesia but 505 
also in specific species-related features. This allows mimicking clinical scenarios in realistic 506 
fashion for the translational testing of novel devices or therapeutic regimes on the threshold to 507 
clinical application8,52. However, we have to be aware that direct or immediate conclusions 508 
concerning clinical application can hardly be drawn from experimental models. Some relevant 509 
differences and limitations have to be noted: regarding shock or hemorrhage, the porcine 510 
coagulation system appears to be more effective and the hemoglobin content is significantly 511 
lower. Also, lactate and succinate plasma levels differ53. The porcine blood consists of an “A0” 512 
blood group system, compared to the human “AB0” system54. Some studies discuss if 513 
splenectomy should be performed to exclude the occurrence of intrinsic autotransfusion in 514 
porcine shock models. On the other hand, during splenectomy, oxidative stress, pain, and 515 
sympathetic stimulation occur, and the procedure is associated with autotransfusion reactions 516 
by itself. For these reasons, splenectomy is not recommended55,56. The use of clinically approved 517 
devices has some systemic sources of error. The PiCCO system requires calculation of the body 518 
surface area, which differs between pigs and humans. This can cause a systemic error, but the 519 
trending ability of the device will be unaffected. Other methods of cardiac output measurement, 520 
like echocardiography or a pulmonary arterial catheter, can be discussed in this setting. 521 
 522 
In conclusion, this protocol presents a standardized hemorrhagic shock model initiated by arterial 523 
blood withdrawal and controlled by extended hemodynamic monitoring, as well as crSO2. In 524 
comparison to similar models that primarily focus on predefined removal volumes for shock 525 
induction, this approach highlights a titration by means of the resulting failure of macro- and 526 
microcirculation. 527 
 528 



  

ACKNOWLEDGMENTS:  529 
The authors want to thank Dagmar Dirvonskis for her excellent technical support.  530 
 531 
DISCLOSURES:  532 
The NIRS device was provided unconditionally by Medtronic PLC, USA, for experimental research 533 
purposes. Alexander Ziebart, Andreas Garcia-Bardon, and Erik K. Hartmann received instructor 534 
honoraria for physician training courses from Medtronic PLC. None of the authors report financial 535 
or other conflicts of interest.  536 
 537 
REFERENCES:  538 
1. Kutcher, M. E. et al. A paradigm shift in trauma resuscitation: evaluation of evolving massive 539 
transfusion practices. JAMA Surgery. 148 (9), 834-840 (2013). 540 
2. Allen, B. S., Ko, Y., Buckberg, G. D., Sakhai, S., Tan, Z. Studies of isolated global brain ischaemia: 541 
I. A new large animal model of global brain ischaemia and its baseline perfusion studies. European 542 
Journal of Cardio-Thoracic Surgery. 41 (5), 1138-1146 (2012). 543 
3. Noll, E. et al. Comparative analysis of resuscitation using human serum albumin and crystalloids 544 
or 130/0.4 hydroxyethyl starch and crystalloids on skeletal muscle metabolic profile during 545 
experimental haemorrhagic shock in swine: A randomised experimental study. European Journal 546 
of Anaesthesiology. 34 (2), 89-97 (2017). 547 
4. Tisherman, S. A., Stein, D. M. ICU Management of Trauma Patients. Critical Care Medicine. 548 
10.1097/ccm.0000000000003407 (2018). 549 
5. Nielsen, T. K., Hvas, C. L., Dobson, G. P., Tonnesen, E., Granfeldt, A. Pulmonary function after 550 
hemorrhagic shock and resuscitation in a porcine model. Acta Anaesthesiologica Scandinavica. 551 
58 (8), 1015-1024 (2014). 552 
6. Bogert, J. N., Harvin, J. A., Cotton, B. A. Damage Control Resuscitation. Journal of Intensive Care 553 
Medicine. 31 (3), 177-186 (2016). 554 
7. Gruartmoner, G., Mesquida, J., Ince, C. Fluid therapy and the hypovolemic microcirculation. 555 
Current Opinion in Critical Care. 21 (4), 276-284 (2015). 556 
8. Ziebart, A. et al. Effect of gelatin-polysuccinat on cerebral oxygenation and microcirculation in 557 
a porcine haemorrhagic shock model. Scandinavian Journal Trauma Resuscitation Emergency 558 
Medicin. 26 (1), 15 (2018). 559 
9. Bassols, A. et al. The pig as an animal model for human pathologies: A proteomics perspective. 560 
Proteomics Clinical Applications. 8 (9-10), 715-731 (2014). 561 
10. Alosh, H., Ramirez, A., Mink, R. The correlation between brain near-infrared spectroscopy and 562 
cerebral blood flow in piglets with intracranial hypertension. Journal of Applied Physiology 563 
(1985). 121 (1), 255-260 (2016). 564 
11. Hartmann, E. K. et al. Ventilation/perfusion ratios measured by multiple inert gas elimination 565 
during experimental cardiopulmonary resuscitation. Acta Anaesthesiologica Scandinavica. 58 (8), 566 
1032-1039 (2014). 567 
12. Hartmann, E. K., Duenges, B., Baumgardner, J. E., Markstaller, K., David, M. Correlation of 568 
thermodilution-derived extravascular lung water and ventilation/perfusion-compartments in a 569 
porcine model. Intensive Care Medicine. 39 (7), 1313-1317 (2013). 570 
13. Hartmann, E. K. et al. An inhaled tumor necrosis factor-alpha-derived TIP peptide improves 571 
the pulmonary function in experimental lung injury. Acta Anaesthesiologica Scandinavica. 57 (3), 572 



  

334-341 (2013). 573 
14. Ortiz, A. L. et al. The influence of Ringer's lactate or HES 130/0.4 administration on the 574 
integrity of the small intestinal mucosa in a pig hemorrhagic shock model under general 575 
anesthesia. Journal of the Veterinary Emergency and Critical Care. 27 (1), 96-107 (2017). 576 
15. Ziebart, A. et al. Low tidal volume pressure support versus controlled ventilation in early 577 
experimental sepsis in pigs. Respiratory Research. 15, 101 (2014). 578 
16. Hoffman, G. M. et al. Postoperative Cerebral and Somatic Near-Infrared Spectroscopy 579 
Saturations and Outcome in Hypoplastic Left Heart Syndrome. The Annals of Thoracic Surgery. 580 
103 (5), 1527-1535 (2017). 581 
17. Hickok, R. L., Spaeder, M. C., Berger, J. T., Schuette, J. J., Klugman, D. Postoperative Abdominal 582 
NIRS Values Predict Low Cardiac Output Syndrome in Neonates. World Journal for Pediatric and 583 
Congenital Heart Surgery. 7 (2), 180-184 (2016). 584 
18. Weiner, M. M., Geldard, P., Mittnacht, A. J. Ultrasound-guided vascular access: a 585 
comprehensive review. Journal of Cardiothoracic and Vascular Anesthesia. 27 (2), 345-360 586 
(2013). 587 
19. Kumar, A., Chuan, A. Ultrasound guided vascular access: efficacy and safety. Best Practice & 588 
Research: Clinical Anaesthesiology. 23 (3), 299-311 (2009). 589 
20. Lamperti, M. et al. International evidence-based recommendations on ultrasound-guided 590 
vascular access. Intensive Care Medicine. 38 (7), 1105-1117 (2012). 591 
21. Mayer, J., Suttner, S. Cardiac output derived from arterial pressure waveform. Current 592 
Opinion in Anesthesiology. 22 (6), 804-808 (2009). 593 
22. Medtronic. Operations Manual INVOS® System, Model 5100C. 594 
http://www.wemed1.com/downloads/dl/file/id/7947/product/10495/manual_for_mo_s_5100595 
c.pdf (2013). 596 
23. Wani, T. M., Rafiq, M., Akhter, N., AlGhamdi, F. S., Tobias, J. D. Upper airway in infants-a 597 
computed tomography-based analysis. Paediatric Anaesthesia. 27 (5), 501-505 (2017). 598 
24. Tuna Katircibasi, M., Gunes, H., Cagri Aykan, A., Aksu, E., Ozgul, S. Comparison of Ultrasound 599 
Guidance and Conventional Method for Common Femoral Artery Cannulation: A Prospective 600 
Study of 939 Patients. Acta Cardiologica Sinica. 34 (5), 394-398 (2018). 601 
25. Teeter, W. A. et al. Feasibility of basic transesophageal echocardiography in hemorrhagic 602 
shock: potential applications during resuscitative endovascular balloon occlusion of the aorta 603 
(REBOA). Cardiovascular Ultrasound. 16 (1), 12 (2018). 604 
26. Kontouli, Z. et al. Resuscitation with centhaquin and 6% hydroxyethyl starch 130/0.4 improves 605 
survival in a swine model of hemorrhagic shock: a randomized experimental study. European 606 
Journal of Trauma and Emergency Surgery. 10.1007/s00068-018-0980-1 (2018). 607 
27. Nikolian, V. C. et al. Improvement of Blood-Brain Barrier Integrity in Traumatic Brain Injury 608 
and Hemorrhagic Shock Following Treatment With Valproic Acid and Fresh Frozen Plasma. Critical 609 
Care Medicine. 46 (1), e59-e66 (2018). 610 
28. Williams, T. K. et al. Endovascular variable aortic control (EVAC) versus resuscitative 611 
endovascular balloon occlusion of the aorta (REBOA) in a swine model of hemorrhage and 612 
ischemia reperfusion injury. The Journal of Trauma and Acute Care Surgery. 85 (3), 519-526 613 
(2018). 614 
29. Aly, S. A. et al. Cerebral tissue oxygenation index and lactate at 24 hours postoperative predict 615 
survival and neurodevelopmental outcome after neonatal cardiac surgery. Congenital Heart 616 



  

Disease. 12 (2), 188-195 (2017). 617 
30. Sorensen, H. Near infrared spectroscopy evaluated cerebral oxygenation during anesthesia. 618 
The Danish Medical Journal. 63 (12) (2016). 619 
31. Cem, A. et al. Efficacy of near-infrared spectrometry for monitoring the cerebral effects of 620 
severe dilutional anemia. Heart Surgery Forum. 17 (3), E154-159 (2014). 621 
32. Edmonds Jr., H. L., Ganzel, B. L., Austin 3rd, E. H. Cerebral oximetry for cardiac and vascular 622 
surgery. Seminars in Cardiothoracic and Vascular Anesthesia. 8 (2), 147-166 (2004). 623 
33. Murkin, J. M. et al. Monitoring brain oxygen saturation during coronary bypass surgery: a 624 
randomized, prospective study. Anesthesia & Analgesia. 104 (1), 51-58 (2007). 625 
34. Hong, S. W. et al. Prediction of cognitive dysfunction and patients' outcome following valvular 626 
heart surgery and the role of cerebral oximetry. European Journal of Cardio-Thoracic Surgery. 33 627 
(4), 560-565 (2008). 628 
35. Al Tayar, A., Abouelela, A., Mohiuddeen, K. Can the cerebral regional oxygen saturation be a 629 
perfusion parameter in shock? Journal of Critical Care. 38, 164-167 (2017). 630 
36. Torella, F., Cowley, R. D., Thorniley, M. S., McCollum, C. N. Regional tissue oxygenation during 631 
hemorrhage: can near infrared spectroscopy be used to monitor blood loss? Shock. 18 (5), 440-632 
444 (2002). 633 
37. Yao, F. S., Tseng, C. C., Ho, C. Y., Levin, S. K., Illner, P. Cerebral oxygen desaturation is 634 
associated with early postoperative neuropsychological dysfunction in patients undergoing 635 
cardiac surgery. Journal of Cardiothoracic and Vascular Anesthesia. 18 (5), 552-558 (2004). 636 
38. Slater, J. P. et al. Cerebral oxygen desaturation predicts cognitive decline and longer hospital 637 
stay after cardiac surgery. The Annals of Thoracic Surgery. 87 (1), 36-44 (2009). 638 
39. Brodt, J., Vladinov, G., Castillo-Pedraza, C., Cooper, L., Maratea, E. Changes in cerebral oxygen 639 
saturation during transcatheter aortic valve replacement. Journal of Clinical Monitoring and 640 
Computing. 30 (5), 649-653 (2016). 641 
40. Yoshimura, A. et al. Altered cortical brain activity in end stage liver disease assessed by multi-642 
channel near-infrared spectroscopy: Associations with delirium. Scintific Reports. 7 (1), 9258 643 
(2017). 644 
41. Douds, M. T., Straub, E. J., Kent, A. C., Bistrick, C. H., Sistino, J. J. A systematic review of 645 
cerebral oxygenation-monitoring devices in cardiac surgery. Perfusion. 29 (6), 545-552 (2014). 646 
42. Forman, E. et al. Noninvasive continuous cardiac output and cerebral perfusion monitoring in 647 
term infants with neonatal encephalopathy: assessment of feasibility and reliability. Pediatric 648 
Research. 82 (5), 789-795 (2017). 649 
43. Tweddell, J. S., Ghanayem, N. S., Hoffman, G. M. Pro: NIRS is "standard of care" for 650 
postoperative management. Seminars in Thoracic and Cardiovascular Surgery: Pediatric Cardiac 651 
Surgery Annual. 13 (1), 44-50 (2010). 652 
44. Lewis, C., Parulkar, S. D., Bebawy, J., Sherwani, S., Hogue, C. W. Cerebral Neuromonitoring 653 
During Cardiac Surgery: A Critical Appraisal With an Emphasis on Near-Infrared Spectroscopy. 654 
Journal of Cardiothoracic and Vascular Anesthesia. 32 (5), 2313-2322 (2018). 655 
45. Thudium, M., Heinze, I., Ellerkmann, R. K., Hilbert, T. Cerebral Function and Perfusion during 656 
Cardiopulmonary Bypass: A Plea for a Multimodal Monitoring Approach. Heart Surgery Forum. 2 657 
(1), E028-e035 (2018). 658 
46. Putzer, G. et al. Monitoring of brain oxygenation during hypothermic CPR - A prospective 659 
porcine study. Resuscitation. 104, 1-5 (2016). 660 



  

47. Weenink, R. P. et al. Detection of cerebral arterial gas embolism using regional cerebral 661 
oxygen saturation, quantitative electroencephalography, and brain oxygen tension in the swine. 662 
Journal of Neuroscience Methods. 228, 79-85 (2014). 663 
48. Mader, M. M. et al. Evaluation of a New Multiparameter Brain Probe for Simultaneous 664 
Measurement of Brain Tissue Oxygenation, Cerebral Blood Flow, Intracranial Pressure, and Brain 665 
Temperature in a Porcine Model. Neurocritical Care. 10.1007/s12028-018-0541-9 (2018). 666 
49. Mikkelsen, M. L. G. et al. The influence of norepinephrine and phenylephrine on cerebral 667 
perfusion and oxygenation during propofol-remifentanil and propofol-remifentanil-668 
dexmedetomidine anaesthesia in piglets. Acta Veterinaria Scandinavica. 60 (1), 8 (2018). 669 
50. Nelskyla, A. et al. The effect of 50% compared to 100% inspired oxygen fraction on brain 670 
oxygenation and post cardiac arrest mitochondrial function in experimental cardiac arrest. 671 
Resuscitation. 116, 1-7 (2017). 672 
51. Klein, K. U. et al. Intraoperative monitoring of cerebral microcirculation and oxygenation--a 673 
feasibility study using a novel photo-spectrometric laser-Doppler flowmetry. European Journal of 674 
Trauma and Emergency Surgery. 22 (1), 38-45 (2010). 675 
52. Ziebart, A. et al. Pulmonary effects of expiratory-assisted small-lumen ventilation during 676 
upper airway obstruction in pigs. Anaesthesia. 70 (10), 1171-1179 (2015). 677 
53. Reisz, J. A. et al. All animals are equal but some animals are more equal than others: Plasma 678 
lactate and succinate in hemorrhagic shock-A comparison in rodents, swine, nonhuman primates, 679 
and injured patients. The Journal of Trauma and Acute Care. 84 (3), 537-541 (2018). 680 
54. Smith, D. M., Newhouse, M., Naziruddin, B., Kresie, L. Blood groups and transfusions in pigs. 681 
Xenotransplantation. 13 (3), 186-194 (2006). 682 
55. Boysen, S. R., Caulkett, N. A., Brookfield, C. E., Warren, A., Pang, J. M. Splenectomy Versus 683 
Sham Splenectomy in a Swine Model of Controlled Hemorrhagic Shock. Shock. 46 (4), 439-446 684 
(2016). 685 
56. Wade, C. E., Hannon, J. P. Confounding factors in the hemorrhage of conscious swine: a 686 
retrospective study of physical restraint, splenectomy, and hyperthermia. Circulatory Shock. 24 687 
(3), 175-182 (1988). 688 
 689 



Figure 1 Click here to access/download;Figure;Figure 1.jpg

https://www.editorialmanager.com/jove/download.aspx?id=964498&guid=1069786b-1373-4431-aa67-a5b30b123e1c&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964498&guid=1069786b-1373-4431-aa67-a5b30b123e1c&scheme=1


Figure 2 Click here to access/download;Figure;Figure 2.JPG

https://www.editorialmanager.com/jove/download.aspx?id=964499&guid=c243d242-8054-4d75-a82e-475c6f306d87&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964499&guid=c243d242-8054-4d75-a82e-475c6f306d87&scheme=1


Figure Click here to access/download;Figure;Figure 3.JPG

https://www.editorialmanager.com/jove/download.aspx?id=970766&guid=98db625f-7096-4fcc-ae85-3bcd06c5a381&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=970766&guid=98db625f-7096-4fcc-ae85-3bcd06c5a381&scheme=1


Figure 4 Click here to access/download;Figure;Figure 4.jpg

https://www.editorialmanager.com/jove/download.aspx?id=964501&guid=5e187583-2b6a-49fa-ab36-0a63bb9f375f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964501&guid=5e187583-2b6a-49fa-ab36-0a63bb9f375f&scheme=1


Figure 5 Click here to access/download;Figure;Figure 5.JPG

https://www.editorialmanager.com/jove/download.aspx?id=964502&guid=bb722bfb-75b3-443a-a722-404345569252&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964502&guid=bb722bfb-75b3-443a-a722-404345569252&scheme=1


Name of Material/ 

Equipment
Company

Catalog number Comments/Description

3-way-stopcock blue
Becton Dickinson Infusion Therapy AB 

Helsingborg, Sweden
394602 Drug administration

3-way-stopcock red
Becton Dickinson Infusion Therapy AB 

Helsingborg, Sweden
394605 Drug administration/Shock induction

Atracurium Hikma Pharma GmbH , Martinsried AM03AC04* Anesthesia

Canula 20 G Becton Dickinson S.A. Carretera 301300 Vascular access

Datex Ohmeda S5
GE Healthcare Finland Oy, Helsinki, 

Finland
- Hemodynamic monitor

Desinfection Schülke & Mayr GmbH, Germany 104802 Desinfection 
Heidelberger 

Verlängerung 75CM
Fresenius Kabi Deutschland GmbH 2873112   Drug administration/Shock induction

INVOS™ 5100C Cerebral
Medtronic PLC, USA -

Monitore for cerebral regional 

oxygenation 
INVOS™ 

Cerebral/Somatic 

Oximetry Adult Sensors

Medtronic PLC, USA
20884521211152

Monitoring of the cerebral regional 

oxygenation 

Endotracheal tube Teleflex Medical Sdn. Bhd, Malaysia 112482 Intubation
Endotracheal tube 

introducer
  Wirutec GmbH, Sulzbach, Germany 5033062 Intubation

Engström Carestation GE Heathcare, Madison USA - Ventilator

Fentanyl Janssen-Cilag GmbH, Neuss AA0014* Anesthesia

Gloves Paul Hartmann, Heidenheim, Germany 9422131 Self-protection

Incetomat-line 150 cm
Fresenius, Kabi GmbH, Bad Homburg, 

Germany
9004112 Drug administration

Ketamine
Hameln Pharmaceuticals GmbH, 

Zofingen, Schweiz
AN01AX03* Sedation

Laryngoscope Teleflex Medical Sdn. Bhd, Malaysia 671067-000020 Intubation
Logical pressure 

monitoring system

Smith- Medical GmbH,  Minneapolis, 

USA
MX9606 Hemodynamic monitor

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

https://www.editorialmanager.com/jove/download.aspx?id=964496&guid=7c4936cf-b48d-46f7-aabe-002176cf7e9a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964496&guid=7c4936cf-b48d-46f7-aabe-002176cf7e9a&scheme=1


Logicath 7 Fr 3-lumen 

30cm

Smith- Medical GmbH,  Minneapolis, 

USA
MXA233x30x70-E Vascular access/Drug administration

Masimo Radical 7 Masimo Corporation, Irvine, USA - Hemodynamic monitor

Mask for ventilating dogs Henry Schein, Melville, USA 730-246 Ventilation

Original Perfusor syringe 

50ml Luer Lock

B.Braun Melsungen AG, Melsungen, 

Germany
8728810F Drug administration

PICCO Thermodilution. 

F5/20CM EW 

MAQUET Cardiovascular GmbH, Rastatt, 

Germany
PV2015L20-A   Hemodynamic monitor

Percutaneous sheath 

introducer set 8,5 und 9 

Fr, 10 cm with integral 

haemostasis 

valve/sideport

Arrow international inc., Reading, USA AK-07903 Vascular access/Shock induction

Perfusor FM Braun
B.Braun Melsungen AG, Melsungen, 

Germany
8713820 Drug administration

Potassium chloride
Fresenius, Kabi GmbH, Bad Homburg, 

Germany
6178549 Euthanasia

Propofol 2%
Fresenius, Kabi GmbH, Bad Homburg, 

Germany
  AN01AX10* Anesthesia

 Pulse Contour Cardiac 

Output (PiCCO2) 
Pulsion Medical Systems, Feldkirchen, 

Germany
- Hemodynamic monitor

Sonosite Micromaxx 

Ultrasoundsystem
Fujifilm, Sonosite Bothell, Bothell, USA - Vascular access

Stainless Macintosh Size 

4

Teleflex Medical Sdn. Bhd, Perak,  

Malaysia
670000 Intubation

Sterofundin

B.Braun Melsungen AG, Melsungen, 

Germany

AB05BB01* balanced electrolyte infusion

Stresnil 40mg/ml  
Lilly Germany GmbH, Wiesbaden, 

Germany
QN05AD90 Sedation

Syringe 10 mL
Becton Dickinson S.A. Carretera 

Mequinenza Fraga, Spain
309110 Drug administration



Syringe 2 mL
Becton Dickinson S.A. Carretera 

Mequinenza Fraga, Spain
300928 Drug administration

Syringe 20 mL
Becton Dickinson S.A. Carretera 

Mequinenza Fraga, Spain
300296 Drug administration

Syringe 5 mL
Becton Dickinson S.A. Carretera 

Mequinenza Fraga, Spain
309050 Drug administration

venous catheter 22G
B.Braun Melsungen AG, Melsungen, 

Germany
4269110S-01 Vascular access

*ATC:  Anatomical Therapeutic Chemical / Defined Daily Dose 

Classification 



ARTICLE AND VIDEO LICENSE AGREEMENT 

Title of Article: 

Author(s):  

Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/author) via:      Standard Access       Open Access 

Item 2 (check one box): 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms.  As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.

2. Background.  The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article.  In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article.  In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above.  The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats.  If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.

1 
612542.6 

Standardized hemorrhagic shock induction in pigs guided by cerebral 
oximetry and extended hemodynamic monitoring 

Alexander Ziebart1, Jens Kamuf1, Robert Ruemmler1, René Rissel1, 
Moritz Gosling1, Andreas Garcia-Bardon1, Erik K. Hartmann1

X

X

Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement (1).pdf

http://www.jove.com/author
https://www.editorialmanager.com/jove/download.aspx?id=964504&guid=ad49dc0b-4b4e-49e6-9919-90740c5e50c8&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964504&guid=ad49dc0b-4b4e-49e6-9919-90740c5e50c8&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 

4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   
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Dear Reviewers,  

thank you for the constructive comments to the present manuscript / video protocol.  

Editorial comments: 

Changes to be made by the author(s) regarding the manuscript: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammar issues.   

The manuscript was proofread again and all remaining spelling and grammar issues were corrected.  

2. Abstract: Please also include an overview of the advantages and limitations of the method. 

 An overview of the advantages and limitations of the methods was included. 

3. Please use SI abbreviations for all units: L, mL, µL, h, min, s, etc. 

SI abbreviations were used in the manuscript.  

4. Please include a space between all numerical values and their corresponding units: 15 mL, 37 °C, 60 

s; etc. 

A space was included between all numerical values and their units.  

5. Please revise the protocol text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 

etc.). 

All personal pronouns were removed. 

6. JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. Please 

remove all commercial language from your manuscript and use generic terms instead. All commercial 

products should be sufficiently referenced in the Table of Materials and Reagents. You may use the 

generic term followed by “(see table of materials)” to draw the readers’ attention to specific 

commercial names. Examples of commercial sounding language in your manuscript are: Pulsion 

Medical Systems, INVOS™, Medtronic PLC, Somanetics Corporation, etc. 

All contents of commercial language are removed from the manuscript. 

7. 1.6, 2.3: How to disinfect the skin/inguinal area? Please specify. 

The exact disinfection procedure of the skin and inguinal area was specified in the manuscript and 

the used products were added to the table of materials. 

8. 1.3 and 1.8: Please mention how proper anesthetization is confirmed 

General anaesthesia was confirmed by an experienced clinical anaesthetist using a combination of 

clinical (i.e. lack of spontaneous breathing efforts, movement, reflexes or response to handling or 

invasive stimuli like vascular access) and monitoring (hemodynamics, lack of vegetative stress 

reaction) parameters. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Point to
Point.docx

https://www.editorialmanager.com/jove/download.aspx?id=964505&guid=19ef9721-910e-432f-bbc1-e1ca303db5e0&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=964505&guid=19ef9721-910e-432f-bbc1-e1ca303db5e0&scheme=1
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9. Please combine some of the shorter Protocol steps so that individual steps contain 2-3 actions and 

maximum of 4 sentences per step. 

With combination and summarization of shorter steps, protocol was truncated.  

10. After you have made all the recommended changes to your protocol (listed above), please 

highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the 

essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most 

cohesive story of the Protocol. 

11. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted 

part of the step includes at least one action that is written in imperative tense. Please do not highlight 

any steps describing anesthetization and euthanasia. 

12. Please include all relevant details that are required to perform the step in the highlighting. 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 highlighted. 

13. Figures 1, 2, and 4: Please change “Stabilisation” to “Stabilization” and change “ml” to “mL”. 

Please include a space between all numerical values and their corresponding units (35 mL, 0.25 h). 

All figures were changed into the proper formatting.   

14. Figures 2 and 4: Please label and describe each panel in the figure legend. 

The figure legend was revised and each panel of the figures was described.  

15. Figure 3: Please include a title for this figure in the figure legend. 

A title for figure 3 was included in the figure legend.  

16. Table of Materials: Please remove trademark (™) and registered (®) symbols and sort the items in 

alphabetical order according to the name of material/equipment. 

All trademark and registered signs were removed.  

17. References: Please do not abbreviate journal titles. 

 

 

 

 

 

 

 

 



3 
 

Reviewer #1: 

Major Concerns: 

None 

Minor Concerns: 

1. 

Line 72 

"… via thermodilution and pulse contour analysis…" - The device used is based on calibrated pulse 

contour analysis technology. Calibration is undertaken by transpulmonary thermodilution. This should 

be described clearly. 

Thank you very much for this hint. The technical description and the functionality of thermodilution 

and pulse contour analysis was added. 

2. 

Line 355 

Cardiac index is definitely not a preload parameter. The technology used provides ΔPP (also known as 

PPV) and SVV, well-established clinical parameters to assess cardiac preload. Were these parameters 

monitored throughout the study? If so, showing the results e.g. in Figure 2 would be interesting. 

Thank you for this comment, the author agrees that the cardiac index is no preload parameter. The 

passage was changed. SVV was measured in this study as well as intrathoracic blood volume index 

and systemic vascular resistance. These parameters are displayed in the new figure 3. 

Line 415-447 (Hemorrhagic shock induction) 

This part of the methodology remains somehow unclear. Presumably, the parameters CI, crSO2, and 

MAP were used to titrate blood removal (line 426). Was blood removed until all of these three 

parameters declined below 40% of baseline? Was blood removal terminated when one of these 

parameters declined below 40% of baseline? Why had a level of 40% of baseline been chosen? How 

did the amount of removed blood (in absolute numbers) correspond to the weight of the animals? 

As blood removal is the crucial intervention in the study, and all results depend on a precise approach 

of almost identical amount of blood withdrawal in relation to blood volume for all animals, the 

authors are encouraged to describe their methodology in this section in more detail. 

Thank you for this suggestion: the manuscript was edited to explain this important step more 

detailed. Hemorrhagic shock is achieved, if cardiac index AND mean arterial pressure drop below 

40% of the baseline values. A significant drop of the cerebral oxygenation of 20% is preferable 

though not mandatory. The average blood loss to achieve this lies within a range of 25-35 mL kg-1.  

It is the authors experience that aiming for even lower parameters or larger blood loss causes high 

dropout rates through immediate cardio-circulatory failure. In one of our present studies that made 

use of this model only 3 of 9 animals from the untreated control group survived longer than two 

hours (Ziebart et al. SJTREM 2018). On the other hand less blood loss may not lead to hemodynamic 
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instability that affects cerebral regional oxygenation leading to experimental failure. The amount of 

removed blood is adapted to the animals´ body weight, which corresponds with the total blood 

volume.  

4. 

Line 515 

Reference 14 describes a sepsis model. Results from sepsis models are not necessarily transferable to 

hemorrhage models. 

Thank you for this hint, the error was corrected. 

5. 

Figure 3 

Presumably, the figure shows an example of measurements in one animal - This should be pointed out 

in the figure legend. 

 We clarified that figure 4 depicts one representative animal as example. 

6. 

Table of materials 

Stresnil® is azaperone (as described correctly in line 110). Atracurium is used for neuromuscular 

blockade, fentanyl is used for analgesia, propofol is used for induction of anesthesia/hypnosis. 

Thank you very much, the error was corrected. 

7. 

The discussion is to be focused on specific aspects of the present study. E.g.: It is not necessary to 

discuss aspects of surgical intervention to induce hemorrhagic shock (lines 537-8), as this technique 

was not used. 

Thank you very much for this suggestion. We removed the mentioned aspects. 

8. 

Thorough proofreading, perhaps by a native English speaker, is encouraged. E.g.: line 430 remains a 

mystery. 

The sentence in line 430 was rephrased and the manuscript proofread.    
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Reviewer #2: 

1. The dose of the continuously infused fentanyl seems very high (100-200 mikrog/kg/h). In this 

reviewer's experience it is 10-50 times the needed dose. Please compare with existing publications in 

pigs. 

Thank you very much for this hint. This was a typing error. The permanent infusing dose of quantity 

was 0.1-0.2 µg kg-1 h-1) 

2. Glucose infusion in addition to the balanced electrolyte solution seems not to be given. Do the 

authors believe that a continuous infusion of glucose (e.g. 5%, 1 ml/kg/h) is necessary in a longer 

protocol? 

Thank you for this comment:  the authors agree that glucose infusion can be necessary in the case of 

hypoglycaemia and long-term experiments. Our experience with various porcine models shows that 

glucose administration is not necessary in most scenarios. Increased need of glucose administration 

can be necessary particularly in porcine sepsis models. Furthermore, the applied blood gas analyser 

automatically provides blood glucose levels with every measurement, which prevents unrecognized 

episodes of hypoglycaemia. 

3. Muscle relaxants may facilitate endotracheal intubation but depending on the drugs used for 

induction of anaesthesia it may not be necessary. Since it is more difficult to evaluate anaesthetic 

depth while using muscle relaxants it may be problematic. 

Thank you for this note. The authors agree that muscle relaxants are not absolute necessary. However, 

endotracheal intubation without muscle relaxation is a risk factor for complications and especially 

intubation failure. For this reason, adequate muscle relaxation is an internationally accepted standard 

for endotracheal intubation in clinical anaesthesia. Furthermore, depending on the surgical procedure 

muscle relaxation needs to be maintained during the whole operation.  

Our approach is to facilitate endotracheal intubation by only one single shot that lasts about 30 

minutes for safety reasons. Depth of anaesthesia can be maintained and monitored by a wide array of 

clinical and technical parameters, and trained and experienced personal has to be able to maintain 

adequate anaesthesia and closely monitor the animals. 

4. Spontanous breathing can be kept by using another induction regimen with no opioid. 

Thank you for this hint. The author agrees that spontaneous breathing can be kept by using another 

anaesthetic regime, i.e. by using ketamine instead of an opioid (i.e. Ziebart et al. Respir Res 2014), if 

this is part of the experimental approach. In the present model, however, there is no reason to waive 

the use of opioids. From a clinical perspective, which this model aims to mimic, one would not aim for 

spontaneous breathing in an intubated patient suffering from life-threatening shock to optimize 

pulmonary oxygen supply. Opioids are an indispensable part of general anaesthesia, cost effective, and 

provide sufficient analgesia and stress reduction. In this setting spontaneous breathing was 

undesirable to secure stable level of paCo2. Different level of paCo2 can affect cerebral perfusion   

 

5. Prone or supine position during intubation? Probably supine since the authors state that epiglottis 

is lifted upwards, but it should be stated. 
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The supine position offers the advantage that decent overstretching of the head opens the airway 

sufficiently. Additionally, the animals have to place in supine position for instrumentation and 

vascular access anyway.  

6. Two persons are not needed for intubation of the pig according to this reviewer's experience. 

Thank you for this hint. The author agrees that intubation with only one person is possible for 

experienced researchers, but it is much more elegant to perform this procedure with an assisting 

person to minimize the risk of intubation failure.  

7. In this reviewer's experience a gastric tube is normally not necessary since the pigs normally do not 

vomit or have reflux. 

Thank you for this hint. We routinely apply a gastric tube to minimize the danger of microaspiration 

especially in models focussing on pulmonary pathophysiology like ARDS. 

8. Is 15 min of recovery enough for stable baseline values? This reviewer believes a longer recovery 

period (30-60 min) is advantageous. 

Thank you for this hint the recovery period was to 30 min.  

9. Using PiCCO2-system for cardiac output measurements is not golden standard. This issue must be 

discussed. Perhaps this also explains the large variation in cardiac index at the 0.5 h time point. 

The author agrees that the PiCCO2-system is not the only standard system to evaluates cardiac index 

in clinical practise. The pulmonary artery catheter and the transthoracic echocardiography are well 

established devices for cardiac output assessment.  Especially the last technique gets even more 

popular in the last years, but it needs a high skill level for adequate performance. The PiCCO2- 

system is often used especially on critical care units. Utilization is learned quickly and it is less 

invasive than pulmonary artery catheter. The disadvantage of this technique is the need for 

repetitive calibration, especially in hemodynamic instable situations.  

10. The formula for calculating body surface area in pigs is not similar in humans and pigs, using the 

in-built formula in the PiCCO2-system may introduce a systematic error. 

Thank you for this hint. We have included this into the limitations of the protocol. 

11. Large-bore introducer may completely occlude the femoral arteries, which may affect the 

thermodilution calibration of the PiCCO2-system. 

Thank you for this hint, the author agrees that theoretically the introducer may occlude the femoral 

arteria, but no signs of ischaemia were ever detected into the legs. The length of the PiCCO2-catheter 

is 20cm. That means that the tip of the probe lies in the iliac artery or distal aorta. The diameter of 

these vessels is much greater than 1.667 mm of the probe. Additionally, the pulse curve is displayed 

into the system and the guide-wire is visualized in ultrasound guided techniques, so that dislocations 

and dissections can be excluded.   

12. The withdrawn blood may be collected in citrated bags for later autotransfusion. This is one of the 

major advantages of using controlled blood withdrawal for induction of haemorrhagic shock. 
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We fully agree that the collection of the blood for later autotransfusion is one great advantage of 

controlled blood withdrawal. Here, we describe the principles of this model. Depending on the 

experimental questions that leads to the use of this model, re-transfusion can be implemented in the 

protocol and we have already performed this alternative method in other experimental settings as 

well.  

13. Did the authors check body temperature and a heating system for maintenance of normal body 

temperature? This is very important. 

Body temperature is controlled permanently with the PiCCO-catheter. In case of hypothermia a 

heating blanket system was used to stabilize the temperature on physiological level.    

14. How was arterial blood analyzed? 

We used a commercially available blood gas analyzer that is validated for porcine blood. 

15. In haemorrhagic shock models some researchers remove spleen or precontract it with external 

adrenaline to avoid autotransfusion. According to this reviewer it is not necessary in piglets due to the 

small volume of the spleen, but this aspect may be included in the discussion. 

Thank you for this very controversial question. Studies argue that after shock inducing the 

autotransfusion mechanism increase the hematocrit and the blood volume. On the other side 

oxidative stress, pain and sympathetic stimulation of the spleen is associated with autotransfusion 

reactions by itself and for this reason, splenectomy is not recommended. Hence, we did not perform 

splenectomy in this protocol to avoid a two-hit model that takes influence on the study results.  

16. It is not clear to this reviewer the advantage of using cerebral oximetry for guidance of the shock 

induction. 

Thank you for this request. We clarified this issue: hemorrhagic shock orientated on mean arterial 

pressure and cardiac index. This drop down of about 40% of both parameters is necessary to achieve 

significant hemorrhagic shock that affects the cerebral regional oxygenation. The use of the cerebral 

regional oxygenation as complementary parameter makes sense, because the coherence of macro- 

and microcirculation is not linear. 

17. Although this reviewer finds the described technique of catheter insertion elegant, insertion of 

femoral introducers on dissected and exposed vessels not necessarily cause extensive tissue damage 

and blood loss if using a correct surgical technique. 

Our research group has fully shifted from the surgical approach to minimal-invasive seldinger 

technique some years ago. The use of Seldinger-technique and ultrasound is a common procedure 

and state-of-the-art in clinical practise. The authors are convinced that this technique is less time-

consuming and invasive. Furthermore stress, need for analgesics, tissue damage and inflammatory 

response may be mitigated.  

18. Parametric statistical tests are used, but data seem to be presented with median and interquartile 

range (?). 

We again checked all figures and presented data to assure that all data are presented with mean and 

standard deviation. 
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19. The discussion needs to be revised according to the raised concerns. 

We modified the discussion according to the raised concerns as highlighted in the revised version. 

20. Figure legends need to be improved. 

- The figure legends are revised.  

 

Reviewer #3: 

Major Concerns: 

Limitations and conclusions should be added 

Thank you for this hint. We added a conclusion section at the end. We modified the discussion 

according to the raised concerns and discuss limitations of the model as highlighted in the revised 

version. 

 

Reviewer #4: 

Major Concerns: 

It would be good to provide a bit more in-depth information on the recordings and correlation validity 

data for the NIR spectroscopy recordings and how they correlate with systemic cardiovascular 

impairment ( MABP) and further assessment of model severity ( e.g. lactates, BD values, PO2, PCO2) 

which are generally used in these models. It would also be very valuable to have further reflection on 

the reproducibility of the model and the relevance for transparent and detailed reporting of the 

methodology. It would also be an important reminder to include some notes on the feasibility and 

challenges for implementing the ARRIVE guidelines in these complex ICU models. Finally, this should 

also be linked to the need for large animals' models in the context of face validity model and/or its 

benefits for construct validity (mechanisms) and the importance of choosing the right model with 

most suitable outcomes for the predictability value of these studies. It is crucial to understand the 

translational validity provided by the proposed IR brain imaging approach. 

Thank you for these hints. The author reworks the section of the NIRS-system and included studies 

that compare the values of regional cerebral oxygenation with heamodynamic parameters like 

lactate and BD values. Additionally, the manuscript explains the advantages of a pig model especially 

in the concordance of the ARRIVE guidelines.  

Minor Concerns: 

Lines 64-66: "The use of animal models is indispensable to establish novel or experimental strategies. 

The comparable anatomy and physiology of pigs and humans allow conclusions on special 

pathological effects and enables the evaluation of new therapy concepts." 

Authors should provide more detail on why the pig model may be of benefit compared to other 

preclinical models; also if it also addressing mechanistic (construct validity) approaches, why other 

models would not be used? 
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Thank you for this question. The use of animal models is indispensable to establish novel or 

experimental strategies. The similar anatomy, homology and physiology of pigs and humans 

allow conclusions on specific pathological effects. Both species have similar metabolic 

systems and the pharmacological effects are comparable that can be transferable into humans 

and enables the evaluation of new therapy concepts. This is a great advantage in comparison 

for example to rodent models were the blood volume and overall hemodynamic response 

differs significantly. Furthermore, medical equipment and products can be easily used in 

porcine models. All devices, consumables and pharmaceutics are clinically authorized for 

human application. Additionally, it is easily possible to obtain pigs form the commercial 

economy, which allows a high diversity of genetics and phenotypes and allows cost reducing.   

Lines 74-75: Near-infrared spectroscopy is a clinically and experimentally established method to 

monitor changes in cerebral oxygen supply. 

Feasibility of this imaging approach will also depend on the penetration range and the ability to 

image across the bony skull-which is remarkably think on the pig (and its age) 

Thank you for this hint, we edit the near-infrared spectroscopy passage for more technical details.   

Line 97: 2The experiments were conducted in accordance with the ARRIVE guidelines." 

Reviewer would like to see more detailed information on this; e.g. planning of study following 

appropriate revision of literature, selection of suitable model, full information on animal supplier, 

strain, housing/feeding regimes, acclimatization period. 

Thank you for this hint: The experiments were conducted in accordance with the ARRIVE guidelines. 

The study was planned and conducted between November 2015 and March 2016 after extended 

literature research and the choice of pig model, a well-established model for hemorrhagic shock.  

Seven anesthetized male pigs (sus scrofa domestica) with a mean weight of 28 ± 2 kg and an age of 

two to three months were included in the protocol. The animals are cared for and delivered to the 

laboratory by a local breeder recommended by the State and Institutional Animal Care Committee 

for his high hygienic standards. The animals maintain in their known environment as long as possible 

to minimize stress. Six hours before experiment was scheduled food but water was not denied to 

reduce risk of aspiration.  Hence, none of the members of our group is involved in breeding or 

housing conditions, which all comply with the German laws on animal welfare. 

Line 104: 1.1. Maintain the animals in their known environment as long as possible to minimize stress. 

Please provide further detail on their housing conditions 

Please see above. 

Line 110 1.3. Sedate pigs with a combined injection of Ketamine (4 mg kg-1) and Azaperone. 

Please provide supplier information for Azaperone 

The information is added the table of materials 

Line 116 1.4. Transport the sedated animals to laboratory. 

Would be good to have an idea of travelling time/distance 
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The animals are transported by the breeder in a special transport box for animals. The drive to our 

laboratory lasts about 20 minutes. 

Line 118 1.5. Monitor the peripheral oxygen saturation (SpO2) with 

Using which device? Provide more detail please 

We use the Masimo Radical 7 (Masimo Corporation, Irvine, USA) for the peripheral oxygen 

saturation. The probe is placed at the animals’ tail. 

Line 138 1.12. Start continuous infusion of balanced electrolyte solution (5 mlkg-1 h-1). 

Provide further detail on supplier please 

Further details of the supplier are added. 

Line 216 2.4. Fill all catheters with saline solutions. 

Sterile and warm saline solution (provide supplier) 

The catheters are filled with the mentioned balanced electrolyte solution with room temperature. 

The supplier information is added to the table of materials.   

Lines 232-234: NOTE: In our opinion, ultrasound guided Seldinger technique is associated with 

significantly lower blood loss and tissue trauma than other methods of vascular access 

Maybe add REF if available 

We added a reference. 

Lines 270-271: Connect the right arterial introducer sheath and the central venous catheter with two 

transducer systems for measurement of invasive hemodynamics 

Please provide further details on transducer and system used as this is crucial information. 

The used system is the logical pressure monitoring system of Smith- Medical GmbH,  Minneapolis, 

USA.  

Lines 275-276: Switch the tree-way-stopcocks of both transducer open to the atmosphere to calibrate 

the system to zero. 

Would this be better than using a manometer to record two known levels of pressure that can then be 

validated as standards? 

The operation instructions of the manufacturer describe this calibration method.    

Lines 442- 443: 5.13. Repeat blood withdrawal until target blood pressure and cardiac index is 

reached 

What is the targeted blood pressure? 
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Hemorrhagic shock was achieved if cardiac index and mean arterial pressure drops down under 40% 

of the baseline values. A significant drop down of the cerebral microcirculation of 20% is aspired. The 

average amount of blood volume corresponds with 25-35 mL kg-1. 

517 Line: The transfer of the technique into other species appears uncomplicated. 

Different species will posed different challenges! 

Thank you for this important aspect that is added to the manuscript. 

Lines 567-568: The experimental setting of the pig model requires a fundamental expertise in 

intensive care medicine, application of anaesthesia and large animal research. 

This is very important point and highlights the relevance of need of a multidisciplinary team for 

running these pig models, including staff well trained in animal physiology and veterinary care. 

We fully agree. This point is extremely relevant and will be highlighted as key aspect of the video.  

 

Reviewer #5: 

37 - 39: how do you reconcile that circulatory shock does not invariably lead to organ failure, and that 

the organ failures are not necessarily irreversible. 

Thank you for this note. We agree that hemorrhagic shock does not lead to invariably to orange 

failure and that the organ failures are not necessarily irreversible. Different compensation 

mechanisms exist that depended on the individual status (i.e. comorbidities), but also handling, 

duration and treatment of the circulatory shock. Independently of the ethology, if the cause of shock 

is not treated or in case of acute blood loss the bleeding is not controlled cardio-circulatory failure, 

organ failure and death is inevitably.   On the other hand, the presented model is not designed to 

assess long-term recovery from shock-related organ failure. 

39: the brain is at risk "of what?", please specify 

The brain is particularly at high risk of severe irreversible damage due to high oxygen consumption 

and limited ischemia tolerance. 

50: it is confusing to read collapse, when previously you introduced the terms circulatory shock, 

circulatory failure or loss of circulatory volume. Please limit the variability of the terms used. 

Thank you for this hint. We changed to manuscript accordingly.  

50: is "can cause" irreversible organ failure rather than "it causes" 

Thank you for this note, the author edited the manuscript in the suggested way.  

52: what compensatory mechanisms do you want to refer to? You were speaking of coagulopathy 

etc., but I would rather think you are referring to compensation for the lack of oxygen and the 

microcirculatory failure resulting from severe blood losses.? Please specify. 
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The extended blood loss does not affect the oxygen supply exclusively. It additional takes influence 

on many physiological parameters like e.g. the acid-base balance, the coagulation and the 

temperature.  All this parameters of the patients have to recover to avoid hazardous complications. 

58: physiological levels of what? Please be more specific and to the point. 

The manuscript is specified and the term “physiological conditions “replace “level”. 

77: in this context it is not at all clear why you refer to delirium in this context. It also remains obscure 

what kind of actions would be used to prevent delirium associated with hemorrhagic shock. 

Thank you for this question. Near-infrared spectroscopy is a clinically and experimentally established 

method to monitor changes in cerebral oxygen supply. A decrease of the NIRS level under 20% of the 

baseline is e.g. associated with delirium. This section describes the NIRS in general and does not only 

focus the use during haemorrhagic shock.  

81: you may want to consider a more detailed description of the mechanisms of cerebral oximetry, 

what exactly is being measured, and why do you think this represents cerebral microcirculation (of 

what brain areas? Generalizability? Caveats? Limitations? Advatages?) 

We author edit this section and descripted the mechanism of cerebral oximetry more detailed.  

69: traditional hemorrhagic shock models focus on volume target (of whithdrawn blood) or pressure 

targets (of the resulting arterial pressure). Please specify in what way your protocol differs from this 

strategy and why the protocol is/may be a better approach. When targeting a specific cardiac output, 

how do you reconcile that pulse contour cardiac output results drift significantly with rapidly 

changing blood volumes? 

Thank you for this question. Our model focuses on a combination of different targets: a significant 

decrease of the mean arterial pressure and the cardiac index. This ensures adequate hemorrhagic 

shock and reduces the possibility of distortion. Protocols focused only on one aspect can be influenced 

by different initial volume status or compensation mechanisms. The well-known drift of continuous 

cardiac output method, which is described after significant hemodynamic changes, is equalised by 

periodic recalibration.  

118: please advise the optimal time point when to initiate monitoring in a sedated pig 

Non-invasive monitoring (pulseoximetry) is initiated directly after the arrival of the animal. 

126-130: please advise on the optimal course of actions: from induction, to supine, to non-invasive 

ventilation: what if propofol shuts down spontaneous ventilation? What are the pros and cons for 

non-invasive ventilation in the prone position. The "dog" mask, is not necessarily a dog mask. 

Thank you for this hint. After positioning the sedated pigs in prone position, anaesthesia is induced 

and non-invasive ventilation is started. This is followed by endotracheal intubation. Accordingly this 

procedure follows the clinical standard of inducing general anaesthesia in humans. From a clinical 

perspective, which this model aims to mimic, one would not aim for spontaneous breathing in an 

intubated patient suffering from life-threatening shock to optimize pulmonary oxygen supply. 

Furthermore, cerebral blood flow and perfusion is influenced by different CO2 level requiring 

constant ventilation or changes in intrathoracic pressure. The authors have no experience with 
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another kind of mask for non-invasive ventilation in pigs, but it is possible that the mask is invented 

for all animals with long snouts.  

152: what do you mean by "lift up" epiglottis? With the use of the blade directly? Or via lifting up the 

tongue with the laryngoscope? Is a Miller blade a useful alternative? 

Thank you for this question. The tongue is pulled out and down by one person. The laryngoscope has 

to be placed in front of the epiglottis and not directly on it.  We use both laryngoscope blades, but 

have the best experience with the Macintosh blade.  

166-168: do you need both strategies? Why? 

The blocking of the cuff is much faster with a syringe, but in the most cases the cuff pressure is too 

high after this procedure. With the extra step the procedure is more secure and complications are 

limited.  

174: by observation (!) of regular and periodic exhalation… 

Thank you for this hint. After intubation the animal is connected with the ventilator. The ventilator 

works irrespective if the tube is placed correctly or not.  Measurement of expiratory CO2 is the 

method to secure correct tube location. 

236: I guess "striven" is not the intended wording 

The error was corrected.  

266: what is the reason you chose to puncture the arteries first, and the veins. In case of malposition 

or failure to puncture the artery this causes a lot more problems when subcutaneous hematoma is 

present during the subsequent venous puncture attempts. Please comment. 

From our experience sonography often shows that the femoral vein lies quite below and not strict 

medial of the artery: femoral vein puncture might bear the risk to puncture of through the artery. 

Hence, we decided to puncture the (easier accessible) artery first to secure the access by the guide 

wire for exactly the reason you noted. 

306: I doubt that water is being injected intravenously! 

Thank you for this question. The pulse contour cardiac output measures the time and the amount of 

an intravenous injected cold saline solution bolus after heart passage at an arterial probe to calculate 

e.g. cardiac output.  

428: what is the rational for naming this event "93 blood loss!? 

The NIRS system has a database of prescribed events. There exists no event “shock initiation” so the 

author chose “blood loss” instead.  

430: please revise and rephrase 

The sentence is revised and rephrased 

465: does the pic possess specific compensatory mechanisms for acute blood loss? Can additional 

blood volume be recruited form the spleen into the systemic circulation? 
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Thank you raising up this very controversial question. Studies argue that after shock inducing the 

autotransfusion mechanism increases the hematocrit and the blood volume. On the other side 

oxidative stress, pain and sympathetic stimulation of the spleen is associated with autotransfusion 

reactions by itself and for this reason splenectomy is not recommended. For this reason, splenectomy 

was not performed in this protocol to avoid a two-hit model that takes influence on the study results. 

517: what other species do you think of? I doubt it can be easily transferred to a rabbit or rat or 

mouse, or fish, or bird. You may want to name the species that are relevant and actually 

transferrable. 

Thank you very much for this question (We were quite amused about it!). The authors agree that the 

technique is not transferable into fish, birds or maybe dinosaurs (last one because they vanished). 

The study is designed for medium size mammals and it is imaginable that the protocol can be used in 

sheep, goats or dogs as well. Elephants, Rhinos or Wales are too big for this study; especially their 

blood volume would be a great challenge. Tigers, Lions and Bears would be challenging in another 

way.    

528: I do not see the connection between the epiglottis sticking to the palate and the use of 

neuromuscular blocking agents 

Thank you for this hint. Intubation of a pig is a challenging task. Especially for physicians that are used 

to intubate humans the differences can be confusing. For this reason application of relaxations is 

very useful and avoid dangerous complications like laryngospasm. 

531-533: I am sorry, this description is rather vague and does not help the reader anticipate relevant 

problems during shock induction. Please consider rewriting to include more specific advise for the 

readers. 

We rewrote this section to help the reader to identify pitfalls and avoidable mistakes.   

535: what does "hemodynamic level" refer to? 

- Thank you for this question. Different protocols vary in terms of aspired cardiac index and 

mean arterial pressure. 

541: I disagree that NIRS can be referred to as an "extended" cerebral monitoring because it is 

literally the ONLY cerebral monitoring that has been described in you experimental setting. In this 

respect, it is "a" and "the" cerebral monitoring in this setting, and it is not in any way more extended 

than any other method that you are NOT using in your setting. 

We agree and delete the word “extended” from this section. 

549: manipulating an oximetry sensor with scissors is a tough advise for readers, and I doubt this is a 

recommendation that can be printed and called a standard. Regulatory affairs and warranty issues 

make this a statement that should absolutely removed from the manuscript at all cost! 

- Thank you for this hint. This sentence is removed from the manuscript.  

567-571: These conclusions have very little grounds, and I doubt that it is of any help for the reader to 

claim that this model allows for direct translation to the bedside. In fact, I completely disagree 

because any translation depends on the specific results and therapeutic interventions that are being 
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studied. The mere methodology, which admittedly is relatively similar to a patient ICU setting, does 

not confer scientific translation per se. Rather that making this conclusion which are too far fetched, 

you may want to discuss the scalability of you experimental setting, the future advance that are 

possible, and the possible advantages over other previously published hemorrhagic shock models in 

large mammals. 

We revised the conclusion section and agrees that translation of these specific results onto the 

bedside is limited. 

Figure 1: a withdrawal volume of 30-35 ml/kg is mentioned in the figure. In the text, you mention 28 

ml/kg??? 

Thank you for this hint. This error is corrected. 

Figure 2: 6th inlet: what is endvascular volume??? 

Thank you again. The spelling error is corrected. author.  

Figure 3: what is the purpose of the screenshot? 

This figure shows the typical course of a hemorrhagic shock, when measured by like it will be 

displayed into the video.    

 


