Development and Use of Mechanical Devices for Simulation of Seizure and Hemorrhage in Obstetrical Team Training
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Introduction


From 1991--1999, 4,200 deaths occurred in the United States as a result of pregnancy-related issues. This corresponds to an overall pregnancy-related mortality ratio of 11.8 deaths per 100,000 live births. In fact, the maternal mortality in the United States has not improved in 2 decades and is higher then in most developed countries.1 

Most of the morbidities and mortalities that occur in the obstetric setting are caused by acute crises. The leading causes of pregnancy-related death are embolism (20%), hemorrhage (17%), and pregnancy-induced hypertension (16%) 1.  Analysis of maternal morbidities and mortalities by Geller et al2, 3 found one third of all cases were preventable. Their multivariate results showed that this association was specifically tied to provider factors, generally incomplete or inappropriate management, as opposed to system or patient factors. Panting-Kemp et al 4 found that of the deaths related to hemorrhage, preclampsia, eclampsia and infections, 70% were deemed potentially preventable with >80% of these involving a provider factor. The most common provider related factor was failure of diagnosis/recognition of high-risk status. These findings show that timely management of these acute disease entities that commonly complicate pregnancy is essential in avoiding maternal deaths.  Therefore, crisis recognition and crisis management should be a focus of medical education and training if we hope to reduce the maternal mortality ratio within the United States.4

To achieve these educational and training goals in labor and delivery, an obstetric simulation program was developed at Stanford University Medical Center. Simulation technique was chosen because it has been found to reduce provider related errors by training medical teams in crisis management 5. The Obstetric simulation program partnered with the Stanford University Department of Mechanical Engineering to create innovative high fidelity simulation devices targeting two of the leading causes of maternal morbidity and mortality: hemorrhage and eclampsia.

 The objective of this project was to create inexpensive but effective devices that would replicate obstetric hemorrhage and maternal seizure for simulation scenarios.
Methods 


The primary criterion for the design of the mechanisms was to create accurate and realistic cues that would train participants to recognize and react to crisis situations during delivery. With this in mind, care was taken to design the mechanisms to behave as similarly as possible to a live human patient.  The trainees consisted of a 5 person team including obstetricians, anesthesiologists, and labor and delivery nurses who were required to work together cooperatively in dealing with the crises.
Eclampsia mechanism


In order to replicate eclampsia, the engineering team determined that the eclampsia mechanism should jostle the mannequin’s head upwards a few inches at a frequency and randomness that matched those observed in human grand mal seizures.  Quiroga, Garcia, and Rabinowitz observed the frequency of clonic phase muscular convulsion in a seizure to be between 1.5 and 3 Hz.6 Additionally, the mechanism’s profile needed to be small, or have the ability to be placed out of sight, in order to preserve the fidelity of the simulation.


A linear DC motor with a rack-and-pinion actuator commonly used in the automatic door lock mechanisms of cars was selected as a suitable actuator for the eclampsia mechanism because of its speed, stroke, and availability (Figure 1).  Alternatively, a tubular DC solenoid could be used and both options are available for less than $40 from most hobby shops and online vendors like www.transmotec.com.  The motor was mounted on a small plastic wedge inside a plastic enclosure which enabled the actuator to impact the mannequin’s head at an empirically determined angle that provided maximum movement. The plastic enclosure was then strapped down proximate to the patient simulator head using fabric straps (bungee cords) that could then be covered by the bottom bed sheet (Figure 2). This provided a nearly invisible profile. The motor was driven by a pulse width modulation (PWM) signal from a microprocessor that created a 6 second repeating pattern at a frequency of 2.2 Hz, but with built in irregularity that created the sense of random motion associated with grand mal seizure.

Hemorrhage mechanism


The hemorrhage mechanism was designed to give visual and tactile cues to the trainees by varying the flow rate of false blood. The flow rates were chosen based on the actual physiology of a pregnant uterus. A term pregnant female has approximately 5400mL of blood with a flow rate to the uterus of 700 ml per minute7. The design was structured to deliver up to 600ml/min for 4 minutes, replicating a loss of about 45% of total blood volume. This flow rate is consistent with a rapid and potentially catastrophic postpartum hemorrhage. The fluid used was matched to the approximate color of blood with food coloring additives.  A thickening agent was considered for simulating the viscosity of blood, but was disregarded in the final design because of the increased power demands on the pump and the extra cleanup that would be required after completion of each simulation. 

A DC motor driven water pump commonly used for automotive windshield wiper fluid was chosen as the actuator for the hemorrhage mechanism because of its wide availability and similar flow capability.  Wiper fluid pumps are available at most auto parts stores for less than $20.  By adjusting the duty cycle of the PWM input to the pump, the flow rate of the mechanism could be varied to simulate a slow rate of blood loss or a rapidly flowing hemorrhage. The fluid reservoir was a 2000 ml urinary Foley bag that hung near the patient simulator and blended into the simulation environment. The pump pushes the false blood through1/8 inch plastic tubing.  The end of the tubing was mounted with flesh colored electrical tape within the mannequin pelvis (Figure 3). Conceivably, a manifold could be incorporated to provide multiple bleeding points if it was necessary for the simulation, although this was not done for the project.
Remote control

To prevent the obvious engagement of these devices by the simulation administrator, a wireless remote control was built that allowed both mechanisms to be controlled from a distance during the simulation. Radiotronix wi.232 wireless radio frequency transmitter/receiver pairs were chosen for the communications chips because of their range, over 50 feet through standard interior walls and glass, and because they are widely available from online distributors at reasonable cost ($25.76 at www.mouser.com). Motorolla MC9S12C32 microprocessors were used as the main computer chip in both the remote control box and the simulation control box located on the storage area beneath the gurney.   The Motorolla chips can be conveniently programmed in structured C programming language and are available with user friendly programming features from $50 (www.technologicalarts.ca).

A power supply box placed under the bed converted the 110V A/C supply from the wall to the appropriate DC voltages that powered the circuits and actuators of the system. On the remote control, a toggle switch was provided as an input to control the seizure mechanism and a potentiometer dial was used to provide analog control of the flow rate for the hemorrhage mechanism.  

A bill of materials and overview of the circuit architecture are shown below in figure 4.  These modules could be recreated quickly at other simulation centers by someone with embedded microcontroller experience because the mechanical hardware, electrical circuitry, and software were all designed to be inexpensive and reproducible.  A lay person or handyman, however, would have trouble reproducing the devices because of the specialized skill necessary to download the software from a PC environment onto the microchip and the associated debugging.  Thus, a similar cross disciplinary partnership between an engineering school and medical facility would seem appropriate.  Because the modules interface externally to an existing simulation mannequin, they should be suitable for any obstetric simulation mannequin as well.

FIGURE 4
Results

 These devices were used repeatedly in two simulation scenarios. The hemorrhage mechanism was used in a scenario of an amniotic fluid embolism with severe post partum hemorrhage. The device produced an accurate rapid uterine hemorrhage requiring the trainees to respond quickly with replacement of blood products and fluid resuscitation. The final flow rate was adjustable between 525 ml/min to 600 ml/min which encompasses the range of typical uterine perfusions cited earlier.  The trainees’ rapid response and control of the postpartum hemorrhage was deemed to be a vital part of a successful maternal resuscitation.  

The newly designed hemorrhage mechanism improved the simulation capabilities over the previously used technique. The previous technique required a faculty member to enter the on going simulation and hand squeeze a urinary Foley bag hidden on the bed to produce the blood flow. This older method was not able to produce an accurate maternal hemorrhage of 600ml per minute and was confusing for the trainees to have a faculty member enter the room during the simulation. Some initial issues with leakage in the connections between pump, source, and output were overcome and the final mechanism consistently provided the appropriate flow rate and fluid tone necessary to replicate maternal hemorrhage.


 The seizure mechanism was used in a simulation of a pregnant woman in labor with evidence of severe preeclampsia as defined by elevated blood pressure, complaints of severe headache and if the trainees asked 4+ proteinuria. If the trainees did not recognize the need for immediate treatment of the preeclampsia with a magnesium sulfate infusion, the “patient” had a 45-60 second grand mal seizure. The seizure mechanism oscillated the head of the mannequin at the appropriate amplitude, frequency, and randomness to replicate a maternal grand mal seizure with great accuracy. If magnesium sulfate was not given after the first seizure, the “patient” had another seizure. The previously used method of replicating a seizure required a faculty member to be present in the simulation and manually shake the mannequin. 

The use of the remote control and the physiologic accuracy of these two devices improved the cues given to the trainees during the simulations as noted by simulation administrators.
Discussion


There are approximately 4 million deliveries in the United States per year.  To achieve both maternal and fetal survival in an obstetrical crisis, a rapid response of a well trained team including obstetricians, anesthesiologists, labor and delivery nurses and pediatricians is imperative.4

 As noted by Anderson et al, the key to simulation based training is achieving “suspension of disbelief” (i.e., a sense of realism) in trainees. This is accomplished by creating a training environment that has the important visual, auditory and tactile cues to trainees.8  The hemorrhage and seizure mechanisms developed by the Department of Mechanical Engineering and the Department of Obstetrics at Stanford University added some of these visual and tactile cues thereby enhancing an Obstetric high fidelity simulation program. 

One of the drawbacks of the seizure device was that the linear motor produced a moderate level of noise on each outward stroke.  However, in the hectic simulation environment, this proved not to be a significant problem. While providing an accurate cue to the trainees, the eclampsia mechanism only jostled the head of the mannequin, and therefore a full body tonic clonic seizure was not fully simulated.  Jostling the entire body of the mannequin would have significantly increased the power and design requirements, and was therefore sacrificed.   It should also be noted that the linear motor used in the seizure mechanism had limited durability and needed to be replaced after 5 simulations because it was slightly undersized.  Selecting a marginally more powerful motor or tubular solenoid in future versions of the device should overcome this problem.


Limitations of the hemorrhage mechanism included noise level of the pump and the need to place the foley bag above the level of the patient simulator to allow adequate flow levels. This was accomplished by placing the foley bag on an IV pole and then camouflaging it with lab coats.  Again, selecting a marginally more powerful actuator could solve this problem in future iterations of the design.  Some issues with fluid leakage were overcome by the implementation of a sealing agent, but at no time did this pose any danger to the trainees or the equipment.  Because both the pump and the eclampsia actuator are relatively low power as well as being located out of the main simulation workspace, shock risk was a non-threat. The power supply was placed in a water resistant container with plastic enclosed connections to prevent potential damage to the circuitry from any spills or leaks.   

Other medical disciplines are developing similar complex devices. The neonatal program at Lucile Packard Hospital for Children was able to develop and test a simulated extra corporal membrane oxygenation (ECMO) that they use for training personnel.8  The use of the mechanical devices created for our project is not limited to obstetrics simulations, either. A hemorrhage device could be used in emergency department scenarios, trauma, or invasive procedure simulations. Seizure activity is of concern in chemical warfare (organophosphate poisoning), or as an unexpected event in many medical settings.


Future goals to enhance the obstetric simulation experience include the development of a remote controlled dilating cervix, shoulder dystocia mechanism, and an abdominal overlay for a cesarean section simulation.
References

1. Chang J, Elam-Evans L, Berg C, Herndon J, Flowers L, Seed K, Syverson C:  Pregnancy-related mortality surveillance 1991-1999. MMWR Surveill Summ; 52(2003); 1-8
2.  Geller S, Rosenberg D, Cox S, Brown M, Simonson L, Driscoll C, Kilpatrick S:  The continuum of maternal morbidity and mortality: factors associated with severity. American Journal of Obstetrics and Gynecology 2004; 191: 939-44 
3. Geller S, Adams M, Kominiarek M, Hibbard J, Endres L, Cox S, Kilpatrick S:  Reliability of a preventability model in maternal death and morbidity.  American Journal of Obstetrics and Gynecology 2007;196, e1-57.e6 

4. Panting-Kemp A, Geller S, Nguyen T, Simonson L, Nuwayhid B, Castro L : Maternal deaths in an urban perinatal network 1992-1998. American Journal of Obstetrics and Gynecology 2000; 183:1207-12

5. Gaba D, Howard S, Fish K, Smith B, Sowb Y: Simulation based training in anesthesia crisis resource management (ACRM) a decade of experience. Simulation and Gaming 2001; 32:175-193 
6. Quiroga R, Garcia H, Rabinowicz A:  Frequency evolution during tonic clonic seizures.  Electromyogr Clin Neurophysiol, 2002; 42: 323-331

7. Hughes S, Levinson G, Rosen M:  Anesthesia for Obstetrics, Fourth edition 

 Philadelphia, Lippincott Publishers, 2001, pp 7 & 22
8. Anderson J, Boyle K, Murphy A, Yaeger K, LeFlore J, Halamek L:  Simulating 
extracorporeal membrane oxygenation emergencies to improve human performance. 
Simulation in Healthcare 2006: 4; 220-227
Figure Legend
Figure 1  

Eclampsia mechanism

Figure 2

Eclampsia mechanism in place

Figure 3

Hemorrhage mechanism

Figure 4

Bill of materials and circuit overview
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