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   Abstract 
 

We evaluated the Level 1 H-1200 fluid warmer during simulated conditions of minor to massive air embolism. The fluids we tested were crystalloid and diluted red cells (estimated hematocrit 50%) during gravity and pressure driven flow. The air volumes tested ranged from 1–60 mL for crystalloid and 30–150 mL for red cells. No air was observed distal to the air detector and clamp during all test conditions. The device consistently alarmed and automatically shut off flow. Air was easily purged through the gas vent-filter assembly during simulated air embolism with crystalloid but not with red cell infusion. The use of ultrasonic air detection coupled with automatic shutoff is a significant safety improvement of the Level 1 H-1200 fluid and blood warmer. 
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Accidental administration of air in IV fluid bags during the use of pressurized infusion devices can be fatal. In a Letter to the Editor to the Anesthesia Patient Safety Foundation (1), mention is made of 3 cases of massive air embolism from pressure infusers that resulted in settlements of $385,000 to $1,600,000. We are aware of five cases of iatrogenic air embolism during pressurized infusion. Adhikary and Massey (2) describe a case of massive venous air embolism during coronary artery surgery that occurred while infusing crystalloid under pressure via a Level 1 rapid infuser. Air embolism was diagnosed using transesophageal echocardiography, and the patient was successfully resuscitated without neurologic sequelae. The frequency of fatal air embolism after pressurized administration of salvaged perioperative blood was 4 of 127,586 blood recovery procedures, or 1:31,300 (3). 

The purpose of this study was to evaluate the air handling characteristics of a rapid infusion fluid warming device equipped with an ultrasonic air detector and automatic line clamp (Level 1 H-1200 Fluid Warmer; Smiths Medical, Rockland, MA) designed to protect against accidental lethal air embolism. 

The air detector clamp monitors for presence of air in the disposable gas vent-filter assembly by continually passing an ultrasound signal through the fluid-filled gas vent-filter assembly. Because a bolus of air displaces the fluid in the gas vent-filter assembly, the ultrasound signal is broken, and the clamp automatically closes off the patient line. Audible and visual alarms are activated to alert the anesthesiologist that the fluid flow has stopped because of the presence of air. Existing Level 1 rapid infusers (H-1000/1025 and H-275/H-525) can be upgraded with the integrated air detector/clamp device. 
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Tests were performed in the operating rooms of MetroHealth Medical Center. The temperature was set at 20°C. To test the amount of air in crystalloid bags, 1-L sterile infusion bags of lactated Ringer's (LR) solution and 0.9% saline (crystalloid; Baxter Healthcare Corp, Deerfield, IL) were tested immediately after opening the bag. An 18-gauge needle attached to a syringe was inserted into the connection port of each inverted bag. The syringe was aspirated until fluid was observed to enter the needle hub. 

To determine the air-handling characteristics, D-100 IV fluid administration sets were used per manufacturer operating instructions (Level 1 H-1200 operator's manual). Both drip chambers were primed with LR or saline according to test sequence. Priming volume was 65 mL. The patient line was connected to a 5-in. T-connector (Baxter Interlink; total volume = 0.84 mL), which was submerged in a liquid-filled beaker. The heat exchange temperature was 41°C. Observations were by at least two individuals in all cases. Three testing conditions were performed: 

1. Crystalloid. A three-way stopcock was inserted proximal to the gas vent and air detector/clamp (Fig. 1). Aliquots of air (1, 2, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 mL) were rapidly injected into the stopcock. The stopcock was returned to its original position to allow flow to resume. Visual inspection for air bubbles distal to the air detector/clamp and in the liquid-filled beaker was performed by two observers. Injection of 1 mL of air into the patient line distal to the gas vent-air detector/clamp was readily visible in the liquid-filled beaker with submerged T-connector. Tests were repeated twice for each condition and fluid for gravity (height = 6 ft) and pressurized (constant 300 mm Hg) flow after re-priming the system and venting of air. 
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Figure 1. Lower part of the Level 1 H-1200 fluid warmer. A three-way stopcock (A) was inserted proximal to the gas vent-filter assembly and air detector (B) for air handling tests in Experiment 2. Note the distal clamps (black arrows) after the automatic shutoff clamp (3).

 

2. Crystalloid. Aliquots of air (10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 mL) were rapidly injected into the hub at the Y-connector just above the drip chamber with the ratchet clamp above the Y-connector in the closed position (Fig. 2). The clamp was then opened to allow gravity or pressure flow. Testing conditions were as in Experiment 1. 
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Figure 2. Upper part of the Level 1 H-1200 fluid warmer. Note the hub (white arrow) at the Y-connector just above the drip chamber, which was used for injecting air in Experiment 2. The ratchet clamps (black arrows) are in the open position.

 

3. Red Blood Cells (RBCs). RBCs were obtained from an outdated blood bank supply and kept refrigerated until use. One drip chamber of the D-100 disposable was spiked with 0.9% saline and the other with blood. Saline 100 mL was added to each unit to yield an estimated hematocrit of 50%. Disposable sets were primed with saline. Aliquots of air (30, 60, 90, 120, and 150 mL) were added to the RBCs. The patient line was attached to a cell salvage waste system using a T-connector. Pressurized flow was performed. 
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Fifty bags of each solution were tested. LR contained (mean ± sd) 53 ± 4 mL of air (range, 43–61 mL), and saline contained 53 ± 5 mL (range, 41–65 mL) of air. 

A total of 200 tests were performed for crystalloid solutions. No air was observed in the T-connector or in the liquid-filled beaker. Automatic shutoff did not occur with injected volumes 25 mL during gravity or pressure flow. With larger volumes, the air detector consistently alarmed and automatically shut off flow. After closing the ratchet clamps under the IV bag and the ratchet and roller clamps distal to the air detector/clamp as well as insuring that a full bag of crystalloid was spiked and primed in the drip chamber, air was easily purged through the gas vent-filter assembly by releasing the ratchet clamp under the IV bag and pressing the unclamp button twice. Opening of the distal clamps reestablished flow. 

Nine tests were performed for RBC infusion. No air was detected in the T-connector. The air detector consistently alarmed and automatically shut off flow during each test. It was impossible to purge air through the gas vent-filter using pressurized or gravity flow of saline as with crystalloid solutions. 
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Approximately 200 mL of air can enter the circulation in as little as four seconds during pressurized infusion of air containing solutions (average, 49.3 mL/s; range, 43–61 mL/s) (3). Despite repeated warnings to de-air IV bags before infusion, fully prime disposable sets, and avoid pressurization of cell-saver blood, there is still a hazard of accidental air embolism because of human error. One-liter bags of crystalloid used at our institution contain sufficient amounts of air that, if delivered under pressure, can cause air embolism and death. Similarly, 1-L bags of crystalloid from other manufacturers (Abbott, Chicago, IL) have been shown to contain 65 ± 10 mL of air, with a range of 45–85 mL (2). Without the air detector/clamp, the gas vent-filter assembly of older Level 1 rapid infusers acts merely to release gas bubbles produced by the warming of the liquid. The amount of air that could reach the patient would then depend on factors such as drip-chamber volume, air volume, gas vent and filter performance, temperature, and flow. 

The use of ultrasonic air detection coupled with an automatic shutoff is a significant safety improvement of the Level 1 H-1200 warmer because human vigilance alone is not sufficient to detect lethal quantities of air at rapid flow. The air detector/clamp functioned effectively during all test conditions and would be expected to prevent lethal air embolism similar to the Belmont FMS 2000 (Belmont Instrument Corp, Billerica, MA) (4). However, the steps required to re-prime the system with the Level 1 H1200 after air detection and shutoff were very different from those of the Belmont. To restore flow after air detection with the Belmont FMS 2000, the operator follows a series of command prompts on the screen, which result in the semiocclusive roller head pump pushing a bolus of fluid to clear the air into the recirculate line and back up into the reservoir chamber (5). With the Level 1 H-1200, the following steps are required per manufacturer operator's manual to reestablish fluid flow after the patient line clamps off because of air in the gas vent filter assembly: 

1.
Close the clamps under the IV bag, the roller clamp, and the clamp below the gas vent-filter assembly. 
2.
Remove pressure from the pressure chamber. 
3.
Inspect the IV tubing for air. 
4.
Locate the air source, and correct this condition. 
5.
Spike an air-free bag of 0.9% saline. 
6.
Insert the IV bag in the pressure chamber. 
7.
Pressurize the chamber. 
8.
Prime the IV drip chamber, and open the clamps above the gas vent-filter assembly. 
9.
If fluid flows freely through the IV tubing, air in the IV line is vented out through the gas vent-filter assembly. 
10.
Press the unclamp button once to enter the unclamp mode. 
11.
Press the unclamp button again to enter automatic operation mode. 
12.
If no warning signals are activated (e.g., no air detected, system primed and ready to go), open all clamps to reestablish fluid flow. 
If fluid does not flow freely through the IV tubing in Step 9, the gas vent-filter assembly needs to be replaced. Steps 1–8 are then repeated, followed by Steps 10–12. In the present study, with blood-containing solutions, it was not possible to purge the D-100 disposable set of air until the gas vent-filter assembly was removed from the unit. This was likely because of poor air venting performance of the gas-permeable membrane of the gas vent-filter assembly during red cell infusion, possibly caused by proteins plugging the filter. Instead of replacing the gas vent-filter assembly, as recommended by the manufacturer, the gas vent-filter assembly was disconnected from the fluid warmer after ensuring that all clamps were closed. A new bag of 0.9% saline was spiked, and the disposable set was cleared of air by opening up all the clamps and allowing fluid (and air) to flow into a closed cell-saver waste system. Once the entire system was primed with saline and free of air, the gas vent-filter disposable was reinstalled. It is not known how the system would perform with respect to fresh frozen plasma or platelets. In our opinion, the advantages of automatic air detection far outweigh the disadvantage of having to de-air once an air embolus situation has been avoided (e.g., near-miss). Worst case scenario is that the operator would need to replace the gas vent-filter assembly (recommended by the manufacturer) or disconnect the gas vent-filter disposable and patient line from the air detection/clamp system (making sure the distal clamps were shut off) and running saline through the system to purge the air into a waste container. In conclusion, use of automatic air detection coupled to a shutoff may reduce the complication of lethal air embolism during rapid fluid infusion. 

The authors thank Jeanne Javor, MT (ASCP), SBB, Blood Bank Supervisor, MetroHealth Medical Center, for providing outdated red cells and Jason Feuerman, Chester Scholar, MetroHealth Medical Center, for assistance with determining how much air was in IV crystalloid bags. Smiths Medical ASD Inc., Rockland, MA, provided loan of the fluid warmer and donation of disposables. 

   Footnotes  

Accepted for publication May 3, 2005. 
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