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6-month period after surgery. Four of the tourniquets involved in these 
incidents were found to have malfunctioning pressure-regulating 
mechanisms or inherent hysteresis in the pressure-regulating mechan­
isms. which pennitted the actual pressure to rise 150-400 mmHg above 
the desired pressure. The other two tourniquets involved in these 
incidents were found to have aneroid pressure gauges that were in­
accurately calibrated by approximately 200 mmHg. Seven other inci­
dents involved soft-tissue injuries, such as blistering. reddening. bruis­
ing. and pinching of the skin at the cuff site; these injuries were 
attributed to chemical bums from prep solutions. shearjng forces gener­
ated by inflation of the cuff. marginal overpressurization, inadequate 
cuff compliance, or inadequate preparation of the cuff site. Another two 
incidents involved passive congestion of the surgical site as a result of 
sudden depressurization caused by gas depletion and cuff disconnec­
tion. It should perhaps be noted that the nature. extent, and frequency 
of the reported incidents may have been affected by the increased 
awareness of the problem after the investigation of the first serious 
incident and by the resultant greatly increased effort directed at the 
inspection. monitoring, and controlling of the function of. pneumatic 
tourniquets. . 

Characteristics or Pneumatic Tourniquets 

To minimize hazards associated with the use of pneumatic tourni­
quets. maximum periods of application and maximum safe pressures 
have been proposed on an empirical basis. (Bruner, Smith 1971; Ran). 
Furthennore. the possibility of redesigning the cuff to reduce the risk of 
injury has been suggested (Griffiths and Heywood 1973; Burchell and 
Stack). It has also been proposed that cuff pressure should be mini­
mized by making it a function of the patient's preoperative systolic 
pressure (Sanders 1973; Klenennan and Hulands 1979). Attempts have 
been made to reduce injuries caused by overpressurization by incorpor­
ating bener safety features into pneumatic tourniquets: For example. 
rocker valves of the type used in pressure cookers have been employed 
as pressure-release valves (Wheeler and Lipscomb; Hamilton and 
Sokoll 1967). However. limitations inherent in the technology of the 
current generation of pneumatic tourniquets seem to preclude the 
practical implementation of significant safety improvements. Fig. I. 
for example. shows a typical control cycle for the Kidde model 400 
Pneumatic Tourniquet (Walter Kidde Inc .• Belleville NJ). which can 
have a hysteresis of 150 mmHg in its single-stage pressure-regulating 
mechanism (Health Protection Branch; Johnson et al. 1980). 

In view of the possibility of such large pressure variations under 
nonnal conditioris. it has been proposed that the gauges indicating cuff 
pressure in pneumatic tourniquets should be constantly monitored, to 
ensure safe operation (Health Protection Branch); The calibration· of 
the aneroid pressure gauges should be checked frequently: Calibration 
checks at daily intervals. or prior to each procedure. have been recom­
mended (Bruner, Prevoznik; Flatt). Finally, pneumatic tourniquets 
should be frequently serviced and regularly subjected to perfonnance­
assurance tests. Full implementation of the above recommendations 
could be labor-intensive; in practice, however, it is estimated that a 
combination of daily calibration checks. a more rigorous set of per­
fonnance-assurance tests at monthly intervals. and adequate control­
ling and monitoring of tourniquet function at 5-min intervals during 
surgery would occupy only 10-15% of an operating-room nurse's or 
technician's time. 

Inspection or Tourniquets 

Rigorous inspections of twelve pneumatic tourniquets at quarterly 
intervals were initiated at Vancouver General Hospital in 1979. Each 
inspection includes detenninations of whether the actual pressure is 
accurate to within 5% of the set pressure. whether the hysteresis 
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exceeds 200 mmHg. and whether the actual pressure remains stable to 
within 10% of the set pressure over a IS-min period. 

The accuracy test is conducted by comparing the pressures indicated 
on a test gauge at set pressures in the tourniquet of O. 100. 300. and 600 
mmHg. in increasing and then decreasing order. The effect. if any. of 
tapping on the aneroid gauge, at each pressure is noted. and any effect 
greater than 15 mmHg is considered to be unacceptable. The hysteresis 
test is conducted by first connecting a rubber bulb from a sphygmo­
manometer set in parallel with the cuff of the tourniquet and then 
inflating the cuff monotonically from 0 to 300 mmHg. At that pressure. 
the bulb is used to incrementally increase the pressure until a plateau is 
reached on the tourniquet gauge and the plateau pressure is recorded: 
pressure is then slowly decreased through the bulb until a constant 
pressure value is reached. and thus recorded. The difference represents 
one hysteresis value. A second hysteresis value is obtained by repeating 
the previously described procedure after first approaching a pressure of 
300 mmHg from a higher pressure of 500 mmHg. The stability test is 
perfonned by first setting the tourniquet at a pressure of 550 rnmHg 
from a pressure at least 200 mmHg higher. occluding the hose at the 
cuff with a hemostat. and then observing the indicated pressure after 15 
min: The.pressure should not have increased noticeably. and should not 
have decreased by more than 10%. The physical condition of the 
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Fig. 2. Front panel at microprocesaor-based tau m iquet. 



.' 

tcurniquet-including the aneroid gauge. cuff. tubing. connectors. 
valves. and pressure-regulating mechanism-is also examined during 

, each mspection to determine if any components may have been dam­
a~ed or dropped. 

In the 33 inspections of pneumatic tourniquets conducted to date. 
have been 8 failures 'of the accuracy test. 15 failures of the 

[') 'leresis test. and 3 failures of the stability test. A number of other. 
less serious problems have also been identified as a result of the 
inspections. In view of these results. it is suggested that other hospitals 
consider similar inspection programs for pneumatic tourniquets. 

The results of the inspections indicate that these pneumatic tourni­
quets have the following undesirable characteristics: a mechanical 
pressure-regulating valve that is prone to malfunction; a pressUre­
regulation mechanism that has sufficient hysteresis to make it hazard­
ous during normal operation; a reservoir of compressed Freon gas that 
is capable of generating a pressure of more than twice the maximum 
safe level; an aneroid gauge that deteriorates with use and provides 
inherently inaccurate indications of cuff pressure; a lack of audio or 
visual alarms to alert the staff in the event of overpressurization. 
underpressurization. or other hazardous conditions such as excessive 
periods of application; and the lack of a fail-safe mechanism to limit the 
maximum pressure in the cuff to a safe level. Despite these clearly 
undesirable characteristics. the pneumatic tourniquets used at Van­
couver General. and other types of pneumatic tourniquets with similar 
characteristics. are widely used throughout North America. Modifica­
tion of such devices in an attempt to achieve a desirable level of safety, 
accuracy. and reliability. with a minimal degree oflabor-intensiveness, 
does not seem feasible. 

Microprocessor-BaSed Tourniquet 

A,s part of an effort to significantly reduce the nature and extent of the 
rds associated with the use of tourniquets in surgery. a micropro­

cessor-based tourniquet has been developed. An outline of the structure 
and function of this device has been presented elsewhere (McEwen and 
McGraw 1979; McEwen et aI. 1980; McGraw et al., in press). The 
from panel of the microprocessor-based tourniquet can be seen in Fig. 
2; a block diagram of the device is shown in Fig. 3. The device is based 
on an 8-bit microprocessor (model 808SA. Intel Corp .• Santa Clara 
CAl with a 512-byte random-access memory and a 2K-byte program­
mable read-only memory. Cuff pressure is controlled by means of the 
pressure-generating element and an electrical pressure-release valve 
shown in Fig. 3. The pressure-generating element in 'the prototype is a 
solenoid/diaphragm pump, with appropriate control circuitry and mod­
ifications to limit the maximum pressure to 500 mmHg. Data obtained 
from the pressure transducer/processor depicted in Fig. 3 are used in 
regulating cuff pressure to within :t 6 mmHg. The performance of the 
microprocessor-based tourniquet is illustrated in Fig. 4. which shows 
that the pressure regulation achieved by the device is an order of 
magnitude better than that of commonly used pneumatic tourniquets. 
As indicated in Fig. 2. the microprocessor-based tourniquet has been 
designed for use with a cuff having two separate lines for incoming and 
outgoing air. to protect against an undetected malfunction caused by 
kinking and occlusion of the tubing; however. to date. conventional 
one-line cuffs and adapters have been used. 

When the power switch of the microprocessor-based tourniquet is 
first turned on. a self-test mode is automatically entered. permitting 
rapid verification of the integrity of displays and audio/visual alarms. 
. ;ally depressing an "alarm reset" switch changes the state of the 

.ce to a normal mode and resets the alarms. A desired pressure can . 
then be set by gradually increasing or decreasing between 0 and 500 
mmHg from a preselected nominal level of 200 mmHg. Similarly. the 
intended period of inflation of the cuff can be set by gradually increas-

ing or decreasing between 0 and 180 min from a preselected nominal 
time of 60 min. To set either the pressure or the time (see Fig. 2). two 
switches must be activated simultaneously to minimize the probability 
of inadvertent changes. 

To initially inflate the cuff. an "inflation start" switch is depressed. 
When the pressure in the cuff reaches the set level. an elapsed-time 
clock starts. In their normal positions. the controls are designed to 
enable the Iight-emirting diode displays to indicate instantaneous 
values--i.e .• the pressure sensed in the cuff line (in millimeters of 
mercury) and the elapsed time (in minutes). To display and check the 
set value of pressure or time. the operator can momentarily depress the 
appropriate switch to the "set" position. If the sensed pressure differs 
from the set of pressure by more than ± 15 mmHg. or if the specified 
elapsed time is exceeded. or if there is a failure in the alternating current 
power, appropriate audio/visual alarms will activate to permit rapid 
identification of the problem. Although battery backup is provided in 
the prototype to maintain the memory, sensing, display. and alarm 
functions for up to I hour. the battery is not designed to operate the 
pressure-control elements. In the event of any alarm condition. the 
operator can suppress the audio indicator for 30 sec by depressing the 
"alarm reset" switch, but both audio and visual alarms can only be 

Fig. 3. Block diagram of mlcroproceuor-bued tourniquet. 
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Fig. 4. Typical control cycle forthe microprocessor-based tournl· 
quet. The performance of the mlcroproce880r-based tourniquet in 
regulating pressure about p. is an order 01 magnitude better than 
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reset permanently after the underlying problem has been corrected. To 
deflate the tourniquet at the end of the procedure. the desired pressure is 
set to zero. 

A technical evaluation of the prototype to ensure compliance with 
pertinent standards resulted in some design changes. The prototype was 
then employed in a series of 30 surgical procedures. chosen as repre­
sentative of the range of procedures in which pneumatic tourniquets are 
currently used. Patients exhibiting unusual or complicated motor or 
sensory defects were excluded from the trials. Perioperative patient 
evaluation included in the trials consisted of presurgical and postsurgi­
cal examinations by an orthopedic resident employing a written pro­
toco! and structured questionnaire to obtain pertinent data concerning 
the patient's history and physical condition. the status of the affected 
limb. and any sensory or motor deficits. Details concerning the pro­
tocol and the results of the examinations have been reported elsewhere 
(McGraw et al.). Briefly. no significant injuries or defects that might be 
attributed to the use of the tourniquet were discovered. In addition. in 
each of the 30 cases in \which· the tourniquet was used. a biomedical 
engineer or technician· monitored the function of the device and 
gathered information on a structured questionnaire concerning how the 
device was used and accepted by the clinical staff. The comments. 
criticisms. and suggestions obtained during this phase of the evaluation 
were employed in the redesign of the prototype and the fabrication of a 
second unit for a subsequent series of clinical trials. 

The microprocessor-based tourniquet has a number of characteristics 
that make it significantly less hazardous than the pneumatic tourniquets 
currently in use. First, the device can accurately maintain a desired 
pressure in an inflated cuff (to within :t: 6 mmHg) for long periods of 
time. and' it provides a digital.' display of cuff pressure. Second. it 
automatically monitors and provides a digital display of elapsed time. 
The device contains audio/visual alarms that automatically warn of 
hazardous overpressurization or underpressurization. an excessive 
period of inflation. or failure of a.c. power. Other characteristics 
increase the probability of safe use: The control and display panel was 
designed to be easily used and quickly interpreted by clinical staff; the 
controls were designed to minimize inadvertent resetting; the device 
was designed to protect against overpressurization or sudden depres­
surization in the event of foreseeable malfunctions or misuse; and 
provision was made for a dual-line cuff to facilitate the detection of 
kinks or occlusions in the lines. In addition. a backup battery with 
automatic charger is included to maintain sensing. display. and alann 
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functions during an interruption of a.c. power. and a self-test mode that 
is entered initially helps ensure integrity of displays and alarms prior to 
use. 

The ability to accurately control pressure in the cuff with a microp,ro­
cessor-based tourniquet may permit the use of much lower. less haz­
ardous pressures than are widely used at present. In the second phase of 
clinical trials of the microprocessor-based tourniquet. for example. cuff 
pressure is routinely being set at 325 mmHg for the lower limbs of 
normal adults. and 225 mmHg for the upper limbs of normal adults. 
This represents as much as 50% reduction in inflation pressure. when 
compared with the maximum pressures widely advocated and em­
ployed with pneumatic tourniquets at present (Boyd 1971; Flewellen 
and Jarem). The use of lower. inherently less hazardous pressures has 
been advocated previously. For example. it has been suggested that cuff 
pressures could normally be set at 70 mmHg above the patient'S 
preoperative systolic pressure (Sanders). and that the cuff pressures 
could be sei at twice the maximum systolic pressure for surgery of the 
lower limbs. provided the patient was normotensive and did not have 
grossly hypertrophied or obese thighs (Klenerman and Hulands). 
However. the previously described limitations in the accuracy and 
reliability of the current generation of pneumatic tourniquets could 
make implementation of suggestions regarding lower pressures haz­
ardous or excessively labor-intensive. or both. In contrast. the lower 
pressures mentioned above are being used in conjunction with the 
microprocessor-based tourniquet. with no apparent increase in risk or 
labor-intensiveness, The results of a preliminary study indicate that in 
the future it might even be feasible to incorporate an automatic 
sphygmomanometer into a microprocessor-based tourniquet that 
could. in conjunction with a dual cuff. noninvasively monitor a pa­
tient's intraoperative systolic pressure and dynamically maintain the 
minimal pressure necessary for a bloodless field. 

The results of the trials conducted to date indicate that the micro­
processor-based tourniquet can significantly reduce the labor­
intensiveness associated with tourniquet usage. It requires little anen­
tion. except in the event of an alarm condition. It is estimated that the 
use of the device could result in the reduction of O. I futl-time­
equivalent staff. with a significantly less hazardous quality of care, On 
the basis of this estimate. together with comparisons of order-of­
magnitude estimates concerning the costs of compressed gas. electrical 
power. repairs. and production costs. it is estimated that the use of a 
microprocessor-based tourniquet would pay for itself within I year. 

8th Annual AAMIIFDA Conference on Medical Device Regulation 
Regulation of Emerging Medical Technology 

November30-December 1,1981 
Hyatt Regency/Capitol Hill Washington, D. C. 

Join your colleagues in government, industry. and the health care professions to examine the 
Food andDrug Administration's program for bioresearch monitoring. 

Open panel discussions. question-and-answer sessions, and an evening workshop will provide 
(a) practical guidance on conformance with current and anticipated regulations for the conduct of 
clinical investigations of medical devices. and (b) an opportunity for you to present your views and 

hear those of others on the impact of regulations on biomedical research. 

Specific topiCS for discussion will include investigational device monitOring regulations. human 
subject protection policies. informed consent, institutional review board standards. pre market 
approval procedures. Health Care Financing Administration policies' effect on coverage and 

reimbursement of new technologies, voluntary and regulatory standards. preamendment 
medical devices. the classification process. and other major policy issues. 

This conference immediately precedes the AAMI technology assessment conference "Cardiac 
MonitOring in a Complex Patient Environment," December 1-2. 1981. at the same location (see page 279), 

For more information. contact Judith Veale. AAMI, Suite 602. 1901 N. Fort Myer Dr .. 
Arlington VA 22209-1699; (703) 525-4890. 



\I 

. Thus. a significant improvement in the quality of care could be 
: acnieved simultaneously with a net reduction in the overall costs 

associated with tourniquet usage. 

Summary 

Routine usage of a microprocessor-based tourniquet such as the one 
that has been developed should'lead to a significant reduction in the 
nature and extent of the hazards currently associated with the use of 
pneumatic tourniquets in surgery~ It should also facilitate funher ad­
vances. such as improvements in cuff design and the development of 
more sophisticated devices and even bener performance. Moreover. 
this increase in safety and reduction of potential legal liability should be 
achieved with a net reduction in costs 'through a reduction in supply 
costs and in the labor-intensiveness currently associated with tourni­
quet usage. 
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