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3
pain. In still other instances, the operator may intentionally
reduce the pressure of both cuff bladders to a near-atmo
spheric level for a period of time, for example to allow blood
to flow briefly before closing the surgical site in order to
locate bleeding vessels which require suturing or to tempo
rarily perfuse tissue distal to the cuff.
A potentially serious hazard of IVRA is that the operator
may make an error in attempting to change the pressures
applied by one or both of the cuff bladders to the limb, or
may make an error in attempting to de-pressurize one or both

4
BRIEF DESCRIPTION OF THE DRAWINGS

10

FIG. 1 is a pictorial representation of the preferred
embodiment in a surgical application.
FIG. 2 is a block diagram of the preferred embodiment.
FIGS. 3a, 3b, 3c and 3d are pictorial representations of the
layout of the display panel of the preferred embodiment in
different clinical applications
FIGS. 4,5,6,7,8 and 9 are software flow charts depicting
the control software of the preferred embodiment.

bladders the dual-bladder cuff. A serious error is one that

causes both cuff bladders to be inadvertently deflated or
depressurized simultaneously. Premature release of the liq
uid anesthetic agent soon after its introduction, as a result of
the inadvertent deflation or depressurization of a cuff blad
der so that both cuff bladders are at a pressure below the
minimum pressure required to stop the inflow of arterial
blood or the outflow of anesthetic liquid from the limb distal
to both cuff bladders, is a serious and recognized hazard of
prior art devices used for IVRA which may result in the
anesthetic agent entering the circulatory system in a suffi
ciently high concentration to cause adverse reactions,
including a range of minor adverse reactions and such
serious adverse reactions as cardiovascular collapse, respi
ratory depression, epileptic-like seizures or even death.
Also, inadvertent deflation or depressurization of a cuff
bladder So that both cuff bladders are at pressures below the
minimum pressure required to stop the inflow of arterial
blood or the outflow of anesthetic liquid from the limb distal
to the cuff, at any time after introduction of the liquid
anesthetic agent, is hazardous in that it will result in the
reduction or elimination of the regional anesthesia in the

DESCRIPTION OF THE PREFERRED
EMBODIMENT
15

enable others skilled in the art to utilize the invention. The
20

25

action by the operator before changing the pressure applied
by the cuff to the potentially hazardous level.
The present invention also includes apparatus for dis
abling the safety interlock so that the safety interlock may be
disabled during surgical procedures such as bilateral limb
procedures which may involve the use of a dual-channel
tourniquet system, or two separate one-channel tourniquet
systems, but which may not involve the use of IVRA.

FIG. 1 depicts instrument 2 connected to pressurizing cuff
4 and pressurizing cuff 6, which cuffs can be inflated to
apply pressures to patient limb 8. In FIG. 1, photoplethys
mographic blood flow sensor 10 is shown applied to a digit
of limb 8 distal to cuff 4 and cuff 6, and connected to

30

35

instrument 2. For clarity, cuff 4 and cuff 6 have been shown
as separate cuffs applied to the same limb 8, but in practice
the separate cuffs may be applied to different limbs of a
patient, or they may be combined as separate bladders of one
dual-bladder inflatable cuff applied to a single limb of a
patient, depending upon the surgical procedure being per
formed and the type of anesthesia employed. In many types
of surgical procedures, only cuff 4 is employed and cuff 6 is
not used.

40

As can be seen in FIG. 1, cuff 4 is connected pneumati
cally by tubing 12 and tubing 14 to instrument 2. Cuff 6 is

connected pneumatically by tubing 16 and tubing 18 to
instrument 2.

Electroluminescent graphic display panel 20 (EL4737LP,
Planar Systems, Beaverton, Oreg.) shown in FIGS. 1 and 2
45

SUMMARY OF THE INVENTION

The present invention provides a physiologic tourniquet
apparatus having a safety interlock for improved safety in
surgical procedures involving the use of IVRA, wherein the
safety interlock detects any potentially hazardous attempt to
change cuff pressure in a procedure involving the use , of
IVRA that, if implemented by changing the cuff pressure,
may result in the release of liquid anesthetic agent from the
limb into systemic circulation.
The present invention also includes apparatus which will
alert the operator to the potentially hazardous condition and
which will require a separate and discrete confirmation

preferred embodiment of the invention is described in three
sections below: hardware; operation and software.
I. Hardware

limb distal to the cuff.

The applicant is unaware of any surgical tourniquet sys
tem in the prior art which includes apparatus for detecting a
potentially hazardous attempt to change cuff pressure in a
procedure involving the use of IVRA that may result in the
release of liquid anesthetic agent from the limb into systemic
circulation. Further, the applicant in unaware of any surgical
tourniquet system in the prior art which, having detected
such a potentially hazardous condition, will alert the opera
tor to the hazardous condition and will require a separate and
discrete confirmation action by the operator before changing
the cuff reference pressure to the potentially hazardous level.

The embodiment illustrated is not intended to be exhaus

tive or limit the invention to the precise form disclosed. It is
chosen and described in order to explain the principles of the
invention and its application and practical use, and thereby

50
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forms part of instrument 2 and is used to display information
to the user of instrument 2. Display panel is employed for the
selective presentation of any of the following information as
described below: (a) menus of commands for controlling
instrument 2, from which a user may make selections; (b)

parameters having values which characterize the actual cuff
pressures, cuff inflation times, cuff pressure reference levels
and inflation time alarm limit values; (c) text messages
describing current alarm conditions, when alarm conditions
are determined by instrument 2; (d) graphical representa
tions of blood flow signals produced by sensor 10; and (e)
messages which provide operating information to the user.

Switch 22 (61-01032-10 Grayhill Inc., La Grange, Ill.)
shown in FIGS. 1 and 2, provides a versatile means for the
user to control instrument 2. Switch 22 is a rotary selector
and push-button combination switch. In combination with
the electronic circuitry and software described below, switch
22 operates by producing signals in response to rotation of
the selector and activation of the push-button by the user. In
the preferred embodiment, rotating switch 22 allows the user
to select a specific menu command or parameter for adjust
ment from those shown on display panel 20. The currently
selected menu command or parameter is “highlighted” by

5,556,415
8
tion register 56. Configuration register 56 contains a previ
ously recorded level for the operating mode signal and, for
each of the three possible levels of the operating mode
signal, previously recorded level for the cuff reference
pressure and cuff inflation time alarm limit for each cuff, as
described elsewhere. The user of instrument 2 can alter a
level of a parameter recorded in configuration register 56, by
selecting the parameter and changing its level as described

7
limits initially recorded in configuration register 56 are
given in the table below:
Operating

Cuff 4
reference

Cuff 4
inflation

Cuff 6
reference

Cuff 6
inflation

Mode

pressure

time limit

pressure

time limit

Single Cuff Mode

200 mmHg

60 Min.

-

-

Dual Cuff Mode
IVRA Dual

200 mmHg
250 mmHg

60 Min.
45 Min.

200 mmHg
250 mmHg

60 Min.
45 Min.

Bladder
Cuff Mode

Microprocessor 28 communicates with configuration reg
ister 56 to record and retrieve levels of the configuration
parameters recorded in configuration register 56 as

below.
10

15

described below.

Event register 58 shown in FIG. 2, records “events” which
are defined in the software of the preferred embodiment to
be: (a) actions by the user to inflate a cuff, deflate a cuff,
adjust the level of a cuff reference pressure signal, adjust the
level of cuff inflation time limit signal, adjust the level of the
operating mode signal or silence an audio alarm; (b) alarm
events, resulting from microprocessor 28 generating an
alarm signal as described above; and (c) events associated
with determining a cuff pressure automatically as described
below. Event register 58 comprises event register memory
60 (28C64A Microchip Technology, Chandler, Ariz.), and
event register printer 62. Microprocessor 28 communicates
with event register 58 to record events as they occur.
Microprocessor 28 records an event by communicating to
event register 58: the time of the event as read from real time

clock 52; a value identifying which one of a specified set of
events occurred as determined by microprocessor 28; and
the values at the time of the event of the following param
eters: operating mode signal, cuff 4 pressure signal; cuff 4

pressure reference signal; cuff 4 inflation time, cuff 4 infla
tion time limit; cuff 6 pressure signal; cuff 6 pressure
reference signal; cuff 6 inflation time, cuff 6 inflation time
limit; and recommended cuff pressure, when the event
occurred. Entries are recorded in event register 58 by storing

values in event register memory 60 and by printing these
values for the user by means of event register printer 62.
Event register memory 60 retains information indefinitely in
the absence or interruption of electrical power from power
supply 54 required for the normal operation of instrument 2.
Microprocessor 28 communicates with electrolumines
cent display panel 20 through display controller 64 to
display information as described above.
User input is by means of switch 22. Signals from switch
22 arising from rotation and push-button contact closure in
switch 22 are communicated to microprocessor 28.
Microprocessor 28 will, in response to generated alarm
signals alert the user by text and graphic messages shown on
display panel 20 and by audio tones. Electrical signals
having different frequencies to specify different alarm sig
nals and conditions are produced by microprocessor 28,
amplified by audio amplifier 66 and converted to audible
sound by loud speaker 68 shown in FIG. 2.
Power supply 54 provides regulated DC power for the
normal operation of all electronic and electrical components.
II. Operation
At start-up of instrument 2, when instrument 2 is activated
by supply of electrical power through power supply 54
microprocessor 28 configures instrument 2 by setting pre
determined parameters to the levels recorded in configura

20

25

30

35

In operation, a user of the preferred embodiment com
municates with instrument 2 by using switch 22 to choose
commands for controlling instrument 2 from menus of
commands, and by using switch 22 to set the level of
parameters displayed on display panel 20, as described
above and in the software description below.
Three distinct modes of operation of the preferred
embodiment are provided in the preferred embodiment:
“Single Cuff Mode”, “Dual Cuff Mode” and “IVRA Dual
Bladder Cuff Mode”. Microprocessor 28 controls the opera
tion of instrument 2 in response to the level of the operating
mode signal as described below. The level of the operating
mode signal is set by microprocessor 28 retrieving a previ
ously recorded level from configuration register 56 and can
be altered by the user by means of switch 22 as described
below.

FIG. 3a shows the layout of display panel 20 for “Single
Cuff Mode”, wherein only cuff 4 is actuated and used in a
surgical procedure. As depicted in FIG. 3a, a single display
region 70 labeled MAIN CUFF is shown on display panel 20
and predetermined menu 72 is also displayed for the user.
Menu 72 enables choices to be made by the user for:
temporarily silencing audio alarms; printing on event reg
ister printer 62 the events recorded in event register memory
60; initiating the determination of recommended cuff pres
Sure; selecting an operating mode, or obtaining operating
instructions. Menu 72 is depicted in FIG. 3a with the menu
command “SELECT OPERATING MODE” Shown in

40
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reverse video, indicating that it has been selected by the user
of instrument 2. As shown in FIG. 3a, within display region
70 labeled MAIN CUFF parameters and menu commands
for controlling cuff 4 are displayed, and all displayed param
eters are continually updated by microprocessor 28. The
displayed parameters are: the current level of cuff pressure,
cuff pressure reference level, cuff inflation time and inflation
time alarm limit level. The menu commands for control of
cuff 4 are: “inflate” and “deflate”. If the user Selects the

command “inflate”, instrument 2 will regulate the pressure
in cuff 4 near the level of the cuff 4 reference pressure signal
as described above. If the user selects the command
50

“deflate” instrument 2 will release the pressure in cuff 4
causing cuff 4 to deflate to atmospheric pressure. In “Single
Cuff Mode” all alarm and event messages refer only to cuff
4

55

FIG. 3b depicts the layout of display panel 20 for “Dual
Cuff Mode”, corresponding to the second of three predeter
mined levels of the operating mode signal. In “Dual Cuff
Mode” both cuff 4 and cuff 6 are actuated. As illustrated in

60
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FIG. 3b two independent display regions are shown on
display panel 20, as well as the predetermined user menu 72
described above. One region 70 is labeled MAIN CUFF,
within which region are displayed the parameters and menu
commands for control of cuff 4. The second region 74 is
labeled SECOND CUFF, within which region are displayed
the parameters and controls for cuff 6. The parameters and
controls displayed in region 74 are identical to those
described above for cuff 4, except the parameters and
controls displayed in region 74 refer to cuff 6. In “Dual Cuff

5,556,415
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mined limb occlusion pressure for cuff 4, a safety interlock
signal is produced and a visual and audible warning is given
via display panel 20 and speaker 68 to indicate to the user
that the action the user has initiated may be unsafe, i.e. that
the action would result in cuff 4 and cuff 6 being at a
pressure which would allow blood flow at a time in a
Surgical procedure involving IVRA when liquid anesthetic
agent contained in blood vessels distal to cuff 4 and cuff 6
may be released into systemic circulation. A menu command
is displayed on display panel 20 for enabling the user to
confirm that deflation of the cuff or cuff reference pressure

Mode”, the inflation and deflation of cuff 4 is independent of
the inflation and deflation of cuff 6. All alarm and event

messages refer either to cuff 4, the MAIN CUFF or to cuff
6, the SECOND CUFF. When cuff 6 is inflated in the “Dual

Cuff Mode”, the operating mode signal cannot be changed
by the user until such time as cuff 6 has been deflated.
FIG. 3c depicts the layout of display panel 20 for the
“IVRA Dual-Bladder Cuff Mode”, corresponding to the
third level of the operating mode signal. This mode can only
be selected by the user when both cuff 4 and cuff 6 are
deflated. The “IVRA Dual-Bladder Cuff Mode” is the pre
ferred mode for selection by the user when Intravenous
Regional Anesthesia (IVRA) also known as Bier block
anesthesia, is employed. In “IVRA Dual-Bladder Cuff
Mode” both cuff 4 and cuff 6 are actuated. As shown in FIG.

3c two independent display regions 76 and 78 are shown on
display panel 20, also shown is predetermined user menu 72
having the structure and function as described above.
Region 76, labeled PROXIMAL CUFF contains displays of
parameters and controls for cuff 4. Region 78, labeled
DISTAL CUFF contains displays of the parameters and
controls for cuff 6. Alarm and event messages are generated
to refer separately either to cuff 4, the PROXIMAL CUFF,
or to cuff 6 the DISTAL CUFF. When the preferred embodi
ment is operating in “IVRA Dual-Bladder Mode”, the oper
ating mode signal cannot be changed by the user while either
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cuff 4 or cuff 6 is inflated.

In “IVRA Dual-Bladder Cuff Mode” a safety interlock is
activated to reduce the probability of unintended and inad
vertent deflation of both cuffs during a surgical procedure
involving IVRA. The safety interlock operates as follows: if

30

the user initiates deflation of cuff 4 while cuff 6 is defiated,
or if the user initiates deflation of the cuff 6 while cuff 4 is

deflated, a safety interlock signal is produced to prevent the
initiated deflation and a visual and audible warning is given
via display panel 20 and speaker 68 to indicate to the user
that the action the user has initiated may be unsafe, i.e. that
the action would result in cuff 4 and cuff 6 being deflated at
a time in a surgical procedure involving IVRA when liquid
anesthetic agent contained in blood vessels distal to cuff 4
and cuff 6 may be released into systemic circulation. A menu
command is displayed on display panel 20 for enabling the

mented unless and until a distinct confirmation action is
35
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user to confirm that deflation of the cuff is intended. To

continue with the initiated deflation, the user must inten

tionally confirm that deflation of the cuff is intended by
means of a distinct and discrete manipulation of switch 22
by the user; in the preferred embodiment this distinct
confirmation action requires the user to rotate switch 22 to
select the confirmation menu command and then depress
switch 22 within a 5 sec time period, at which confirmation
the cuff is deflated. Alternatively if the user does not confirm
the initiated deflation through a discrete manipulation and
actuation of switch 22 within the 5 sec time period, then the

45
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initiated deflation is not carried out and the menu command

for enabling the user to confirm that deflation was intended
is removed from display panel 20.

55

If the user has made an automatic determination of

recommended cuff pressure for cuff 4 and cuff 6 as described
below, the safety interlock also operates as follows: if the
user initiates deflation of cuff 4 or attempts to reduce the cuff
4 reference pressure to a level below the determined limb
occlusion pressure for cuff 4 while the cuff 6 reference
pressure or cuff 6 pressure is below the determined limb
occlusion pressure for cuff 6 or attempts to deflate cuff 6 or
reduce the cuff 6 reference pressure to a level below the
determined limb occlusion pressure for cuff 6 while the cuff
4 reference pressure or cuff 4 pressure is below the deter

adjustment is intended. To continue with the initiated defla
tion or cuff reference pressure adjustment, the user must
intentionally confirm that deflation or adjustment of the cuff
reference pressure to a level below limb occlusion pressure
is intended by means of a distinct and discrete manipulation
of switch 22 by the user; in the preferred embodiment this
confirmation requires the user to rotate and then depress
switch 22 within a 5 sec time period, at which confirmation
deflation or the cuff reference pressure adjustment may
proceed. Alternatively if the user does not confirm the
initiated cuff deflation or cuff reference pressure adjustment
through a discrete manipulation and actuation of switch 22
within the 5 sec time period, then the initiated deflation or
adjustment is not carried out and the menu command for
enabling the user to confirm that reduction of cuff pressure
was intended is removed from display panel 20.
In this manner, the safety interlock mechanism for IVRA
detects a potentially unsafe action initiated by the operator’s
selection of a command, produces a safety interlock signal
and generates visual and audible indications to warn the
operator of the potentially unsafe action which has been
initiated, and prevents the initiated action from being imple

60

performed by the operator. Although the preferred embodi
ment of the safety interlock mechanism is described above,
it will be appreciated by those normally skilled in the art that
alternate mechanisms and embodiments may be employed.
For example, an alternate embodiment of the safety inter
lock mechanism can be employed in any dual cuff tourniquet
apparatus to detect any potentially unsafe attempt to deflate
or reduce the pressure in one of the dual cuffs to a non-zero
level, if the result of that attempt to depressurize or reduce
the pressure in the cuff may be to allow the release of
anesthetic agent past the cuff and into systemic circulation
when the dual cuff tourniquet apparatus is used in conjunc
tion with IVRA. Also, an alternate embodiment of the safety
interlock mechanism may employ only an audible warning,
or only a visual warning, or may generate no warning
directly but may instead make the safety interlock signal
available for integration with other monitoring and display
systems in the operating room. Further, an alternate embodi
ment of the safety interlock apparatus may employ other
means for enabling the user to confirm that a potentially
unsafe reduction of cuff pressure is intended; for example, a
separate confirmation switch may be provided for actuation
by the user at any time after the detection of the potentially
unsafe attempt, or confirmation may require that multiple
actuations of the same switch be performed by the user
within a specified time period, or confirmation may require
that two switches be depressed simultaneously by the user.
To provide the user of instrument 2 with a detailed record
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of applied pressures and alarm conditions, event register 58
is provided. “Events” which are defined in the software of
the preferred embodiment to be: (a) actions by the user to
inflate a cuff, deflate a cuff, adjust the level of a cuff
reference pressure signal, adjust the level of cuff inflation

5,556,415
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time limit signal, adjust the level of the operating mode
signal or silence an audio alarm; (b) alarm events, resulting
from microprocessor 28 generating an alarm signal as
described above; and (c) events associated with determining
a cuff pressure automatically as described below. Micropro
cessor 28 communicates with event register 58 to record
events as they occur. Microprocessor 28 records an event by
communicating to event register 58: the time of the event as
read from real time clock 52; a value identifying which one
of a specified set of events occurred as determined by
microprocessor 28; and the values at the time of the event of
the following parameters: operating mode signal, cuff 4
pressure signal; cuff 4 pressure reference signal; cuff 4
inflation time, cuff 4 inflation time limit; cuff 6 pressure
signal; cuff 6 pressure reference signal; cuff 6 inflation time,

cuff 6 inflation time limit; and recommended cuff pressure,
when the event occurred. Entries are recorded in event
register 58 by storing values in event register memory 60
and by printing these values for the user by means of event
register printer 62. In operation, the user can erase from the
event register 58 previously registered events and prepare

12
a safety margin of 40 mmHg is added to estimate the
Recommended Cuff Pressure; if the Limb Occlusion Pres

sure is greater than 130 mmHg and no greater than 190
mmHg, a safety margin of 60 mmHg is added to estimate the
Recommended Cuff Pressure; and if the Limb Occlusion

Pressure is greater than 190 mmHg, a safety margin of 80
mmHg is added to estimate the Recommended Cuff Pres

10

of the Recommended Cuff Pressure.

Additionally, prior to the inflation of cuff 6 when cuff 6 is
used in addition to cuff 4 for either “IVRA Dual Bladder
15

determine the Recommended Cuff Pressure level for cuff 6.

sure for cuff 6 is the same as that described above for cuff
4.
20

III. Software

25

of the event.

In operation prior to the inflation of cuff 4 the user may
instruct microprocessor 28 by using switch 22 to select the

30

“RECOMMEND CUFF PRESSURE” command on menu

72, thus beginning the automatic determination of a recom
mended cuff pressure level for cuff 4. To determine a
recommended cuff pressure microprocessor 28 first ensures
that an adequate blood flow signal is being produced by
sensor 10. Microprocessor 28 then sets to 50 mmHg the
value of the cuff pressure reference signal for cuff 4 which
causes the pressure in cuff 4 to increase to 50 mmHg. Next,
microprocessor 28 measures and stores the level of the blood
flow signal being produced by sensor 10. Microprocessor 28
then increases, in discrete steps of 10 mmHg or 5 mmHg as
described below, the value of the cuff 4 pressure reference
signal up from 50 mmHg. If the level of the current blood
flow signal from sensor 10 is greater than or equal to 50
percent of the previously stored blood flow signal level,
microprocessor 28 increases the cuff 4 pressure reference
signal in steps of 10 mmHg. If the level of the current blood
?low signal from sensor 10 is less than 50 percent of the
previously stored blood flow signal, microprocessor 28
increases the cuff 4 pressure reference signal in steps of 5
mmHg. Microprocessor 28 continues to increase the pres
sure reference signal for cuff 4, and thereby the pressure in
cuff 4, until the pressure reference signal for cuff 4 exceeds
300 mmHg or the level of the current blood flow signal from
sensor 10 is less than 3 percent of the previously stored
blood flow signal level. If the cuff 4 reference level exceeds
300 mmHg the determination of a recommended cuff pres
sure is terminated and the user of instrument 2 informed by
messages displayed on display panel 20 that the determina
tion was unsuccessful. The level of the pressure signal from
cuff 4 corresponding to the lowest level at which the level of
the current blood flow signal from sensor 10 is less than 3
percent of the previously stored blood flow signal level is
displayed as the Limb Occlusion Pressure and is used to
calculate the Recommended Cuff Pressure, as follows. If the

Limb Occlusion Pressure is less than or equal to 130 mmHg

Cuff Mode” or “Dual Cuff Mode”, the user may instruct
microprocessor 28 by means of switch 22 to automatically
The process for determining the Recommended Cuff Pres

event register 58 to retain new events.
The user, by means of selecting a menu command shown
on display panel 20, can cause descriptions of the events

recorded in event register memory 60 to be printed on event
register printer 62. For each recorded event, microprocessor
28 causes to be printed the time of the event, a text message
describing the event, and the parameters recorded at the time

sure. This Recommended Cuff Pressure level is displayed on
display panel 20 and the cuff pressure reference signal is
adjusted by microprocessor 28 to be equivalent to the level
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FIGS. 4,5,6,7,8 and 9 are software flow charts depicting
the sequence of operations which microprocessor 28 is
programmed to carry out in the preferred embodiment of the
invention. In order to simplify the discussion of the soft
ware, a detailed description of each software subroutine and
of the control signals which the software produces to actuate
the hardware described above is not provided. It will how
ever be understood by those skilled in the art that, for
example, in order to display characters and graphics on

display panel 20, microprocessor 28 must generate appro
priate signals and communicate them to display.controller
64. Functions or steps carried out by the software are
described below and related to the flow charts via paren

thetical reference numerals in the text.

Software for the preferred embodiment was developed
using the C programming language and compiled with C96
40
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(Intel Corp. Santa Clara, Calif.).
The main program software is depicted in FIGS. 4, 5, 6
and 7, and the utility software subroutines “read selector”
and “regulate” are shown in FIGS. 8 and 9 respectively. FIG.

4 shows the initialization operations carried out by the main
program. FIG. 5 shows the operations taken to adjust and
record user configuration parameters. FIG. 6 shows the main
program control loop entered at the completion of the
initialization operations. FIG. 7 shows the operation of the
safety interlock subroutine.
As shown in FIG.4, the program commences (400) when
power is supplied to microprocessor 28 by initializing
microprocessor 28 for operation with the memory system
and circuitry and hardware of the preferred embodiment.
Display controller 64 is then initialized (402) with the
parameters required for operation with display panel 20.
Control is then passed to a self-test subroutine (404). The
self-test subroutine displays a “SELF TEST IN
PROGRESS” message on display panel 20 and performs a
series of diagnostic tests to ensure proper operation of

microprocessor 28 and its associated hardware. Should any
diagnostic test fail (406), an error code is displayed on
display panel 20 (408) and further operation of the system is
halted (410); if no errors are detected, control is returned to

the main program.
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As can be seen in FIG. 4, after the “self-test” has been

completed successfully, control is next passed to a subrou
tine (412) which retrieves from configuration register 56 the

5,556,415
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configuration menu is selected by the user (512), as shown

levels of previously recorded configuration parameters. The
parameters are: a level for the operating mode signal and, for
each of the three possible levels of the operating mode
signal, a level for the cuff reference pressure and cuff
inflation time alarm limit for each cuff. Upon completion,
this subroutine returns control to the main program. Control
is next passed to a subroutine (414) which tests the retrieved
configuration parameters for validity by: (1) calculating a
checksum for the retrieved levels of the parameters and
comparing it to a checksum previously calculated and
recorded in configuration register 56; (2) testing each
retrieved parameter level to ensure it is within pre-defined
allowable limits. If any of the retrieved parameters are found
to be invalid (416) an error message is displayed on display
panel 20 (418), and configuration parameters are set to
default levels defined in software (420). Control is then
returned to the main program, where the operating mode
signal, the levels for the cuff reference pressures, and the
alarm limits are set to the values of the previously recorded
configuration parameters (422).

in menu 82 in FIG. 3d. As can be seen in FIG. 5, control is

then passed to a subroutine (514) which calculates a check
sum for the levels of the configuration parameters and
records the levels of the configuration parameters along with
their associated checksum in configuration register 56. Con
trol is then returned to the subroutine (500) for displaying
basic operating instructions and “CONTINUE" and “CON
FIGURE” menu commands, and operation continues as
10

described above.

15

The flow chart depicted in FIG. 6 shows the main program
control loop entered in response to the “CONTINUE” menu
command being selected as described above. As shown in
FIG. 6 the main program then enters a loop which continues
until electrical power required for the operation of micro
processor 28 is interrupted,
As depicted in FIG. 6, control is first passed to a subrou
tine (600) which displays on display panel 20 menu com
mands for controlling the operation of the preferred embodi

20

As shown in FIG. 4, the software subroutine “read selec

tor” which processes user input from switch 22 and sends
characters to event register printer 62, is then scheduled to
run every millisecond (424). This subroutine is initiated by
the software timer interrupt system of microprocessor 28
and communicates with the main program by means of
global variables. The flow chart for this subroutine is shown

25

in detail in FIG. 8 and is discussed below. The software

subroutine “regulate”, for controlling the pneumatic system
and inputting signals from photoplethysmographic blood
flow sensor 10, is then scheduled to run every 30 millisec
onds (426). This subroutine is initiated by the software timer
interrupt system of microprocessor 28 and communicates

30

is discussed below. The flow chart for the main program is

35

continued in FIG. 5.

As shown in FIG. 5, the operation of the main program
continues by passing control to a subroutine (500) which
displays on display panel 20 basic operating instructions and
menu commands which allow the user either to choose a

menu command to “CONTINUE” with the operation of the
preferred embodiment or to choose a menu command to
“CONFIGURE” the preferred embodiment. Control is then
passed to a “process user input” subroutine (502) for pro
cessing user input, as follows: the subroutine communicates
with the subroutine “read selector” via global variables,
updates displayed menu choices and values of parameters in
response to the rotation and activation of switch 22; and
passes control to other subroutines or parts of the main
program based on menu commands selected by the user. The
processing of user input by this subroutine continues until
the user selects either the “CONFIGURE” (504) or “CON
TINUE” (506) menu commands. If the user selects the
“CONTINUE" menu command control returns to the main
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program and continues as detailed in FIG. 6. If the user

chooses the “CONFIGURE” menu command, control is

passed to a subroutine (508) which displays the levels of
parameters retained in configuration register 56 and associ
ated menu commands; these parameters and menu com
mands are depicted in display region 80 labeled CONFIGU

temporarily silencing audio alarms; printing on event reg
ister printer 62 the events recorded in event register memory
60; initiating the determination of recommended cuff pres
sure; selecting an operating mode, or obtaining operating
instructions. Control is then returned to the main program.
Control is next passed to a subroutine (602) which dis
plays on display panel 20 operating parameters and controls
referring only to cuff 4. The operating parameters include
the current level of cuff pressure, cuff pressure reference
level, inflation time and inflation time alarm limit. The menu

with the main program by means of global variables. The

flow chart for this subroutine is shown in detail in FIG. 9 and

ment. These menu commands are shown if FIG. 3a as menu

72, which enables choices to be made by the user for:

60

commands for control of cuff 4 comprise: menu commands
for cuff inflation and cuff deflation. These operating param
eters and controls are depicted in display region 70 labeled
MAIN CUFF shown in FIG. 3a. Upon completion of this
subroutine control is returned to the main program.
If the operating mode signal described above is set to
“Dual Cuff Mode” (604), control is passed to a subroutine
(606) which displays on display panel 20 the operating
parameters and menu commands for controlling cuff 6. The
parameters and menu commands are identical to those
described above for cuff 4. These operating parameters and
controls are depicted in display region 74 labeled SECOND
CUFF shown in FIG. 3a. Upon completion this subroutine
returns control to thc main program.
I? the operating mode signal described above is set to
“IVRA Dual Bladder Cuff Mode” (608) control is passed to
a subroutine (610) which displays on display panel 20 the
operating parameters and menu commands for controlling
cuff 6. Control is then passed to a subroutine (612) which

identifies the controls and parameters for cuff 4 as referring
to the PROXIMAL CUFF and the controls and parameters
for cuff 6 as referring to the DISTAL. This is depicted in
FIG. 3c by display region 76 labeled PROXIMAL CUFF
and display region 78 labeled DISTAL CUFF. As shown in
FIG. 6, control is next passed to a “safety interlock” sub
routine (614) to reduce the probability of unintended and
inadvertent deflation of both cuff 4 and cuff 6 during a
surgical procedure involving IVRA. The “safety interlock”
subroutine functions as described below and depicted in

RATION MENU and menu 82 shown in FIG. 3d. Control is

FIG. 7.

next passed to a subroutine (510) for processing user input

The safety interlock subroutine shown in FIG. 7 com
mences by testing whether depressurization of cuff 4 to a
potentially unsafe low pressure has been initiated by the user
(700), either by selecting a menu command for the deflation
of cuff 4 and activating switch 22, or by selecting the cuff 4

similar to the subroutine described above; this subroutine

updates the displayed parameters and menu commands to
indicate adjustments made by the user. The processing of
user input continues until a menu command for exiting the
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reference pressure and adjusting it to a pressure below a
level representing the minimum pressure which will stop
blood flow and the release of anesthetic agent past cuff 4; if
so, the state of cuff 6 is then tested (702) and if cuff 6 is
deflated or pressurized below a level representing the mini
mum pressure which will stop blood flow and the release of
anesthetic agent past cuff 6, a safety interlock signal is
generated (704) which prevents the initiated deflation of cuff
4 or initiated cuff 4 reference pressure adjustment from
occurring in the absence of user confirmation; otherwise the
safety interlock signal is not produced and cuff 4 deflation or
reference pressure adjustment proceeds (706). In the pre

10

ferred embodiment, a cuff is defined to be deflated if the cuff

pressure is less than a level of 10 mmHg, and the level
representing the minimum pressure which will stop blood
flow and the release of anesthetic agent past a cuff is set to

15

be the Limb Occlusion Pressure for that cuff determined

automatically as described above. It will be appreciated by
those normally skilled in the art that alternate mechanisms
and embodiments may be employed for determining and
setting the pressure levels used in testing the states of cuffs;
for example, the levels may be preset to other pressures, or
the preset levels may be adjustable by a user. After produc
ing a safety interlock signal (704) control is passed to a
subroutine (708) for displaying a warning message on
display panel 20 and generating an audio alarm tone. Control
is next passed to a subroutine (710) which displays a menu
command for requiring the user to confirm that the deflation
or depressurization of cuff 4 below the level is intended
while cuff 6 is deflated or pressurized to the low level. The
safety interlock subroutine continues by testing whether
depressurization of cuff 6 to a potentially unsafe low pres
sure has been initiated by the user (712), either by selecting
a menu command for the deflation of cuff 6 and activating
switch 22, or by selecting the cuff 6 reference pressure and
adjusting it to a pressure below a level representing the
minimum pressure which will stop blood flow and the
release of anesthetic agent past cuff 6; if so, the state of cuff
4 is then tested (714) and if cuff 4 is deflated or pressurized
below a level representing the minimum pressure which will
stop blood flow and the release of anesthetic agent past cuff
4, a safety interlock signal is generated (716) which prevents
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subroutine returns control to the main program.
(618) by inflating a cuff, deflating a cuff, adjusting the level
of a cuff reference pressure signal, adjusting the level of cuff
inflation time limit signal, adjusting the level of the operat
ing mode signal or silence an audio alarm; control is next

passed to a subroutine (620) which records the eventin event
register 58. An event is recorded by communicating to event
register 58: the time of the event as read from real time clock
52; a value identifying which one of a specified set of events
occurred; and the values at the time of the event of the

45

following parameters: operating mode signal, cuff 4 pressure
signal; cuff 4 pressure reference signal; cuff 4 inflation time,
cuff 4 in?lation time limit; cuff 6 pressure signal; cuff 6
pressure reference signal; cuff 6 inflation time, cuff 6 infla
tion time limit; and recommended cuff pressure, when the
event occurred. Control is then returned to the main pro
gram.

50

surization of cuff 6 below the level is intended while cuff 4

is deflated or pressurized to the low level.
As shown in FIG, 7 the safety interlock subroutine
continues by testing (724) whether a menu command for
confirming the potentially unsafe deflation or depressuriza
tion of cuff 4 is currently displayed on display panel 20. If
the menu command has been displayed for greater than 5
seconds (726), control is passed to a subroutine (728) for
removing from display panel 20 and thereby making
unavailable to the user the menu command for confirming
the deflation or depressurization of cuff 4. If the menu
command for confirming the deflation or depressurization of
cuff 4 is displayed, and is selected by the user and switch 22
is activated (730), control is passed to a subroutine (732) for
producing a confirmation signal which will permit the

communicates with the subroutine “read selector” via global

variables to update the currently displayed menu commands
and parameters in response to the rotation and activation of
switch 22. This subroutine may also pass control to other
subroutines or parts of the main program based on menu
commands selected by the user. Upon completion, this
As indicated in FIG. 6, if the user has initiated an event

the initiated deflation of cuff 6 or initiated cuff 6 reference

pressure adjustment from occurring in the absence of user
confirmation; otherwise the safety interlock signal is not
produced and cuff 6 deflation or reference pressure adjust
ment proceeds (718). After producing a safety interlock
signal (716) control is passed to a subroutine (720) for
displaying a warning message on display panel 20 and
generating an audio alarm tone. Control is next passed to a
subroutine (722) which displays a menu command for
requiring the user to confirm that the deflation or depres

16
initiated deflation or depressurization of cuff 4 to proceed.
The safety interlock subroutine continues by testing (734)
whether a menu command for confirming the potentially
unsafe deflation or depressurization of cuff 6 is currently
displayed on display panel 20. If the menu command has
been displayed for greater than 5 seconds (736), control is
passed to a subroutine (738) for removing from display
panel 20 and thereby making unavailable to the user the
menu command for confirming the deflation or depressur
ization of cuff 6. If the menu command for confirming the
deflation or depressurization of cuff 6 is displayed, and is
selected by the user and switch 22 is activated (740), control
is passed to a subroutine (742) for producing a confirmation
signal which will permit the initiated deflation or depres
surization of cuff 6 to proceed. Control is then returned to the
main program depicted in FIG. 6.
Referring to the flowchart depicted in FIG. 6, it can be
seen that if the operating mode signal is set to “Single Cuff
Mode”, only the controls and parameters referring to cuff 4
will be displayed and available to the user.
As can be seen in FIG. 6, after completion of specific
operations related to the specific level of the operating mode
signal, Control then passes to a “process user input” sub
routine (616) for processing user input, and this subroutine

55
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As shown in FIG. 6, control in the main program loop is
next passed to subroutine (622) which tests for alarm
conditions. If an alarm condition is present (624), such as
cuff over-pressurization, cuff under-pressurization, or
exceeding an inflation time limit, control is passed to a
subroutine (626) which initiates the generation of an alarm
tone and displays on display panel 20 pre-assigned text
messages indicating the cuff to which the alarm refers and
the actual alarm condition present. Control is next passed to
a subroutine (628) which records the alarm event in event
register 58. An alarm event is recorded by communicating to
event register 58: the time of the event as read from real time
clock 52; a value identifying which one of a specified set of
alarm events occurred; and the values at the time of the event

65

of the following parameters: operating mode signal, cuff 4
pressure signal; cuff 4 pressure reference signal; cuff 4
inflation time, cuff 4 inflation time limit; cuff 6 pressure
signal; cuff 6 pressure reference signal; cuff 6 inflation time,
cuff 6 inflation time limit; and recommended cuff pressure,

5,556,415
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when the event occurred. Control is then returned to the

main program. If alarms conditions are not present at the
completion of the test for alarm conditions, control is passed

to a subroutine (630) for clearing any previously displayed
alarm messages and deactivating, if active, the audio alarm.
Control is then returned to the main program.
If the user has, by means of selecting the appropriate
menu command, enabled the printing of events (632), then
control is next transferred to a subroutine (634) to format
and send registered events to the printer. This subroutine
retrieves events from the event register 58, formats the
retained event information as an ASCII text string suitable
for printing on event register printer 62 and signals the

10

inflation time, cuff 6 inflation time limit; and recommended

Subroutine “read selector” which sends characters to the

printer that a string is available be printed. Control is then
returned to the main program.
Also as indicated in FIG. 6, if the user has initiated a
determination of recommended cuff pressure for cuff 4 or

cuff 6 if alternatively selected by the user (634), control is
passed to a subroutine for doing so. This subroutine (636)

15
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controls the sequencing of cuff inflation and deflation and
performs the activities related to determining a recom
mended a cuff pressure as follows. If the user has selected a
determination for cuff 4, the blood flow signal from sensor

10 is first analyzed and shown on display panel 20. The
value of the cuff pressure reference signal for cuff 4 is then
set to 50 mmHg which causes the pressure in cuff 4 to
increase to 50 mmHg. Next, the level of the blood flow
signal being produced by sensor 10 is stored. The cuff 4
pressure reference signal is then increased up from 50
mmHg in discrete steps of 10 mmHg or 5 mmHg as follows.
If the level of the current blood flow signal from sensor 10
is greater than or equal to 50 percent of the previously stored
blood flow signal level, the cuff 4 pressure reference signal
is increased in steps of 10 mmHg. If the level of the current
blood flow signal from sensor 10 is less than 50 percent of
the previously stored blood flow signal, the cuff 4 pressure
reference signal is increased in steps of 5 mmHg. The
pressure reference signal for cuff 4, and thereby the pressure
in cuff 4 continue to be increased until the pressure reference
signal for cuff 4 exceeds 300 mmHg or the level of the
current blood flow signal from sensor 10 is less than 3
percent of the previously stored blood flow signal level. If
the cuff 4 reference level exceeds 300 mmHg the determi
nation of a recommended cuff pressure is terminated and the
user of instrument 2 informed by messages displayed on
display panel 20 that the determination was unsuccessful.
The level of the pressure signal from cuff 4 corresponding to
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(806).
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“Limb Occlusion Pressure” and is used to calculate the

Recommended Cuff Pressure, as follows. If the Limb Occlu

sion Pressure is less than or equal to 130 mmHg a safety
margin of 40 mmHg is added to estimate the Recommended
Cuff Pressure; if the Limb Occlusion Pressure is greater than
130 mmHg and no grater than 190 mmHg, a safety margin
of 60 mmHg is added to estimate the Recommended Cuff
Pressure; and if the Limb Occlusion Pressure is greater than
190 mmHg, a safety margin of 80 mmHg is added to
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estimate the Recommended Cuff Pressure. This Recom

mended Cuff Pressure level is displayed on display panel 20
and the cuff pressure reference signal is adjusted by micro
processor 28 to be equivalent to the level of the Recom
mended Cuff Pressure. Alternatively, if the user has initiated
a determination of Recommended Cuff Pressure for cuff 6,

the subroutine performs the same steps as described above

cuff pressure, when the event occurred. Control is then
returned to the main program.
As depicted in FIG. 6, the software includes provision for
the user to delete all entries from event register 58. This
might be desired by the user, for example, at the completion
a surgical procedure. If the user has selected the appropriate
menu command (640), control is passed to a subroutine
(642) which deletes all entries in the event register. Control
is then returned to the main program.
The main program shown in FIG. 6 continues by looping
through the steps described above until such time as elec
trical power required for the operation of the preferred
embodiment is removed or an error in program execution is
detected and the program is halted by microprocessor 28.
The flow chart depicted in FIG. 8 refers to the subroutine
“read selector”. This subroutine is initiated by the software
timer interrupt system of microprocessor 28 and runs asyn
chronously with the main program. The subroutine commu
nicates with the main program through global variables.
Upon entry, the subroutine schedules itself to run again in
one millisecond (800). If an ASCII text string describing a
registered event is to be printed (802), the status of event

register printer 62 is polled and, if event register printer 62
is ready (804), a character is sent to event register printer 62

the lowest level at which the level of the current blood flow

signal from sensor 10 is less than 3 percent of the previously
stored blood flow signal level is considered to represent the

18
for cuff 4 except the cuff 6 pressure reference and cuff 6
pressure signals are used.
Control is next passed to a subroutine (638) which records
in event register 58 the results of the determination. A
recommend cuff pressure event is recorded by communicat
ing to event register 58: the time of the event as read from
real time clock 52; a value identifying which one of a
specified set of events occurred; and the values at the time
of the event of the following parameters: operating mode
signal, cuff 4 pressure signal; cuff 4 pressure reference
signal; cuff 4 inflation time, cuff 4 inflation time limit; cuff
6 pressure signal; cuff 6 pressure reference signal; cuff 6
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As next shown in FIG. 8, the status of the push-button of
switch 22 is then polled to see if it is depressed (808): if it
is, this communicated to the main program (810). The
current position of the selector portion of switch 22 is then
polled (812) and, if the position of the selector has changed
since the last time it was polled by this routine (814), the
direction (clockwise or counter clockwise rotation) and
amount of change in position is communicated to the main
program (816). The subroutine then terminates, and restarts
again one milliseconds after its last initiation.
The flow chart depicted in FIG.9 refers to the subroutine
“regulate”. This subroutine controls the pneumatic system
(pump 40, valves 26 and 38) and pre-processes input from
sensor 10. This subroutine is also initiated by the software
timer interrupt system of microprocessor 28 and runs asyn
chronously with the main program. The subroutine commu
nicates with the main program through global variables.
As shown in detail in FIG. 9, upon entry, subroutine
“regulate” schedules itself to run again in 30 ms (900). Next
(902), the level of the pressure signal from pressure trans
ducer 46 is read to indicate the pressure in reservoir 34 and
compared to a reservoir reference pressure level which is set
at 100 mmHg above the greater of the cuff 4 and cuff 6
reference pressure levels; if the pressure in the reservoir is
remains under the reference level by more than 20 mmHg
for 300 ms, pump 40 is activated. If the pressure in the
reservoir remains above the reference level by 20 mmHg for
300 ms, pump 40 is deactivated.

5,556,415
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Also in subroutine “regulate” shown in FIG.98, (904) the
level of the pressure signal from pressure transducer 24 is
read to indicate the pressure in cuff 4. This pressure is
subtracted from the reference pressure for cuff 4, and the
magnitude and polarity of the resulting difference signal is
used to control the selection and opening times of valves 26,
thereby regulating the pressure in cuff 4 at the reference
level within +/–1 mmHg. Also (906), the level of the
pressure signal from pressure transducer 36 is read to
indicate the pressure in cuff 6, if pressurized. This pressure
is subtracted from the reference pressure for cuff 6, and the
magnitude and polarity of the resulting difference signal is
used to control the selection and opening times of valves 38,
thereby regulating the pressure in cuff 6 at the reference
level within +/–1 mmHg. Finally in subroutine “regulate”, if
a determination of recommended cuff pressure is in progress

5

deflation of the second cuff.
10

15

(908), the level of the blood flow signal from sensor 10 is
read and processed (910). The amplitude of this blood flow
signal is determined and communicated to the main pro
gram,
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It is to be understood that the invention is not to be limited

to the details herein given but may be modified within the
scope of the appended claims.
We claim:

1. Safety apparatus for dual cuff tourniquet system, com
prising:

25

an inflatable and deflatable first cuff;
an inflatable and deflatable second cuff;

monitoring means for monitoring pressure in the first and

30

second cuffs;

pressure level, and for permitting an operator to initiate
35

40

deflation of the second cuff if the pressure level in the

first cuff is not beneath the minimum pressure level.
2. The apparatus of claim 1 wherein the safety means

includes interlock means for preventing deflation of the

second cuff in the absence of a manipulation of the apparatus

45

to confirm the deflation of the second cuff.

3. The apparatus of claim 2 wherein the safety means
includes confirmation means for generating a confirmation
signal in response to the manipulation of the apparatus to
confirm the deflation of the second cuff, to which confir
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mation signal the control means responds for deflating the
second cuff.

4. The apparatus of claim 3 wherein the safety means
establishes a time period following the generation of the
interlock signal during which period the manipulation of the
apparatus to confirm the deflation of the second cuff will

levels.

10. The apparatus of claim 9 wherein the control means
includes recommended pressure means for automatic deter
mination of the minimum pressure level.
11. The apparatus of claim 9 wherein the control means
includes reference pressure setting means for permitting the
operator to establish the minimum pressure level at any
pressure level within a range of pressure levels.
12. The apparatus of claim 1 wherein the minimum
pressure level is that suitable for preventing blood flow past
the first cuff within a limb to which the first and second cuff

13. The apparatus of claim 12 wherein the safety means

tion of the first and second cuffs above a minimum

deflation of the first and second cuffs; and

6. The apparatus of claim 2 wherein the control means
includes recommended pressure means for automatic deter
mination of the minimum pressure level.
7. The apparatus of claim 2 wherein the control means
includes reference pressure setting means for permitting the
operator to establish the minimum pressure level at any
pressure level within a range of pressure levels.
8. The apparatus of claim 2 wherein the minimum pres
sure level is less than about 10 mmHg.
9. The apparatus of claim 2 further comprising pressure
regulating means for maintaining the pressure in the first and
second cuffs at associated first and second predetermined

are applied.

control means for permitting an operator to initiate infla

safety means connected to the monitoring means and to
the control means and dependent upon the level of
pressure in the first cuff for preventing deflation of the
second cuff if the pressure level in the first cuff is
beneath the minimum pressure level and for allowing

20
cause generation of the confirmation signal and after which
period manipulation of the apparatus to confirm the attempt
to initiate deflation of the second cuff will not cause gen
eration of the confirmation signal.
5. The apparatus of claim 2 including alert means for
providing a signal to art operator of the need for the
operator’s manipulation of the apparatus to confirm the

includes interlock means for generating an interlock signal
to which the control means responds for preventing deflation
of the second cuff in the absence of a manipulation of the
apparatus to confirm the deflation of the second cuff.
14. A method for safely deflating cuffs in a dual cuff
tourniquet apparatus that can be manipulated by an operator
to separately initiate inflation and deflation of both of the
cuffs, comprising the steps of:
monitoring pressure levels in the first and second cuffs;
detecting the operator’s attempt to initiate deflation of the
second cuff while the pressure level in the first cuff is
beneath a minimum pressure level; and
preventing deflation of the second cuff in the absence of
the operator’s manipulation of the apparatus to confirm
the detected attempt to initiate deflation of the second
cuff only if the pressure level in the first cuff is beneath
the minimum pressure level.
15. The method of claim 14 including the step of estab
lishing as the minimum pressure level a pressure level is that
suitable for preventing blood flow past the first cuff within
a limb to which the tourniquet apparatus is applied.
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