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SPECIFICATION
An output limited electrical stimulator for biological tissue

Technical Field
The present invention relates generally to electrical stimulators for biological tissue and more
particularly to output limited electrical stimulators for biological tissue.

Background Art

Electrical stimulators providing an electrical stimulus signal are used for biological tissue. One
significant use for electrical stimulators of this type is for transcutaneous electrical nerve stimula-
tion (TENS) which generate carefully controlled electrical stimulus signals which are delivered via
suitable electrodes through a patient’s skin to underlying biological tissue. The electrical stimulus
signals are utilized for masking pain signals, for example, the sensation of pain felt by a patient
after surgery. Because the patient’s response to transcutaneous electrical nerve stimulation may
vary significantly, a wide range of electrical stimulus signals and sets of stimulus parameters for
those electrical stimulus signals must be provided. A second use of electrical stimulators is for
neuromuscular (NMS) stimulation in order to initiate or control muscular contraction in a patient. -
Since a wide variety of muscular contractions are available, a wide variety of sets of stimulus
parameters must be provided to designate a wide variety of electrical stimulus signals. Such
stimulus parameters typically specify the pulse type, pulse amplitude and pulse duration in a
pulsatile electrical stimulus system. A set of stimulus parameters or a plurality of sets, uniquely
specify an electrical stimulus signal.

While it is desirable to have the electrical stimulus applied to biological tissue for transcutane-
ous electrical nerve stimulation or neuromuscular stimulation, there is some risk of cardiac
excitation in the patient or user of the electrical stimulator. For this reason, there are generally
acceptable standards relative to the "‘strength-duration curve’ of electrical stimulus signals. Such
strength-duration curves specifies the maximum strength of electrical charge which the electrical
stimulus signal should be able to generate and pass through the biological tissue load. The
electrical charge limit is therefore a known, predetermined standard. The electrical charge limit of
the electrical stimulus signal is a function of pulse amplitude, pulse duration and pulse type
(wave form).

In operation of an electrical stimulator, it is often desirable to have the stimulation parameters
varied or modulated according to some predetermined algorithm. Such variation is useful to have
available the maximum possible range of stimulus parameters to gain the maximum beneficial
response to transcutaneous electrical nerve stimulation (TENS) or for adjusting the strength of
muscular contraction under varying loads or conditions. One technique for varying the stimulus
parameters is to simultaneously specify a maximum value for stimulation parameter such as
pulse amplitude and pulse duration and randomly select certain percentages of those maximum
values for use in developing the electrical stimulus signal.

When such a stimulus parameter variation requirement is combined with a maximum charge
limit requirement, a problem is uncovered. If the maximum charge limit is to be observed simply
by selection of maximum values for pulse amplitude and pulse duration, the maximum values to
be selected for these stimulus parameters must be below those which would create the maxi-
mum charge limit, for any possible combination of stimulus parameter values, even though in
practice only a small percentage of the electrical stimulus signals would be above the maximum
charge limit due to the random variation of the two stimulus parameters.

Disclosure of Invention

The present invention provides an electrical stimulator which allows the setting of the maxi-
mum value of stimulus parameters, such as pulse amplitude and pulse duration, which are
subject to variation or modulation according to a predetermined algorithm and which would
develop an electrical stimulus signal exceeding the maximum charge limit should the maximum
values be utilized. The electrical stimulator utilizes real time output limit device which looks at
the electrical stimulus signal which is to be generated, calculates the electrical charge associated
with such an electrical stimulus signal and automatically limits one or more of the stimulus
parameters pertaining to that electrical stimulus signal in order to limit the electrical stimulus
signal to the maximum charge limits allowed under a preset standard.

Thus, the present invention provides an electrical stimulator for biological tissue having output
limits. A storage element is provided for storing a plurality of sets of stimulus parameters
designed to specify an electrical stimulus signal having a pulse amplitude and a pulse duration. A
calculation element is operatively coupled to the storage element for calculating the electrical
charge which would be generated by the electrical stimulus signal developed from the plurality of
sets of stimulus parameters. A limit element is operatively coupled to the calculation element for
comparing the electrical charge of the electrical stimulus signal with a predetermined standard
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and for adjusting at least one of the plurality of sets of stimulus parameters so that the electrical
charge of the electrical stimulus signal would not exceed the predetermined standard. A genera-
tor is operatively coupled to the storage element, to the calculation element and to the limit
element, for taking at least one of the sets of stimulus parameters as adjusted by the limit
element and generating a series of digital output words indicative of the electrical stimulus
signal. Further, the present invention provides a converter operatively coupled to the generator
for converting the series of digital output words into the electrical stimulus signal the electrical
stimulus signal adapted to be coupled to biological tissue. Thus, the electrical stimulator of the
present invention provides an electrical stimulus signal output whose charge limit is at or below
a predetermined standard even though the electrical stimulus signal would have exceeded that
predetermined standard if the maximum value of all the stimulus parameters had been selected.

Brief Description of Drawings

The foregoing advantages, construction and operation of the present invention will become
more readily apparent from the following description and accompanying drawings in which:

Figure 1 is a schematic representation of an electrical stimulator of the present invention;

Figure 2 is a diagram of an exemplary electrical stimulus signal;

Figure 3A illustrates a rectangular waveform;

Figure 3B illustrates a symmetric biphasic waveform;

Figure 3C illustrates a doublet waveform;

Figure 3D illustrates an alternating polarity waveform;

Figure 3E illustrates a spike waveform;

Figure 3F illustrates an upgoing exponential waveform;

Figure 3G illustrates an inverse rectangular waveform;

Figure 3H illustrates an inverse spike waveform;

Figure 4 is a flow chart of the program for the computer of Fig. 1; 7

Figure 5 is a flow chart of a preferred embodiment of the program for the computer of Fig. 1;

Figure 6 is a flow chart of a subprogram of the program of Fig. 4; and

Figure 7 is a flow chart of a preferred embodiment of the program which generates digital
output words.

Detailed Description

An electrical stimulator 10 embodying the present invention is illustrated in Fig. 1. Storage
element 12 contains a plurality of sets of stimulus parameters 14 which are diagramatically
itlustrated as stimulus parameter set 1 (16), stimulus parameter set 2 (18) through stimulus
parameter set M (20). Each of the plurality of stimulus parameters 14 contain information which
is designed to define or specify an electrical stimulus signal 22 to be generated by the electrical
stimulator 10. An example of the type of stimulus parameters 14 is diagramatically illustrated
with respect to parameter set 1 (16) as waveform type 24, pulse amplitude 26, pulse duration
28, pulse frequency or repetition rate 30 and modulation factors 32. While shown diagramati-
cally in Fig. 1 storage element 12 can preferably consist of digital storage memory such as a
randomly addressable memory of suitable capacity and structure to hold the data contained
within the plurality of sets of stimulus parameters 14.

Computer 34 performs the calculation, limiting and generation functions of the electrical stimu-
lator 10 of the present invention. Computer 34 selects one or more of the plurality of sets of
stimulus parameters 14 from storage element 12, calculates the electrical charge which would be
generated by the electrical stimulus signal which would be specified from the selected sets of
stimulus parameters, compares the electrical charge against a predetermined standard and ad-
justs at least one of the parameters within the sets of stimulus parameters 14 so that the
electrical charge of the electrical stimulus signal would not exceed the predetermined standard
and generates a series of digital output words indicative of the electrical stimulus signal to be
generated. In general, computer 34 may take the form of any general purpose computing device
and in a preferred embodiment is a model 80C49 microcomputer manufactured by Intel Corpora-
tion. Detailed operation of the program utilized to operate computer 34 will be described in
greater detail below. Converter 38 receives the series of digital output words 36 from the
computer 34 and converts the digital output words 36 to a series of time sequenced output
current levels which is electrical stimulus signal 22. It is preferable that converter 38 be a highly
accurate and linear digital-to-analog output circuit in order to assume accuracy in the computa-
tion of the allowable charge limits specified by the stimulus parameters 14.

The waveforms specified by the digital output words 36 generated by computer 34 are
constructed by the computer 34 according to a template stored within computer memory as is
illustrated in Fig. 2. As can be seen the diagram has a vertical axis representing pulse amplitude
40 and a horizontal axis representing time 42. A curve 44 is generated utilizing the series of
amplitude values 46 which are obtained from the stored waveform template corresponding to
the waveform type 24 and stimulus parameters scaled according to pulse amplitude 26. Each
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step in curve 44 represents a sample period for the electrical stimulus signal 22 to be gener-
ated. The duration of the electrical stimulus signal 22 generated is set by the length for the
individual sample periods 48, as specified by pulse duration 28. The charge Q supplied by the
output stage of the converter 38 during an individual pulse can be computed as:

N

Q= g v(i) x T,
Q=1 |

where T is the sampling period 48 of the pulse waveform, N is the number of the required
samples (length of the template) and V (i) is the output current amplitude during the ith sample
period 48. Since the converter 38 contains a linear output stage of known gain, i.e. a specified
current output to digital word input, the actual pulse charge Q of the electrical stimulus signal 22
provided by the electrical stimulator 10 will closely approximate the computed value.

Classical studies of nerve/muscle excitation has shown that the stimulating current amplitude
threshold is a function of pulse duration. The relationship has become to be known as the
*'strength-duration curve’’. Such a ‘‘strength-duration curve’’ has been utilized by the Association
for the Advancement of Medical Instrumentation (AAMI) in defining the risk of cardiac excitation
when transcutaneous electrical nerve stimulation (TENS) is applied to the body. AAMI has
proposed a standard for transcutaneous electrical nerve stimulation in which the pulse charge
output, QAAMI, is given by the formula:

QAAMI = 20 + 0.028 X D microcoulombs,

where D is the duration of the pulse in microseconds as defined by its 50% amplitude points.
The AAMI standard is the preferred predetermined standard utilized in limiting the charge limit of
the electrical stimulation signal 22 of the present invention. It is to be recognized and under-
stood, however, that the AAMI standard is one of but many general standards which could be
utilized in the construction of a device according to the present invention.

In the preferred embodiment, the computer 34 of the electrical stimulator 10 computes the
charge output yielded by the modulation stimulus parameters 14 each time a modulation algor-
ithm requires a change in pulse amplitude 26, pulse duration 28 or waveform type 24. The need
for this continous checking of stimulus parameters requires efficient computation methods. If the
maximum values of pulse amplitude 26 and pulse duration 28 for a given waveform type 24
cannot exceed the charge limit standard then no further charge limit checking and limiting need
be performed until the maximum values of pulse amplitude 26, pulse duration 28 or waveform
type 24 are changed. However, if for the particular waveform type 24, the maximum value of
pulse amplitude 26 and pulse duration 28 would exceed the predetermined charge limit, continu-
ous calculation and limiting of the selected stimulus parameters 14 must be accomplished in
order to ensure that the generated electrical stimulus signal 22 does not exceed the charge limit
guidelines.

The formula supplied above is for the computation of the charge Q. The sample time T can
generally be varied only in integer multiples of the computer's 34 instruction cycle time C.
Further, in general, some minimum value of sample time B is possible with the general formula
of the sample time T being:

T=B+CXj

where J is 0, 1, 2. ..., M with the value of M depending upon the waveform type 24 and the
characteristics of converter 38. Further, the output current amplitude and duration of the pulses
of the electrical stimulus signal 22 generally has a limited range due to the power source and
output stage limitations of converter 38. In a preferred embodiment of converter 38 a digital-to-
analog converter is utilized to convert the digital output words 36 supplied by the computer 34
into analog value which is amplified by linear current amplifier. In this preferred embodiment, v (i)
can be computed as:

vii)=kXGXXI{) Xh,

where G is the gain of the linear current amplifier of converter 38, X (i} is the value stored in
the template, H is the gain of the digital-to-analog converter which drives the linear current
amplifier, i.e. output voltage divided by digital output word 36 value, and k = 0, 1, 2, ..., L is
an integer parameter in memory which specifies the peak pulse amplitude utilizing this formula.
Therefor Q can be rewritten as: .
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N
Q=Kx(B+ij)GxHx€x(i)
=K=xY I= |

If the computed value of charge Q exceeds the QAAMI limit then the maximum permissable
pulse amplitude of the electrical stimulus signal 22 can be computed as k = QAAMI/Y.

In a preferred embodiment of the templates stored within computer 34 can take one of the
forms illustrated in Figs. 3A through 3H. For Fig. 3A a rectangular waveform 50 would require
M = 127 and N = 1. In Fig. 3B, symmetric biphasic waveform 52 would require M = 64 and
N = 2. In Fig. 3C, doublet waveform 54 would require M = 40 and N = 3. In Fig. 3D,
alternating polarity waveform 56 would require M = 28 and N = 3. In Fig. 3E, spike waveform
58 would require M = 21 and N = 4. In Fig. 3F, upgoing exponential waveform 60 would
require M = 16 and N = 4. In Fig. 3G, inverse rectangular waveform 62 would require M =
127 and N = 1. In Fig. 3H, inverted spike waveform 64 would require M = 21 and N = 4.
Further, in a preferred embodiment of an implementation of the present invention from the
preceding equation the following design values have been determined:

B = 24.4 microseconds, C = 2.44 microseconds,

G = 43.48 milliamperes/volt, H = 0.02 volts and

L = 127.

In a preferred embodiment, converter 34 has a linear current amplifier whose output requires
that the pulse width of electrical stimulus signal 22 be less than 350 microseconds. Given this
restriction on pulse widths, and the restrictions on N and M, it is determined that in a preferred
embodiment only the rectangular waveform 50 of Fig. 3A the biphasic wave form 52 of Fig. 3B,
and the inverted rectangular waveform 62 of Fig. 36 can violate the AAMI charge limit standard.
Thus, the remainder of the detailed description of the present invention will be described
assuming that only rectangular waveforms 50 and 62 of Figs. 3A and 3G and biphasic wave-
form 52 of Fig. 3B can violate the charge limit guide line.

The program utilized to operate computer 34 in Fig. 1 is illustrated by the flow chart of Fig. 4.
The program at block 110 obtains a set of stimulus parameters 14 from storage element 12.
The program at block 112 then calculates the charge of the electrical stimulus signal 22 to be
generated based upon the specified pulse parameters and modulated by the predetermined
modulation parameters 32 of the set of stimulus parameters 14 utilizing the formula and criteria
specified above. Once the charge of the electrical stimulus signal 22 to be generated has been
calculated, the calculated charge is compared at block 114 against the predetermined standard,
in a preferred embodiment being the AAMI standard. The program at block 116 then operates
to limit at least one of the stimulus parameters 14 in order to meet the predetermined standard,
in a preferred embodiment the AAMI standard. The program then at block 118 generates a
series of digital output words 36 based on the limited stimulus parameters 14 to generate the
specified electrical stimulus 22.

An alternative embodiment of a program to be utilized to operate computer 34 of Fig. 1 is
illustrated by the flow chart of Fig. 5. The flow chart is similar to the flow chart of Fig. 4.
Blocks 112, 114 and 116 have been replaced by blocks 112A, 114A, and 116A respectively.
Blocks 112A, 114A, and 116A represent an alternative way in the program can accomplish to
steps of calculating the electrical charge of the electrical stimulus signal 22, comparing the
calculated electrical charge to a predetermined standard and adjusting a stimulus parameter. The
program of Fig. 5 operates, at block 112A, by taking the pulse duration 28 specified by the
stimulus parameters 14 and calculating the maximum pulse amplitude based upon the predeter-
mined standard and the equations for calculating the electrical charge of the specified waveform
type 24. At block 114A, the program, compares the calculated maximum pluse amplitude with
the specified pulse amplitude 26. If the specified pulse amplitude 26 does not exceed the
calculated maximum no adjustment is necessary. If, however, the specified pulse amplitude 26
does exceed the calculated pulse amplitude, the program, at block 116A adjusts, or limits, the
specified pulse amplitude 26 to the calculated pulse amplitude.

The calculate, compare and limit processes of blocks 112, 114 and 116 is illustrated in more
detail by Fig. 6. The flow chart is entered at block 120 at the time when block 112 in Fig. 4
would be entered. The program at block 122 ascertains the pulse amplitude 26 and specifies
this value as K. The program at decision block 124 looks at waveform type 24 to determine if it
is a biphasic waveform 52 and at do vision block 126 looks at waveform type 24 to determine
if it is a rectangular waveform (50 and 62). If not, no calculation of the charge and no limiting of
the stimulus parameters needs to be accomplished and the program returns 128 to block 118 of
Fig. 4. Should the waveform be either biphasic 52 or rectangular (50 and 62) the charge needs
to be calculated based upon the formulas defined above. If the waveform is a biphasic waveform
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52 block 130 is entered where S is set equal to j. Alternatively, if the waveform is a rectangular
waveform (50 and 62), block 132 is entered where S is set equal to 2 X j. The charge
calculation is then accomplished according to the formulas provided above which have been
simplified according to the preferred embodiment of the present invention at block 134 where A
is calculated as 193 — INT (167 X S/256) where INT requires that the quantity within the
parentheses be an integer of the value of the calculated amount. Having calculated the charge to
be generated by stimulus parameters 14 to form an electrical stimulus signal 22, the program at
block 136 inquires whether k is greater than A, A being the preset predetermined standard, in a
preferred embodiment the AAMI standard. If the value of the pulse amplitude 26 namely k, is
not greater than A, the no limiting is required and the program returns through block 28. If k
exceeds A, then pulse amplitude 26 is modified by setting k equal to A the maximum pulse
amplitude allowed according to the predetermined standard. The program then returns through
block 128.

It is to be recognized and understood that the foregoing description of the calculation of the
charge limit has been given with specific detail according to a preferred embodiment utilizing
known templates for waveforms as illustrated in Figs. 3A through 3H and the known character-
istics of converter 38. It is to be recognized that other, equally simple, calculations could be
made in other embodiments and apparatus to achieve essentially the same advantageous results
of the present invention. Further, it is to be noted that the flow chart of Figs. 5 and 6 operates
to limit the maximum charge limit of the electrical stimulus signal 22 by modifying and limiting
the pulse amplitude 26. It is to be recognized that one of ordinary skill in the art could also limit
the charge by modifying or limiting the pulse duration 26 and/or type 24.

The portion of the program for computer 34 which generates the series of digital output
words 36, block 118 of Figs. 4 and 5, illustrated in more detail by the flow chart of Fig. 7. The
flow chart of Fig. 7 may be substituted for block 118 of Figs. 4 and 5 for more detail. The
program of Fig. 7 creates at block 220, a set of values, namely pulse amplitude values, based
upon the waveform type 24 and the templates of Figs. 3A through 3H. At block 212, the
program scales the set of pulse amplitudes created according to the maximum pulse amplitude
specified and stores, at block 214, the set in memory. A pointer address is set equal to the
location in memory wherer the set (or table) of pulses amplitudes starts, block 216. The first
digital output word 36, simply a voltage or current amplitude value, sent or outputted to
converter 38, block 218. A program is performed based upon the specified pulse duration 28,
block 220. As an example, if the waveform type has four steps, i.e. M = 4, the delay
performed is approximately the actual pulse duration divided by four. The pointer address is
incremented, or moved to the next location in memory containing the next of the set of pulse
amplitude values (block 222). If (block 224} the pointer is now past the end of the set of pulse
amplitudes, then a digital output word 36 with a value of zero is generated (block 226) ending
the pulse generation process. If, however, the pointer is still within the range of the set of pulse
amplitudes, blocks 218, 220, 222 and 224 are repeated generating the next step or portion of
the pulse being generated.

CLAIMS

1. An electrical stimulator for biological tissue having output limits, comprising:

storage means for storing a plurality of sets of stimulus parameters designed to specify an
electrical stimulus signal having a pulse amplitude and a pulse duration;

calculation means operatively coupled to said storage means for calculating the electrical
charge which would be generated by said electrical stimulus signal from said plurality of sets of
stimulus parameters;

limit means operatively coupled to said calculation means for comparing said electrical charge
of said electrical stimulus pulse with a predetermined standard and for adjusting at least one of
said plurality of sets of stimulus parameters so that said electrical charge of said electrical
stimulus signal would not exceed said predetermined standard;

generation means operatively coupled to said storage means, to said calculation means and to
said limit means for taking at least one of said sets of stimulus parameters as adjusted by said
limit means and generating said electrical stimulus signal as designated by said and of said
plurality of sets of stimulus parameters as adjusted, said electrical stimulus parameters as
adjusted, said electrical stimulus signal adapted to be coupled to biological tissue.

2. An electrical stimulator as in claim 1 wherein said generation means comprises:

word means operatively coupled to said storage means, to said calculation means and to said
limit for taking at least one of said sets of stimulus parameters as adjusted by said limit means
and generating a series of digital output words indicative of said electrical stimulus signal; and

converting means operatively coupled to generation means for converting said series of digital
output words into said electrical stimulus signal.

3. An electrical stimulator as in claim 1 wherein said stimulus parameters include pulse
amplitude and pulse duration and wherein said limit means adjusts said at least one of said
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plurality of sets of stimulus parameters by adjusting said pulse amplitude.
4. An electrical stimulator as in claim 1 wherein calculation means calculates said electrical
charge whenever a charge in the value of said plurality of sets of stimulus parameters occurs.
5. An electrical stimulator as claimed in Claim 1 substantially as herein described with
reference to the accompanying drawings.
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