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PI-I‘!’SI‘OLOGICAL DEMMND RES?ONSI@ CONTROIL, SYSTEM

The present invention relates to a demsnd respOnsiVe‘
physiological control system and, more particularly, to
such a system particularly suited for use with Blood pumps
and, even more particularly, those .used to ‘assist heart

function such as, for example, ventricular assist devices.

BACKGROUND

With particular reference to physiological control
systems in mammals and more particularly those of the human
body it has been noted that the control systems which the
body itself uses to control various organs are complex.

For example, +the heart of a mammal may cause the
amount of blood that is to be circulated ﬁhrough the body
to dhange not just for what might be termed obvious reasons
such as an increase in physical exertion by a person, buf
may also occur for example, as a result of anticipation of
exertion. Furthermore the triggers which can cause changes
in heart rate and pumped blood volume may derive from thg
nervéus system directly or may derive from the action of
hormones or other chemical releasas within the body.

It follows, Qhere mechanical aids are introduced into
the body to assist the body’s functions such as, for

example, implantable rotary blood pumps used as ventricular
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assist devices that simplistic control mechanismé for these
mechanical aids cannot ‘hop@ to anticipate or mimic the
commands which the bbdy may pass to tﬁe heart.

For example, 4in early applications of ventri&ular
aSSist devices the qontfol mechanisms simply set the
ventriculér assist device to pump at a constant‘volume per
unit time, adjusted at the time of initiai installation to
best suit 'the patient in whom the device has been
ingtalled.

Such systems use pump speed as the  controlled
variable. Unfortunately, a set pump speed bears no
relation to actual physiological demand.

Tt is an object of the'present‘invention to address or
ameliorate one or more of the above mentioned
disadvantages.

BRIEF DESCRIPTION OF INVENTION

Accordingly, in one broad form the invention there is
provided a demand responsive physiological control system
foriuse with a rotary b;ood pump; said system including a
pump controllér which is capablé of contrelling pump speed
of said pump;' said system ;fqrther. including a
phySiological controller, and wherein said physiological
controller is adapted to analyse input data relating to

physiological condition of a user of said pump; and wherein
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said physiological controller determines appropriaté
pumping speed and sends a speed control signal to said pump
controller -to adjust pump speed; said system further
including a physiological state detector which provides
said input data indicative of "at ledst one physiologibal
state of said usef ,iﬁ use, to said physiologicall
controller.

Preferably said the physiological stéte detector
includes an accelerometer To sense motion of the usér; when’
in use.

Preferably said the accelerometer senses motion in at
least one axis.

Preferably said the acgelerometer senses motion in
three orthogonal axes.

Preferably said system includes & pump monitor that
detects information relating to voltage and current of the
pump and delivers this information to said physiological
controller.

Prefeﬁably said pump monitor detects an.instantaneous
pump impeller speed of £he rotary blood pump through
measurements.,

Preferably said pump monitor detects non-invasively.
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Preferably said physioclogical controller uses. said

information received from the pump monitor to ‘derive

.mathematically an appropriate pump speed.

Preferahly said physiological controller assésses flow
dynamics and an average flow estimate developed from speed
and inﬁut power supplied to tﬁe pump by the pﬁmﬁ
controller. . .

- Preferably said physiological controller
mathema£ically- determines a  pumping state and if a
deleterious state is determined the speed control signai is
changed accordingly. |

In a further broad form of the invention there is
provided a physiological detector includes a means of
detecting and gquantifying a heart rate of the uéer, when in
use.

Preferdbly said physiological detector includes a
means of non-invasively detecting and quantifying a heart
rate of the user, in use.

Preferably said physioclogical controllér can determine
a heart rate of the user by sensing spéed of the pump.

Preferably said physiological controller can determine
a heart rate of the user using power inputted to the pump.

Preferably said pump is internally impiantable within

the user.
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Preferably said the pump is a ventricle assist de&icef

Preferably said the pump has  a Ahyd;odynamicA bearing
that préduces a relﬁtively flat pump head versus pump flow
curve.

Preferably said physiological controller is capaﬁle of
manual manipulation by the user.

| Preferably sald manual manibulation is within

adjustable predefined limits.

Pfeferably said physiological controller is adapted

for communication with a computer and wherein the

.physiological controller is adapted for manipulation by a

software user interface.

Preferably saild physiological controller includes an
alarm.

In a fgrther broad form of the invention there is
provided a process for using physiological demand data to
optimize pump speed of a rotary blood pump wherein the
process comprises of tﬁe following steps: a heart rate of

the user 1s non-invasively determined; a level ‘of

physiological exertion o©f the user is determined through -

nen invasive means; an instantaneous pump speed and input
power 1s used to calculate instantaneous blood flow rater a
pumping state is mathematically determined; the heart rate,

pumping state and level of physical exertion are compared
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to the blood flow rafe: and the pumping speed of the rotary
blood pump is changed to appropriately supply the user with
the correct blood flow rate. |
In yet‘a further broad form of the invention there is
5 provided a'pump control system for a pump for use in a
heart aséist device; said system'comprising data processing
means which receives body motion information and heért rate
information thereby to derive a speed control signal for
impeller speed of an impeller of said puﬁp‘
10 Preferably . said body motion information is derived
from an agcélerometer.
Preferably said accelerometer senses motion in a
single axis. |
?referably said accelerometer senses motion in tThree
15 orthogonai axes.
Preferably said heart rate information is derived from
é non~-invasive sensor.
Preferably said heart rate information is derived from
voltage and current applied to an electric motor driving
20 said impeller.
In yet a further broad férm of thé invention there is
provided a method of control of pump speed of a blood pump;
said method comprising establishing a base set éoint speed;

gaid method further comprising establishing one or more
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least a second set point speed; said second set point speed

higher than that of said base set point speed.

ERIEF DRESCRIPTION OF DRAWINGS

Embodimeﬁts' of theA present invention will now be
described with reference to the accompanying  drawings
wherein:

Fig. 1 is a diagram of a ventricular assist device
installation withir'l a human body suitable for control by
embodiments of the presenﬁ inyention:

Fig. 2 is a block diagram of a physiological demand
responsivé bf control Syst@n applicable to the system of
Fig. 1 in accordance with a firgt preferred embodiment of
the present in&ention;

Fig. 3 illustrates graéhically’ the behaviour of the
control system of Fig. 2 under specified physiclogical
conditions;

Fig. 4 1s a graph of accelerometer behaviour utilised
as a basis for an input to the control algorithm of the
first preferred embodiment;

Fig. 5 is . a block diagram of a control system in

- accordance with a second preferred embodiment of the

present invention;
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Fig. & is a block diagram of a pumping state detection
module for use with the second embodiment;

Fig.t7 is é flowchart for determining pump drive set
point for the arrangement of the second embodiment;

| Fig. 8 illustrates graphically an HQ curve for a

preferred pump type particularly suited for use with the
control systém of Fig. 2 or Fig. 5; and

Fig. 9 is a diagrém of a preferred embodiment of the
present invention wherein said diagram shows preferred

inputs and outputs.

DETATILED DESCRIPTION OF FPREFERRED EMBODIMENTS

Witﬁ initial reference to Fig. 1 theré is illustrated
in diagrammatic £form a blood pump 10 installed within a
human body 11 and arranged to function as a left

ventricular assist device. The pump 10 is arranged to

operate in parallel with blood f£low passing through left
ventricle 12, This 1is effected by inserting an inlet

canpula 13 into left ventricle 12 and directing blood flow

through the inlet cannula into an inlet of blood pump 10.
Blood pump 10, in operational mode, pumps the blood thus
received into aorta 14 via outlet cannula 15, as

illustrated in Fig. 1.
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The blood pump 10 can take a number of‘forms and rely
on a number  of different puﬁping aﬁd drive technélogies.
Broadly, the pump téchnology can be based on axial or
centrifugal rotary pump afrangements or on positive
displacement technologies.

In particular, although not limiting forms, preferred
pumping technologies for the control system to be described
below include rotary pump technologies which rely on an

impeller supported for rotation within a casing and which

causes blood to be urged between an inlet ‘and outlet of the

casing as the impeller rotates therein. In more particular
preferred forms a centrifugal form of pump can be utilised
with the contfol' system with the characteristics of the
pump taileored to coﬁpliment or otherwise work particularly
advantageously 'with‘the control system according to various
embodiments of the present invention.

Tyﬁically the pump 10 is driven by an electrical power
source, in this instance a battery pack 16 mounted
externally of the body. Electrical power from the béttery
pack 16 is controlled by a.controller unit 17 also mounted
externally of the body. In addition to communicating
electrical power to the pump 10 the contreller 17 can also
communicate with. an external programming source, in this

case a personal computer 18 for the purposes of initial
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setup and ongoing periodic monitoring and recalibration of

"the pump and controller as customised for a specific

5

patient.

Embodiments of a coﬁtrol éystem suited for |use,
although not exclusively, witﬁ the controller 17 of the
arrangement described above and with reference to Fig. 1

will now be described.

DEFINITIONS

-In the description which follows, the following
definitions of various terms as referenced therein are to

be utilised:

“non-invasive” is apﬁliedi to the derivation of wvarious
physiological parameters of body 11 (including blocod flow
rates and. the like) by means which do not require sensors
to be placed (invasively) within the body.

“IRBE” - implantable rotary blood pump.

“LVAD" - left ventricular assist device.

“L‘VP” - left vepntricular pressure.

“RMS5” or “rms” - réute mean square.

“V” - volts applied to pump motor.

“I” - current consumed by pump ﬁotor.

“SVR” — Bystemic Vascular Resistance
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“VR” - Venéus Resistance

“H"” - pump head pressure,

“N” - pump impeller rotation speed.
Q7 - flow rate of blood thrbugh pump.
“"P” or “PWR” - pump power consumption.
"0” - angular velocity of impeller.

“E£ - time.

Pumping States

"TVC” — total ventricular collapse.
“PR” — pump regurgitation.-

“PVC” - partial'ventricular collapse.
“AC” - aprtic valve closed.

“WE“ - ventricle ejecting

FIRST EMBODIMENT

With initial reference to Figs. 1-4 a Ffirst preferred
embodiment of a control algorithm and conﬁrol system isg
described below and by way of example,.

In this embodimentA the aim -is to provide a pump
controller which utilises a control algorithm which takes
as its two primary inputs for decision making firstly an
indication of the degree of movement  of body 11 per unit

time as a coarse measure of exertion and hence punping load
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required of the heart and particularly left ventriclé 12
and secondly an indication of heart rate derived, in this
\

instance, non-invasively by monitoring of elegtrical
parameters driving pump 10,

The system described with reference ﬁo Figs; 1-4
éxhibits the fo;lowing‘characteristics:

1. Allowing motor speed to vary and deriviﬁg control

information frém those time varying sighals; and

2. Concept of using control of power input or speed

to the motor/pump.

The block diagram shown in figﬁre 2 shows the signals
that are derived (non-invasively) from pump motor power and
speed. To detect these conditions the strategy is to
measure speed instantaneously every revolution of the
impeller as a digital signal from the motor commutation
electronics. | The haémo—dynamic controller electronics
measure the frequency of this signal which is proportional
to impeller speed. Using speed 1s an advantage since it is

a digital signal, which in practice has been found to be an

inherently less electrically noisy signal than that derived

from measuring motor current or power., Roth instantaneous

speed and root mean square (rms) of speed are calculated.
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Also instantaneous pump input power and rms of pump input
poﬁer are calculated. |

Many research,efs only discuss constant speed or speed
set point. However the present control strategy allows
impeller spead and pump input powef to be freely modulated
by ventricular contractions and uses the resulting dynamic
information as feedback to the control system. The
characteristics of centrifugal IRBPs meén that impeller
speed is more sensitive to hydraulic load variations than
for "axial IRBPs. Furthermore, ailowing iﬁpel;er speed to
vary in magnetically suspended IRBPs may affect suspension
contrel. A preferred -pump uses & hydro dynamically
suspended impeller and therefore suspension controls are

not needed-

Caleculation eof instantaneous impeller speed N(t) and rms of

impeller aspeed Nzms ()

Each pulse from the commutation controller represents
1/6™ of a rotation of the impeller and is time stamped
relative to a reference time base. Therefore the angﬁlar

velocity o of the impeller for each 60° of rotation is

" described by equation 1.
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o(TE ——————— equation 1
TF Sanen—7n] q
where Tn+l - Tn is the time difference between pulses

{(interrupts) in seconds. ®(t) is converted to speed N(t) in

rpm by multiplying by 60/2I1 as in equation 2

N(z):—@w—(t) ‘ equation 2

2z
Rms speed is caleulated in egquation 3 from a moving window
of samples of N(£), the sample rate depasndent on impeller
speed. Each instantaneous speed sample is time stamped at

t, to ta.

3 N (e0®
L ‘ equation 3

Nems () = "

Caleculation of instantaneous and rms electrical inpnt power

Pin(t).

Calculation of pump electrical power is a direct way -
to monitor the power consumption of the pump. Since the
pump power and speed is modulated by the heart which is an

asymetrical modulation (due to the ejection fraction not
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being 50% rms) calculation of both instantaneous power and

speed is implemented. Power 'is calculated using equation 4.

Pin(t) = Vin(1).Im() equation 4

Where vm(t) and Im(t) are the “instantaneous” motor coil

voltage and summed phase current respectively, sampled. A

"moving window of samples of Pin(t) is used to calculate

Prmg (t) using egquation 5.

S [Pin (1]

P (8) = g n equation 5

SECOND EMBODIMENT

With reference to Figs. 5 to .7 inclusive there will
now be described a control system in accordance with a
second preferred embodiment:

In relation to this second embodiment the control
strategy is similar to that described with respect to thé
first embodiment but, ,:i.n addition, includes as a further
control input derived from non-invasively determined
paramete;rs the “pumping state” of pump 10. This feature

provides a safety-override mechanism as illustrated in the

flowchart of Fig. 7 thereby to ensure +that the basic

- control strategy described with reference to the first
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embodiment is less likely to put the patient at risk.

Initially in the description which £follows invasively

derived parameters are discussed showing how the various
pumping states have been defined and come to be identified.
A method of non—invasively deriving the same parameters and
pumping state detérminations is then described with both
forms of derivation being summarised in table 1.

With reference to Fig. 4 experimental data suggests
that +there is a correlation between heart rate and
accelerometer output where at least a single axis
accelerometer 18 attached to a petient and used as. a
meaéﬁre of physical activity of the patient. This
observation is used for the control algorithm now to be
described.

Fig. 5 is a block diagram of the control arrangemeht
wherein, in addition to the input variables described with
reference to example 1 there is a “physical motion” input
which can be derived from an accelerometer associated with
a patient. In the simplest form the accelerometer can be a
single axis accelerometer. In alternative forms multiple
axes of accelerometef sensiﬁg can be utilised.

DETECTION OF PHISIOL&GICALLY SIGNIFICANT PUMPING STATES

Physiclogically eritical pumping state detection

methods are used based on the non-invasive system observers
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pump speed and electrical input power. Activity level is
detected using heart rate (detected from pump impeller

instantaneous speed) and motion by using an accelerometer

. althdugh other measuring devices may - be “used without

departing from the scope of the present invention. Theée
non—-invasive observers are utilised as inputé to a control
algorithm for a rotary blood pump to seek to ensure that
pump output is better adapted to patient rest and exercise
states. |
Identifying Pumping States

Methods were developed to detect pumping states based
on inséantaneous}measured punp power and speed. The methods
developed allow impeller speed and pump input power to be
freely modulated by ventricular contractions. This dynamic
information is utilised as feedback to the control system.
Data from in-vitro and in-vivo .experiﬁents shéws that
states TVC (total ventricular collapse) énd PR (?ump
regurgitation) produce low flow through the pump. State TVC
produces non-pulsatile low flow while state PR produces
pulsatile low flow less than 1L/min. States PVC (Partial
Ventricular Collapse), AC (Aortic valve Closed) and. VE
{(Ventricle Ejecting) produce normal pump £lows greater than

1L/min. States PVC and PR can be differentiated from state
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AC since flow pulsatility is more evident. State PVC can be
differentiated from state VE since the dynamic flow
symmetry - is different from all other states. The dynamic

nature of the flow is reflected by pump speed and power.

Instantaneous measured pump speed is used to indicate Fflow

dynamics.
Detecting of state TVC, ventricle totally collapsed
occluding the inlet cannula.

Examining the in-vitro and in-vivo data it has been
found that state{fVC can be.consistently detected by fall
in pump flow to near O0L/min éccompanied by a reduction of

flow pulsatility. It has been observed Flow waveform

symmetry may not be relevant for detection of this state,

Detecting state FVC, ventricle not ejecting and b.agiuning‘

to collagpse ontoe the cannula

The state PVC is indicated by a variation in syﬁmetry
of the instantaneous spegd waveform given a level of
pulsatility. Given that normal flow rates can still be
observed during this state and that flow pulsatility is
large, the only parameter distinguishiné this state from

the VE state is the flow symmetry.

State AC ventricle not ejecting and positive pump flow.
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By analysing the cardiac cycle with the pump it has

been was found that there may be a portion of state AC

where the aortic valve remains closed, whilst however the
pump flow is still pulsatile. ‘Assistance beyond this point
causes pump flow pulsatility to reduce. At high perfusion
demands, as in exercise, the (failled wventricle may be
supplemented to such an extgnt that the flow through the
pump 1s pulseless. Theoretically if no left ventricle
contraction occurs then implantable rotary blood pump flow

will be non pulsatile., Contraction of the left ventricle

. with .the .pump connected means +that pump head is

proportional to the difference between the aortic pressure
and the left ventricular pressure (LVP). If the pump power

is increased beyond the point that the left wventricle is

'déing no work (the aortic valve no longer opens) maximum

LVP begins to decreése. This means that minimum
instantaneous pum@ differential éressure will begin to rise.
relative to the RMS of the pump differential pressure over
the cardiac cycle. If the ventricle is weakened through
heart failure this will occur at relatively lower pump
speeds and the mitral valfé will still continue to open and
LVP maximum will decrease towards zero with increasing

gpeeds. During this interval the mitral valve will open and

A close.‘éteady flow occurs when there is no pulsatility in.
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tﬁe speeq signal and the mitral valve never closes. The
target speed at which this occurs will increase with SVR or
VR and cardiac contractility. Continuing to increase the
pump power will cause the transition from pulsatile to non
pulsatile flow. This mears detection of the state VE and
state .AC can only be achieved dynamically by considering
the maximum instantanedus speed Nmax(t) and ﬁhe rme  of
instantaneous speed Nrms (t) for the nth-and (n-1)th cardiac
cycle. A significant change occurrs oﬁly if there is a
change in averqge.pump speed set point, after load or pre

load. A method of detecting the AC state without relying

Aon transitions has been chosen which uses peak to peak flow

rate given that pump f£flow is greater than 1L/min.
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Detecting State VE, ventriecle ejecting with positive pump
flow

State VE may be identified non invasively by pump flow

rate being larger " than 1L/min and peak to peak

instantaneous voltage (flow) being greater than a threshold
value and the flow symmetry being greater than that for the
PVC state.

Detecting State PR: The point at which Pﬁmp flow rate is
less than zero ’

The PR state may be indicated when the pump flow falls
bhelow the lower flow limits Omin which is set to be 1L/min.
This level of Qmin is set at 1L/min although not *“0 L/min”
may be was considered a safe limit to be classed as

retrograde flow.

Pumping state detection using non-invasive pump parameters

By analysing pump parameters deriving from invasive-
derived paramaters it is postulated that flow, flow
amplitudé and waveform symmetry appear to be good
indicators of pumping state -using only non-invasively-
derived pump parameters. These variables can be detected
non-invasively using estimated pump flow (Qest,), peak to
peak insfantanéous speed Npp(n) and symmetry Nsym{n). Table

1 shows the relationship of physiological parameters to
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non=invasive pump ‘parameters for - each of the
physiologically identified pumping states which have been

taken from in-vitro and in-vivo data sets. (n= 3).

Tdentifying Parameters
. ey Non-invasive via pump (from
Invasion (Physiological) spesd and power)
AoP Pulse LVP Qav | Quumsft | Quym(m) Npp(n)
State | °° Hy | Fress max (L/min) | ) (rpm)
- [P | (mmHg) | (mmig) (1/min)

TVC | <40 |<10 <40 <1 |=1 i <30
PVC |60-180 | >10 60-180 | <1 > ] <04 >30
AC |60-180 | <10 <AoP | <1 |[>1 - <30
VE_ [ 60-180 |>10 _ |>AcP [ > 1 |>1 >0.4 >30
| PR 60-180 |>10 . | >AoP > 1 <] >(.4 >»30

Table 1 : A summary of physiological (invasive) and pump (now-invasive) parameters
wused as the crileria to identify pumping states.

Estimated pump flow Qs is derived from Ngs(t) and
PWRms{t) .  The RMS of instantaneous pump speed Ng.(t) and
power PWRpg(t). are derived from instantaneous speed N(f)
and power ‘PWR {(t). The 5aemo-dynamic controller electronics
measure- the fre:que;ncy of the speed signal, which is
propértional to impeiler speed. Using speed rather than
powe;t as an observer for dynamic changes is an advantage
since it is a digital signal, substantially free from

electrical noise which may contribute to error.
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Detecting low flow
Equation 6 is used to model low and normal flow rate
through the pump based on RMS impeller speed and electrical

input power.
Qest O K + speed + Pwr + (Pwr)? + (Pwr)? equation 6

A flow Index, (OpIndex, shown in equation 7 is developed
to distinguish between low flow rates and normal flow rates.
by incorporating Qest. If‘QpIn'dex > B0 this corresponds in
this example to a flow rate greater than 1L/min. A QOpIndex

< 50 means that flow is less than 1L/min or “low flow”

Q pIndeﬁc =500, equation 7
Both the TVC and the PR pumping statés defined and

discussed'producé low pump flow rates. States PVC, AC and

VE produce “normal” flow rates where the circulation is not

compromised.

Datecting pulsatile flow

States TVC and AC produce near non pulsatile pump
flow. The difference betweén these states is that state AC
occurs when the ciréulation is supported and state TVC when
it is not. These states can be differentiated by Qomparing'
QestIndex . States PVC, VE and PR produces pulsatile flow.

States PVC and VE produce flow which supports the
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circulation whereas state PR compromises the circulation
due to back flow through the pump. It has been shown that
instantaneous speed amplitude- is probortional to pump flow
amplitudé. The flow pulsatility index Opp, Index (equation
9) is developed based on instantaneous speed amplitude N ,,
(n) (equation 8) which is equal to the differenoe between
the maximum and the minimum instantaneoué impeller speed

h

N max(n) and N nia(n) for the n™ cardiac cycle. The index

outputs a value greater than 50 for pulsatile flow and less

‘than 50 for non pulsatile flow.

Np. P (”) = Nnmx (H) - Nmin (n) equation 8
min
Q- pIndex = 50.2533————-

eqwﬁhm9

Ny ()

Detecting Variations iﬁ Elow symmetry
The in-vitre and in-vive data show that instantaneous

speed reflects the inverse symmetry of pump flow whilst

current reflects the same symmetry, although speed exhibits

less electrical noise. Thus it is postulated that the

symnetry of flow can be estimated by using the inverted

symmetry of instantaneous speed.

States PVC and VE both produce flow rates which

support the circulation and a degree of pulsatility.

Differentiating between states can be achieved by
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considering the symmetry of the flow wave formi which is
reflected ~in instantaneocus E;pe.ed. The symmetry of flowA
rate 1s an inversion of the instantaneous speed signal. The
flow symmetry indeg QaynIndex (equation 11) is developed by -
ﬁsing ;he inverted speed wavéform symmetry‘ defined by
equation 10 with the symmetry threshold QsmMAX set at 0.
The index is set so that if the flow symmetry falls below

0.3 (speed symmetry rises above 0.7) its output is 1less

~ than 350.

_ W (1)~ N i (1)

equation 10

o Ny, (1)
. Q. . MAX. :
Qymindex =50 I equation 11
N _

Determining the ourrent pumping shate from nen—invasive
indicators

The block diagram shown in figure 5 shows the module
that combines the detection methods discussed above derived

from instantaneous power and speed. The current state is

determined by the logic table shown in figure 10 where

flow, flow pulsatility and symmetry are used to decide the

present pumping state.



WO 2004/028593 PCT/AU2003/001281

10

15

20

25

- 26 -

Détecticm of heart rate using pump speed
While pulsatile flow is detected, the heart rate is

calculated by using the array of speed samples. For the

entire speed array N[ti-ta] of samples the frequency of

speed is calculated by using the derivative of speed and
detecting the time of the speed maxima and minima. The

derivative of speed is defined in equation 12.

dNQL,) _ N(t,)-N(i,.)
dt At

equation 12

HR is then calculated by time stamping the maxima and

minima of the speed signal given by HRa and HRb in

equations 13 and 14. The average 1is then computedl and used

as HR using equation 15. Speed maxima are detected by
dN(ts)/dt changing from a positive to & negative value.
Speed minima are detected by dN(tp)/dt changing from a
negativc-: to a positive value. Tnaxm, Cwaxm-1), tminm, Cningm-1)
are the time stamps for .the maximum aqd minimum values of

instantaneous speed.

HRa = - 60 - equation 13
[tmax(n) - imax(n-1)]
HRb 50 equation 14

B [tmin(n) - tmin(n - 1)}
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HR = Hfta -;- HRb

equation 15
Detection of physical motion

An accelerometer is mounted in the controller
électronics and used to detect physical motion. The
accelerometer output is amplified by a differential
amplifier and integrated to provide a signal level
indicating continuous physical motion.

A preferréd embodiment’ of the present invention of the
physiological demand responsive controiler is suited for
used with imélantable third generation LVASs. Alse, a
further embodiment of the present invention is designed to
cooperate with a Ventrassist™ left ventricle assist system .
(LVAS) .

One o©of the preferred embodiments may automatically
adjust the pumping speed of an im@lanted third generation
blood pump to an optimal level for the varying physiological
needs of the implanted patient. The preferred embodiment may
achieve this by periodically iteratively changing the speed
setpoint of the .pump. When the control system detects
increased physiological demand by the patient (e.g. by
bhysical exertion) the controller will increase the pumping
speed accordingly. The pumping state of the patienﬁ's heart

and physiolegical demand of the patient will be computed by
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the control system in real time as functions of the pump’s
ﬁotor power and speed setpoint of the pump. Additionally,
the physiological demand of the patient may also be detected
by the use of a three axis acceleromete;:.

This accelerometer .may be able to detect the
instantaneous motion of the patient. Preferably, this
instantaneous motion may also be indicative of the relative
motion of the pﬁtient. The. output of the accelerometer méy
preferably be directed into a ponditioﬁing circuit to
digitise and filter the output signal of said accelerometesr.
This signal will then bé passed from the 'conditioning
cirenit to - a  computational - module  which derives a
physiological demand state (eg. resting, sleeping,
exercising, or patient collapse) as a numerically
represented version of the state (eg. l=resting; 2=sleeping
eta) . The numerically reéresented version of the
physiélogical demand state may then. be inputted inteo the
control system for a pumping device or medical device. The
pumping speed of the implantable blood pump may then be
altered 1in respect of the predetermined rangg for
physiological demand for a particular patient“

Preferably, the predetermined ranges of pumping speeds
will be 'set by a specialist doctor at the time of

implantation of the blood pump. Additionally, it may be
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preferable to allow doctors to amend the predetermined range
as they see fit.

Pr@feraﬁly in an embodiment of the present invention
the control system may include a specialised algorithm. This
algorithm may include a mathematical model of ideal pumping
speed of an implantable bleod pump  for suitable
physiological conditions of the patient. This algorithm may
receive input or data included within three broad areas of
data.‘ These areas of data ~may include' pump power,
instantaneous pump speed and physical motion. The algorithm
ﬁithin the ceontroller system (see Figure 9) may use these
areas of data to predict certain'patient data. This patient
data may include blood flow rate, heart rate, flow profile,
pulsatility and physiological demand. The algorithm will
then output. the preferred pump speed and the remainder of
the controller system will use this information to set a
speed setpoint for the blood pump.

Preferably, an embodiment of the present invention
will be such that iterative changes will be able to be made
in timely manner. ‘

In a further embodiment of the present invention, a
p?eferred physiological demand responsive controller system
may he adépféd for use with a radial -off flow type

centrifugal bloed pump.
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Thé above describes only 4some embodiments of Lhe
ﬁresent invention and modifications, obvious to those
skilled in the art, can be madé therete without depérting
from the scope and spiril of the present inventijon.

The system is particularly suited for use with pumps which
exhibit a relatively flat HQ curve as described with
reference to Fig. 8. In particular, but not .exclusively,
pﬁmps of Ehe radial off flow type as, for example,
described. 'in International Patent Applicgtion
PCT/AU98/00725 cén ‘exhibit this relatively flat
characteristic. The description of PCT/AU98/00725 is

incorporated herein by cross-reference.
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CLATMS

" A demand responsive physiological control system for

use with a rotary blood pump; said system including
a pump controller which is capable of'controlling
pump speed oOf said pump; said system further
including a physiological controller, and wherein
said physiological controller is adapted to analyse
input data relating to physiological condition of a
user of said pump; and wherein said physiological
controller determines appropriate pumping speed and
sends a speed coﬁtrol signal to said pump controller
to adjust pump speed:; said system further including
a'physiologicalAstate detector which provides said

input data indicative of at least one physiological

.state of said user ,in use, to said physiclogical

controller,

.The system as in claim 1 wherein the physiological

state detector includes an accelerometer Lo sense
motion of the user, when in use,

The system as in claim 2 wherein the accelerometer
-senges motion in at least one axis.

The system as in claim 3 wherein the accelerometer

senses motion in three orthogonal axes.
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The system as in any precéding ¢laim, wherein said
system inecludes a pump moniteor that detects
information relating to voltage and current of the
pump and delivers this information to Saia
physiological controller.

The system as in claim 5 whereib the pump monitor
detects an instantaneous pump impeller speed of the
rotary bloocd pump through measurements.

The system as in claim 6 wherein the pump monitor
detects non-invasively. |

The system as in claim 6 wherein said physiological
controller uses said information received from the
pump menitor to derive mathematically an appropriate
pump speed.

The system as in c¢laim 8 whe;ein the physioclogical
controller assessaes flow dynamics and an average
flow estimate developed from speed and input power
supplied to the pump by the pump controller.

The system as in claims 8 wherein the physiclogical
controller mathematically determines é pumping state
and if a deleteriocus state is determined the speed
contrel signal is changed accordingly.

The system as in' any preceding claim wherein the

physiological detector includes a means of detecting
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and quantifyving a heart rate of the user, when in
use.

The system as in c¢laim 11 wherein the physiological
detector includes & means of non-invasively
detecting and quantifying a heart rate of the user,
in use.

The system as in any preceding claim wherein thé‘
physiological controller can deterﬁine a heart rate
of the user by sensing speed of the pump.

The system as in'any preceding claim wherein the
physiclogical controller can determine a heart rate
of the user using power inputted to the pump.

The system as in any preceding claim wherein the
pump is internallf implantable within the user.

The system as in c¢laim 15 wherein the pump ig a
ventricle assist device.

The system as in claims 15 or 16 wherein the pump
has a hydrodynami; bearing that produces a
relatively flat pump head versus pump flow curve.
The system as in any preceding claim wherein the
physiological controller is capable of manual
manipulation by the user.

The 'system as in claim 18 wherein the manual

manipulation is within adjustable predefined limits.
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The system as in any‘preceding claim wherein the
physiological controller is adapted for
commﬁnication with a computer and wherein the
physiclogical controller is adaﬁted for manipulétion
by a software user interface.

The system as in any preceding claim wherein . the
physiological ceontroller includes an alarm.

A process for using physiological demand data to
optimize’pumpnspeed of a rotary blood pump wherein
the process cdmprises of the following steps: é
heart rate of the user is non—invasively'determined;
a level of physiological exertion of the user is
determined - through non invasive means; an
instantaneous pump speed and input power is used to
calculate instantaneous blood flow rate; a pumping
state is mathematically determined: the heart rate,
puﬁping state and level of physical exertion are
compared to the blood flow réfe:.and the pumping
speed of the rotary blood pump is changed to
appropriately supply the user with the correcf blood
flow rate.

A pump control'system for a pump for use in a heart

assist device; said system compriging data

processing means which receives body motion
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- information and heart rate information thereby to

24.

25.

26.

10 27.

28.

20

30.

derive a speed control signal for impeller speed of
an impeller’of said pump.

The. system of Ciaim 23 wherein said body motion
information is derived from an accelerometer.

The system of Claim 24 wherein said accelerometer
senses motion in a single axis.

The system of Claim 24 wherein said accelerometer
senses motion in three orthogonal axes.

The system of Claim 23 wherein said heart rate
information is derived from a non-invasive sensor.
The system of Claim 27 wherein saia heart rate
information is derived from voltage and current
applied to an electric motor driving said impel;er.
A method ofAcontiol of pump speed of a blood pump;
said method comprising establishing a base set point

speed; said method further comprising-establishing

‘one  or more criteria which, i1f satisfied, cause

establishment of at least a second set point speed;
said second set point speed higher than that of said
bése set point speed.

A physiological demand responsive controller for use
with a blooci pump A implanted within a patient,

wherein said controller includes: an accelerometer,
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which produces an ocutput signal as an‘analogue of a
patient’s physical motion;’ wherein -~ said
accelerometer provides an output éignél to the
circuits lof the controller; and wherein said
controller controls:pumping séeed setpoints of blood
pump uging said output signal.

The controller of claim 30 wherein said controller
determines pumping ‘speed setpoint by use a
mathematical model or algorithm.

The controller of claim 30 wherein said circuité of
the controller include at least one conditioning

circuit.
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