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7) ABSTRACT

A computer-implemented method of assessing a mental state
of a subject (106) includes receiving (302), as input, a
heartbeat record (200) of the subject. The heartbeat record
comprises a sequence of heartbeat data samples obtained
over a time span which includes a pre-sleep period (208), a
sleep period (209) having a sleep onset time (224) and a
sleep conclusion time (226), and a post-sleep period (210).
At least the sleep onset time and the sleep conclusion time
are identified (304) within the heartbeat record. A knowl-
edge base (124) 1s then accessed (306), which comprises
data obtained via expert evaluation of a training set of
subjects and which embodies a computational model of a
relationship between mental state and heart rate character-
istics. Using information in the knowledge base, the com-
putational model is applied (308) to compute at least one
metric associated with the mental state of the subject, and to
generate an indication of mental state based upon the metric.
The indication of mental state is provided (310) as output.
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METHOD AND SYSTEM FOR ASSESSING
MENTAL STATE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Continuation of PCT Interna-
tional Application No. PCT/AU2016/050490 filed on Jun.
15, 2016, which claims priority under 35 U.S.C. §119(e) to
U.S. Provisional Application No. 62/175,796 filed on Jun.
15, 20185, all of which are hereby expressly incorporated by
reference into the present application.

FIELD OF THE INVENTION

[0002] The present invention relates generally to the field
of mental health care, and more particularly to methods and
systems, along with associated hardware and software com-
ponents, for objectively assessing the state of mental health
of an individual. Embodiments of the invention may use-
fully assist health care professionals, and others, in identi-
fying and/or treating individuals who may be suffering from,
recovering from, or at risk of, adverse mental health condi-
tions such as depression.

BACKGROUND TO THE INVENTION

[0003] Itis estimated that one in four citizens of developed
nations will experience a mental health problem during their
lifetime, with up to 10 percent of the population experienc-
ing some type of depressive or anxiety-related disorder
every year. The global economic cost of mental illness is
measured in trillions of dollars annually.

[0004] Presently, there is no accepted and widely recog-
nised objective test for many mental illnesses, such as
depression. The diagnostic ‘gold standard’ in such cases
remains clinical/expert assessment and opinion, based upon
interviews with the patient along with close friends and
family, and self-reporting (e.g. through the completion of
questionnaires), for comparison against clinical symptoms
catalogued in the Diagnostic and Statistical Manual of
Mental Disorders (currently DSM-5).

[0005] However, due to the subjective nature of many
aspects of this diagnostic process, agreement between cli-
nicians can vary considerably, even for high-prevalence
disorders such as depression and anxiety.

[0006] There is, accordingly, a need for quantitative,
objective tests that can be employed by clinicians when
diagnosing psychological disorders, and for monitoring the
progress of patients undergoing treatment. Ideally, such tests
should be simple, safe and unobtrusive, so that they can be
undertaken without significant impact on the patient’s life-
style or day-to-day routine.

[0007] Provision of objective tests for mental health would
enable numerous significant benefits to be realised. Better
objective information could lead to earlier diagnosis, earlier
intervention, and better outcomes for patients. Ongoing
monitoring of patients could provide an objective indication
of therapeutic effectiveness, enabling treatments to be varied
and optimised based upon patient response. These improve-
ments in treatment and outcomes would result in savings to
the health system, and to the community in general.
[0008] It has been known for some time that there is a
relationship between circadian heart rate patterns and psy-
chological state. For example, U.S. Pat. No. 6,245,021
describes the use of recorded 24-hour heart rate patterns in
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the diagnosis of psychological disorders including depres-
sion, anxiety, panic disorder, obsessive compulsive disorder
(OCD) and schizophrenia. However, the procedures dis-
closed in this patent still require expert (i.e. human) review
of circadian heart rate patterns, by clinicians with the
necessary training and experience to identify features that
are commonly associated with the different disorders.
Patients are required to maintain a daily diary, which enables
the clinician to compare features in the heart rate patterns
against activity (e.g. exercise) in which the patient may have
engaged, so as to avoid misinterpreting these features.
Clearly, a system that requires 24-hour monitoring, and the
keeping of a daily diary, has a noticeable impact upon the
patient’s lifestyle and day-to-day routine, leading to a
greater likelihood of non-compliance with the measurement
and monitoring regime.

[0009] Accordingly, it would be desirable to develop new
and objective methods and systems to assist in identifying
individuals who may be suffering from, or at risk of, adverse
mental health conditions such as depression, and which are
able to provide one or more of the benefits discussed above.
The present invention has been devised in order to address
this need.

SUMMARY OF THE INVENTION

[0010] In one aspect, the present invention provides a
computer-implemented method of assessing a mental state
of a subject, the method comprising:

[0011] receiving, as input, a heartbeat record of the sub-
ject, which comprises a sequence of heartbeat data samples
obtained over a time span which includes a pre-sleep period,
a sleep period having a sleep onset time and a sleep
conclusion time, and a post-sleep period;

[0012] identifying, within the heartbeat record, at least the
sleep onset time and the sleep conclusion time;

[0013] accessing a knowledge base comprising data
obtained via expert evaluation of a training set of subjects
and embodying a computational model of a relationship
between mental state and heart rate characteristics;

[0014] using information in the knowledge base, applying
the computational model to compute at least one metric
associated with the mental state of the subject, and to
generate an indication of mental state based upon the metric;
and

[0015] providing, as output, the indication of mental state.
[0016] Embodiments of the invention may comprise
expert systems in which the knowledge base contains infor-
mation generated via machine-learning methodologies. For
example, the knowledge base may embody measured heart
rate data for a plurality of subjects comprising the training
set, along with the results of expert assessment of each
subject in the training set. In such embodiments, the knowl-
edge base captures salient information regarding the rela-
tionship between the mental state of each subject in the
training set, and measured heart rate characteristics, in a
form such that a corresponding computational model may be
employed to predict the expert assessment of subsequent
unseen test subjects.

[0017] According to embodiments of the invention, the
indication of mental state comprises an indication of mental
health of the subject. For example, the indication of mental
state may distinguish between a nominally normal (i.e.
relatively healthy) condition, a nominally depressed condi-
tion, and/or one or more other conditions. The other condi-
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tions may be indeterminate, or may be conditions such as
stress or anxiety. In any event, the output indication of
mental health may not be regarded as a diagnosis, but may
be useful to health care practitioners—and especially to
those practitioners who are not themselves experts in mental
health—in identifying individuals who may be suffering
from, or at risk of, adverse mental health conditions. Such
individuals may then be referred to an appropriate health
care professional for further review, tests, diagnosis and/or
treatment.

[0018] Identifying the sleep onset and conclusion times
may involve the use of auxiliary input data. In some embodi-
ments, for example, the input heartbeat record may be
accompanied by a record of activity of the subject measured
using an activity monitor, such as an accelerometer.

[0019] In some embodiments, the knowledge base may
comprise a template normal heart rate characteristic which
may be obtained, for example, by averaging scaled and
normalised heart rate characteristics of subjects in the train-
ing set who have been assessed by an expert assessor as
having a normal, relatively healthy, mental state. The knowl-
edge base may further comprise one or more template heart
rate characteristics corresponding with other, e.g. abnormal
or unhealthy, mental states which may be obtained, for
example, by averaging scaled and normalised heart rate
characteristics of subjects in the training set who have been
assessed by an expert assessor as having such other mental
states. In particular, the knowledge base may comprise a
template depression heart rate characteristic obtained, for
example, by averaging scaled and normalised heart rate
characteristics of subjects in the training set who have been
assessed by an expert assessor as having a depressed mental
state.

[0020] In alternative embodiments, heart rate characteris-
tics of subjects may be processed to compute a plurality of
associated metrics. In some examples, four metrics are
employed: a mean-awake heart rate; a ratio between mean-
awake and -asleep heart rates; a slope of heart rate during the
first half of the sleep period; and a slope of heart rate in the
second half of the sleep period. As will be appreciated, these
particular four metrics can be computed by fitting a piece-
wise linear heart rate characteristic model to the received
heartbeat record of a subject.

[0021] The knowledge base may comprise one or more
data structures resulting from the application of machine
learning algorithms to the metrics computed by processing
the heart rate characteristics of subjects in the training set.
Suitable machine learning algorithms include: decision tree
learning; association rule learning; artificial neural net-
works; inductive logic programming; support vector
machines; cluster analysis; Bayesian networks; reinforce-
ment learning; representation learning; similarity learning;
sparse dictionary learning; genetic algorithms; and/or other
methodologies known to persons skilled in the art of
machine learning.

[0022] In some embodiments, the knowledge base com-
prises data structures representing one or more classification
trees, obtained by applying a decision tree learning algo-
rithm over the metrics computed from the heart rate char-
acteristics of subjects in the training set. As known to
persons skilled in the art of machine learning, a number of
decision tree algorithms are known, which may be suitable
for this purpose, including: 103 (Iterative Dichotomiser 3);
C4.5; CART (Classification and Regression Tree); CHAID
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(Chi-square Automatic Interaction Detector); MARS; and
conditional inference trees. A number of existing software
applications provide implementations of one or more of the
foregoing learning algorithms, including MATLAB and R.
[0023] In an embodiment, a decision tree learning algo-
rithm is applied to generate two classification tree data
structures, which are stored in the knowledge base. A first
classification tree data structure classifies metrics computed
from the heartbeat record of the subject into ‘normal” or ‘not
normal’. A second classification tree data structure classifies
the metrics computed from the heartbeat record of the
subject into ‘depressed’ and ‘not depressed’.

[0024] According to an embodiment, the method com-
prises classifying the subject as ‘normal’ or “not normal’ by
executing the first classification tree and, in the event that the
subject is classified as ‘not normal’, classifying the subject
as ‘depressed’ or ‘not depressed’ by executing the second
classification tree.

[0025] 1In another aspect, the invention provides a com-
puter-implemented system for assessing a mental state of a
subject, the system comprising:

[0026] at least one microprocessor;

[0027] at least one non-volatile storage device containing
a knowledge base comprising data obtained via expert
evaluation of a training set of subjects and embodying a
computational model of a relationship between mental state
and heart rate characteristics;

[0028] at least one computer-readable memory device
operatively associated with the microprocessor; and

[0029] an input/output interface operatively associated
with the microprocessor,

[0030] wherein the memory device contains computer-
executable instruction code which, when executed via the
microprocessor, causes the microprocessor to effect a
method comprising steps of:

[0031] receiving, via the input/output interface, a heart-
beat record of the subject, which comprises a sequence
of heartbeat data samples obtained over a timespan
which includes a pre-sleep period, a sleep period hav-
ing a sleep onset time and a sleep conclusion time, and
a post-sleep period;

[0032] identifying, within the heartbeat record, at least
the sleep onset time and the sleep conclusion time;

[0033] using information in the knowledge base, apply-
ing the computational model to compute at least one
metric associated with the mental state of the subject,
and to generate an indication of mental state based
upon the metric; and

[0034] providing, via the input/output interface, the
indication of the mental state of the subject.

[0035] The input/output interface may be a network inter-
face providing access to a wide area network, such as the
Internet.

[0036] In some embodiments of the invention, the heart-
beat record of the subject may be obtained via a heart rate
monitor device worn by the subject during the timespan
including the pre-sleep period, the sleep period and the
post-sleep period. The heartbeat monitor may comprise a
wireless interface, such as a Bluetooth interface, for com-
munication with a network-connected device, such as a
smartphone, a tablet computer, a notebook computer, or a
desktop computer. Alternatively, or additionally, the heart
rate monitor device may comprise a wired interface, such as
a USB interface, for connection to a network-connected
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device. A heartbeat record obtained via the heart rate moni-
tor device may be transferred continuously (i.e. in real time)
to another device. Alternatively, the heartbeat record, or a
portion thereof, may be stored within the heart rate monitor
device and data may be transferred periodically, upon
completion of recording, or at a later time, e.g. upon
connection to a network or suitable network-connected
device.

[0037] An application may be provided for execution on
the network-connected device to assist the subject in per-
forming a measurement of a heartbeat record. Assistance
may include providing the subject with instructions for
fitting the heart rate monitor device, as well as for transfer-
ring measured heart rate data from the heart rate monitor
device to the network-connected device.

[0038] The heartbeat record of the subject may be trans-
ferred from the network-connected device to the mental state
assessment system via the wide area network, e.g. the
Internet.

[0039] Further features and benefits of the invention will
be apparent from the following description of embodiments,
which is provided by way of example only and should not
be taken to limit the scope of the invention as it is defined
in any of the preceding statements, or in the claims appended
hereto.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] Embodiments of the invention will now be
described with reference to the accompanying drawings in
which like reference numerals indicate like features, and
wherein:

[0041] FIG.1 is a schematic diagram illustrating a system
for assessing mental state of a subject, embodying the
invention;

[0042] FIGS. 2(a) and 2(b) show graphs of exemplary
heart rate and activity records embodying the invention;
[0043] FIG. 3 shows a flowchart of a method of assessing
a mental state embodying the invention;

[0044] FIGS. 4(a) and 4(b) are flowcharts corresponding
with two alternative computational models embodying the
invention;

[0045] FIGS. 5(a) to 5(c) are block diagrams illustrating
the content of a knowledge base corresponding with the
computational model of FIG. 4(a);

[0046] FIG. 6 is a block diagram illustrating the main
software processing components of a computer implemen-
tation of embodiments of the invention;

[0047] FIG. 7(a) is a flowchart of a knowledge base
construction method corresponding with the computational
model of FIG. 4(a),

[0048] FIG. 7(b) is a flowchart of a knowledge base
construction method corresponding with the computational
model of FIG. 4(b);

[0049] FIGS. 8(a) and 8(b) show three-dimensional chart
representations of segmentation of subjects in a training set
having an average waking heart rate of around 80 beats per
minute;

[0050] FIGS. 9(a) and 9(b) show three-dimensional chart
representations of segmentation of subjects in a training set
having an average awake heart rate of around 87.7 beats per
minute;

May 4, 2017

[0051] FIGS. 10(a) and 10(b) show three-dimensional
chart representations of segmentation of subjects in a train-
ing set having an average waking heart rate of around 96
beats per minute; and

[0052] FIG. 11 is a block diagram illustrating a process of
evaluation, diagnosis and treatment employing an embodi-
ment of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0053] FIG. 1 is a block diagram illustrating an online
system 100 embodying the invention. The system 100
employs a wide area communications network 102, typically
being the Internet, for messaging between different compo-
nents of the system, each of which generally comprises one
or more computing devices.

[0054] The system 100 includes an assessment platform
104 and an assessment subject 106 who is, in this example,
located remotely from the assessment platform 104. The
subject 106 is provided with a heart rate monitor 108, which
may be capable of communications with one or more
portable devices, such as smartphone 110, and/or one or
more desktop devices such as a personal computer 112.
Communications between the heart rate monitor 108 and
smartphone 110 are preferably via a wireless communica-
tions channel, such as Bluetooth. Other types of communi-
cations channel suitable for transfer of data between the
heart rate monitor 108 and devices 110, 112 include Wi-Fi,
wired Ethernet, and other forms of wired connections, such
as USB.

[0055] In some embodiments, such as those described
herein, heart rate data collected by the heart rate monitor 108
is transferred to another user device, such as smartphone 110
or desktop PC 112, and then transferred to the assessment
platform 104. However, in other embodiments of the inven-
tion a smart heart rate monitor 108 may include a network
interface, such as a Wi-Fi interface or a cellular mobile
interface including, e.g., a Nano Sim card, enabling it to
connect and transfer data directly to the assessment platform
104 via the Internet 102. Alternatively, the heart rate monitor
108 may be integrated with a cloud-based platform, such as
a healthcare platform, e.g. Philips Healthsuite, or other cloud
platform, e.g. Samsung SAMIIO, for upload of data to the
cloud for retrieval by the assessment platform 104. In still
further embodiments, the functionality of the assessment
platform 104 may be provided at the location of the assess-
ment subject 106, such as via software made available for
installation on the subject PC 112. In yet another alternative,
the assessment platform 104 may be provided at the location
(e.g. surgery or office) of a health care professional who is
monitoring the mental health of the subject 106. Other
combinations and variations of the above arrangements are
also possible, within the scope of the invention, such as the
collection of heart rate data by the monitor 108 for transfer
to a portable or desktop device of a health care professional,
and subsequent submission for processing by a remotely
located assessment platform 104. It should therefore be
appreciated that the exemplary architecture of the system
100 is not the only configuration in which the invention may
be implemented.

[0056] Turning now to the assessment platform 104, it
may generally comprise one or more computers, each of
which includes at least one microprocessor 114. The number
of computers and processors 114 will generally depend upon
the required processing capacity of the system, which in turn
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depends upon the anticipated workload, i.e. the number of
assessment subjects 106 having access to the platform 104,
and the volumes of data to be processed. In some embodi-
ments, a third-party cloud-computing platform may be
employed for the platform 104, thereby enabling the physi-
cal hardware resources to be allocated, and changed,
dynamically in response to demand. However, for simplicity
in the remainder of the description, it is assumed that the
exemplary assessment platform 104 includes a single com-
puter with a single microprocessor 114.

[0057] The microprocessor 114 is interfaced to, or other-
wise operably associated with, a non-volatile memory/stor-
age device 116. The non-volatile storage 116 may be a hard
disk drive, and/or may include a solid-state non-volatile
memory, such as read only memory (ROM), flash memory,
or the like. The microprocessor 114 is also interfaced to
volatile storage 118, such as random access memory (RAM)
which contains program instructions and transient data relat-
ing to the operation of the platform 104. In a conventional
configuration, the storage device 116 may contain operating
system programs and data, as well as other executable
application software necessary to the intended functions of
the assessment platform 104. In the embodiments shown, the
storage device 116 also contains program instructions
which, when executed by the processor 114, enable the
assessment platform 104 to perform operations relating to
the implementation of a mental state assessment method,
and more particularly a method of assessing stress levels of
the subject 106, embodying the invention. In operation,
instructions and data held on the storage device 116 are
transferred to volatile memory 118 for execution on demand.

[0058] The microprocessor 114 is also operably associated
with a network interface 120 in a conventional manner. The
network interface 120 facilitates access to one or more data
communications networks, such as the Internet 102,
employed for communication between the platform 104 and
subject devices, e.g. 110, 112.

[0059] In use, the volatile storage 118 includes a corre-
sponding body 122 of program instructions configured to
perform processing and operations embodying features of
the present invention, comprising various steps in the pro-
cesses described below with reference to the flowcharts, data
structures, and software architectures illustrated in FIGS. 3
fo 8.

[0060] Furthermore, in the presently described embodi-
ment, the program instructions 122 include instructions
implementing communications with one or more client
applications, such as an application executing on a smart-
phone 110, desktop PC 112, or other device operated by the
subject 106 or a supervising health care professional. These
communications operations enable heartbeat records of the
subject 106, recorded using the heart rate monitor 108, to be
received for processing by the assessment platform 104.

[0061] The program instructions 122 may further include
instructions embodying a web server application. Data
stored in the non-volatile 116 and volatile 118 storage may
then include web-based code for presentation and/or execu-
tion on subject devices (e.g. HTML or JavaScript) facilitat-
ing a web-based interface to the assessment platform. The
web-based interface may, for example, enable upload of
heartbeat record data from any device, including smartphone
110 or desktop PC 112, to the assessment platform 104. The
web interface may also enable the subject 106 and/or their
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supervising health care professional, via devices 110 and/or
112, to access data that has been stored and processed by the
assessment platform 104.

[0062] The system 100 also includes a knowledge base
124, which contains information generated via machine
learning methodologies, using data obtained via expert
evaluation of one or more training sets of subjects, and
embodying a computational model of a relationship between
mental state, e.g. subject mental health, and heart rate
characteristics.

[0063] Various machine-learning methodologies may be
employed in different embodiments of the invention, includ-
ing: decision tree learning; association rule learning; artifi-
cial neural networks; inductive logic programming; support
vector machines; cluster analysis; Bayesian networks; rein-
forcement learning; representation learning; similarity learn-
ing; sparse dictionary learning; and/or genetic algorithms.
[0064] Embodiments described herein, particularly with
reference to FIGS. 4 to 8, employ techniques including
metric learning and decision tree learning. However, these
approaches should be regarded as illustrative only, and do
not exclude the use of other learning techniques and com-
putational models from the scope of the invention.

[0065] The knowledge base 124 may be contained within
the non-volatile storage 116, or may be stored in a separate
storage device, which may be directly connected to the
assessment platform 104, or may be remotely located. In
particular, since the knowledge base 124 may ultimately
grow 1o contain very large amounts of training and historical
subject data, it may be advantageous for the knowledge base
124 to be stored in a large data centre and/or one or more
distributed databases, e.g. in a cloud storage service. The
exact form and location of the knowledge base 124 is not
critical, so long as the required data, as described below, is
accessible for processing by the assessment platform 104.
[0066] Turning now to FIG. 2(a), there is shown a graph
200 of an exemplary heartbeat record of a subject 106. Time
is shown on the horizontal axis 202, and minute-averaged
heart rate in beats per minute, on the vertical axis 204.
Accordingly, the heartbeat record of the subject represented
by the graph 200 comprises a sequence of heartbeat data
samples, obtained and recorded at a rate of one per minute
over the total timespan illustrated on the horizontal axis 202.
In this particular example, the record covers a full 24-hour
period, however embodiments of the invention may require
only a portion of the full record 206, comprising a pre-sleep
period 208, a sleep period 209, and a post-sleep period 210.
[0067] Insome embodiments, the pre-sleep 208, sleep 209
and post-sleep 210 periods may be automatically identified.
One technique for automatic identification of the sleep
period 209 is through the use of an activity monitor, such as
an accelerometer which may be incorporated into the heart
rate monitor 108, or into another wearable device worn by
the subject 106. FIG. 2(b) shows a graph 212 of subject
activity obtained using such an activity monitor, and corre-
sponding with the heartbeat record of FIG. 2(a). The hori-
zontal axis 214 shows time, while the vertical axis 216 is an
activity index, which is computed based upon the level of
activity detected by the activity monitor during each minute
of the recording period. The trace 218 of the activity record
shows three very distinct periods, i.e. a first waking period
220 of relatively high activity, a sleep period 221 in which
there is little or no activity, and a further waking period 222
of high activity.
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[0068] The extremely distinct transitions between periods
220, 222, of high activity, and period 221 of low activity,
enables relatively simple and accurate extraction of a sleep
onset time 224 and a sleep conclusion time 226, separating
the pre-sleep 208, sleep 209, and post-sleep 210 periods.
[0069] While activity levels provide one mechanism to
identify the sleep onset 224 and sleep conclusion 226 times,
other methods may be used in alternative embodiments. For
example, it is also apparent from the graph 200 that the sleep
period 209 corresponds with a general reduction in heart
rate. Accordingly, suitable processing of the heartbeat record
206 may be employed to assist in identifying the sleep onset
224 and sleep conclusion 226 times. Additionally, or alter-
natively, the subject 106 may provide an estimate of sleep
and waking times in order to assist in the detection of sleep
onset 224 and conclusion 226. It will therefore be appreci-
ated that various techniques to identify these transition times
with sufficient accuracy and reliability are available for use
in different embodiments of the invention.

[0070] FIG. 3 is a flowchart 300 showing a method of
assessing a mental state, e.g. mental health, of the subject
106, according to an embodiment of the invention. Firstly, at
step 302, a heartbeat record of the subject is received as
input. In initial processing 304, the sleep period 209, having
sleep onset time 224 and sleep conclusion time 226, is
identified.

[0071] The assessment method 300, which may be imple-
mented via suitable program instructions executed by the
processor 114 of the assessment platform 104, then proceeds
to further analyse the heartbeat record in order to perform an
assessment of the subject’s stress levels. In order to do this,
information in the knowledge base is accessed 306. Exem-
plary contents of the knowledge base are described below
with reference to FIGS. 5(a) to 5(c), while corresponding
exemplary training methods for constructing the knowledge
base are described with reference to FIGS. 7 and 8. For
present purposes it is sufficient to note that the information
accessed in the knowledge base is based upon expert evalu-
ation of a training set of subjects, and is constructed so as to
enable the assessment platform 104 to estimate the mental
state of the subject 106 based upon the knowledge base
contents. Generally, this involves a process 308 of comput-
ing one or more metrics associated with the mental state of
the subject 106, and generating an indication of the mental
state based upon those metrics.

[0072] At step 310 a resulting indication of mental state,
e.g. a mental health indication, is output. The output result
may be stored in a subject record within the non-volatile
storage 116, in the knowledge base 124, or in some other
database. Alternatively, or additionally, the resulting indica-
tion may be presented to the subject and/or to a supervising
health care professional, for example via a web interface, or
via an application interface, using software executing on a
connected device, such as the smartphone 110 or desktop PC
112.

[0073] FIGS. 4(a) and 4(b) are flowcharts corresponding
with two alternative computational models embodying the
invention. FIGS. 5(a) to 5(c) are block diagrams illustrating
contents of the knowledge base for these models.

[0074] According to a first model, herein termed the
‘template model’, a process of computing metrics and gen-
erating an indication of subject mental state is represented
by the flowchart 400, and the knowledge base contents 500,
504. More particularly, the knowledge base 124 contains
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content 500 which includes a ‘normal template’ 502. The
normal template 502 is a representative record correspond-
ing with a patient without any significant mental health
issues. The knowledge base 124 further contains content 504
which includes a ‘depression template’ 506. The depression
template 506 is a representative record corresponding with
a subject clinically diagnosed with depression. The way in
which the normal template 502 and the depression template
506 are obtained will be described in greater detail below
with reference to FIG. 7(a).

[0075] Returning to FIG. 4(a), in step 402 a metric is
computed for the assessment subject 106, which comprises
a measure of difference between the heartbeat record of the
subject, and the normal template 502. At step 404, a second
metric is computed for the assessment subject 106, which
comprises a measure of difference between the heartbeat
record of the subject, and the depression template 506. In
other embodiments of the invention, templates may be
generated corresponding with other mental health condi-
tions, such as anxiety, panic disorder, OCD, schizophrenia,
and so forth. If such templates exist, similar measures of
difference are computed, comprising further metrics corre-
sponding with each template, as indicated by the ellipsis
406. A suitable measure of difference may be, for example,
a mean squared difference between the subject heartbeat
record and the template in each case. The difference may be
computed over the entirety of the subject heartbeat record,
or over only a selected portion of the heartbeat record. In
particular, the difference may be computed for the portion of
the subject heartbeat record corresponding with the sleep
period, i.e. between the sleep onset time, and the sleep
conclusion time.

[0076] At step 408, the mental state of the subject 106 is
classified by comparing the difference metrics computed at
step 402 and step 404 (and, if available, any further differ-
ence metrics computed at steps 406), with the smallest value
determining the indication of mental state of the subject 106.
[0077] The flowchart 410, and corresponding knowledge
base content 508, exemplify a class of multi-parametric
computational models. The multi-parametric models
described herein employ four metrics that are computed
from the input heart rate record of the subject 106. These
four metrics are:

[0078] the mean awake heart rate, i.e. the average heart
rate during the pre-sleep 208 and post-sleep 210 peri-
ods;

[0079] the ratio of heart rates, computed as a ratio
between the average waking heart rate, and the average
heart rate during the sleep period 209;

[0080] a first slope metric, being a measure of the slope
(i.e. change as a function of time) of the subject’s heart
rate during the first half of the sleep period 209; and

[0081] a second slope metric, being a measure of the
slope of the heart rate in the second half of the sleep
period 209.

[0082] As will be appreciated, these four parameters fully
define a piecewise-linear representation of the patient heart-
beat record, having a constant waking heart rate value and
a sleeping heart rate value that changes in accordance with
the first slope metric during the first half of the sleep period
209, and in accordance with the second slope metric during
the second half of the sleep period 209. The inventors have
found this particular parameterisation of the heartbeat record
to provide an effective basis for machine learning and
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prediction of mental state, with the assistance of expert
assessment of subjects in a training set.

[0083] Accordingly, at steps 412, 414, 416 and 418 the
four metrics described above are computed.

[0084] According to an exemplary multi-parametric com-
putational model, the knowledge base 124 contains content
508 which comprises one or more data structures, e.g. 510,
512. In the presently disclosed embodiment, these data
structures represent classification trees. A first classification
tree 510 is constructed to classify the subject 106, based
upon the four computed metrics discussed above, as ‘nor-
mal’ or ‘not normal’. A second classification tree 512 is
constructed to classify the subject 106, based upon the four
metrics, as ‘depressed’ or ‘not depressed’. The way in which
the classification trees 510, 512 are constructed will be
described in greater detail below with reference to FI1G. 7(b).
[0085] Returning to FIG. 4(b), at step 420 the metrics
computed for the subject 106 are run through the first
classification tree 510 at step 420. The output is checked at
step 422, and if the subject 106 is classified as normal the
process terminates at 424, with a corresponding ‘normal’
indication. Otherwise, the second classification tree is run at
step 426. The output is checked at step 428, and if the subject
106 is classified as depressed then the process terminates
with an indication of ‘depressed’ at 430. Otherwise, an
indication of neither normal nor depressed is returned 432.
[0086] In all cases, the next steps, in terms of diagnosis
and treatment of the subject 106, will occur in conjunction
with a health care practitioner. For example, a test in
accordance with an embodiment of the invention may be
ordered by the subject’s local doctor or general practitioner.
If the resulting indication is ‘normal’, then the practitioner
may determine that no further action is necessary, or may
order further tests of a similar or different nature. However,
in the event that an indication of depression, or otherwise
abnormal mental state, is obtained, then the practitioner may
determine that some intervention is appropriate, such as
treatment and/or referral to a specialist, such as a psycholo-
gist or psychiatrist, for further diagnosis and treatment.
[0087] Turning now to FIG. 6, there is shown a block
diagram 600 illustrating the main software processing com-
ponents of a computer implementation embodying the
invention. The input heartbeat record data 602 is processed
by sleep detection module 604, in order to identify the sleep
onset and conclusion times. The record is optionally further
processed by a rescaling module 606. The rescaling module
processes the input data 602 in order to obtain a rescaled
record, wherein the heart rate values have been normalised
between zero and one, and the time adjusted to a standard
scale, e.g. zero to 1,000 time units. Of the embodiments
described in detail above, the rescaling is employed in the
template model, in which it is important to ensure similarity
among all of the heartbeat records that are being compared
against the normal template 502, the depression template
506, and/or any other templates contained within the knowl-
edge base 124. Rescaling is not required for the multi-
parametric model described above, although it may be used
in the computation of other metrics in accordance with
alternative embodiments of the invention.

[0088] Metric calculation module 608 computes the rel-
evant metric, or metrics, associated with the particular
computational model used in an embodiment of the inven-
tion. For example, in the template model the metric calcu-
lation module 608 computes a first value representing the
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difference between the heartbeat record of the subject 106
and the normal template 502, and a second value represent-
ing the difference between the heartbeat record of the subject
106 and the depression template 506. In the multi-paramet-
ric models, the metric calculation module 608 computes the
four metrics described above, with reference to FIG. 4(b).
[0089] In some embodiments, in order to compute the
metric, or metrics, the metric calculation module 608
accesses the knowledge base 124. For example, in the
template model, the metric calculation module 608 retrieves
the normal template 502 and the depression template 506
from the knowledge base 124.

[0090] The decision module 610 classifies the mental state
of the subject 106 according to the rules associated with the
particular computational model. For example, in the tem-
plate model the decision module 610 classifies the mental
state of the subject 106 by comparing the first and second
distance values, corresponding with the normal and depres-
sion templates, to determine which template is most similar
to the heart beat pattern of the subject 106.

[0091] In the classification tree model, the decision mod-
ule 610 classifies the mental state of the subject 106 by
executing the one or more classification trees stored in the
knowledge base 124.

[0092] Typically, the decision module 610 requires access
to the knowledge base 124, in order to retrieve the decision
criteria. An output mental state indication 612 is produced
from the decision module 610.

[0093] FIG. 7 shows a flowchart 700 corresponding with
the algorithm for knowledge base construction according to
the template model. For this algorithm, and for the multi-
parametric classification tree algorithm discussed below
with reference to FIGS. 7(b) and 7(c), a precondition is that
the knowledge base 124 includes a data set of training
records. Each training record comprises a heartbeat record of
a test subject, along with an associated diagnosis/assessment
performed by an expert, such as a trained medical practi-
tioner. The assessment may be conducted based upon the
expert’s review of the test subject heart rate records or may
be obtained by other diagnostic means, such as interviews
between each test subject and the expert assessor. It is these
actual assessments associated with the data in the training
set that provide the primary expert knowledge within the
knowledge base. This information is then used to build
computational models embodying this expert knowledge,
which can then be used to generate an indication of the
possible mental state of a subsequent unseen subject 106,
based upon an input heartbeat record of the subject.
[0094] Returning to the template model training algorithm
700, at step 702 a first classification for training is set. This
classification is selected from one of the available diagnoses
performed by the expert clinician and associated with a
subset of the training records in the knowledge base 124.
Accordingly, for example, the first classification selected at
step 702 may be ‘normal’.

[0095] At step 704 all of the records from the training set
having the first classification (e.g. ‘normal’) are retrieved.
Each record comprises a sequence of heartbeat data samples,
such as those illustrated in the graph of FIG. 2(a). At step
706 the retrieved data records are rescaled, such that heart
rate is normalised between zero and one, and sleep period
durations are normalised to a common timescale. At step
706, an average of all of the retrieved and rescaled test
subject records is computed. This is a sample-by-sample
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averaging process, which results in the generation of a single
representative heartbeat record, ie. the template. In this
example, the initial template is thus the normal template
502, which is then stored in the knowledge base 124.
[0096] At step 710 a check is performed to determine
whether there are further classifications for which templates
are required. In the exemplary embodiment, at least one
further template is generated, corresponding with subjects
within the training set who have been assessed as suffering
from depression. Accordingly, at step 712 the classification
is set to “depression’, and the retrieval 704, rescaling 706,
and template computation 708 steps are repeated.

[0097] The process of computing templates can be con-
tinued for all classifications for which expert clinician
assessments or diagnoses exist within the training set.
[0098] FIG. 7(b) shows a flowchart 720 of a knowledge
base construction method comprising construction of clas-
sification trees, and corresponding with the computational
model 410 shown in FIG. 4(b). At step 722, training data
records are retrieved from the knowledge base 124. The
records retrieved at step 722 may comprise all of the records
in the training set, or may comprise a selected subset.
[0099] At step 724, the set of four exemplary metrics (i.e.
mean waking heart rate, heart rate ratio, first slope metric,
and second slope metric) are computed for each one of the
retrieved training data records. Accordingly, there is
obtained from the training set a collection of records of the
form:

(0 )=(x ¥, %3, %4, )

[0100] In the above expression, the dependent variable Y
represents the mental health state of each subject in the
training set, as assessed by the expert clinician (e.g. ‘nor-
mal’, ‘depression’, etc), while the vector x is composed of
the four metrics.

[0101] Given this data, at step 726 a first classification is
selected, for example ‘normal’. At step 728 the data records
are partitioned such that each record is classified as falling
within the classification set (i.e. having an assessment of
‘normal’), or falling outside the classification set (i.e. any
assessment other than ‘normal’, generically being ‘not nor-
mal’).

[0102] At step 730 a classification tree is constructed for
distinguishing between ‘normal” and ‘not normal’ within the
training set, and accordingly for predicting membership of
these complementary classifications in future unseen data.
Any suitable known decision tree learning algorithm may be
employed at step 730, including: ID3; C4.5; CART; CHAID;
MARS; and/or conditional inference trees. Existing software
tools including, though not limited to, MATLAB and R, or
existing programming libraries, such as scikit-learn for the
Python programming language, may be employed to imple-
ment the learning algorithm at step 730.

[0103] At step 732, a check is performed to determine
whether there are further classifications for which classifi-
cation trees must be generated. If so, then the next classi-
fication value is selected at step 734, and steps 728 and 730
are repeated. In the exemplary embodiment, a second clas-
sification tree is generated for distinguishing between
‘depression” and ‘not depression’.

[0104] By way of illustration of the effectiveness of the
classification tree algorithms employed in an embodiment of
the invention, FIGS. 8 to 10 show a number of three-
dimensional chart representations for segmentations of sub-
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jects in a training set between ‘normal’ and ‘not normal’.
Each chart has axis representing three of the four metrics,
namely the heart rate ratio 800, the first slope metric 900 and
the second slope metric 1000. The fourth metric, namely
waking heart rate, is different for each of FIGS. 8, 9 and 10,
i.e. each represents one slice through the four-dimensional
space defined by the four metrics. In particular, FIGS. 8(a)
and 8(b) show segmentation of subjects between ‘normal’
802 and ‘not normal’ 804 respectively, for an average
waking heart rate of around 80 beats per minute. FIGS. 9(a)
and 9(b) show similar segmentation 902, 904 for a waking
heart rate of around 87.7 beats per minute, while the
segmentations 1002, 1004 in FIGS. 10(a) and 10(5) are for
an average waking heart rate of around 96 beats per minute.
[0105] It is clear from the three sets of charts in FIGS. 8,
9 and 10 that, for each value of average waking heart rate,
there is a distinct segmentation between ‘normal” and ‘not
normal” subjects. For example, at around 80 beats per
minute, ‘normal” subjects are clustered within the metric
space in two groups, forming a ‘galley’. Conversely, the ‘not
normal” subjects are clustered within the metric space in a
single grouping, corresponding with the ‘aisle’. At a heart
rate of around 87.7 beats per minute, the ‘normal” subjects
are distributed in the form of a ‘table’ within metric space,
while the ‘not normal’ subjects are clustered within an
approximate cube shape. Finally, at around 96 beats per
minute, the ‘normal’ subjects are clustered in two connecting
perpendicular planes, while again a ‘cube-like’ structure
characterises the distribution of ‘not normal” subjects within
the metric space.

[0106] It can also be inferred from the ‘slices’ illustrated
in FIGS. 8, 9 and 10 that there is an evolution in the
partitioning between ‘normal’ and ‘not normal’ within the
metric space as heart rate increases. The ‘galley’ at around
80 beats per minute evolves into the ‘table’ structure at
around 87.7 beats per minute, while the ‘aisle’ structure of
‘not normals’ expands to occupy the space under the ‘table’.
This evolution can be seen to continue as average working
heart rate increases from around 87.7 beats per minute to 96
beats per minute.

[0107] Some embodiments of the invention may be con-
figured to provide additional information in the form of an
objective measure of a ‘degree’ of the subject’s state of
mental health, e.g. a quantitative answer to the question
‘how normal?’ (or ‘how depressed’?) Considering the nor-
mal case, for example, a distance from the normal centroid
may be evaluated and used to provide further quantitative
information. For a set of metrics m={m,, m,, . . ., m,} of
dimension N, a distance d from the normal centroid m,={m,
L, m,,, ..., m,,} is given by:

N
d= Z [ — My
k=1

[0108] The measure d is thus a quantitative indication of
how far away the subject is from the ‘average’ normal
subject from the training set.

[0109] Turning now to FIG. 11, there is shown a process
1100 for evaluation, diagnosis and treatment employing an
embodiment of the invention 104. The process 1100
involves a clinician 1102, such as a doctor/general practi-
tioner, ordering a test of mental health of a patient using the
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system 104. At 1104 the patient undergoes heart rate mea-
surement over a suitable petiod, including a sleeping period,
and the data is collected for example via an app on a portable
device 110 or an application or web-based interface execut-
ing on a PC 112, and then uploaded to the server 104 for
analysis.

[0110] Once the analysis is complete, the results are stored
within secure storage of the server 104, and are made
accessible to the clinician 1102 via a secure access interface
1106, such as a web portal. The clinician 1102 is thereby
able to review the results of the measurement and analysis,
and determine the appropriate next steps in diagnosis and
treatment of the patient. For example, if the results are
‘normal’, and yet the patient is exhibiting continuing
adverse symptoms, the clinician 1102 may determine that
additional testing or other assessment is required. If the
results indicate that the patient is depressed, the clinician
may reach a corresponding diagnosis and/or may refer the
patient to a specialist, such as a psychologist or psychiatrist,
for further assessment and treatment. If the assessment is
that the patient is not depressed, but is also not normal,
further testing and/or referral may be indicated. These
decisions remain in the hands of the clinician 1102, however
the assessment performed by the server 104 according to an
embodiment of the invention clearly provides a useful,
consistent and objective tool to assist the clinician 1102.
[0111] Furthermore, if treatment of the patient, for
example by counselling or drugs. is prescribed then the cycle
of recording 1104, analysis by the server 104, and review
1106 by the clinician 1102 may be repeated while treatment
is ongoing. Such ongoing assessment provides a continuing
objective measurement of the effectiveness of treatment. If
the assessed mental state of the patient improves, for
example moving from ‘depression’ to ‘normal’ indication,
then the treatment may be regarded as successful. If, on the
other hand, no objective positive change in the indicated
mental state of the patient is observed, the clinician 1102,
and/or any specialist to whom the patient may have been
referred, may consider adjusting the treatment, for example
by changing or supplementing pharmaceutical or counsel-
ling options.

[0112] In summary, embodiments of the present invention
provide methods and systems enabling measurement, moni-
toring and assessment of mental state, and in particular
indications of mental health of individual subjects, via
simple and non-invasive heartbeat measurements. Advanta-
geously, measurements may be performed using unobtrusive
wearable devices, enabling subjects to go about their normal
daily activities. Assessments are automatically generated
using computational models, for example executed on a
server accessible via the Internet, using a knowledge base
comprising expert assessment information.

[0113] Services and applications provided in accordance
with embodiments of the invention may be available to
subjects individually, but may more usefully be made avail-
able via health care professionals, such as a patient subject’s
own doctor. This enables the doctor to instruct the patient in
proper operation of the monitoring device, and proper con-
duct of the heart measurements, and to receive the output
indication of the patient’s state of mental health directly.
Based on this indication, and other patient health informa-
tion available to the doctor, professional recommendations
may be made regarding the possible diagnosis and treatment
of any adverse mental health condition from which the
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patient. In appropriate cases a doctor may elect to refer a
patient to a specialist, such as a psychiatrist, for further
assessment, testing, diagnosis and/or treatment.
[0114] The assessment platform 104 may keep historical
records, and make these available via the Internet, such that
individuals and/or their supervising doctors can conduct
ongoing monitoring of mental health.
[0115] Potential benefits of embodiments of the invention
include improved and objective identification of individuals
who are suffering from, or at risk of, mental health problems,
such as depression. The non-invasive and unobtrusive nature
of the heart-rate measurements taken using wearable devices
ensures a low barrier to compliance, and may enable early
detection of potential issues, such that diagnosis and treat-
ment may be undertaken prior to progression of a problem,
thus reducing adverse outcomes and health care costs.
Accordingly, numerous benefits may be obtained by indi-
viduals, healthcare professionals, and by society.
[0116] While particular embodiments have been
described, by way of example only, a person skilled in the
relevant arts will appreciate that a number of variations are
possible, within the scope of the present invention. Accord-
ingly, the exemplary embodiments should not be regarded as
limiting, but rather the invention is as defined in the claims
appended hereto.
The claims defining the invention are as follows:
1. A computer-implemented method of assessing a mental
state of a subject, the method comprising:
receiving, as input, a heartbeat record of the subject,
which comprises a sequence of heartbeat data samples
obtained over a time span which includes a pre-sleep
period, a sleep period having a sleep onset time and a
sleep conclusion time, and a post-sleep period,

identifying, within the heartbeat record, at least the sleep
onset time and the sleep conclusion time;
accessing a knowledge base comprising data obtained via
expert evaluation of a training set of subjects and
embodying a computational model of a relationship
between mental state and heart rate characteristics;

using information in the knowledge base, applying the
computational model to compute at least one metric
associated with the mental state of the subject, and to
generate an indication of mental state based upon the
metric; and

providing, as output, the indication of mental state.

2. The method of claim 1 wherein the indication of mental
state comprises an indication of mental health of the subject.

3. The method of claim 2 wherein the indication of mental
health of the subject is selected from a group comprising at
least ‘normal’ and ‘depression’.

4. The method of claim 2 wherein the knowledge base
comprises at least one template heart rate characteristic.

5. The method of claim 4 wherein the at least one template
heart rate characteristic is obtained by averaging scaled and
normalised heart rate characteristics of subjects in the train-
ing set who have been assessed by an expert assessor as
having a common state of mental health.

6. The method of claim 5 wherein the knowledge base
comprises a first template heart rate characteristic corre-
sponding with subjects in the training set who have been
assessed by the expert assessor as having a normal state of
mental health, and a second template heart rate characteristic
corresponding with subjects in the training set who have
been assessed by the expert assessor as having depression.
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7. The method of claim 2 wherein the knowledge base
comptises one or more data structures resulting from appli-
cation of a machine learning algorithm to metrics computed
by processing heartbeat records of the training set of sub-
jects.

8. The method of claim 7 wherein the knowledge base
comprises data structures representing one or more classi-
fication trees obtained by applying a decision tree learning
algorithm over the metrics computed by processing heart-
beat records of the training set of subjects.

9. The method of claim 8 wherein the decision tree
learning algorithm is applied to generate two classification
tree data structures, which are stored in the knowledge base,
and wherein:

a first classification tree data structure classifies metrics
computed from the heartbeat record of the subject into
‘normal’ or ‘not normal’; and

a second classification tree data structure classifies the
metrics computed from the heartbeat record of the
subject into ‘depressed’ and ‘not depressed’.

10. The method of claim 9 which comprises:

classifying the subject as ‘normal’ or ‘not normal’ by
executing the first classification tree; and

in the event that the subject is classified as ‘not normal’,
classifying the subject as ‘depressed’ or ‘not depressed’
by executing the second classification tree.

11. A computer-implemented system for assessing a men-

tal state of a subject, the system comprising:

at least one microprocessor;

at least one non-volatile storage device containing a
knowledge base comprising data obtained via expert
evaluation of a training set of subjects and embodying
a computational model of a relationship between men-
tal state and heart rate characteristics;

at least one computer-readable memory device opera-
tively associated with the microprocessor; and
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an input/output interface operatively associated with the
microprocessor,

wherein the memory device contains computer-execut-
able instruction code which, when executed via the
microprocessor, causes the microprocessor to effect a
method comprising steps of:

receiving, via the input/output interface, a heartbeat
record of the subject, which comprises a sequence of
heartbeat data samples obtained over a timespan
which includes a pre-sleep period, a sleep period
having a sleep onset time and a sleep conclusion
time, and a post-sleep period;

identifying, within the heartbeat record, at least the
sleep onset time and the sleep conclusion time;

using information in the knowledge base, applying the
computational model to compute at least one metric
associated with the mental state of the subject, and to
generate an indication of mental state based upon the
metric; and

providing, via the input/output interface, the indication
of the mental state of the subject.

12. The system of claim 11 wherein the heartbeat record
of the subject is obtained via a heart rate monitor device
worn by the subject during the timespan including the
pre-sleep period, the sleep period and the post-sleep period.

13. The system of claim 12 wherein the heartbeat monitor
comprises a communications interface configured for com-
munication with a network-connected device.

14. The system of claim 13 wherein the input/output
interface comprises a network interface providing access to
awide area network, and the heartbeat record is received via
the wide area network from the network-connected device of
the subject.
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