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Summary. We show how a non-autonomous dynamics approach using time-resolved
analyses of power spectra and phase coherence can help in the noninvasive diagno-
sis of malaria. The work is based on studying oscillations in blood flow and the
variability of the heart and respiratory frequencies. The model used assumes that
the heart and respiration are two oscillatory pumps with variable frequencies and
that the vascular resistance also changes in an oscillatory manner. Red blood cells
circulating through the system deliver oxygen to each cell. Malaria changes the red
blood cells so that this delivery is compromised. The oscillatory properties of both
pumps are also affected. We quantify the latter and compare three groups of sub-
jects: febrile malaria patients (37); non-febrile malaria patients (10); and healthy
controls (51). For each subject, time series of skin blood flow, respiratory effort,
cardiac activity (ECG) and skin temperature were recorded simultaneously over an
interval of 30 minutes. The oscillatory components within the range 0.005 — 2 Hz
were analysed and their degree of coordination throughout the cardiovascular system
was assessed by wavelet phase coherence analysis. It is shown that malaria, either
febrile or non-febrile, substantially reduces the coordination.

1 Introduction

Malaria is a life-threatening mosquito-borne disease [41], involving changes in the
dynamical properties of blood flow. There are still more than 200 million cases of
malaria annually, resulting in 600,000 deaths. The disease is treatable when arrested
soon enough, so early diagnosis is highly desirable. Despite the development of non-
invasive alternatives [22], the current gold standards in malaria diagnosis are still
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antigen-based rapid diagnostic tests (RDTs) and the microscopic examination of
blood films by a trained microscopist. Results vary widely in diagnostic sensitivity
and specificity.

To our knowledge, malaria-related impairment of cardiovascular oscillation has
not been investigated. To try to understand such effects, and to assess their po-
tential for detecting malaria, the present study involves simultaneous monitoring of
blood flow, skin temperature, respiration and electrocardiography. The time series
are analysed using wavelet-based methods to establish, not only the intensity of
oscillatory processes involved in cardiovascular regulation, but also their degree of
coordination which, as we will see, is adversely affected by malaria.

Physiological oscillations and their potential for characterising car-
diovascular dynamics in malaria. Measurements of blood flow and oxygenation
in human subjects reveal several co-existing oscillatory processes, covering a very
wide range of frequencies. Use of the continuous wavelet transform reveals at least
six such processes [34, 36]; with the same oscillations being seen at different sites
and for different measured quantities, not only in blood flow and oxygenation. Their
physiological attribution has been established. Briefly: hemodynamic oscillations
near 1 Hz (frequency interval FI-I) and 0.25 Hz (FI-II) are due to cardiac and respi-
ratory activity respectively; the oscillation near 0.1 Hz (FI-III) is attributable to the
natural properties of smooth muscle which oscillates at about 0.1 Hz even in wvitro;
that near 0.03 Hz (FI-IV) is neurogenic, associated with autonomic nervous activity;
and those near 0.01 Hz (FI-V) and 0.007 Hz (FI-VI) arise [23] from NO-related and
NO-independent endothelial activities respectively. The underlying physiological os-
cillatory processes suggested the introduction of a coupled-oscillator model of the
cardiovascular system [36,37,39]. Understanding the nature of these oscillations in
healthy subjects allows their sometimes distinctive differences in pathological states
to be identified. This approach has not yet been applied to malaria, however, even
though the disease may be expected to cause significant changes in microvascular
dynamics.

Possible effects of malaria on the oscillations in blood flow. The in-
creased stiffness of the membrane of an infected erythrocyte (red blood cell, or
RBC) [19], and its tendency to stick to the endothelial cells lining all the blood
vessels, cause infected cells to pass less easily through the capillaries. The cell also
changes shape, and its ability to transport/release oxygen is compromised. Conse-
quently, the viscosity, flow properties, and oxygenation of blood are all changed by
malaria in ways that do not occur in other diseases. Hemodynamics is altered [18]
on account of the spatial distribution of erythrocytes [33] and merozoites, and it
is reasonable to infer that endothelial reactivity is affected too. Erythrocytes are
an important factor determining the hemorheological properties of blood its cor-
responding shear-thinning and increased shear stress at walls [46]. We therefore
hypothesise that the oscillatory properties and their degree of coherence between
different parts of the system will be altered in malaria. Blood flow takes place in
a thermodynamically open system, and therefore the oscillations are time-varying.
Time series analysis methods for non-autonomous dynamics [8,9]must therefore be
employed.
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Table 1. Anthropometric data for the subjects, presenting their: ages; body mass
index (BMI); skin temperature (ST); core temperature (CT); instantaneous heart
rate (IHR); instantaneous respiration rate (IRR); systolic blood pressure (SBP);
diastolic blood pressure (DBP); and blood packed cell volume (PCV). Median values
and their ranges (25th and 75th percentiles) are shown, with significant differences
(p < 0.05) highlighted in grey. pl, p2 and p3 are values obtained from the sign rank

test for FM-NFM, FM-NM and NFM-NM comparisons respectively.

FM NFM NM pl p2 p3
(n=37) (n=10) (n=252)

Age (years)  20(18-25) 23(20-27) 22(20-24) 0.08 0.169 0.382

BMI (kg/m?) 19.8 20 21.1 0.53 0.058 0.6
18.1-21.8  19.5-21.5  19.1-22

ST (°C) 38.2 35.5 35.9 2x107¢ 107° 0.514
37.6-38.9  35.1-36.4 35.7-36.1

CT (°C) 38.9 37.80 36.15 107° 2x107° 7x107°
38.2-39.2 37.6-38.0 35.9-36.5

IHR (Hz) 1.72 1.36 1.14 0.002 0.00009  0.00009
1.53-1.85 1.28-1.55 1.02-1.26

IRR (Hz) 0.44 0.35 0.33 0.02 3x10~7 0.325
0.37-0.49  0.32-0.45 0.30-0.37

SBP (mm Hg) 112 113 124 0.79 0.039 0.07
106-125  106-118  110-128

DBP (mm Hg) 63 73 77 0.03 0.00014 0.45
57-70 68-80 69-82

PCV (%) 42 44 44 1 0.02 0.17
40-43 41-45 42-47

2 Materials and Methods

Here we summarise salient features of the measurements and data analysis, which
are described in fuller detail by Abdulhameed [1]. The anthropomorphic data for
the subjects used in the study are listed in Table 1.

2.1 Subjects and plan of the study

Consecutive adult male patients presenting to Murtala Mohammed Special-
ist Hospital, Kano, Nigeria with acute ailments and fever during August—
November 2017 were evaluated by taking clinical history and examination.
Blood samples for tests were collected from patients considered likely to
have malaria for subsequent malarial smear microscopy, rapid diagnostic tests
(RDT), haematocrit level and for haemoglobin genotype. These tests were
conducted later but the physical data acquisition was conducted immediately
in a cool and quiet place as detailed in subsection 2.2 on patients considered
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likely to have malaria. Where the results of the medical tests subsequently
confirmed presence of malaria, absence of anaemia (low haematocrit) and
AA genotype, patients were retained in the study and categorized as febrile
malaria (FM) (37) or non-febrile malaria (NFM) (10). The results of 20 pa-
tients who did not fit the criteria were discarded, regardless of malarial status,
because anaemia and or abnormal haemoglobin genotype are known to affect
blood flow dynamics and RBC morphology and consequently the physical pa-
rameters being studied. A control group of 51 healthy non-malaria (NM) male
subjects was also recruited.

For all subjects, the inclusion criteria included: (i) informed consent for
participation in the study, under a protocol approved by the Ethical Commit-
tees of both the Kano State Ministry of Health, Nigeria and Bayero University
Kano, Nigeria; (ii) absence of overt alternative/superadded cause of febrile ill-
ness; (iii) absence of significant co-morbidity/complications known to affect
the test, e.g. hypertension or peripheral vascular disease; (iv) absence of sickle
cell anaemia in a blood group genotype test; and (v) having the AA genotype
blood group.

For the FM and NFM groups, additional inclusion criteria were: (vi) pres-
ence of malarial parasites in blood film microscopy; and (vii) a positive malar-
ial Rapid Diagnostic Test (RDT). The difference in the inclusion criteria for
febrile malaria and non-febrile malaria group was body temperature. Malaria
patients presenting with a core temperature above 38.0°C were defined as FM,
while those with lower temperatures were defined as NFM.

For the NM group, the additional inclusion criteria were: (vi) no acute
febrile illness (temperature < 36.0°C); (vii) absence of malarial parasites in
blood film microscopy; and (viii) a negative malarial RDT.

In the FM group, 30% of the patients had taken antimalarial and an-
tipyretic drugs before presenting; 40% had taken antipyretic drugs only, and
30% had not taken any drugs. In the NFM group, all patients had taken
antimalarial and/or antipyretic drugs for at most 3 days.

2.2 Data acquisition

The measurements were all made between 09:00 and 18:00 in a quiet air-
conditioned room, with a controlled ambient temperature and constant low
illumination.

Microvascular blood flow was recorded by laser-Doppler flowmetry (LDF),
which provided a continuous measurement of the microcirculation in the skin,
thus reflecting the perfusion in the capillaries, arterioles, venules and der-
mal vascular plexus. The instrument (moorLAB, Moor Instruments Ltd, UK)
used in the present study transmits a near-IR laser light from a temperature-
stabilized laser diode operating at a wavelength of 780 nm and with a maxi-
mum power of 2.5 mW into the skin through an MP1-V2 probe (Moor Instru-
ments Ltd, UK), which has two optical fibres. A time constant of 0.1 s was
selected and the LDF processor bandwidth was between 18 Hz and 22.5 KHz.
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A flexible probe holder (PH1-V2, Moor Instruments Ltd., UK) was attached
to the skin surface on the outer side of each ankle (lateral malleolus) using
double-sided adhesive discs. One fibre delivers light to the site under observa-
tion, while the backscattered (reflected) light is collected by the other fibre.
The light reflected back from moving RBCs is Doppler-shifted in frequency
by an amount related to the blood flow in the illuminated volume of tissue,
the frequency shift being proportional to red cell speed, while the frequency
of the light reflected from stationary cells and tissue remains unchanged [29].
The difference between incident light and the Doppler-shifted back-scattered
light yields the LDF signal, known as the blood perfusion signal. The LDF
output is semi-quantitative and is expressed in perfusion units (PU) of output
voltage (typically 1 PU = 10 mV) [29]. The sampling frequency was 40 Hz.

An electrocardiogram (ECG) was used to record the electrical activity of
the heart with a sampling frequency of 1kHz. The ECG was measured using
a bipolar precordial lead. The electrodes were attached on both shoulders and
the lowest left rib, as this maximizes the sharpness of the R-peak.

The respiration was measured using an elasticated belt fastened across the
chest and fitted with a Biopac TSD201 Respiratory Effort Transducer (Biopac
Systems Inc., CA, USA).

Skin temperature was monitored using two high-sensitivity, low-heat-
capacity thermistors — YSI 709B Thermilinear sensors (YSI Inc, Yellow
Springs, OH, USA) of 8.5 mm diameter, which were taped onto the skin. The
thermistors were positioned outside the left ankles, over the lateral malleolus,
close to the LDF probes.

The individual time series were recorded simultaneously using a signal
conditioning system (Cardiosignals, Institute Jozef Stefan, Slovenia) over an
interval of 30 minutes.

Blood pressure was measured prior to the initiation of signal acquisition. A
Digital Automatic Blood Pressure Monitor (Omron, M10-IT) was used, with
a cuff wrapped on the subjects’ upper right arm while they were seated. The
subject then moved to a supine position on a comfortable bed, where the nec-
essary sensors were installed. In this way, subjects relaxed in a supine position
for 15-20 min of acclimatisation, prior to the recordings. The equipment was
either battery supplied or connected to the electrical supply via a mains filter.

3 Analysis of cardiovascular time series

Prior to analysis, time-series were inspected in order to detect any apparent
anomalies, e.g. movement artefacts or rhythmic patterns clearly different from
the blood flow oscillations of interest. Most often, these effects stemmed from
methodological or physiological factors including poor electrode placement or
poor contact due e.g. to dry skin. Time series that were demonstrably defective
were discarded.
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3.1 Spectral analysis

Traditionally, representations of time series in the frequency domain are ob-
tained with the fast Fourier transform, which constitutes a periodic function
in terms of sines and cosines. This makes it suitable for analysing time series
whose components are strictly periodic in nature, but it is unsuitable for LDF
blood flow signals whose spectral content is inherently non-periodic. Although
the limitations of the Fourier transform can partially be addressed by dividing
the time series into shorter time-windows within which there is not much time
variation, a better way forward is by the use of wavelet analysis [38] which,
by using an adaptive window length that simultaneously analyses time series
at each moment in time, provides both optimal frequency resolution and time
localisation (8, 14].

Wavelet analysis is a scale-independent method comprising an adaptive
window length allowing low frequencies to be analysed using longer wavelets,
and higher frequencies with shorter wavelets. The continuous wavelet trans-
form W(s,t) of a signal f(t) is defined as

-1/2 < o(u—t
Wa(s,t) = Is] v () f)du, e
o s
where s is the scaling factor, ¢ is the temporal position on the signal, and the
wavelet function is built by scaling and translating a chosen mother wavelet v
which, in this study, was chosen to be the complex Morlet wavelet, equation
(2), because it maximizes joint time-localisation and frequency-resolution [38]

w) = L 67iwgu 767(4)[]2/2 €7u2/2 9
¥(u) \/7;( ) : (2)

3.2 Extracting the instantaneous heart frequency

The instantaneous heart rate (IHR) was extracted from the data using both
time-frequency and time domain analysis techniques [16]. The methods used
included nonlinear mode decomposition (NMD) [17], a technique that decom-
poses a signal into a set of components, or modes. Using NMD, the instanta-
neous frequency of the heart beat was extracted from the wavelet transform
of the ECG, thus yielding the IHR. The IHR was also derived from the LDF
signals using the same technique. Note that in the literature [15,26] IHR is
often referred to as HRV and, occasionally, as THF.

3.3 Wavelet phase coherence

While waves can be coherent in space, oscillations can be coherent in time.
Quite generally, correlation properties between physical quantities, whether
at a single or several oscillation frequencies, can be studied by investigating
their coherence in time. If we observe oscillations at the same frequency in two
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different time series and find that the difference between their instantaneous
phases ¢1,, and ¢oy,, is constant, then the oscillations are said to be coher-
ent at that frequency [3,5,32]. A phenomenon closely related to coherence is
that of phase synchronization [13,20,28,30]. While oscillations can be coherent
without necessarily being directly coupled, the existence of coupling is funda-
mental for synchronization [8]. For example, if we have an n:m relationship
between the frequencies of two signals, this implies that there are n oscillation
cycles in one time series per m cycles of the other time series: 1:1 phase syn-
chronization may equally be considered as phase coherent oscillations. Thus
phase coherence can be used directly to investigate 1:1 synchronization be-
tween two signals, such as the blood flow and oxygen saturation signals used in
the present study. The wavelet phase coherence (WPC) ~(f) between the two
signals f1(t) and fo(t) is estimated from their respective wavelet transforms
as obtained in equation (1), i.e. Wy, ,(t, f) [38] as

v(f) =

1 T .
T/ o ArglWay (s )W, (,0)] gy 3)
0

where T is the duration of the signal. This equation reflects the extent to which
the phases ¢1,, and ¢or,, of both signals at each time ¢, and frequency f
are entirely correlated. Unlike the usual coherence measures, wavelet phase
coherence takes no account of the amplitude dynamics of the signals. This is
appropriate because (i) the amplitudes of most physiological signals are sub-
ject to artefacts and noise, and (ii) the relationships between the amplitudes
of common physiological oscillations can be complicated and nonlinear. In all
cases, however, the relationship between their phases remains the same (up
to a constant phase shift). Their relative phase difference is thus calculated as

Apn = G2km —Priom - (4)

The phase coherence function Cy( fx) is obtained by calculating and averaging
in time the components of the sine and cosine of the phase differences for the
whole signal, effectively defining the time-averaged WPC as

Cy(fr) = V/(cos Adgn)? + (sin Agyn)2. (5)

The idea behind equation (3) is that, while we are considering individual times
and frequencies, these come from a discrete set (since all the signals in the
present study are discrete and finite-time), and so the subscripts k and n just
reflect this discreteness. The phase coherence function Cy(fx) as defined in
equation (5) is exactly the discrete version of the phase coherence formula
equation (3), where ¢ is the phase difference between the signals in question.

The function Cy(fx) characterises the tendency of A¢y, to remain con-
stant, or not, at a certain frequency. Its value lies between 1 implying perfect
coherence, and 0 implying total incoherence.
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Effective (or significant) coherence

Note that the coherence computed in the first instance does not necessar-
ily reflect a genuine phase relationship and requires careful evaluation. The
problem arises because some of the coherence values obtained can be less
than zero (although formally coherence values range between 0 and 1). These
negative coherence values are then subtracted. Following this procedure, the
very low frequency oscillations may appear to have a coherence values close
to 1, because of bias resulting from the use of recordings that are too short to
encompass the content at low frequencies.

Even in the case of two noisy signals, there is a tendency for there to
be some apparent coherence in the sense that Cy(fx) rarely approaches 0
at very low frequencies. The degree of apparent phase coherence depends on
frequency. So the coherence baseline will not be the same for all scales. The
low-frequency components, particularly for signals of finite length (like ours)
are evaluated using fewer periods than for the higher frequency components
[5]. The result can be an artificially increased coherence ~ 1 even where, in
reality, the dynamics of the signals are completely unrelated.

To minimise random effects giving rise to apparent (but spurious) coher-
ence, whether at low or high frequency, we checked/tested the significance of
the computed coherence using the method of surrogates [24,31] — by setting
as a null hypothesis that, for all frequencies, the phases in the signals are in-
dependent. We used iterative amplitude-adjusted Fourier transform (TAAFT)
surrogates to estimate the significance level of the apparent coherence, thereby
avoiding the bias associated with the power spectrum of the more commonly
used amplitude-adjusted Fourier transform (AAFT) surrogates. First, the
TAAFT surrogates are constructed by randomizing all the properties of the
signals in question, whilst keeping only the phases unshuffled. Subsequently,
this is accomplished in an iterative fashion, simply by using the appropriate
value and re-scaling the distribution to substitute Fourier amplitudes, which
allows us to obtain resemblance between the distributions and power spectra
of the surrogates and the original signals. At each frequency we took the co-
herence threshold to be 95% of the highest value of 100 random realisations
of TAAFT surrogates.

Finally, the effective/significant coherence was estimated by subtracting
the 95th percentile of the 100 surrogate values, thus yielding the extent to
which the phases of the two signals at each frequency are correlated.

Statistical analysis

Non-parametric statistical tests were used, implying that no assumptions were
being made about any underlying distributions, thus allowing robust conclu-
sions to be drawn. The Wilcoxon rank sum test [43] was used to test for possi-
bly significant differences between blood flow and other signals measured from
malarial and control subjects, respectively, as the corresponding time-series
do not match. The Wilcoxon rank sum test is used to determine whether two
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unmatched samples come from similar distributions, whilst the sign rank test
requires that the samples are matched. In all cases, p < 0.05 was considered
as being statistically significant.

4 Results

4.1 Effect of malaria on blood pressure, respiration frequency, and
skin temperature

As summarised in Table 1, the FM group differed from the NM group in
all parameters, including skin and core temperatures, heart and respiratory
rates, systolic and diastolic blood pressures, and blood packed cell volume.
The NFM group, on the other hand, differed in some parameters but not in
all. FM differed from NFM in all parameters except SBP and PCV. NFM
differed from NM only in core temperature and THR.

4.2 Detecting oscillations using time-frequency analysis

The signals were transformed to the time-frequency domain by wavelet anal-
ysis with a Morlet wavelet of fy = 1.5 Hz, using custom Matlab codes. The
time-averaged power was then calculated and normalised in each case. Note
that, even where the time-averaged values of two signals are the same, com-
putation of their wavelet transforms can often reveal statistically significant
differences. A similar scenario was observed in the subsequent analysis of
cardiovascular dynamics in malaria and non-malarial states in some of the
characteristic frequency intervals. The differences observed in power spectra
between malaria states and non-malaria were further investigated in order to
ascertain whether they could be used to distinguish between groups. To test
the reliability of these parameters, machine learning algorithms were used to
classify them between the FM, NFM and NM states. Whilst the evaluation
of absolute wavelet spectra power is promising, it does not in itself reveal
a sufficient difference in oscillatory energy, when compared between groups.
Difficulties are often faced when characterizing and comparing oscillations in
specific frequency intervals, on account of global differences in the spectral
power between groups. All the wavelet power spectra were therefore normal-
ized by dividing by their total powers; comparisons of the normalised power
could then be made between groups at each of the characteristic frequencies
within 0.005-2 Hz. However, we present both blood flow and instantaneous
heart frequency in terms of their absolute power.

Spectral power in blood perfusion fluctuations

The normalized time-averaged wavelet powers of left (BF1) and right (BF2)
blood flow oscillations for the three groups shown in Figure 1.
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Fig. 1. Normalised wavelet power: (a)-(f) Normalised time-averaged wavelet power
of left (first column) and right (second column) ankle blood flow for each group.
Significant differences (p < 0.05)in pair comparisons are highlighted in brown. The
frequency intervals FI-1... FI-VI on the abscissae of the lower panel are specified
in Sec. 1. The upper and lower limits of each box represent the 75" and 25"
percentiles, respectively; the line between these is the median value. The FM group
is represented in red, NFM in gold, and NM in blue.

For the left ankle and right ankle blood flows, febrile malaria had signif-
icantly lower normalized power than NM in the 0.07-0.1 Hz and 0.8-1.4 Hz
frequencies associated with the myogenic and cardiac activities respectively,
and a significantly higher normalized power than NM in 0.13-0.16 Hz, the
neurogenic and NO-dependent endothelial frequency intervals. A major shift
was seen in the cardiac oscillatory peak between febrile malaria and non-
malaria groups, with that of the febrile malaria and non-malaria found at
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~1.83 Hz, ~1.02 Hz in the left ankle blood flow and at ~1.8 Hz, ~1.04 Hz
in the right ankle blood flow respectively (Figure 1 (a)-(b)). As was the case
for febrile malaria group, the cardiac peak frequency was slightly higher in
non-febrile malaria (found at ~1.44 Hz, ~1.45 Hz in left ankle blood and
right ankle blood flow respectively) than non-malaria. In a similar pattern to
that of febrile malaria, non-febrile malaria exhibits a lower normalized power
in the 0.07-0.1 Hz but was not statistically significant, and a higher normal-
ized power around the neurogenic and NO-dependent endothelial frequency
intervals all of which are statistically significant except at ~0.02 Hz in left
ankle blood flow and 0.14-0.16 Hz in right ankle blood flow, when compared
to non-malaria (Figure 1(c)-(d)).

Comparisons of the normalized power between FM and NFM revealed
differences in the cardiac interval, with the difference being significant only in
right ankle blood flow — noting that the frequencies of their cardiac peaks also
differ. At frequencies (0.04-0.05 Hz) within the neurogenic interval, NFM was
found to exhibit a higher normalized power although this was only statistically
significant in the right ankle blood flow (Figure 1(e)-(f) ).

The box-plots in Figure 1 compare the normalised power spectral com-
ponent of the LDF blood flows within the intervals investigated for different
groups. The FM group was found to have lower cardiac oscillations than ei-
ther the NFM or NM groups in blood flow recorded from the right ankle,
and a similar significant difference in febrile malaria was observed in the left
ankle blood flow cardiac band power only for the FM-NM comparison. For
the respiratory interval, no significant difference was found between groups
in left ankle blood flow, but respiratory normalized power in the right ankle
blood flow significantly increased in non-febrile malaria only when compared
with non-malaria. In contrast, values of the myogenic band power in the left
ankle blood flow are less widely separated; yet they are significantly lower in
febrile and non-febrile malaria groups for the FM-NM and NFM-NM compar-
isons, although no such significant differences were found in the right ankle
blood flow. Comparisons between FM and NM revealed striking differences
in the neurogenic and NO-dependent endothelial intervals, with their band
powers being markedly increased in FM patients. No significant differences
were found during the same comparisons for normalized band power within
the NO-independent endothelial interval.

Spectral power in instantaneous heart frequency fluctuations

The THF analysis results are summarised in Figure 2 (lower panel). Fluctua-
tions in the IHF signal (derived from the ECG) in the frequency intervals asso-
ciated with myogenic (FI-IIT), nitric oxide-dependent endothelial activity (FI-
V) and nitric oxide-independent endothelial activity (FI-VI) (p = 0.000006, p
=0.003 and p =0.003), respectively decreased significantly in febrile malaria
compared to NM (Figure 2), although the spectral power around 0.021 Hz
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Fig. 2. Comparisons of normalised time-averaged wavelet power of the IHF ex-
tracted from ECG recordings. Each curve is obtained as a median over all subjects.
(a) Febrile malaria (FM) compared with non-malaria (NM). (b) Non-febrile malaria
(NFM) compared with non-malaria (NM). (¢) FM compared with NFM. Red shading
indicates the range between 25" and 75" percentiles in FM, blue shading indicates
the range between 25" and 75" percentiles in NM, gold shading indicates the range
between 25", and 75" percentiles in NFM, and brown shading indicates significant
(p<0.05) differences between the FM - NM and NFM - NM comparisons. The lower
panel divides the results into the six characteristic frequency intervals. The upper
and lower limits of each box represent the 75" and 25" percentiles, respectively;
the line between these is the median value. *p < 0.05, **p < 0.001. The FM group
is represented in red, NFM in gold, and NM in blue. The FI-II to FI-VI frequency
intervals are specified in Sec. 1.

tended to be lower for FM (Figure 2(a)). But in the FI-II frequency inter-
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val associated with respiratory activity, FM exhibited a significantly higher
normalised spectral power (p = 0.0001) compared to NM (Figure 2), similar
findings was evident in the IHF absolute power (although not shown here).
In a similar manner, the power of the IHF oscillations of the NFM group was
significantly higher (p = 0.004) within the FI-II respiratory frequency interval
when compared to NM, but markedly lower in the frequency intervals associ-
ated with myogenic (FI-III), neurogenic (FI-IV) and NO-related endothelial
activity (FI-V) (p =0.017 and p =0.018 respectively). No significant differ-
ence was observed in any of the frequency intervals of IHF normalised spectral
power in the FM and NFM comparison.

Coherence between fluctuations in THF in left and right ankles

Figure 3 presents the averaged coherence between IHF1 and THF2, show-
ing that there is significant coherence in the oscillations reflecting respiratory
(IT), myogenic (IIT), neurogenic (IV) and NO-independent endothelial activity
(VI), but most pronounced in the NM group, whilst within the high frequen-
cies (> 0.1 Hz) the coherence is diminished in NFM and extremely small in
FM (Figure 3(a)). The coherence in frequency intervals II, III, IV, V and VI
is significantly smaller in FM (p = 0.000000, p = 0.00000, p = 0.0000000 |,
p = 0.000000 and p = 0.00000004, respectively) and NFM (p = 0.0008, p =
0.0005, p = 0.0038, p = 0.0021 and p = 0.0068, respectively) when compared
to the NM group. In the FM-NFM comparison, however, the coherence did
not differ significantly in any frequency interval.

5 Non-invasive diagnosis of malaria

Detection and classification between malaria and non-malaria.

We have found that there is a set of attributes that identifies malaria effi-
ciently, arguably providing the basis of a dynamical biomarker for malaria:

e The area under the curve showing phase coherence between the instan-
taneous heart frequencies (extracted from the left/right ankle LDF blood
flow signals, i.e. IHF1-THF2) in the 0.005-1 Hz frequency interval < 0.0254.

e The area under the curve showing phase coherence between the blood flow
signals in the 0.6-1.6 Hz frequency interval < 0.2013.

e The area under the curve showing phase coherence between respiration
and the instantaneous heart frequency in 0.145-1 Hz frequency interval
extracted from the ECG < 0.0245.

Combining these characteristic attributes and using five classification algo-
rithm from Waikato Environment for Knowledge Analysis (WEKA): J48,
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Fig. 3. Effective phase coherence: Wavelet phase coherence (minus surrogate thresh-
olds) between IHF derived from left ankle blood flow and IHF extracted from right
ankle blood flow, mean over groups, where (a) indicates comparisons between groups:
the first column is the FM-NM, with NFM-NM (second column) and FM-NFM
(third column). Red, blue and gold shading indicates respectively the ranges be-
tween the 25" and 75" percentiles for the FM, NM, and NFM groups; brown shad-
ing indicates significant (p<0.05) differences between groups. (b) Box-plots showing
coherence between the ITHF signals within the frequency intervals FI-IT to FI-VI (see
Sec. 1). *p<0.05, **p<0.005.

LMT, Random forest, Bagging and boosting-AdaBoos results in a high predic-
tive performance with a classification accuracy (i.e. instances correctly classi-
fied) of 83%, 82%, 84%, 85% and 89% respectively in discriminating between
FM, NFM and NM, based on the available training data (with the correspond-
ing confusion matrix expressed in percentages in Table 2. The determining step
of the diagnostic test involves detecting whether the markers are below the
normal values of 0.0254, 0.2013, 0.0245 respectively for each of the markers.

Table 2. Confusion matrix, giving both the numbers and likelihoods of correct and
incorrect classifications, using a Boosting algorithm.

Classified state
Febrile malaria Non-febrile malaria Non-malaria

92% 3% 5% Febrile malaria

50% 40% 10% Non-febrile malaria

4% 0 96% Non-malaria
Correctly Classified Instances 87 88.7755 %
Incorrectly Classified Instances 11 11.2245 %

Total Number of Instances 98
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6 Discussion

Uncomplicated malaria presents with acute periodic episodes of fever, chills,
rigors, sweating and headache. These episodes reflect infection of the RBCs by
the malarial organism, its subsequent multiplication within RBCs. and later
bursting of RBCs to release more organisms into blood. This cyclical process
coincides with the episodes of fever. In addition the blood platelets are often
affected and reduced, and abnormal adhesion of RBCs to the microvasculature
results. Combined with changes in plasma, these changes lead to clogging of
the microvasculature, with resulting low oxygen tension in surrounding tissues.
The underlying mechanisms and pathologic processes described are unique
and highly characteristic of malaria. It is probable that the physical findings
observed from the study are equally specific to malaria, thereby providing an
avenue for non-invasive diagnosis of malaria in the future.

Based on the hypotheses proposed above, clear distinctions have been
demonstrated in the cardiovascular dynamics of subjects with febrile malaria,
non-febrile malaria and healthy non-malaria, contributing to an understand-
ing of the physiological processes occurring within the microvasculature in
malaria. Furthermore, a diagnostic test has been developed based on record-
ings of LDF, respiration and ECG. Analyses by wavelet phase coherence and
nonlinear mode decomposition enable malaria and non-malaria to be differen-
tiated with 88 % accuracy, as classified by machine learning algorithms, based
on the training data presented. Note that, we use “malaria” to describe both
the febrile and non-febrile malaria patients, while “controls” or “non-malaria”
are healthy subject without malaria.

As demonstrated in earlier studies on malarial microvascular function
[18, 19, 45], it was observed that febrile malaria resulted in a significantly
increased respiratory rate and instantaneous heart frequency, compared to
healthy subjects. Skin temperature was significantly higher in malaria. Skin
temperature is believed to be a determining factor of respiratory rate, and of
heart rate [10]. This increase in instantaneous heart frequency alongside skin
temperature in malarial subjects may perhaps result in a mixture of vasodi-
lation, resulting in hypovolaemia, and high metabolic rate due to pyrexia. It
is worth noting that a significant increase in skin temperature also leads to
more vasodilation, and lowers diastolic and systolic blood pressure as observed
in the malaria patients. This decrease in blood pressures of malarial patients
demonstrates significant effects of the disease on both the heart’s pumping
function and the systemic resistance. The striking reduction in the diastolic
pressure may perhaps be associated with the tachycardia observed in malaria.

Hematological examination showed a decrease of PCV in malaria. This is
probably due to the compromised red blood cell deformation, and ineffective
erythropoiesis within malarial vasculature [2,42]. In terms of cardiovascular
dynamics, malaria resulted in significantly reduced blood flow spectral power
in the frequency interval associated with cardiac and myogenic activity. This
effect is probably associated with the compromised delivery of oxygen and
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nutrients observed in malaria [4,7]. Furthermore, the lactic acidosis in the
malarial state is exacerbated by inadequate removal of metabolic waste prod-
ucts, resulting from increased production of lactic acid by the parasites as well
as reduced clearance by the liver [11].

It has also been reported that many treatments fail due to the reduced
oxygen delivery in malaria, resulting in metabolic acidosis (through stimula-
tion by cytokines), leading in turn to respiratory distress [40]. Significantly
higher normalised spectral power was observed in the blood flow frequency
intervals related to neurogenic (IV) and NO-dependent endothelial (V) ac-
tivity in febrile malaria, compared to healthy non-malaria (Figure 1(a),(b)).
However, no such effects were found in the same frequency intervals for non-
febrile malaria. This might imply that these physiological processes are not
markedly affected in non-febrile malaria due the absence of fever.

Coherence provides additional insight into the changes that occur with
malaria in the modulation of the heart rate by the respiratory frequency. The
significant attenuation of cardiac interval coherence between THF (derived
from the ECG) and breathing in malaria implies an impairment in respira-
tory sinus arrhythmia (RSA), given that the high frequency component in
IHF reflects the influence of breathing on the heart rate [12,21,44], an infer-
ence that is supported by an additional finding: significantly decreased blood
flow coherence in the frequency interval associated with cardiac activity. In
addition, the results may also signify destruction of both the sympathetic and
parasympathetic modulations that critically influence the oscillations in heart
beat intervals. These modulations are widely known to contribute to the os-
cillatory components manifesting in THF [6,25,27,35]. Hence this finding may
perhaps explain the alteration we observed in the power spectra of skin blood
flow cardiac oscillations.

As mentioned above in the introduction, there are drawbacks associated
with existing methods for assessing and diagnosing malaria. These have made
the quest for real-time techniques for noninvasive malaria diagnosis an active
area of research. Based on our findings, a cut-off was established in line with
differences in cardiovascular dynamics between malarias and healthy non-
malaria, with a classification accuracy of 88 % (Table 2). Early cases of non-
febrile malaria, where subjects had started taking antimalarial or antipyretic
drugs, were also considered as malaria in this study, due to its similarity to
febrile malaria in terms of blood properties: the cytoadherence and microvas-
culature characteristics, including the increased stiffness of the membrane of
an infected erythrocytes and their abnormal tendency to stick to endothelial
cells lining the blood vessels. Consistent with this similarity, no significant dif-
ferences were found in mean blood flow recorded from the extremities of the
body, or in respiratory rate, between febrile malaria and non-febrile malaria. In
addition, there was no significant difference in the blood flow or IHF dynamics
in any of the six frequency intervals between febrile and non-febrile malaria.
On the contrary, febrile malaria and non-febrile malaria differed mainly in
terms of their mean skin temperature and THF.
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In summary, this study demonstrated changes in both the average values
and oscillatory components of cardiovascular dynamics in malaria, in com-
parison with healthy non-malaria subjects, providing a better understanding
of the cardiovascular physiology of malaria. A diagnostic cut-off for the early
distinction between malaria and non-malaria is presented, based on differ-
ences observed in both IHF, blood flow and IHF dynamics, extracted through
wavelet based analysis and nonlinear mode decomposition. Whilst this ap-
proach looks promising, as it has potential for identifying malaria noninva-
sively within a short period of time, future studies are needed to compare the
physical findings in malaria with those in other febrile infections.
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