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Abstract
Meniere’s disease (MD) is a condition of the inner ear with symptoms affecting both vestibular and hearing functions. Some 
patients with MD experience vestibular drop attacks (VDAs), which are violent falls caused by spurious vestibular signals 
from the utricle and/or saccule. Recent surgical work has shown that patients who experience VDAs also show disrupted 
utricular otolithic membranes. The objective of this study is to determine if otolithic membrane damage alone is sufficient to 
induce spurious vestibular signals, thus potentially eliciting VDAs and the vestibular dysfunction seen in patients with MD. 
We use a previously developed numerical model to describe the nonlinear dynamics of an array of active, elastically coupled 
hair cells. We then reduce the coupling strength of a selected region of the membrane to model the effects of tissue damage. 
As we reduce the coupling strength, we observe large and abrupt spikes in hair bundle position. As bundle displacements from  
the equilibrium position have been shown to lead to depolarization of the hair-cell soma and hence trigger neural activity, 
this spontaneous activity could elicit false detection of a vestibular signal. The results of this numerical model suggest that 
otolithic membrane damage alone may be sufficient to induce VDAs and the vestibular dysfunction seen in patients with 
MD. Future experimental work is needed to confirm these results in vitro.

Keywords Meniere’s disease · Vestibular drop attacks · Amplitude death · Nonlinear dynamics · Vestibular function

Introduction

Meniere’s disease (MD) is a condition of the inner ear affect-
ing both vestibular and hearing functions. MD occurs in 17 
people out of 100,000, and adequate treatment options are 
scarce. In some cases, clinicians resort to gentamicin profu-
sions, vestibular neurectomies, or even labyrinthectomies 
to reduce or eliminate vestibular activity [1]. MD can cause 
episodic vertigo, hearing loss, tinnitus, and excessive pres-
sure in the inner ear, with symptoms occurring either uni-
laterally or bilaterally [1]. In rare cases, patients affected 
by MD can suffer from vestibular drop attacks (VDAs), 
which are characterized by a sudden, forceful loss of bal-
ance. The cause of vestibular drop attacks is currently 

unknown. However, recent work by Calzada has suggested 
that the presence of VDAs among patients with MD can be 
attributed to damage of the otolithic membrane tissue in the 
utricle and/or saccule [2]. Calzada found that all patients 
who experience VDAs show disrupted utricular otolithic 
membranes. Additionally, Calzada showed that the average 
thickness of the utricular otolithic membrane in patients 
with MD is 11.45 μm, while in normal tissue, the mean 
thickness is 38 μm. Patients often report multiple vestibular 
drop attacks, with the resulting falls occurring in the same 
direction each time, suggesting a spurious vestibular signal. 
Meniere’s disease is highly correlated with endolymphatic 
hydrops. However, the two conditions are clinically distinct 
from each other, and the mechanisms causing MD are cur-
rently unknown [3].

The utricle and saccule rely on hair cells to detect linear 
accelerations. These specialized sensory cells are named 
after the rodlike stereovilli that protrude from their apical 
surface. The stereovilli are collectively named the hair bun-
dle, which pivots in response to acceleration. This deflection 
of the hair bundle modulates the tension in the tip links that 
connect adjacent rows of stereovilli and controls the gating 
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of mechanotransduction channels embedded in the tips of 
the stereovilli. Therefore, hair cells transduce the mechani-
cal energy of acceleration into electrical energy in the form 
of ionic currents into the cell [4–6]. The response of the 
inner-ear hair cells to incoming signals has been shown to 
be highly nonlinear, in a compressive manner, allowing them 
to exhibit a broad dynamic range [7]. Furthermore, hair cells 
produce active amplification, enhancing weak signals and 
thus endowing auditory and vestibular systems with high 
sensitivity [8].

Hair-cell bundles of certain species have been shown to 
exhibit innate motility in the absence of stimulus [9, 10]. In 
the amphibian sacculus, these spontaneous oscillations have 
amplitudes significantly larger than the motion induced by 
thermal fluctuations in the surrounding fluid. These innate 
oscillations have been shown to be active, powered by an 
energy-consuming process [11]. While they have been pro-
posed to assist in the amplification of weak signals, or pos-
sibly underlie the generation of otoacoustic emissions by the 
inner ear, the presence or role of these spontaneous oscilla-
tions in vivo is currently unknown. Experiments performed 
in vitro on the amphibian sacculus, however, have shown 
that these active oscillations are suppressed by the presence 
of the overlying otolithic membrane [12]. In healthy tissue, 
the otolithic membrane connects to the tops of the hair bun-
dles and provides mechanical coupling between them [13, 
14]. This inter-cell coupling is sufficiently strong to suppress 
the innate motility of individual bundles, poising the full 
coupled system in the quiescent regime. Only after diges-
tion and careful removal of this membrane have spontane-
ous hair bundle oscillations been observed. In this study, 
we explore the possibility that MD results from degraded or 
missing otolithic membrane tissue in the utricle or saccule. 
Specifically, we hypothesize that locally degraded coupling 
between hair cells can lead to the sudden onset of spontane-
ous oscillations in a subset of bundles, leading to a spurious 
signal that may cause VDAs and the vestibular dysfunction 
seen in patients with MD.

We use a previously developed numerical model to 
describe the nonlinear dynamics of an array of active hair 
cells. We introduce elastic coupling between nearest and next-
nearest neighbors on the grid, representing the mechanical 
connection between cells imposed by the otolithic membrane 
tissue. We introduce heterogeneity in the selection of the 
model parameters to produce spatially random dispersion in 
the characteristic frequencies of the hair cells, approximat-
ing that of the saccule. This frequency dispersion suppresses 
the autonomous motion of the hair bundles, resulting in a 
quiescent system. We then reduce the coupling strength of 
a selected region of the membrane to model the effects of 
tissue damage. In order to compare the results of our simu-
lations to empirical data, we base our parameter selections 

on those obtained from the bullfrog sacculus. This is due to 
the sacculus having yielded the most extensive experimental 
measurements that are applicable to our model. Our choice 
of model species does not limit the results of our model as 
we are exploring the general phenomenon of how localized 
changes in coupling affect the dynamics of the system. The 
dynamics of coupled nonlinear oscillators examined in our 
model is applicable to the mammalian vestibular system as 
we have avoided any extraneous terms which are not nec-
essary to reproduce the dynamics of hair cells coupled by 
the otolithic membrane. We explore the dynamics for several 
levels of tissue damage and find that large, abrupt spikes in 
hair bundle position emerge, with larger and more frequent 
spikes occurring for increasing levels of tissue damage. These 
spikes in bundle position correspond to large spikes in the 
opening probability of the transduction channels, which 
would hence elicit significant neural activity [15]. We, there-
fore, propose that aspects of the vestibular dysfunction attrib-
uted to Meniere’s disease arise from degradation in the oto-
lithic membrane tissue, which reduces the coupling strength 
imposed by the membrane, resulting in large, abrupt spikes 
in the positions of the hair bundles.

Methods

To explore the impact of Meniere’s disease in a numerical 
simulation, we model the sacculus as a system of coupled non-
linear oscillators. The mechanical motility of individual hair 
bundles is described using previously established biophysical 
models, which have been shown to reproduce a broad set of 
experimental results [16, 17]. We model the coupled system 
as a 15 by 15 grid of hair cells, with each cell connected to its 
nearest and next-nearest neighbors (Fig. 1). To simulate local-
ized damage to the otolithic membrane, we impose varying 
levels of reduction in the coupling coefficient, Kd , within the 
damaged region (shown in blue in Fig. 1). Empirical meas-
urements of the extent by which coupling is reduced upon 
OM damage are not known. We thus vary the reduction in 
coupling such that it does not exceed an order of magnitude, 
an estimate likely to be conservative given the surgical findings 
[2]. Furthermore, coupling coefficients in healthy tissue have 
been based on work by Ji et al. [18]. Outside of the damaged 
region, the coupling constants, K , are held constant to repre-
sent healthy otolithic membrane tissue. The coupling mediated 
by viscous forces is very weak when compared to the elastic 
coupling and is thus neglected in this study [13, 14].

The equations of motion for the bundles of each indi-
vidual hair cell are as follows:

(1)
�

a0[i, j]

dX

dt
= −Kgs

(

X − Xa − DPo

)

− KspX + FK + �
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X represents the position of the hair bundle, Xa  repre-
sents the position of the myosin motor, and C represents 
the Ca2+ concentration at the myosin motor binding site. 
� and �a represent damping coefficients for the hair bundle 
and myosin motor, respectively. The hair bundle is subject 
to forces from the gating spring and the stereociliary pivots, 
which have characteristic stiffnesses Kgs and Ksp , respec-
tively. D represents the elongation of the gating spring 
caused by the transduction channel opening. At stall, the 
motors produce an average force of �Nafp , where f  is the 
force of an individual motor, p is the probability that a motor 
is bound to an actin filament, Na represents the number of 
motors within a hair bundle, and � is a dimensionless param-
eter that represents the geometrical gain from stereociliary 
shear. � represents the time constant of calcium feedback, 
while C0 and CM represent the minimum and maximum cal-
cium concentrations at the motor, respectively.

Experimental studies of hair bundle motion have estab-
lished that there is only one axis along which deflection 

(2)

�a

a0[i, j]

dXa

dt
= Kgs

(

X − Xa − DPo

)

− �Naf
[

i, j
]

p(C)

+ Kes

(

Xa + Xes

)

+ �a

(3)
�

a0[i, j]

dC

dt
= C0 − C + CMPo + �c

results in changes in the channel opening probability. Fur-
thermore, the active process operant in hair-bundle motion 
likewise acts along the same axis of sensitivity [10]. Hence, 
hair bundles in the model are restricted to one-dimensional 
motion along the x-axis, as defined in Fig. 1. Furthermore, 
apart from the striola, hair bundles in a given area of the 
sacculus point in approximately similar directions. The 
small variation in the angles would merely result in differ-
ent projections along the mean axis of oscillation and hence 
is accounted for by variation in the amplitude of oscillation.

Each hair bundle’s transduction channel is viewed as hav-
ing two states, open or closed, with open probability,

where  A = exp([ΔG + (KgsD
2)∕(2N)]∕(kbT)) , and � = Nk

b
T

∕(K
gs
D) . ΔG represents the intrinsic energy change upon 

channel opening, and kb is the Boltzmann constant.
The force generated by a single myosin motor is given by 

f [i, j] = fmax[i, j]∕(NaPo) , where each element of fmax[i, j] 
is randomly sampled from a uniform distribution ranging 
from 87 to 352 pN. The unitless feedback parameter, S, 
and the maximal force fmax define the dynamic state of the 
hair bundle, poising it in the oscillatory, bistable, or qui-
escent regime, or near a bifurcation between the different 
regions. Using this model, prior studies have established a 
full state diagram and defined the boundaries delineating 
these regions. Two specific points were identified within 
the diagram: the point at which a bundle would exhibit the 
greatest sensitivity, as well as a point that best describes the 
experimentally determined state; both points reside within 
the oscillatory region of the state diagram [17].

We modify the model of Nadrowski et al. to include 
an additional term in the equation of motion for the myo-
sin motors. The term was introduced in prior literature to 
describe the experimental observation that myosin-mediated 
adaptation is not complete [10, 19]. This effect is represented 
by an additional elastic spring, which opposes adaptation. 
Kes represents the coefficient of this extent spring, and Xes

describes the position of the spring relative to the myosin 
motors [20]. The extent spring has been included, as it was 
shown crucial in describing the effects of mechanical offset 
on the dynamics of the bundle. In a prior study, we showed 
that mechanical offset strongly impacts the hair cell motility 
[12]. In numerical models, this could only be reproduced 
with the inclusion of the extent spring [20].

To mimic the natural variation of hair bundle states in a 
sacculus, we vary the parameters in the numerical model of 
each oscillator, thus leading to a dispersion in their innate 
frequencies (Fig. 2). Furthermore, the selection of param-
eters leads to a variation in the dynamic state exhibited by 
each bundle. As an approximation of this dispersion, we 
assume that they are all poised in the oscillatory state and 

(4)Po =
1

1+Ae
−
X−Xa

�

Fig. 1  Grid of 15 × 15 coupled hair bundles, each represented by a cir-
cle. The black lines represent springs with coupling constant, K , and 
blue lines represent springs with coupling constant K

d
 , which are var-

ied to simulate damage to the membrane. Colored circles represent the 
bundles used to compare the dynamics of bundles under normal cou-
pling conditions to those with a damaged membrane. The black circle 
represents the bundle in the damaged region that will be examined
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sample the position of each bundle uniformly along the line 
segment described as follows. The probability that myosin 
motors are bound to actin is given by p(C) = p0 + p1[i, j]C . 
p0 is fixed to 0.2, and each p1 value is sampled in such a 
manner that the dimensionless feedback parameter S is lin-
early related to  fmax (S = −CMp1∕p0) ; this choice allows 
us to sample a region of the state space in which oscillatory 
hair bundles have been shown to reside. This sampling of 

the phase space and the inclusion of frequency dispersion 
renders any changes in the state diagram due to the introduc-
tion of the extent spring negligible for modeling experimen-
tal measurements of hair bundle motion. We have obtained 
similar results when poising all of the oscillators in regions 
of the oscillatory region closer to the Hopf bifurcation.

Prior experimental studies have shown that hair cells 
of an amphibian sacculus show a random distribution of 
innate oscillation frequencies. We assume a comparable 
distribution in our model and assign each hair cell a char-
acteristic a0 , randomly selected from a normal distribution 
of mean 1.5 and standard deviation 0.25. These a0 values 
ensure that the frequency distribution of uncoupled hair 
bundles in our model matches the measured frequency 
distribution of spontaneous oscillations in the bullfrog 
sacculus [21]. The frequency dispersion applied in this 
numerical model is shown in Fig. 2. This dispersion has 
been selected to match the frequency distribution of spon-
taneously oscillating hair cells in the bullfrog sacculus, as 
measured with high-speed video [21]. Each hair bundle 
thus has its own individual values of a0, S , and fmax that 
remain fixed for the duration of each trial. The bundles’ 
frequencies and their locations in the state space are varied 
independently of each other to reflect the different sources 
of variation observed in experimental measurements.

Each equation is subject to white Gaussian noise, with 
zero mean and correlation functions as follows:

Fig. 2  Frequency distribution of 15 × 15 uncoupled hair bundles. The 
a0, S and  f

max
 values were randomly selected for each hair bundle

Table 1  Parameters of the 
numerical model. K and d are 
taken from [16]. Values for 
K
es

 and X
es

 are taken from [20], 
and all other parameters are 
taken from [17]

Constant Value Description

λ 2.8 *  10−6 Ns/m Friction coefficient of hair bundle
λa 10 *  10−6 Ns/m Friction coefficient of adaptation motors
Kgs 750 *  10−6 N/m Combined gating spring stiffness
Ksp 600 *  10−6 N/m Combined stiffness of stereociliary pivots and load
Kes 140 *  10−6 N/m Stiffness of extent spring
Xes 20 *  10−9 m Resting deflection of extent spring
dgs 8.7 *  10−9 m Gating-spring elongation on channel opening
γ 0.14 Geometrical gain of stereociliary shear motion
τ 0.1 *  10−3 s Time constant of calcium feedback
τc 1 *  10−3 s Dwell time of transduction channels
C0 0 M Intracellular  Ca2 + concentration with closed channels (theoretical 

approximation to 100 nM, the lowest observed intracellular 
concentrations)

N 50 Number of stereocillia
Na 3000 Number of motors in the hair bundle
kb 1.38 *  10−23 J/K Boltzmann constant
T 300 K Temperature
ΔG 4.14 *  10−20 J Gibbs free energy for MET channel opening
Ta 1.5 * T Effective temperature for noise strength of motor position
D dgs/γ Displacement due to gating spring
CMax 250 *  10−3 M Maximum calcium concentration at motor
d 50 *  10−6 m Distance between hair bundles
K 0.0014 N/m Combined stiffness of the membrane, hair bundles, and filaments
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where the angle brackets denote the time average and � 
represents the Dirac delta function. T  and Ta represent the 
temperature of the system and the effective temperature of 
the motors. �C represents the dwell time of the transduction 
channels. The force exerted on each bundle due to coupling 
to nearest and next-nearest neighbors is given by

(5)< 𝜂(t)𝜂
(

t
�)

>= 2kbT𝜆𝛿(t − t
�

)

(6)< 𝜂a(t)𝜂a
(

t
�)

>= 2kbTa𝜆a𝛿(t − t
�

)

(7)< 𝛿c(t)𝛿c
(

t
�)

>= 2C2

M
N−1Po(1 − Po)𝜏C𝛿(t − t

�

)

(8)Fk

�

Kv

�

= Kv(1 −
L0

√

(ΔX + kd)2 + (ld)2
)(ΔX + kd)

where ΔX is the difference in the positions of the two bun-
dles connected by the coupling spring, and  L0 =

√

(k2+l
2
)d

2 . 
d is the distance between nearest neighbors, while k and l are 
integers that represent the relative position between bundles 
on the grid. k is the row of the first bundle minus the row of 
the second, and l is the column of the first bundle minus the 
column of the second. This notation accounts for the fact 
that nearest neighbors are closer together than next-nearest 
neighbors [16].

Kv = K in healthy tissue, and Kv = Kd in damaged tis-
sue, as shown in Fig. 1. We vary Kd  in order to explore 
the dynamics of the coupled system for different degrees of 
damage to the otolithic membrane tissue. The coupled dif-
ferential equations were solved numerically using a fourth-
order Runge–Kutta method with time steps of 20 μs. We 
note that the original model contains offsets in X, Xa , and C ; 

Fig. 3  a–d Traces of bundle posi-
tion with K

d
= K,K∕5,K∕10 , 

and K∕15 , respectively. The 
colors of each trace represent the 
colored bundles in Fig. 1. The 
black bundle resides in damaged 
tissue, while the rest reside in 
healthy tissue. Arbitrary offsets 
have been added to the traces for 
clarity. e–h Zoomed in plots of 
the black traces in a–d 
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as these offsets reflect an arbitrary choice of a zero point and 
do not affect the bundle dynamics, we have elected to retain 
them in our adaptation of this model [16]. Parameter values 
were adopted from Nadrowski et al. and Julicher et al. and 
can be found in Table 1 [16, 17]. Source code for running 
these simulations can be found on GitHub [22].

Results

When autonomous oscillators with significant frequency 
dispersion are strongly coupled, the oscillations may 
become suppressed through a phenomenon known as 
amplitude death. It has previously been proposed that 
this mechanism is responsible for quenching the sponta-
neous hair-bundle oscillations in the sacculus, an organ 
which possesses both strong coupling and significant fre-
quency dispersion [23]. Experimental studies have further 
shown that the presence of a healthy otolithic membrane 
suppresses innate oscillations exhibited by uncoupled 
hair bundles. Our model exhibits amplitude death when 
Kv = Kd = K   for all oscillators, describing a properly 

functioning sacculus. However, as the coupling coef-
ficient decreases, the suppression weakens, and bundles 
begin to exhibit spontaneous activity with amplitudes sig-
nificantly greater than those induced by the thermal noise 
alone (Fig. 3d, h). These spikes in amplitude increase in 
both magnitude and frequency with reduction of coupling, 
which models increasing levels of damage to the tissue 
(Fig. 3a–h).

We present these statistics in histograms, which display 
long tails in the negative direction (Fig. 4b–d), becoming more 
skewed with increasing level of damage relative to the control 
when there is no membrane damage (Fig. 4a). These drastic 
spikes in bundle positions from equilibrium have been shown 
to translate into a change in the opening probability of the 
transduction channels, which in turn leads to depolarization of 
the hair cell soma that triggers afferent neural activity (Fig. 5) 
[4–6]. This increase in the MET channel opening probability 
with increasing levels of damage can be seen as a right shift of 
the peaks of the histograms shown in Fig. 6a–d. These results 
suggest that lowered coupling strength due to otolithic mem-
brane damage, degradation, or absence may lead to the vestibu-
lar dysfunction described by Meniere’s disease.

Fig. 4  a–d Histograms of position 
of a bundle under damaged con-
ditions for K

d
= K,K∕5,K∕10 , 

and K∕15 , respectively. The 
traces used to generate these 
histograms are plotted in black 
in Fig. 3. Each histogram was 
produced using a trace from a 
simulation of 500,000 timesteps 
representing 10 s

112



Vestibular Drop Attacks and Meniere’s Disease as Results of Otoli...

1 3

Discussion

Our numerical simulations show that as the coupling 
strength imposed by the otolithic membrane decreases, 
hair bundles exhibit abrupt spikes and even intermittent 
oscillations in their position. This spontaneous activity 
translates to large fluctuations in the open probability of 
the transduction channels. Prior work has shown that chan-
nel opening leads to depolarization of the hair cell soma 
and could result in spurious signal detection by the afferent 
neurons. These results agree with the surgical observation 
that vestibular drop attacks are correlated with significant 
damage and degradation of the otolithic membrane in 
patients with Meniere’s disease. Additionally, our findings 
explain why the absence of a functioning gene for otogelin, 
an inner-ear structural protein that attaches the otolithic 
membrane to the underlying tissue, can lead to MD [24, 
25]. When functional otogelin proteins are not available, 
the otolithic membrane is not securely attached to the 
neuroepithelia and, in some cases, completely detaches. 
Hence, the extant literature indicates that reduction or 

elimination of innate coupling between hair cells underlies 
a number of symptoms associated with MD.

It has previously been proposed that the vestibular dys-
function associated with Meniere’s disease may result 
from the altered fluid dynamics imposed by endolymphatic 
hydrops [1, 3]. While both effects may be present in patients 
suffering from MD, in this study, we focus on a theoretical 
description of how these symptoms can arise purely from 
the degradation of the otolithic membrane tissue without the 
need for forces caused by endolymphatic hydrops. We use 
a simple numerical model that has previously been devel-
oped to describe the active, nonlinear dynamics of hair cells. 
Although this model was originally proposed to describe the 
spontaneous oscillations of saccular hair-cell bundles in the 
bullfrog, the finding that reduced coupling can lead to spon-
taneous spikes in hair bundle position is very general. Any 
inter-connected active system in which coupling between the 
nonlinear elements leads to quiescence can exhibit sudden 
motion when localized damage removes the quenching of 
active motility. This has been well studied mathematically 
but has not been widely applied to the study of Meniere’s 

Fig. 5  a–d MET channel open 
probability under damaged con-
ditions for K

d
= K,K∕5,K∕10 , 

and K∕15 , respectively. The 
traces used to generate these 
plots are plotted in black in 
Fig. 3. Open probabilities are 
calculated using Eq. 4

a b

c d
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disease. Furthermore, while the specific mechanisms are dif-
ferent across species, the fundamental dynamics of hair cells 
used in this model are the transduction mechanism combined 
with an adaptation process. This can be readily generalized 
to apply across species. We propose therefore that the results 
of this model are general and applicable to the mammalian 
vestibular system. We hence show a possible mechanism 
by which degradation of coupling can lead to spurious ves-
tibular signals.

Future work entails using animal models to test for this 
mechanism of spurious detection in groups of active hair 
cells. The hair-cell bundles can be coupled with artificial 
membranes of different size, thickness, and properties of the 
material, to explore the dynamics of various coupled active 
systems. Alternatively, semi-intact preparations can be used, 
in which the otolithic membrane is left attached to the hair 
bundle tips, and one can impose various degrees of damage 
to the tissue through mechanical stress or chemical digestion 
of the membrane, thus mimicking the MD symptoms in vitro. 

Future computational work entails exploring the effects of 
various shapes, sizes, and levels of heterogeneity of the dam-
aged region to determine if this model can encompass the 
full range of observed phenomena associated with the MD.

Conclusions

The results of our numerical simulations suggest that dam-
age to the otolithic membrane of the utricle and/or saccule 
may be sufficient to induce vestibular drop attacks and the 
vestibular dysfunction seen in patients with Meniere’s dis-
ease. These observations agree with prior work showing that 
patients with damaged/dysfunctional otolithic membranes 
in the utricle and/or saccule often develop MD, and some 
experience VDAs. Future experimental work is needed to 
confirm these results in vitro, and future computational work 
is needed to determine if the effects of reduced coupling can 
explain other aspects of Meniere’s disease.

Fig. 6  a–d Histograms of 
MET channel open probability 
under damaged conditions for 
K
d
= K,K∕5,K∕10 and K∕15 , 

respectively. The traces used to 
generate these plots are plotted 
in Fig. 5

a b

c d
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Data Availability The relevant code is available on GitHub per refer-
ence 25.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.
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