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Abstract.This study is motivated by the issue that arises when modelling the consistency of symptoms reporting by
individual patients during hypoglycaemic episodes. It is argued that any episode occurring within 24 hours from a
previous episode may reduce the intensity of subsequent hypoglycaemic episodes. Such episodes were excluded from
further consideration because they could potentially affect our model given that it is based on the patient’s inherent
propensity to report a given symptom and the intensity of that symptom in a given episode. The aim of this study is to
investigate the effect of adding data from episodes that occurred within 24 hours from their preceding episode. We
develop a permutation testing to investigate whether episodes’ intensity exhibits change that goes beyond random
variation when episodes are in temporal proximity. Further analysis consists of comparison between the two cases i.e.
excluding episodes within 24 hours and including those episodes with regards to their correlations between the
intensity of the episodes. The analysis shows that adding these new episodes does not have a significantimpact on the
intensity of episodes.

INTRODUCTION
In modelling the consistency of symptoms reported during hypoglycaemia episodes by individual patients, any
episode occurring within 24 hours from a previous episode was excluded from further consideration because it was
argued that it may reduce the intensity of subsequent hypoglycaemic episodes. Such episodes could potentially affect
our model given that it is based on the patient's inherent propensity to report a given symptom and the intensity of that
symptom in a given episode.
The aim of this study is to investigate the changes in the intensity of hypoglycaemic episodes occuring within 24
hours from previous episodes. We are interested to see what happens if these discarded episodes are included in future
analyses, as in real life patients would want to know whether their hypoglycaemic episodes occurring soon after a
previous episode are more likely to generate inconsistent symptoms.
Previous study has modelled the intra-individual consistency of symptoms reported in hypoglycaemic episodes
using a logistic-type latent variable model [1]. The model was later extended by Zulkafli et al. [2] where the authors
add the additional source of variation to the model.
If there is association between cases where there are no episodes occurring within 24 hours and cases when there
are episodes occurring within 24 hours, it is possible that episodes occurring soon after a previous episodes to generate

The 4th Innovation and Analytics Conference & Exhibition (IACE 2019)
AIP Conf. Proc. 2138, 030041-1–030041-7; https://doi.org/10.1063/1.5121078
Published by AIP Publishing. 978-0-7354-1881-3/$30.00

030041-1

inconsistent symptoms. 𝛽𝑖𝑘 is the latent variable that corresponds to the intensity of episode 𝑘 for patient 𝑖. The idea
is that if the posterior estimates of all . 𝛽𝑖𝑘 are arranged according to the date and time of the occurrence of the
corresponding episode, it should be able to calculate a total `intensity distance'; from episode 1 to episode 𝐾𝑖 . If the
arrangement of the episodes is then randomly permutated and the distance is calculated again, if there exists
association between the intensity of episodes within 24 hours and episodes not within 24 hours, the total intensity
distance will become longer. This is because with association, episodes that occurred within 24 hours from a preceding
episode may be considered to have big impact on the intensity; either reducing or increasing it.
To implement this idea, we make use of permutation testing. Permutation techniques were introduced by Edgington
[3] and Blair and Karniski [4]. Earlier practice of permutation test was given by Fisher in 1971. The study was about
the difference between two means of height of different plants [5]. In health science, permutation tests are increasingly
being used as a reliable method for evaluating differences between groups. For example, to test groups of patients
with idiopathic epilepsy [[6], to analyse brain image [7] and to analyse lung infection [8]. Segal et al. [9] also discussed
the application of permutation test to cancer genomic data.

DATA
Data used in this study was collected from 66 patients. Each of them were asked to fill in a form reporting each
symptoms they experienced in every hypoglycaemic episode. They also must provide the date and time of the episodes'
occurrence. There are 26 symptoms considered in this study and number of episodes varies between individual.

METHODOLOGY
The consistency model
The model used to model the consistency of symptoms reported by individual patients as proposed by Zammit et
al. (2011) [1] and Zulkafli et al. (2016) [2] is as follows:
𝑌𝑖𝑗𝑘 ~ 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖 (𝑝𝑖𝑗𝑘 )

(1)

for individual 𝑖 = 1, … , 𝐼, symptom 𝑗 = 1, … , 𝐽 and episode 𝑘 = 1, … , 𝐾𝑖 . 𝑌𝑖𝑗𝑘 is the indicator variable which takes
value 1 if subject 𝑖 reports symptom 𝑗 at episode 𝑘 and 0 if otherwise. 𝑝𝑖𝑗𝑘 is the probability of patient 𝑖 reporting
symptom 𝑗 at episode 𝑘.
Individual 𝑖 reports symptoms 𝑗 at episode 𝑘 whenever a threshold, 𝜏𝑖𝑗𝑘 is exceeded by 𝛼𝑖𝑗 𝛽𝑖𝑘 . 𝛼𝑖𝑗 represent the
propensity of symptoms 𝑗 for subject 𝑖 while 𝛽𝑖𝑘 correspond to the intensity of episode 𝑘 for individual 𝑖. The more
symptoms experienced in an episode the higher the intensity of that particular episode. The threshold, 𝜏𝑖𝑗𝑘 follows a
Log-normal distribution. Therefore,
𝜏𝑖𝑗𝑘 ~ 𝐿𝑁(0, 𝜎𝑖2 ).
𝑝𝑖𝑗𝑘 = Pr(𝜏𝑖𝑗𝑘 ≤ 𝛼𝑖𝑗 𝛽𝑖𝑘 )
log(𝛼𝑖𝑗 𝛽𝑖𝑘 )
= 𝛷(
),
𝜎𝑖

(2)
(3)

Where 𝛷(∙) is the cumulative distribution function of a standard normal variable. 𝜎𝑖 is the parameter which estimate
the symptom-reporting consistency of a patient.
The following non-informative prior distributions are assigned,
αij ~ 𝐺𝑎𝑚𝑚𝑎(θ, θ/𝑢𝑙 ) , 𝑙 = 1, . . . ,6
with
𝜃 ~ 𝐺𝑎𝑚𝑚𝑎(𝑎𝜃 , 𝑏𝜃 ),
𝑢𝑙 ~ 𝐺𝑎𝑚𝑚𝑎(1,1), 𝑙 = 1, … ,6.
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(4)

1
) , 𝑖 = 1, … ,66, 𝑗 = 1, … ,26, 𝑙 = 1, … 6
𝑢𝑙
𝛽𝑖𝑘 ~ 𝐺𝑎𝑚𝑚𝑎(1, 0.1), 𝑖 = 1, … ,66, 𝑘 = 1, … , 𝐾𝑖
𝜎𝑖2 ~ 𝐼𝑛𝑣 − 𝐺𝑎𝑚𝑚𝑎(1, 0.1), 𝑖 = 1, … ,66

𝛼𝑖𝑗 ~ 𝐺𝑎𝑚𝑚𝑎 (1,

(5)

Permutation testing
Permutation testing is used to test the association between possible episodes. The null hypothesis tested is that
there is no temporal association in the magnitude of 𝛽𝑖𝑘 for 𝑘 = 1, … , 𝐾𝑖 (i.e. the change in ik over successive episodes
is random), while the alternative is that there is such temporal association (i.e. that change in 𝛽𝑖𝑘 is greater than
random change). The consistency model is simulated for 2000 MCMC iterations with the first 1000 iterations
discarded as the burn-in. The observed distance, 𝐷𝑜𝑏𝑠 denotes the intensity distance calculated from the posterior
𝛽𝑖𝑘 estimates, whereas the distance calculated using the permuted 𝛽𝑖𝑘 is referred to as the replicated distance, 𝐷 𝑟𝑒𝑝 .
Figure 1 illustrates how the intensity distance is calculated. This plot shows the ordered episodes with their
corresponding posterior intensity estimate, 𝛽̃
𝑖𝑘 for patient 4063. The episodes are plotted based on the time gap
between them (in days). Black dots and lines refer to 𝛽4063,𝑘 before any permutation (Figure 1(a)), while the green
colour refers to 𝛽4063,𝑘 after permutation (Figure 1(b)). Episodes occurring within 24 hours from a previous episode
are plotted red. Consider the intensity distance, 𝑑𝑖𝑘 , between two successive episodes, 𝑘 − 1 and 𝑘, for patient 𝑖, with
corresponding intensities 𝛽𝑖,𝑘−1 and 𝛽𝑖𝑘 . If the two episodes are assumed to occur at times 𝑡𝑖,𝑘−1 and 𝑡𝑖,𝑘 respectively,
then the intensity distance between them is
̃ 2
𝑑𝑖𝑘 = √(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘−1 )2 + (𝛽̃
𝑖,𝑘 − 𝛽𝑖,𝑘−1 ) .

(6)

The total intensity distance for patient 𝑖 is given as
𝐷𝑖 = ∑𝑘 𝑑𝑖𝑘 , where 𝑑𝑖𝑘 is (6)

(7)

The algorithm is summarised as follows.
For patient 𝑖, at each 𝛾 = 1, … ,1000 iteration,
i.
ii.

𝑜𝑏𝑠
Compute the observed distance, 𝐷𝑖,𝛾
.
𝑟𝑒𝑝
̃
Permute the 𝛽𝑖𝑘 's 𝑛 times. Calculate the new replicated distance, 𝐷𝑖 each time.

Step ii is repeated for 𝑛 = 100 iterations, thus using the permutation of 𝛽𝑖𝑘 will generate a distribution of the test
statistic under the null hypothesis [1,10]. From each sampling distribution, we obtain a 𝑝-value, 𝜋𝛾 . Under the
alternative hypothesis, we expect large 𝐷𝑖 values, hence
𝑟𝑒𝑝

𝜋𝛾 =

𝑜𝑏𝑠
> 𝐷𝑖,𝛾
}
.
𝑟𝑒𝑝
number o𝑓 𝐷𝑖

number of {𝐷𝑖

(8)

Therefore, after 1000 iterations we can produce a histogram of 𝑝-value, 𝜋𝛾 , for every patient and observe any
evidence against the tested hypothesis.
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(a)

(b)

FIGURE 1. This graph plots the posterior estimates of intensity versus the time gap between episodes (in days) for patient 4063.
Red points refer to the episodes occurring within 24 hours from previous episode. Black plots and lines refer to 𝛽4063,𝑘 before
any permutation and the green colour refers to 𝛽4063,𝑘 after permutation.

Correlation between the intensity of episodes
The correlation between the intensity of episodes occurring within 24 hours is compared with the correlation of
episodes after episodes occurring within 24 hours are taken out. Correlation A, 𝑟𝐴 , refers to the correlation between
the intensity of episodes not containing any episode that occurred within 24 hours of the previous episode, while
correlation B, 𝑟𝐵 , is the correlation for pairs of episodes reported within 24 hours from their previous episodes. With
𝛽𝑖𝑘 providing the intensity parameter for each episode 𝑘 for patient 𝑖, the correlation coefficient, 𝑟, is calculated as:
𝑟𝑖 =

′
̅̅̅
̅′
∑𝑀
𝑘=1(𝛽𝑖𝑘 − 𝛽𝑖 )(𝛽𝑖𝑘 − 𝛽𝑖 )

(9)

̅̅̅ 2 ′
̅′ 2
√∑𝑀
𝑘=1(𝛽𝑖𝑘 − 𝛽𝑖 ) (𝛽𝑖𝑘 − 𝛽𝑖 )

where 𝑖 = 1, . . . , 𝐼 refers to patients and 𝑘 = 1, . . . , 𝑀 to pairs of episodes. Correlation A, 𝑟𝐴 , is defined as the
′
′
′
correlation for pairs (𝛽𝑖𝑘 , 𝛽𝑖𝑘
) such that 𝛽𝑖𝑘
is the episode following 𝛽𝑖𝑘 given that 𝛽𝑖𝑘
is not reported within 24 hours
′
′
of 𝛽𝑖𝑘 . To calculate correlation B, 𝑟𝐵 , the episodes are pair (𝛽𝑖𝑘 , 𝛽𝑖𝑘 ) such that 𝛽𝑖𝑘 is an episode that occurred within
𝑀
̅̅̅𝑖 = ∑𝑘=1(𝛽𝑖𝑘 ) denotes the mean of episodes' intensity for patient 𝑖, over the relevant
24 hours from episode 𝛽𝑖𝑘 . Also, 𝛽
𝑀
𝑀 pairs of episodes and similarly for 𝛽̅𝑖′ . The computation of 𝑟 is based on posterior estimates of 𝛽𝑖𝑘 obtained from
the MCMC estimation, and therefore estimates of the entire posterior distribution of 𝑟 are available.
This correlation measures how much two successive episodes are correlated and as usual will give values between
−1 and 1. Correlation equal to 1 implies the episodes have perfect positive linear relationship while −1 indicates that
the episodes have perfect negative linear relationship. Positive correlation between episodes means that if the first
episode has high intensity, the following episode will have high intensity too. Having negative correlation means that
if one episode has high intensity, the intensity of the following episode will diminish. If there is a very weak or no
correlation, 𝑟 ≈ 0, it implies that the intensity of each episode does not affect the intensity of the following episodes.
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RESULTS AND DISCUSSION
In this paper, histograms for three subjects resulted from the permutation testing were presented (Fig 2).
The distribution of 𝜋𝛾 displays a flat distribution which implies that patient intensities do not show any evidence
against the tested hypothesis. The null hypothesis will be rejected if we have very small 𝜋𝛾 , for example smaller than
0.05. Therefore, we are interested to see the proportion of 𝜋𝛾 less than 0.05, 𝑃𝑟(𝜋𝛾 < 0.05). Figure 3 plots the
𝑃𝑟(𝜋𝛾 < 0.05) versus the mean time between episodes for each patient. Patients with many episodes occurring within
24 hours are likely to have smaller mean time between their episodes. However, there is no specific pattern observed
from this plot. There are four subjects with high 𝑃𝑟(𝜋𝛾 < 0.05); 1057, 1008, 4045, and 5045. Histograms of 𝑝-values
for these four patients show stronger evidence against the null hypothesis than in Figure 2, as the plots exhibit higher
proportion of 𝑃𝑟(𝜋𝛾 < 0.05). Especially, patient 1057 has the highest 𝑃𝑟(𝜋𝛾 < 0.05) = 0.796. However, this
subject has no episodes within 24 hours and average mean time between episodes = 25.17. For patient 5045 the ratio
of episodes within 24 hours over all episodes is 0.13 and the average mean time between episodes is 4.03 days.
𝑃𝑟(𝜋𝛾 < 0.05) for this patient is 0.243. Subject 4045 has 1 episode occurring within 24 hours from a total of 36
episodes. The mean time between episodes is 17.53 days with 𝑃𝑟(𝜋𝛾 < 0.05) = 0.3180. Subject 1008 has mean time
between episodes of 3.23 days and 𝑃𝑟(𝜋𝛾 < 0.05) = 0.408. Patient 1057 has the highest 𝑃𝑟(𝜋𝛾 < 0.05); 0.7960.
This subject has no episodes within 24 hours and average mean time between episodes = 25.17.

(a) 2012
(b) 2013
(c) 2021
FIGURE 2. Histograms of 𝑝-values, 𝜋𝛾 , when testing the association between the intensity of episodes for Subjects
2012, 2013, and 2021.
To compare the two sets of correlations, plots of their 95% credible intervals corresponding to each patient were
produced. For presentation purposes, Figure 4 summarises the correlations for 31 subjects only. Note that the
remaining subjects give similar results. The presented intervals are equal tailed credible intervals. Looking at these
plots where credible intervals for correlation A, 𝑟𝐴 , and correlation B, 𝑟𝐵 , are presented by black and red lines
respectively, it is clear that most correlations have intervals including 0 meaning that the correlation between the
episodes is generally weak. More importantly, since the black and red lines are overlap it shows that there is no
considerable difference between the posterior distributions of 𝑟𝐴 and 𝑟𝐵 , i.e. between the correlation of episodes not
occurring within 24 hours, and the correlation of episodes occurring within 24 hours. We conclude that there is no
significant difference between those two cases in terms of the time gap between episodes. Only patient 2015 shows
some difference in correlation and this might be explained by the fact that this patient has a small number of episodes
occurring within 24 hours (seven episodes). We also note here that cases where a red credible interval is not present
in the graph, correspond to patients not having episodes occurring within 24 hours.
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FIGURE 3. Plot of the 𝑃𝑟(𝜋𝛾 < 0.05) versus the mean time between episodes for each patient.

FIGURE 4. Caterpillar plot showing the 95\% credible intervals of correlation between the intensity of episodes not
within 24 hours (black bars) and between the intensity of episodes within 24 hours (red bars) for patients 1008-3067.
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CONCLUSION
By assessing the correlation of the intensity of episodes between the two cases; including and excluding episodes
within 24 hours does not support the claim that there are any significant changes in intensity. Furthermore, the
permutation test conducted also concludes that the change in the posterior estimates of 𝛽𝑖𝑘 over successive episodes
is random, i.e. there is no significant difference in intensity between the two cases.
As a conclusion, we can argue that the intensity of episodes that occur within 24 hours is not systematically
different from the intensity of other episodes, and does not exhibit higher correlation either. Therefore, it is worth to
include those discarded episodes into future analyses. These findings may also update patient's knowledge that their
hypoglycaemic episodes occurring soon after a previous episode are not likely to generate inconsistent symptoms.
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