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Abstract. In this paper, we aim to investigate strong herb-herb interactions in
TCM for effective treatment of insomnia. Given that extraction of herb interac-
tions is quite similar to gene epistasis study due to non-linear interactions
among their study factors, we propose to apply Multifactor Dimensionality Re-
duction (MDR) that has shown useful in discovering hidden interaction patterns
in biomedical domains. However, MDR suffers from high computational over-
head incurred in its exhaustive enumeration of factors combinations in its proc-
essing. To address this drawback, we introduce a two-stage analytical approach
which first uses hierarchical core sub-network analysis to pre-select the subset
of herbs that have high probability in participating in herb-herb interactions,
which is followed by applying MDR to detect strong attribute interactions in the
pre-selected subset. Experimental evaluation confirms that this approach is able
to detect effective high order herb-herb interaction models in high dimensional
TCM insomnia dataset that also has high predictive accuracies.

Keywords: Multifactor Dimensionality Reduction, Features Selection, Tradi-
tional Chinese Medicine, Insomnia, Network Analysis, Herb Interactions.

1 Introduction

Insomnia is a “nightmare” to many people. It refers to the poor quality of sleep or
insufficient sleep duration; it can lead to adverse daytime consequences. Studies have
shown that rates of insomnia with associated daytime dysfunction in attendees of gen-
eral medical practices are high in both the western countries [1] and Asia region [2-4].
It is also common in many different morbid conditions [5] and it could be a risk factor
to other diseases, such as depression and anxiety and further studies also find that there
are genetic link between insomnia and depression/anxiety [6]. Therefore, insomnia is a
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popular, important and vital disorder that needs to be addressed. However, the treat-
ment of insomnia still remains particularly challenging for clinicians because of the
lack of guidelines and the small number of studies conducted in patient populations
with behavioural and pharmacologic therapies [7]. In the world especially in Asian
region, a significant proportion of patients with insomnia consume herbal hypnotics
regularly [8, 9]. Also alternative therapies, herbal products and other agents with seda-
tive hypnotic effects are being increasingly sought after by the general population in
the world [10-12].

Traditional Chinese medicine (TCM) has a long history and has been accepted as
one of the main medical approaches in China [13]. It has also been successfully applied
to the treatment of insomnia. Some of these well-known Chinese formulae include
Baixia Tang [14], Suan Zaoren Tang [15] and Wendan Tang [16]. There are clinical
studies have shown that the TCM herbal treatment for insomnia is effective [17, 18].
Since a classical TCM formula may be modified according to individual patient, it is
necessary to find the common and true effective herb patterns (e.g. herb combinations)
that actually facilitate the insomnia treatment. Herb prescription (also named formula
in TCM field) is one of the main TCM therapies for various disease treatments. A
specific formula constitutes of multiple herbs with appropriate dosages. Therefore,
when huge number of clinical encounters occurred, they could generate large-scale
formulae in the clinical practice. The herb combination patterns used in the herb pre-
scriptions are both theoretically focused and important for effective TCM treatment. It
would be significant to find the effective herb combination patterns; we called them
strong herb-herb interactions, from the large-scale clinical data of herb prescriptions.

We propose in this paper a two-stage analytical procedure by which (1) the subset of
herbs that have a high probability in participating in herb-herb interactions is pre-
selected using hierarchical core network analysis (HCNA) method [19], and (2) the set
of pre-selected herbs will constitute the input into multifactor dimensionality reduction
(MDR) [20] to detect attribute interactions of order even up to 9, 10. The benefits of
our approach are two-fold. First, it overcomes the computational bottleneck in applying
MDR to detect attribute interactions of a higher order such as 9, 10, against a high
dimensional dataset such as those appearing in TCM. Second, by combining the analy-
sis of the hierarchical core sub-network and the result of MDR, "core" attribute interac-
tions that would otherwise be unable to reveal due to the flat nature of the output of
MDR can be made known.

2 Methods

2.1 Two-Step Approach

To study interaction, MDR has been demonstrated to be an effective tool to iden-
tify/understand the gene-gene and gene-environment epistasis [21]. It is based on the
general idea of attribute induction in data mining research to discover possible non-
linear interactions among genes. However, using MDR, it is still time-consuming in
analyzing high-dimensionality dataset to discover higher order interactions using ex-
haustive search method. One way to address this drawback would be to reduce the
dimensionality of the dataset prior to the analysis using MDR.
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In TCM clinical datasets such as the insomnia that we are studying in this paper, the
dimensionality is often high, above 100 dimensions (in our case, we have 261 dimen-
sions). Also, the TCM physicians often prescribe formulae with 10-20 herbs. This
means that the higher order interaction may exist in the prescriptions. We need to run
over 4-5 months to perform such analysis (9 variable model with 261 dimensions) to
get the best models on HP Proliant ML350 server with Intel Xeon(R) CPU (2.33GHz)
and 8GB Memory.

Although MDR is the method of choice for detecting higher order interactions
(i.e., beyond main effects and pairwise interaction) among herb-herb combinations in
the analysis of the insomnia dataset (or in general, TCM dataset), the high dimen-
sionality of the dataset makes it prohibitive to analyze beyond 4-5 attributes interac-
tion. On the other hand, our recent result [19, 22] on analyzing common herb pairs
frequently appearing in regular TCM herb prescriptions using HCNA confirmed that
there often exists a core herb network, which comprises a subset of herbs appearing
in prescriptions treating the disease concerned in the dataset. Herbs that appear in
this core sub-network are expected to have a high probability of participating in
herb-herb interactions.

MDR is a still a time consuming approach to find the combination patterns with
outcomes. The high dimensionality of herbs (e.g. several hundreds) and the lengthy
resulting pattern (e.g. more than ten herbs) of herb combination are still hurdles to
apply this tool. Since HCNA can generate the important herb combinations, which are
mostly smaller than the dimensionality of the whole herbs dataset, we propose to use
HCNA as a filter before MDR analysis.

In order to minimize the computational overhead to extract the strong herb-herb in-
teractions, the high dimensionality of herbs in the original prescriptions is first reduced
by a hierarchical core sub-network. This analysis can generate a subset of important
herbs (20-30 herbs), which is substantially smaller than the original dimensionality.
The result from this extraction step will then serve as input to the MDR software in the
next step, which can report a list of strong interacting herbs combination. Hence, in our
proposal, it is a two-stage algorithm that uses HCNA to pre-select the important herbs
and uses MDR to find the strong herb-herb interactions. Figure 1 is the system over-
view of this data mining process.

2.2 Hierarchical Core Sub-network Analysis

Social network analysis (or complex network analysis) has penetrated to various scien-
tific fields, especially the biology and medical sciences [23]. Scale-free network is one
of the distinguished characteristics of complex networks [24], and of which the degree
distribution follows as the power law. This further implies that there are nodes that
serve as hubs in a large-scale scale-free network. We have shown that from the related
work on TCM herb network, the weight distribution of the herb network follows the
power law. This indicates that there are common herb pairs frequently used in the
regular TCM herb prescriptions. We have developed a complex network analysis sys-
tem to model and analyze TCM clinical data [25]. A hierarchical core sub-network
analysis method is deployed to retrieve the multi-level core herb combination patterns
for insomnia treatment.
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Fig. 1. System overview

The basic formula is usually modified to accommodate individual differences. The
main modifications make up of a core herb combination structures with hierarchical
levels. In our HCNA, the hierarchical core herb combination structures are discovered
based on degree distribution feature of scale-free network. The value of o is assigned
near the power law exponent of node weight distribution in herb combination network.
The number of hierarchical levels can be manually controlled by researchers. Usually
the core sub-networks with 2-4 hierarchical levels will be clinical significant and easily
be interpreted. We set the default value of the number of hierarchical levels as 3 to
extract the three levels of core herb combination sub-networks.

2.3 Multifactor Dimensionality Reduction (MDR)

MDR [20, 21] has 7 steps and was initially designed to detect and to interpret gene-
gene interactions. It utilizes information theory for selecting interesting single nucleo-
tide polymorphisms (SNPs). It is a constructive induction approach to collapse high-
dimensional genetic data into a single dimension.

3 Data Set

A clinical data warehouse was developed [22] to integrate and to manage large-scale
real-world TCM clinical data. This data warehouse consists of structured electronic
medical record from all TCM clinical encounters, including both inpatient and outpa-
tient encounters. There are about 20,000 outpatient encounters of the TCM expert
physicians. These encounters included clinical prescriptions for the treatment of vari-
ous diseases, in which insomnia is a frequently treated disorder.

We have selected and labeled 460 insomnia outpatient encounters. The outcome of
each encounter was annotated by TCM clinical experts who went through the changes
of the insomnia-related variables over consecutive consultation; these include the sleep
time per day, sleep quality and difficulty in falling asleep. The outcomes are then clas-
sified into two categories: good and bad. When a treatment was effective, which means
that if the patient recovered completely or partly from insomnia in the next encounter,
then the prescription of the current encounter would be categorized as ‘good’; other-
wise, the herb prescription would be categorized as ‘bad’.
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After labeling these 460 outpatient encounters, there are 68 encounters with bad
outcomes in this dataset; in other words, it is an imbalanced dataset to the advantage
of the target class. The average good outcome rate (GOR) of the whole data set is
392/460=85.21%. There are 261 distinct herbs in the dataset and there are on average
14 herbs in a formula. The insomnia data set is then transformed into the formats for
hierarchical core sub-network analysis as well as for MDR methods. In the trans-
formed dataset for MDR analysis, the value of a herb variable is set to ‘1’ if the cur-
rent encounter includes the corresponding herb, else it is set as ‘0’. Also, the value of
outcome variable is set to ‘1’ for good outcome and ‘0’ for bad outcome.

4 Results

4.1 Extraction of the Hierarchical Core Herbs

We use the 460 herb prescriptions to construct a herb network with the herbs as nodes
and the herb combinations as edges. The result herb network has 8,335 edges. Using
the complex network analysis system [25], the HCNA method was applied to extract
the top three level core sub-networks. Figure 2 shows the top three levels of core herb
combinations. The degree coefficient was chosen as 2.0 to generate these results. A
total of 39 core herbs and their corresponding combinations are shown in these fig-
ures. It shows that the herbs like stir-frying spine date seed, grassleaf sweetflag rhi-
zome, prepared thinleaf milkwort root, Chinese angelica, oyster shell and dragon
bone are used frequently in a combinatorial way for insomnia treatment. The ex-
tracted herbs are commonly found in the classical formulae and are frequently used by
TCM physicians in insomnia treatment [14, 15, 17, 18]. The result herbs become a
filter set with clinical meanings.

4.2 Finding the Strong Herb-Herb Interaction by MDR

We filtered the herb dataset with only 39 herb variables generated by the HCNA step.
Then we use the MDR software (MDR 2.0 Beta 6) to find the strong herb-herb inter-
actions for insomnia treatment. Using 10-fold cross evaluation, we select the exhaus-
tive search type and track one top model to get the best model with 9 herb variables.
The task took about 83 hours on a PC with Intel Core(TM) 2 Quad 2.66GHz CPU and
4G memory. A tremendous saving in computation cost was obtained with this two-
stage approach as it is less than 1/1000™ of the original effort, i.e. C(39,9) as com-
pared to C(260,9). The training balanced accuracy of the 9 herb variables model is
90.89%. The accuracy with the test instances is 63.13% and the cross-validation (CV)
consistency is 3/10. The best model includes the herb variables: VAR33 (indian
bread), VAR34 (golden thread), VAR40 (grassleaf sweetflag rhizome), VARI113
(fresh rehmannia), VAR117 (dried tangerine peel), VAR174 (Chinese angelica),
VAR196 (Chinese date), VAR203 (white peony root) and VAR237 (stir-frying spine
date seed) as the main prediction factors.

Figure 3 depicts the interaction map of the herb variables. The regular boxes are
the herbs while the number in each box is its relationship to the outcome; in other
words, a positive percentage indicates a positive correlation with the outcome. The
edges in this figure represent the interaction, and the percentage on the line is the
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interaction effect. The thickness of the line is a graphical representation of this effect;
the thicker the line, the higher the interaction it is. The figure shows that 5 herbs (en-
closed in black circles): VAR235 (prepared thinleaf milkwort root), VAR237,
VAR196, VART79 (cassia bark) and VAR40 have the independent main effects on the
outcome. Furthermore, it shows significant synergic interaction effects between sev-
eral herb variables which are denoted by the dark thick dotted lines. For example,
significant synergic interaction effects between VAR235 and VARI117, VAR76
(bamboo shavings) and VAR117, VAR235 and VARI196, and VAR210 (prepared
pinellia tuber) and VARI117. Also there are strong redundant interactions between
several herb pairs like VAR237 and VAR235. The entropy-based interaction map
proposes a good approach to show the significant main effect and interaction effect of
herbs for outcomes. The discovered strong herb interactions have a significant support
for the necessity of multi-herb prescriptions in TCM treatment.
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Fig. 2. The top three levels of core herb combination network

To find the final strong herb-herb interaction with good outcome or bad outcome,
we could query the whole data set using the significant herb interactions suggested by
the result model. The herb pairs with synergic interactions are more useful for finding
the final strong effective or non-effective herb-herb interactions. Based on the synergic
interactions suggested by the interaction map, we have tested the interesting herb com-
binations with GORs. Table 1 displays the GORs of some of the interesting herb com-
binations. It clearly shows that there are nonlinear interaction (like ‘XOR’ function)
between VAR235 and VAR196. The single use of each herb has high GOR
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Fig. 3. The interaction graph for the herb variables based on entropy-based measures of infor-
mation gain. To have a clear view of the graph, we filter out the edges and nodes whose infor-
mation gain value is smaller than 0.3%. The red lines show positive interaction effects between
herb variables. While the blue lines show negative interaction effects between herb variables.
The larger of the edge sizes the stronger the interaction between the associated two variables of
the edges.

(VAR235:92.80%; VAR196:96.70%), however, the GOR (87.80%) of the combined
use is only little higher than the average GOR (85.21%) of the whole data set. Also the
GOR is low (74.87%) while both of them are not used. This means that both of the two
herbs are significant for effective insomnia treatment, however, there may exist nega-
tive interaction between them since while the GOR of combined usage is clearly lower
than the GOR of mutually exclusively use of them. It is similar with the interaction
between VAR117 and VAR76 except that this pair is a combination to avoid since the
GOR of combined usage is largely lower than the average GOR. There are redundant
interactions between the herbs, e.g. (VAR235, VAR237) where the second herb covers
most of the outcome contributions. This kind of interaction information is both useful
for theoretical research and clinical practice of herb combinations for insomnia treat-
ment. From Table 1 (the other records are not listed owing to the page limit), we could
find the significant (effective or non-effective) herb combinations with strong herb-
herb interactions for insomnia treatment, e.g. some herb combinations like (VAR237,
VAR203, VAR34) has 97.87% GORs with 46 frequency. However, the herb combina-
tion: (VAR46 [stir-frying immature orange fruit], VAR76, VAR117, VAR210) has
bad outcome, which has a 72.73% GOR with 44 frequency.
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Table 1. The example herb combinations with clinical usefulness. The value ‘01’ in the
combinations field means the condition that is not use of the former variables in the herb
variables field and use of the latter variables.

Total Good outcome
Herb variables Combinations frequency frequency Good outcome rate
VAR235,VAR196 11 41 36 87.80
01 91 88 96.70
10 125 116 92.80
00 203 152 74.87
VAR76,VAR117 11 62 48 77.42
01 44 44 100.00
10 25 21 84.00
00 329 279 84.80
VAR235,VAR237 11 143 132 92.31
01 114 105 92.11
10 23 20 86.96
00 180 135 75.00

4.3 Comparison of the Different Filters

The HCNA method was included as a filter for herb interaction detection by the
MDR. The training balanced accuracy (87.01%) of HCNA filter is slightly better than
the other filters (SURF*TuRF, OddsRatioF, ReliefF, X 2F, TuRF, SURF). Although it
has lower testing balanced accuracy than several filters, HCNA has the advantages of
maintaining the multi-level core herbs in the filtered attribute set. This makes sure
that the different levels of core herb variables are retained in the result, which is prac-
tically used in TCM herb prescriptions according to the organizational principle of
TCM formula theories, such as master-deputy-assistant-envoy (7 EL /£ {#) [26],
which indicate that the herbs were used as different roles to form a systematic formula
for disease treatment. Thus, HCNA proposes a feasible choice as filter to select the
herb variables from the original high dimensional variable set.

5 Discussion and Conclusion

The herb prescriptions in the TCM clinical data consist of multiple herbs and have
complicated interactions between different herbs for disease treatment. There are TCM
herb combinatorial theories like seven features of herb compatibility (SFHC) [27] to
illuminate the combinatorial use of herbs. The SFHC theory says that there are seven

LEINNT3

kinds of herbs used in prescriptions, namely “going alone”, “mutual reinforcement”,
“assistant”, “detoxication”, “restraint”, “inhibition” and “antagonism”. For example,
the “inhibition” interaction between two herbs should be avoided in the clinical pre-
scriptions since one herb would inhibit the effect of another herb. Thus, it is significant
to find the strong non-linear herb-herb interactions (corresponding to the seven kinds
of herb compatibility) in the clinical herb prescriptions, as it would be both useful for
drug development and clinical guideline generation.

In this paper, we have proposed a two-stage analytical approach to obtain strong
herb-herb interactions of order up to 9 from a TCM clinical dataset of insomnia. Stage 1
pre-selects a subset of the original herbs appeared in the dataset that has a high
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probability of participating in herb-herb interactions using HCNA method, while
stage 2 applies MDR on the pre-selected set of herbs to detect the required attribute
interactions. The results show that there exist non-linear herb-herb interactions in the
herb prescription for insomnia treatment. Furthermore, the effective or non-effective
herb combinations could be found by the proposed two-stage approach and by query-
ing the whole data set. The entropy-based herb interaction map proposes a feasible
visualization of the herb compatibility. It is interesting that some types of the herb
compatibility, such as the "inhibition", could be recognized as synergic interaction in
the model. These kinds of results have very high value to be investigated by further
clinical studies.

Experimental results confirmed that our approach is able to detect a 9-order herb
interactions with acceptable accuracy, while having the distinct advantage of main-
taining the multi-level core herbs in the interaction result when compared to other
attribute filtering methods.

Although this paper introduces a computing approach for finding the strong herb-
herb interactions and the useful herb combinations in the context of clinical outcomes.
Several key issues still exist to be addressed in the future work. Firstly, a straightfor-
ward approach to detect the strong herb interactions is needed as the querying of the
whole data set could not systematically find the top K strong herb combinations. Sec-
ondly, the computing cost of MDR to find the optimal or hyper-optimal herb variable
models should be further studied. Thirdly, two important information components,
namely herb dosage and clinical manifestation (e.g. symptoms, co-morbid conditions),
of the clinical data could be included in the data set. Because it is widely recognized in
medical field that the herb dosage has an important effect for treatment and also per-
forms a significant role for herb-herb interactions.
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