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Background & Objective 1

Background & Objective 2

Malaria remains a major scourge of humankind. Cerebral malaria (CM), a serious complication
of a malaria infection, continues to kill one African child every minute 1 and leaves one in
three survivors with epilepsy or other neurobehavioral sequelae 2. For the past 30 years, the
team Prof. Dylan Small works with has accumulated data in work at the Pediatric Research
Ward at the Queen Elizabeth Central Hospital in Blantyre, Malawi. Under the umbrella of this
parent project, several other studies have been carried out, expanding the breadth of the patient
-associated data. There are currently clinical data on approximately 3500 patients, and
collaborative relationships with molecular parasitologists, neurologists, immunologists,
geneticists, ophthalmologists, pathologists, radiologists and cell biologists have led to the
recording of thousands of variables on these patients. However, the data is currently not
integrated, e.g., one study developed genetic data on the patients and another study develop
ophthalmologic data on the patients but there is no one database that combines the data from
the two studies. The first goal of this project is to build an integrated database so that
researchers can marshal these big data to maximize discoveries related to CM pathogenesis.

Among the 3532 documented CM patients in Malawi, we had undigitized transcranial doppler
(TCD) images for 90 patients’ pairs of left main coronary artery (LMCA) and right main
coronary artery (RMCA) ’s systolic & diastolic velocities. To evaluate neurovascular changes
in pediatric patients with cerebral malaria, these 90 patients had undergone daily TCD
examinations through hospital day 8, discharge, or death. We were interested in identifying
distinct changes in TCD measurements for children with cerebral malaria that permitted
phenotypic grouping. We digitized the TCD images through the software WebPlotDigitizer 3;
then we conducted functional data analysis on the digitized LMCA and RMCA image data to
identify important clinical phenotypes displayed by those CM patients.

Integrated CM Database

MCA Curve Registration

There were 13 datasets related to CM pathogenesis that were available to be integrated. The
records in the data sets were linked by a common malaria patient study identification number,
facilitating the creation of a relational database with patient data from multiple studies. Key
steps in integrating the data included data cleaning; data harmonization (ensuring that similar
metrics share the same units and data types so that they can be used together easily);
development of a variable naming convention which is necessary to address the conversion of
descriptive column headers into meaningful, database-friendly variable names (the names of
the variables should be consistent, convey the dataset of origin and also identify what a given
variable represents); development of a data dictionary; and development of an integrated
database that can be loaded into the statistical software R.

After acquiring digitized LMCA & RMCA images from Day 1 to Day 8 for 90 CM patients,
we became interested in analyzing the features of curves for these images on Day 1. We
adopted the technique of curve registration to conduct our analysis on the curves, or functional
data. Before registration, we processed those digitized image data in R by creating functional
bases and smoothing them according to Ramsay’s illustrated techniques 5.

Table 1. Descriptions of Cerebral Malaria Patient Datasets Integrated into the Built CM Database.

Note on TCD: Transcranial Doppler (TCD) is a noninvasive ultrasound technique used to
evaluate cerebral blood flow velocities (CBFVs) within the large cerebral vessels. TCD is
portable, inexpensive, and examinations are easily performed and interpreted. TCD has been
used to assess the cerebrovasculature in several neurologic illnesses in children 4.

Curve registration refers to aligning salient curve features and is an essential step before any
analysis. The motivation is that the rigid metric of physical time may not be directly relevant to
the internal dynamics of many real-life systems. Figure 1 plots the LMCA and RMCA curves
of 90 Malawi patients before curve registration. It is obvious that the importance features of
the curve, e.g., the valley and peak, are not well-aligned. We used a technique called landmark
registration 5 to align these curves and Figure 2 plots the curves after the landmark registration.

Clustering LMCA for age 3 and 4 years old
We pooled together CM patients who are 3 and 4 years old.
Together, there are 16 + 8 = 24 subjects. We used a
clustering algorithm developed by Bouveyron et al 6; the
method is based on a functional mixture model that allows
the clustering of the data in a discriminative functional
subspace. As with most clustering algorithms, the number
of clusters K is a parameter to be chosen and we used the
Bayesian information criterion (BIC) to select the optimal
number of clusters. The number of clusters we selected
was 6. The left panel of Figure 3 plots the residual curves,
i.e., the original LMCA minus the normal curve, for 24
observations between age 3 and 4. The right panel plots the
mean curve of each of the six groups the algorithm
identifies. Figure 4 to 9 summarize the clustering results.

Figure 4: Cluster 1. Curves in this cluster have their systolic velocities a lot
higher than normal and exhibit an overall higher than normal velocity.

Figure 4: Cluster 4. Curves in this cluster are approximately normal.

Figure 3: Left panel: the residual plots of 24 subjects. Right panel: the mean curve of
each of the six groups.

Figure 5: Cluster 2. Curves in this cluster exhibit an overall lower than
normal velocity.

Figure 5: Cluster 5. Curves in this cluster have lower than normal diastolic
and systolic velocities.

Figure 6: Cluster 3. Curves in this cluster have approximately normal
diastolic velocity and a lower than normal systolic velocity.

Figure 6: Cluster 6. Curves in this cluster have higher than normal systolic
velocities and lower than normal diastolic velocities.

Result & Discussion
We have identified 6 clusters for LMCA systolic & diastolic velocities for CM patients of age 3 and 4: (Cluster 1)
curves have their systolic velocities a lot higher than normal and exhibit an overall higher than normal velocity;
(Cluster 2) curves exhibit an overall lower than normal velocity; (Cluster 3) curves have approximately normal
diastolic velocity and a lower than normal systolic velocity; (Cluster 4) curves are approximately normal. (Cluster 5)
curves have lower than normal diastolic and systolic velocities; (Cluster 6) curves have higher than normal systolic
velocities and lower than normal diastolic velocities.

Figure 1: LMCA & RMCA (one-cycle) of Malawi cohorts before curve registration.

Figure 2: LMCA & RMCA (one-cycle) of Malawi cohorts after curve registration.
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Further directions for our research include completing the clustering for RMCA images and fitting functional
regression models on the 90 pairs of LMCA and RMCA flow velocity image data, to estimate how these functional
covariates and other scalar covariates i.e. age, gender, temperature are associated with the death of CM patients. We
will also work on retrieving more important datasets related to CM pathogenesis from collaborators, improving the
functionality of the integrated database, and making the database publicly available for related studies.
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