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ABSTRACT

Lassa fever remains a recurrent and endemic public health threat in Nigeria, with mortality that is often
seasonal, over-dispersed, and difficult to monitor using classical, threshold-based surveillance methods. This
study applied a Modified Exponentially Weighted Moving Average (MEWMA) control chart, developed by
Khan et al. (2017), to monitor weekly Lassa fever deaths in Nigeria using surveillance data obtained from
the Nigeria Centre for Disease Control (NCDC) covering January 2021 to September 2025 (244 weeks). In-
control process parameters were estimated from a baseline period, and the MEWMA statistic was
constructed using the smoothing parameter A = 0.2, control chart coefficient L = 2.793, k = A/2, and a
nominal in-control Average Run Length (ARLo) of 370.

Descriptive analysis showed that weekly deaths were approximately normally distributed, with no marked
skewness or extreme outliers, while a time plot revealed natural fluctuations without an immediately
obvious pattern. The Modified EWMA chart, however, detected several statistically significant out-of-
control signals, most prominently in 2024, indicating periods when Lassa fever deaths rose above the
expected baseline. Similar, less pronounced signals were observed in 2021, 2022, 2023, and early 2025,
suggesting a recurring seasonal or periodic outbreak pattern. These findings demonstrate that the Modified
EWMA chart is a sensitive and practical early-warning tool for Lassa fever mortality surveillance in Nigeria,
and its adoption by public health authorities could support more timely outbreak response.

Keywords: Lassa fever, Modified EWMA control chart; Statistical process control; Average Run Length;
Disease surveillance; Nigeria

INTRODUCTION

Lassa fever has been recognized as an endemic threat in several West African countries since the Lassa virus
was first discovered in Lassa town, Borno State, Nigeria, in 1969. The principal host of the Lassa virus is the
multimammate rat (Mastomys natalensis), an asymptomatic carrier that excretes the virus in its urine and
faeces. Human infection typically occurs through contact with contaminated surfaces, consumption of food
contaminated with rodent excreta, or direct contact with the rodents themselves. Human-to-human
transmission, through contact with the blood or other bodily fluids of an infected person, is also commonly
observed. Consequently, the virus has spread rapidly to virtually all parts of Nigeria. In 2025, 21 of the 36
states (including the Federal Capital Territory) recorded at least one confirmed case, with Ondo, Taraba,
Edo, Bauchi, and Ebonyi states recording the highest numbers of cases. Specifically, 172 confirmed deaths
were recorded (NCDC, 2025), with Ondo and Taraba states recording the highest numbers of deaths (37 and
36, respectively). The spread and distribution of confirmed death cases across the states of Nigeria are
presented in the map in Figure 1.
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Figure 1: Death Cases due to Lassa fever across the States

The expanding geographical distribution and the consistently high Case Fatality Ratio (CFR) are important
indicators of the endemicity of Lassa fever and the continuing threat it poses to the Nigerian health system.
The disease is largely seasonal, with the highest incidence during the dry season (November to March),
when scarce natural food sources drive rodents, the main reservoir, to forage in human settlements (Musa et
al., 2024). During this period, health systems and the general population need to remain highly vigilant. The
case fatality rate for Lassa fever in Nigeria is currently reported to range between 13.5% and 18.3% among

confirmed cases, reflecting constraints in early response to the illness and in public awareness (OCHA,
2024).

Given the recurrent nature of Lassa fever outbreaks and the associated deaths, continuous and reliable
monitoring of mortality is essential for timely intervention and effective epidemic control. Classical
epidemiological surveillance methods often rely on descriptive statistics and threshold-based alert systems.
While useful, these methods may fail to detect subtle but important changes in mortality trends, particularly
when the increase is gradual. This limitation has motivated the adoption of statistical process control (SPC)
methods, which provide more sensitive tools for monitoring public health data over time.

The control chart is regarded as the most important instrument in statistical process control (SPC) and is
now widely used across manufacturing, service, and public health sectors (Wu et al., 2010; Alfaro & Ortega,
2011; Sarkar & Pal, 1997; Shu et al., 2012; Rakitzis & Antzoulakos, 2012). Walter A. Shewhart introduced
the concept of a graphical summary of process information to monitor and survey production processes in
the 1920s. This graphical summary, known as a control chart, ensures that a random process remains within
an acceptable range rather than drifting too far from its expected level. Monitoring change in areas such as
signal segmentation, navigation system performance, and quality control is important for preventing losses.
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Roberts (1959) introduced the exponentially weighted moving average (EWMA) control chart as an
effective alternative to the traditional Shewhart control chart for monitoring small shifts in process
parameters (Yang, 2013). The EWMA control chart has gained considerable significance over the past few
decades. Numerical methods developed by quality control researchers such as Robinson and Ho (1978),
Crowder (1987), and Lucas and Saccucci (1987) have made this scheme more accessible in the quality
control literature.

The EWMA technique was made simple and easy to apply through the graphical methods established by
Roberts (1959) and Chantraine (1987). According to Shu et al. (2014), the literature on the robustness and
effectiveness of the EWMA technique indicates that it is one of the most valuable techniques for identifying
small and moderate process changes.

In public health applications, several studies have adopted EWMA control charts to monitor disease
incidence, mortality, and other health indicators, owing to their capacity for early outbreak detection,
particularly for infectious diseases (Woodall, 2006; Zhang et al., 2020).

Despite its benefits, the conventional EWMA control chart assumes normality, independence, and constant
variance, assumptions that are frequently not met in epidemiological count data such as Lassa fever deaths.
Mortality data of this kind are generally skewed and overdispersed, and may exhibit seasonality or
autocorrelation.

To overcome these shortcomings, a number of modified EWMA control charts have been proposed in the
literature. Steiner et al. (2000) reported that risk-adjusted, modified control charts are highly sensitive and
have lower false-alarm rates than traditional charts when monitoring rare events such as mortality. Similarly,
Zhou and Guan (2018) established that Poisson-based EWMA charts are better suited to disease-count data
than conventional normal-based EWMA charts. Modified EWMA charts have also been applied to monitor
Ebola, COVID-19, and malaria deaths in the context of infectious disease surveillance. For instance,
Brookmeyer and Stroup (2004) highlighted statistical surveillance techniques for identifying abnormal
mortality trends during an epidemic, and their work favours the application of adaptive and modified
EWMA charts for real-time mortality monitoring.

Nevertheless, the literature specifically addressing the use of modified EWMA control charts to monitor
Lassa fever mortality remains limited, particularly in Nigeria. This gap highlights the need for empirical
research applying improved SPC techniques to Lassa fever deaths, with a view to improving public health
response to outbreaks.

This study therefore adopted the Modified EWMA (MEWMA) control chart introduced by Khan et al.
(2017) to monitor upward shifts in Lassa fever deaths using data from the Nigeria Centre for Disease
Control (NCDC). Previous studies have shown that EWMA charts are more efficient at detecting disease
outbreaks than conventional techniques. MEWMA charts are more sensitive than Shewhart charts to small
and gradual changes in disease prevalence, which commonly occur at the onset of infectious disease
outbreaks. MEWMA charts also offer broader monitoring capability and greater tolerance to temporary
variation than standard EWMA charts (Khan et al., 2017), making them well suited to weekly surveillance
data that may contain irregularities in reporting.

Specifically, this study aims to: (i) examine the descriptive and distributional characteristics of weekly Lassa
fever deaths in Nigeria; (i1) construct a Modified EWMA control chart to monitor upward shifts in Lassa
fever mortality; and (iii) evaluate the performance of the chart using the Average Run Length (ARL)
criterion.
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METHODOLOGY

Research Design

The study utilised a statistical process monitoring framework to assess mortality trends caused by Lassa
fever in Nigeria, based on a Modified Exponentially Weighted Moving Average (MEWMA) control chart.
The Modified EWMA chart proposed by Khan et al. (2017) was adopted because of its improved sensitivity
to the small and persistent changes that are characteristic of disease surveillance and mortality data.

Here, X; denotes the number of reported deaths at time t, extracted from the Nigeria Centre for Disease
Control (NCDC) website. All reported deaths from January 2021 to September 2025 were retrieved from
https://ncde.gov.ng/diseases/sitreps, where t = 1, 2, ..., T. An initial historical period, over which the
mortality process was assumed to be stable, was identified and used as the baseline (in-control) period from
which the process parameters were estimated.

Estimation of In-Control Parameters

The in-control mean and standard deviation of the mortality level, denoted po and o, were estimated from the
baseline data of size n as:

1 1 ,
o = Hz Xi, i=12,n, 0= mZ(Xi — Ho)
i=

Since Lassa fever mortality data frequently exhibit low and discrete counts, a Poisson assumption was
considered appropriate, under which the variance is approximately equal to the mean(c* =~ u0); otherwise,
the Poisson model may not be suitable. The observed data were therefore assessed to determine the
distribution they follow.

Modified EWMA (MEWMA) Control Chart

The Moditied EWMA (MEWMA) chart was introduced by Khan et al. (2017). If X; represents the number
of Lassa fever deaths per week, the MEWMA statistic is defined as:

Ze = (1 = MZq + MK + k(X — X—1) (1)

where kis a constantand 0 < A < 1 is a smoothing parameter. The initial value Zy is the process target, so
that Z, = g, although the average of the preliminary data may sometimes be used as the starting value, i.e.
Zo = X. The MEWMA chart depends on two constants, A and k, where a smaller value of A leads to quicker
detection of small shifts. The MEWMA statistic can be regarded as a weighted average of all past and recent
observations, making it insensitive to the normality assumption; it is therefore well suited for use with
individual observations (Montgomery, 2019). The MEWMA chart is an extension of existing control charts,
reducing to the EWMA chart of Roberts (1959) and the modified EWMA chart of Patel and Divecha (2011)
when k = Oand k = 1, respectively.

Control Limits of the Modified EWMA Chart
The mean and variance of the MEWMA statistic are given by:

2

+2}xk+2k2:|

E(Z) = wand V(Z) = [* 55

The upper and lower control limits of the Modified EWMA chart are given by:
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,A+zxk+2k2
UCL = Ko + Lo m
CL = po 3)
’A+2Ak+2k2
LCL = W — Lo 11(2——7\)
where L is a control chart coefficient to be determined. The value of k may, in principle, be chosen

independently of A; however, in this study, k = —A/2 was used, as derived by Khan et al. (2017) to
minimise the variance.

Choice of the Smoothing Parameter A

The parameter A determines the weight assigned to the current sample. Smaller values of A provide greater
smoothing and are suitable for monitoring rare occurrences. The values A = 0.20 was examined, with k =
A/2 computed for each case; this enhances sensitivity to small shifts.

At a given time point t, the process is declared out of control if Z; goes beyond the upper control limit or
falls below the lower control limit. Since the focus of this study was on detecting an upward shift (increase)
in deaths, emphasis was placed on upward signals, where Z; > UCL.

Performance of the Control Chart

The most common way to assess the performance of a control chart is by evaluating how quickly it detects
shifts in process quality; this is achieved by calculating the Average Run Length (ARL) — the average
number of observations taken before an out-of-control signal is triggered. In this study, the assessment
criterion used was the ARL approximation of Khan et al. (2017), given as:

Pout = P(Z¢ > UCL|p) + P(Z(LCL|w)

After simplification, out-of-control ARL given by

(A+ 22k + 2k2) (A+ 20k + 2k2)
Wtlo > —m—py— M W=Lo " —o—py— M
pgut =1- q) + ¢
\/(7\+ 22k + 2k2) J(A+ 22k + 2k2)
°N =% ° Tz =n

Where ¢ is the cumulative distribution function of the standard normal distrib ution.
Pour = 2(1 — (L))

The ARL when the process is in control represented by ARL is given as follows:

1
ARLO = T

pout

A control chart with the largest in-control ARL (ARLo) and the smallest out-of-control ARL (ARL;) is
regarded as superior to the other charts considered. This is because memory-type charts, such as the
MEWMA chart, are specifically designed to detect small and gradual shifts in the process variable.
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RESULTS AND DISCUSSION

Descriptive Statistics

The histogram with superimposed normal curve for reported Lassa fever deaths is presented in Figure 2. It
can be observed that most observations are concentrated around the central values, with relatively few
observations at the lower and upper extremes. The bars closely follow the pattern of the normal curve,
indicating that the data are approximately normally distributed.

The distribution appears fairly symmetric, with no indication of extreme skewness or outliers. Thus, the
death-occurrence data satisfy the normality assumption required for many parametric statistical analyses.
Similarly, the time plot in Figure 3 illustrates the reported Lassa fever deaths during the study period. The
observations fluctuate over time, suggesting natural variation in the number of reported deaths.

The plot also shows irregular peaks and dips, which may reflect seasonal or random fluctuations in death
occurrence. However, these fluctuations alone do not reveal any persistent pattern or clearly indicate a
sudden outbreak beyond the usual variation — underscoring the need for a more sensitive monitoring tool
such as the Modified EWMA chart applied in Section 3.2.

Histogram of Y
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|

Density
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Figure 2: Histogram and Normal Curve of Death Occurrence due to Lassa fever
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Figure 3: Time Plot of Death Occurrence due to Lassa fever
Application of the Modified EWMA Control Chart

Historical data on Lassa fever deaths were extracted from the NCDC website for a period of 244 weeks
(January 2021 to September 2025) and were used to estimate the baseline death occurrence. A Modified
EWMA chart was constructed by recursively smoothing the observed weekly number of deaths using the
parameters recommended by Khan et al. (2017): A = 0.2,L = 2.793,ARL, = 370, and k = A/2. Using
the estimated baseline parameters o = 3.43 and o = 4.87, the Modified EWMA upper control limit was
computed as:

A+ 22k + 2k?
2-2

0.2 +2(0.2)(0.1) +2(0.1)* _ 6.8

= 3.43 + (2.793)(4.87)\/ (2-10.2)

UCL=}10+LO'\/

using the variance of the Modified EWMA statistic, allowing for early detection of small and steady changes
in mortality. The Modified EWMA chart is presented in Figure 4. The chart shows that most observations
are below the UCL and are categorised as “in-control”, indicating that the observed death cases were
generally stable during these periods and that their variation was due to common or natural causes.
However, several observations plot above the UCL and are classified as “out-of-control” points, suggesting
periods when Lassa fever deaths rose above the expected level.
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Figure 4: Modified EWMA Chart for Monitoring Death Prevalence due to Lassa fever

These out-of-control signals recur intermittently throughout the study period, with the highest peak
occurring in 2024, suggesting that this year experienced the most severe increase in deaths. Similar, but less
pronounced, peaks are also observed in 2021, 2022, 2023, and early 2025. The repeated pattern of these
signals suggests that Lassa fever mortality displays a seasonal or periodic outbreak pattern rather than
remaining constant throughout the year. The ability of the Modified EWMA chart to detect these increases
demonstrates its effectiveness as a statistical tool for disease surveillance. The chart quickly detects
abnormal increases in deaths, enabling public health authorities to implement timely interventions to reduce
mortality.

CONCLUSION AND RECOMMENDATIONS

This study applied a Modified EWMA control chart to monitor weekly Lassa fever deaths in Nigeria using
surveillance data obtained from the NCDC covering January 2021 to September 2025. The descriptive
analysis showed that reported deaths were approximately normally distributed, with no marked skewness or
extreme outliers, while the time plot revealed natural fluctuations without an immediately obvious outbreak
pattern. However, the Modified EWMA chart, which is more sensitive to small and gradual shifts than
conventional Shewhart-type charts, successfully identified several out-of-control periods, most notably in
2024, indicating episodes when Lassa fever deaths rose significantly above the expected baseline level.

These findings confirm that Lassa fever mortality in Nigeria follows a seasonal or periodic outbreak pattern,
and that early, sensitive statistical surveillance tools such as the Modified EWMA chart can detect emerging
increases in mortality before they escalate into wider crises. The chart therefore has practical value as a real-
time early-warning tool for the NCDC and other public health stakeholders.
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This study is limited by its reliance on secondary, reported death data, which may be subject to
underreporting or delays typical of routine surveillance systems. Future work should validate these findings
against independent field or laboratory-confirmed data where available.

Based on these findings, the following recommendations are made:

(1) The Nigeria Centre for Disease Control should consider incorporating Modified EWMA control
charts into its routine weekly surveillance of Lassa fever and other infectious diseases, to
complement existing threshold-based alert systems.

(i) Given the seasonal pattern identified, public health authorities should intensify surveillance,
rodent-control interventions, and public awareness campaigns, particularly ahead of and during the
dry season (November to March).

(i11) Future studies should compare the performance of the Modified EWMA chart with other
memory-type charts (e.g., CUSUM and generally weighted moving average charts) and extend the
analysis to other infectious diseases and other regions of Nigeria.

(iv) Further research should explore the effect of overdispersion and autocorrelation in the mortality
data by adopting count-data-specific control charts (e.g., Poisson EWMA or Negative Binomial
EWMA charts).
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