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Abstract Summary for ICDDR,B 

Ethical Review Committee

Protocol Title: Cholera across scales: oceanic links to climate and local estuarine influences.

Purpose of the Study: 

Cholera remains a public health problem around the globe, particularly in Asia but also Africa.  It is the one human disease whose connection to the marine environment has been most prominently described in the literature; yet the mechanisms underlying this connection remain poorly understood.  This proposal seeks to develop the quantitative predictive models needed to influence public health policies and to produce quantitative scenarios for the future.   Connections between cholera dynamics and ocean systems occur at a variety of different spatial scales: the global and regional scales at which the ocean mediates climatic influences e.g. the El Nino and Southern Oscillation (ENSO), and the local scales at which estuaries and coastal environments have been proposed to mediate transmission of the pathogen, the bacterium {Vibrio cholerae}. The proposed work will address how mechanisms that operate at these different levels influence cholera dynamics. While our main focus will be upon patterns of temporal and spatial variability in Asia {Bangladesh and Bengal (former British East India) and Vietnam}, we will pursue the possible testing of our models and hypotheses with data from Africa (Mozambique). Our four major objectives are: 1) to address the regional climatic drivers of cholera and in particular the role of Sea Surface Temperature (SST); 2) to address the role of environmental transmission in estuaries at local scales in relation to the spatio-temporal dynamics of the disease; (3) to build from 1, scenarios for the future of cholera based on climate models, and (4) to build and evaluate from 1 and 2, predictive models of cholera at shorter time scales (6 months to two years) based on climate variability and the size of the susceptible population.

Methods and Procedures: 

The work is based on several extensive cholera data sets, including monthly time series lasting several decades from on-going surveillance programs in Bangladesh and Vietnam, and from historical records from former British India in Bengal and Madras. The work itself is organized around three major lines which build naturally from our previous efforts.  (1) The extension and application of nonlinear time series models developed by Pascual et al. to specifically isolate, from temporal data on cases, the role of environmental forcing in the context of the nonlinear dynamics of disease.  In parallel, climate driven sets of coupled differential equations will be used to examine the temporal response of cholera to variations in temperature and in rainfall and river gauge -- each of which influences salinity and infective stage concentration.  (2) The investigation of spatio-temporal transmission pathways with a combination of approaches, including GIS and spatial statistics, as well as ecological models known as metapopulation models originally developed for the extinction and recolonization of patches by a population.  (3) The evaluation with climate models of the multiple, sometimes competing, climate influences that act as potential extrinsic drivers for cholera incidence.  Climate models will be used to elucidate mechanisms and to determine the predictability of those drivers, both on interannual time scales and in projections of climate change.  The study uses secondary data from Matlab. 

Requirement of subject population: 

The study proposes secondary analysis using existing cholera data and population data acquired as part of Matlab hospital patient treatment and Matlab Health and Demographic surveillance system (HDSS) activities respectively. 

Potential risks:  The study proposes analyses of routinely collected data and therefore, poses no risks to the study population. No personal identifier will be included in the final database that will be analyzed in this study.

Procedure for protecting against potential risks: 

As mentioned above, there are no risks to the study population, and no personal identifiers will be included in any report. 

Description of the methods for safe guarding confidentiality or protecting anonymity: 

The data sets to be used for this study will be handled confidentially and none except the investigators will have access to the datasets. No personal identifiers will be used in the final analyses and reports. 

Informed Consent: 

Study participants were enrolled in accordance with Standard protocols followed for Matlab hospital treatment and routine HDSS data collection. No informed consent is necessary or will be obtained for the purposes of this study.

Interviews: 

Not applicable as the study involves no interview.

Potential benefits to be gained by the individual subjects and by society in general.

Understanding the mechanisms underlying the connection between occurrence of cholera and marine environment is very important. This proposal seeks to develop the quantitative predictive models to elucidate mechanisms and to determine the predictability of various environmental factors to influence public health policies for better control of cholera. The results of this study though will not be of direct benefits to the individual subjects but may ultimately be of benefit to communities in Bangladesh and other countries where cholera still remains a public health problem.

Use of records: 

The proposed study requires the use of hospital records and demographic surveillance information obtained as part of ongoing routine activities. 
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PROJECT SUMMARY: Describe in concise terms, the hypothesis, objectives, and  the relevant background of the project. Describe concisely the experimental design and research methods for achieving the objectives. This description  will serve as a succinct and precise and accurate description of the proposed research is required. This summary must be understandable and interpretable when removed from the main application. ( TYPE TEXT WITHIN THE SPACE PROVIDED).
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Cholera remains a public health problem around the globe, particularly in Asia but also Africa.  It is the one human disease whose connection to the marine environment has been most prominently described in the literature; yet the mechanisms underlying this connection remain poorly understood.  This proposal seeks to develop the quantitative predictive models needed to influence public health policies and to produce quantitative scenarios for the future.   Connections between cholera dynamics and ocean systems occur at a variety of different spatial scales: the global and regional scales at which the ocean mediates climatic influences e.g. the El Nino and Southern Oscillation (ENSO), and the local scales at which estuaries and coastal environments have been proposed to mediate transmission of the pathogen, the bacterium {Vibrio cholerae}. The proposed work will address how mechanisms that operate at these different levels influence cholera dynamics. While our main focus will be upon patterns of temporal and spatial variability in Asia {Bangladesh and Bengal (former British East India) and Vietnam}, we will pursue the possible testing of our models and hypotheses with data from Africa (Mozambique). Our four major objectives are: 1) to address the regional climatic drivers of cholera and in particular the role of Sea Surface Temperature (SST); 2) to address the role of environmental transmission in estuaries at local scales in relation to the spatio-temporal dynamics of the disease; (3) to build from 1, scenarios for the future of cholera based on climate models, and (4) to build and evaluate from 1 and 2, predictive models of cholera at shorter time scales (6 months to two years) based on climate variability and the size of the susceptible population. The work is based on several extensive cholera data sets, including monthly time series lasting several decades from on-going surveillance programs in Bangladesh and Vietnam, and from historical records from former British India in Bengal and Madras. The work itself is organized around three major lines which build naturally from our previous efforts.  (1) The extension and application of nonlinear time series models developed by Pascual et al. to specifically isolate, from temporal data on cases, the role of environmental forcing in the context of the nonlinear dynamics of disease.  In parallel, climate driven sets of coupled differential equations will be used to examine the temporal response of cholera to variations in temperature and in rainfall and river gauge -- each of which influences salinity and infective stage concentration.  (2) The investigation of spatio-temporal transmission pathways with a combination of approaches, including GIS and spatial statistics, as well as ecological models known as metapopulation models originally developed for the extinction and recolonization of patches by a population.  (3) The evaluation with climate models of the multiple, sometimes competing, climate influences that act as potential extrinsic drivers for cholera incidence.  Climate models will be used to elucidate mechanisms and to determine the predictability of those drivers, both on interannual time scales and in projections of climate change.  The study uses secondary data from Matlab and there is no risk to subjects.
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DESCRIPTION OF THE RESEARCH PROJECT

Hypothesis to be tested:


Concisely list in order, in the space provided, the hypothesis to be tested and the Specific Aims of the proposed study. Provide the scientific basis of the hypothesis, critically examining the observations leading to the formulation of the hypothesis.


H1: The interannual variability of cholera involves the interplay of extrinsic (environmental) factors  with the intrinsic dynamics of the disease.  Specifically, the intrinsic dynamics of cholera involve patterns of temporary immunity of relatively long duration (annual) forcing period, but < human life expectancy.  

H2:  At regional scales, the extrinsic drivers of interannual cholera variability include the south Asian and east Asian monsoons and associated regional fluctuations in rainfall and surface air temperature. These large-scale climatic phenomena are closely related to the SST variability in the tropical Pacific (ENSO), tropical Indian Ocean and the seas surrounding southeast Asia (Andaman Sea, South China Sea, and Phillipine Sea).  Alternatively, SST and Sea Surface Height (SSH) are critical in coastal regions.

H3: The spatial propagation of interannual disease cycles  proceeds from coastal to inland regions (South to North in Bengal districts).  

H4: At smaller spatial scales (villages, baris, households), the spatio-temporal dynamics of cholera results primarily from transmission from environmental aquatic reservoirs at the beginning of the spring peak, and from human to human transmission (fecal-oral transmission) in the rest of the seasonal cycle.   

Specific Aims:


Describe the specific aims of the proposed study. State the specific parameters, biological functions/ rates/ processes that will be assessed by specific methods (TYPE WITHIN LIMITS).


We seek to build on these previous results to address the role of the marine environment in cholera dynamics at multiple spatial scales.   We propose a series of complementary time series and epidemiological models for cholera, concurrent with statistical analyses of the association of environmental/climatic factors and disease data. These analyses target the regional variables driving seasonal and interannual patterns, and a resolution of whether environmental signals propagate from the coast and estuaries.   The role of SST in the Pacific and Indian Ocean, as well as other climatic factors, including but not restricted to those that mediate the regional influence of ENSO, will also be pursued with global and regional climate models.  `State of the Art' climate models will finally be used to generate scenarios under global climate change for key environmental variables, these in turn will provide a basis for cholera forecasting.

Background of the Project including Preliminary Observations 


Describe the relevant background of the proposed study. Discuss the previous related works on the subject by citing specific references. Describe logically how the present hypothesis is supported by the relevant background observations including any preliminary results that may be available. Critically analyze available knowledge in the field of the proposed study and discuss the questions and gaps in the knowledge that need to be fulfilled to achieve the proposed goals. Provide scientific validity of the hypothesis on the basis of background information. If there is no sufficient information on the subject, indicate the need to develop new knowledge. Also include the significance and rationale of the proposed work by specifically discussing how these accomplishments will bring benefit to human health in relation to biomedical, social, and environmental perspectives. (DO NOT EXCEED 5 PAGES, USE CONTINUATION SHEETS).

                                                                                                                                                                                          

The El Nino and the Southern Oscillation (ENSO) is an interannually varying phenomenon in the tropical Pacific region that affects the climate in many places outside the tropical Pacific, notably south Asia.  Our earlier work with nonlinear time series models provided the first quantitative evidence for a role of ENSO in driving a cycle of approximately four years in the recent dynamics of cholera in Dhaka Bangladesh (1980-2000) (Pascual:00).  Our recent work, as part of the above-specified grant, examined this relationship further by comparing the dynamics in Dhaka for two different time periods (1893-1940 to 1980-2001) Rodo:02). Results showed a strong and consistent signature of climate variability in the last two decades, which contrasted with a weaker and eventually uncorrelated coupling early in the last century. The strong association in recent decades was further shown to be discontinuous in time with a technique designed to identify transient couplings (Scale-Dependent Correlation, (Rodo:01,Rodriguez-Arias:04), accounting for over 70% of disease variance during specific time intervals closely associated to local maxima in ENSO (i.e., during El Ninos).

The above analyses of disease-environmental couplings rely on nonlinear time series models and other methods of analysis that are primarily phenomenological.  More recent work developed mechanistic time series models to specifically address the role of immunity and its interaction with environmental forcing.  Immunity is a key element in the generation of interannual disease cycles.  For cholera and many other diseases, however, the duration and the decay pattern of immunity are not well known (Longini:02).  Thus, one goal of our recent research in this area has been to develop approaches to reconstruct from temporal data on disease incidence, the duration and decay of immunity, as well as the temporal patterns of variation in the number of susceptible individuals in the population.  Another major goal has been to distinguish with the same approach disease cycles generated by immunity patterns from those driven by environmental factors.  Results so far indicate that our time series model is able to make this distinction and recovers the seasonal, interannual, and/or long-term components in the transmission rate due to extrinsic forcing (Koelle:04).  The application to historical data for cholera mortality in the district of Dhaka (of former Bengal) reveals the existence of long-lasting immunity decaying over approximately nine years, consistent with empirical immunity studies (Mosley:68, Levine:81, Glass:82, Clemens:91). It further identifies a seasonal and long-term trend in transmissibility, the extrinsic part of the model, but no significant forcing at interannual time scales, consistent with the earlier observation of a weak ENSO coupling early in the century for this district.  By contrast, initial results with a more recent time series (1966--2002) and an extension of the model that incorporates two different strains, show a clear relationship between the transmission rate and environmental drivers, specifically rainfall and river discharge at long periods (>7 yrs) and ENSO at shorter periods (<7 yrs) (see Fig. 1).  Results further reveal the interplay of disease dynamics and climate forcing, with periods of time that are refractory to environmental variability as the result of the build-up of immunity in the population (Pascual, Rodo and Koelle, AAAS 2003 Annual Meeting; Koelle:05).  

Spatial analyses using wavelet techniques (and cluster analysis methods) were also carried out to address the synchrony of temporal fluctuations among different districts of former Bengal in the historical records. Results indicate that for interannual variability, districts fall within two main regions of synchrony extending from north to south along the two major rivers (Roy:05, Rodo:05). Besides clear seasonality, cholera is known to exhibit significant variability at periods longer than one year. One major difficulty in establishing the cause of these interannual disease cycles has been that two competing explanations are possible but seldom considered in typical correlative (linear) analyses {Hay:02}. This problem is clearly stated in a recent review on malaria by {Rogers:02}: `Longer-term weather cycles such as ENSO have been invoked recently to `explain' outbreaks of malaria and other diseases.  None of these analyses allows an alternative explanation involving intrinsic cycles'.  Correlative approaches, seeking a simple match between the dominant frequencies of disease and environmental covariates, are criticized by {Rogers:02} because they fail to consider the potentially complex nonlinear dynamics of infectious diseases and their response to seasonality.  Intrinsic cycles refer to interannual variability produced {in the complete absence of interannual environmental forcing}, as a consequence of the nonlinear dynamics of disease, particularly the interaction between immunity and seasonal variation on transmission rate.  It is well known from the mathematical epidemiology literature that the interplay of seasonality and disease dynamics can produce cycles with periods longer than one year, as well as more complicated patterns with coexisting cycles of different periods and chaos Earn:00a, Schwartz:83, Schwartz:92}.  Immunity is critical to these cycles as the mechanism depleting the pool of susceptibles. Alternatively, an extrinsic explanation of interannual cycles involves the forcing by environmental variability at periods similar to those observed in the temporal patterns of disease.  This extrinsic vs. intrinsic dichotomy underlies the well- known debate in ecology on the relative importance of density-dependent and density-independent mechanisms in population dynamics {Davidson:48, Nicholson:54, Sinclair:88}.  Only recently, however, have we begun to develop approaches that can effectively differentiate these alternative explanations from time series data {Dixon:99, Pascual:00, Pascual:00a}.  More importantly, the focus has shifted to the interplay of extrinsic and intrinsic factors and to the development of models that consider both, and can disentangle their respective roles in nonlinear systems {Zimmer:99, Pascual:01}.  In spite of many proposed mechanisms, regional environmental drivers of cholera in South Asia remain to be determined, particularly those mediating the described influence of ENSO.  A review of the literature shows that quantitative analyses supporting the role of specific regional drivers are still lacking {Pascual:02}.  Rainfall is of interest because of the marked depression of cholera incidence during the monsoon season {Russell:25}, which can be attributed to a dilution of the pathogen concentration in the environment, the reduction of salinity in estuarine environments {Miller:82, Kaper:79}, and/or the concurrent decrease in temperature.  Sea surface temperature (SST) has been proposed to directly (or indirectly through plankton blooms) influence the abundance of the bacterium in coastal zones and estuaries {Colwell:96, Lobitz:00}.  Alternatively, SST could serve as a surrogate for atmospheric temperature influencing water temperature further from the coast, in estuaries, rivers and ponds. 

These presumed seasonal mechanisms provide linkages for climatic effects at interannual scales.  In its warm phase, ENSO is known to elevate surface air temperature (SAT) and suppress rainfall during the south Asian monsoon (e.g., {Ju:95}; see {Krishnamurthy:03} for a review).  The warm phase of ENSO is also known to elevate surface air on the Tibetan Plateau, thereby weakening the temperature gradient between the Indian Ocean and the Asian continent to its north, which also reduces Asian monsoon rainfall [e.g.,][]{Wu:03}.  These effects are reversed during the cold phase of ENSO.  We propose that {the anomalously lower (higher) level of rainfall in the monsoon season during warm (cold) phase ENSO conditions can lead to higher (lower) cholera incidence, because of a weaker suppressing effect by the monsoon rains}.  This hypothesis is supported by preliminary results showing a striking opposite relationship between the low-frequency component of cholera transmissibility (extracted from a time series of cholera cases in Matlab, Bangladesh), with our recent nonlinear time series model, {Koelle:05} and the low-frequency component of rainfall and river discharge for the Brahmaputra (Fig. 1- see proposal below).   Sea Surface Height (SSH)  has also been proposed to influence interannual cholera patterns through its effect on salinity, but evidence is limited so far to a single anomalous event and a correlative response of cholera {Lobitz:00}.

Complicating this ENSO-cholera relationship are several factors: (1) the Indian Ocean sea surface temperature (SST) exhibits variability independent of ENSO [e.g.,][]{Saji:99,Lau:04} that influences the variability of the Asian monsoon atmospheric circulation and rainfall {Clark:00, Krishnamurthy:01} (2) there is an inverse relationship between interannual anomalies of monsoon rainfall in India and those in Bangladesh and west Bengal {Shukla:87}; and (3) snowfall and SAT fluctuations on the Tibetan Plateau and other parts of the Ganges and Brahmaputra River basins during the antecedent winter can affect the temperature gradient between the Asian continent and the Indian Ocean, altering both the timing and amount of spring snowmelt and associated river runoff e.g.,{Wu:03, Ueda:98}. These factors and others can interact with each other as well, further complicating the climate-cholera relationship.

On the `intrinsic' side, cholera exhibits complex patterns of temporary immunity.  Although it has been known that individuals recently recovered from cholera experience some temporary immunity quantitative estimates of the duration of immunity are highly variable and are primarily derived from short-term case data and relatively small study groups. Mosley:68, Clemens:91, Glass:82, Levine:81}. Further complications in assessing the duration of immunity arise from the known existence of different strains in more recent times.  For example, pathogenic {V. cholerae} belong to either the 01 or the 0139 (Bengal) serogroup. Although it is believed that there is no cross-immunity between 0139 and 01 infections, there is much debate about whether cross-immunity exists between different 01 cholera strains. In particular, the 01 serogroup can be further divided into biotypes (Classical and El Tor) based on phenotypic differences, and into serotypes (Inaba and Ogawa, and rarely Hikojima) based on the proportion of antigenic determinants on their O antigenic capsule. Whether acquired cross-immunity is serotype- or biotype-specific is still an open question, and has only been addressed through short-duration (3 years) field studies.  Our recent work with nonlinear time series models (Results from Prior Research) supports the existence of long-lasting immunity for cholera, including cross-immunity between biotypes, and shows in particular that patterns of immunity interact with climate forcing in determining the size of outbreaks {Koelle:05}.     

Research Design and Methods


Describe in detail the methods and procedures that will be used to accomplish the objectives and specific aims of the project. Discuss the alternative methods that are available and justify the use of the method proposed in the study. Justify the scientific validity of the methodological approach (biomedical, social, or environmental) as an investigation tool to achieve the specific aims. Discuss the limitations and difficulties of the proposed procedures and sufficiently justify the use of them. Discuss the ethical issues related to biomedical and social research for employing special procedures, such as invasive procedures in sick children, use of isotopes or any other hazardous materials, or social questionnaires relating to individual privacy. Point out safety procedures to be observed for protection of individuals during any situations or materials that may be injurious to human health. The methodology section should be sufficiently descriptive to allow the reviewers to make valid and unambiguous assessment of the project. (DO NOT EXCEED TEN PAGES, USE CONTINUATION SHEETS). 


Cholera remains a public health problem around the globe, particularly in Asia but also Africa.  It is the one human disease whose connection to the marine environment has been most prominently described in the literature; yet the mechanisms underlying this connection remain poorly understood.  This proposal seeks to develop the quantitative predictive models needed to influence public health policies and to produce quantitative scenarios for the future.   Connections between cholera dynamics and ocean systems occur at a variety of different spatial scales: the global and regional scales at which the ocean mediates climatic influences (e.g. ENSO, {Pascual:00a}), and the local scales at which estuaries and coastal environments have been proposed to mediate transmission of the pathogen {Vibrio cholerae} {Colwell:96}.   The proposed work will address how mechanisms that operate at these different levels influence cholera dynamics.    Our main focus will be upon patterns of temporal and spatial variability in Asia, including Bangladesh, Bengal (former British East India), and Vietnam.

Our recent work demonstrates that interannual climate variability plays a role in the dynamics of cholera in Bangladesh in recent times, with outbreaks of cholera occurring during the warm phase of the El Nino Southern Oscillation (ENSO) when anomalies in Sea Surface Temperature (SST) in the Pacific are positive {Pascual:00a, Rodo:02}.  The regional variables linking SST in the Pacific to cholera in South Asia will be one main focus of research.  At smaller spatial scales, two routes of transmission exist for cholera: primary transmission from the environment (from ponds, rivers, and coastal regions in estuaries), and secondary transmission (fecal-oral) between infected and susceptible individuals.  We propose that the importance of these routes varies with the seasonal cycle of cholera: environmental transmission is most prominent in the spring while the rest of the cycle is sustained by secondary transmission. The resolution of this issue and the quantitative evaluation of the importance of these pathways in time and space are crucial to dynamic models of cholera, and to an understanding of how environmental variation modulates transmission.  

The proposed work has four major objectives: {(1) to address the regional climatic drivers of cholera, including SST, and to do so in the context of the nonlinear dynamics of disease transmission; (2) to address the role of environmental transmission in estuaries at local scales in relation to the spatio-temporal dynamics of the disease; (3) to build from 1, scenarios for the future of cholera based on climate models, and (4) to build and evaluate from 1 and 2, predictive models of cholera at shorter time scales (6 months to two years) based on climate variability and the size of the susceptible population.  The extensive historical records for cholera in South Asia, together with the on-going surveillance programs in Bangladesh and Vietnam, provide an opportunity to examine the role of environmental variability on the dynamics of an infectious disease in estuarine regions known for the impacts of their highly dynamic climate.   The understanding and forecasting of cholera can only be achieved by an integrated study of environmental forcing in the context of nonlinear epidemiological dynamics.   

Recent cholera records

Recent disease records include three main time series corresponding to detailed surveillance programs for which small scale spatial information is also available. The first surveillance program is conducted by the International Centre for Diarrhoeal Disease Research in Bangladesh (ICDDR,B), a partner in this project, in the political subdivision of Matlab, approximately 50 kilometers south-east of Dhaka where the Ganges River meets the Meghna River. A demographic surveillance system (DSS) has recorded all vital events of the study area population since 1966; the study area population has been approximately 200,000 since that time.  The people of the study area live in clusters of patrilineally-related groups of households called baris.  A vector GIS database was created of the Matlab field research area (Fig. 2).  
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Figure 2.  A vector GIS database was created of the Matlab field research area that includes baris (clusters of patrilineally-related groups of households), rivers, health facilities, and a flood-control embankment. The three map views are displayed at different scales. The map view on the far right has the individual bari identification numbers visible.  The baris are all identified by an ICDDR,B DSS census number within the structure of the GIS database which allow us to link attribute data to the spatial database.  In turn, demographic, disease, and other data can be linked to specific bari locations.  Eighty-one Community Heath Research Workers (CHRWs) visit each household every month to collect demographic, morbidity, and other data.  A demographic surveillance system (DSS) has recorded all vital events of the study area population since 1966.

The DSS consists of Periodic censuses with longitudinal registration of vital events including birth, death, migration and marriage registration. ICDDR,B has maintained a diarrhoea hospital in Matlab field station since its inception in 1963. All patients with diarrhoeal illness who report to Matlab hospital for   treatment from the DSS area are identified with the unique identifiers {Registration Identification (RID) number and Current Identification (CID) number}. Stool specimens from all patients coming from the DSS area are cultured for V. Cholerae.  Standard bacteriological methods have been employed (Kay BA, 1994) stools are cultured                   an taurocholate tellurite gelatin agar (TTGA) medium, and suspect colonies are agglutinated with specific antisera for V. Cholerae 01, Inabu and Ogawa serotypes. Positive colonies are confirmed as V.Cholerae with bio-chemical testing, and the 2 biotypes (either Classical or El Tor) are differentiated. Since 1993, when the new V. Cholerae Serogroup 0139 was first identified, all Vibrio species isolates have also been agglutinated in specific antisera to identify this Serogroup. All confirmed cholera cases from the DSS area have been computerized from 1966 to present time. The data set consists of hospital number, CID and RID numbers, biotype, serotype   and serogroup information. All the Cholera cases from the DSS area will be used for this study.

Average number of culture confirmed cholera cases of all types based on attendance in Matlab hospital from the DSS area for the period 1966 to 1998 was 522 per year with a great year-to-year variation ranging from 63 to 1350 per year. Population based attack rate varied from 0.8 per 1000 to 6.5 per thousand with an average of 3 per thousand population. With regard to the biotypes, during the period 1966 to 1972, nearly all the reported cases were the classical V.Cholerae 01 (Longini et al 2002). Then starting from 1973, the El Tor biotype                V. Cholerae 01 began to circulate replacing classical biotype. For the period 1982-1988, classical biotype returned and co-circulated with El Tor biotype. After that period classical biotype has not been reported except few cases in 1991, 1992 and 1994. In 1993 cases of the non-01 serogroup , V-Cholerae 0139, were reported in Matlab. Since that time El Tor and 0139 have co-circulated. With regard to the Serotypes, both the Inaba and Ogawa Serotype were present over the entire 33-year period. For the period 1966-1981, Inaba predominated, and in the period 1983-1998, Ogawa predominated. Mean monthly number of cholera cases has been found to very greatly ranging from lowest of 10 cases in February and about 90 cases in October/ November over the 33-year period. There is a clear large fall annual outbreak in the months of September through December and a smaller spring out break around April over the years (Longini et al 2002).

The Vietnam case study areas are Nha Trang and Hue, both of which are in coastal regions (Fig. 3). 
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Figure 3.  GIS databases for Nha Trang households (left) and  Hue households (right) in Vietnam.

Cholera case data will be compiled from hospital records from 1980 to 2003 and from a household-level vaccine trial database from 1995 to 2003.  The locations of cholera cases will be mapped at the village level before 1995 and at the household level after 1995.  A detailed population census has been conducted for the 300,000 persons living in Nha Trang, and the locations of each of the 40,000 households have been mapped using GPS receivers.  A similar spatial and population database has been collected in Hue for 285,000 people. 

Environmental variables

Century-long records of daily Indian monsoon rainfall and air temperature exist in India at the district level. A substantial subset of these data are maintained at the Center for Ocean-Land-Atmosphere Studies (COLA; www.monsoondata.org). For the districts of Bengal, monthly time series for rainfall and temperature have already been extracted by M. Bouma, a consultant in this project.  Additional rainfall data are also archived at COLA, including the merged gauge-satellite analysis of global monthly precipitation produced by the National Centers for Environmental Prediction {Xie:96}. Sea surface temperature (SST) and air temperature spanning over a century, are available from the Hadley Centre (UK) reanalyses (HadISST1.1 and GOSTAPLUS) and included in the COLA archive. The SST values are available for monthly means on a global grid of 1 degree latitude and longitude resolution starting in 1870. Other SST data sets e.g.,{Reynolds:94,Smith:96} will be used in comparison to the longer HadISST1.1 record.   SST, derived from the Advanced Very High Resolution Radiometer (AVHRR), is available beginning in 1981 at different temporal resolutions (daily, 8 day, and monthly) and different spatial resolutions (9km, 18km, 54km). They are free from http://podaac.jpl.nasa.gov/sst/).  Sea Surface Height, derived from the TOPEX/ Poseidon satellite, is available beginning in 1992 at a 10 day temporal resolution in 0.5 degree data grids. The imagery is free from http://podaac.jpl.nasa.gov).  Flood extent will be derived from the European Remote Sensing (ERS) radar sensor beginning in 1992 (http://earth.esa.int/ers/eeo4.10077/).   Monthly river discharge data for two stations in the Ganges and Brahmaputra respectively have been obtained {Vorosmarty:96}.  Historical records for rivers in Madras will be extracted from the literature.  Other climate variables of interest include cloud cover, absorbed solar radiation, and upper tropospheric humidity, which are available for shorter periods in the 80's and 90's from the ISCCP archive and from NASA Langley Archive Center, respectively.  These variables will be used to trace the changes in the atmospheric circulation of south Asia and to investigate relationships to temperature and river discharge, as well as ultimately to cholera.  Snow cover estimates for the entire Northern Hemisphere are available, based on satellite data from NOAA [e.g.,]{Robinson:93}. Snow depth estimates from satellite data are available {Chang:87} and snow depth measurements in Tibet are available from {Wu:03}. For inferences on future cholera incidence, Climate Model Intercomparison Project (CMIP) [e.g.,]{Covey:03} fields for both temperature and rainfall will be used, collected from 18 global coupled ocean-atmosphere general circulation models under perturbed (1% per year increasing atmospheric carbon dioxide) simulations of future climate change {Covey:03}.

We begin with a focus at the intermediate spatial scales of the surveillance programs, for which interannual cycles emerge most clearly and population models can be formulated for disease transmission.   To address the role of aquatic environmental reservoirs, we then move to the smaller spatial scales of households/baris for which a stochastic treatment of the transmission process becomes necessary.  We return to the level of the districts in the historical records to examine the propagation of environmental signals at a regional scale, and end with the large spatial scales necessary to address the dominant modes of climate variability.  

Time series analysis (H1,H2)}

Statistical and time series methods will be used to address the extrinsic component of H1 as well as H2.  Here we will focus on characterizing the contribution to the total variance of different frequencies.  The methods will also serve to compare time series characteristics of empirical data and model outputs.  We will use spectral methods such as Singular Spectrum Analysis (SSA) and wavelet analysis, as well as SDC, a statistical technique developed by X. Rodo (a consultant in this project) to identify transient correlations between variables.  SSA has proved useful for separating signal from noise and for identifying dominant frequencies in the dynamics of nonlinear systems {Broomhead:86, Vautard:89, Dettinger:95, Yiou:94}.  Wavelet analysis provides an extension of the more familiar power spectrum, by allowing the localization of dominant frequencies in time {Torrence:98}.  Thus, data sets that are non-stationary in their characteristic frequencies can be analyzed and the timing of such spectral changes can be located {Grenfell:01}.  We will specifically apply these methods to the Vietnam data and compare the results to those obtained for cholera in Matlab and its association to ENSO.  Our recent results with SDC reveal a strong but transient positive association between ENSO and Matlab cases.  Alternative approaches to the evaluation of such extreme events will include regional frequency analysis based on L-moments {Hosking:97}.    

The methods described so far do not explicitly take into account the dynamics of the disease.  The following work specifically targets environmental forcing in the context of disease dynamics with two types of models: (1) Time series models and (2) Systems of ordinary differential equations.  Key properties of the time series models that make the statistical problem of fitting parameters challenging are the non-linearity of transmission and the existence of `hidden' variables for which data are not available, such as the number of susceptible individuals in the population. The models specifically reconstruct the temporal course of susceptible numbers and the associated decay of immunity as a function of time since infection.  They further reconstruct the temporal variability in the transmission rate.  This pattern of variation can then be examined for associations with climate variability.  The second line consists of more mechanistic models written as differential equations, to investigate more detailed aspects of seasonality, transmission pathways, and immunity.  

Semi-parametric time series models (H1, H2)

The basic framework is given by the nonlinear time series model developed by Koelle and Pascual {Koelle:04} which consists of two difference equations for the dynamics of infecteds and susceptibles in discrete time. We denote this model as TSIRS for Time series Susceptible-Infected-Recovered-Susceptible, in reference to the well-known SIR models in ecology and to a similar but simpler time series model with permanent immunity developed for childhood diseases such as measles {Finkenstadt:00}. The equations describe the loss of immunity and associated replenishment of the susceptible class with a function specifying the proportion of the population that was infected a given time into the past and remains immune and alive in the present.  The equations further incorporate a parameter, transmissibility, that is allowed to vary as a function of time and reflects the influence of extrinsic drivers in the transmission process.  This parameter reflects changes in the effective `contact' rate over time and contains two multiplicative terms, a seasonal and a longer-term component.  The latter includes both cycles of periods longer than a year and trends.  Importantly, this component of transmissibility is completely unspecified and constitutes the nonparametric part of the system reflecting extrinsic interannual forcing, which is recovered by fitting the model. Because the model combines a parametric (or mechanistic) part with a nonparametric one, we adapted semiparametric methods {Hastie:90} to fit it to time series data on the number of infecteds and the total population size.  Semi-parametric methods have been recently introduced into Ecology as a useful approach for modelling systems in which only a part is sufficiently known to be specified in a mechanistic representation {Ellner:98}.  We have proposed their specific application to reconstruct patterns of environmental forcing. An example of the reconstructed patterns of transmissibility for the Matlab time series and their clear association to environmental covariates (rainfall, river discharge, and ENSO) is shown in Fig. 1.  
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Figure 1. Top panel: Long-term component of cholera transmissibility (green) (
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, see Semi-parametric time series models and footnote 1) compared to the low-frequency variation of NE India rainfall (blue) and Brahmaputra river discharge (black).  Transmissibility was extracted by fitting the nonlinear time series model of Koelle and Pascual (2004) extended to two biotypes (Koelle et al., in review).  This parameter captures the temporal variation in the transmission rate not accounted for by changes in the number of susceptible or infected individuals, and reflects the changes in the effective rate of `contact’ in the population that are driven extrinsically.   Environmental variability (for both rainfall and river discharge) were obtained by first separating signal from noise using an eigendecomposition and then isolating the variability with periods longer than 7 years using wavelets.  For comparison, the same steps applied to (
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 + residuals) yields the long-term variation in the transmission rate not accounted for by the `intrinsic' part of the disease model and therefore, presumably due to extrinsic factors (red).  Bottom panel: the variability at shorter periods (less than 7 years) in this same term  (
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+ residuals) shows a remarkable lagged association with an index of ENSO (Niño3.4), except for 1982-83 when cases for the Classical strain and not ElTor were mainly responsible for the cholera epidemics.  

We plan here four main lines of work to continue and fully develop the scope and application of this method.  (1) The first one considers immunity as strain dependent.  We have extended the model to consider the existence of two different biotypes (Classical and El Tor) in the recent data for Matlab, Bangladesh {Koelle:05}.  We plan to consider next immunity that is serotype-dependent: Assuming no cross-immunity between heterologous serotypes, the dynamics of {V. cholerae} biotype El Tor serotype Inaba can be modeled using only time series of the Inaba serotype (both Classical and El Tor) and population data as inputs. Likewise, the dynamics of {V. cholerae} biotype El Tor serotype Ogawa can be modeled using only Ogawa serotype time series.  We will compare the results to those obtained under the assumption of biotype-dependent immunity.  Further comparison will be made with estimates of immunity duration obtained from age information.  The Matlab time series will be used for this purpose.    (2) The second line of work consists of the application of the model to the different historical districts in Bengal and Madras to address hypotheses {H1} and {H2} in districts other than Dhaka, but also to examine how patterns in seasonal and long-term transmissibility varied among different locations. (3) The third line of work applies the model to the Vietnam data sets and examines environmental covariates of transmissibility there.  (4) The fourth line extends the model to a stochastic framework better suited to incorporate a primary transmission route from the environment {Bjornstad:02} for an example of a stochastic model with permanent immunity applied to childhood diseases).  The additional transmission route is decoupled from local levels of infection and represents either primary transmission from the environment or immigration from outside the system.    A stochastic SIRS model will allow us to investigate two transmission routes as a function of proximity to aquatic reservoirs and population size.  As part of these efforts, we will evaluate whether long-lasting immunity makes it possible to simplify the original model with the approximation that individuals who have recovered from cholera remain permanently removed from the susceptible pool.  

Mechanistic models of cholera seasonality (H1,H2)

The models presented so far represent seasonality in a phenomenological way by making transmissibility periodic in time.  A second class of models will focus on developing further our understanding of cholera seasonality, its interplay with disease dynamics, and its role in mediating the interannual cycles.  These models add to the traditional SIRS equations one more variable to follow the concentration of the pathogen in the environment.  A simple ODE model of this form was already described in {Pascual:02} to show that the effect on R_0 (the reproductive number of cholera) of changes in pathogen concentration due to changes in water volume were more pronounced than those of changes in temperature and associated pathogen growth in the environment.  Within this framework, we will develop a mathematical model for the population dynamics of cholera that explicitly includes the seasonal flood and flow dynamics of the water and the resultant concentration of the bacterium in the environment and aggregation and dispersal of the human population. Two main routes of cholera transmission will be incorporated: (1) humans may be infected by contact with infective stages in the environmental water supply (primary transmission); (2) infected humans modify the pathogens to create a more infective strain that is more virulent to host that they intern infect via fecal-oral transmission

(secondary transmission) {Merrell:02}.  Virulence of water borne infections is assumed lower than that of infections acquired more directly from infected humans, however, water-borne infections produce shorter durations of immunity, than the more virulent `human-transmitted' strains.  The model will further incorporate seasonality in temperature and its effect on pathogen growth rates. For parameter ranges consistent with the existing literature e.g.,{Codeco:01} and with our findings from other sections of this proposal, the following questions will be addressed: (1) Is the model able to reproduce the different seasonal patterns of cholera in different geographical regions (i.e., districts of Madras vs. those of Bengal)?; (2) Is rainfall suppression of transmission via dilution of the pathogen sufficient to explain the bimodal seasonal pattern and in particular the fall-winter peak?; (3) How does temperature interact with rainfall in the seasonal cycle?; (4) How does the duration of immunity (as inferred from other parts of this project) influence the emergence of interannual variability from seasonal forcing? Do the dynamics differ from those produced by permanent immunity?; (5) Is interannual forcing required to generate interannual cholera cycles?; and (6) How does differential survival of the strains (Classical vs. El Tor biotypes) in the environmental reservoir affect the seasonal and/or interannual patterns?

Spatio-temporal dynamics: patterns of synchrony and transmission (H3,H4)

An important consideration in understanding the environmental forcing of cholera and the regional mechanisms underlying climatic effects is the spatial pattern of propagation of seasonal and interannual fluctuations.  For example, correlation maps already point to a bridge between ENSO and cholera that involves warmer temperatures, initially over the Tibetan Plateau, with the temperature signal propagating north to south {Pascual:00}.  Alternatively, a role of SST implies a propagation from coastal to inland regions.  At smaller

spatial scales, it is of interest to consider how spatial heterogeneity of two different types, the proximity of environmental aquatic reservoirs (rivers and ponds) and the aggregation of humans in villages and household clusters, influences transmission and in particular the timing and relative importance

of primary vs.\ secondary transmission in a dynamic context.  

At the small scale of baris in Matlab, patterns of infection should be spatially aggregated if secondary transmission is the predominant pathway.  Statistical measures of aggregation (e.g., Ripley K) will be computed and their significance tested with standard bootstrap methods to control for the underlying heterogeneity in the distribution of households and water sources {Jolles:02}.  We will also develop stochastic and spatial models of disease dynamics using the framework of metapopulation modelling in ecology {Hanski:99} and Maximum Likelihood Methods e.g.,{Hilborn:97} to fit the parameters from the spatio-temporal data.  To address different hypotheses on the timing and importance of the different types of transmission, model selection will be performed based on the Akaike's information criterion (AIC) {Akaike:74, Burnham:02, Mikkelson:01}.  We will consider secondary transmission within and between baris as a function of distance, as well as primary transmission from the environment and its dependence on distance from aquatic reservoirs.   Based on the results from our temporal studies, we will also compare models with and without temporal (interannual) variation in parameters (e.g. between El Nino and non-el Nino years).  Similar analyses will be conducted for the Vietnam sites at selected spatial scales. 

In parallel to these dynamical studies, we will investigate spatio-temporal patterns statistically from a geographic perspective.   Since cholera is a highly infectious disease, spatial components are important in explaining occurrence rates and specifying the causes and propagation of the disease.  Spatial regression analysis allows us to relate the occurrence of a spatial distribution with various other factors that are geographic in nature {Kulldorff:98}.  In addition, we will use geographically weighted regression (GWR) to explore the relationships between cholera and the environmental variables {Brunsdon:99}.  GWR results in locally specific parameter estimates so the spatial variation of relationships can be mapped, enabling us to explore how relationships vary within and between the different ecosystems in the different study areas.  These relationships might also vary in different socio-demographic situations. We will thus incorporate socio-demographic variables (i.e. population density, socio-economics) into the prediction models with data from the Matlab surveillance system and commune-level census data in Hue and Nha Trang. 

Finally, the historical district data will be analyzed in two different ways to

address respectively, the degree of synchronous behavior at seasonal and interannual time scales, and in more detail, the spatial routes of propagation of the interannual signal. (1) Wavelet analysis will be used to isolate the signal in particular bands of the frequency spectrum, which can then be compared across districts using methods to quantify synchrony.  Previous results for the data on cholera mortality in Bengal {Roy:05} do not support an earlier signal at

the coast.  We plan to expand this particular analysis beyond Bengal to the districts of Madras, and beyond the disease data, to consider the rainfall and temperature records available now at the district level.  (2) To examine spatial propagation in further detail, `normal' and `extreme' conditions in the temporal evolution of cholera will be obtained first with techniques devised for classification purposes. We will group `similar' years according to hierarchical divisive cluster analysis criteria and seek for homogeneous annual cycles with constrained clustering techniques e.g.,{Tuomisto:94,Legendre:98}.  We will afterwards map the spatio-temporal evolution of both cholera and climatic variables. Preliminary results for cholera mortality in Bengal isolate two main routes of propagation from North to South.  We will extend the region to include districts surrounding Bengal in the basins of the Ganges and the Brahmaputra, and determine whether a similar pattern is coherent with the synchronous evolution of alleged climate drivers.

Regional climate drivers (H2)

In order to evaluate the multiple, sometimes competing, climate influences that act as potential extrinsic drivers for cholera incidence in south Asia, studies using climate models will be undertaken.  Preliminary results unpublished; {Pascual:00} have identified particular regions within the Pacific and Indian Oceans whose interannual variability is correlated with either ENSO or cholera incidence or both (e.g. Fig. 4). Similarly, there are preferred locations where the atmospheric circulation is correlated with ENSO, suggesting either an atmospheric or oceanic `bridge' linking ENSO variability to that of the south Asian climate {Lau:96,Klein:99,Lau:04}.  
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Figure 4. 
Map of correlation coefficients between temperatures on land and at sea in a region of the Indian Ocean and cholera in Dhaka 4 months later. Areas in dark yellow correspond to values between 0.3 and 0.4.  Notice that these values are global correlations (i.e. averages over the whole time span of the data) and that local values computed with SDC are higher.  Monthly temperature data from 1980-95 were extracted from GOSTAplus for a grid of 5 degrees latitude and longitude.  

In order to determine the effect on the SAT and monsoon rainfall in Bangladesh and west Bengal, we will analyze a series of climate model experiments designed to test hypothesis H2. The climate model experiments consist of several different representations of the last 130 years of observed climate variability, namely, uncoupled, coupled and regionally coupled model simulations. In each type of simulation, a state-of-the-art dynamical model of the coupled ocean-atmosphere climate system is Used. In order to analyze these climate model simulations in the context of identifying the relationship to cholera incidence, we will evaluate the data in several ways. First, we have identified several cases (years) in which cholera incidence had extreme values. The climate parameters described above, both from observations and from the climate model simulations will be evaluated for the periods of those anomalous cholera events to determine their similarities and, possibly, to construct climate composites relating to extreme cholera incidence (`case studies'). Second, we will artificially suppress the co-variability in the model of the climate in the regions where correlations with ENSO are observed to determine the effect of that co-variability on the south Asian and southeast Asian climate cholera drivers (`sensitivity experiments'). Third, we will validate the simulated climate in the model simulations against observations of the climate, where possible, to determine the uncertainty in the results of the first two experiments and to select the most appropriate models for both the experiments and scenario building (`model validation and selection').

Short-term cholera prediction

In the last stage of this project, we will build on our understanding of  cholera and climate dynamics to choose a subset of variables to develop and examine statistical short-term prediction schemes.  We anticipate for example that this subset will include the susceptibility levels in the population  (reconstructed with our time series models).  The basic idea is to seek prediction, not of the exact number of cases but of predefined disease levels (e.g. above average outbreaks) classified as a discrete variable (e.g. presence/absence of anomalous outbreak), and to examine with out-of-sample data (i.e data not used to fit the models) the predictive ability of particular subsets of variables. We will focus on those variables that are known to have a relationship with cholera incidence, such as NINO3.4 (the canonical ENSO index). Other variables that may be identified in the course of this project, e.g., the Indian Ocean dipole index, SSH in the Bay of Bengal, SST and SSH in the South China Sea, will also be considered.   Variables whose climate predictability is relatively high will be of particular interest.  Windows of time of 6 to 24 months will be examined for cholera prediction. 

Facilities Available

Describe the availability of physical facilities at the place where the study will be carried out. For clinical and laboratory-based studies, indicate the provision of hospital and other types of patient’s care facilities and adequate laboratory support. Point out the laboratory facilities and major equipment that will be required for the study. For field studies, describe the field area including its size, population,  and means of communications. (TYPE WITHIN THE PROVIDED SPACE).  


The project requires computer equipment and software for data analysis at Portland State University and the University of Michigan.  The Department of Geography at Portland State University has a GIS and satellite image processing lab.  The lab includes all of the following GIS and image processing software: ARC/INFO, Erdas Imagine, ENVI, Trimble Pathfinder Office, ArcView GIS, Geostatistical Analyst, Spatial Analyst, and 3-D Analyst.  The Department of Ecology and Evolutionary Biology at the University of Michigan has a computer lab with GIS and statistical software.

Data Analysis


Describe plans for data analysis. Indicate whether data will be analyzed by the investigators themselves or by other professionals. Specify what statistical software packages will be used and if the study is blinded,  when the code will be opened. For clinical trials, indicate if interim data analysis will be required to monitor further progress of the study. (TYPE WITHIN THE PROVIDED SPACE).


Database analysis in FoxPro.  GIS analysis ArcInfo.  Satellite image processing in Erdas Imagine. Time series analysis in R and S.  Spatial statistical analysis in GWR.  See proposal for details of each method.

Ethical Assurance for Protection of Human Rights

Describe in the space provided the justifications for conducting this research in human subjects. If the study needs observations on sick individuals, provide sufficient reasons for using them. Indicate how subject’s rights are protected and if there is any benefit or risk to each subject of the study.

This study uses secondary data.  There are no human subjects.

Use of Animals


Describe in the space provided the type and species of animal that will be used in the study. Justify with reasons the use of particular animal species in the experiment and the compliance of the animal ethical guidelines for conducting the proposed procedures.


None
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Dissemination and Use of Findings


Describe explicitly the plans for disseminating the accomplished results. Describe what type of publication is anticipated: working papers, internal (institutional) publication, international publications, international conferences and agencies, workshops etc. Mention if the project is linked to the Government of Bangladesh through a training programme.


We will publish results in peer-reviewed journals and international conferences.

Collaborative Arrangements


Describe briefly if this study involves any scientific, administrative, fiscal, or programmatic arrangements with other national or international organizations or individuals. Indicate the nature and extent of collaboration and include a letter of agreement between the applicant or his/her organization and the collaborating organization. (DO NOT EXCEED ONE PAGE)


A subcontract will be awarded to ICDDR,B by Portland State University for efforts for Dr. Mohammad Yunus, Mr. A H M Golam Mostofa (HDSS),  for cholera data extraction costs, and ICDDR,B overhead.  Subcontract documentation is being drawn up by the Portland State University Office of Research.  A memo of agreement from ICDDR,B was included with the grant proposal during the application stage.
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(To include cost of computers with UPS,
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