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Abstract

:

This study aimed at evaluating the impact of seasons on the nutritional status and on dietary cassava-related cyanide exposure in Burhinyi and Idjwi, two areas in the eastern Democratic Republic of the Congo, witnessing similarly high cassava-derived cyanide poisoning but differently affected by konzo and malnutrition. Cyanide content in cassava roots and flour, and urinary thiocyanate levels (uSCN) of 54 subjects (40 from Burhinyi and 14 from Idjwi, aged 28.7 (12.1) years, 63% women) were measured during the rainy season (RS) and dry season (DS), using picrate paper kits A and D1. Local processing methods proved to be efficient in removing cyanogenic compounds in fresh cassava roots during the RS. However, the cyanide content in flour samples significantly increased during DS, with ~50% of samples containing unsafe levels (>10 ppm) of cyanide content. Strikingly, the uSCN (µmol/L), from being comparably high in RS (~172.0), slightly decreased during DS in Burhinyi (~103.2; p = 0,3547), but not in Idjwi (~172; p = 0,1113). Furthermore, serum proteins and albumin levels significantly decreased during the DS, witnessing a worsening of nutritional status, in Burhinyi but not in Idjwi. The consumption of bitter cassava roots (OR = 5.43, p = 0.0144) and skipping heap fermentation (OR = 16.67, p = 0.0021) were independently associated with very high uSCN levels during the DS. Thus, restoring the traditional processing methods, and complying with them in either season should ensure the safe consumption of cassava.
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1. Introduction


Cassava (Manihot esculenta Crantz) is a tropical plant, of which the root constitutes a major source of calories and a staple food for about 800 million people worldwide, mainly residing in tropical countries [1]. It is the most produced staple food in Africa and the fourth most important crop worldwide, after maize, wheat and rice [2,3]. Cassava is an excellent reserve crop against famine, highly appreciated among subsistence farmers in sub-Saharan African countries as a rich source of carbohydrates and owing to its easy adaptation to poor soils [1,4,5]. However, cassava roots have very low protein content [6] and hold potentially toxic cyanogenic glucosides (mainly linamarin and a small amount of lotaustralin) at various concentrations [7].



Total cyanogenic glucosides concentration in cassava roots, while determining the latter’s taste [8], depends on cultivar varieties, environmental conditions, cultural practices, and on the age of the plant [9]. Cyanogenic glucosides allow plant survival in harsh environmental conditions and are protective against predators’ attacks and pests [8,10]. However, their degradation leads to the release of cyanide, one of the most powerful poisons for human beings [11]. Cassava varieties are classified as “sweet” or “bitter”, as they contain respectively <50 or >50 ppm (ppm refers to cyanide equivalents in milligrams per kilogram of cassava on a fresh weight basis) [12]. Bitter varieties are considered to be toxic and require, prior to ingestion, efficient processing for cyanogenic compound removal [13,14] below the safety level set by the Food and Agriculture Organization (FAO) and the World Health Organization (WHO) at ≤10 ppm [15].



When properly processed, cassava remains a safe food. Various traditional processing methods for cassava products (such as water soaking or heap fermentation) have proved to be efficient in reducing cyanide content below the toxic threshold [16], as witnessed by rare cases of acute cyanide intoxication from cassava products noticed in populations regularly consuming cassava [11]. However, in periods of severe food deprivation (e.g., adverse climatic events such as drought, war, and other humanitarian disasters), some communities do not comply with their usual (somehow time-requiring) processing. Thus, they either resort to inefficient methods (such as sun drying alone) or introduce shortcuts to their traditional processing, which results in high (toxic) residual cyanogen content in processed cassava species [17,18,19].



Chronic ingestion of unproperly processed (toxic) cassava products is associated with a number of disorders, among which include malnutrition, pancreatitis, thyroid dysfunction, and neurological diseases (e.g., tropical ataxic neuropathy and konzo) [16,20,21]. Thus, the appropriateness of cassava processing constitutes a key element to ensure the safe consumption of cassava products [22], which contributes to prevent the above-mentioned pathological conditions, especially konzo [23]. Konzo is a crippling neurological disease characterized by a spastic non-progressive paraparesis (or tetraparesis in severely diseased patients) of abrupt onset and irreversible course [20,24], affecting poor African communities under severe food deprivation conditions and predominantly consuming toxic cassava [18,20].



The former Bandundu province, in the western part of the Democratic Republic of the Congo (DRC), constitutes the major focus of konzo worldwide, accounting for more than half of all konzo cases and reported epidemics [20]. The disease has been known by local communities since the end of the 19th century [25]. For about one century, Bandundu (and, to a lesser extent, the Muetshi District in the former Occidental Kasai province [26]) was acknowledged to be the sole focus of konzo in the DRC. However, in the late 1990s, new cases were reported in South-Kivu, a war-torn province located in the eastern DRC, more than 1000 km away from Bandundu [27]. As in former konzo outbreaks, the two major konzo risk factors (i.e., cassava-derived cyanide poisoning and malnutrition) were documented, and the new epidemics was restricted to Burhinyi (a rural district located about 65 km west of Bukavu, the capital city of the South-Kivu province) and its immediate neighborhood [27]. The reasons why the disease remained clustered to this area are still unclear, especially knowing that cassava is the staple food for most communities living in South-Kivu. Furthermore, cassava-derived dietary cyanide poisoning was already reported in Idjwi, another rural district of the province, in the 1970s, and was suspected to contribute to the high prevalence of endemic goiter in this region [21]. A recent survey confirmed the persistence of cassava-derived cyanide poisoning in Idjwi [28], while no case of konzo has been observed there so far. The same study pointed out that the most discriminating factor between Idjwi and Burhinyi was the nutritional level, which was by far worse in Burhinyi than in Idjwi, hence the hypothesis that nutritional status would be more determinant in the appearance of konzo in Burhinyi. In this perspective, dietary habits (changes) could also play a role. On the other hand, in Burhinyi, like in other konzo-affected areas, the peak incidence of konzo occurred during the dry season (DS) [27], and this seasonality is not yet fully explained. Whether it is solely related to seasonal variation (temperature, humidity, etc.) and its environmental consequences on cassava cultivars and population health or favored by season-related changes in dietary habits and/or in cassava processing is still an open question.



This study aimed to evaluate and compare the impact of seasonal variation regarding, on one side, the nutritional level, and on the other side, the efficiency of current cassava processing methods and on cyanide poisoning in Idjwi and Burhinyi, owing to their similar level of cassava-derived cyanide poisoning and differential appearance of konzo (see above), with the hypotheses that (1) the inefficiency of local processing methods in removing cyanogenic compounds from cassava roots is worse during the DS, more prominently in Burhinyi than in Idjwi, and (2) seasonal variation differently influences the nutritional level during the DS, with worsening of protein malnutrition in Burhinyi (but not in Idjwi) due to lower protein intake.




2. Materials and Methods


2.1. Study Area


This study was conducted in Burhinyi and Idjwi, two rural areas of South-Kivu province, in the eastern DRC. Detailed information on these areas is presented elsewhere [28]. In brief, Burhinyi is a mountainous area located in the territory of Mwenga, ~65 km southwest of Bukavu (the capital city of the province), where konzo cases were first and solely reported in eastern DRC [27]. Idjwi is the largest island of the Kivu Lake located ~50 km northeast of Bukavu (Figure 1). These two rural areas belong to the climate zone AW3 (wet tropical), according to the Köppen climate classification [29,30], with a short DS (June to August) and a long raining season (RS) (September to May). As elsewhere in the DRC, cassava products are predominant in the population’s diet of both areas. As stated above, dietary cyanide poisoning from cassava prevails in both regions [28], associated to konzo in Burhinyi [27], contrary to Idjwi, where no konzo case has been so far reported, rather, a high prevalence of endemic goiter [21,31].




2.2. Study Design and Ethical Considerations


This repeated cross-sectional study was conducted in the frame of a larger project targeting risk factors and determinants of konzo in South-Kivu, during which data were collected between May and August 2018. In this report, we only present data on cassava-related cyanide exposure and the nutritional status in patients suffering from konzo (in Burhinyi) or goiter (in Idjwi), as well as in age-matched healthy subjects from the same areas, in addition to the total cyanide content of fresh cassava roots and of cassava flour, collected directly from local fields and from households’ stocks, respectively.



In order to confirm our working hypotheses, detailed information on cassava processing (e.g., used methods, and duration of each step) and dietary habits related to cassava were evaluated by individual interviews with participants, using a questionnaire. The efficiency of cassava processing methods was assessed by measuring the reduction in cyanide content between fresh roots and processed flour, and the proportion of flour samples containing residual cyanide contents above the safety threshold of 10 ppm [15]. Dietary cyanide poisoning was assessed using the uSCN level, which was considered to be high when exceeding 100 μmol/L (corresponding to the cutoff value of 6 mg/g creatinine for non-smokers individuals with normal kidney function [32]) or very high for values ≥ 344.0 µmol/L (these values were reported in several konzo-affected areas [23,33,34,35]). Serum proteins and albumin levels were used as biological markers of the nutritional status. Finally, in order to measure the impact of seasonal variation, we compared the values of these parameters in May (RS) and in August (DS) on both areas of interest.



The study was approved by the ethical committee of the Université Catholique de Bukavu (ethical approval code: UCB/CIE/NC/001/2017), by the Medical Ethics Committee (CME) of the Hasselt University (approval code: CME2017/764), and by the Social and Societal Ethics Committee (SMEC) of the Hasselt University (approval code: REC/SMEC/VRAI/178/104). All procedures were performed in accordance with the 1964 Declaration of Helsinki and its later amendments and following other national and international ethical standards. Prior to enrolment in the study, all adult participants gave their informed consent, while for those under the age of 18, the consent was obtained from parents (see below the detailed procedure).




2.3. Participant Recruitment and Sampling


This study included konzo patients living in Burhinyi and patients suffering from endemic goiter living in Idjwi (cases), these diseases having been factually and respectively demonstrated to be associated with cassava-derived cyanide exposure in these areas. In addition, age- and sex-matched healthy subjects from the same area (controls) were respectively included.



We closely collaborated with local community health workers (CHWs) for participants screening and recruitment. When CHWs went door to door for their regular activities in communities, they screened for potential participants fulfilling the inclusion criteria, respectively, in Idjwi (visible goiter) and in Burhinyi (the WHO criteria of konzo: 1° a visible symmetric spastic abnormality of gait while walking or running; 2° a history of onset of less than 1 week followed by a non-progressive course in a formerly healthy person; and 3° bilaterally exaggerated knee or ankle jerks without signs of disease of the spine [24]). Exclusion criteria for controls consisted of medical history of motor impairment, irrespective of the etiology (in Burhinyi) and notion of goiter (in Idjwi), while in all participants (patients and controls from both areas), they consisted of (1) history of smoking (because smoking increases uSCN levels [36]; see below); (2) the existence of kidney failure (prolonging the urinary elimination half-life of thiocyanate (SCN) [36]); and (3) infection by the human immunodeficiency virus (HIV) (especially in Burhinyi, as the HIV-1 can cause spastic paraparesis [37]).



Recruitment consisted of a two-step procedure: first, eligible patients were orally given relevant information about the study in local dialects and were requested, if interested, to come to the local health center at a given date with a proxy of similar age (±5 years) and sex, not suffering from their disease, and in the case of those aged < 18 years, also with their legal representative. On second contact, screened patients, as well as their healthy proxies and their legal respondent when applicable, were provided with detailed explanations about the study by the investigating team (medical doctors, agronomist, nurses, and trained medical students). Participants were finally included only after they (or their legal proxy if <18 years old) gave their informed consent and if investigators confirmed that they met inclusion criteria and had no exclusion criteria.



There was no sample calculation in this study, which conveniently included participants as much as possible, according to the contacts initiated through CHWs. A total of 94 subjects participated in the first survey (May), including 33 konzo patients and the same number of healthy controls from Burhinyi, as well as 14 patients with goiter and their respective controls from Idjwi. Among subjects included in the RS, 40 were lost to follow-up at the second survey (August) and were excluded from final comparative analyses, as they lacked data for the DS. Therefore, 54 (29 konzo patients and 11 healthy subjects from Burhinyi, 8 patients with goiter and 6 healthy subjects from Idjwi) with complete information collected for both seasons constituted the final population of this study (Figure 2). Initially, we were planning to conduct a 1:1 case-control design. However, owing to the lower number of controls with complete data for both seasons, case-control comparison tests were not performed in the final analyses.



In addition to clinical data, a total of 174 fresh cassava roots (108 in Burhinyi and 66 in Idjwi) and 111 cassava flour samples (59 in Burhinyi and 52 in Idjwi) were conveniently collected from local fields and households’ stocks in Burhinyi and Idjwi as follows: in each selected village, a “starting point” was chosen as the nearest address to one patient (konzo patient in Burhinyi or goiter patient in Idjwi), from which we randomly chose a direction in which we went door to door, identifying all households growing cassava in their fields up to the village limits in that direction. In some villages (both in Burhinyi and Idjwi), however, there was no participant to the clinical study. Therefore, we obtained the consent of the chief in order to collect cassava roots or flour samples from all households, who had to give their consent as well in order to participate in cassava sample collection.



In each field, all varieties of cassava were identified. For each of them, one plant was harvested, and the largest cassava root taken from the plant. Additionally, a small amount (approximately 50 g) of cassava flour was collected from the household stock. Collected cassava roots and flour samples were stored in dry and cool conditions (~8 °C) for a maximum of 24 h before their cyanide content was measured.




2.4. Data Collection


Each recruited participant was given an individual unique code based on the rank on the enrolment list, the month and year of birth, sex, and medical status (patient or control). This code was used throughout data collection and analysis to identify the participant, for confidentiality and according to ethical recommendations.



All subjects were interviewed on their medical history regarding spastic paraparesis (Burhinyi) or goiter (Idjwi), and their dietary habits (including cassava growing, processing methods, and consumption). Food intake was qualitatively assessed using a 72 h dietary recall. In addition, participants were asked about the consumption of other cyanogenic foods, such as bitter almonds or bamboo sprouts.



In addition to a general physical and neurological examination, they gave each one urine sample collected in a sterile 50 mL tube the day of their clinical examination. Fresh collected urine samples were immediately labeled with the participant’s code, put on ice in closed boxes for one to six hours, then deep frozen at −40 °C until they were processed for uSCN measurements. In addition, a total of 444 blood samples (three samples per participant) were collected in red-top 5 mL tubes with no additive, immediately labeled thereafter with the patient’s individual codes, and centrifuged within 30 min to one hour using the Omega 6 centrifuge machine at 3600 revolutions per minute (corresponding to 1600× g) for 10 min. The obtained aliquots were put in separate cryotubes, then deep frozen at −40 °C until they were processed for serum creatinine, albumin and total proteins measurements, and HIV serological tests. Finally, fresh cassava roots and processed flour samples were collected for total cyanide content measurement (for more details, see Section 2.3. above).




2.5. Data Processing and Analysis


2.5.1. Data Processing


The cyanide content of fresh roots and of cassava flour was measured by using semi-quantitative colorimetric methods with the “kit A”, according to Dr. Bradbury’s protocol (School of Botany and Zoology, Australian National University) [38]. uSCN levels were measured by using the “kit D1”, following Dr. Bradbury’s protocol (School of Botany and Zoology, Australian National University) [39]. Serum creatinine was measured in all participants, and the Modification of Diet in Renal Disease (MDRD) equation was computed to evaluate the estimating glomerular filtration rate (GFR). All participants had a GFR above 60 mL/min/1.73 m2, witnessing normal kidney function. Therefore, the abovementioned normal reference value (<100 µmol/L) was used for measured uSCN in all participants.




2.5.2. Statistical Analyses


The Pearson’s chi-squared test (or Fisher’s exact test when at least one expected cell size was <5) was used to compare categorical data. The paired t-test or the Wilcoxon signed-rank test was used to compare matched quantitative data between the RS and the DS, based on whether the data were normally distributed or not, while the unpaired t-test or Mann–Whitney test was used to compare unmatched quantitative data. To evaluate the association between very high uSCN levels and different factors, a simple logistic regression was used by computing the crude odds ratio (OR) along with 95% confidence interval (95%CI), and then a multivariable logistic regression model was built to identify factors independently associated with very high uSCN by computing adjusted OR (and corresponding 95% CI). This model included all variables with a p-value below 0.25 in the simple logistic regression. Finally, we assessed the association between (1) uSCN and total cyanide content in the cassava flour sample (in the RS), and (2) uSCN and serum protein levels by computing the Spearman’s rank correlation.



Statistical significance was defined by p < 0.05, and analyses were performed by using the Epi Info software, Version 7.2.4.0 (CDC, Atlanta, GA, U.S.A., 2020) and GraphPad Prism version 9.0.0 for Windows (GraphPad Software, San Diego, CA, U.S.A.). A two-tailed p < 0.05 was considered to indicate a statistically significant difference.






3. Results


3.1. General Characteristics of the Surveyed Population


In this study, a total of 94 subjects (66 from Burhinyi and 28 from Idjwi), aged 28.8 ± 12.0 years old, 59.6% female, were screened. Out of them, 54 subjects, respectively, from Burhinyi (40) and from Idjwi (14) with complete datasets were included in the final comparative analyses, whose sociodemographic characteristics are shown in Table 1. The final study population did not drastically differ from the screened groups (see Table S1 provided as supplementary material).




3.2. Cassava Consumption Habits, Farming Practices and Processing Methods


Cassava was more predominantly consumed during the DS, especially in Burhinyi. In fact, the proportion of participants reporting having eaten cassava ≥ 2/3 last days similarly increased during the DS in Burhinyi (from 80% to 95%) and in Idjwi (from 78.6% to 92.9%) compared to the RS, but the seasonal difference reached significance only in Burhinyi (p = 0.0425 and p = 0.5956). Despite the prominent presence of a cassava culture, dietary cassava products did not always come from the field owner’s production, as some participants reported to consuming cassava bought from local markets (Burhinyi: 30% in RS and 17.5% in DS, p = 0.1990; Idjwi: 28.6% in RS and DS, p = 1.0000). Some participants reported exclusively eating bitter cassava foods, especially in Idjwi in DS (Burhinyi vs. Idjwi: 30.0% vs. 50%, p = 0.2064 in RS; 30.0% vs. 64.3%, p = 0.0235 in DS), while others ate more sweet cassava roots or a mixture of both.



Cassava was harvested approximately 12 months after planting (11.8 ± 1.7 and 11.6 ± 1.3 months in Burhinyi and Idjwi, respectively, p = 6223). Both communities grew bitter and sweet varieties of cassava. Table 2 shows that cassava cultivars grown in both areas had high cyanide content in fresh roots. Of notice, sweet varieties (considered to contain low cyanide levels) displayed cyanide concentrations above 50 ppm (median 30–100 ppm) although still lower than bitter varieties (median > 100 ppm).



Upon harvest, cassava roots were successively peeled, sun dried, and heap fermented before being milled to produce the flour in both areas. Water soaking was not practiced in these communities. Cassava roots were also consumed fresh, albeit more systematically in Idjwi (all participants) than in Burhinyi (67.5%, p = 0.0013). Cassava flour is used to make “ugali” (a kind of hard porridge obtained by kneading cassava flour in boiling water), the main staple food for all participants. The traditional standard processing duration was described as the following (respectively in Burhinyi and Idjwi): sun drying (~3 and ~7 days), and heap fermentation (~2 and ~1 days). The current processing steps and their respective durations in Idjwi and Burhinyi are summarized in Table 3. It is clear from these data that the processing duration has shortened during the last decade (53.6% of participants in Burhinyi and 41.2% in Idjwi, p = 0.4901).



Despite similar overall processing methods in Burhinyi and Idjwi, slight differences appeared. The total processing duration was ~40% and 50% shorter in Burhinyi, respectively, in RS and DS (see Table 3), most probably due to shorter sun drying (~60% and ~65% lower duration in RS and DS, respectively). However, a larger proportion of participants practiced heap fermentation in Burhinyi than in Idjwi, especially during the RS (100% vs. 50% in the RS, p < 0.0001), whereas the difference became non-significant during the DS (90.0% vs. 71.4%, p = 0.1832). Furthermore, while bitter and sweet varieties of cassava were both indifferently processed in Burhinyi to produce flour, only bitter roots were processed in Idjwi (sweet roots were just boiled or even eaten raw). In summary, while the processing duration was equally shortened in both areas (especially sun drying), heap fermentation tended to be less frequently performed during DS in Burhinyi (although indifferently applied to sweet and bitter cassava varieties) than in Idjwi (where it was selectively applied to bitter cassava).



The total cyanide content in fresh cassava roots and in the processed flour is presented in Table 4. The processing methods used in both areas resulted in a drastic drop (~95%) in the total cyanide content, especially during the RS when it reached safety levels (0 (0–10) ppm in Burhinyi [23.1% > 10 ppm] and 10 (5–10) ppm in Idjwi [17.7% > 10 ppm], p = 0.2172 [and p = 0. 6687]). On the contrary, the DS witnessed significantly higher residual cyanide concentrations in flour samples both in Burhinyi (p = 0.0212) and in Idjwi (p = 0.0080) (Figure 3a,b), with 42.4% and 48.6% of samples above 10 ppm, respectively, in Burhinyi (p = 0.1224) and Idjwi (p = 0.0332). No statistical difference in cyanide content was observed between the two areas overall.




3.3. Protein Dietary Intake and Nutritional Status


Cassava foods were mostly eaten with vegetables as a side dish, while animal protein intake was limited (especially in Burhinyi), although widely varied during the RS and the DS, as explained below. Over the last three days before evaluation, the following proportion of people from Burhinyi reported eating at least once the mentioned foods: meat (37.5% in the RS and 45.0% in the DS, p = 0.4957), fish (10.0% and 17.5%, p = 0. 3301), milk (15.0% and 12.5%, p = 0.7454), or eggs (5.0% and 0.0%, p = 0.4936). Participants from Idjwi had significantly more access to fish (57.1% in the RS, p = 0.0009 and 71.4% in the DS, p = 0.0004), but were equally deprived from access to the other protein sources (all p > 0.05).



Participants from Burhinyi and Idjwi had similar serum proteins levels (8.1 ± 0.5 g/dl vs. 8.3 ± 0.3 g/dl, p = 0.3694) and albumin levels (4.6 ± 0.4 g/dl vs. 4.6 ± 0.3 g/dl, p = 0.6351) during the RS, while both became significantly lower in Burhinyi during the DS (p = 0.0023 and p = 0.0097, respectively for protein and albumin levels) (see also Figure 3e–h).




3.4. Urinary SCN Concentrations and Determinants


The prevalence of participants with high uSCN concentrations was similarly high in Burhinyi and in Idjwi (respectively, 65.0% and 85.7% in the RS, p = 0.1872; 57.5% and 78.6% in the DS, p = 0.1600), without any difference noticed between seasons. The median uSCN values led to the same observations during the RS (i.e., similarly high levels: 172.0 (68.8–258.0) µmol/L in Burhinyi and 172.0 (103.2–344.0) µmol/L in Idjwi, p = 0.3969), but during the DS, uSCN concentrations were significantly lower in Burhinyi than in Idjwi (103.2 (34.4–172.0) µmol/L vs. 172.0 (172.0–344.0) µmol/L, p = 0.0414). Again, no difference was noticed between seasons within one area (p = 0.3547 in Burhinyi and 0.1113 in Idjwi) (Figure 3c,d). Overall, it appears that the contrast between the two areas was more remarkable during the DS than during the RS, although no significant seasonal reduction could be detected within each area.



During the DS, significantly higher uSCN levels were noticed in participants who reported exclusively eating foods from bitter cassava roots (172.0 (103.2–344.0) µmol/L) as compared with those who ate mostly sweet cultivars or a mixture of both sweet and bitter varieties (103.2 (34.4–172.0) µmol/L, p = 0.0214). Likewise, participants who skipped heap fermentation during cassava processing had higher uSCN levels (344.0 (258.0–688.0) µmol/L) compared to those who fermented cassava for at least one day (103.2 (34.4–172.0) µmol/L, p = 0.0051). On the other hand, neither the reported total duration of cassava processing, nor the duration of sun drying significantly influenced uSCN levels (p > 0.05). Overall, 24.1% of the study population (10/54) had very high uSCN concentrations (i.e., uSCN ≥ 344.0 µmol/L), which was independently associated in DS with a predominant consumption of bitter cassava foods (OR = 5.43, p = 0.0144) and to skipping heap fermentation during cassava processing (OR = 16.67, p = 0.0021) (Table 5).



Thus, increasing the consumption of bitter and bypassing heap fermentation (but not shorter processing and sun drying) determined higher uSCN urinary concentrations during the DS.



Of notice, a significant positive correlation was found between uSCN levels and serum proteins in Burhinyi during the RS (ρ = 0.49, 95% CI: 0.19 to 0.71, p = 0.0018), but not during the DS (ρ = −0.07, 95% CI: −0.40 to 0.27, p = 0.6636) (Figure 4). No significant correlation was found between uSCN and serum proteins levels in Idjwi in either season (RS: ρ = −0.32, 95% CI: −0.74 to 0.26, p = 0.2530, DS: ρ = 0.10, 95% CI: −0.47 to 0.61, p = 0.7329).



Finally, from the 54 included participants, 16 provided cassava flour samples. A weak but non-significant positive correlation was found between uSCN levels of the 16 participants and the cyanide content in corresponding cassava flour (ρ = 0.30, 95% CI: −0.23 to 0.69, p = 0.2600).





4. Discussion


The aim of this study was to evaluate the impact of seasons on the nutritional status and on dietary cassava-related cyanide exposure, in two areas of the DRC South-Kivu province (Burhinyi and Idjwi) differently affected by konzo and malnutrition, although similarly witnessing cassava-derived cyanide toxicity. We made the hypothesis that the DS would negatively influence those parameters, especially in Burhinyi, as part of the explanation regarding the differential appearance of konzo in these two areas. In order to demonstrate our assumptions, we collected, through this repeated cross-sectional study conducted respectively in the RS and in the DS, detailed information on the dietary habits and farming practices focused on cassava and measured dietary cyanide content in cassava products. Additionally, the uSCN and biological markers of the nutritional status were assessed at these two time points in patients who underwent diseases supposedly related to cassava toxicity (i.e., konzo in Burhinyi and endemic goiter in Idjwi) and healthy controls. The final population with the complete dataset consisted of 37 cases and 17 controls.



4.1. Local Processing Methods Are Efficient in RS but Not in DS


Information collected during individual interviews did not show other evident dietary sources of cyanide exposure than cassava in both areas. Cassava cultivars grown in these areas had equally high cyanide content during the RS as well as during the DS, regardless of their taste, even if sweet varieties tended to contain less cyanide. In contrast, cyanide concentrations observed in flour obtained from processed cassava was in the great majority of samples, below the safety level overall. Nevertheless, when looking further into seasonal variations, it was clear that during the DS, approximately half of the flour samples contained toxic levels of cyanide in both areas. This seasonal discrepancy could arise either from higher fresh root cyanide content during DS (already reported elsewhere [8], mainly due to water stress on the plant because of the drought [9]), or from less efficient processing.



Our data did not show seasonal differences in fresh root cyanide concentrations in both areas, but most participants reported a shortcut in cassava processing during the DS, which was confirmed by shorter overall processing duration, especially the sun-drying step. This could eventually account for the above-mentioned discrepancy, owing to higher residual cyanohydrin levels in cassava products [17,18,40]. However, it was shown that once the relative moisture reaches low values in cassava roots, modifying the duration of the sun-drying step has no further influence on the decrease in the dried roots’ cyanide content, due to the interruption in enzymatic degradation [40]. In fact, in South-Kivu, during the DS, temperatures are warmer, with longer sunshine exposure per day and lower ambient relative moisture [41]. These conditions may lead to a quicker drying of cassava roots, which results in low root moisture (<15%), prematurely interrupting the removal of cyanogenic compounds, before the residual cyanide reaches safe levels [42,43]. Such geo-environmental factors may have largely contributed to the inefficiency of traditional processing methods during the DS in Burhinyi and Idjwi. Supporting this assumption, it was shown that repeatedly wetting and sun-drying cassava flour increases the rate of cyanide removal up to the safety level [23,44], most probably thanks to renewed moisture, allowing further enzymatic degradation. The wetting method has shown to be easy to implement, even in poor populations [23,45], probably because it does not require to prolong the processing procedure and remains compatible with the maintenance of household stocks of cassava flour in conditions of food deprivation.




4.2. Consumption of Bitter Cassava and Skipping Heap Fermentation Are Associated with Very High uSCN Levels


Participants from both areas who reported skipping heap fermentation during cassava processing and restricted their cassava processing to sun-drying had significantly higher uSCN levels, witnessing higher dietary cyanide poisoning, compared to those who fermented cassava roots at least for one day prior to its consumption. Several studies have shown the high efficiency of heap fermentation, which removes up to 98–99% of cyanogenic compounds [7,43,46,47], in contrast with sun-drying alone [43,48,49]. Accordingly, our data showed that more exclusive consumption of bitter cassava and skipping of heap fermentation (and performing sun drying alone) independently increased the odds of having very high uSCN levels, while no association was found between the total processing (or sun drying) duration and the uSCN levels. However, our data did not show differences between Burhinyi and Idjwi regarding processing shortcuts, in contradiction with Banea JP et al., who found an association between konzo outbreak in Bandundu (western DRC) and frequent shortcuts in cassava processing, especially a shorter fermentation [18]. Thus, Burhinyi and Idjwi appeared, once more, to undergo similar cassava-derived cyanide exposure, regardless of their differences in the occurrence of konzo, as previously observed [28].




4.3. Seasonal Variation Does Not Induce uSCN Modification


This study showed high uSCN levels in participants from Idjwi and Burhinyi, witnessing persistent dietary cyanide poisoning in both areas [27,28]. As stated above, growing bitter cassava (and to a lesser extent, also sweet toxic varieties), as well as shortening or skipping heap fermentation during the processing, prominently contributed to cyanide exposure, although our results could not show a significant correlation between the cyanide content of cassava flour and uSCN (the study was not specifically designed for this type of analysis).



Strikingly, uSCN levels were found to be similarly high in both seasons, while the cyanide content of cassava flour was subject to seasonal variation in both areas (remaining within safe ranges during the RS). One explanation for high uSCN during the RS could be that fresh cassava roots (whose cyanide content was not modified though seasons) remarkably contributed to cassava-related cyanide exposure, with a prominent effect on uSCN, which was already shown in Burhinyi [27]. Although cassava fresh roots are consumed in both regions (more systematically in Idjwi than in Burhinyi), we have no indication that they predominate among cassava products in the diet. Thus, alternative explanation should be searched for steadily high uSCN concentrations.



When comparing uSCN in the RS and in the DS, the contrast between Burhinyi and Idjwi was only significant in the DS, with lower uSCN in Burhinyi, in accordance with a higher proportion of cassava flour samples containing toxic cyanide levels in Idjwi. However, this observation is difficult to understand in light of the presence of Konzo in Burhinyi and of the deleterious effect of the DS in outbreak occurrence [18,27,50,51], from which one would expect higher uSCN in Burhinyi than in Idjwi, particularly during the DS. The existence of other sources of cyanide exposure in Idjwi could be questioned as a possible explanation for higher uSCN in Idjwi. However, no other cyanogenic food was identified in the diet of Idjwi participants, and industrial sources of exposure are unlikely in this poor region where no factory exists. Additionally, cyanide is not used in subsistence agriculture and petty trading (the main local economic activities).



Possible underestimation of cyanide exposure measured by uSCN in malnourished individuals (due to lower SCN synthesis capacity) from Burhinyi was already evoked in our previous data [28]. In this study, the serum protein level was lower in participants from Burhinyi in the DS compared to the RS, contrary to those from Idjwi who did not witness seasonal modification. On one hand, this finding confirms a rapid deterioration of the nutritional status (especially lower serum albumin level) between the RS and the DS in Burhinyi, as previously postulated in the new paradigm favoring a prominent role of acute nutritional worsening in the appearance of konzo [28]. As a consequence, the above-mentioned underestimation of cyanide poisoning though uSCN measurement would be more prominent in the DS in Burhinyi.



Overall, it appears that the lack of uSCN seasonal variation does not reflect a steadily high cyanide exposure, especially in Burhinyi, further suggesting a possible underestimation due to lowered SCN synthesis capacity (resulting in lower uSCN) in people undergoing acute worsening of their (already impaired) nutritional status. Disruption in the correlation between serum protein and uSCN in the DS in Burhinyi could be understood in the frame of the rapid nutritional deterioration. In light of these observations, it is plausible that participants from Burhinyi underwent higher cyanide exposure during the DS, especially if we consider the higher cyanide content in cassava flour observed during this season.



The nutritional status was observed to be better in Idjwi than in Burhinyi, even if anthropometric indices were at the edge of pathological values [28]. Given the persistently high cyanide exposure noticed, we anticipated that the population in Idjwi would be, in the case of sudden nutritional deterioration, at risk of developing konzo. In this study, protein and album serum levels tended to be lower in the DS than in the RS (although significance was not reached in Idjwi), further confirming previous observations. On the other hand, in the case that the nutritional deterioration trend persists or worsens, the contribution of cassava toxicity to the endemic goiter would decrease despite the absence of any preventive or therapeutic intervention, owing to the inability to engage the SCN-related detoxification pathway competing with iodine thyroid uptake [52]. Therefore, the unexpected reduction of endemic goiter should prompt careful assessment of the nutritional level in order to appropriately evaluate and prevent the risk of konzo.





5. Conclusions and Limitations


In conclusion, our results show that seasonal variation differently affected the cyanide content in cassava flour, the nutritional status, and the uSCN levels. (1) The cyanide content in cassava flour increased during the DS, most probably due to the more important consumption of toxic bitter (and to a lesser extent sweet) cassava products, as well as shortening or skipping heap fermentation during cassava processing. (2) Of notice, the traditional processing methods (maintained during the RS), regardless of differences between Burhinyi and Idjwi, were effective enough to reach safe cyanide levels in cassava flour. Thus, adherence to the traditional processing method (in particular, a sufficiently long heap fermentation) should ensure the safe consumption of cassava. (3) On the other hand, seasons did not have impact on uSCN levels (which remained equally higher in both areas and periods) but influenced the nutritional level solely (a rapid nutritional deterioration was restrictively observed in Burhinyi during the DS, further suggesting a role in the occurrence of konzo in accordance with our previous assumption).



Overall, this study further reinforces the new paradigm of a hierarchy between the two konzo risk factors, with a first prerequisite for malnutrition existence and additional cassava-related cyanide exposure. Here, we add in the role of seasonal variation of both factors, with acute nutritional deterioration and higher cyanide intoxication during the DS. It finally appears, from this conceptual frame, that the population of Idjwi is not far from being highly at risk of developing konzo (in case of further worsening of its nutritional status).



Despite these interesting findings, and careful and rigorous methodology, the results of this study should be taken with great caution, as the final small sample, especially in Idjwi, might have influenced our observed correlations or differences. They need further confirmation in larger populations.
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Figure 1. Map of the study area. 






Figure 1. Map of the study area.



[image: Processes 10 00337 g001]







[image: Processes 10 00337 g002 550] 





Figure 2. Flowchart of the study participants recruitment. 
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Figure 3. Seasonal variations of dietary cyanide exposure and nutritional status (serum proteins and albumin levels). This figure shows the impact of seasonal variation on 1° the total cyanide content in cassava flour samples: significant increase during the dry season in Burhinyi (a) and Idjwi (b), 2° the urinary thiocyanate levels: non-significant decrease in Burhinyi (c) and slight (non-significative) increase in Idjwi (d) during the dry season, and 3° the serum proteins and albumin levels: significant decrease during the dry season in Burhinyi (e,g) but not in Idjwi (f,h). Data are presented as a median with an interquartile range (a–d) or as mean with standard deviation (e–h). RS, rainy season; DS, dry season; ppm, parts per million; ns, not significant; * p < 0.05; ** p < 0.01; **** p < 0.0001. 
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Figure 4. Correlation between urinary thiocyanate and serum protein levels during the rainy season (a) and the dry season (b) in Burhinyi, using the Spearman’s rank correlation coefficient. This figure shows a significant correlation between these two factors during the rainy season but not during the dry season. 
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Table 1. Sociodemographic characteristics of the final study population.
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Characteristics

	
General Group

(n = 54)

	
Burhinyi

(n = 40)

	
Idjwi

(n = 14)

	
p






	
Age (years) *

	
28.7 (12.1)

	
25.8 (11.8)

	
36.9 (9.0)

	
0.0023 1




	
Sex




	
Female

	
34 (63.0)

	
21 (52.5)

	
13 (92.9)

	
0.0071 2




	
Male

	
20 (37.0)

	
19 (47.5)

	
1 (7.1)

	




	
Level of completed education




	
None

	
37 (68.5)

	
29 (72.5)

	
8 (57.1)

	
0.5446 3




	
Primary school

	
12 (22.2)

	
8 (20.0)

	
4 (28.6)

	




	
Secondary school

	
5 (9.3)

	
3 (7.5)

	
2 (14.3)

	




	
Occupation




	
Farmer

	
37 (68.5)

	
26 (65.0)

	
11 (78.6)

	
0.5073 3




	
Other

	
17 (31.5)

	
14 (35.0)

	
3 (21.4)

	




	
Growing cassava




	
Yes

	
54 (100.0)

	
40 (100.0)

	
14 (100.0)

	
1.0000 2




	
No

	
0 (0.0)

	
0 (0.0)

	
0 (0.0)

	




	
Main source of income




	
Harvests

	
52 (96.3)

	
38 (95.0)

	
14 (100.0)

	
1.0000 3




	
Other

	
2 (3.7)

	
2 (5.0)

	
0 (0.0)

	








* Data for age are means (standard deviation), all other are n (%). 1 Unpaired t-test; 2 Pearson’s chi-squared test; 3 Fisher’s exact test.
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Table 2. Varieties and cyanide content in (fresh) cassava roots grown in Burhinyi and Idjwi.
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Cassava Varieties

	
Nb of Samples

	
Taste

	
Cyanide Content (ppm) 1






	
In Burhinyi




	
Nyangezi

	
34

	
Bitter

	
200 (100–400)




	
M’Kabuye

	
16

	
Bitter

	
150 (100–400)




	
Chidukura

	
38

	
Sweet

	
50 (50–100)




	
Majambere

	
4

	
Sweet

	
75 (50–450)




	
Other bitter varieties

	
13

	
Bitter

	
100 (50–100)




	
Other sweet varieties

	
7

	
Sweet

	
50 (30–100)




	
In Idjwi




	
Kalimira

	
36

	
Bitter

	
200 (150–400)




	
Nyamalirwa

	
12

	
Bitter

	
150 (100–400)




	
Mulibwa

	
10

	
Sweet

	
75 (30–100)




	
Other sweet varieties

	
8

	
Sweet

	
50 (30–100)








1 Data are median (interquartile range); Nb: number; ppm: parts per million.
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Table 3. Duration of cassava processing methods by seasons and areas.






Table 3. Duration of cassava processing methods by seasons and areas.





	
Area

	
N

	
Duration (in Days) of the Processing 1

	
p2




	
Rainy Season

	
Dry Season

	






	
Total processing length




	
Burhinyi

	
40

	
4.5 (3.0–6.0)

	
3.5 (3–5)

	
0.0290




	
Idjwi

	
14

	
7.5 (7.0–11.0)

	
7.0 (6–8)

	
0.0508




	
p 3

	
-

	
<0.0001

	
<0.0001

	
-




	
Sun-drying length




	
Burhinyi

	
40

	
3.0 (2.0–4.0)

	
2.0 (2.0–3.5)

	
0.0167




	
Idjwi

	
14

	
7.0 (7.0–9.0)

	
6.0 (5.0–6.0)

	
0.0039




	
p 3

	
-

	
<0.0001

	
<0.0001

	
-




	
Heap fermentation length




	
Burhinyi

	
40

	
2.0 (1.0–3.0)

	
2.0 (1.0–2.0)

	
0.1752




	
Idjwi

	
14

	
1.0 (0.0–3.0)

	
2.0 (0.0–3.0)

	
0.1875




	
p 3

	
-

	
0.0828

	
0.3896

	
-








1 Data are median (interquartile range); 2 Wilcoxon matched-pairs signed rank test; 3 Mann–Whitney test.
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Table 4. Content in cyanide of raw cassava roots and cassava flour by seasons and areas.
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Rainy Season

	

	
Dry Season

	
p




	
n

	
Cyanide Content 1

	
n

	
Cyanide Content 1






	
Fresh cassava roots




	
In Burhinyi

	
46

	
100 (50–200)

	
62

	
100 (50–200)

	
0.7279




	
In Idjwi

	
26

	
150 (100–200)

	
40

	
200 (75–300)

	
0.7819




	
p

	
-

	
0.2922

	
-

	
0.0735

	
-




	
Cassava flour




	
In Burhinyi

	
26

	
0 (0–10)

	
33

	
10 (5–20)

	
0.0212




	
In Idjwi

	
17

	
10 (5–10)

	
35

	
10 (10–30)

	
0.0080




	
p

	
-

	
0.2172

	
-

	
0.1235

	
-








1 Data are median (interquartile range), unit = ppm. All p values are by Mann–Whitney test.
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Table 5. Factors associated with very high urinary thiocyanate levels during the dry season.
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Variables

	
Very High uSCN 1

n (%)

	
Crude OR

	
Adjusted OR




	
OR

	
95% CI

	
p

	
OR

	
95% CI

	
p






	
Sex




	
Female

	
10 (29.4)

	
2.35

	
0.56–9.85

	
0.2408

	
5.63

	
0.57–55.96

	
0.1405




	
Male

	
3 (15.0)

	
1

	
-

	

	
1

	

	




	
Location




	
Burhinyi

	
7 (17.5)

	
0.28

	
0.07–1.08

	
0.0638

	
3.81

	
0.18–79.75

	
0.3890




	
Idjwi

	
6 (42.9)

	
1

	
-

	

	
1

	

	




	
Medical status




	
Goiter patients

	
4 (50.0)

	
4.80

	
0.89–25.96

	
0.0685

	
-

	
-

	
-




	
Controls from Idjwi

	
2 (33.3)

	
2.40

	
0.34–16.90

	
0.3793

	
-

	
-

	
-




	
Controls from Burhinyi

	
2 (18.2)

	
1.07

	
0.17–6.52

	
0.9443

	
-

	
-

	
-




	
Konzo patients

	
5 (17.2)

	
1

	
-

	

	

	

	




	
Most consumed cassava varieties




	
Exclusively bitter

	
9 (42.9)

	
5.43

	
1.40–21.11

	
0.0144

	
10.27

	
1.37–76.91

	
0.0233




	
Either sweet or both

	
4 (12.2)

	
1

	
-

	

	
1

	

	




	
Main source of cassava




	
Market

	
3 (27.3)

	
1.24

	
0.28–5.57

	
0.7812

	
-

	
-

	
-




	
Familial farm

	
10 (23.3)

	
1

	
-

	

	

	

	




	
Eating raw cassava roots




	
Yes

	
11 (26.8)

	
2.01

	
0.38–10.55

	
0.4080

	
-

	
-

	
-




	
No

	
2 (15.4)

	
1

	
-

	

	

	

	




	
Total duration of processing




	
1–3 days

	
4 (20.0)

	
0.69

	
0.18–2.64

	
0.5923

	
-

	
-

	
-




	
≥4 days

	
9 (26.5)

	
1

	
-

	

	

	

	




	
Duration of sun-drying




	
1–3 days

	
5 (16.7)

	
0.40

	
0.11–1.44

	
0.1613

	
0.27

	
0.02–3.70

	
0.3245




	
≥4 days

	
8 (33.3)

	
1

	
-

	

	
1

	

	




	
Practicing heap fermentation




	
No (0 day)

	
6 (75.0)

	
16.67

	
2.78–99.90

	
0.0021

	
35.89

	
3.03–425.59

	
0.0045




	
Yes (≥1 day)

	
7 (15.2)

	
1

	

	

	
1

	

	








1 Prevalence of participants with urinary thiocyanate levels ≥ 344.0 µmol/L; OR, odds ratio; 95% CI, 95% confidence interval.
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