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                    Abstract

To investigate the effect of aluminum and silica in drinking water on the risk of dementia and Alzheimer's disease, the authors analyzed data from a large prospective cohort (Paquid), including 3,777 subjects aged 65 years and over living at home in 75 civil parishes in Gironde and Dordogne in southwestern France in 1988–1989. The subjects were followed for up for 8 years with an active search for incident cases of dementia or Alzheimer's disease. Mean exposure to aluminum and silica in drinking water was estimated in each area. The sample studied included 2,698 nondemented subjects at baseline, for whom components of drinking water and covariates were available. A total of 253 incident cases of dementia (with 17 exposed to high levels of aluminum), including 182 Alzheimer's disease (with 13 exposed to high aluminum levels), were identified. The relative risk of dementia adjusted for age, gender, educational level, place of residence, and wine consumption was 1.99 (95 percent CI: 1.20, 3.28) for subjects exposed to an aluminum concentration greater than 0.1 mg/liter. This result was confirmed for Alzheimer's disease (adjusted relative risk = 2.14, 95 percent CI: 1.21, 3.80). However, no dose-response relation was found. Inversely, the adjusted relative risk of dementia for subjects exposed to silica (≥11.25 mg/liter) was 0.74 (95 percent CI: 0.58, 0.96). These findings support the hypothesis that a high concentration of aluminum in drinking water may be a risk factor for Alzheimer's disease.
                    

aluminum, Alzheimer's disease, dementia, drinking water, silica
MMSE, Mini-Mental State Examination, n.f. deaths, no follow-up because the patients died, n.f. refusals, no follow-up because the patients refused, RR, relative risk
Although much effort has been devoted to identifying the genetic determinants of Alzheimer's disease (1), it is likely that certain environmental factors play a role in this disease. Because of its proven neurotoxicity, aluminum may be one such factor. Although the hypothesis of a link between aluminum and Alzheimer's disease has been supported by several biological findings (2–5), uncertainty still prevails. Dialysis encephalopathy (6) is one of the main observations in favor of the neurotoxicity of aluminum because it proves that aluminum is able to reach the brain and induce neuro-fibrillary degeneration and neuronal death. Some previous epidemiologic studies have suggested an association between aluminum from drinking water and dementia (7–9). However, there is much controversy regarding these findings and their interpretation, in particular owing to recently published epidemiologic studies that failed to find an association (10, 11). Other sources of exposure to aluminum have been examined: Rifat et al. (12) showed a relation between exposure to aluminum powder and cognitive impairment, but, more recently, Graves et al. (13) failed to find a relation between occupational exposures to aluminum and Alzheimer's disease. Studies on the role of aluminum-containing products (antacids and antiperspirants) and Alzheimer's disease have reported both positive and negative results (14, 15). On the other hand, Birchall and Chappell (16) and Exley et al. (17) have put forward the hypothesis that silicon in water could be a protective factor against aluminum toxicity.
In previous papers (18, 19), we showed that baseline cognitive impairment of subjects in the Paquid cohort seemed to be associated with levels of aluminum and silica in drinking water. Here we present results for incident dementia and Alzheimer's disease based on 8 years of follow-up.
                    MATERIALS AND METHODS

                    Sample

The Paquid cohort was designed to prospectively study a representative random sample of 3,777 people aged 65 years or older at baseline and living at home in one of 75 randomized rural or urban parishes of the administrative areas of Gironde or Dordogne in southwestern France. Subjects were randomly selected from electoral rolls, and baseline data were collected in 1988–1989. The general methodology of Paquid has been fully described elsewhere (20, 21).
                    Assessment of dementia and Alzheimer's disease

Subjects who agreed to participate underwent a 1-hour home interview with a specially trained psychologist. Prevalent and incident cases of dementia were detected by a two-step procedure. First, after the psychometric evaluation, the psychologist systematically completed a standardized questionnaire designed to obtain the A (memory impairment), B (impairment of at least one other cognitive function), and C (interference with social and professional life) criteria for dementia according to the DSM-III-R (22). Second, subjects who were positive for these criteria were examined by a senior neurologist, who confirmed the diagnosis and applied the NINCDS-ADRDA (23) criteria for Alzheimer's disease and the Hachinski score for vascular dementia (24) to document the diagnosis of dementia and its etiology: probable or possible Alzheimer's disease or other type of dementia.
                    Follow up

Subjects were then reevaluated with the same procedure as for the baseline screening 1, 3, 5, and 8 years after the initial visit in Gironde and 3, 5, and 8 years after the initial visit in Dordogne to diagnose incident cases of dementia. To improve the sensitivity of the detection of incident cases, another criterion was added for the selection of subjects for the second stage (neurologic examination): Subjects were selected for this stage if they met the criteria for DSM-III-R dementia or if they had experienced a cognitive decline of more than two points at the Mini-Mental State Examination (MMSE) score.
                    Measure of exposure

A specific study (Aluminum Maladie d'Alzheimer (ALMA)) was started in 1991 to examine the relation between aluminum in drinking water and Alzheimer's disease for the Paquid subjects. After investigation of the water distribution network, the sample was divided into 77 drinking water areas (with the largest parish of the study, Bordeaux, divided into three areas). Two surveys were carried out in 1991 to measure pH and concentrations of aluminum, calcium, and fluorine in each water supply and to study the variability of the measurements. These data were described in detail by Jacqmin-Gadda et al. (18). Then all the results of the chemical analyses of drinking water (including silica) carried out by the sanitary administration between 1991 and 1994 were collected. To evaluate the past exposure of the subjects, we retraced the history of the water distribution network over the previous 10 years (1981–1991). During this period, any parish for which there was not full information for sources constituting at least 20 percent of the water supply was excluded from the study. Therefore, for each drinking water area, we computed a weighted mean of all the measures of each drinking water component. The weighting took into account the length of the period of use of each water supply over the previous 10 years (1981–1991) and the relative contribution of each water supply. Our study is based on 70 areas for which measurements were available.
                    Statistical analysis

A Cox proportional hazard model with delayed entry (25) was performed to estimate relative risks and adjust for covariates. Age was chosen as the basic time scale in the analysis, so the risk of dementia or Alzheimer's disease were adjusted nonparametrically for age. This has two implications: first, it enables inferences on the effects of risk factors to be made without making parametric assumptions about the effect of age, and second, the hazard functions are the age-specific incidence of the disease (25, 26). For the analyses, we excluded the subjects with prevalent dementia at baseline. A subject was considered at risk from his age at entry into the cohort to his age of censorship or age of outcome. Subjects still unaffected at the last visit were right-censored at that time. Deceased subjects who were unaffected at the last visit were right-censored at that date, i.e., the last time their disease status was assessed. For a demented subject, we considered half of the time between the last visit at which the subject was seen nondemented and the first visit at which he was diagnosed as demented. This midpoint imputation is a reasonable procedure to estimate relative risks when interval widths are not too large (26).
In a previous analysis (26), we observed that the proportional hazards assumption was violated for gender, so we chose to perform a stratified analysis for gender (27). We tried three different ways of coding aluminum: as a quantitative variable, as a binary variable with the threshold of 0.1 mg/liter already used in previous studies (7, 9), and in four classes according to the three tertiles (on parishes) under 0.1 and the category above 0.1 mg/liter; silica was coded as a binary variable with 11.25 mg/liter (the median in our sample) as the cutoff. We adjusted for potential confounders: educational level with five classes coded by four binary variables (no education, did not graduate from primary school, graduated from primary school, high school level, and university level (28)); wine consumption (nondrinkers or mild drinkers vs. moderate or heavy drinkers) (29), and place of residence (rural vs. urban). Adjustment for baseline cognitive status measured by the MMSE (30) scores was performed in a complementary analysis (MMSE was available for 2,658 subjects).
We then examined separately the effect of bottled mineral water consumption (daily consumption of mineral water vs. no or occasional consumption). This information was collected only at the 3-year follow-up visit. Thereafter, we examined the subsample of nondemented subjects who were visited at that follow-up and used incident cases of dementia between the 3- and 8-year follow-up visits.
We performed a sensitivity analysis to assess how the subjects who had no follow-up because they refused (n.f. refusals) and those who had no follow-up because they died before any follow-up visit (n.f. deaths) may have affected our estimates. Four extreme possibilities were considered. The first assumed that none of the n.f. refusals had developed dementia. The second assumed that all of those subjects had developed dementia. The third supposed that none of the n.f. deaths had developed dementia. The last extreme possibility assumed that all n.f. deaths had developed dementia. New ages of outcome or censorship were attributed to these subjects (refusals or deaths). For demented subjects, the age of dementia was evaluated by the age at entry in the cohort plus the mean duration until dementia in the study (3.6 years). For nondemented subjects, the age of censoring was evaluated by the age at entry into the cohort plus the mean follow-up evaluation (5.9 years).
 The main analyses were performed with EGRET software (EGRET Statistics and Epidemiology Research Corporation, Seattle, Washington).
                    RESULTS

Among the 3,777 subjects who initially agreed to participate, 102 with prevalent dementia were excluded and 3,675 were nondemented at the first visit. Measurements of water and adjustment covariates were available for 3,401 subjects unaffected at the initial visit. Among the 3,401 subjects, 703 (20.6 percent) did not participate in the follow-up because they had died before any dementia evaluation (n = 383, 11.3 percent) or had refused the follow-up procedure (n = 320, 9.4 percent); the percentages were not significantly different between those exposed and nonexposed to aluminum (deaths, p = 0.42; refusals, p = 0.27) (table 1). At least one complete follow-up evaluation was performed on 2,698 subjects (79.3 percent). During the 8-year follow-up of these subjects, 253 subjects were diagnosed with dementia; among these, 17 had been exposed to high levels of aluminum (≥0.1 mg/liter). There were 182 (72.0 percent) who were classified as having Alzheimer's disease (probable or possible); among these, 13 had been exposed to high levels of aluminum. The incidence rates for all causes of dementia and for Alzheimer's disease were estimated as 1.69 per 100 person-years and 1.22 per 100 person-years, respectively. 
                    
TABLE 1.Numbers and percentages of subjects followed in the cohort and subjects who had no follow-up because they died (n.f. deaths) or refused (n.f. refusals) for 3,401 subjects eligible at baseline, Paquid study, France, 1988–1989

 
	Aluminum (mg/liter)
            . 	Followed at least once (%)
            . 	n.f deaths

            . 	n.f. refusals

            . 	Total

            . 
	No.
            . 	%
            . 	No.
            . 	%
            . 	No.
            . 	%
            . 
	≥0.1	63 (73.3)	12	13.9	11	12.8	86	100
	<0.1	2,635 (79.5)	371	11.2	309	9.3	3,315	100
	Total	2,698 (79.3)	383	11.3	320	9.4	3,401	
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	Total	2,698 (79.3)	383	11.3	320	9.4	3,401	
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The mean follow-up duration was 5.9 years. Table 2 shows the follow-up of the cohort, with the number and percentages of surviving subjects who were followed at 1, 3, 5, and 8 years. 
                    
TABLE 2.Follow-up of the cohort with numbers and percentages of surviving subjects who completed the follow-up evaluation 1, 3, 5, and 8 years after the initial visit, according to aluminum exposure in the 3,401 subjects eligible at baseline, Paquid study, France, 1988–1989

 
	Aluminum exposure (mg/liter)
            . 	No. of subjects (%)*

            . 
	1 year†
            . 	3 years
            . 	5 years
            . 	8 years
            . 	Eligible at baseline
            . 
	≥0.1	0 (0)	57 (77.0)	53 (75.7)	46 (73.0)	86
	<0.1	1,693 (68.8)	2,046 (69.6)	1,867 (71.2)	1,403 (62.4)	3,315
	Total	1,693 (68.3)	2,103 (69.8)	1,920 (71.3)	1,449 (62.5)	3,401
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	Total	1,693 (68.3)	2,103 (69.8)	1,920 (71.3)	1,449 (62.5)	3,401


*Percentages were calculated on the number of surviving subjects at follow-up times.

†Only subjects living in one of the parishes of the administrative area of Gironde were seen.
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Aluminum levels in water supplies ranged from 0.001 to 0.459 mg/liter, with a median value of 0.009 mg/liter. Among subjects followed up at least once, 63 living in four parishes were exposed to more than 0.1 mg/liter of aluminum. Silica levels in water ranged from 4.2 to 22.4 mg/liter and were inversely related to aluminum concentrations, but this negative correlation was weak in our study (Spearman rank correlation coefficient = −0.18, p = 0.13). At baseline, 91 percent of the individuals had lived more than 10 years in the same parish, and the mean length of residence in the same parish was 41 years. Baseline characteristics of the cohort at risk, according to level of aluminum, are shown in table 3. 
                    
TABLE 3.Distribution of potential confounding variables across levels of aluminum exposure concentrations, Paquid study, France, 1988–1997

 
	
            . 	Aluminum ≥0.1 mg/liter (n = 63)

            . 	Aluminum <0.1 mg/liter (n = 2,635)

            . 	Total (n = 2,698)

            . 
	
            . 	No.
            . 	%
            . 	No.
            . 	%
            . 	No.
            . 	%
            . 
	Silica (mg/liter)						
	 ≥11.25	16	25.4	1,613	61.2	1,629	60.4
	 <11.25	47	74.6	1,022	38.8	1,069	39.6
	Education						
	 No education	21	33.3	816	31.0	837	31.0
	 Did not graduate from elementary school	31	49.2	1,194	45.3	1,225	45.4
	 Graduated from elementary school	9	14.3	322	12.2	331	12.3
	 High school level	2	3.2	156	5.9	158	5.9
	 University level	0	0.0	147	5.6	147	5.4
	Place of residence						
	 Rural	16	25.4	817	31.0	833	30.9
	 Urban	47	74.6	1,818	69.0	1,865	69.1
	Wine consumption						
	 Nondrinkers or light drinkers	54	85.7	2,208	83.8	2,262	83.8
	 Moderate or heavy drinkers	9	14.3	427	16.2	436	16.2
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	 Rural	16	25.4	817	31.0	833	30.9
	 Urban	47	74.6	1,818	69.0	1,865	69.1
	Wine consumption						
	 Nondrinkers or light drinkers	54	85.7	2,208	83.8	2,262	83.8
	 Moderate or heavy drinkers	9	14.3	427	16.2	436	16.2


	
            . 	Aluminum ≥0.1 mg/liter (n = 63)

            . 	Aluminum <0.1 mg/liter (n = 2,635)

            . 	Total (n = 2,698)

            . 
	
            . 	No.
            . 	%
            . 	No.
            . 	%
            . 	No.
            . 	%
            . 
	Silica (mg/liter)						
	 ≥11.25	16	25.4	1,613	61.2	1,629	60.4
	 <11.25	47	74.6	1,022	38.8	1,069	39.6
	Education						
	 No education	21	33.3	816	31.0	837	31.0
	 Did not graduate from elementary school	31	49.2	1,194	45.3	1,225	45.4
	 Graduated from elementary school	9	14.3	322	12.2	331	12.3
	 High school level	2	3.2	156	5.9	158	5.9
	 University level	0	0.0	147	5.6	147	5.4
	Place of residence						
	 Rural	16	25.4	817	31.0	833	30.9
	 Urban	47	74.6	1,818	69.0	1,865	69.1
	Wine consumption						
	 Nondrinkers or light drinkers	54	85.7	2,208	83.8	2,262	83.8
	 Moderate or heavy drinkers	9	14.3	427	16.2	436	16.2
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The results of the analyses (table 4) suggest that the risk of dementia was higher for subjects living in parishes where the mean aluminum concentrations exceeded 0.1 mg/liter than for those living in areas where concentrations were less than 0.1 mg/liter (relative risk (RR) nonparametrically adjusted for age and gender = 2.33, p < 0.001, model 1). Conversely, higher silica concentrations (≥11.25 mg/liter) were associated with a reduced risk of dementia (RR nonparametrically adjusted for age and gender = 0.71, p = 0.007, model 3). After additional adjustment for educational level, wine consumption, and place of residence, aluminum and silica concentrations remained associated with dementia (RR for aluminum =1.99, p = 0.007; RR for silica =0.74, p = 0.021, model 5). We also performed a model equivalent to model 5, in which we added the principal lifetime occupation with an eight-class variable, coded by seven binary variables: The RR for aluminum and silica (not shown in the tables) were unchanged, and occupation was not significant (likelihood ratio test = 10.6, 7 df, p = 0.16). It did not seem necessary to adjust for occupation after having adjusted for education level. When aluminum concentrations were separated into four classes, no tendency for a dose-response effect for aluminum was apparent (table 4, model 4, likelihood ratio statistic = 6.12, 3 df, p = 0.11), even though a significant linear relation between aluminum and dementia was obtained in model 6 (adjusted RR for aluminum = 1.25 for an increase of 0.1 mg/liter, p = 0.015). However, the model with aluminum in two classes was slightly better than that in which aluminum was a continuous variable (Akaike criterion: 2,722.0 vs. 2,723.1) (table 4, models 5 and 6). There was no significant interaction between aluminum and silica concentrations (likelihood ratio test = 0.72, p = 0.48). The results of model 5 were not significantly changed after adjustment for baseline MMSE (RR for aluminum = 2.08, p = 0.005; RR for silica = 0.74, p = 0.017). The pH level was not associated with dementia, and the interaction between aluminum and pH was not significant. 
                    
TABLE 4.Relative risks and 95% confidence intervals for 253 cases of dementia according to aluminum and silica concentrations in the water, Paquid study*, France, 1988–1997

 
	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
	Model 1‡			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.33	1.42, 3.82	<0.001
	Model 2‡			
	 Aluminum (continuous)§	1.36	1.15, 1.61	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.71	0.56, 0.91	0.007
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.03	0.74, 1.43	0.850
	  ≥0.0110–<0.1000	0.98	0.69, 1.40	0.920
	  ≥0.1000	2.00	1.15, 3.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.026
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	1.99	1.20, 3.28	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.021
	Model 6¶			
	 Aluminum (continuous)§	1.25	1.05, 1.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.76	0.59, 0.98	0.037


	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
	Model 1‡			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.33	1.42, 3.82	<0.001
	Model 2‡			
	 Aluminum (continuous)§	1.36	1.15, 1.61	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.71	0.56, 0.91	0.007
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.03	0.74, 1.43	0.850
	  ≥0.0110–<0.1000	0.98	0.69, 1.40	0.920
	  ≥0.1000	2.00	1.15, 3.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.026
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	1.99	1.20, 3.28	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.021
	Model 6¶			
	 Aluminum (continuous)§	1.25	1.05, 1.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.76	0.59, 0.98	0.037


*Analyses performed on the sample of 2,698 nondemented subjects at baseline, for whom components of drinking water and covariates were available.

†RR, relative risk; CI, confidence interval.

‡Nonparametrically adjusted for age and gender.

§Concentrations of aluminum (RR given for an increase of 0.1 mg/liter).

¶Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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TABLE 4.Relative risks and 95% confidence intervals for 253 cases of dementia according to aluminum and silica concentrations in the water, Paquid study*, France, 1988–1997

 
	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
	Model 1‡			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.33	1.42, 3.82	<0.001
	Model 2‡			
	 Aluminum (continuous)§	1.36	1.15, 1.61	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.71	0.56, 0.91	0.007
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.03	0.74, 1.43	0.850
	  ≥0.0110–<0.1000	0.98	0.69, 1.40	0.920
	  ≥0.1000	2.00	1.15, 3.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.026
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	1.99	1.20, 3.28	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.021
	Model 6¶			
	 Aluminum (continuous)§	1.25	1.05, 1.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.76	0.59, 0.98	0.037


	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
	Model 1‡			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.33	1.42, 3.82	<0.001
	Model 2‡			
	 Aluminum (continuous)§	1.36	1.15, 1.61	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.71	0.56, 0.91	0.007
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.03	0.74, 1.43	0.850
	  ≥0.0110–<0.1000	0.98	0.69, 1.40	0.920
	  ≥0.1000	2.00	1.15, 3.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.026
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	1.99	1.20, 3.28	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.58, 0.96	0.021
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	 Aluminum (continuous)§	1.25	1.05, 1.50	0.015
	 Silica ≥11.25 vs. <11.25 mg/liter	0.76	0.59, 0.98	0.037


*Analyses performed on the sample of 2,698 nondemented subjects at baseline, for whom components of drinking water and covariates were available.

†RR, relative risk; CI, confidence interval.

‡Nonparametrically adjusted for age and gender.

§Concentrations of aluminum (RR given for an increase of 0.1 mg/liter).

¶Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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Analyses restricted to cases classified as Alzheimer's disease (182 cases) also suggested a deleterious effect of high aluminum concentrations and a protective effect of high silica concentrations on the risk of Alzheimer's disease (table 5). These effects were not significant for other types of dementia (71 cases), although the relative risks were of the same order. This may be explained by a lack of power in the latter analysis. 
                    
TABLE 5.Relative risks and 95% confidence intervals for 182 cases of Alzheimer's disease according to aluminum and silica concentrations in the water, Paquid study*, France, 1988–1997

 
	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
	Model 1‡			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.20	1.24, 3.84	0.007
	Model 2‡			
	 Aluminum (continuous)§	1.46	1.23, 1.74	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.69	0.52, 0.94	0.016
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.16	0.78, 1.72	0.460
	  ≥0.0110–<0.1000	0.97	0.63, 1.49	0.880
	  ≥0.1000	2.27	1.19, 4.34	0.013
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.54, 1.00	0.052
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.14	1.21, 3.80	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.73	0.55, 0.99	0.040
	Model 6¶			
	 Aluminum (continuous)§	1.35	1.11, 1.62	0.003
	 Silica ≥11.25 vs. <11.25 mg/liter	0.77	0.57, 1.04	0.087


	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
	Model 1‡			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.20	1.24, 3.84	0.007
	Model 2‡			
	 Aluminum (continuous)§	1.46	1.23, 1.74	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.69	0.52, 0.94	0.016
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.16	0.78, 1.72	0.460
	  ≥0.0110–<0.1000	0.97	0.63, 1.49	0.880
	  ≥0.1000	2.27	1.19, 4.34	0.013
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.54, 1.00	0.052
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.14	1.21, 3.80	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.73	0.55, 0.99	0.040
	Model 6¶			
	 Aluminum (continuous)§	1.35	1.11, 1.62	0.003
	 Silica ≥11.25 vs. <11.25 mg/liter	0.77	0.57, 1.04	0.087


*Analyses performed on the sample of 2,698 nondemented subjects at baseline for whom components of drinking water and covariates were available.

†RR, relative risk; CI, confidence interval.

‡Nonparametrically adjusted for age and gender.

§Concentrations of aluminum (RR given for an increase of 0.1 mg/liter).

¶Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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TABLE 5.Relative risks and 95% confidence intervals for 182 cases of Alzheimer's disease according to aluminum and silica concentrations in the water, Paquid study*, France, 1988–1997
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            . 
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	  ≥0.0038–<0.0110	1.16	0.78, 1.72	0.460
	  ≥0.0110–<0.1000	0.97	0.63, 1.49	0.880
	  ≥0.1000	2.27	1.19, 4.34	0.013
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.54, 1.00	0.052
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.14	1.21, 3.80	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.73	0.55, 0.99	0.040
	Model 6¶			
	 Aluminum (continuous)§	1.35	1.11, 1.62	0.003
	 Silica ≥11.25 vs. <11.25 mg/liter	0.77	0.57, 1.04	0.087


	Variable
            . 	RR†
            . 	95% CI†
            . 	p value
            . 
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	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.20	1.24, 3.84	0.007
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	 Aluminum (continuous)§	1.46	1.23, 1.74	<0.001
	Model 3‡			
	 Silica ≥11.25 vs. <11.25 mg/liter	0.69	0.52, 0.94	0.016
	Model 4¶			
	 Aluminum concentration (mg/liter)			
	  <0.0038	1		
	  ≥0.0038–<0.0110	1.16	0.78, 1.72	0.460
	  ≥0.0110–<0.1000	0.97	0.63, 1.49	0.880
	  ≥0.1000	2.27	1.19, 4.34	0.013
	 Silica ≥11.25 vs. <11.25 mg/liter	0.74	0.54, 1.00	0.052
	Model 5¶			
	 Aluminum ≥0.1 vs. <0.1 mg/liter	2.14	1.21, 3.80	0.007
	 Silica ≥11.25 vs. <11.25 mg/liter	0.73	0.55, 0.99	0.040
	Model 6¶			
	 Aluminum (continuous)§	1.35	1.11, 1.62	0.003
	 Silica ≥11.25 vs. <11.25 mg/liter	0.77	0.57, 1.04	0.087


*Analyses performed on the sample of 2,698 nondemented subjects at baseline for whom components of drinking water and covariates were available.

†RR, relative risk; CI, confidence interval.

‡Nonparametrically adjusted for age and gender.

§Concentrations of aluminum (RR given for an increase of 0.1 mg/liter).

¶Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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The observations are summarized in table 6. Among the exposed subjects, the expected number of demented cases, using the Cox model adjusted for covariates (27), was computed to be 8.71 while 17 cases were observed, and the expected number of Alzheimer's cases was computed to be 5.65 while 13 cases were observed. 
                    
TABLE 6.Expected and observed numbers of cases of dementia or Alzheimer's disease according to aluminum exposure after an 8-year follow-up of 2,698 subjects, Paquid study*, France, 1988–1997

 
	
            . 	Aluminum <0.1 mg/liter (n = 2,635)
            . 	Aluminum ≥0.1 mg/liter (n = 63)
            . 
	Dementia subjects		
	 Observed no.	236	17
	 Expected no.	244.29	8.71
	Alzheimer's disease subjects		
	 Observed no.	169	13
	 Expected no.	176.35	5.65


	
            . 	Aluminum <0.1 mg/liter (n = 2,635)
            . 	Aluminum ≥0.1 mg/liter (n = 63)
            . 
	Dementia subjects		
	 Observed no.	236	17
	 Expected no.	244.29	8.71
	Alzheimer's disease subjects		
	 Observed no.	169	13
	 Expected no.	176.35	5.65


*Expected number calculated with Martingale residuals, nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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TABLE 6.Expected and observed numbers of cases of dementia or Alzheimer's disease according to aluminum exposure after an 8-year follow-up of 2,698 subjects, Paquid study*, France, 1988–1997
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Information about mineral water consumption was collected for 1,638 nondemented subjects seen at the 3-year follow-up for whom covariates were available; 105 subjects developed dementia (including 88 Alzheimer's disease cases) between the 3- and the 8-year follow-up. In this subsample, 48 percent of the subjects were classified as daily drinkers of mineral water. The analysis of this subsample, adjusted for age, gender, educational level, wine consumption, place of residence, and silica yielded a relative risk of 2.89 (95 percent CI: 1.51, 5.52, p < 0.001) for aluminum ≥0.1 mg/liter. This relative risk reached 3.36 (95 percent CI: 1.74, 6.49, p < 0.001) after adjustment for mineral water consumption. There was no evidence of a significant interaction between aluminum and mineral water consumption. In this subanalysis, after adjustment for educational level, wine consumption, place of residence, and aluminum, the relative risk for silica was estimated to be 0.61 (95 percent CI: 0.41, 0.91, p = 0.016). The effect of silica was not changed after adjustment for mineral water consumption (RR = 0.61, 95 percent CI: 0.41, 0.91, p = 0.016). In the analyses, we considered as exposed all the subjects living in parishes with high levels of aluminum. An alternative was to consider subjects who drank daily mineral water as nonexposed; in this case, the effect of aluminum still remained unchanged and was still significantly associated with dementia.
The results of the sensitivity analyses on the 320 n.f. refusals and the 383 n.f. deaths are presented in tables 7 and 8, respectively. The sensitivity analyses on n.f. refusals and n.f. deaths showed a decrease in the effect of aluminum on dementia compared with results in the study, but the effect of aluminum on the risk of dementia remained significant. The effect of silica was also changed slightly in these sensitivity analyses, and it was no longer significant in the fourth assumption, i.e., that all n.f. deaths had developed dementia. 
                    
TABLE 7.Results of the sensitivity analyses on dementia for subjects who refused to participate in the follow-up procedure comparing two extreme possibilities, Paquid study*, France, 1988–1997

 
	
            . 	None†

            . 	All‡

            . 
	
            . 	RR
            . 	95% CI
            . 	RR
            . 	95% CI
            . 
	Aluminum ≥0.1 vs. <0.1 mg/liter§	1.90	1.15, 3.14	1.53	1.04, 2.26
	Silica ≥11.25 vs. <11.25 mg/liter§	0.76	0.59, 0.97	0.85	0.72, 1.00


	
            . 	None†

            . 	All‡

            . 
	
            . 	RR
            . 	95% CI
            . 	RR
            . 	95% CI
            . 
	Aluminum ≥0.1 vs. <0.1 mg/liter§	1.90	1.15, 3.14	1.53	1.04, 2.26
	Silica ≥11.25 vs. <11.25 mg/liter§	0.76	0.59, 0.97	0.85	0.72, 1.00


*Analyses performed on 3,018 subjects: 2,698 were followed effectively at least once, and 320 subjects refused the follow-up procedure.

†Relative risk (RR) and 95% confidence interval (CI) under the assumption that none of the subjects who refused the follow-up procedure had developed dementia.

‡RR and 95% CI under the assumption that all of the subjects who refused the follow-up procedure had developed dementia.

§Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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TABLE 7.Results of the sensitivity analyses on dementia for subjects who refused to participate in the follow-up procedure comparing two extreme possibilities, Paquid study*, France, 1988–1997

 
	
            . 	None†

            . 	All‡

            . 
	
            . 	RR
            . 	95% CI
            . 	RR
            . 	95% CI
            . 
	Aluminum ≥0.1 vs. <0.1 mg/liter§	1.90	1.15, 3.14	1.53	1.04, 2.26
	Silica ≥11.25 vs. <11.25 mg/liter§	0.76	0.59, 0.97	0.85	0.72, 1.00


	
            . 	None†

            . 	All‡

            . 
	
            . 	RR
            . 	95% CI
            . 	RR
            . 	95% CI
            . 
	Aluminum ≥0.1 vs. <0.1 mg/liter§	1.90	1.15, 3.14	1.53	1.04, 2.26
	Silica ≥11.25 vs. <11.25 mg/liter§	0.76	0.59, 0.97	0.85	0.72, 1.00


*Analyses performed on 3,018 subjects: 2,698 were followed effectively at least once, and 320 subjects refused the follow-up procedure.

†Relative risk (RR) and 95% confidence interval (CI) under the assumption that none of the subjects who refused the follow-up procedure had developed dementia.

‡RR and 95% CI under the assumption that all of the subjects who refused the follow-up procedure had developed dementia.

§Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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TABLE 8.Results of the sensitivity analyses on dementia for subjects who died before any follow-up evaluation comparing two extreme possibilities, Paquid study*, France, 1988–1997

 
	
            . 	None†

            . 	All‡

            . 
	
            . 	RR
            . 	95% CI
            . 	RR
            . 	95% CI
            . 
	Aluminum ≥0.1 vs. <0.1 mg/liter§	1.98	1.20, 3.27	1.52	1.04, 2.22
	Silica ≥11.25 vs. <11.25 mg/liter§	0.69	0.54, 0.89	1.06	0.89, 1.24


	
            . 	None†

            . 	All‡

            . 
	
            . 	RR
            . 	95% CI
            . 	RR
            . 	95% CI
            . 
	Aluminum ≥0.1 vs. <0.1 mg/liter§	1.98	1.20, 3.27	1.52	1.04, 2.22
	Silica ≥11.25 vs. <11.25 mg/liter§	0.69	0.54, 0.89	1.06	0.89, 1.24


*Analyses performed on 3,081 subjects: 2,698 were followed effectively at least once and 383 subjects died before any follow-up evaluation.

†Relative risk (RR) and 95% confidence interval (CI) under the assumption that none of the subjects died before any follow-up evaluation.

‡RR and 95% CI under the assumption that all of the subjects died before any follow-up evaluation had developed dementia.

§Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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TABLE 8.Results of the sensitivity analyses on dementia for subjects who died before any follow-up evaluation comparing two extreme possibilities, Paquid study*, France, 1988–1997
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†Relative risk (RR) and 95% confidence interval (CI) under the assumption that none of the subjects died before any follow-up evaluation.

‡RR and 95% CI under the assumption that all of the subjects died before any follow-up evaluation had developed dementia.

§Nonparametrically adjusted for age and gender and parametrically adjusted for educational level, wine consumption, and place of residence.
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                    DISCUSSION

In this study, high aluminum levels in drinking water (≥0.1 mg/liter) were associated with an elevated risk of dementia and Alzheimer's disease. This result is highly significant despite the small number of subjects exposed to such levels. No dose-response relation was apparent in the analyses. Although this weakens the plausibility that aluminum has a causal effect on Alzheimer's disease, the interpretation may also be that there is a threshold effect around 0.1 mg/liter. Inversely, high silica levels (≥11.25 mg/liter) were associated with a lower risk of dementia and Alzheimer's disease.
Subjects who refused to participate in the follow-up (31) or who died are probably more likely to be demented. If the participation of these subjects were different in the exposed and the nonexposed groups, this could produce an “attrition” bias. In our study, the percentages of deaths before any follow-up visit and refusals before any follow-up visit were slightly higher for subjects exposed to aluminum, but this difference was not significant, which makes such a bias unlikely. The effect of aluminum estimated in the sensitivity analyses appeared to be somewhat lower than that calculated from the study (table 4, model 5). Nonetheless, all these sensitivity analyses suggest that the main result is robust.
Since the number of demented subjects exposed to high levels of aluminum was low, our results could be sensitive to a misdiagnosis of demented subjects. Therefore, in an additional analysis, we chose to define as demented the subjects who screened positive in the first stage of the diagnostic procedure. The prevalent who “screened positive” were removed, so we analyzed 2,670 subjects. Among these, 359 (of whom 21 exposed to aluminum) were considered as demented by the new definition. The results remained unchanged; high levels of aluminum were still significantly associated with an elevated risk of dementia (adjusted RR = 1.95, p = 0.004). Therefore, it is unlikely that the apparent effect of aluminum comes from a misclassification of the subjects.
In our analyses, Alzheimer's subjects were classified as those with probable or possible Alzheimer's disease. To increase the specificity of the analyses, another analysis was performed that considered only the 89 probable Alzheimer's disease cases, including six exposed subjects. A higher risk of Alzheimer's disease was still associated with a higher concentration of aluminum (adjusted RR = 1.77), although the association was not significant (p = 0.19), probably due to a lack of power of the analysis.
Of course, when studying the effects of risk factors in an old population, it must be remembered that the subjects are highly selected because they are still alive and have not developed the disease. Selection in a heterogeneous population may produce apparent effects that are different from true effects, as shown by Aalen (32). One way of partially coping with this problem is to adjust on explanatory variables that may explain part of the heterogeneity. This is why, in an additional analysis, we adjusted for baseline cognitive status, which is a good predictor of dementia and Alzheimer's disease. Controlling this baseline heterogeneity did not modify the relative risks for aluminum and silica.
The Paquid survey design incorporates a grouping of the participants into parishes, and this may induce a correlation of the observations. It is thus not to be excluded that some unmeasured environmental factor shared by the members of the same parish could play a confounding role. Analysis of dependent survival data by the classical Cox proportional hazard model using conventional partial likelihood methods may underestimate the variance of regression coefficients specific to each group, leading to incorrect inferences. We thus considered a “frailty model” (27) to take into account the grouping of the subjects in the different parishes. In the frailty model, the hazard function depends partly on an unobservable random variable (a random effect) thought to act multiplicatively on the hazard. A large value of the variance of the random effects means closer positive relation between the subjects of the same parish and a greater heterogeneity between the groups. The Statistical Analysis System (version 6.12) was used for these analyses (SAS Institute, Inc., Cary, North Carolina). An SAS macro (World Wide Web site: http://biostat.mcw.edu/Software.html) was used to implement the frailty model. The macro did not allow left truncated data, so we analyzed the delay between the time of entry into the cohort and the time of censorship or the time of outcome and then adjusted for age at entry. The estimated variance of the frailty parameter was not significantly different from zero (p = 0.21). This means we may admit that there is no intragroup correlation in our sample or that such a correlation is weak. The relative risks for aluminum and silica were unchanged, but the standard errors of these regression coefficients were slightly increased. However, aluminum and silica concentrations were still significantly associated with dementia (p = 0.004 and 0.042, respectively).
Several investigators have described how the pH of drinking water may affect the solubility of aluminum components (33). It is plausible that the biological availability of aluminum is higher for low pH than for high pH, which would lead to an interaction between pH and aluminum. These results were not confirmed in our study; nevertheless, 98.7 percent of the pH values were higher than 7 (range, 6.31–8.44).
Surface waters (lakes or rivers) are often treated with aluminum sulphate to induce flocculation and remove organic and other contaminants. Indeed, in the parishes in this study, the median aluminum concentration was higher in surface waters compared with underground waters (0.023 vs. 0.006 mg/liter). However, no elevated incidence of dementia was found for subjects living in areas supplied by surface waters.
Significant amounts of aluminum may also be supplied from aluminum cooking utensils. We therefore performed an additional analysis including the use of aluminum cookware as an explanatory variable; no influence on the risk of dementia was observed (RR = 1.04, p = 0.86, results based on 1,586 participants who had answered this question at the 3-year follow-up).
Our results confirm the significant association of Alzheimer's disease with exposure to aluminum in drinking water previously reported in some epidemiologic studies (7, 9). Nevertheless, two recent studies failed to find a relation with aluminum in drinking water (10, 11). The study by Forster et al. (10) had a modest statistical power with a small number of subjects (109 cases and 109 controls). Furthermore, the inconsistency of our results with those of Forster et al. (10) and Martyn et al. (11) might be explained by the fact that their studies examined younger subjects (aged 43–75 years) than in the Paquid cohort, so they examined presenile rather than senile dementia of the Alzheimer type. As suggested by Taylor et al. (34), it is plausible that there is an increase in aluminum absorption with age, so the effect of aluminum may be larger after age 75 years than before. Moreover, genetic factors are more influential in the etiology of presenile dementia.
Using theoretical chemistry and biological examples, Birchall (35) and Belles et al. (36) argued that the major role of silica is to interact with aluminum in such a way as to reduce the biological availability of all sources of dietary aluminum and not only of aluminum from drinking water. Our results are concordant with this hypothesis, since we found an inverse relation between silica concentration and risk of dementia, and this is independent of the aluminum concentration in drinking water. If the assumption of Birchall is true, the exact risk attributable to aluminum is probably underestimated in our study, which does not consider total daily aluminum intake (which is difficult to measure). However, many authors have postulated that aluminum in drinking water may be more bioavailable than aluminum from other sources.
In conclusion, our study suggests that a concentration of aluminum in drinking water above 0.1 mg/liter may be a risk factor of dementia and, especially, Alzheimer's disease. This result needs to be confirmed using a higher number of exposed subjects.
Supported by Agence de Bassin Seine-Normandie, Aluminum Péchiney, ARMA (Institut du Cerveau), Association Recherche et Partage, AXA-AGIPI, Groupe Danone, Caisse Nationale d'Assurance Maladie des Travailleurs Salariés, Caisse Primaire d'Assurance Maladie de la Dordogne, CAPIMMEC, Conseil Général de la Dordogne, Conseil Général de la Gironde, Conseil Régional d'Aquitaine, Caisse de Retraite Interentreprises, Direction Régionale des Affaires Sanitaires et Sociales d'Aquitaine, 2010 Média, Fondation de France, INSERM, M.G.E.N., Ministère de la Recherche et de la Technologie, Ministère de l'Aménagement du Territoire et de l'Environnement, M.S.A. de la Dordogne, M.S.A. de la Gironde, Novartis Pharma.
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