Cerebral changes on MRI and cognitive function: The CASCADE study 
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Abstract

The aging, non-demented brain undergoes several physiological changes, some of which may affect cognitive function. The goal of the present study was to examine the associations between subcortical and periventricular white matter hyperintensities (WMHs), cortical and subcortical atrophy, and cognitive function (episodic memory, word fluency, attention, and perceptual, cognitive, and motor speed). This was done within a European collaborative study, Cardiovascular Determinants of Dementia (CASCADE), in which magnetic resonance imaging (MRI) was performed on community-dwelling individuals. The study includes 1254 persons from eight European study centers, ranging between 64 and 76 years of age (M 69.4 ± 3.3; 55% men). When demographics (age, education, and sex), study center, and concurrent brain changes had been adjusted for, periventricular WMHS predicted lower performance in word fluency and the Stroop test (time), and subcortical atrophy predicted lower performance in motor speed and the Stroop test (errors). The findings are consistent with findings from lesion and functional neuroimaging studies. 
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1. Introduction

Several forms of structural brain changes, such as white matter hyperintensities (WMHs) and atrophy, increase with age, and the impact of these brain changes on cognitive function has been explored in many studies [2], [10] and [19]. However, most authors have considered only one or two measures at a time. Given that different types of WMHs and atrophy usually coexist, cognitive impairment may have been attributed to one of these, when it was actually due to another coexisting one. The aim of the present paper was to investigate a broader range of age-related brain changes in a European population-based sample, and determine their independent association to cognitive performance, given the impact of coexisting brain changes. 

Cerebral white matter hyperintensities are commonly observed on the T2-weighted magnetic resonance imaging (MRI) scans of older people [4]. An issue still under investigation is whether WMHs affect cognitive performance, and if so, the extent to which they do. Several authors find a negative relation between the two, but there are also those who report a lack of association [2] and [19]. Possible explanations for divergent findings have been discussed elsewhere [39]. Among the cognitive functions that seem to be affected by WMHs, speed and attention appear particularly impaired [3], [6] and [45] although performance in other functions such as memory, frontal lobe and motor function also has been reported to be decreased [5], [6], [17] and [21]. 

When the specific impact of subcortical versus periventricular WMHs has been examined, certain authors have found that subcortical WMHs particularly were associated with poor cognitive performance [5], whereas others have found the reverse [17] and [45]. Earlier findings from the present study suggest that subcortical WMHs primarily affect speed, whereas periventricular hyperintensities are somewhat related to memory [39]. 

Cortical atrophy is a common feature of dementia [29], though it also occurs in normal aging [10] and [41], albeit to a lesser extent [29] and [41]. The relation between cortical atrophy and cognitive function has been frequently investigated and confirmed in, for example, semantic dementia [31] as well as Alzheimer's disease [29] and [33]. Studies on non-demented individuals have yielded somewhat mixed findings. A strong connection has been found between atrophy and cognitive decline in individuals with Alzheimer's disease, but not in controls [29] and [41]. However, cortical atrophy was associated with poorer cognitive function in several studies assessing perceptual and motor speeds, motor function, executive function, memory, and global cognitive function [10], [12], [26] and [36]. 

A third common feature of normal aging is subcortical atrophy [11] also referred to as ventricular enlargement. In a non-demented population, ventricular enlargement was associated with poor performance in several cognitive tasks (global cognitive function, delayed memory and executive function), after controlling for age and sex [7]. Similar results have been obtained in other studies [12] and [26]; but see [28]. 

As several types of cerebral changes usually co-exist in aging, it is difficult to assess the specific contribution of a given change to impairment in a given cognitive task. The aim of the present study was therefore to include several cerebral changes occurring in aging (subcortical and periventricular WMHs, and cortical and subcortical atrophy) and to examine their impact on a range of cognitive functions (episodic memory, word fluency, attention, and cognitive, perceptual, and motor speed) in cognitively intact individuals, given the impact of coexisting cerebral changes. 

This study is a part of the Cardiovascular Determinants of Dementia project (CASCADE), a European multi-center project. CASCADE was designed to explore long- and short-term cardiovascular risk factors for white matter disease, such as lesions and atrophy, as well as cognitive consequences of such disease. The design of the project has been described elsewhere [23]. 

2. Methods

CASCADE includes 10 population-based cohorts in nine European countries: the Austrian Stroke Prevention Study, Austria; the EVA Study, France; the MEMO Study, Germany; the MATISS Study, Italy; the Zoetermeer Study, The Netherlands; the Rotterdam Scan Study, The Netherlands; Pol-CASCADE, Poland; MONICA-Catalonia, Spain; the BETULA Study, Sweden; the Whitehall II Study, United Kingdom. The whole sample consists of 1805 participants between 63 and 76 years of age (95% are between 65 and 75 years old; M 69.3; S.D. 3.2) with no contraindications to MRI. Participants have a Mini-Mental State Examination (MMSE; 16) score above 14, and 52% are men. The French center (n = 192) was not included in the current analyses due to differences in the cognitive test batteries. The Austrian sample (n = 169) shared only two cognitive tests with the other samples, and was thus also excluded from the present analyses. 

2.1. Participants

A total of 1444 participants were scanned and tested. Cognitive testing took place prior to MRI on the same day, except for in the Dutch cohorts where the time interval between cognitive testing and MRI was 12 (Zoetermeer study) and 11 days (Rotterdam study) on average. An informed consent was signed by all participants. For the present analyses, 190 persons with an MMSE score below 24 were excluded to increase homogeneity of the subsamples and to exclude persons with pathologically dysfunctional cognition [1], [18] and [37]. This resulted in a sample of 1,254 persons (see Table 1 for cohort-specific data). The age of participants ranged between 64 and 76 years (M 69.4; S.D. 3.3), and 55% were men. 
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Table 1. 

Demographics and cognitive status in individual study centers and the total sample: CASCADE 

	Country (Cohort)
	Sample size
	Age (years)
	Education (years)
	Sex (% men)
	MMSEa percentile

	
	
	
	
	
	25th
	50th
	75th

	Germany
	158
	70.5 (3.1)
	9.2 (1.9)
	47.5
	26
	27
	28

	Italy
	100
	69.8 (3.2)
	5.2 (3.2)
	52.0
	25
	26
	27

	The Netherlands (Zoetermeer Study)
	252
	70.3 (3.2)
	8.6 (3.2)
	51.6
	27
	28
	29

	The Netherlands (Rotterdam Study)
	229
	70.0 (3.2)
	9.4 (2.8)
	52.4
	27
	28
	29

	Poland
	112
	70.0 (3.2)
	7.9 (3.3)
	55.4
	26
	27
	28

	Spain
	93
	70.0 (3.1)
	6.5 (4.0)
	54.8
	26
	27
	28

	Sweden
	129
	68.4 (3.6)
	9.1 (3.2)
	50.4
	27
	28
	29

	United Kingdom
	177
	66.2 (0.8)
	14.1 (4.1)
	75.7
	28
	29
	30

	

	Total
	1254
	69.4 (3.3)
	9.2 (4.0)
	54.9
	26
	28
	29


a Mini-Mental State Examination; maximum = 30. 
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2.2. Materials and procedure

2.2.1. Cognitive testing

A battery of cognitive tests was developed [32] to assess potential effects of brain changes. The total battery was used in the majority of the cohorts; a few exceptions are reported below. Global cognitive function was assessed through the MMSE [16], with a maximum of 30 points. The episodic memory tests consisted of three word lists, each containing 12 words. In Word List 1 (WL1), words were presented on a tape recorder every 2 s, and participants were asked to recall as many words as possible 2 s after the presentation of the last word, as indicated by a signal on the tape. Word List 2 (WL2) was similar to WL1, but was presented every 4 s. In Word List 3 (WL3), participants encoded words during divided attention. Number of recalled words was assessed in all three lists. The Dutch cohorts did not perform Word Lists 2 and 3. Attention and speed of processing were measured by means of a modified Stroop test [20], in which number of errors (STE) and reading time were recorded (STT). For the present analyses, only the third, incongruent list was included. For the assessment of cognitive, perceptual and motor speeds, word fluency (generating animal names during one minute), a modified Purdue Pegboard Test ([13]; placing small pins into holes with the right, the left and both hands during 30 s each), and Letter Digit Substitution (LDS; replacing letters with digits according to a prearranged pattern during one minute) were used (see [32]). Purdue Pegboard Test was not administered in the Dutch cohorts. 

2.2.2. MRI scanning

Scans were obtained using a 1.0 or a 1.5 T machine, assessing 20 axial slices of T1W (5 mm slice thickness with 0.2 gap, TR 700 ms, TE 14 ms, flip angle 70, FOV 256 mm) and proton density (PD)/T2W (5 mm slice thickness with 0.2 gap, TR 2200 ms, TE 20/80 ms, flip angle 80, FOV 256 mm) images with spin echo sequences. Five study centers (Italy, Poland, Spain, Sweden, and the UK) used the same mobile machine (Siemens 1.0 T Magnetom Impact Expert, Siemens, Erlangen, Germany), and two centers used 1.5 T machines with essentially the same acquisition protocol (cf. [17]; Germany: Gyroscan ACS-NT, Philips, Best; the Netherlands; and The Netherlands: Gyroscan NT, Philips, Best, The Netherlands, or Magnetom Vision, Siemens AG, Erlangen, Germany). All scans were evaluated centrally at the Department of Radiology, Daniel den Hoed Cancer Center in Rotterdam, The Netherlands. The reading protocol is based on scales with known inter- and intra-rater reliability [24] and [38]. One neuroradiologist trained three raters who scored hard copies of the images. One rater (Reading A) blinded to center scored the scans from all centers but the Dutch ones, which were read by the two other raters (Reading B). Intra-rater reliability for the atrophy reading ranged from a kappa value of 0.67 (temporal lobe) to a kappa value of 0.95 (frontal lobe). There was no significant intra-reader difference in the quantitative measure of white matter lesion load. Inter-rater kappa-values for atrophy between A and B ranged from 0.35 for the occipital lobe to 0.72 for frontal lobe and Sylvian fissure, and the mean white matter lesion load did not differ significantly between reading A and B. 

Subcortical WMHs were counted on PD images, and were rated according to lobe location (parietal, frontal, temporal and occipital), size (≤3 mm; 4–10 mm; >10 mm in diameter on hard copy) and number. An estimation of WMH volume was made through a weighting-procedure [17]. The scores within each lobe were totaled before summing up the four lobes’ score into a total score. Periventricular WMHs were rated semi-quantitatively according to location (adjacent to the frontal horns, along the walls of the lateral ventricle and adjacent to the occipital horns) and size, ranging from 0 (none) to 3 (large confluent). Thereafter, size scores in the three locations were totaled. Cortical atrophy was evaluated on T1W images, and was graded semi-quantitatively (ranging between 0 and 3) for each lobe and for the Sylvian fissure. The five scores were totaled into one global score, ranging between 0 (no atrophy) and 15 (most severe atrophy). Subcortical atrophy, estimated by means of ventricular enlargement, was assessed through three ventricular indexes: the frontal ventricular brain index was considered the ratio between the bi-ventricular width at the level of the frontal horns and the brain width at the same level; the caudate ventricular brain index was the ratio between the ventricular width at the level of the caudate nuclei and corresponding brain width; the occipital ventricular brain index was the ratio between the bi-ventricular width at the level of the occipital horns and corresponding brain width. The three indexes were averaged to obtain a global score of subcortical atrophy. 

2.2.3. Statistical analyses

In order to examine the relative contribution of the different types of cerebral changes to cognitive performance, combined hierarchical and stepwise regression analyses were performed for each cognitive test. Demographic factors (age, sex, and number of years of education) are known to influence cognitive performance and were therefore controlled (forced into block 1). In addition, the study centers are likely to differ in factors not considered here (e.g., quality of education, nutrition that may affect performance. For this reason, study center was also used as a covariate (forced into block 2). 

All models were thus adjusted for age, education, sex and study center. Four variables describing cerebral changes (block 3; subcortical WMHs, periventricular WMHs, cortical atrophy, and subcortical atrophy) were allowed to enter the model using forward stepwise regression, to investigate which, if any, of the cerebral changes contributed to cognitive performance after demographics, study center, and co-existing brain changes had been accounted for. In stepwise regression, variables are added to the model one at a time as long as they contribute significantly to the amount of explained variance. Ten analyses were performed – one for each cognitive measure. Alpha was set to 0.005 to correct for multiple comparisons (Bonferroni correction). For brain measures that significantly contributed to cognitive performance, partial correlations were calculated between performance and the different locations of that particular brain measure (e.g., frontal, temporal, parietal and occipital WMHs for subcortical WMHs) to examine what location is most crucial for performance. The correlation coefficients were adjusted for age, education, sex and study center. 

3. Results

The distribution of brain changes varied somewhat between study centers, as did performance in the cognitive tests. The distribution of brain changes in the different study centers is portrayed in Table 2, and detailed data on cognitive performance in the centers are presented elsewhere [32]. 
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Table 2. 

White matter hyperintensities and atrophy scores in individual study centers and the total sample: CASCADE 

	Country (Cohort)
	Subcortical WMHs, percentile
	Periventricular WMHs, percentile
	Cortical atrophy, mean (S.D.)
	Subcortical atrophy, mean (S.D.)

	
	25th
	50th
	75th
	25th
	50th
	75th
	
	

	Germany
	0.03
	0.30
	1.25
	0
	1
	2
	7.9 (2.4)
	0.33 (0.04)

	Italy
	0.02
	0.04
	1.05
	1
	2
	3
	8.6 (2.5)
	0.31 (0.04)

	The Netherlands (Zoetermeer Study)
	0.03
	0.25
	1.19
	1
	2
	4
	5.3 (2.6)
	0.30 (0.03)

	The Netherlands (Rotterdam Study)
	0.02
	0.13
	0.55
	0
	2
	3
	4.7 (2.5)
	0.32 (0.03)

	Poland
	0.02
	0.13
	0.83
	1
	2
	3
	8.3 (2.6)
	0.33 (0.04)

	Spain
	0.10
	0.52
	1.91
	2
	3
	4
	6.9 (2.5)
	0.31 (0.03)

	Sweden
	0.01
	0.26
	1.66
	0
	1
	3
	10.3 (2.3)
	0.35 (0.04)

	United Kingdom
	0.02
	0.12
	0.43
	1
	2
	3
	6.8 (2.5)
	0.32 (0.04)

	

	Total
	0.02
	0.16
	1.03
	0
	2
	3
	6.9 (3.1)
	0.32 (0.04)
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Results from the hierarchical regression analyses are summarized in Table 3. For six of the 10 cognitive test measures (FLU, PPR, PPL, PPB, STT and STE), some type of cerebral change was associated with variation in performance after demographics and study center had been accounted for. 
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Table 3. 

Stepwise regression assessing the contribution of demographics, study center, and cerebral changes to performance in separate cognitive tasks: CASCADE 

	Cognitive tests, predictor blocks
	WL1
	WL2a
	WL3a
	LDS
	FLU
	PPRa
	PPLa
	PPBa
	STT
	STE

	1. Demographics (Adj. R2)
	0.16
	0.22
	0.18
	0.29
	0.10
	0.14
	0.14
	0.16
	0.13
	0.03

	  Education (years) (β)
	0.18***
	0.23***
	0.22***
	0.28***
	0.16***
	0.16***
	0.16***
	0.14***
	−0.18***
	−0.03

	  Age (years) (β)
	−0.14***
	−0.11**
	−0.09*
	−0.15***
	−0.06*
	−0.13**
	−0.16***
	−0.18***
	0.18***
	0.05*

	  Sexb (β)
	0.08**
	0.08*
	0.07*
	0.05*
	−0.04
	0.20***
	0.15***
	0.14***
	−0.09*
	0.06*

	2. Study center (Adj. accum. R2)
	0.28
	0.37
	0.24
	0.55
	0.296
	0.18
	0.19
	0.25
	0.21
	0.18

	3. Cerebral changes (Adj. accum. R2)c
	
	
	
	
	0.301
	0.20
	0.20
	0.27
	0.22
	0.19

	  SC WMHs (β)
	
	
	
	
	
	
	
	
	
	

	  PV WMHs (β)
	
	
	
	
	−0.08**
	
	
	
	0.08*
	

	  Cort. atrophy (β)
	
	
	
	
	
	
	
	
	
	

	  SC atrophy (β)
	
	
	
	
	
	−0.15***
	−0.12**
	−0.13***
	
	0.08*


Note: All models were adjusted for age, education, sex and study center. Brain changes were entered stepwise. Alpha was set to 0.005 to correct for multiple comparisons (Bonferroni correction). R2 values in blocks 2 and 3 are accumulated, and β is the standardized coefficient. SC, subcortical; PV, periventricular; WMHs, white matter hyperintensities; Cort., cortical; WL, Word List; LDS, Letter Digit Substitution; FLU, Word Fluency; PPR/L/B, Purdue Pegboard (right/left/both hand/s); STT, Stroop, time (list 3); STE, Stroop, number of errors. *p < 0.05, **p < 0.005, ***p < 0.001.
a These equations do not contain the two Dutch cohorts.
b Men = 0; Women = 1.
c Values are only given for those measures where brain changes significantly (p < 0.005) added to the amount of explained variance. 
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Subcortical WMHs did not contribute to any cognitive measure, whereas periventricular WMHs were associated with poorer performance in word fluency and longer processing time in the Stroop test. The periventricular WMHs located around the frontal horns and laterally along the ventricle walls correlated most to the word fluency test (see Table 4). The lateral and occipital periventricular WMHs correlated equally with performance time in the Stroop test, list 3. Cortical atrophy was not associated with any of the cognitive tasks, whereas subcortical atrophy was negatively related to performance in Purdue Pegboard, all measures, and number of errors in the Stroop test 3. Performance in Purdue Pegboard performed with the right hand was equally correlated with all subcortical atrophy locations. Performance with the left hand was more correlated to occipital subcortical atrophy than to the frontal and caudate measures, and performance with both hands was somewhat more correlated to occipital subcortical atrophy than the other measures. The number of errors made in the Stroop task was only significantly correlated to subcortical atrophy assessed at the level of the caudate nucleus. The demographic variables, particularly education, accounted for a large part of the variation in all cognitive tests, as did study center. Cerebral changes added between one-half and two percentage units to the variation in cognitive performance when demographics and study center had been accounted for. 
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Table 4. 

Correlations between cognitive performance and cerebral changes in specific locations: CASCADE 

	Cerebral change, cognitive task
	PV WMHs
	SC atrophy

	
	Frontal
	Occipital
	Lateral
	Frontal
	Occipital
	Caudate

	Animal fluency
	−0.09**
	−0.06*
	−0.10**
	
	
	

	Modified Purdue Pegboard
	
	
	
	
	
	

	 Right hand
	
	
	
	−0.11**
	−0.12**
	−0.11**

	 Left hand
	
	
	
	−0.08*
	−0.14***
	−0.07*

	 Both hands
	
	
	
	−0.11**
	−0.15***
	−0.08*

	Modified Stroop test
	
	
	
	
	
	

	Time (s) task 3
	
	0.08*
	0.08**
	
	
	

	Errors task 3
	
	
	
	n.s.
	n.s.
	0.07**


Note: PV WMHs, periventricular white matter hyperintensities; SC, subcortical. PV WMHs were rated 0–3, and SC atrophy was the ventricle-to-brain ratio. Correlations were adjusted for study center, age, sex and education.
* p < 0.05.
** p < 0.005.
*** p < 0.0001. 
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4. Discussion

In this paper, data from eight European cohorts were pooled to investigate the impact of cerebral WMHs and atrophy on a number of cognitive tests in individuals with MMSE scores above 23. Hierarchical regression analysis controlling for age, education, sex, and study center showed that distinct types of cerebral changes predicted impaired performance in specific cognitive tests. 

To our knowledge there are no previous studies with the present design, and the results should therefore be considered with some caution. Since the sample is based on eight different European cohorts, it is rather heterogeneous. Factors other than those controlled for probably affect cognitive performance and can have influenced the impact of brain changes on cognition. However, the inclusion of cohorts with different origins and different characteristics is a valuable feature of the present study, since it provides information whether potential associations between age-related brain changes and cognitive function identified in one cohort hold in a larger setting. 

Periventricular WMHs were associated with worse performance in the word fluency task and the time required for the Stroop test. This type of cerebral abnormality is typical in multiple sclerosis [15], which often involves, among other things, problems in retrieval of stored material [25] and a slowing in cognitive processing and reaction times [22]. The word fluency task is a test that requires retrieval from semantic memory. It is usually considered a frontal lobe test as it taps semantic and working memory. However, the act of retrieval may also involve other, subcortical, structures. Damage of the dorsolateral prefrontal-subcortical circuit has been suggested to impoverish generative functions [27]. Periventricular WMHs might imply damage to these long fibers connecting the dorsolateral prefrontal cortex, the basal ganglia and the thalamus, and thereby impair the initiation function needed in word generation. Correlations performed on location measures of periventricular WMHs (frontal, occipital and along the ventricle walls) and word fluency performance, controlling for study center, age, sex, and education, showed that it was hyperintensities located along the lateral ventricle and around the frontal horns that were most related to performance. An association between periventricular WMHs along the ventricle and the initial performance (20 s) of a letter-based fluency test has previously been observed [14]. In addition, it has been suggested that category fluency activates temporal areas in addition to the frontal lobes [30], and, speculatively, WMHs located along the ventricle may in part disturb temporo-subcortical circuits. The association between word fluency and frontal structures has been observed in several functional imaging studies [35] and [44]. 

The increase in processing time required for the Stroop associated with periventricular WMHs is similar to the increased processing time seen in multiple sclerosis, where periventricular WMHs are common [15]. The correlations between performance and detailed WMH location revealed equal correlations with WMHs around the occipital horns and along the ventricle. Although occipital activation is not the typical finding in functional imaging studies of the Stroop test, a couple of studies have observed differential activity in extrastriate regions [9] and [34]. Periventricular WMHs along the ventricular walls may imply a disruption of parietal-subcortical connections involved in attention. 

The subcortical WMHs did not contribute significantly to performance in any of the cognitive tasks when demographics, study center, and co-existing brain changes had been considered. In the literature, these WMHs have often been considered jointly with periventricular hyperintensities, which made it difficult to determine their specific effects. However, in studies in which they have been considered separately, it seems to be the periventricular WMHs that are mainly responsible for cognitive impairment [17], [28] and [45], even though certain studies have also found effects of subcortical WMHs [5]. Reduced motor speed was associated with subcortical WMHs in a subsample of the present sample [39], but this was not confirmed here. Instead, motor speed was reduced by subcortical atrophy, which has indeed been previously observed in the same subsample [40]. Hence, subcortical WMHs may reduce motor speed to a certain extent, but subcortical atrophy does so even more. 

Degree of cortical atrophy did not predict performance in any cognitive task. In another study of persons performing above 23 in MMSE [42], atrophy was associated with impaired performance in several speeded tasks. However, the measure of atrophy used in that study was not of pure cortical atrophy, but rather agglomerated low total brain volume and high WMH volume. A number of studies have found effects of cortical atrophy on certain cognitive functions [10], [12], [26] and [36], but to our knowledge did not control for the potential confounding effects of co-existing brain abnormalities such as subcortical atrophy and periventricular WMHs. 

Performance in motor speed, measured by Purdue Pegboard, decreased with increased subcortical atrophy, as estimated by a ventricle-to-brain ratio index. Ratios were assessed at the level of the frontal horns, the caudate nuclei and the occipital horns. Post-hoc correlations between these measures and the measures of Purdue Pegboard showed that the motor test performed with the right (and dominant, for the majority of the subjects) hand correlated equally with all subcortical atrophy measures. Left-hand performance correlated most to atrophy at the occipital horns, and performance with both hands correlated to frontal and occipital atrophy. Given the common usage of the right hand, it might have become more automatic than the usage of the left and of both hands. It may therefore be equally dependent on several structures, rather than on a specialized area. Performance with the left hand and with both hands requires more complex processing, and the correlation with frontal (and occipital) horn atrophy may reflect a distortion of control and attentional processes. Shrinkage of regions near the occipital horns might also imply damage to the “where” pathway, involved in localizing objects in space [43]. 

The number of errors made in the Stroop task was, among the brain changes, most related to subcortical atrophy. Atrophy assessed at the level of the caudate nucleus showed the highest correlation to performance as compared with frontal and occipital subcortical atrophy. Speculatively, subcortical atrophy at this location may cause a disturbance of cortico-subcortical networks in the posterior frontal and parietal lobes involved in attention [8]. 

The impact of certain brain changes on cognitive function may have been underestimated in this study. If two coexisting abnormalities both affect a certain cognitive task to different degrees, the most predictive one will account for most of the variance. The less predictive one may nevertheless still affect cognitive performance. Results from studies including only one brain variable can be misleading because their putative association may be due to a correlated brain change. Adjustment for study center accounted for a large part of the variation, but is needed to reduce effects of other factors that vary between cohorts and have not been considered here. Since the MRI scanning protocol was identical over centers and reading was done centrally, these factors should not constitute a source of variation. However the use of different machines in some of the centers as well as different experimenters could engender a certain variation, which is a limitation of this kind of collaborative study. Nevertheless, the brain change coefficients predicting cognitive performance were similar in centers using different machines, suggesting the associations we report are similar across cohorts. Participants included in this study were relatively young as compared to those of several other studies, and it is plausible that brain changes in older samples show stronger effects on cognition. 

The individual contributions of specific types of brain changes were not especially large once demographics and study center had been taken into account. In all cognitive tasks it was education that explained most of the performance as reflected in the standardized beta coefficients. Age was also an important predictor, but in some tests cerebral changes actually explained more than age did. Subcortical atrophy was a somewhat stronger predictor of Purdue Pegboard right-hand performance than was age, and the same was true for periventricular WMHs and word fluency. 

In summary, among the four types of brain changes examined in the present study, it was mainly periventricular WMHs and subcortical atrophy that were associated with cognitive and psychomotor deficits in 65–75 year olds living in the community. Periventricular WMHs were associated with impaired performance in tasks tapping frontal lobe function, attention, and semantic memory. Subcortical atrophy was related to decreased performance in the motor speed task. Given the numerous phenomena that co-exist in the aging brain, the simultaneous consideration of several brain changes would likely increase knowledge regarding the impact of specific changes on cognitive function. The combination of brain changes into patterns of brain aging is useful for determining neurological factors of cognitive aging. 
[image: image11.png]



Acknowledgements

Core funding for the collaborative work is provided by the European Union Directorate General XII. Siemens BV, The Netherlands is gratefully acknowledged for making possible the use of a mobile MRI machine. Imation International BV provided assistance for the MRI film. We thank B. Schra and D. Kraus (Daniel den Hoed Klinik, Rotterdam, The Netherlands) for their technical help in making and printing the MRI scans. We thank Dr. R. Motyl (Department of Neurology, University Hospital, Jagiellonian University, Kraków, Poland) for reading the MRI scans acquired outside of the Netherlands, and Drs. F. de Leeuw and J.-C. de Groot for reading the scans from The Netherlands. R. Molenhoek assisted with data management. Many other national and international funding agencies have provided assistance to the individual study centers, as have study center staff. 

Austria: The Austrian Stroke Prevention Study is supported by the “Steiermärkische Krankenanstalten GmbH” and by grant of the Austrian National Bank “Jubiläumsfonds” Projects 3905 and 4484 and by the Austrian Science Fund, project P13180. France: The EVA study was carried out under an agreement between the Institut National de la Santé et de la Recherche Médicale (INSERM), Merck, Sharp and Dohme-Chibret Laboratories (West-Point, NY) and the EISAI Company. Germany: The MEMO-Study is supported by the German Research Society (Deutsche; Forschungs Gemeinschaft, grant: BE1996/1-1). Data collection was done within the framework of the Cooperative Health Research in the Augsburg Region (KORA); Italy: The MATISS study was partly supported by Il Progetto CUORE- Epidemiology and prevention of ischaemic heart disease—of the Italian Ministry of Health. R. Amici, L. Palmieri, F. Sciarra, and M.F. Vescio are acknowledged for their contribution to data collection and management. The Netherlands: The Rotterdam Scan Study is financially supported by The Netherlands Organisation for Scientific Research (NWO), the Health Research and Development Council (ZON) and National Institutes of Health (MD817876), and the Internationale Stichting Alzheimer Onderzoek (ISAO). Dr Breteler is a fellow of the Royal Netherlands Academy of Arts and Sciences. Poland: The MONICA-Krakow study was supported by the Institute of Public Health, Jagiellonian University Medical School, Kraków, Poland (including Ms. E. Kawalec, D.R.Topór-Madry) and Institute of Neurology, Jagiellonian University Medical School, Kraków, Poland (including Professor A. Szczudlik, Dr. A. Slowik, Dr. R. Motyl Dr. Miroslawa-Orlowiejska-Gillert); Spain: The MONICA-Catalonia was funded by the Department of Health and Social Security of Catalonia. L. Balañá, P. Fabré, C. Yagüe and G. Paluzie are acknowledged for their contribution to data collection. Sweden: The Betula Study is funded by the Bank of Sweden Tercentenary Foundation (1988-0082:17), Swedish Council for Planning and Coordination of Research (D1988-0092, D1989-0115, D1990-0074, D1991-0258, D1992-0143, D1997-0756, D1997-1841, D1999-0739, B1999-474), Swedish Council for Research in the Humanities and Social Sciences (F377/1988–2000), and the Swedish Council for Social Research (1988–1990: 88-0082, and 311/1991–2000). Gunilla Smedberg-Åman, Ann-Louise Söderlund and Maud Widing are acknowledged for their contribution to data collection and management. United Kingdom: Participation of the following is acknowledged: civil service departments and their welfare, personnel, and establishment officers; the Occupational Health and Safety Agency; the Council of Civil Service Unions; all participating civil servants in the Whitehall II study; and all members of the Whitehall II study team. 
[image: image12.png]



References

[1] O. Aevarsson and I. Skoog, A longitudinal population study of the mini-mental state examination in the very old: relation to dementia and education, Dement Geriatr Cogn Disord 11 (2000), pp. 166–175. 

[2] O. Almkvist, White matter changes: possible impact on cognitive functions. In: L. Pantoni, D. Inzitari and A. Wallin, Editors, The Matter of White Matter: Clinical and Pathophysiological Aspects of White Matter Disease Related to Cognitive Decline and Vascular Dementia, Academic Pharmaceutical Productions (2000). 

[3] O. Almkvist, L.-O. Wahlund and G. Andersson-Lundman et al., White-matter hyperintensity and neuropsychological functions in dementia and healthy aging, Arch Neurol 49 (1992), pp. 626–632. 

[4] F. Barkhof and P. Scheltens, Imaging of white matter lesions, Cerebrovasc Dis 13 (2002) (Suppl 2), pp. 21–30. 

[5] K.A. Baum, C. Schulte and W. Girke et al., Incidental white-matter foci on MRI in “healthy” subjects: evidence of subtle cognitive dysfunction, Neuroradiology 38 (1996), pp. 755–760. 

[6] K.B. Boone, B.L. Miller and I.M. Lesser et al., Neuropsychological correlates of white-matter lesions in healthy elderly subjects: a threshold effect, Arch Neurol 49 (1992), pp. 549–554. 

[7] M.M.B. Breteler, N.M. van Amerongen and J.C. van Swieten et al., Cognitive correlates of ventricular enlargement and cerebral white matter lesions on magnetic resonance imaging: the Rotterdam study, Stroke 25 (1994), pp. 1109–1115. 

[8] R. Cabeza and L. Nyberg, Imaging cognition II: an empirical review of 275 PET and fMRI studies, J Cogn Neurosci 12 (2000), pp. 1–47. 

[9] C.S. Carter, M. Mintun and J.D. Cohen, Interference and facilitation effects during selective attention: an H215O PET study of Stroop task performance, Neuroimage 2 (1995), pp. 264–272. Abstract | PDF (1187 K) 

[10] C.E. Coffey, G. Ratcliff and J.A. Saxton et al., Cognitive correlates of human brain aging: a quantitative magnetic resonance imaging investigation, J Neuropsychiatry Clin Neurosci 13 (2001), pp. 471–485. 

[11] C.E. Coffey, W.E. Wilkinson and I.A. Parashos et al., Quantitative cerebral anatomy of the aging human brain: a cross-sectional study using magnetic resonance imaging, Neurology 42 (1992), pp. 527–536. 

[12] I.A. Cook, A.F. Leuchter and M.L. Morgan et al., Cognitive and physiologic correlates of subclinical structural brain disease in elderly healthy control subjects, Arch Neurol 59 (2002), pp. 1612–1620. 

[13] J. Desrosiers, R. Hebert and G. Bravo et al., The Purdue Pegboard test: normative data for people aged 60 and over, Disabil Rehabil 17 (1995), pp. 217–224. 

[14] S.-E. Fernaeus, O. Almkvist and L. Bronge et al., White matter lesions impair initiation of FAS flow, Dement Geriatr Cogn Disord 12 (2001), pp. 52–56. 

[15] C.M. Filley, Demyelinating diseases, The Behavioral Neurology of White Matter, Oxford University Press, New York, NY (1991) pp. 81–96. 

[16] M.F. Folstein, S.E. Folstein and P.R. McHugh, Mini-mental state. A practical method for grading the cognitive state of patients for the clinician, J Psychiatr Res 12 (1975), pp. 189–198. Abstract | Abstract + References | PDF (635 K) 

[17] J.C. de Groot, F.-E. de Leeuw and M. Oudkerk et al., Cerebral white matter lesions and cognitive function: the Rotterdam Scan study, Ann Neurol 47 (2000), pp. 145–151. 

[18] M. Grut, L. Fratiglioni and M. Viitanen et al., Accuracy of the Mini-Mental Status Examination as a screening test for dementia in a Swedish elderly population, Acta Neurol Scand 87 (1993), pp. 312–317. 

[19] F.M. Gunning-Dixon and N. Raz, The cognitive correlates of white matter abnormalities in normal aging: a quantitative review, Neuropsychology 14 (2000), pp. 224–232. Abstract | Abstract + References | PDF (1687 K) 

[20] P.J. Houx, J. Jolles and F.W. Vreeling, Stroop interference: aging effects assessed with the Stroop Color-Word Test, Exp Aging Res 19 (1993), pp. 204–224. 

[21] C. Junqué, J. Pujol and P. Vendrell et al., Leuko-araiosis on magnetic resonance imaging and speed of mental processing, Arch Neurol 47 (1990), pp. 151–156. 

[22] R. Kail, Speed of information processing in patients with multiple sclerosis, J Clin Exp Neuropsychol 20 (1998), pp. 98–106. 

[23] L.J. Launer, M. Oudkerk and L.-G. Nilsson et al., CASCADE: a European collaborative study on vascular determinants of brain lesions: study design and objectives, Neuroepidemiology 19 (2000), pp. 113–120. 

[24] F.-E. de Leeuw, J.C. de Groot and E. Achten et al., Prevalence of cerebral white matter lesions in elderly people: a population based magnetic resonance imaging study The Rotterdam Scan Study, J Neurol Neurosurg Psychiatr 70 (2001), pp. 9–14. 

[25] M.D. Lezak, Neuropsychological Assessment (3rd ed.), Oxford University Press, New York (1995). 

[26] W.T. Longstreth Jr., A.M. Arnold and T.A. Manolio et al., Clinical correlates of ventricular and sulcal size on cranial magnetic resonance imaging of 3301 elderly people: the Cardiovascular Health study, Neuroepidemiology 19 (2000), pp. 30–42. 

[27] D.L. Masterman and J.L. Cummings, Frontal-subcortical circuits: the anatomic basis of executive, social and motivated behaviors, J Psychopharmacol 11 (1997), pp. 107–114. 

[28] K. Matsubayashi, K. Shimada, A. Kawamoto and T. Ozawa, Incidental brain lesions on magnetic resonance imaging and neurobehavioral functions in the apparently healthy elderly, Stroke 23 (1992), pp. 175–180. 

[29] P.R. Mouton, L.J. Martin and M.E. Calhoun et al., Cognitive decline strongly correlates with cortical atrophy in Alzheimer's dementia, Neurobiol Aging 19 (1998), pp. 371–377. Abstract | Full Text + Links | PDF (203 K) 

[30] C.J. Mummery, K. Patterson, J.R. Hodges and R.J. Wise, Generating ‘tiger’ as an animal name or a word beginning with T: differences in brain activation, Proc R Soc Lond B Biol Sci 263 (1996), pp. 989–995. 

[31] C.J. Mummery, K. Pattersson and C.J. Price et al., A voxel-based morphometry study of semantic dementia: relationship between temporal lobe atrophy and semantic memory, Ann Neurol 47 (2000), pp. 36–45. 

[32] Nilsson L-G, Söderlund H, Berger K, et al. Cognitive test battery of CASCADE: Tasks and data. Aging Neuropsychol Cogn [in press]. 

[33] K. Obara, J.S. Meyer, K.F. Mortel and K. Muramatsu, Cognitive declines correlate with decreased cortical volume and perfusion in dementia of Alzheimer type, J Neurol Sci 127 (1994), pp. 96–102. Abstract | Abstract + References | PDF (661 K) 

[34] J.V. Pardo, P.J. Pardo, K.W. Janer and M.E. Raichle, The anterior cingulate cortex mediates processing selection in the Stroop attentional conflict paradigm, Proc Natl Acad Sci USA 87 (1990), pp. 256–259. 

[35] E. Paulesu, B. Goldacre and P. Scifo et al., Functional heterogeneity of left inferior frontal cortex as revealed by fMRI, Neuroreport 27 (1997), pp. 2011–2017. 

[36] N. Raz, F.M. Gunning-Dixon and D. Head et al., Neuroanatomical correlates of cognitive aging: evidence from structural magnetic resonance imaging, Neuropsychology 12 (1998), pp. 95–114. Abstract | Abstract + References | PDF (1688 K) 

[37] D.P. Salmon, P.J. Riekkinen and R. Katzman et al., Cross-cultural studies of dementia. A comparison of mini-mental state examination performance in Finland and China, Arch Neurol 46 (1989), pp. 769–772. 

[38] P. Scheltens, F. Pasquier and J.G. Weerts et al., Qualitative assessment of cerebral atrophy on MRI: inter- and intra-observer reproducibility in dementia and normal aging, Eur Neurol 37 (1997), pp. 95–99. 

[39] H. Söderlund, L. Nyberg and R. Adolfsson et al., High prevalence of white matter hyperintensities in normal aging: relation to blood pressure and cognition, Cortex 39 (2003), pp. 1093–1105. 

[40] H. Söderlund, L. Nyberg and L.G. Nilsson, Cerebral atrophy as predictor of cognitive function in old, community-dwelling individuals, Acta Neurol Scand 109 (2004), pp. 398–406. 

[41] E.V. Sullivan, P.K. Shear and D. Mathalon et al., Greater abnormalities of brain cerebrospinal fluid volumes in younger than in older patients with Alzheimer's disease, Arch Neurol 50 (1993), pp. 359–373. 

[42] G.E. Swan, C. DeCarli and B.L. Miller, Biobehavioral characteristics of nondemented older adults with subclinical brain atrophy, Neurology 54 (2000), pp. 2108–2114. 

[43] L.G. Ungerleider and M. Mishkin, Two cortical visual systems. In: D.J. Ingle, M.A. Goodale and R.J. Mansfield, Editors, Analysis of Visual Behavior, MIT Press, Cambridge, MA (1982) pp. 549–586. 

[44] E. Warburton, R.J.S. Wise and C.J. Price et al., Noun and verb retrieval by normal subjects. Studies with PET, Brain 119 (1996), pp. 159–179. 

[45] R. Ylikoski, A. Ylikoski and T. Erkinjuntti et al., White matter changes in healthy elderly persons correlate with attention and speed of mental processing, Arch Neurol 50 (1993), pp. 818–824. 
[image: image13.png]






Corresponding author. Tel.: +1 416 785 2500x3387; fax: +1 416 785 2862.
1 Formerly with Department of Epidemiology and Public Health, University College, London, UK. 

 

