
Published in: Current Psychology Letters : Brain, Behavior and Cognition (2000), 1, 55-69. 
Status: Postprint (Author’s version)  
 
 

 

  

 

RELATIONSHIPS BETWEEN COGNITIVE PERFORMANCE AND 

CEREBRAL METABOLISM IN ALZHEIMER’S DISEASE 

 
 
 

Fabienne Collette1, Martial Van der Linden1, Eric Salmon2 

 

 
 
 
 
 
 

1Neuropsychology Unit, University of Liège, B33 Sart-Tilman, B-4000 Liège 
2Cyclotron Research Centre, University of Liège, B30, Sart-Tilman, B-4000 Liège 

 
 
 
 
 
 
Address for correspondence: F. Collette, Neuropsychology Unit, University of Liège, B33 
Sart Tilman, B-4000 Liège, Belgium 
Phone number: 32 4 366 23 99; Fax: 32 4 366 28 08;  e-mail: f.collette@ulg.ac.be  
 
 
 
 
 
 
 
 



Collette et al.  2 

  

 

ABSTRACT 

The presence of correlations between cerebral metabolism and performance on cognitive tasks 

(digit span, verbal fluency, Hayling inhibition task and the Mattis dementia rating scale) was assessed 

in AD patients and elderly controls. Results showed that in both groups the cerebral areas where 

metabolism was correlated to performance were similar to those found in functional activation studies 

with young healthy subjects. The comparison of cognitivo-metabolic correlations in AD patients and 

control subjects showed that the single significant difference was a correlation between posterior 

cingulate metabolism and performance on the Mattis dementia rating scale in AD patients only. These 

results are consistent with two neurobiological causes of cognitive impairment in AD : a less efficient 

functioning of some areas involved in specific cognitive tasks and a deficit of integration of 

information coming from different areas. 
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INTRODUCTION 

It is now widely acknowledged that an important heterogeneity characterizes Alzheimer’s disease 

(AD) and that different domains of cognition can be impaired by the disease (see Morris, 1996 for a 

review), as well as different processes within a single cognitive domain (e.g., Baddeley, Della Sala, & 

Spinnler, 1991, for the memory domain). However, the neurobiological substrates of cognitive 

impairment in the disease are not well established at the present time. Consequently, the aim of the 

present study was to determine by correlation analyses if the cerebral areas involved in the realization 

of a cognitive task are similar in AD patients and elderly healthy subjects. 

As a matter of facts, several studies have been conducted in order to relate the cognitive deficits 

to the underlying brain dysfunction in AD patients. A first series of studies investigated the 

relationships in AD patients between cerebral metabolism and the performance in cognitive tasks by 

correlation analysis using regions-of-interest (ROIs). Haxby et al. (1985, 1990) showed that a lower 

performance on language tasks was associated to a hypometabolism of left-sided hemispheric regions 

and impairment of visuospatial function to a right-sided hypometabolism. In another study, Haxby et 

al. (1988) demonstrated that executive functioning was related to the metabolism of more anterior 

(frontal) bilateral regions whereas the performances on language and visuospatial tasks were 

respectively associated to metabolism in left- and right-sided posterior areas. Such relationships 

between metabolism and neuropsychological performance were also found with very specific 

cognitive processes. Penniello et al. (1995) showed that, in a writing-spelling task, the presence of 

phonological errors was associated to hypometabolism in the supramarginal gyrus while lexical errors 

were to be linked in association with a decreased metabolism in the angular gyrus. With regard to 

working memory, a study of Perani et al. (1993) showed that  the best predictive model for verbal 

working memory performance in AD included left superior temporal, parietal, frontal associative, and 

frontal basal areas. The best predictive model for spatial working memory included metabolic values 

in the right parietal and associative areas. Taken as a whole, these data could indicate that dysfunction 
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of specific cortical areas (as indicated by lower metabolism) is responsible for precise 

neuropsychological impairments in AD.  

With the development of functional imagery it is now possible to investigate changes in 

metabolic activity of AD patients during the realization of cognitive tasks. Using such a procedure, 

Becker et al. (1996) compared single-, three and eight-word recall to a rest condition in AD patients 

and control subjects. The comparison of three-word recall to rest showed significant activations in 

brain regions associated with speech and language function (middle and superior temporal gyrus; BA 

21/22/42), articulatory rehearsal (Broca’s area) and in a region (post central gyrus; BA 40) close to 

that associated with phonological storage in activation studies with normal subjects (Paulesu, Frith, & 

Frackowiak, 1993; Salmon et al., 1996). Contrary to control subjects, the AD patients did not show 

significant activation in the hippocampal formation, a brain region implicated in long-term memory 

function. Moreover, the activated cerebral areas are larger in AD patients than in control subjects. 

When the eight-word was compared to the three-word task, a frontal activation was found in both 

groups, but not exactly in the same region (AD patients: BA 10; control subjects: BA 9) and AD 

patients showed a supplementary activation on the left in the supramarginal gyrus (BA 40), in the 

angular gyrus (BA 39) and in the precuneus (BA 31). In another analysis of these data, Herbster et al. 

(1996) considered functional connectivity between brain regions activated by the recall of lists of one, 

three and eight words in AD patients and control subjects. With a principal component analysis, they 

reported very similar results in both groups, suggesting that AD patients and control subjects could 

activate a similar neural network during the realisation of verbal memory tasks. Finally, Horwitz et al. 

(1995) examined functional interactions between multiple brain regions in AD patients and elderly 

control subjects during a face matching task. They showed that, although AD patients were able to 

perform the task with the same accuracy as controls, the network of cerebral areas involved in this task 

differed between both groups: the control subjects used a functional network involving occipital, 

temporal and frontal areas while the network used by AD patients involved only frontal regions. 

However, other recent data have shown that Alzheimer’s disease can also be characterized as a 

disconnection syndrome. Indeed, there is some evidence for a breakdown of physiological 

connectivity in AD. This loss of connectivity was demonstrated by Leucher et al. (1992) who 
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measured the coherence of EEG activity between anterior and posterior brain areas (across the 

Rolandic fissue) and showed that there exists a loss of coherence in the activity of anterior and 

posterior brain areas. Moreover, PET studies investigated the pattern of inter-regional correlations of 

brain activity (Horwitz et al., 1987; Azari et al., 1992). These studies have shown generally lower 

correlations in AD, but the largest decrease concerned frontoparietal activity, with fewer significant 

positive correlations between those regions.  

 

Taken as a whole, these data indicates that the neurobiological substrates of cognitive impairment 

in AD are not really well established at the present time. More specifically, some studies have shown 

that the cerebral areas involved in the realisation of cognitive tasks are globally similar in AD patients 

and normal elderly subjects. On the other hand, some data are indicative that the relationship between 

these areas differs between AD patients and normal elderly subjects. In that context, the aim of the 

present study was to further investigate the relationships between cognition and metabolism in AD. 

More precisely, the cerebral areas which are the most related to the  performance of cognitive tasks 

were determined by a correlation analysis between performance on these tasks and cerebral 

metabolism at rest in AD patients. The cognitivo-metabolic correlations found in AD patients were 

compared to those observed in healthy subjects. Two tasks considered to explore executive function 

and requiring controlled processes were administered: verbal fluency and the Hayling inhibition task 

(Baddeley, 1990; Burgess & Shallice, 1996). The performance of both groups was also assessed on a 

task requiring more automatic processes (digit span task; Morris, 1994). Moreover, the global 

cognitive function was measured with the Mattis dementia rating scale (Mattis, 1973). In a previous 

study, we observed deficits on all these tasks in a group of mildly- and moderately-affected AD 

patients (Collette, Van der Linden, & Salmon, 1999). We used statistical parametric mapping (SPM; 

Friston et al., 1995) to look for correlations between cognitive tasks and cerebral glucose metabolism 

during quiet wakefulness in AD patients and control subjects, avoiding the a priori hypothesis inherent 

in region-of-interest (ROIs) positioning.  
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METHOD 

Subjects 

Two groups of subjects participated in this study: patients with dementia of the Alzheimer type 

and normal elderly subjects. The selected AD group consisted of sixteen subjects (three males and 13 

females) who met the NINCDS-ADRDA criteria for probable Alzheimer’s disease (McKhann et al., 

1984). The diagnosis was based on general medical, neurological and neuropsychological 

examinations. Patients’ age ranged from 65 to 80 years (mean age: 72.19 + 5.56) and their mean 

MMSE score (Folstein et al., 1975) was 20.82 + 4.04.  

Twelve normal elderly subjects served as controls. The normal controls were non-

institutionalised, alert and had no history of neurological problems, alcohol abuse or psychiatric 

disorders. They had normal or corrected vision and normal or corrected hearing. The average age for 

the control group was 64.75 + 8.11 years, which was significantly different from AD patients 

[t(26)=2.88, p<0.01]. Given the difference in age between the two groups, ANCOVA analysis was 

performed in order to exclude a possible effect of age explaining the difference of performance on 

cognitive tasks.  

All patients and control subjects underwent (18F)fluorodeoxyglucose positron emission 

tomography (18FDG-PET) and neuropsychological examination. AD patients and their relatives, as 

well as control subjects, gave informed consent to take part in the study, which was approved by the 

University of Liège Ethics Committee. 

Positron emission tomography 

Scans were acquired during quiet wakefulness, with eyes closed, on a Siemens 951/31R 

tomograph (CTI, Knoxville, TN) with collimated septa extended, using the 18FDG autoradiographic 

technique (Phelps et al., 1979). A transmission scan was acquired for attenuation correction using 

three rotating sources of 68Ge. Emission scans were reconstructed using a Hanning filter cut-off 

frequency of 0.5Hz, giving a transaxial resolution of 8.7 mm full width at half maximum (FWHM), 
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and an axial resolution of 5 mm FWHM for each of the 31 planes, with a total field of view of 10.8 cm 

in the axial direction. 

Neuropsychological tasks 

Mattis dementia rating scale (Mattis, 1973) 

The Mattis dementia rating scale (DRS) consists of five subscales assessing different cognitive 

domains: Attention, Initiation/Perseveration, Construction, Conceptualisation and Memory. 

Digit span 

The forward digit span was tested in auditory modality. Three sequences of each digit length 

(ranging from 2 to 9) were presented until the patient failed on three sequences within a particular 

length. The longest sequence correctly recalled on at least two of the three trials represented the digit 

span of the subject. 

Phonemic fluency task 

Participants were given 120 sec to generate aloud a list of words beginning with a target letter 

(letter p) but excluding proper names and variants of a same word. The number of words generated 

(without errors and repetitions) was recorded. This task requires access to semantic representation but 

particularly the ability to initiate and sustain word production while maintaining an organised retrieval 

strategy, as well as inhibitory and shifting attentional mechanisms, and was classically considered to 

assess executive function (Baddeley, 1990).  

Hayling inhibition task (Burgess & Shallice, 1996).  

This task assesses the capacity to suppress (inhibit) a habitual response and was initially devised 

in order to examine both initiation and inhibition processes. The Hayling task consists of sentences in 

which the final word is omitted, but has a particularly high probability of one specific response. The 

task is composed of two sections (A and B). In section A (initiation), sentences are read aloud to 

subjects who have to complete the sentence with the missing word (example: The captain wanted to 
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stay with the sinking… SHIP). In section B (inhibition), sentences are read aloud to subjects who this 

time have to complete the sentence not with the expected word but with a word unrelated to the 

sentence (example: Most cats see very well at… BANANA). Inhibition abilities were measured with the 

formula section B latencies - section A latencies, which presumably represents the additional thinking 

time required in having to produce a novel unrelated word rather than a straightforward sentence 

completion.  

Statistical analysis 

Performances on cognitive tasks were compared between AD patients and control subjects using 

ANCOVA with age as covariable. 

Images of glucose consumption in both groups were analysed using SPM96 (Friston et al., 1995). 

Contrary to region-of-interest analysis, SPM enables to consider the entire brain metabolism for 

correlations between cognitive performance and resting cerebral metabolism (Friston et al., 1995; 

Friston et al., 1991; Friston et al., 1992). In order to identify region-dependent correlations, a pixel by 

pixel linear regression analysis partialling out the effect of global metabolism was performed to 

remove the confounding effect of differences in global metabolism (Friston et al., 1990). In a first 

analysis, correlations between neuropsychological scores and cerebral metabolism in AD patients only 

were computed on a pixel by pixel basis by covariance analysis, using age as the confounding 

covariate and scores at the various cognitive tasks as the variable of interest. Such an analysis showed 

the cerebral areas which are the most involved in the performance of a given cognitive task in AD 

patients. In a second analysis, the correlations between metabolism at rest and neuropsychological 

scores were directly compared between the AD patients and control subjects with a similar procedure1.  

For correlation analysis, we used a SPM thresholded at p<0.005, with further corrections for 

multiple comparisons The Table 2 displays the location of pixels with the maximal Z-values 

comprised in the brain regions found in the correlation analysis. The cerebral areas reported are 

significant at a cluster level (p<0.05). 
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RESULTS 

Results of AD patients and control subjects in the different neuropsychological tasks are 

presented in Table 1. The significant correlations between cerebral metabolism at rest and 

performance on the cognitive tasks in AD patients are presented in Table 2 and Figure 1.  

 

[Insert Table 1 and 2 and Figure 1 about here] 

Mattis dementia rating scale 

The mean total score on the Mattis dementia rating scale was significantly lower in the AD 

patients group than in the control subjects [F(1,25)=21.29, p<0.0005]. A positive correlation was 

observed in AD patients between the Mattis total score and posterior regions including the cingulate 

gyrus (BA 23) and the left superior parietal area (BA 7). When the correlation between this measure 

and metabolism at rest were compared between the AD patients and the elderly control group, results 

indicated that the posterior cingulate area was correlated to the global cognitive score in AD patients 

only. 

Digit span 

The mean digit span level was significantly inferior in the AD patients group in comparison to 

control subjects [F(1,25)=4.52, p<0.05]. The brain regions which significantly correlated to the digit 

span performance in the AD patient group comprised the left superior temporal gyrus (BA 22), 

extending to the left superior parietal region (BA 7) and a region centred on the cingulate gyrus and 

precuneus (BA 7/23/31). When the correlations between that span performance and metabolism were 

compared in AD patients and control subjects, no significant difference appeared. 

Phonemic fluency 

The AD patients gave less exemplars than control subjects [F(1,25)=6.29, p<0.05]. A positive 

correlation was observed between the performance of AD patients and regional cerebral metabolism in 

a brain area centred on the left middle temporal gyrus (BA 39), extending to the superior temporal area 
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(BA 22) and angular gyrus (BA 39). No significant differences between AD patients and control 

subjects in the cerebral areas involved in the phonemic fluency task were found. 

Hayling task 

The inhibition ability was lower in the AD patient group relative to control subjects 

[F(1,25)=12.78, p<0.005]. The brain regions which significantly related to the measure of inhibition in 

AD patients were the right (BA 8) and left (BA 6/8/10) superior frontal gyrus. Again, no significant 

differences were found between groups for the correlations between inhibition time and  cerebral 

metabolism. 

 

DISCUSSION 

The performance of AD patients is significantly impaired compared to control subjects on digit 

span, verbal fluency and the Hayling inhibition task as well as on a global deterioration scale (Mattis 

DRS). In addition, specific patterns of cognitivo-metabolic correlations were found in AD patients as 

well as between AD patients and control subjects. 

First of all, we will consider the comparison of cognitivo-metabolic correlations between both 

groups. There were no significant differences between both groups for the tasks assessing specific 

cognitive processes (digit span, verbal fluency and Hayling task). However, the total score of the 

Mattis DRS was correlated to the metabolism in the posterior cingulate area in AD patients only. This 

multi-compound score represents the sum of the performance in various domains of cognitive function 

such as memory and attention. Several studies have shown that the most significant decrease of 

metabolism in AD occurs in the posterior cingulate cortex (e.g. Minoshima, Foster & Kuhl, 1994; 

Salmon et al., 1997) and that the posterior cingulate metabolism was correlated to dementia severity, 

independently of age (Salmon et al., 1998). Moreover, some data suggest that posterior cingulate 

regions probably play a major role in the interaction between (and integration of) several neural 

networks sustaining attentional and memory processes (e.g. Fletcher et al., 1996; O’Leary et al., 

1997). Taken as a whole, these data could indicate that two different neurobiological substrates are 
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involved in the cognitive impairment of AD patients. Firstly, the absence of differences between 

groups on specific cognitive measures could indicate that similar cerebral areas are involved in the 

performance of AD patients and control subjects, but that these areas are working less efficiently in 

AD patients. Indeed, in a positive correlation, the cognitive performance of one subject is directly 

linked to the metabolic level of the cerebral areas involved in the task. Since impairments of specific 

cognitive processes (such as inhibition) were found in AD patients although cerebral areas similar to 

control subjects are involved in the tasks, their lower performance appears to be related to a less 

efficient functioning of the main cerebral areas involved in the task. Secondly, the significant 

correlation only in AD patients between the metabolic level in the posterior cingulate region and the 

multi-compound score of the Mattis scale could indicate difficulties of integration of information 

coming from different cerebral areas in AD. Indeed, several studies have shown that there exists a 

breakdown of physiological connectivity between  anterior and posterior cerebral areas in AD patients 

(Azari et al., 1992; Leuchter et al., 1992).  These difficulties of integration could explain the 

impairments of AD patients in tasks requiring the intervention of large neural networks comprising the 

posterior cingulate area, such as episodic memory. 

It remains to examine the correlations between metabolism and performance which did not differ 

between AD patients and control subjects. Digit span performance was correlated to a brain area 

comprising the left superior temporal gyrus (BA 22) and extending to parietal gyrus (BA 7), as well as 

to the cingulate gyrus and precuneus (BA 7/23/31). An increase of activity in a region comprising the 

left superior temporal (BA 22) and posterior parietal (BA 7) regions was already described in 

activation studies with healthy subjects and was attributed to the processing of verbal information in 

working memory (e.g. Awh et al., 1996; Paulesu, Frith, & Frackowiak, 1993).  

The performance on a verbal phonemic fluency task was correlated in AD patients to the left 

superior and middle temporal gyrus (BA 22 and BA 39), extending to the angular gyrus (BA 39). 

Some activation studies with young normal subjects (Frith et al., 1991; Paulesu et al., 1997) already 

showed that this task does activate the left superior temporal region (BA 22) and the inferior parietal 

region (BA 39). However, these studies showed that this task also activated prefrontal areas. In the 

present study, it appears that AD patients (and also control subjects) rely on posterior regions devoted 
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to the storage of semantic information, without support of frontal areas. Consequently, the lower 

performance of AD patients would not be due to an executive dysfunction, such as the difficulty to use 

an efficient search strategy (Troyer et al., 1998), but rather to semantic memory impairments 

(Randolph et al., 1993). However, the absence of correlations with prefrontal areas could also be due 

to minor involvement of executive function in the task. Indeed, Philips (1997) showed that the 

realisation of a keypress random generation task (which requires also executive function) did not 

interfere with the realisation of the phonemic fluency task. 

Significant correlations have been observed between the inhibition time on the Hayling task and 

the right and left superior frontal area (BA 6/8/10). Inhibition function has been classically related to 

the prefrontal cortex (Burgess & Shallice, 1996). In a recent PET activation study (Collette et al., 

1999), we showed that the inhibition condition of this task was associated to a bilateral activation in 

the middle and superior frontal gyrus. The existence of correlations in the superior frontal cortex 

confirms that there exists an involvement of the prefrontal cortex during the suppression of automatic 

responses. Moreover, the absence of differences in correlations between both groups indicates that the 

main difficulty of AD patients on the Hayling task relates to the inhibition of a predominant response.  

In conclusion, the comparison of cognitivo-metabolic correlations between AD patients and 

elderly control subjects showed that the lower performance of AD patients in cognitive tasks could be 

due simultaneously to a less efficient functioning of specific cerebral areas and to a deficit of the  

integration of information coming from different cerebral areas. Moreover, the pattern of correlation 

observed in both groups confirms that the performance at the digit span task essentially depends upon 

temporal and parietal regions. More interestingly, the phonemic fluency task was related to posterior 

regions involved in semantic processes, suggesting that the prefrontal regions are not essential for the 

realisation of the task. Finally, the relationship between frontal metabolism and performance on the 

Hayling task confirms that anterior cortices are essential for inhibitory processes.  
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FOOTNOTE 

1. The correlation between metabolism and cognition will not be directly assessed in control subjects. 

Indeed, the correlation method is based on the existence of an important variability both in the cerebral 

metabolic distribution and in the scores in neuropsychological tasks. Since this variability is less 

important in control subjects, we do not expect significant correlations between metabolism at rest and 

cognitive performance. 
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TABLES 
 
 

Table 1 

Mean performance (standard deviation) of AD patients and control 

subjects in neuropsychological tasks 

 AD patients Control subjects 

Mattis DRS (total score) 110 (19.33) 138.84 (2.48) 

Digit span 4.44 (0.96) 5.42 (1) 

Phonemic fluency 15.44 (6.98) 25 (7.69) 

Hayling (time B-A) 71.06 (39.15) 23.42 (11.80) 
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Table 2. Correlations between brain metabolism and cognitive performance 

 Stereotactic coordinates 

Region x y z Zscore 

Correlations between brain metabolism and Mattis score in AD 

Posterior cingulate (BA 23) 26 -54 20 5.47 

L superior parietal (BA 7) -40 -44 48 5.03 

Cerebral areas correlated to the Mattis score  in AD patients but not in control subjects 

Posterior cingulate (BA 30) -14 -48 14 4.80 

 0 -34 16 3.15 

Correlations between brain metabolism and digit span in AD 

L superior temporal (BA 22) -48 -50 20 3.85 

 -60 -42 12 3.49 

L parietal superior (BA 7) -42 -70 46 3.82 

Posterior cingulate (BA 23/31) 18 -58 14 3.84 

 12 -60 26 3.18 

Precuneus (BA 7/31) 2 -58 44 4.19 

Correlations between brain metabolism and phonemic fluency in AD 

L middle temporal gyrus (BA 39) -42 60 16 3.77 

L superior temporal gyrus (BA 22) -54 -50 14 3.60 

L angular gyrus (BA 39) -44 -72 38 3.36 

Correlations between brain metabolism and Hayling task in AD 

R frontal superior (BA 8) 32 50 40 4.08 

 24 52 44 3.78 

 8 38 54 3.61 

L frontal superior (BA 10/8/6) -32 56 24 3.75 

 -38 24 58 3.48 

 -28 36 52 3.32 

Note.  R = right; L = left; x, y, and z, expressed in mm, are coordinates in the stereotactical space of 

Talairach and Tournoux (1988) 
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Figure 1. SPM for the cerebral areas involved in the different cognitive tasks: Positive correlation (A) 

with the Mattis total score in AD patients but not control subjects ; (B) with the verbal span task in AD 

patients ; (C) with the verbal fluency task in AD patients ; (D) with the Hayling task in AD patients. 


