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Concerns continue to be expressed about the validity and significance of neurobehavioural data in
determining the neurotoxic effects of occupational exposure to organic solvents.  The present report
considered (i) the strength of the evidence for  neurobehavioural effects, (ii)  the feasibility of
evaluating the significance of effects by reference to the size of effects observed following exposure
to other agents, (benchmarking).  In Section I 45 studies were selected and evaluated according to
pre-determined criteria.  Approximately 80% of all studies reported statistically significant effects of
long-term, low-level solvent exposure on some aspects(s) of cognitive functioning.  Approximately
50% of studies also reported an exposure-effect relationship.  Percentages were similar when
methodologically better studies were considered separately.  However a number of interpretative
issues relating to the pattern and level of effects and the comparability of data between studies were
identified.  Section II considered the feasibility of using each of the following agents to derive data for
benchmarking purposes; carbon monoxide exposure, alcohol consumption, sleep deprivation, normal
ageing and head injury. Few current data relating to these agents would provide useful reference
points for solvent-related effects.  However, data sets could in principle be developed for this purpose
in relation to alcohol consumption, head injury and normal ageing.  

This report and the work it describes were funded by the Health and Safety Executive (HSE). Its
contents, including any opinions and/or conclusions expressed, are those of the author alone and do
not necessarily reflect HSE policy.
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Summary 
 
Psychological performance tests have been used for a number of years in largescale studies to 

investigate the neurotoxicity of solvents in occupational settings.  Concerns have been 

expressed about the methodological quality of many of these studies and about the validity 

and significance of the data reported.  The present report addresses two issues in relation to 

these concerns.  Section I investigates the strength of the evidence that long-term, low-level 

occupational exposure to solvents can result in neurobehavioural effects, which are less 

severe than those which constitute chronic toxic encephalopathy (CTE).  Section II discusses 

the feasibility of evaluating the significance of any demonstrated effects by reference to the 

size of effects observed following exposure to other agents.  This approach is referred to as 

benchmarking.  In Section I 45 studies were selected and evaluated according to pre-

determined criteria and their results assessed.  Approximately 80% of studies reported 

statistically significant effects of long-term, low-level solvent exposure on some aspects(s) of 

cognitive functioning.  Approximately 50% of studies also reported an exposure-effect 

relationship.  These percentages were slightly higher when the methodologically better studies 

were considered separately.  However, there was no consistent psychological pattern in terms 

of the effects observed and only limited evidence that studies of workers with longer or 

higher exposures reported effects more frequently than did other studies.  A wide range of 

tests and scoring methods were used making it difficult to compare results between studies.  

In addition, reference to clinical criteria for psychological significance in some studies cast 

doubt on the validity of the conclusions reached by researchers.  Overall, the quality of 

current evidence is suggestive of neurobehavioural effects, but many questions remain about 

the nature of those effects and their biological/psychological significance.  Section II 

considered the feasibility of using each of six agents to derive data for benchmarking 
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purposes.  These were, acute/chronic effects of carbon monoxide exposure, chronic effects of 

alcohol consumption, acute effects of alcohol consumption, acute effects of sleep deprivation, 

normal ageing effects and a clinical classification system for the severity of head injury. 

Examination of existing data relating to each of these agents indicated that data on alcohol 

consumption, head injury and normal ageing effects might yield useful reference scores for 

benchmarking purposes.  Currently few of these data are available in a form which would 

allow evaluation of solvent-related effects.  However, there are indications that useful data 

sets could in principle be developed for this purpose if considered appropriate.   
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1. Background 

Psychological performance tests (neurobehavioural tests) have been used since the mid 1960s 

as a method of determining the neurotoxicity of chemicals in occupational and environmental 

health.  In particular such tests have been used to assess the effects of occupational exposure 

to organic solvents, usually in cross-sectional studies designed to compare the scores of 

groups of exposed workers with those of matched controls.  It has been noted however that 

many of the tests employed in such studies were originally developed for use in a clinical 

diagnostic setting and were not intended for use in epidemiological research.  In the 

occupational field, although they were originally employed in a clinical context, to assess 

possible cognitive impairment in individuals who had been exposed to neurotoxicants, their 

use was subsequently extended, perhaps inappropriately, to large scale studies which 

investigated group effects of certain occupational exposures, notably organic solvents.  The 

validity of the data which emerged from these studies has therefore come under scrutiny 

partly because of methodological concerns and also because of difficulties of interpretation.  

The assessment of the biological or ‘real-life’ significance of statistically significant 

differences in scores between exposed and control groups is not straightforward and thus the 

application of the data to regulatory toxicology is somewhat problematic. 

 

A discussion recorded in the minutes of WATCH (February 1997) considered a number of 

approaches to address the question of interpretation and general support was given to the 

proposal that a form of benchmarking should be explored as a possible solution.  It was 

suggested that the size of any effects identified in relation to organic solvent exposure could 

be assessed in relation to those identified in relation to other exposures or factors known to 

impair performance, thus providing a reference point for interpretation of the data.  The 
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Health and Safety Executive (HSE) therefore undertook an initial review (i) to investigate the 

validity of neuropsychological assessment in identifying neurobehavioural effects of organic 

solvent exposure, and (ii)  to explore the feasibility of benchmarking, i.e. comparing 

neurobehavioural test data from organic solvent studies against neurobehavioural test data 

recorded in relation to other agents or factors known to affect nervous system functioning.  

This review (Kelly 1999) contained the following elements: 

(i) a literature search on defined relevant databases using defined search terms 

(ii) the selection of studies, according to defined criteria, for inclusion in a data evaluation 

exercise 

(iii) the recording of the frequency of testing of particular functional domains and use of 

particular tests in selected studies 

(iv) the recording of the frequency of results showing statistically significant differences 

between test scores on the six most frequently used tests 

(v) an evaluation of group scores of organic solvent exposed workers in these six tests 

against certain criteria for clinical significance 

(vi) a preliminary evaluation of the feasibility of using data obtained in relation to carbon  

monoxide exposure and long-term alcohol abuse for benchmarking purposes 

 
The current review aims to build on this work and will incorporate some of the above 

information into a further exploration of the issues.  Specifically the current review is 

intended to address the following questions: 

1. Is there good evidence that occupational exposure to organic solvents can result in 

adverse effects on the nervous system, which are less severe than those included in the 

EU definition of CTE, but which are nevertheless discernible from the results of 

neurobehavioural tests? 
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2. Can existing neurobehavioural data relating to other agents or factors known to affect 

nervous system functioning provide reference points for the interpretation of the size 

of any effects observed in relation to organic solvent exposure? 

The report is therefore divided into two sections.  Section I contains a systematic review of 

the evidence for neurobehavioural effects, in terms of the methodological quality of the data, 

the consistency of observed effects and their size relative to current criteria for clinical (non-

normal) significance.  The focus is on studies of mixed solvent exposure rather than those 

which investigate the effects of a single solvent.  This section of the report draws on the 

initial literature search conducted by HSE in preparing the previous report (Kelly 1999), and 

also includes reference to some of their descriptive data and analysis relating to the clinical 

significance of test scores.   Where information from the previous report is included it is 

acknowledged accordingly. 

 

Section II contains an evaluation of the feasibility of a benchmarking approach using data 

relating to the following:  

♦ long-term sequelae of high level carbon monoxide exposure 

♦ effects of long-term alcohol abuse 

♦ acute effects of alcohol consumption 

♦ effects of sleep loss 

♦ normal ageing 

♦ head injury 

Information and conclusions relating to carbon monoxide exposure and long-term alcohol 

abuse is derived from the previous HSE report (Kelly 1999) and has not been specifically 

investigated for the current report.  Its source is acknowledged accordingly. 
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2. Section I - The evidence for neurobehavioural effects 

2.1 Methods 

2.1.1 Literature search strategyv  

Terms used for the searches were as follows: 

Neurobehavioural or behavioural or neuropsychologicalvv or neuropsychiatric or cognitive or 
mental or memory/memories or thought disorder or amnesia or dementia 

and 
paint or organic solvents 

 

The databases searched were as follows: 

♦ HSELINE 

♦ CISDOC 

♦ NIOSHTIC 

♦ MEDLINE 

♦ PSYCHOINFO 

♦ EXCERPTA MEDICA 

 

A panel of experts was assembled by HSE to develop a set of exclusion and inclusion criteria 

to apply to the abstracts identified (Tables 1-2). 

 

Because the initial search (carried out by HSE) only included papers published up to 1997 a 

further search covering the period 1997 - 2000 was carried out using the same databases and 

search terms but excluding, the terms “thought disorder, amnesia or dementia” which were 

not considered relevant by the author. 

                                                 
v initial search conducted by P Kelly, HSE; subsequent search carried out by the author 
vv the terms neurobehavioural, behavioural and neuropsychological are regarded as synonymous throughout    

the report 
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Table 1.  Inclusion Criteriav 
Long-term occupational exposure to solvent mixtures investigated 
Cross-sectional or longitudinal design 
Differences between groups investigated 
Estimated exposure levels included 
Neuropsychological tests used (automated or manual) 
 

 

Table 2.  Exclusion Criteriav  
Short-term rather than long-term exposure (acute effects) 
Solvent abuse rather than occupational exposure 
Comparison of two solvents with no control group 
Investigation of a single solvent 
Investigation of toxins other than organic solvents 
Comparison of solvents and other toxins 
Controlled laboratory studies rather than field studies 
Intervention studies 
Investigations of recovery from solvent-related effects 
Neuropsychiatric and affect effects rather than neurobehavioural  
Neurophysiological effects rather than neurobehavioural  
Neuropathological effects rather than neurobehavioural  
Investigations of hearing loss 
Investigations of symptoms rather than neurobehavioural effects 
Studies using non-neurobehavioural tests 
Studies failing to name the tests used 
Studies failing to publish actual test scores 
Studies reporting correlations rather than differences between groups 
Case studies 
Animal studies 
Review papers rather than original studies 
Duplicate publications of the same data 
Evaluations of neuropsychological tests 
Comparisons of computerised and manual tests 
Non-English languagevv  
 

 

 

Studies were selected from both searches for inclusion in the review by application of these 

exclusion and inclusion criteria. 

                                                 
v adapted from those developed by HSE 
vv use of English language papers only was considered adequate since only 4 non-English language papers were 

identified in a search using the same terms and databases 
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2.1.2 Content of Data 

Following the selection of studies a set of variables were specified to represent the 

information to be recorded from the selected papers (Table 3).  Tables were constructed using 

these variables to summarise the content of the selected papers. 

Table 3.  Variables Included 
Principle author 
Year of publication 
Country of study 
Method of subject selection 
Response rates 
Number in exposed group(s) 
Number in control group(s) 
Gender 
Age of exposed group(s) (mean and/or range) 
Age of control group(s) (mean and/or range) 
Highest exposure level of exposed group(s) (mean and/or range) 
Exposure time of exposed group(s) (mean and/or range) 
Solvents identified 
Method(s) of assessing exposure 
Control for last exposure stated 
Confounders/modifiers accounted for 
Control for test conditions stated 
Method of test administration 
Significant performance difference between groups observed in at least one test 
Exposure-effect relationship observed in relation to at least one test 

 

Variables in Table 3 included only basic information on (i) whether a statistically significant 

difference between exposed and control groups was observed in relation to any test outcome 

measure, and (ii) whether an exposure-effect relationship was observed in relation to any test 

outcome measure. 
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A further analysis was therefore carried out to describe: 

(i) the number and identity of tests used in each selected study 

(ii) the results in relation to each test (statistically significant differences between exposed 

and control groups and/or exposure-effect relationship) 

This information was also summarised in tabular form. 

 

2.1.3 Quality of Data 

A set of criteria were constructed in order to rank selected studies in terms of quality.  These 

were derived from the EU criteria document  (Institute of Occupational Health 1997).  This 

allowed an assessment of the data in terms of the number of positive results recorded in high 

or medium quality studies only. 

2.1.4 Exposure 

Studies were classified in terms of reported exposure (> or ≤ TLV/OES and <10 or 10+ years) 

and an assessment was made of the number of positive results in each case.  The assessment 

of > or ≤  the TLV/OES was made in relation to current occupational exposure levels in the 

UK rather than the researchers own assessment since (i) exposure standards in the country in 

question might differ from those in the UK, and (ii) may have changed since the study was 

carried out. 

2.2 Results 

2.2.1 Literature search 

A total of 688 abstracts were identified  from the initial search.  After application of 

inclusion/exclusion criteria this was reduced to 39 relevant papers containing 40 relevant 

studies.  The subsequent search (1997 - 2000) identified a further 5 relevant papers, (5 

studies) 
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2.2.2 Descriptive data 

Data from the 45 selected studies were summarised in tabular form according to the variables 

specified in Table 3.  This summary is shown in Annexe 1.   

 

The majority of studies were carried out either in Western Europe (18 studies) or the USA (15 

studies).  Of the remainder 6 were carried out in the Far East, 2 in India, 2 in South Africa, 1 

in South America and 1 in the former Yugoslavia.  On the basis of the frequency of reporting 

relatively large scale studies, there appears to be no obvious lessening of interest in this 

subject in the USA or Western Europe as a whole.  Since 1995 for example there have been 6 

studies emanating from the USA and 3 from Europe.  However, no large scale study has been 

carried out in the UK since 1994. 

 

Taking the studies as a whole 32 report a statistically significant difference between the 

performance of the exposed and control groups on at least one psychological test.  A further 

seven studies were designed in such a way that they did not include a control group and 

therefore this assessment was not applicable.  Of these, three studies demonstrated significant 

differences between the performance of the lowest and highest exposed groups.  On this basis 

therefore approximately 78% of studies report an effect of solvent exposure on test 

performance.  However, a number of points should be made: 

 

(i) there is a well-accepted bias towards the reporting and publication of positive studies 

which may well be operating here. 

(ii) only 54% of the positive studies who also investigated exposure-effect relationships 

were able to demonstrate such a relationship  between a measure of long-term, 

cumulative “solvent dose” and test scores, either in the exposed group or in the 

difference scores between exposed and controls.  Clearly the demonstration of an 
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exposure-effect relationship considerably strengthens the findings, particularly in 

cross-sectional studies. 

 

It should be noted, however, that  few of the early studies attempted to investigate 

exposure-effect associations, probably reflecting a lack of appropriate methodology to 

carry out retrospective exposure assessment.  In recent years such assessments have 

become more sophisticated and more data derived from regular workplace monitoring 

are available, particularly in large organisations which are usually involved in these 

types of studies.  Of the 13 studies reported since 1995 seven report an exposure-

effect relationship and only three studies which find a significant difference between 

exposed and control group performance are unable to demonstrate such an 

association. 

(iii) the quality of the studies is variable and equal weight cannot therefore be  

attached to all.  This point is addressed further below. 

(iv) A wide variety of tests have been used and consistency of positive results is not 

necessarily reflected in consistency of effects on particular tests.  This is also 

discussed in more detail below. 

 

2.2.3 Study quality 

Drawing on the EU document1 which describes criteria for evaluating neurobehavioural 

studies, a set of criteria were established to permit classification of studies as I (superior), II 

(good), III (fair) and IV (poor). 

Criteria are shown in Table 4. 
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Table 4.  Study Classification Criteria 

 1. Population of adequate size relative to the number of tests used.  
Usually >40 per groupv  

 2. Adoption of a subject selection method which avoids bias for the 
exposed group  

 3. Adoption of a subject selection method which avoids bias for the 
control group 

 4. Pre-stated exclusion/inclusion criteria for study participants 
 5. High response rate for the exposed group.  Usually >60% 
 6. High response rate for the control group.  Usually >60% 
 7. Control or adjustment for important confounders/modifiers of 

performance, notably age, gender, social class or job type, educational 
level or initial intelligence and alcohol consumption 

 8.  Inclusion of quantitative or semi-quantitative assessment of long-term 
exposure 

 9.  Control for recent exposure 
10. An indication of standardisation of testing conditions  

 

For a study to be classified as I it was required to fulfil all the above criteria.  Studies were 

classified as II if they fulfilled at least 7 of the criteria and as III if they fulfilled at least 5 of 

the criteria.  Studies failing to fulfil at least 5 of the criteria were classified as IV.   

 

Classification of studies according to this system is shown in the first column of Annexe 1.  

I **** (score 10) 
II *** (score 7+) 
III ** (score 5+) 
IV * (score <5) 
 

On the basis of this classification system only one study, (that of Daniell et al, 1999) was 

classified as I Superior.  A further 28 studies were classified as II Good.  It is noteworthy that 

eleven of the fourteen studies carried out since 1995 were rated as I or II, reflecting a general 

improvement in methodology.  Of those studies rated I or II a total of 21 (72%) reported a 

statistically significant difference between the performance of exposed and control groups or 

                                                 
v this definition of an “adequate size” is somewhat arbitrary however since it should be noted that only one study 

reports power calculations 
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between the performance of highest and lowest exposed groups on at least one psychological 

test.  Fourteen of the 25 higher rated studies who investigated exposure-effect relationships, 

demonstrated such a relationship.  Where only better studies are considered therefore the 

percentage of positive results (72%) and exposure-response relationships demonstrated (56%) 

is very similar to the percentage for all studies (78% and 54% respectively).   

 

2.2.4 Exposure 

Current opinion tends to the view that neurobehavioural effects are unlikely to occur until 

exposure has exceeded 10 years duration. Other authors have suggested that chronic effects 

on the nervous system can be prevented if exposures remain below levels intended to protect 

workers from acute narcotic or irritancy effects (Spurgeon et al 1994).  An attempt was made 

therefore to determine whether positive results tended to occur more often in studies where 

exposures had, at least some of the time, exceeded currently accepted exposure standards 

and/or exposure had continued for more than 10 years for at least some of the subjects. 

 

The majority of studies included some form of quantitative exposure assessment.  

Approximately one third based their assessment on current air and/or biological monitoring.  

Approximately two thirds attempted an assessment based on job history, producing either a 

purely descriptive or a quantitative assessment.  Some of these were expressed in a form 

which made it impossible to identify highest exposure levels or longest exposure time.  

However of the 22 studies which provided some information on both of these, the results 

relating to exposure levels (expressed in terms of current UK occupational exposure 

standards) and duration are shown in Table 5. 
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Table 5.  Results in relation to exposure levels and duration (22 studies) 
 
                               Longest Exposure 
Highest Exposure < 10 years 10 + years 
>OES* number of studies   5 

positive effect         3 
dose-effect              1 

number of studies   9 
positive effect         9 
dose-effect              6 

≤ OES* number of studies   2 
positive effect         2 
dose-effect              2 

number of studies   6 
positive effect         4 
dose-effect              1 

*current UK 

These data show that as expected effects, including exposure-effect relationships, are reported 

more consistently where exposure levels are highest and more than 10 years.  However, the 

trend for the other cells in the table does not conform clearly to the expected pattern.  For 

example, both  studies involving exposures below the current TLV for less than 10 years 

report effects and  exposure-effect relationships. 

 

It should be emphasised however that in all these studies exposure was to a solvent mixture 

reducing the likelihood that consistent exposure-effect relationships across studies will be 

demonstrated.  Further, exposure assessments in studies of this type rarely, if ever, take 

account of patterns of exposure in terms of peaks, steady state or periods of zero exposure and 

thus at best represent very crude estimates. 

 

2.2.5 Test data 

A list of the tests used in different studies and the results relating to these are summarised in 

Annexe 2, Tables 1-9.  For convenience these have been grouped loosely into tests of 

different functional domains.  However, it should be noted that there is considerable overlap 

between tests in this respect and no tests can be considered a “pure” measure of one function.  

The most striking feature is the wide variety of tests used, many of which are employed only 
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in a single study.  In addition, where tests have been used in several studies the results are 

inconsistent.  This is clearly illustrated by reference to the most commonly used test, the Digit 

Symbol Substitution Test from the Wechsler Adult Intelligence Scale – Revised (WAIS-R).  

This appears in a total of 25 studies, 15 of which demonstrate a significant difference between 

exposed and control group performance and only two of which demonstrate an exposure-

effect relationship. 

 

All studies use at least four tests and most use more than this.  The average number of tests 

used was eight, although a number of studies derive more than one outcome from each test.  

The largest number of tests used in a single study was 21 and the largest number of test 

outcomes 31.  Despite the inevitability of multiple comparisons (and hence increased risk of 

chance significance) only three studies report the use of Bonferroni correction.  One further 

author made reference to the problem of multiple comparisons but argued that interpretation 

of the data in terms of functional areas (patterns of scores) rather than individual test results, 

countered this criticism.  Inspection of the data as a whole, however, does not support the 

view that it can be meaningfully interpreted in this way.  
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An attempt to group results by areas of function yielded the following results. 

Table 6 
Functional area Frequency  of tests 

employed (studies) 
% showing positive effect 

General 43 58 
Memory (WAIS-R, WMS) 23 65 
Memory (other) 63 40 
Learning 28 39 
Motor speed/control 50 30 
Visuo-spatial organisation 41 56 
Vigilance/attention 24 38 
Reasoning 11 18 
Reaction time 24 38 
 

It would appear that there is very little consistency and no discernible pattern in the test 

results.  In addition to problems of inconsistency there are also concerns about the 

interpretation of the results of tests from the WAIS-R and the Wechsler Memory Scale 

(WMS) which are the most frequently used tests.  These concerns were discussed in the HSE 

study/report and are summarised below. 

 

2.2.6 Presentation of scores from WAIS-Rv   

The HSE study/report carried out on analysis of the scores which were reported in a number 

of studies which used tests from the WAIS-R.  This is a neuropsychological test battery used 

widely in clinical settings to assess intellectual functioning. 

 

It is usual when scoring this test to convert an individual’s raw score into a “scaled score” 

which is essentially a score which has been weighted to allow for effects of age and gender.  

Thus each individual obtains a scaled score on each test which can be related to an “average” 

scaled score of 10.  Since the WAIS-R contains ten tests, an individual with an “average IQ” 

                                                 
v detailed data relating to this section are presented in the HSE report, pages 8-13. 
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would score 10 on every test, thus obtaining a total scaled score of 100.  In fact any scaled 

score within the range 90 - 110 is considered to fall within the average IQ range.  Clinically, 

psychologists tend to regard test scores which fall beyond one standard deviation of the mean 

to be indicative of evidence of neuropsychological impairment, either over all scores or for 

individual test scores. 

 

In many cases, where WAIS-R tests have been used in solvent studies, raw scores rather than 

scaled scores have been reported.  Thus questions arise about the validity of assessing effect 

sizes on this basis.  It can be shown, for example, that where raw scores are converted to 

scaled scores they frequently fall within one standard deviation of the mean, with a minority 

of scores falling outside this.  It could be argued therefore that few results are truly indicative 

of an effect as assessed by clinical standards.  The lack of scaled score conversion is of 

concern, particularly since it raises questions about the familiarity of the investigators with 

the psychometric tools they are using. However, certain other factors should perhaps be 

considered in relation to this: 

(i) Scores reported in solvent studies are mean scores relating to groups and therefore 

conversion of this mean to its corresponding scale score will not adequately reflect the 

performance of the individuals within the group.  To address this problem properly 

would require conversion of each individual’s score to a scaled score before 

summation and subsequent analysis.  Clearly it is impossible to carry out this exercise 

retrospectively without access to individually-based raw data. 

(ii) Investigators carrying out solvent studies might have some justification for reporting 

only raw scores where they are dealing with large groups of people in an 

epidemiological context, and have been careful to carry out age and gender matching 

of groups.  It might be argued that such matching, especially if it also includes 
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educational level, is superior to the use of scaled scores which may have been 

obtained by reference to a culturally dissimilar population and also obtained many 

years before. 

 

This said, however, the use of non-standard scoring procedures appears to be a general 

problem in this field of work.  At the very least this makes it difficult to compare the results 

of different studies, even where they purport to use the same tests and where these tests have 

established  procedures for administration and scoring. 
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3. Summary Statements - Section I 

1. Examination of the results of 45 cross-sectional studies shows a majority (35 

studies or 78%) found significant neurobehavioural effects of solvent exposure, in at 

least one test. 

2. Where studies rated either superior or good (according to pre-determined 

criteria) are considered separately, the evidence is consistent with (1) above (21 out of 

29 studies or 72% demonstrated an effect). 

3. For all studies 54% (19 out of 35 studies) report an exposure-effect 

association.  For higher rated studies this figure rises to 56% (14 out of 25 studies) 

4. The high number of studies reporting an effect may reflect a reporting bias in 

favour of positive studies. 

5. There was an indication that studies reporting the longest exposure (> 10 

years) and the highest exposures (>TLV at least some of the time) reported effects 

more frequently. There was no consistent pattern in relation to shorter or lower 

exposures.  However methods for retrospective assessment vary in quality and the use 

of relatively crude exposure assessments reduces the likelihood of such a pattern 

emerging. 

6. There was no observable consistent pattern in terms of effects on particular 

tests.  However, the wide variety of tests, test outcomes and scoring methods 

employed make it difficult to compare results between studies. 

7. There are concerns about the appropriate scoring and data interpretation of 

tests normally employed in a clinical setting.  In some cases this may invalidate the 

conclusion of a “significant” difference between the scores of exposed and control 

groups. 
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8. There are concerns about the (low) sample sizes in many studies and, alongside this, 

the use of large numbers of tests.  Only one study reports power calculations and very 

few include correction for multiple comparisons of outcome measures. 

 

3.1 General Conclusions 

Notwithstanding a number of methodological concerns the balance of the evidence does 

suggest that neurobehavioural effects may occur following long-term occupational exposure 

to solvent mixtures.  However the clinical significance of these effects remains to be defined.  

More recent studies (since 1995) show evidence of improved methodology compared with 

earlier investigations.  However, this is largely in respect of epidemiological concerns, such 

as subject selection, response rates and control of confounders, and in relation to retrospective 

exposure assessment which is also becoming more sophisticated. There is little evidence of 

any parallel improvements or new developments in test outcome measures to assist evaluation 

and interpretation of the data.  One possible approach to this is discussed in Section II. 
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4. Section II - The feasibility of a benchmarking approach 

4.1 Benchmarking 

The previous section has been concerned with the quality and consistency of the data 

purporting to demonstrate neurobehavioural effects occurring in response to solvent exposure.  

A separate but related question concerns the interpretation of the data in terms of the 

biological or psychological significance of statistically significant effects.  This is also related 

to what may be termed “social” significance, i.e. the importance of any demonstrated effects 

for the individual in terms of everyday functioning, and for society in terms of acceptable 

risk. 

 

A possible approach to this question lies in the use of benchmarking.  In this context 

benchmarking refers to the comparison, in terms of size and perhaps nature, of effects 

associated with solvent exposure with those which have been demonstrated in relation to 

other factors known to impair nervous system functioning.   This approach currently appears 

to be generating some interest particularly in relation to the application of widely accepted 

standards for alcohol consumption and driving.  For example in relation to sleep deprivation 

Williamson and Feyer (2000) argue “…by comparing the change in performance due to 

alcohol consumption at concentrations widely agreed to be hazardous, (0.5% blood alcohol 

concentration), with the same behaviour after sleep deprivation, it should be possible to 

assess the amount of sleep deprivation at which equivalent deficits occur.” 

 

Application of this approach in relation to solvent exposure has not so far been explored in 

any detail.  An immediate question arises as to which particular agents would be useful 

markers with which to compare solvent-related effects.  In this and the previous HSE report 
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the choice of agents has been largely determined on an intuitive basis.  This has been in terms 

of agents which are known to affect nervous system functioning, which may have legal or 

socially accepted standards attached to them (as in the case of alcohol consumption and 

driving) and which may have scientific data associated with them which provides consistent 

evidence of effects.  On these bases the following agents were initially selected: 

♦ acute or chronic effects of carbon monoxide exposure 

♦ chronic effects of alcohol consumption  

♦ acute effects of alcohol consumption 

♦ acute effects of sleep deprivation 

♦ effects of normal ageing 

In addition, a further factor, that of head injury was added during workshop discussions. 

 

The assessment of each of these agents as possible candidates for benchmarkers in relation to 

solvent exposure are described below. 

 

4.2 Carbon monoxide exposure 

The data relating to carbon monoxide exposure was discussed as part of the HSE study/report 

(Kelly, 1999).  Much of the data has arisen as a consequences of self- inflicted life-

threatening intoxication.  As such, information is frequently presented in the form of 

individual case-studies or case-series and often relates to individuals with severe 

psychological problems.  Although neurological impairment frequently occurs following 

intoxication the pattern, severity and prognosis associated with this appears to be very 

variable depending on individual differences as well as dose.  In addition to case histories 

there is a moderate literature on small-scale volunteer studies involving administration of 

neuropsychological tests following controlled exposures.  This literature has been reviewed 
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by Green et al (1998) who noted that many of the studies were of questionable value due to 

low subject numbers, non-standard experimental designs and lack of detail relating to 

statistical analysis.  While many of these studies appear to use similar tests to those used in 

solvent studies therefore there are concerns about the quality of the data and it seems unlikely 

that they would be sufficiently reliable to be used for benchmarking purposes. 

 

4.3 Chronic effects of alcohol consumption  

Information relating to impairment associated with chronic alcoholism was also reviewed as 

part of the HSE study/report (Kelly, 1999).  A total of 95 papers were selected for 

examination on the basis that they employed at least one of the six tests most commonly used 

in solvent studies.  A sample of these papers are described in the HSE report.   

 

Initial inspection of the data suggested that it was inconsistent in terms of demonstrating 

effects on specific tests.  Further, when the results of individual tests were examined and 

scores were scaled (as opposed to presentation of raw scores - see Section I) cognitive 

impairment in many cases appeared to be very minor or even non-existent.  Since these data 

were derived largely from individuals with a history of long-term alcohol abuse it would seem 

implausible that some effects would not occur.  Moreover, alcohol consumption has 

sometimes been suggested as the most suitable model for predicting the effects of long-term 

solvent exposure.  If no effects occur following heavy prolonged use of alcohol it seems less 

likely that relatively low exposure to solvents in an occupational setting would produce such 

effects. 

 

A possible explanation for the negative results in relation to alcoholism however lies in the 

use of cross-sectional data.  Since the individuals concerned were assessed at one point in 
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time, rather than on a longitudinal basis, it is quite possible that impairment relative to earlier 

functioning had occurred.  Thus in individuals of higher or superior initial ability, ‘normal’ 

scores represent a considerable drop in functional level.  For this reason assessment of the 

data on a test by test basis across studies may mask the presence of a consistent effect.  In the 

present context therefore it may be more appropriate to examine the pattern of test results in 

each individual or group of individuals.  In particular, where this is available, the results of a 

‘hold’ test (i.e. test less susceptible to nervous system insult) will yield important information 

about earlier levels of functioning which can be set against current performance on other 

tests.  Studies which have used the WAIS are likely to provide this information,  for example 

in the form of vocabulary and other verbal tests. 

 

While, therefore, it is clear that there are likely to be considerable psychosocial differences 

between occupational populations and those included in studies of alcohol abuse it would 

nevertheless seem prudent to re-examine the data relating to the latter group to determine (i) 

whether there is good evidence of impairment, and (ii) whether a consistent pattern of 

impairment can be identified which might represent a more severe form of that associated 

with long-term occupational solvent exposure. 

 

4.4 Other agents 

Examination of the data in relation to the other agents (acute effects of alcohol, sleep 

deprivation and normal ageing) was carried out as part of the current project and is reported 

below.  The additional suggestion, relating to the use of data on head injury is also discussed 

briefly. 
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4.5 Methods 

4.5.1 Literature search strategy 

Three separate searches were carried out in respect of data relating to: 

(i) acute effects on cognitive functioning of alcohol consumption 

(ii) acute effects on cognitive functioning of sleep loss 

(iii) effects of normal ageing on cognitive functioning 

Search terms employed were as follows: 

(i) alcohol, cognitive function, performance tests 

(ii) fatigue or sleep deprivation, cognitive function, performance tests 

(iii) ageing, cognitive function, performance tests 

The following databases were searched: 

♦ HSELINE 

♦ CISDOC 

♦ NIOSHTIC 

♦ MEDLINE 

♦ PSYCHLIT 

♦ MBASE 

The search covered the period 1990 - 2000 and included English language papers only. 

 

Papers were initially selected from abstracts if they reported or implied the use of at least one 

neurobehavioural test which had been used in at least one solvent study.  These papers were 

acquired and were included if they fulfilled the following criteria: 

(i) actual test scores were recorded 
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(ii) a significant effect was noted as a result of the exposure or factor in question in at  

least one test 

In addition some older papers were identified from the reference lists of selected papers.  

These were chosen on the basis of apparent relevance according to their titles.  One data set 

from an unpublished report (Hooisma et al, 1988) was obtained directly from the author. 

 

Data recorded in the selected papers in relation to the three factors (alcohol, sleep loss and 

ageing) were examined to determine: 

(i) the levels of ‘exposure’ at which effects occurred 

(ii) the consistency of effect sizes across studies 

 

A detailed analysis of the quality of studies was not conducted.  Since data were limited it 

was decided to include all that was available.  However, some relevant comments regarding 

methodological difficulties are included below.  

 

4.6 Results 

4.6.1 Acute effects of alcohol consumption 

Of a total of 25 papers identified from abstracts 13 were selected which fulfilled the stated 

criteria.  Although many studies tested similar functions to those tested in the solvent studies 

very few employed exactly the same test and the data in many papers were not therefore 

directly comparable.  In addition many papers did not record details of test scores preferring 

to report the results of statistical tests. 

 

Selected studies together with the tests used and results are summarised in Annexe 3. 
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Overall, the data were difficult to interpret.  The most frequently used test was the Digit 

Symbol Substitution Test (DSST), used in six of the thirteen studies.  In five of these studies 

a significant acute effect of alcohol consumption was noted, in doses ranging from 0.15 - 1.0 

g/kg. Although no blood alcohol level was presented in relation to the lowest dose of 0.15 

g/kg another study reported blood alcohol levels around 80 mg/dl (the current legal limit for 

driving) in relation to a dose of 0.56 g/kg.  This suggests that a dose of 0.15 g/kg which was 

associated with effects on DSST, is likely to produce blood alcohol levels below the current 

legal driving limit. 

 

By contrast another study reported blood alcohol levels around 95 mg/dl and reported no 

effects on DSST. 

 

Two studies tested immediate memory using the Digit Span test and found no acute effects at 

blood alcohol concentrations up to 0.06%.  Two further studies used a syntactic reasoning test 

and both found acute effects following alcohol consumption.  One study reported alcohol 

dose (0.15 g/kg) and the other blood alcohol concentration (0.025 - .1%).  No effects were 

found on Sternberg’s Memory Scanning test at an alcohol dose of .25 - 1.0 g/kg or at blood 

alcohol concentrations up to 0.08%.  Similarly no effects were found on the Block Design test 

of the WAIS-R at a blood alcohol concentration of 0.05%. 

 

Since alcohol has a depressant effect on the nervous system effects on tests primarily 

concerned with attentional control might reasonably be expected.  One study did show that 

performance on the Stroop Colour - Word test was affected at blood alcohol concentrations 

from .062 - .073% but no other studies used this or similar tests. 
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4.6.1.1 General conclusions in relation to alcohol consumption 

The investigation of the acute effects of alcohol on performance is complex and requires 

attention to a number of methodological factors notably individual and situation-based 

variables, such as gender, age, time since dose and expectancy.  However, this subject has 

been studied for many years and a large amount of data has been amassed.  Unfortunately in 

the present context, these data have limited use, since tests currently employed in solvent 

studies rarely appear in studies of alcohol effects.  Data relating to these tests is therefore 

patchy and inconclusive and is unlikely to be helpful in terms of interpreting existing data. 

 

It is clear however that much is known about the pattern of cognitive impairment associated 

with alcohol consumption and that certain tests, addressing particular aspects of functioning, 

are more responsive to small doses of alcohol than others.  Further, there are well-established 

social and legal norms regarding acceptable levels and performance decrements associated 

with these.  It is possible therefore that the future acquisition of data relating to the effects of 

alcohol on tests used in solvent studies could help in the interpretation of solvent-related 

effects. 

 

4.7 Effects of sleep loss 

Only 12 papers were identified from abstracts as being potentially relevant.  Of these only 

five fulfilled the stated criteria for inclusion.  Their results are summarised in Annexe 4.  All 

these studies used the Syntactic Reasoning Test and one used Digit Span.  No other tests were 

employed which were relevant to solvent investigations. 

 

The study using the Digit Span test investigated the consequences of one nights’ sleep loss.  

No effects on test performance were observed.  Only one study, which investigated the effects 
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of the longest period of sleep deprivation (64 hours), found effects on syntactic reasoning, 

although most studies found effects on other tests.  These limited data cannot therefore be 

considered useful for benchmarking purposes in relation to solvent associated effects.  While 

there is an abundance of data concerned with the effects of sleep loss, the problem in the 

present context is again one of variability in test methods and thus non-comparable data. 

 

4.8 Effects of normal ageing 

Of the 51 papers identified from abstracts 28 were selected which fulfilled the stated criteria. 

Results reported in these studies in relation to specific tests are shown in Annexe 5, Tables 1-

11. 

There was some variation in the methods for reporting test scores.  For example, some studies 

record the total time to complete a test, others record the time per test item and others the 

number or proportion of items correct.  Where possible, data have been converted or inferred 

from that explicitly reported, for example in the case of graphical presentation, in order to 

facilitate comparison with those in solvent studies. 

 

The data relating to age-effects on tests is more extensive than that relating to either alcohol 

consumption or sleep deprivation.  Some data are available on the following tests which have 

also been used in solvent studies: 

Digit Symbol Substitution Test (WAIS-R)(WHO-NCTB, MANS) 
Tests from the Neurobehavioural Evaluation System 
Stroop Colour-Word test 
Wisconsin card sorting 
Sternberg Test 
Syntactic Reasoning 
Digit Span (WMS) (WAIS-R)(NES)(WHO-NCTB) 
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Block Design (WAIS-R) 
Rey’s Auditory Verbal Learning Test 
Santa Ana Test 
Trails Test 
Benton Visual Retention Test 
Pursuit Aiming (WHO.National Core Test Battery) 
Corsi Block Test 
 
 

Although in the case of some tests data on age effects is derived from a single study it would 

seem reasonable to use this where the study is methodologically sound.  For example,  a 

detailed set of data is available for Rey’s Auditory Verbal Learning Test (Vakil 1997).  In the 

case of more frequently used tests such as the Digit Symbol Substitution Test (DSST), the 

data is in fact more difficult to interpret since a number of studies have investigated age 

effects and the age-groupings employed overlap to some extent.  In the case of other tests, 

notably those which comprise the Neurobehavioural Evaluation System (NES), existing data 

covers only two age groups (26-47 and 60-73) and this provides rather limited information in 

terms of assessing effects relative to ageing throughout the working life.  The relationship 

between ageing data on the various tests and solvent study data is discussed below.  This 

section employs only solvent study data derived from studies rated as I or II in Section I. 

 

4.8.1 Digit Symbol Substitution Test (DSST) 

This is one of the most frequently used test and exists in two main forms, that contained in 

the original WAIS-R battery and that contained in the WHO National Core Test Battery 

(WHO-NCTB) developed for use in neurobehavioural studies.  The two tests are very similar 

and administration is non-automated.  A computer-administered version contained in the 

WHO-Milan Automated Neurobehavioural System (MANS) was subsequently developed and 

has been used in one study.  Data from those studies (raw scores) using the DSST are shown 

in Table 7.  
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Table 7.  DSST in 7 Solvent Studies 

Test Age 
      EG                 CG 

x  Scores 
      EG                 CG 

WAIS-R 31.5 (a) 
33.0 (b) 

34.5 33.8 (a) 
27.9 (b) 

40.5 

WAIS-R 33.3 32.3 52.7 58.6 
WAIS-R 43.4 43.5 4.8 (md) 5.8 (md) 
WHO-NCTB 43.0 48.0 21.5 23.8 
WHO-MANS 32-55 32-55 32.9 34.9 
WHO-NCTB 33.0 30.0 28.3 43.9 
WAIS-R NS NS 46.2 (c) 

41.2 (d) 
39.7 (e) 

42.3 

EG = exposed group 
CG = control group 
a = occasionally exposed 
b = continuously exposed 
c = low exposed 
d = intermediate exposed 
e = highly exposed 
md = median score 
WAIS-R = original Wichsler version 
WHO-NCTB = version contained in WHO-National Core Test Battery 
WHO-MANS = computer-administered version of WHO-NCTB (Milan Automated  

Neurobehavioural System) 
NS = not stated 

It can be seen that most subjects in these studies are aged between 30 and 50 years.  

Examination of the scores of control group subjects indicates a lack of consistency in scores 

in relation to age.  For example, three groups with a similar mean age, 34.5, 32.3 and 30.0 

years have mean DSST scores of 40.5, 58.6 and 43.9 respectively.  Moreover one group with 

a mean age of 48 years has a very low mean score of 23.8.  Given the lack of consistency in 

control group data it is difficult to relate this to the ageing data (provided in Annexe 5, Table 

1) which is itself inconsistent.  Although quite large differences are often demonstrated 

between exposed and control group performance, therefore, it is difficult to see how these can 

be interpreted by reference to age-related changes. 
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The wide variation in scores in Annexe 5 raises some concerns about the validity of the data.  

Based on the information given in the papers, six of the studies cited in Annexe 5, Table 1 

used the WAIS-R version of the test and presumably therefore administered it according to 

standard instructions.  One study (Van Boxtel, 1997) used a modified version in that letters 

were substituted for symbols and one study (Hooisma, 1988) used the WHO-NCTB version.  

A number of possible explanation exist for the variation in scores: 

♦ poor inter or intra tester reliability 

♦ lack of standardisation of test conditions 

♦ variation in ability or educational level of subjects (most studies report the use of 

community-based volunteer samples) 

Regardless of the reason for this variation, however, the fact remains that the data do not 

appear to provide a strong basis for interpreting differences between scores of exposed and 

control groups. 

 

4.8.2 Tests from the Neurobehavioural Evaluation System (NES) 

This test battery was developed by Baker et al in 1985 specifically for use in occupational and 

environmental studies.  It comprises a range of tests for automated administration.  The 

original intention was that control group data from those studies using the NES could be 

progressively pooled to provide age-related norms.  Unfortunately this objective was not 

achieved and currently very few data are available relating to age effects on performance.  

These are entirely provided from one study by Hooisma in 1988 which  reported on only two 

age ranges, 26-47 years and 60-73 years, (Annexe 5 Table 2). 

 

Examination of the data in those studies using the NES reveal a considerable amount of 

variation in the form of reporting results.  This is because numerous options are available in 
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the computer programme, both in terms of test parameters and data records.  Much of the data 

recorded in the solvent studies was found to be in a form non-comparable to that used by 

Hooisma.  The only exceptions were in respect of two tests, the Symbol Digit Substitution 

Test (SDS) and the Continuous Performance Test (CPT). 

 

The SDS is similar to the DSST in that it is a coding test (matching symbols and numbers) 

but is carried out in separate trials of nine items each and records response time in terms of 

seconds per item.  (The DSST records the number of items completed in 90 seconds).  The 

range of control group scores recorded in the solvent studies was between 2.5 and 2.9 seconds 

per item.  The range of exposed group scores was between 2.6 and 3.2 seconds per item.  

Hooisma records mean scores of 2.4 for males and 2.2 for females in the younger age-group 

and 3.1 for males and 3.3 for females in the older age-group. 

 

The CPT is a vigilance test requiring the subject to respond each time a certain signal appears 

on the screen.  Mean response times in milliseconds are recorded.  In the solvent studies 

control group times ranged from 385.0 - 479.1 milliseconds and exposed group times from 

379.7 - 498.6 milliseconds.  Hooisma’s data records 387.3 (males) and 386.2 (females) for 

younger subjects and 378.2 (males) and 381.4 (females) for older subjects. 

 

In both these cases (SDS and CPT) the data are somewhat inadequate for interpretative 

purposes as they currently stand but suggest the possibility of developing more useful data in 

relation to NES tests.  This is particularly the case since computer-administration 

considerably enhances standardisation of testing conditions. 
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4.8.3 Other frequently used tests 

4.8.3.1 Stroop Colour-Word test 

This is a test requiring attentional control.  Unfortunately, although it was used in two studies, 

neither presented data in a form comparable to that in Annexe 5, Table 3.  In fact the data 

presented in Annexe 5 appear to show a reasonably consistent pattern in relation to ageing 

which should provide a sound basis for interpretation of future data if this is recorded in a 

comparable form. 

 

4.8.3.2 Wisconsin card-sorting test 

This test involves concept formation.  The data provided by Haaland (Annexe 5, Table 4) 

provides a limited basis on which to interpret ageing effects but is confined largely to older 

age groups.  That provided by Compton in the same table seems incompatible and certain 

statements in the paper suggest the test may have been slightly modified from its original 

form.  Two scores are usually recorded, categories and errors.  In the two solvent studies 

reporting results on this test however both record category scores which appear to be rather 

high in terms of Haaland’s data, and error scores which are rather low.  Added to this Haaland 

includes only one age category which could be said to be representative of any section of the 

working population (17-25).  Again therefore information appears inadequate for present 

purposes. 

 

4.8.3.3 Sternberg’s Memory Scanning Test 

This test requires the subject to scan a set of numbers in order to identify the presence or 

absence of numbers presented previously.  It exists in a manual or computer-administered 

(NES) version.  A considerable amount of data has been published in relation to this test and 

it has a well-developed theoretical basis. 
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Examination of data published during the last ten years, however, reveals considerable 

variation in scores such that it is difficult to accept that the test was administered in a 

consistent manner (Annexe 5, Table 5).  It was used only once in the solvent studies.  Since 

the NES computer-administered version was used these data cannot be compared with that 

deriving from the non-automated form of the test. 

 

4.8.3.4 Syntactic Reasoning 

This is a test of higher level reasoning ability.  Some limited data are available (Annexe 5, 

Table 6) but do not discriminate between separate age ranges.  Moreover this test appears to 

be rarely used in solvent studies. 

 

4.8.3.5 Digit Span 

This test measures memory span, either forwards or backwards.  A body of opinion supports 

the view that while forward span is relatively fixed throughout life (normally regarded as  

7 + 2), backward span places considerably more demands on the information processing 

system and is more susceptible to nervous system insult.  The summation of forward and 

backward spans is therefore considered inappropriate.  In the context of solvent-related 

effects, forward span has often been designated a “hold” test (i.e. resistant to change) and has 

been used as a measure of pre-morbid ability by some investigators.  The measure of interest 

has thus tended to be backward span, or alternatively the difference between the forward and 

backward spans.  A large number of solvent studies use this test and the results are shown in 

Table 8.  Although a number of versions exist, the test is relatively straightforward and for 

convenience therefore the results have been presented together. 
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Digit Span Forward (Backward) in 14 Solvent Studies 

Test Age 
     Exposed                 Controls 

x score 
     Exposed                 Controls 

WAIS-R NS NS 6.4 (5.5) 6.3 (5.8) 
WAIS-R 39.0 39.0 6.2 (4.5) 6.9 (5.1) 
WHO-NCTB 48.0 48.2 5.6 (3.6) 6.9 (3.8) 
NES 40.8 NA 6.2 (5.2) NA 
NES 35.8 36.9 5.5 (5.1) 5.6 (5.4) 
WHO-NCTB 35.8 36.9 5.9 (5.4) 5.9 (5.9) 
NES 63.2 62.7 5.6 (5.2) 5.3 (5.3) 
WHO-NCTB 63.2 62.7 5.9 (5.7) 5.5 (5.2) 
WAIS-R 38.0 

52.0 
34.0 5.7 

5.8 
5.6 

WHO-NCTB 48.0 43.5 5.1 (3.3) 5.3 (3.3) 
NES 35.5 37.6 5.3 5.8 
NES 40.9 56.0 5.8 (4.7) 5.7 (4.8) 
NES 38.5 

38.9 
37.9 7.4 (6.6) 

7.2 (6.6) 
6.9 (6.1) 

NES 42.8 NA 6.3 (5.2)  
 

In fact many of the forward spans reported in these studies are rather low, especially in the 

context of the data presented in Annexe 5, Table 7.  It is perhaps unfortunate that so little age-

related data is presented which relates to backward span since this would appear to be the 

more important measure where neurotoxicant exposure is concerned.   

 

4.8.3.6 Block Design Test 

This test is part of the original WAIS-R and is related to visuo-spatial organisation.  It is of 

concern that in those solvent studies reporting scores on this test, those of both the exposed 

and control groups (age 33 and 32 years respectively) appear to fall in the 50+ age range 

according to the data presented in Annexe 5, Table 8.  Again, however, normative data is very 

limited and requires further investigation before drawing any firm conclusions from this 

observation. 
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4.8.3.7 Rey’s Auditory Verbal Learning Test (RVLT) 

This test is carried out over five trials and reports incremental learning.  Vakil (1997) has 

provided a considerable amount of data related to age decades between 20 and 90, for both 

males and females.  One study reports data in a comparable form except that total scores over 

five trials are reported as opposed to individual trial scores.  In this (solvent) study the 

exposed group (mean age 42 years) achieved a total score over five trials of 49.1 items and 

the control group (mean age 45 years) 50.0 items.  The comparable score for males aged 40-

49 from Vakil’s data is 54.3 and for males aged 50-59 years is 50.8.  According to these age-

related data therefore both groups were slightly under-performing for their age which may be 

accounted for by pre-morbid ability or educational level.  Vakil’s data demonstrate the 

possibility of useful age-related norms, but points to the possible importance of other 

influences on performance, which are likely to be test specific. 

 

4.8.3.8 Santa-Ana Test 

This is a peg-board type of test and is thus concerned with motor control.  It is included in the 

WHO-NCTB.  The only age-related data available is from the two age-groups of Hooisma 

(Annexe 1, Table 10).  Of the five studies employing this test two report non-comparable data 

which appears to be the summation of scores over several trials.  The remaining three studies 

report data which is compatible with Hooisma’s age-group data.  However the age-groups are 

not entirely consistent with his (for example 40+ years) and this makes it difficult to interpret 

in terms of age norms.  The data do suggest however, that the preparation of such norms 

should be possible. 
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4.8.4 Other Selected Tests 

The following tests have been groups together (Annexe 5, Table 11) either because age-

related data is particularly limited, or because they have been used so infrequently in solvent 

studies. 

 

4.8.4.1 Trails (Trailmaking) Test 

This test is frequently used in clinical settings to assess general impairment.  Few normative 

data appear to have been published in recent years.  However, some is available from 

Compton (2000).  The scores achieved by both subjects and controls in solvent studies appear 

to be remarkably low by comparison with Compton’s data.  It should be noted however, that 

Compton’s subjects were described as ‘highly educated’, again underlining the need to create 

norms which reflect educational level as well as age. 

 

4.8.4.2 Benton Visual Retention Test 

Three solvent studies report data on this test and norms are provided for two core groups by 

Hooisma (1988).  Again both subjects and controls in solvent studies appear to produce rather 

low scores, range 5.6-8.9 as opposed to 8.3-8.7 in Hooisma’s data, raising similar concerns 

about educational factors. 

 

4.8.4.3 Pursuit Aiming 

This test, involving visual-motor control is part of the WHO-NCTB.  Two studies report data 

in a form which is comparable to that of Hooisma (1988).  Broadly the data are compatible in 

that mean scores of both the exposed and control groups in the two solvent studies fall within 

a few points of those reported by Hooisma for similar ages.  However, as noted earlier, 
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Hooisma’s data are limited to two broad age ranges, one of which covers virtually all the 

employed population.  As such they cannot provide detailed age-related norms. 

 

4.8.4.4 Corsi Block Test 

Data have been provided for the upper age ranges for this test with only one group relating to 

the bulk of the employed population.  One solvent study used this test and mean scores for 

both exposed and control groups were compatible with scores for subjects below the age of 

55 years.  Little more information can be derived from these data.   

 

4.8.5 General conclusions in relation to ageing 

Data relating to normal ageing are more extensive than those relating to the other agents 

studied.  Most appear to be of limited relevance however, because they relate largely to older 

age-groups not present in the working population.  In addition many of the test parameters 

reported are different from those reported in solvent studies.  It is possible that some data sets 

exist which relate to early test development and therefore would not be identified in a 

literature search covering the period 1990-2000.  They might for example be available from 

the test developers.  However this would not include more recently developed computer-

administered batteries such as the NES and WHO-MANS.  Authors of these confirm the 

absence of age-related data (personal communication).   

 

Those data which have been identified for  a limited number of tests suggest that the use of 

normal ageing for benchmarking purposes is feasible in principle. However its use in the 

future will probably require the development of new data sets. 
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4.9 Effects of head injury 

In addition to the five agents originally considered a further suggestion as a benchmarking 

candidate is that of head injury classification.  There are clear clinical parameters which are 

currently employed when patients present with head injuries.  Such injuries are categorised as 

‘mild’, ‘moderate’ or ‘severe’ according to an impairment scale relating to functional 

capabilities.  Neuroradiological and other data may also be available.  Patients with ‘mild’ 

head injury, for example, might experience some degree of initial impairment but would be 

expected to recover fully within 3-6 months.  It is possible that some data are available in 

clinical records which relate to neuropsychological test performance in some of these 

patients.  This could therefore provide a means of relating test scores to categories of injury 

which (i) are based on the actual functional state of the individual and (ii) are widely accepted 

to have a degree of validity in terms of predicting future functioning.  It is important to 

emphasise, however, that any ‘read across’ from head injury data to solvent exposure data 

would be simply in terms of evaluating the size or severity of any effect and would not imply 

any similarity in prognosis. 
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5. Summary Statements - Section II 

1. Data relating to the effects of carbon monoxide exposure would appear to be  

inappropriate for benchmarking purposes since they are inconsistent and inconclusive 

and frequently relate to individual cases of patients experiencing life-threatening 

intoxication as a result of self-harm. 

2. Data relating to the chronic effects of alcohol consumption similarly relates largely to 

small numbers of cases of individuals suffering from psychological distress.  Initial 

inspection of the data suggests minimal impairment even in more severe cases.  

However, this may result from reliance on a single assessment which does not take 

into account change from earlier (possibly higher) levels of functioning.  Re-

examination of the data on this basis may provide a useful model of more severe 

effects. 

3. Data relating to the acute effects of alcohol consumption are limited for present 

purposes in that few studies use the same tests as those used in solvent studies.  This 

is a complex area of study in that effects appear to be influenced by a range of 

psychological factors (for example, expectancy of effect) and display large individual 

differences and time course patterns.  However a large amount of data has been 

amassed and these show some consistency in suggesting that the acute effects of 

alcohol are function specific (and therefore test-specific).  Therefore, while existing 

data cannot be used for interpretation of existing solvent data, future acquisition of 

data which describes alcohol effects in relation to tests used in solvent studies could 

prove useful.   
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4. Data relating to sleep deprivation are very limited in terms of studies using the same 

tests as those used in solvent studies.  The data are inconsistent and show the 

influence of various individual differences and environmental factors.  They are thus 

of limited relevance for the present purpose. 

5. Data relating to normal ageing appear to be concentrated in the older age-groups and 

are thus of limited relevance to the working population.  It is possible that a search of 

earlier literature might yield more data collected at the time some tests were originally 

developed, but only for a few tests.  Therefore although normal ageing could provide a 

useful benchmark for the effects of solvent exposure this will probably require the 

development of new data sets. 

6. Data may be available linking psychological test performance to an accepted 

classification system for severity of head injury, which could serve as a benchmark for 

the severity of effects of solvent exposure.  Alternatively it may be possible to collect 

such data in the future. 
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6. Overall Conclusions 

A large number of studies of neurobehavioural effects of solvents have been carried out 

during the last 20 years.  Despite an apparent consensus among many researchers that such 

effects are not in doubt there is no sign that interest in researching this subject has abated in 

recent years.  The studies are variable in quality with most of the better ones being carried out 

during the last five years.  In particular more recent studies have more frequently attempted 

quantitative retrospective exposure assessment and have attempted to investigate exposure-

effect relationships. 

 

The overwhelming majority of studies, (78%), demonstrate a statistically significant 

difference between the performance of exposed and control groups in at least one 

neurobehavioural test. Fifty-four percent of those studies investigating exposure-effect 

associations report such a relationship.  When only highly rated studies, according to pre-

determined methodological criteria, are considered, a similar percentage are positive (72%) 

and demonstrate an exposure-effect relationship (56%).  On this basis it is tempting to 

conclude that there is convincing evidence for the existence of neurobehavioural effects 

following long-term low-level exposure to solvent mixtures.  However, a number of factors 

while not entirely negating the evidence, suggest it should be viewed with caution. 

 

1. Reporting bias tends to result in only the publication of studies finding a positive 

effect. 

2. Examination of the data on exposure did not indicate a consistent pattern.   Although 

effects occurred most often where exposure was both high and of longer duration, 
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some studies where exposure was relatively low and of short duration found effects 

equal to those of studies where exposure was higher and longer. 

3. Exposure was to solvent mixtures in these studies.  Although this is unavoidable in 

this kind of work it nevertheless raises questions about the probability of identifying 

specific effects on the nervous system which are consistent across studies. 

4. A wide range of tests was used and frequently, even where tests were similar, different 

measures were reported, making it difficult to compare data across studies. 

5. There was no consistent pattern in test results, even in terms of a very broad 

classification of functional areas. 

6. Where traditional clinical tests were employed there was a tendency to report raw 

rather than scaled scores.  When raw scores were converted to scaled scores (i.e. age 

adjusted) there were indications that the scores of both exposed and control groups 

frequently fell within what would usually be considered a ‘normal’ range. 

7. Studies frequently used large numbers of tests without carrying out correction for 

multiple comparisons.  Hence many of the observed significant differences may have 

occurred by chance. 

8. Sample sizes were frequently small (only one third of studies tested more than 100 

exposed workers) and only one study reported power calculations 

 

Given this range of difficulties the data relating to neurobehavioural effects should perhaps be 

viewed as suggestive but equivocal.  The questions raised by the current state of the evidence 

are however unlikely to be answered by more neurobehavioural studies of the type which 

continue to be reported.  In terms of test outcome measures in particular, recent studies are 

very similar to those which were carried out in the past and only serve to add to the confusion 
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surrounding this issue.  A specific area of controversy relates to the size and biological or 

social significance of any identified effects.  The question of whether statistical significance 

relates to psychological significance remains, even amongst those who accept the validity of 

the former.  The proposal that a form of benchmarking against the known effects of other 

agents might address this question was explored in Section II of the current report.  A number 

of agents were examined in terms of whether their effects could be used in this way.  It 

became clear that for two of the agents examined (carbon monoxide exposure and sleep 

deprivation) this was unlikely to be feasible.  Firstly few data were available which related to 

the specific tests used most often in solvent studies, and in addition much of the data was 

inconsistent.  This was probably because each of these areas is itself a difficult field of 

research with numerous methodological problems. 

 

Initial examination of the data relating to a third factor, the chronic effects of alcohol abuse, 

indicated that effects on cognitive functioning were likely to be relatively mild.  However, 

consideration of cross-sectional data alone may mask progressive deterioration in some 

individuals who, while currently functioning within ‘normal’ limits, may have functioned at a 

higher level prior to the development of alcoholism.  Further examination of the data, taking 

into account performance on ‘hold’ tests measuring pre-morbid functioning might therefore 

yield useful information about patterns of cognitive impairment. 

 

Existing data on the acute effects of alcohol consumption like those on carbon monoxide and 

sleep deprivation appears not to be useful for current purposes because of the use of different 

tests.  However, although this field is complex, it is well-developed methodologically and 
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might provide a means whereby benchmarking data can be acquired in the future in relation to 

the tests used in solvent studies. 

 

A further possible candidate for benchmarking purposes is the existing classification system 

for head injuries.  Currently there are clear clinical parameters for definition of ‘mild’, 

‘moderate’ and ‘severe’ effects, measured on an impairment scale and sometimes 

accompanied by neuroradiological data.  The association of neurobehavioural test data with 

these categories, either derived from the existing literature or constructed in the future, could 

provide a means of interpreting the functional significance of effects which have been 

identified in relation to solvent exposure. 

 

Consideration of the remaining alternative for the benchmarking process, that of normal 

ageing effects resulted in the following conclusions: 

1. There are some data available on the tests which are frequently used in solvent 

studies. 

2. The data are variable in terms of quantity and quality.  For a small number of tests a 

set of reference data exists which could be used for reference purposes. 

3. For most tests the current data are too limited to be used in their present form.  Most 

investigators concerned with the ageing process are interested in the later decades and 

therefore data tend to be concentrated in these age-groups (50+ years). 

4. There is considerable variation in the test parameters reported on and these frequently 

do not correspond to those reported in the solvent studies. 
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5. Many solvent studies do not report mean scores on tests but prefer to report the results 

of statistical tests of significance, making it difficult to assess psychological 

significance. 

6. There are indications in the ageing data that both gender and educational level should 

be taken account of separately in most tests. 

7. It is possible that some further data may be identified from a search of earlier 

literature, relating to original test development.  This would not, however, cover 

computer administered test batteries. 

 

8. The existence of some data in relation to some tests suggests that this may in principle 

provide a way forward in test interpretation.  However, considerable effort would need 

to be invested in the creation of age and gender - related normative data. 

 

It would appear therefore that most existing data are not currently in a form which would 

allow benchmarking to be carried out, at least in the immediate term.  However, a number of 

courses of action can be suggested which may make such a process possible in the future.  

Some of these relate to existing information and others will require collection of new data. 

 

7. Recommendations 

7.1 Existing data 

1. Data on alcohol abusers could be re-examined, taking into account performance on 

“hold” tests relative to those on other tests.  The objectives would be to investigate (i) 

evidence of intellectual deterioration (ii) patterns of deterioration.  These data may be 
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available in the published literature and may also exist in unpublished form having 

been collected by those concerned with the assessment and treatment of this group. 

2. Further exploration of data on ageing could be carried out which includes (i) earlier 

literature published at the time of original test development or early data collected by 

test developers, and (ii) earlier literature on the ageing process in general which may 

be more likely to use tests used in solvent studies.  It should be noted however, that 

the latter is still unlikely to cover age-groups relevant to working populations since the 

study of “ageing” is largely the study of those over the age of 50. 

3. An initial exploration could be carried out of the data held by clinicians on those 

assessed following head injury, together with any published data.  It may be possible 

to use the data to model the severity of effects using the current classification system 

employed by clinicians (mild, moderate, severe). 

4. The current report has been concerned exclusively with mixed solvent exposure.  A 

number of studies have been carried out which investigate the effects of single solvent 

exposure where it has been possible to identify populations with such exposures.  In 

the interests of attempting to identify patterns of effect it may be useful to carry out a 

similar exercise to that conducted here for a number of single solvents where exposure 

is less complex.  Those identified as possible candidates are trichloroethylene, 

perchloroethylene, toluene and styrene. 

 

7.2 Future data 

1. Consideration should be given to the possibility of conducting studies targeted 

specifically at investigating the acute effects of alcohol consumption on test 
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performance, to provide purpose-developed benchmarking data.  Tests would be 

selected on their frequency of use in solvent studies. 

2. Consideration should be given to creating data sets which identify ageing effects on 

tests frequently used in solvent studies.  Methodologically this is relatively 

straightforward and would provide norms similar to those available in certain 

neurophysiological tests, for example lung function. 

3. Depending on the results of an initial exploration of head injury data, it may be useful 

to construct data sets in the future which relate test performance to the existing 

classification system for functional impairment following head injury. 

 

The above recommendations are not necessarily discrete alternatives.  It may emerge that the 

use of a number of different forms of benchmark are required to develop a valid and reliable 

approach to the interpretation of test data. 

 

7.3 Neurobehavioural testing - future directions 

The above report has essentially been concerned with the interpretation of existing 

neurobehavioural data in order to address current issues surrounding the effects of solvent 

exposure.  This is necessary because a large body of literature already exists and also because 

new studies which continue to be carried out around the world invariably employ the same 

methods as those used in the past.  If, however current difficulties are to be avoided in the 

future more fundamental issues of test development, will need to be addressed incorporating a 

more theoretically driven approach, in line with current thinking in cognitive psychology.  

While this may not have direct relevance to the immediate questions in the field of solvent 

exposure discussed here, it should be noted that other health concerns have already arisen and 
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are likely to arise in the future where neurobehavioural data plays a central role.  Without the 

development of a theoretically-based approach to test selection, development and the 

recording and analysis of data therefore the current confusion surrounding the interpretation 

of neurobehavioural data is likely to become a recurrent problem. 
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KEY TO TABLE HEADINGS 
PA (C) Principle Author (Country)  ET 

years 
Exposure Time - Exposed Group (years) 

YOP Year of Publication  HE Highest Exposure - Exposed Group 
SSM Subject Selection Method  S Solvents 
RR Response Rate  MEA Method of Exposure Assessment 
I/E Inclusion/Exclusion Criteria Stated  CLE Control for Last Exposure 
No: EG Number Exposed Group  C/M Confounders/Modifiers Controlled 
No: CG Number Control Group  STC Standard Test Conditions 
G Gender  TA Test Administration Type 
Age EG Age Exposed Group  SD Significant Difference(s) between EG and CG 
Age CG Age Control Group  EE Exposure-Effect relationship 
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KEY 
S stratified  TD time of day 
A all employees included  M medication 
V volunteers  I injury 
R random  SL sleep loss 
P patients  TE test effort 
M male  OE other exposure 
F female  VT vocational training 
M/F both genders  H handedness 
TLV threshold limit value  SES socio-economic status 
UM unidentified mixed  FS family size 
Air air monitoring  VI viral infection 
Bio biological monitoring  CE computer experience 
JH(Q) job history, quantitative estimate  BMI body mass index 
JH(D) job history, description only  J Sat. job satisfaction 
E exposed group  Geog. geographical area 
C control group  Man manual 
II initial intelligence  Comp computer-administered 
JT job type  NS not stated 
ES employment status  NA not applicable 
ED employment duration    

 
STUDY Classification 
**** = I superior 
*** = II good 
** = III fair 
* = IV poor
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Hanninen 
(Finland) 
** 

1976 S(E) 
NS(C) 

98.5%(E) Yes 100 101 NS 20-65 

35( x ) 

matched 
within  
1-2 years 

1-40 

14.8( x ) 

<TLV IM Air NS Age 
JT 
II 

NS Man Yes No 

Elofsson 
(Sweden) 
** 

1980 S(E) 
NS(C) 

83.7%(E) 
61.0%(C1) 
70.0%(C2) 

Yes 80 (1)40 
(2)40 

NS >25-65 matched NS <TLV UM JH(Q) NS Age 
Education 
JT 
ES 

NS Man Yes No 

Seppalainen 
(Finland) 
** 

1980 P NS Yes 48(M) 
59(F) 

NA M/F (M)35.8( x ) 

(F)42.0( x ) 

NA (M)9.6( x ) 

(F)7.6( x ) 

≤ TLV 
 

IM JH(Q) NA Age 
Gender 
II 

NS Man NA Yes 

Lindstrom 
(Finland) 
** 

1983 A(E) 
NS(C) 

66.8(E) 
NS(C) 

NS 219 229 NS 42.4 41.9 NS NS UM JH(Q) Yes Age 
Education 
II 
JT 
alcohol 
M 
Geog 

NS Man Yes Yes 

Cherry  
(UK) 
*** 

1985 R(E) 
NS(C) 

100% Yes 44 44 M 41.0( x ) 40.8( x ) 11.7( x ) >TLV IM JH(D) 
Air 

NS Age 
II 
Education 
Alcohol 
ED 

Yes Man Yes No 

Valciukas 
(USA) 
* 

1985 NS NS NS 55 55 M/F 58.2( x ) 58.3( x ) <10 - >40 NS IM JH(D) NS Age 
Race 
Gender 
Education 

NS Man Yes No 

Maizlish 
(USA) 
*** 

1985 A(E) 
NS(C) 

50%(E) 
38%(C) 

Yes 124 116 M/F 35( x ) 
Total Group 

up to 7 >TLV IM Air Yes Age 
Gender 
Education 
JT 
TD 
Alcohol 

Yes Man No No 
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Iregren  
(Sweden) 
*** 

1986 S(E) 
NS(C) 

81%(E) 
81%(C) 

Yes 80 80 M NS NS NS <TLV UM Years Yes Age 
II 
Education 
JT 
ES 

NS Man/ 
Comp 

NS 
 

No 

Fidler 
(USA) 
*** 

1987 V 26.5% Yes 101 NA M (19-66) 

42.8( x ) 

NA 17.99( x ) NS UM JH(Q) Yes Age 
Education 
II 
SES 
Alcohol 
Caffeine 
Blood lead 
M 
I 
SL 

Yes Comp NA No 
 

Mikkelsen 
(Denmark) 
*** 

1988 R(E) 
R(C) 

89% 
82% 

Yes 85 85 M 53.9( x ) 53.5( x ) 32.5( x ) >TLV UM JH(Q) Yes Age 
Education 
II 
Job type 
Alcohol 

NS Man Yes Yes 

Baker 
(USA) 
*** 

1988 V 37.1% Yes 186 NA M (20-67) 

40.0( x ) 

NA .3-47 

16.2( x ) 

NS UM JH(Q) Yes Age 
Education 
II 
SES 
Race 
Alcohol 
TE 

Yes Comp NA Yes 

Crossen 
(USA) 
*** 

1988 P 90% Yes 20 NA M 46.9( x ) NA 17.6( x ) NS NS NA NA Age 
Education 
ES 

Yes Man NA No 
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PA 
(C) 

YOP SSM RR I/E No: 
EG 

No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Tripathi 
(India) 
*** 

1989 NS NS NS 45 25(1) 
25(2) 

M 25-40 

32.4( x ) 

25-40 

33.1( x )(1) 
25-40 

32.8( x )(2) 

5-6 

10.6( x ) 

>OEL UM JH(D) Yes Age 
II 
SES 
Alcohol 
Smoking 
ED 

Yes Man Yes Yes 

Milanovic 
(Yugoslavia) 
** 

1990 NS NS Yes 23 23 M/F 41.4( x ) 41.0( x ) 4 >TLV UM Air Yes Education 
JT 
Alcohol 
M 

NS Man Yes No 

Morrow 
(USA) 
** 

1990 P(E) 
R(C) 

NS Yes 32 32 NS 39.7( x ) 40.1( x ) 1-19 

   9( x ) 

NS UM NS Yes Age 
Education 
II 
JT 

NS Man Yes No 

Ng 
(Hong Kong) 
*** 

1990 A(E) 
NS(C) 

86%(E) 
92%(C) 

Yes 78 145 M 16-76 

33.3( x ) 

19-67 

32.3( x ) 

NS >TLV IM JH(Q) Yes Age 
Education 
SES 
Alcohol 
TD 

Yes Man Yes No 

Gupta 
(India) 
*** 

1990 A(E) 
NS(C) 

100% Yes 30(1) 
15(1) 

25 NS 33( x )(1) 

31.5( x )(2) 

34.5( x ) 10.2( x )(1) 

4.9( x )(2) 

>TLV IM Air Yes Age 
Education 
JT 
ET 
TD 

NS Man Yes No 

Bleeker 
(USA) 
*** 

1991 A 91% 
64% 
(2 sites) 

NS 187 NA M 28-63 

42( x ) 

NA NS <TLV IM JH(Q) Yes Age 
Race 
II 
Alcohol 
Smoking 
TD 

Yes Man NA Yes 
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PA 
(C) 

YOP SSM RR I/E No: 
EG 

No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Bowler 
(USA) 
*** 

1991 P(E) 
V(C) 

NS Yes 67 67 M/F 43.4( x ) 43.5( x ) 6.7( x ) >TLV UM JH(Q) Yes Age 
Education 
Race 
Gender 
FS 
ED 

Yes Man Yes No 

Hanninen 
(Finland) 
*** 

1991 A(E) 
V(C) 

100%(E) 
NS(C) 

Yes 21 21(1) 
28(2) 
28(3) 

M/F 28-55 28-55 
29-64 
29-64 

5-30 ≥ TLV IM JH(Q) Yes Age 
Genes      
  (Twins) 

Yes Man Yes No 

Morrow 
(USA) 
*** 

1992 NS(E) 
V(C) 

NS Yes 40 40 M/F 39.0 37.2 6.43( x ) >TLV IM JH(D) Yes Age 
Education 
II 

NS Man Yes No 

Spurgeon (a) 
(UK) 
*** 

1992 A(E) 
R(C) 

67%(E) 
NS(C) 

Yes 90 90 M 21-65 21-65 1-30 >OEL UM JH(D) Yes Age 
Education 
Alcohol 
II 
M 
VI 
SL 
CE 
TD 

YES Comp Yes Yes 

Spurgeon (b) 
(UK) 
*** 

1992 A(E) 
R(C) 

95%(E) 
NS(C) 

Yes 144 144 M 21-65 21-65 1-30 >OEL UM JH(D) Yes Age 
Education 
Alcohol 
II 
JT 
M 
VI 
SL 
CE 
TD 

Yes Comp Yes Yes 

Triebig 
(Germany) 
** 

1992 NS NS Yes 83 42 M 44.2( x ) 40.5( x ) 10-44 NS NS Air 
Bio 

NS Age 
II 
JT 
SES 

NS Man No No 
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Hooisma 
(Netherlands) 
*** 

1993 V(E) 
V(C) 

51%(E)(1) 
59.5%(C)(2) 
29.8%(E)(1) 
33.8%(C)(2) 

Yes 47(1) 
45(2) 

53(1) 
43(2) 

M 31-40 

35.8( x )(1) 
58-71 

63.2( x )(2) 

32-40 

36.9( x )(1) 
56-72 

62.7( x )(2) 

NS >TLV UM JH(Q) NS Age 
Gender 
II 
Alcohol 
JT 

Yes Comp/ 
Man 

No No 

Colvin 
(South Africa) 
*** 

1993 A(E) 
NS(C) 

91% Yes 43 24 M 48.0( x ) 43.5( x ) >5 <TLV IM Air 
JH(Q) 

NS Age 
Education 
Alcohol 
Race 
JT 

Yes Comp/ 
Man 

Yes Yes 

Lee 
(Korea) 
** 

1993 V(E) 
V(C) 

NS 
NS 

NS 113 81 M 33.3( x ) 34.7( x ) NS >TLV IM Air NS Age 
Education 
Gender 
Alcohol 
Smoking 
JT 

NS Man Yes No 

Kishi 
(Japan) 
* 

1993 NS(E) 
R(C) 

NS NS 20 20 M 25-60 

39.5( x ) 

25-60 

39.5( x ) 

NS >TLV IM Air 
Bio 
JH(Q) 

NS Age 
Gender 
Education 
II 
Alcohol 
Smoking 

NS Man Yes Yes 

Ruijten 
(Netherlands) 
* 

1994 NS NS Yes 28 25 NS 38.6( x ) 38.7( x ) 16.9( x ) <TLV IM Air 
Bio 
JH(Q) 

NS Age 
Education 
Gender 
Alcohol 
JT 

NS Comp Yes Yes 
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Spurgeon 
(UK) 
*** 

1994 R(E) 
R(C) 

42%(E) 
NS(C) 

Yes 110 110 M NS 
 

NS 
 

>11 - >30 
 

<OES IM JH(Q) Yes Age 
Gender 
Education 
II 
JT 
Alcohol 
Smoking 
J Sat 
N 
H 
VI 
SL 
CE 

Yes Comp No No 

Foo 
(Singapore) 
** 

1994 NS NS Yes 21 21 M 27-53 

41.3( x ) 

25-53 

40.8( x ) 

7-39 

20.2( x ) 

<TLV IM Air NS Age 
Gender 
Education 
Race 
Alcohol 

NS Man Yes Yes 

Bolla 
(USA) 
*** 

1995 A(E) 
V(C) 

76%(E) 
NS(C) 

Yes 144 52 M 31-63 

42( x ) 

31-63 

45( x ) 
15( x ) NS 

 
IM Air 

JH(Q) 
Yes Age 

Education 
II 
Race 
JT 
Alcohol 
Smoking 

Yes Man Yes No 
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Lundberg 
(Sweden) 
*** 

1995 A(E) 
NS(C) 

91%(E) 
84%(C) 

Yes 135 71 M NS NS NS >OEL IM JH(Q) Yes Age 
Education 
II 
JT 
Alcohol 
I 
M 
Smoking 
OE 
VT 
H 

Yes Man Yes Yes 

White 
(USA) 
*** 

1995 A 89% (year 1) 
84% (year 2) 

NS 30 NA M/F 21-62 

34( x ) 

NA NS <TLV IM Air 
JH(Q) 

No Age 
Gender 
Education 

Yes Man NA No 

Broadwell 
(USA) 
** 

1995 A(E) 
S(C) 

71%(E) 
NS(C) 

Yes 25 32 M/F 47.0( x ) 47.6( x ) 3-18 

9.2( x ) 

>TLV IM Air 
JH(Q) 

NS Age 
Gender 
Education 
Race 
Alcohol 
Smoking 
M 

NS Man / 
Comp 

Yes No 

Escalona 
(Venezuela) 
*** 

1995 NS 70%(E) 
54%(C) 

Yes 67 82 M/F 16-45 

33( x ) 

16-45 

30( x ) 

<5 - >10 

7( x ) 

>TLV IM Air NS Age 
Gender 
Education 
JT 

Yes Man Yes Yes 
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Grosch 
(USA) 
*** 

1996 V(E) 
V(C) 

25%(E) 
NS(C) 

NS 133 51 M/F 40.9( x ) 56.0( x ) NS NS IM JH(Q) Yes Age 
II 
Alcohol 
Smoking 
JT 

NS Comp Yes Yes 

Muijser 
(Netherlands) 
*** 

1996 V(E) 
NS(C) 

NS Yes 77 71 M 35.5( x ) 37.6( x ) NS >TLV IM Air Yes Age 
Education 
JT 

Yes Comp No No 

Tsai 
(Taiwan) 
*** 

1997 A(E) 
NS(C) 

68%(E) 
NS(C) 

Yes 47(1) 
34(2) 
88(3) 

72(1) 
57(2) 

M/F 37.9( x )(1) 

38.5( x )(2) 

38.9( x )(3) 

33.2( x )(1) 

30.6( x )(2) 

NS >TLV IM Air Yes Age 
Gender 
Education 
Alcohol 
Smoking 
Caffeine 
SES 
H 
M 

NS Comp Yes Yes 

Morrow 
(USA) 
** 

1997 V(E) 
V(C) 

NS No 38 36 M/F 38( x ) 35( x ) NS NS UM JH(Q) Yes Age 
JT 
Alcohol 

NS Man Yes No 

Saretto 
(Brazil) 
* 

1997 NS NS NS 188 188 M 37.8( x ) 38.6( x ) 11-20 NS UM NS NS Age 
Gender 
Education 
JT 
Alcohol 

NS Comp Yes No 

Lee 
(Korea) 
*** 

1998 A(E) 
NS(C) 

NS Yes 40 28 F 30-59 

x 48.0 

30-59 

x 48.2 

>5 years >TLV IM Air Yes Age 
Education 
Alcohol 
Smoking 

Yes Man Yes Yes 

Daniell 
(USA) 
**** 

1999 A(E) 
R(C) 

47-52% 
(over 3 
groups) 

Yes 67(1) 
22(2) 

126 M 62-74 
(retired) 

62-74 
(retired) 

37(1) 
31(2) 

>TLV UM JH(Q) Yes Age 
Education 
Alcohol 
JT 
IE 

Yes Man Yes Yes 
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PA 
(C) 

YOP SSM RR I/E No: EG No: 
CG 

G Age 
EG 

Age 
CG 

ET 
years 

HE S MEA CLE C/M STC TA SD EE 

Myers 
(South Africa) 
*** 

1999 A NS Yes 228 NA M 46.0 x  NA 13.5( x ) <TLV IM Air 
JH(Q) 

Yes Age 
Education 
JT 
Alcohol 
SES 
Race 

Yes Man NA No 

Nasterlack 
(Germany) 
*** 

1999 V(E) 
NS(C) 

NS Yes 366 193 M 41.7( x ) 44.6( x ) >10 NS UM JH(Q) NS Age 
Education 
JT 
Alcohol 

NS Man Yes Yes 
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Annexe 2 
 

Tests and results in 44 studies 
 
 
 
 
 

N.B. Results from one study (Triebig et al) have been omitted due 
to an idiosyncratic test battery which cannot readily be 
understood by non-German speakers 
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Table 1 
 

Tests of general intellectual functioning 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

WAIS Digit Symbol 25 15 2 
NES Symbol digit 12 7 6 
Trails test 6 3 1 
 
 
WAIS  Wechsler Adult Intelligence Scale 
NES  Neurobehavioural Evaluation System 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure  

(exposure-effect) 
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Table 2 
 

Tests for memory using WMS and WAIS-R 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

Visual reproduction 8 6 1 
Logical memory 5 3 0 
Visual memory 3 1 2 
Digit span 3 2 0 
Information/orientation 1 0 0 
General memory 1 1 0 
Delayed recall 1 1 0 
Mental control 1 1 0 
 
 
WMS  Wechsler Memory Scale 
WAIS  Wechsler Adult Intelligence Scale-Revised 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure  

(exposure-effect) 
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Table 3 
 

Other tests for memory 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

WAIS Digit span 16 10 2 
NES pattern memory 11 4 2 
Benton visual retention 12 4 1 
NES digit span 5 0 1 
Rey-Osterrieth test 2 1 0 
Memory reproduction 1 0 0 
Brown-Peterson/4 word 3 1 0 
Memory scanning 2 0 0 
Visual digit span 2 1 1 
CETM 1 1 0 
Paragraph memory 2 0 0 
Recurring words 1 1 0 
Memory span 1 0 0 
Continuous recognition 
memory 

1 0 0 

Memory test 1 1 0 
Incidental recall 1 1 0 
Corsi block test 1 0 0 
 
 
WAIS  Wechsler Adult Intelligence Scale 
NES  Neurobehavioural Evaluation System 
CETM  Contextual Effects on Textual Memory test 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
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Table 4 
 

Tests for learning 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

WMS Verbal PAL 7 4 0 
NES AL 5 1 0 
NES SDLT 4 0 0 
NES AR 2 1 0 
Rey AVLT 2 0 0 
Buschke LTS 1 0 0 
WAIS DS recall 2 1 0 
LR 1 1 1 
LLR 1 1 1 
Benton SDLT 1 1 1 
WMS Visual PAL 1 1 0 
Claeson-Dahl test 1 0 0 
 
 
WMS  Wechsler Memory Scale 
PAL  Paired Associate learning 
NES  Neurobehavioural Evaluation System 
AL  Associate learning 
AR  Associate recall 
SDLT  Serial digit learning test 
AVLT  Auditory verbal learning test 
LTS  Long term store 
DS  Digit symbol 
LR  Learning and recall 
LLR  Logical learning and recall 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
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Table 5 
 

Tests for motor speed/control 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

Finger tapping 11 0 0 
Santa-Ana peg-board 11 5 3 
Hand-Eye Co-ord. (NES) 5 0 0 
Grooved peg-board 4 2 2 
Purdue peg-board 4 1 0 
Dotting test 3 2 0 
Pursuit aiming 5 1 1 
Mira psychomotor test 3 2 0 
Tweezer dexterity 1 1 1 
Manual dexterity 1 1 0 
Pauli test 1 0 0 
Fitts Law test 1 0 0 
 
 
NES  Neurobehavioural Evaluation System 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
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Table 6 
 

Tests for Visuo-spatial organisation 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

WAIS Block design 17 13 6 
Picture completion 2 1 0 
Embedded figures 2 3 0 
Symmetry drawing 3 1 1 
NES Pattern Comparison 5 3 2 
Figure classification 3 0 0 
Spatial transposition 2 0 0 
Visual gestalt ability 2 0 0 
Mirror drawing test 1 1 0 
Geometric shape 2 0 0 
Mental rotation 1 0 0 
Koh’s Blocks 1 1 0 
 
 
WAIS  Wechsler Adult Intelligence Scale 
NES  Neurobehavioural Evaluation System 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
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Table 7 
 

Tests for vigilance/attention 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

NES CPT 6 2 1 
NES CWV 4 2 2 
Stroop 4 2 1 
NES SA 3 0 1 
CP 2 0 0 
Number search 1 0 0 
Perceptual speed 1 1 0 
Shape comparison 1 0 0 
WMS A/C 1 1 0 
Figure Identification 1 1 0 
 
 
NES  Neurobehavioural Evaluation System 
WMS  Wechsler Memory Scale 
CPT Continuous Performance Test 
CWV  Colour Word Vigilance 
SA Switching Attention 
CP Continuous Performance 
A/C Attention Concentration 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
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Table 8 
 

Tests for reasoning ability 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

WAIS Similarities 5 1 0 
Wisconsin Test 2 1 0 
mental arithmetic 2 0 0 
Syntactic reasoning 1 0 0 
Semantic reasoning 1 0 0 
 
 
WAIS  Wechsler Adult Intelligence Scale 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
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Table 9 
 

Tests of Reaction Time* 
 

Test Total 
Studies 

Total 
SD 

Total 
EE 

SRT 22 7 4 
CRT 2 2 2 
 
 
SRT Simple Reaction time 
CRT Complex or Choice Reaction Time 
SD Significant difference between scores demonstrated where exposed and control 

groups were compared 
EE Significant association between test scores and long-term exposure 
 (exposure-effect) 
 
*There is considerable variation in the specific procedures employed to conduct a reaction 
time test.  Few studies describe these in any detail.  Therefore the tests have been grouped 
together under the general categories of SRT and CRT 
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Annexe 3 
 

Performance on specific tests in relation to acute 
effects of alcohol consumption 
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Studies of alcohol consumption and acute effects on selected performance tests 

Principle 
Author  
(year) 

No: of subjects 
(gender) 

No: of controls 
(gender) 

Alcohol Dose Alcohol Level 
(range or 
highest) 

Test Used in 
Solvent 
Studies 

Effect Effects in 
Other Tests 

Baker 
(1986) 

21(M) NA NS 0.05-0.06% Digit Span No Yes 

Lukas 
(1989) 

20(F) NA 0.56 g/kg up to 80 mg/dl DSST Yes No 

Gustafson 
(1990) 

18(M) 
18(F) 

9(M) 
9(F) 

1 ml/kg .062-0.073% Stroop Yes Yes 

Hindmarch 
(1991) 

9(M) 
9(F) 

NA 0.25-1.0 g/kg NS Sternberg 
(Memory 
scanning) 

No Yes 

Corbett 
(1991) 

30(M/F) 15(M/F) NS 95 mg/dl DSST No No 
 

Kennedy 
(1993) 

20(M) NA 0.15 g/kg NS DSST 
 
Syntactic 
Reasoning 

Yes 
 
Yes 

 
Yes 

Rush  
(1993) 

8(M/F) NA 0-1.0 g/kg NS DSST Yes Yes 

Kuitunen 
(1994) 

12(M/F) 12(M/F) .8 g/kg 0.79 g/l DSST Yes Yes 

Wilkinson 
(1995) 

24(M) NA .75 g/kg 0.08% Sternberg 
(Memory 
scanning) 

No Yes 

Newman 
(1997) 

18(M/F) NA .88g/kg 60-80 mg/ 
100ml 

DSST Yes Yes 
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Principle 
Author  
(year) 

No: of subjects 
(gender) 

No: of controls 
(gender) 

Alcohol Dose Alcohol Level 
(range or 
highest) 

Test Used in 
Solvent 
Studies 

Effect Effects in 
Other Tests 

Heishman 
(1997) 

5(M) NA 0-1.0g/kg 90mg/dl DSST Yes Yes 

Williamson 
(2000) 

39(M/F) NA NS 0.025 - .1% Syntactic 
reasoning 

Yes Yes 

Tzambazis 
(2000) 

16(M/F) NA 40ml 0.05% Block Design 
Digit Symbol 
Digit Span 

No 
No 
No 

Yes 

 
DSST = Digit Symbol Substitution Test 
NA = Not Applicable 
NS = Not Stated 
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Annexe 4 
 

Performance on specific tests in relation to sleep loss 
 
 



84 

 
Studies of sleep deprivation and acute effects on selected performance tests 

Principle 
Author  
(year) 

No: of subjects 
(gender) 

No: of controls 
(gender) 

Time without 
sleep 

Tests used in 
solvent studies 

Effect Effects in 
Other Tests 

Linde 
(1992) 

8(M/F) 8(M/F) 1 day + 
1 night 

Syntactic 
Reasoning 
Digit Span 

No 
No 

Yes 

McCann 
(1992) 

20(M) 20(F) 1 day + 
1 night + 
1 day 

Syntactic 
Reasoning 

No Yes 

Lagarde 
(1995) 

8(M) NA 60 hours Syntactic 
Reasoning 

No No 

Kelly 
(1997) 

7(M) 7(F) 64 hours Syntactic 
Reasoning 

Yes Yes 

Williamson 
(2000) 

39(M/F) NA 17-19 hours Syntactic 
Reasoning 

No Yes 

 
NA = Not Applicable 
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Annexe 5 
 

Performance on specific tests in relation to ageing 
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Table 1 

Performance on Digit Symbol Substitution Test - WAIS-R & derivatives 
Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Hooisma 
(1988) 

24(M) 
27(F) 
24(M) 
27(F) 

26-47 
26-47 
60-73 
60-73 

60.3 
67.9 
48.3 
46.9 

Streufert 
(1992) 

44(M) 21-45 70.0 

Kuitenen 
(1994) 

24(M/F) 20-28 71.0 

Mazaux 
(1995) 

796(M) 
1003(F) 

65-69 
 
 
 
 
70-74 
 
 
 
 
75-80 
 
 
 
 
>80 

39.6 MHE 
28.8 MLE 
38.9 FHE 
29.6 FLE 
 
38.3 MHE 
26.5 MLE 
35.7 FHE 
26.2 FLE 
 
32.2 MHE 
24.7 MLE 
31.9 FHE 
22.8 FLE 
 
28.6 MHE 
21.5 MLE 
27.8 FHE 
21.3 FLE 
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Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) ( x ) Scores 

Hertzog 
(1996) 

97(M/F) 
104(M/F) 

18-32 
65-81 

76.58 
48.40 

Van Boxtel 
(1997) 

132(M/F) 25-34 
35-44 
45-54 
55-64 
65-74 
75+ 

65.5 
61.4 
61.5 
54.4 
52.3 
48.0 

Newman 
(1997) 

18(M/F) 20-50 73.2 

Compton 
(2000) 

102(M/F) 30-39 
40-49 
50-59 
60+ 

(scaled) 
11.84 
12.03 
10.75 
10.77 

 
HE = High educational level 
LE = Low educational level 
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Table 2 
Performance on tests from the Neurobehavioural Evaluation System 

Data from Hooisma 1988 
Age-groups 
(gender) 

n Pattern 
Comparison 

Pattern 
Memory 

Hand-Eye Co-
ordination 

Finger 
Tapping 

Finger 
Tapping 

Finger  
Tapping 

  RT/correct 
item secs. 

RT/correct 
item secs. 

x  errors x  taps 
preferred 
hand 

x  taps non-
preferred 
hand 

x  taps  
alternating 
hands 

26-47 (M) 
 
26-47 (F) 
 
60-73 (M) 
 
60-73 (F) 

24 
 

27 
 

24 
 

27 

4.4 
 
4.2 
 
5.4 
 
5.6 

6.7 
 
7.6 
 
7.0 
 
7.0 

4.5 
 
5.5 
 
5.7 
 
9.1 

63.0 
 
56.4 
 
60.0 
 
46.9 

60.3 
 
52.9 
 
56.5 
 
46.9 

53.0 
 
48.4 
 
47.5 
 
41.1 
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Performance on tests from the Neurobehavioural Evaluation System 
Data from Hooisma 1988 

Age-groups 
(gender) 

n Associate 
Learning 

Associate 
Recall 

Serial Digit 
Learning 

Colour  
Word 
Vigilance 

Continuous 
Performance 
Test 

Symbol Digit 
Substitution 

  Total 
3 trials 

No. Correct  Total Correct x  RT 
m.secs. 

x  RT 
m.secs. 

x  time/item 
(secs.) 

26-47 (M) 
 
26-47 (F) 
 
60-73 (M) 
 
60-73 (F) 

24 
 

27 
 

24 
 

27 

17.1 
 
19.0 
 
13.1 
 
12.7 

6.4 
 
6.9 
 
5.3 
 
4.8 

68.4 
 
67.2 
 
60.0 
 
53.8 

621.7 
 
606.8 
 
642.7 
 
632.7 

387.3 
 
386.2 
 
378.2 
 
381.4 

2.4 
 
2.2 
 
3.1 
 
3.3 
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Table 3 
Performance on Stroop Test 

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Comalli reported in Schumacher 
(1981) 

 
 
NS 
NS 
NS 
NS 
15(M) 

 
 
17-19 
25-34 
35-44 
65-80 
80+ 

Interference effect 
Card C-B 
47 secs. 
45 secs. 
52 secs. 
96 secs. 
160 secs. 

Gustafson 
(1990) 

 
52(M/F) 

 
x 25.9 

Time/item (100 items) 
1.0 secs. 

Hindmarch 
(1992) 

 
18(M/F) 

 
19-26 

Time/item 
2.8 secs. 

Houx 
(1993) 

 
247(M/F) 

 
x 20.1 
   30.4 
   39.9 
   49.8 
   59.8 
   69.7 
   79.1 

Time/item 
  .8 secs. 
  .8 secs. 
  .9 secs. 
  .8 secs. 
  .9 secs. 
1.0 secs. 
1.1 secs. 

Salthouse 
(1995) 

 
112(M/F) 

 
20-29 
30-39 
40-49 
50-59 
60-69 
70+ 

Time/item (20 items) 
0.7 secs. 
0.8 secs. 
0.9 secs. 
0.9 secs. 
1.0 secs. 
1.2 secs. 
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Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Van Boxtel 
(1997) 

 
132 (M/F) 

 
25 +

−
 1 

35 +
−

 1 

45 +
−

 1 

55 +
−

 1 

65 +
−

 1 

75 +
−

 1 

Time/item 
  .8 secs. 

  .8 secs. 

  .9 secs. 

1.1 secs. 

1.1 secs. 

1.3 secs. 
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Table 4 
Performance on Wisconsin Test 

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

 
Haaland 
(1987) 

 
95(M/F) 

 
17-25 
64-69 
70-74 
75-79 
80-87 

Categories 
2.4 
2.6 
2.2 
2.0 
1.5 

Errors 
19.1 
12.2 
18.6 
21.8 
26.1 

 
Bielianskas 
(1998) 

 
9(M/F) 

 
x 71.7 

Categories 
3.1 

Errors 
11.3 

 
Compton* 
(2000) 

 
102(M/F) 

 
30-39 
40-49 
50-59 
60+ 

Categories 
5.0 
4.9 
4.0 
3.3 

Errors 
  8.0 
  8.4 
11.2 
  6.4 

 
*possibly different test version 
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Table 5 
Performance on Sternberg’s Memory Scanning Test 

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

 
 
 
Anders 
(1972) 
reported in Schumacher (1981) 

 
 
 
30(M/F) 

 
 
 
x 20.0 
x 37.5 
x 68.1 

Intercept 
(m.sec.) 
 
623 

619 

816 

Slope 
(m.sec./digit) 
 
39 

63 

71 

Anders 
(1973) 
reported in Schumacher (1981) 

16(M/F) x 21.2 
x 55.5 

680 

892 

23 

45 

Eriksen 
(1973) 
reported in Schumacher (1981) 

18(M/F) 20-25 
35-40 
50-55 

394 
383 
459 

27 
28 
43 

Hindmarch 
(1991) 

9(M) 
9(F) 

19-26 439(M) 
525(F) 

 
Hindmarch 
(1992) 

9(M) 
9(F) 

19-22 438.5(M) 
551.5(F) 

Wilkinson 
(1995) 

24(M) 21-40 x No. correct 
29.0 
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Table 6 
Performance on Syntactic Reasoning Test 

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Linde 
(1992) 

8(M/F) x 23.3 No. correct 
26.4 

Kennedy 
(1993) 

20(M) 21-42 No. correct 
22.0 

Lagarde 
(1995) 

8(M) 22-31 No. correct 
25.7 

Williamson 
(2000) 

39(M/F) 30-50+ No. correct 
23.19 
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Table 7 
Performance on Digit Span Test 

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Goldberg In: Schumacher 
(1981) 

7(M/F) 
7(M/F) 
9(M/F) 

20-24 
32-51 
58-91 

7.3 (f) 
7.6 (f) 
6.1 (f) 

Hooisma 
(1988) 

24(M) 
27(F) 
24(M) 
27(F) 

26-47 
26-47 
60-73 
60-73 

12.8 (f+b) 
12.3 (f+b) 
10.8 (f+b) 
11.6 (f+b) 

Rouleau 
(1996) 

16(M/F) 
16(M/F) 

18-24 
65-91 

6.5 (f) 
6.0 (f) 

Hertzog 
(1996) 

97(M/F) 
104(M/F) 

18-32 
65-81 

10.6 (b) 
8.27 (b) 

Tzambazis 
(2000) 

18(M/F) 18-29 8.6 (f) 
7.2 (b) 

 
(f) = digits forward 
(b) = digits backward 
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Table 8 
Performance on Block Design Test - WAIS-R 

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Troyer 
(1994) 

 
125(M/F) 

 
50-59 
60-69 
70-79 
80-89 
90-95 

(raw) 
30 
30 
25 
23 
20 

Hill 
(1995) 

 
251(M/F) 

 
>75 

(scaled) 
13.5 

Tzambazis 
(2000) 

 
16(M/F) 

 
18-29 

(raw) 
70.3 
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Table 9 
Performance on Rey’s Auditory Verbal Learning Test  

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

   No. Correct 
Vakil 
(1997) 

 
257(M) 
 
 
 
 
 
 
271(F) 

 
20-29 
30-39 
40-49 
50-59 
60-69 
70-91 
 
20-29 
30-39 
40-49 
50-59 
60-69 
70-91 

T1 
7.7 
7.3 
7.4 
6.5 
6.1 
5.3 

 
7.9 
7.6 
7.6 
7.2 
6.5 
5.3 

T2 

10.4 
9.9 
9.9 
9.2 
8.3 
7.0 

 
11.1 
10.8 
10.7 
10.3 
9.1 
7.5 

T3 

12.1 
11.7 
11.7 
10.7 
10.0 
8.5 

 
12.8 
12.4 
11.5 
12.2 
10.5 
9.1 

T4 

13.2 
12.6 
12.6 
12.0 
11.0 
9.8 

 
13.6 
13.3 
12.6 
12.9 
11.8 
9.8 

T5 

13.4 
13.1 
12.7 
12.4 
11.4 
10.8 

 
14.2 
13.9 
13.1 
13.3 
12.3 
10.7 

   No. Correct 
Woodard 
(1999) 

 
11(M/F) 

 
64-78 

T1 

6.0 
T2 

7.5 
T3 

9.0 
T4 

9.8 
T5 

10.5 
Petersen 
(1992) 

 
51(M) 
110(F) 

60-69 
70-79 
80-89 
90-99 

40.8 
37.6 
35.2 
31.9 

5 trials 
5 trials 
5 trials 
5 trials 
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Table 10 
Performance on Finger Tapping Test  

Principal Author 
(year) 

Sample Size 
(gender) 

Age-group(s) x  Scores 

Hooisma 
(1988) 

 
24(M) 
27(F) 
24(M) 
27(F) 
 
 
24(M) 
27(F) 
24(M) 
27(F) 

 
26-47 
26-47 
60-73 
60-73 
 
 
26-47 
26-47 
60-73 
60-73 

(preferred hand) 
22.2 
21.4 
18.8 
17.0 
 
(non-preferred hand) 
21.4 
20.5 
18.2 
16.3 
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Table 10 

Performance on the Santa Ana Test  
Principal Author 
(year) 

Test Sample Size 
(gender) 

Age-group(s) x  Scores 

Hooisma 
(1988) 

WHO-NCTB 
SRT 

 
24(M) 
27(F) 
24(M) 
27(F) 

 
26-47 
26-47 
60-73 
60-73 

(secs.) 
236.2 
242.0 
220.5 
229.1 

Hooisma 
(1988) 

WHO-NCTB 
Benton 
Visual Retention 

 
24(M) 
27(F) 
24(M) 
27(F) 

 
26-47 
26-47 
60-73 
60-73 

(no. correct) 
8.7 
8.3 
8.5 
8.3 

Hooisma 
(1988) 

WHO-NCTB 
Pursuit 
Aiming 

 
24(M) 
27(F) 
24(M) 
27(F) 

 
26-47 
26-47 
60-73 
60-73 

(no. correct) 
149.7 
166.1 
114.6 
107.8 

Boone 
(1993) 

Rey Osterrieth Test 91(M/F) 45-59 
 
 
 
60-69 
 
 
 
70-83 
 
 
 

Copy 
Recall 
% retention 
 
Copy 
Recall 
% retention 
 
Copy 
Recall 
% retention 

34.2 
18.9 
55.0 
 
33.8 
17.3 
51.2 
 
31.3 
13.8 
43.8 

 



 
 
Principal Author 
(year) 

Test Sample Size 
(gender) 

Age-group(s) x  Scores 

Robbins 
(1998) 

Corsi Block  
Test 

 
341(M/F) 

 
>55 
55-59 
60-64 
65-69 
70-74 
75-79 

(no. correct) 
5.3 
5.4 
5.3 
4.9 
4.7 
4.7 

    (secs.) 
Compton 
(2000) 

Trails Test  
102(M/F) 

 
30-39 
40-49 
50-59 
60+ 

A 
27.4 
30.7 
30.1 
36.9 

B 
55.6 
57.8 
62.0 
82.6 
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