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ABSTRACT 
Objective:   To examine the relation between reaction time in adolescence and subsequent symptoms of anxiety and depression and investigate the mediating role of sociodemographic measures, health behaviors, and allostatic load.
Methods:  Participants were 705 members of the West of Scotland Twenty-07 Study (54% female). Choice reaction time was measured at age 16 years. At age 36 years, anxiety and depression were assessed with the 12-item General Health Questionnaire and the Hospital Anxiety and Depression Scale, and measurements were made of blood pressure, pulse rate, waist-to-hip ratio, total and HDL cholesterol, C-reactive protein, albumin and HbA1c from which allostatic load was calculated.
Results:  In unadjusted models, longer choice reaction time at age 16 was positively associated with symptoms of anxiety and depression at age 36: for a SD increment in choice reaction time, regression coefficients (95% confidence intervals) for logged GHQ score, and square-root transformed HADS anxiety and depression scores were 0.048 (0.016, 0.080), 0.064 (0.009, 0.118) and 0.097 (0.032, 0.163) respectively. Adjustment for sex, parental social class, GHQ score at age 16, health behaviors at age 36 and allostatic loach had little attenuating effect on the association between reaction time and GHQ score, but weakened those between reaction time and the HADS subscales.  Part of the effect of reaction time on depression was mediated through allostatic load; this mediating role was of borderline significance after adjustment.
Conclusion:  Adolescents with slower processing speed may be at increased later risk of anxiety and depression.  Cumulative allostatic load may partially mediate the relation between processing speed and depression.
Keywords: reaction time, anxiety, depression, allostatic load
Abbreviations: GHQ=General Health Questionnaire, HADS=Hospital Anxiety and Depression Scale, HbA1c=glycosolated haemoglobin, HDL=high density lipoprotein, IQR=interquartile range, LCD =liquid crystal display, SD=standard deviation.
Introduction
There is evidence from several cross-sectional studies of adults that depression is often accompanied by less efficient cognitive function, as indicated by slower speed of information processing.  People diagnosed with major depression and those who report symptoms of depression have been shown to perform less well on a range of measures of processing speed, such as the Processing Speed Index of the Wechsler Adult Intelligence Scale-III,(1) the Trailmaking Test,(2) the Stroop Color-Word Test,(3) inspection time(4) and reaction time.(5)  Slowed processing speed has also been found in depressed children.(6)   Whether the presence of anxiety is accompanied by slower processing speed has been much less studied, but the few investigations of people with various types of anxiety disorder—all based on small samples—have found no evidence of this.(7, 8)   

It is unclear from these studies whether the slower processing speed observed in people with depression was an effect of the disorder or whether it preceded the onset of illness and was in fact a risk factor for it. Findings that people who have recovered from an episode of depression tend to have slower processing speed than healthy controls suggests the deficit might be trait-dependent rather than state-dependent,(2, 9) but evidence from longitudinal studies is needed to establish whether slower processing speed is a risk factor for onset of depression. To our knowledge, there have been no such studies to date.  There is, however, a body of longitudinal evidence that lower scores on tests of intelligence or general cognitive ability in youth are a risk factor for later diagnosis with depression or anxiety and for reporting symptoms of these disorders.(10-15) 

Scores on tests of intelligence are moderately highly correlated with reaction time and scores on other measures of processing speed, such that people with higher intelligence tend to process information faster.(16-19)   It is therefore plausible that scores on a measure of processing speed in youth may be predictive of depression and anxiety later in life.
The concept of allostatic load may provide a potential biological mechanism for understanding any links between processing speed in youth and later mental health.  Allostasis refers to the long-term functional changes that take place in physiological systems in order to maintain stability in the face of stressors (20).  Such adaptations, which may affect the operating range of biological systems, are protective in the short-term but can come at a cost in terms of increased risk of morbidity or death (21).  This cost, termed allostatic load by McEwen and Stellar,(22) may result in maladaptive stress responding (23).  

Slower processing speed, and its links to lower intelligence, may lead to increased stress and difficulties responding to adversity earlier in life - increasing the burden of allostatic load. This can lead to a vicious circle in that prolonged elevated allostatic load can adversely affect neurological processes, particularly in the prefrontal cortex and hippocampus.(23, 24) These brain regions are important for cognitive functioning, including processing speed, and neurobiological impairments in these regions have also been implicated in mental disorders. Evidence in 17-year-olds has shown that increased allostatic load is associated with cognitive deficits in the form of poorer working memory.(25)   Conversely, higher ability may increase the likelihood of entry into a healthy and stimulating environment that in turn offsets increases in allostatic load. This also increases the likelihood of making healthy lifestyle choices, which again reduce allostatic load. Animal models suggest that the psychological sequelae of high allostatic load may include depression and anxiety (26), but evidence for this in humans is still relatively limited (27).  It is possible that any link in humans between processing speed and subsequent symptoms of depression and anxiety might be mediated through allostatic load.

We used data from the population-based West of Scotland Twenty-07 Study to investigate the prospective relationship between processing speed, as measured by reaction time, at around age 16 years and symptoms of depression and anxiety 20 years later, and explore the potential mediating role of cumulative allostatic load.
METHODS
Participants
The Twenty-07 Study was established in the West of Scotland in 1986 to investigate longitudinally the processes producing or maintaining inequalities in health (28, 29).  It consists of three age cohorts, born around 1932, 1952 and 1972, members of which were randomly selected from the Central Clydeside Conurbation. Comparison of these cohorts with an equivalent sample from the UK's 1991 Census Samples of Anonymised Records revealed no significant differences in terms of gender, social class, car ownership, or household tenure (30).  Baseline interviews (wave 1) were carried out in 1987/1988 and the most recent wave of data collection (wave 5) took place in 2007/8.  In the current study we use data collected at wave 1 and wave 5 on the 1972-born cohort.  We restricted our study to this youngest cohort as levels of anxiety and depression at wave 1 when the cohort was aged approximately 16 years were low therefore there was less likelihood that any association we found between reaction time at that age and subsequent symptoms of anxiety or depression would be due to reverse causation.  The age of this cohort also made it unlikely that somatic illness at wave 1 would have affected both reaction time and propensity to anxiety or depression.

Ethical approval for wave 1 was granted in 1986 by the ethics sub-committee of the West of Scotland Area Medical Committees and the GP Sub-Committee of Greater Glasgow Health Board. Wave 5 was approved by Tayside Committee on Medical Research Ethics A.  Written consent to participate was obtained from parents at wave 1 (when participants were aged 16 years) and from the participants at wave 5. 


Measures
Reaction time
Four-choice reaction time was measured at wave 1 with a portable device designed for the UK Health and Lifestyle Survey (31), as has been described previously (16).  The participant rested the second and third fingers of the left and right hands on keys marked 1, 2, 3, and 4 respectively. When a number (between 1 and 4) appeared on the LCD screen the participant attempted to press the correct key as quickly as possible. There were eight practise trials and 40 test trials, and an inter-stimulus interval that varied between 1 and 3 seconds. The mean and standard deviation of correct and incorrect trials were calculated separately. The current analyses are based on the mean of the correct trials. 

Symptoms of anxiety and depression
Symptoms of anxiety and depression were assessed at wave 5 using the 12-item General Health Questionnaire (GHQ), (32) and the Hospital Anxiety and Depression Scale (HADS).(33) The latter has two sub-scales each of seven items.  Both these self-completion questionnaires measure the common mental health problems of anxiety and depression. The GHQ items include four response options (0-3), giving a total score that ranges from 0 to 36.  Higher scores indicate more severe distress.(34)  The HADS items include four response options (0-3), giving a total score for each sub-scale ranging from 0 to 21, with higher scores indicating more severe symptoms.(35)  


Allostatic load
We used data from wave 5 on nine biomarkers representing different contributing factors to allostatic load, namely C-reactive protein, glycosolated haemoglobin, albumin, total and high-density lipoprotein (HDL) cholesterol, systolic and diastolic blood pressure, pulse rate, and waist-hip ratio.  Non-fasting venous blood samples were collected and assayed for C-reactive protein (using latex enhanced turbidimetry), glycosylated haemoglobin (HBA1c) (using Menarini method), albumin (using cholesterol oxidase), total and high-density lipoprotein (HDL) cholesterol (using ASDM) at the Glasgow Royal Infirmary.  The coefficient of variation for each of the assays was as follows: C-reactive protein ≤6%, glycosolated haemoglobin ≤1%, albumin ≤3.8%, total cholesterol ≤3%.  Systolic and diastolic blood pressure and pulse rate were measured using an Omron HEM-705CP automated oscillometric device.   Waist and hip circumference were measured by a trained nurse using a standard protocol, and their ratio subsequently calculated.  Participants provided information about current medication.  For the small number of participants who were currently using anti-hypertensive medication (of our analytical sample, n=12), diabetes medication (n=5), statins (n=11), diuretics (n=2) or beta-blockers (n=5), values of systolic and diastolic blood pressure, total and HDL cholesterol, and C-reactive protein were adjusted to take account of the effect of the medication as follows.  Systolic and diastolic blood pressure were increased by 10 and 5 mmHg respectively in those on anti-hypertensive medication; total cholesterol was increased by 1.8 mmol/l in those on statins and reduced by 4% in those on diuretics (36, 37); HDL cholesterol was increased by 10% in those on beta-blockers (37); HbA1c was increased by 1% in those on medication for diabetes (38); C-reactive protein by increased by 0.02 mg/dL in those on statins (39). Participants who reported having an operation or accident within the last month were excluded from analyses.  

There remains much debate about the best way to operationalize allostatic load.(27) Here, we calculated standard deviation (SD) scores (zero mean, unit SD) for each component of allostatic load (systolic and diastolic blood pressure, pulse rate, total and HDL cholesterol, albumin, HbA1c, C-reactive protein and waist-hip ratio) for men and women separately, and the sum of these SD scores was taken as a measure of allostatic load.   Supplementary digital content table 1 shows mean (SD) or median (IQR) values of allostatic load and each of its components and the correlations between these variables in the sample on which our analysis is based.

Other covariates
Symptoms of anxiety and depression at wave 1 were assessed using the 12-item GHQ. Parental occupational social class was based on the father’s current or previous job or, if no father was present, the mother’s current or previous job at wave 1, classified in six categories (Professional, Managerial/Technical, Skilled Non-manual, Skilled manual, Partly skilled, Unskilled).(40) We regarded GHQ score at wave 1 and parental social class as potential confounding factors.  Educational attainment by wave 5 was based on years of full-time education. Participants also provided information at wave 5 on their smoking status (never, ex-smoker, current smoker), their current alcohol consumption (units of alcohol per week) and their physical activity (number of brisk walks undertaken in an average week).  We regarded educational attainment and health behaviours as potential mediating factors.  Health-related behaviours such as smoking, alcohol intake and physical activity are likely to contribute to allostatic load by altering its biomarkers. 

Statistical methods
We used Pearson correlation coefficients to examine the relation between choice reaction time at age 16 years, the measures of mental health at age 36 years and the covariates. To allow us to adjust for the covariates, we then used linear regression to examine the relation between choice reaction time and the mental health outcomes.  The distribution of scores for all three mental health outcomes was positively skewed.  To convert scores to a nearer normal distribution we used a logarithmic transformation for the GHQ-12 scores and a square root transformation for the HADS anxiety and depression scores.  We used these transformed scores as the dependent variables in the linear regression analyses.  As some studies show a non-linear relation between alcohol intake and anxiety and depression, we created a categorical variable for the regression analyses, defining participants as abstainers (no alcohol), or drinkers within or above sex-specific recommended weekly limits (≤21 vs. 22+ units for men; ≤14 vs. 15+ units for women). (41) We used the Sobel-Goodman mediation tests in STATA version 12 to examine the extent to which mediating variables carried the influence of choice reaction time at age 16 years to mental health outcomes at age 36 years.  

There were 1515 participants at wave 1, of whom 942 (62%) took part in wave 5.  Non-respondents at wave 5 had a slightly longer mean choice reaction time (575 vs 563) at wave 1 than respondents (p=0.020), but there was no difference between these groups in wave 1 GHQ-12 score (p=0.35).    The analyses that follow are based on 705 participants with complete data on choice reaction time, mental health outcomes and the covariates.

Results
At the time of the wave 5 follow-up, the study participants (54% female) were aged 36.6 years (SD 0.42).    Table 1 shows the correlations among choice reaction time at age 16 years, scores on the GHQ, HADS anxiety and HADS depression scales at follow-up, allostatic load at follow-up and the covariates.  Longer choice reaction time—in other words, slower processing speed—at age 16 years was associated with greater parental socioeconomic disadvantage (r=0.162), poorer mental health as indicated by higher scores on the GHQ and HADS anxiety and depression scales at age 36 (r=0.146, 0.104 and 0.118), higher allostatic load at age 36 (r=0.128), fewer years of full-time education (r=-0.234), and greater likelihood of ever having smoked (r=0.187).  Greater allostatic load was associated with greater parental socioeconomic disadvantage, fewer years of full-time education, higher scores on the GHQ and HADS depression scales, and poorer health behaviour in terms of smoking, alcohol consumption and exercise.  Allostatic load was also positively correlated with scores on the HADS anxiety subscale but this association was not statistically significant.   (Supplementary digital content table 2 shows correlations of allostatic load and its components with choice reaction time at age 16, GHQ score at age 16, GHQ score at age 36 and HADS anxiety and depression scores at age 36.  The size of the correlations between each of the allostatic load components and reaction time, GHQ or HADS scores varied.) 

The associations between choice reaction time at 16 years and logged GHQ score, and square-root-transformed HADS anxiety score and HADS depression score at 36 years did not differ significantly by sex.   In the case of logged GHQ score, the coefficient for the interaction term was -0.028 (p= 0.38).  In the case of square-root-transformed HADS anxiety or HAD depression scores, the coefficients for the interaction terms were -0.022 (p=0.70) and -0.099 (p=0.14) respectively. So, in each case, the strength of the association between reaction time and the mental health measure was slightly stronger in women than men but these none of these differences was statistically significant.    In the linear regression analyses we therefore pooled data for men and women.

Table 2 shows the results of linear regression analyses of the relation between choice reaction time at age 16, expressed as SD scores, and logged GHQ scores at age 36.  In the unadjusted model 1 one SD longer choice reaction time was associated with a 5% (95% CI 2%, 8%) higher GHQ score. This model explained 1% of the variance in GHQ score.  Adjustment for sex, GHQ score at age 16, parental socioeconomic status, years of full-time education (model 2), then in addition for health behaviours at age 36 (model 3) and then allostatic load at age 36 (model 4) had negligible effects on this association.  Adding the covariates did little to increase the predictive power of the initial model: the model containing all the covariates explained the most variance in GHQ score at 4.1%.    The results of Sobel-Goodman mediation tests confirmed that neither education, allostatic load, nor any of the health behaviours had significant mediating effects.   

Table 3 shows the results of linear regression analyses of the relation between choice reaction time at age 16, expressed as SD scores, and HADS anxiety scores at age 36. In the unadjusted model 1, one SD longer choice reaction time at age 16 was associated with an increase in the square root transformed HADS anxiety score at age 36 of  0.06 (95% CI 0.01, 0.12).  This model explained 0.6% of the variance in the HADS anxiety score. Adjustment for sex, GHQ score at age 16, parental social class, years of full-time education (model 2) had little attenuating effect on this association. Further adjustment for health behaviours (model 3) weakened the association and it became of borderline significance.  Additional adjustment for allostatic load (model 4) had only slight attenuating effects. Model 3 explained the largest proportion of the variance, at 5.9%.    Results of Sobel-Goodman mediation tests showed that of the health behaviours, only current smoking status had a significant mediating effect (p=0.038). Of the total effect of reaction time at age 16 on HADS anxiety score at age 36, 17% was mediated through smoking status.

Table 4 shows the results of linear regression analyses of the relation between choice reaction time at age 16, expressed as SD scores, and HADS depression scores at age 36. In the unadjusted model 1 one SD longer choice reaction time was associated with an increase in the square root transformed HADS depression score of 0.10 (95% CI 0.03, 0.16).  This amounts to 1.1% of the variance.  After adjustment for sex, GHQ score at age 16, parental socioeconomic status and years of full-time education (model 2), this association became of borderline statistical significance.  It was further attenuated and no longer significant after additional adjustment for health behaviours (model 3) and allostatic load (model 4).   Model 3 explained 9.9% of the variance in HADS depression score.  Results of Sobel-Goodman mediating tests showed that before adjusting for any of the covariates,  allostatic load and years of full-time education each had a significant mediating effect on this association:  17% was mediated through allostatic load (p=0.010) and 26% through years of full-time education (p=0.005).  After adjustment for the other covariates, the percentage mediated by allostatic load fell slightly to 16% (p=0.074) and that mediated through education fell to 20% (p=0.059) and in neither case were these statistically significant at conventional levels. 

In total, 18% of the participants who had data on reaction time at age 16 and mental health at age 36 had missing data on one or more of the covariates, primarily allostatic load, so were excluded from our analytical sample.  To investigate whether this exclusion might have biased the associations we re-ran the initial models that were adjusted for sex only in the 861 people with data on reaction time and mental health.  Associations were almost identical to those found in the 705 people in our analytical sample.



DISCUSSION
In this 20-year longitudinal study of 705 adolescents, boys and girls who had longer choice reaction time at age 16 years had more symptoms of anxiety and depression at age 36 years, as measured by their scores on the GHQ and the HADS anxiety and depression subscales.  All these effect sizes were small.  The strength of the association between reaction time and score on the GHQ persisted, little changed, after adjustment for the potential confounding or mediating variables, sex, GHQ score at age 16, parental social class, educational attainment, allostatic load and health behaviours that contribute to allostatic load.  The associations between reaction time and scores on the HADS anxiety and depression subscales were attenuated after these adjustments and no longer statistically significant.  Formal tests of mediation showed that part of the effect of reaction time on HADS anxiety score was significantly mediated through smoking status at age 36.  Part of the effect of reaction time on HADS depression score was mediated through cumulative allostatic load and educational attainment, but formal tests of these mediating effects did not reach conventional levels of significance after adjustment.

So far as we are aware, there have been no previous longitudinal studies of the relation between reaction time and subsequent symptoms of anxiety and depression.  Cross-sectional studies, mostly based on clinical samples, have found that people with more severe depressive symptoms tend to have slower reaction times and other cognitive deficits (9, 42, 43).  These findings have generally been interpreted as indicating that the presence of depression can cause psychomotor slowing and have an adverse effect on task performance. Yet the fact that a few studies have found persisting cognitive deficits in  people who have recovered from depression suggests that they may not be simply epiphenomena of depression, but may reflect enduring cognitive traits (9).  The few small studies that have examined the cross-sectional relation between reaction time and anxiety disorders have found no association.(7)    In the present larger study we found small but significant associations between longer reaction time in adolescence and higher scores on the GHQ and on the HADS anxiety and depression subscales twenty years later.  These associations were little changed by adjustment for the confounding factors, parental social class and GHQ score at age 16, but were attenuated to varying degrees by adjustment for mediating factors.  In the present study there was little variance in mood among our sample: most of the participants had low scores on the GHQ and HADS.   Further longitudinal studies are needed—preferably in samples with greater variation in levels of psychological distress—to confirm our observations that longer reaction time might be a risk factor for symptoms of anxiety and depression. 

We found only partial support for the hypothesis that cumulative allostatic load might mediate links between reaction time in adolescence and later symptoms of anxiety and depression.  Allostatic load at age 36 years was not associated with scores on the HADS anxiety subscale or on the GHQ scale, but it was significantly positively correlated with HADS depression score. Of the total effect of reaction time in adolescence on depression scores at age 36 years, 17% was mediated through allostatic load before adjustment for covariates, although this mediating effect did not reach statistical significance after adjustment.  It is possible that the potential explanatory effect of allostatic load might have been more pronounced if there had been greater variance in depression scores among our participants. A few studies have reported cross-sectional (44, 45) and longitudinal associations (46) between cumulative allostatic load and severity of depressive symptoms in people aged 60 and over.  Our findings suggest that this link may be present at a much younger age.

In our study, people who smoked at age 36 had higher levels of anxiety and depression.  This might at least in part reflect the use of cigarettes as a method of relieving or coping with psychological symptoms. Yet there is a growing body of evidence that smoking in childhood or adolescence leads to increased levels of anxiety and heightened risk of developing anxiety disorders later in life (47, 48).  Various biological pathways may potentially underlie this link, including neurotransmitter systems, inflammation, oxidative and nitrosative stress, mitochondrial dysfunction, neurotrophins or neurogenesis (49).  Here, we found that slower reaction time at age 16 was a significant predictor of still being a current smoker at age 36.  While it is impossible to be certain of the direction of the effect between smoking and poorer mental health in our study, the finding that 17% of the effect of reaction time at aged 16 on HADS anxiety scores was mediated through current smoking could plausibly reflect the anxiogenic impact of long-term nicotine intake.   Smoking is highly likely to contribute to allostatic load, but in this study we found no evidence that allostatic load mediated the association between reaction time and HADS anxiety score.  Smoking did not have a mediating role in the association between reaction time and HADS depression score. 

Our study has some limitations.  Firstly, a recent review of over 50 studies found that the factor structure of the HADS varied across studies and populations, with the number of factors ranging from one to four.(50) The authors subsequently suggested that it might be more appropriate to view the HADS as an assessment of emotional distress given that it does not provide good separation between symptoms of anxiety and depression.(51)  In view of this, our findings using the anxiety and depression subscales need to be viewed with caution.   Secondly, our measure of physical activity - number of brisk walks per week - may not adequately capture the extent or intensity of physical activity among our participants at age 36 though it is worth noting that it was significantly inversely related with HADS subscale scores.  Thirdly, we were unable to adjust for substance abuse in adolescence which might potentially confound associations between reaction time and later symptoms of anxiety and depression.  Finally, we had no data on intelligence in adolescence so we were not able to use our study sample to investigate the suggestion that faster processing speed might help explain links between higher intelligence and reduced risk of anxiety and depression.(10)  Reaction time is moderately correlated with intelligence(16) and there is some evidence that it accounts to a very large extent for the association between higher intelligence and lower mortality.(52) The extent to which it explains associations between intelligence and mental health needs to be investigated in future studies.

In this prospective study of adolescents we found that those with slower processing speed, as indexed by longer choice reaction time, reported higher levels of anxiety and depression twenty years later.  Effect sizes were modest.  Part of the effects of reaction time on later levels of anxiety or depression were mediated through smoking or allostatic load respectively, though the latter’s role ceased to be statistically significant after adjustment for covariates.  Further prospective studies of the relation between reaction time and mental health outcomes in other samples are needed to gauge whether reaction time is a true risk factor for mental disorders and to confirm the mediating roles played by smoking and allostatic load.
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