[bookmark: _GoBack]Measurement error, reliability and minimum detectable change in MMSE, MoCA and Color Trails Test among community living middle aged and older adults
Joanne Feeney1,2*, George M Savva2,3*, Claire O Regan2, Bellinda King-Kallimanis2, Hilary Cronin2, Rose Anne Kenny2
1 Centre for Public Health, Queens University Belfast, Royal Victoria Hospital, Belfast BT12 6BA, United Kingdom
2  The Irish Longitudinal Study on Ageing, Lincoln Gate, University of Dublin, Trinity College, Dublin 2, Ireland
3 School of Health Sciences, University of East Anglia, Norwich Research Park, Norwich NR4 7TJ, United Kingdom
*Joint first authors


Running title: Measurement error of cognitive tests in older adults
Body: 3,108 words.  1 table, 2 figures, 16 references.

Corresponding author:
Dr Joanne Feeney
Centre for Public Health
Queens University Belfast, Royal Victoria Hospital, Belfast BT12 6BA 
Phone: +353 1 8963738
Email: joanne.feeney@qub.ac.uk
Abstract
Background: Knowing the reliability of cognitive tests, particularly those commonly used in clinical practice, is important in order to interpret the clinical significance of a change in performance or a low score on a single test. 
Objective: To report the intra-class correlation (ICC), standard error of measurement (SEM) and minimum detectable change (MDC) for the Mini-mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA) and Color Trails Test (CTT) among community dwelling older adults. 
Methods: 130 participants aged 55 and older without severe cognitive impairment underwent two cognitive assessments between two and four months apart. Half the group changed rater between assessments and half changed time of day.  
Results: Mean (standard deviation) MMSE was 28.1 (2.1) at baseline and 28.4 (2.1) at repeat. Mean (s.d.) MoCA increased from 24.8 (3.6) to 25.2 (3.6). There was a rater effect on CTT, but not on the MMSE or MoCA. The SEM of the MMSE was 1.0, leading to an MDC (based on a 95% confidence interval) of 3 points. The SEM of the MoCA was 1.5, implying an MDC95 of 4 points. MoCA (ICC=0.81) was more reliable than MMSE (ICC=0.75), but all tests examined showed substantial within-patient variation. 
Conclusion: An individual’s score would have to change by greater than or equal to 3 points on the MMSE and 4 points on the MoCA to be confident that the change was not due to measurement error. This has important implications for epidemiologists and clinicians in dementia screening and diagnosis. 
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Introduction
Measures of cognitive function are not perfectly reliable, and this has implications for their application in clinical and research settings.  In clinical practice it is important to know how likely it is that an observed change in an individual is due to chance, or what is the clinical relevance of a low score on a single test.

In research settings unreliable measures can lead to regression dilution bias or false positive associations when testing predictors of cognitive change, or when using cognitive scores as predictors or to control for confounding [1].  Methods to correct for measurement error rely on having good estimates of the standard error of measurement [2], that is the standard deviation of the within-person variation in each measure.  From this we can derive the reliability of the measure by comparison with the variability between individuals, and the minimum detectable change (MDC) for an individual, that is, the largest difference that could reasonably be attributed to a random fluctuation in performance.

The Mini-Mental State Examination (MMSE) [3] and the Montreal Cognitive Assessment (MoCA) [4] are two of the most commonly used short cognitive tests, for example in clinical assessment and diagnosis, to determine eligibility for treatment and as inclusion criteria and outcome measures for clinical trials and epidemiological studies.

The Colour Trails Test (CTT) is a culturally neutral version of Trail Making Task (TMT) used to measure aspects of executive function and attention.  As with the TMT, two CTT tasks are applied. CTT1 assesses visuo-motor skills and attention, while CTT2 assesses sequencing and mental flexibility in addition to the skills required for CTT1 [5].
The test-retest reliability of the MMSE has been reported in many populations.  The MoCA is more recently developed and its reliability has only previously been tested in small convenience samples of patients, or with non-English language versions of the instrument. While the reliability of the TMT has been investigated in various populations there is little known about the reliability of CTT generally, and even less in older adults specifically.

Here we report practice effects, standard error of measurement, intra-class correlation, minimum detectable change, inter-rater reliability and effect of the time between assessments on reliability for of MMSE, MoCA, CTT1 and CTT2 among a representative sample of the middle-aged and older Irish adult population.

Materials and Methods
Population and sample
The Survey of Health Ageing and Retirement in Europe / Irish Longitudinal Study on Ageing (SHARE/TILDA) collaboration was established to estimate the measurement properties of a comprehensive health assessment among nationally representative samples of the European population.  The SHARE-Ireland study has been described in detail previously [6], but in brief, a population representative sample of community living people aged 50 years and older was recruited, each of whom completed a structured interview with a trained interviewer in 2007 (total N=1119).

The extant SHARE-Ireland cohort at 2010 (n=827) was contacted and offered the opportunity to undergo a comprehensive health assessment within the dedicated TILDA health assessment centre at Trinity College Dublin.  Initial contact was made by post and followed up by telephone between September 2011 and March 2012, with 377 participants consenting to be directly contacted regarding the study by mail within a ten day period. Of these, 253 agreed to an initial health assessment. Ethical approval was obtained from the Faculty of Health Sciences Ethics Committee, Trinity College. All participants gave informed consent.

Assessments
The health assessment was the same as that administered to participants of The Irish Longitudinal Study on Ageing (TILDA) and was conducted in the TILDA health assessment centre at Trinity College Dublin by one of two experienced research nurses [7].  The assessment took approximately 3 hours, was conducted in either a morning or an afternoon session and included a large battery of cognitive, cardiovascular, gait and vision measures including the MMSE, MoCA and CTT administered by research nurses.

A reduced version of the TILDA computer aided personal interview was adapted into a self-competed electronic form and administered before the health assessment.  This included questions on chronic disease, disability, employment, social and financial circumstances.

Repeat assessment
On completing their first health assessment, 180 participants were invited to attend an identical repeat assessment, scheduled to be conducted approximately one month (for 50% of participants) or three months (for the remainder) after the initial assessment. In total 128 participants agreed to the repeat assessment giving a response rate of 71% (25 refused; 27 could not be scheduled within the required timeframe). 

Among 50% of participants the nurse conducting the assessment was changed, while the other 50% had the same assessor at both interviews.  Time of day (am vs pm) was also switched between assessments for 50%.  This approach was taken in order to identify within-person variation from variation caused by changing time of day or rater.  Change of nurse, change of time of day and delay between assessments were randomised using a minimisation routine designed to achieve balance between all combinations of these covariates, the age group and sex of the participants.

Analysis
The outcomes of interest were MMSE and MoCA scores, time to complete CTT1 and CTT2 (in seconds) and the difference between the two (delta CTT).  Analysis was restricted to include only participants who completed a repeat assessment. Missing data was very rare in the sample, with a maximum of three participants missing scores for any of the tests at any occasion and so complete case analysis was used. Mean scores were compared between the initial and repeat assessments, between each rater, and time of day using paired t-tests or Mann-Whitney U tests as appropriate.  Repeat and follow-up scores for all measures were plotted to illustrate the distribution of differences between pairs of assessments.  CTT1 and CTT2 times are not normally distributed and have a variance strongly related to average scores and so findings for these are presented both on the natural scale for ease of interpretation and on a log scale on which they have a homoscedastic normal distribution. Comparisons of mean scores between baseline and repeat measurements were made using paired t-tests, restricted to relevant subgroups, for example those who changed rater or changed time of day between assessments.

Mixed effects multilevel linear regression models were used to the between- and within-person variance components.  The variation in the underlying true cognitive scores between individuals, was assumed to be normally distributed with standard deviation .  The variation between the true underlying score and each observed score was assumed to be constant across individuals with standard deviation . The minimum detectable change is , where =1.96 for the 95% limit (that is, 95% of observed differences between pairs of observations will be within this limit given no true difference) and Z=1.65 for the 90% limit.  The ICC is the proportion of total variance not accounted for by within person variation, that is  
Rater, time of day and whether the observation was a baseline or repeat were added as fixed effects, to estimate the effects of these factors on mean scores, and to remove their contribution from estimates of within person variation. A term corresponding to the effect of rater within participants was added in a further analysis to test whether the test-retest difference was significantly higher among those who changed rater.  
Each reliability statistic is presented with a 95% confidence interval, and all analyses were conducted using Stata 12.1.

Results
Participant characteristics
A total of 128 participants underwent repeat assessments (58 men).  The median age of the sample was 71 (range 55-94, IQR 66-76). The median delay between assessments was 88 days (range 28-141days, IQR 70-104 days).  The median baseline MMSE of the sample was 29 (range 20-30, IQR 28-29), the median MoCA was 25 (range 13-30, IQR 23-28).  Sixty participants were allocated to change time of day between assessments, while 70 were not.  Sixty one participants changed rater while 69 did not.  
Mean cognitive scores across repeats, raters and time of day
Table 1 shows the scores for each cognitive test at baseline and repeat assessments, for each rater, and by time of day.  The rater and time of day scores are only shown for participants who changed each respective factor at the repeat. MMSE (0.3 points; p=0.020), MoCA (0.41 points; p=0.038), CTT1 time (3.1s; p=0.031), and CTT2 (3.9s; p=0.029) times all improved slightly between the baseline and repeat assessments, indicating a likely practice effect.  The Delta CTT did not improve. There was no significant effect of time of day on any measure, although CTT1 and CTT2 times were slower in the morning than in the afternoon among participants who switched time of day in their assessments, these differences were not statistically significant. Mean CTT2 time was significantly different between raters (difference = 4.8s; p=0.046), but the rater did not affect any other test score.  The effect of rater did not vary within participants for any measure suggesting that there is no additional variance beyond within-participant variation introduced by changing rater.

Reliability of MMSE and MoCA
The standard error of measurement for MMSE is around 1 point and for MoCA is around 1.5 points.  This leads to estimates of minimum detectable change of 2.38 points at the 90% level and 2.84 at the 95% level for MMSE, and 3.54 and 4.21 at the 90% and 95% level for MoCA respectively.  Figure 1 indicates regions defined by the 95% minimum detectable change, outside which differences between test scores could indicate a genuine change.  Comparing the between and within person standard error leads to estimates of reliability for MMSE of 0.75 and for MoCA of 0.81 in this setting.  There was no difference in reliability when assessments were greater or less than 88 days apart (data not shown).

Each of these estimates of reliability is reasonably precise as indicated by small 95% confidence intervals in Table 1.  

Reliability of Color Trails Tests (CTT)
On the natural scale the standard error of measurement of CTT1 is around 11.3s, and for CTT2 is 13.7s.  However the magnitude of this error is strongly related to the baseline time (Spearman’s rank correlation rho=0.39; p<0.001), whereas on the log scale the error is unrelated to baseline score (rho=0; p=1). This indicates that CTT errors are multiplicative and not additive, and variance estimates should be reported on the log scale to be applicable across the ability range.  On the log scale the SEM for CTT1 is 0.19 corresponding to a 95% MDC of 0.45.  This means that in 95% of cases we would expect a repeat CTT1 time to be between 63% and 157% of the first CTT1 time (since log(1.57)=0.45).  The corresponding range for CTT2 is 76% to 131%.  The SEM and MDC values shown in table can be used to derive similar ranges at difference confidence levels.  Figure 2 displays the average CTT scores at baseline and repeat on both the natural and log scale. Estimates of the reliability of CTT1 and CTT2 are not affected by log transformation.  Despite Delta CTT being less susceptible to practice effects it is considerably less reliable than CTT2 (ICC=0.75; 95% CI=0.66-0.82 compared to ICC=0.90; 95% CI=0.86-0.93).  Both CTT2 and delta CTT are similarly correlated with MMSE and MoCA scores (data not shown).

Discussion
We have estimated the standard error of measurement, test-retest reliability and minimum detectable change of three commonly used cognitive tests, within a sample representative of a relatively healthy population aged 55 years and older, when tests are given 2-4 months apart.    These estimates should be used when assessing changes in cognitive test scores in individuals or when using methods to adjust for measurement error in research studies when measurements are taken months or years apart.   Cognitive tests are typically interpreted in clinical or epidemiological contexts to reflect underlying cognitive function net of any day-to-day fluctuation caused by transient acute illness.  Reliability estimated using a 2-4 month lag shows the ability of cognitive tests to measure this and the variation in cognition likely to be attributable to chance when measures are taken at this interval or longer, as is typical in clinical and research contexts.  Reliability estimates using shorter time periods would better reflect the pure measurement properties of the instrument, but may overestimate the reliability likely to be observed in most practical settings.  Equally, a longer lag period between testing would not be advisable when investigating reliability because of the increasing likelihood that reliability estimates would be influenced by onset of disease processes [8] or other medium to long-term changes in health impacting cognitive state. Hence when interpreting long term changes in cognitive function, when tests are repeated over months or years, reliability estimates using a 2-4 month period are likely to be the most appropriate.

For the MMSE, the standard error of measurement is around 1 point meaning that a difference 3 points between two observations should be considered beyond that expected by chance.  For the MoCA the SEM is 1.5 points meaning that a difference of 3-4 points could be expected by chance depending on the confidence level used. The test-retest reliability of the MMSE has been widely reported in different populations [reviewed in 8], with findings broadly in agreement with our study.  That the MMSE in our sample has similar reliability to other populations suggests that the reliability estimates of other tests are likely to be generalizable. Despite the increasing use of the MoCA as a clinical and research tool, its test-retest reliability is not widely reported.  Nasreddine et al. discovered a standard deviation of 2.5 points in test-retest differences among 23 members of a convenience sample during the development of the instrument [4],  which corresponds closely to our standard error of measurement of 1.5 points since the corresponding standard deviation from our results is  points.  Previous estimates of reliability from validation studies of non-English language translations of MoCA report higher values for the ICC than we have done, although the ICC depends on the distribution of scores within the sample it is estimated in and so is typically not comparable between settings and populations [9-12].  A study in China among 111 cerebrovascular disease patients also indicated good inter-rater reliability [13].

The authors of the CTT report correlation coefficients of .64 and .79 for CTT1 and CTT2, respectively,         in a sample of young adults [5]. Additional investigations of reliability are lacking, particularly among older adults, although Dong et al. recently reported fair to good (0.57 and 0.67) test-retest correlations for CTT1 and CTT2 time, in a sample of 30 older adults attending a memory clinic [14]. In addition, Tavakoli and colleagues showed very high correlation coefficients (>.9) for the re-test reliability of both CTT1 and CTT2 in an Iranian normative sample of adults spanning a wide age range [15]. Our results add to this literature by providing reliability information for a population sample of 128 older adults, and including estimates of absolute reliability (SEM) as well as relative reliability (ICC). The findings are in line with previous studies in showing CTT2 to be more reliable than CTT1.  The reliability of the Trail MakingTask (TMT) is much more widely studied [16]. 

Strengths and weaknesses of our study
Our study used a relatively large sample of middle aged and older adults with cognitive function in a generally healthy range.  While the initial SHARE Ireland sample was selected to be representative of the Irish population, the selection process into the current sample may have led to relatively healthy sample compared with the older population. There was no indication that the reliability of any test varied with baseline cognitive function when examined on the appropriate scale and so our results are likely to be generalizable to people with mild to moderate cognitive impairment including clinical samples.  We have reported confidence intervals for all of our estimates of reliability, allowing their precision to be assessed.  Most studies of reliability are conducted using very small samples meaning that estimates are likely to be imprecise, although precision is rarely reported. Our estimates of reliability are precise, and remove rater, time of day and practice effects using a mixed effects multilevel model. The time delay between assessments varied from one month to nearly five months, but no differences in reliability were observed across that range suggesting that neither drift nor day-to-day fluctuation in underlying cognitive function in our group during this time was a significant problem.

Implications
The cognitive tests we have explored have limited reliability when being used to compare individual scores at two time points, suggesting that on their own they may not be useful measures of change.  The poor reliability of these cognitive tests also has implications for their use in determining thresholds for e.g. individual eligibility for treatment or for assessments of driving safety.  For example a SEM of 1.5 points means that an individual with a ‘true’ underlying MoCA score of around 26 could reasonably give a test score of between 23 and 29.  This also has implications for planned screening programmes that trigger referrals to diagnostic services based on single cognitive test scores.  

Our findings are important for researchers using cognitive tests as outcome measures.  Estimates of within-person variability are important to inform power calculations and to correct for regression dilution bias caused by misclassification in exposures or confounding variables.  Our findings also suggest that the Color Trails Tests should be analysed on logarithmic scales to ensure homoscedasticity because, when analysed on a natural scale, those with lower performance had higher variation in CTT completion times.  

Our results suggest that many previously detected effects of therapies or risk factors that affect cognitive function might not be detectable at the individual level using the tests we have examined.  However it is important to note that our estimates of detectable change do not reflect clinically important change, and so small effects on cognitive function as seen in many research studies may still represent clinically important differences if confirmed in sufficiently large samples.

As well as estimates of reliability, our estimates of rater effects and practice effects are also important for research and clinical practice.  Clinicians and researchers using all cognitive assessments should be aware of the practice effects.  In addition, every effort should be made to maintain the same rater between administrations, in order to eliminate the impact of inter-rater variability observed for CTT2. 

Conclusion
Data on the reliability of cognitive tests is sparse, with estimates typically derived from small subsets of clinical samples and presented without any measures of precision.  Cognitive tests have substantial with-person variation when repeated over periods of weeks suggesting that they may not precisely reflect the underlying cognitive function of an individual, instead being influenced by day-to-day fluctuation or measurement error.  Robust reliability studies should be performed in different populations to inform the use and interpretation of tests.
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Table 1.  MoCA and MMSE scores in baseline and repeat assessments with associated variance and reliability statistics.
	
	MMSE (points)
	MoCA (points)
	CTT1
	CTT2

	
	
	
	Natural scale (seconds)
	Log scale
	Natural scale (second)
	Log scale

	Mean Baseline (SD)
	28.1 (2.07)
	24.8 (3.61)
	53.7 (21.7)
	3.91 (0.38)
	109.4 (37.4)
	4.64 (0.32)

	Mean Repeat (SD)
	28.4 (2.07)*
	25.2 (3.56)*
	50.6 (21.1)*
	3.84 (0.40)*
	105.5 (40.8)*
	4.59 (0.35)*

	Mean Rater 1a (SD)
	28.0 (2.22)
	24.8 (3.67)
	50.2 (19.0)
	3.85 (0.35)
	103.2 (36.8)
	4.58 (0.32)

	Mean Rater 2a (SD)
	28.2 (2.26)
	25.1 (3.97)
	52.0 (20.4)
	3.89 (0.36)
	108.1 (36.7)*
	4.64 (0.30)*

	Mean Test AMb (SD)
	28.5 (1.60)
	25.3 (3.30)
	49.8 (19.6)
	3.84 (0.37)
	100.1 (32.2)
	4.56 (0.30)

	Mean Test PMb (SD)
	28.6 (1.98)
	25.8 (3.12)
	46.5 (18.6)
	3.76 (0.39)
	96.8 (32.9)
	4.52 (0.33)

	SD between individuals (95% CI)
	1.77 
(1.54-2.05)
	3.22 
(2.81-3.69)
	20.7 
(17.9-23.9)
	0.35 
(0.31-0.41)
	41.7 
(36.6-47.5)
	0.34 
(0.30-0.38)

	SEM
(95% CI)
	1.02 
(0.91-1.16)
	1.52 
(1.34-1.72)
	11.3 
(9.9-12.8)
	0.19 
(0.17-0.22)
	13.7 
(12.1-15.6)
	0.12 
(0.10-0.13)

	ICC 
(95% CI)
	0.75 
(0.67-0.82)
	0.81
 (0.75-0.87)
	0.77 
(0.69-0.84)
	0.77 
(0.70-0.84)
	0.90 
(0.86-0.93)
	0.89 
(0.85-0.92)

	90% MDC 
(95% CI)
	2.38 
(2.11-2.69)
	3.54 
(3.13-4.00)
	26.2 
(23.1-29.8)
	0.45 
(0.39-0.51)
	32.0
(28.2-36.2)
	0.27 
(0.24-0.30)

	95% MDC 
(95% CI)
	2.84 
(2.51-3.21)
	4.21 
(3.73-4.76)
	31.2 
(27.6-35.5)
	0.53
(0.47-0.60)
	38.1 
(33.6-43.2)
	0.32 
(0.29-0.36)


* scores at retest were statistically significantly improved compared to scores at baseline (p<0.05 using a paired t-test) for all tests.  CTT2 times were significantly different between raters (p<0.05 using a paired t-test).
a Rater scores are calculated only among participants who changed rater at the repeat assessment
b Time of day scores are calculated only among participants who changed time of day at the repeat assessment.



Figure 1.  (Above) baseline and repeat scores for MoCA and MMSE with lines of equality and dashed lines indicating the 95% minimum detectable difference. (Below) Bland-Altman plots showing the difference vs baseline for MoCA and MMSE, with dashed lines representing the 95% limits of agreement, and higher differences indicated better scores at the repeat assessment.  Circles represent individuals assessed by the same rater at both assessments, diamonds represent individuals assessed by different raters at each assessment.
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Figure 2.  Baseline and repeat CTT times presented on (above) the natural scale and (below) a logarithmic scale. Hollow circles represent individuals assessed by the same rater at both assessments, filled circles represent individuals assessed by different raters at each assessment.
[image: ]
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