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Abstract 

As life expectancy increases, so does the proportion of elderly individuals in most industrialized countries. 

As people age, they undergo both physical and cognitive changes. Thus, cognitive difficulties and other age-

related pathologies such as cardiovascular and neurological diseases increase with age. In this context, atrial 

fibrillation (AF) and delirium are of great clinical relevance not only because of their epidemiological data 

but also, in particular, because of their major role in the development of cognitive dysfunction. Hence, 

sufficient knowledge and identification of potential risk factors of AF and delirium as well as early 

recognition are essential to take preventive measures. The present doctoral thesis aims to define 

corresponding scores for two widely used cognitive screening tools and provide insights into cognitive 

changes in elderly adults with atrial fibrillation and the validity of a preexisting preoperative delirium 

prediction model after cardiac surgery.  

 In study I, a comprehensive conversion table of two commonly used cognitive screening tests was 

created. We could define corresponding scores for the Mini-Mental Status Examination (MMSE) and the 

Montreal Cognitive Assessment (MoCA) in 803 German-speaking Memory Clinic outpatients. Further, a 

systematic review of existing MMSE-MoCA conversions was conducted to create a comprehensive 

conversion table. This enables a direct comparison of cognitive test scores at screening examinations and 

over the course of disease in patients with predominantly neurocognitive disorders. 

Study II investigated the associations between AF and cognition in aging. A small, constant 

increase in cognitive functioning over a median duration of 3.97 years in AF patients was found, presumably 

explained by learning effects that were less pronounced in non-paroxysmal AF patients, specifically in 

processing speed and executive functions. Some evidence suggests diabetes, history of stroke/transient 

ischemic attack (TIA) and depression being associated with faster cognitive decline in AF patients. 

In study III, an independent external validation of an existing preoperative risk prediction model 

for delirium was provided in 348 patients who had undergone cardiac surgery. The evaluated predictive 

model showed poor discriminative capacity but fair calibration. As an outlook, reflections on future 

directions concerning the role of cognitive performance in AF and delirium are given as well as discussed. 
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1. General introduction 

The changing demographic landscape highlights a significant shift in the characteristics of the older adult 

population and its implications for cognitive function in advanced age (Sleeper, 2021). According to the 

World Health Organization (WHO), the proportion of the world’s population aged 60 years and over is 

projected to almost double from 12% in 2015 to 22% in 2050 (Pas, Olde Rikkert, Bouwman, Kessels, & 

Buise, 2022; WHO, 2023). Elderly adults are more prone to be exposed to factors influencing cognitive 

function attributable to age-related conditions and chronic disease. Given these heightened risks, it is 

important to understand changes in cognition associated with age and factors that can negatively impact 

cognitive function (National Institute on Aging, 2023). For instance, simple instruments such as the Mini-

Mental Status Examination (MMSE) or the Montreal Cognitive Assessment (MoCA) are commonly used 

as the initial step in assessing cognitive impairment, allowing for early and accurate detection of cognitive 

changes. 

 Cardiovascular and neurological diseases are among the most prevalent pathologies in the elderly 

(Afiune, Rassi, & Afiune Neto, 2022). Atrial fibrillation (AF) is the most common clinically significant 

cardiac arrhythmia worldwide, characterized by uncoordinated atrial activation and ineffective atrial 

contraction. It has been suggested that AF may contribute to cognitive impairment and dementia (Chugh et 

al., 2014; Diener, Hart, Koudstaal, Lane, & Lip, 2019; Ding & Qiu, 2018; Koh et al., 2022), as well as being 

associated with higher rates of morbidity and mortality (Alonso & de Larriva, 2016; Bunch et al., 2010; 

Dublin et al., 2011; Gross & Stern, 2013; Kim et al., 2019; Ott et al., 1997; Singh-Manoux et al., 2017). 

Several predictors have been identified to increase the incidence of AF, with age being the most important 

risk factor. The prevalence of AF sharply increases after the age of 65 years (Giannone et al., 2022). An 

increase in atrial fibrillation is expected with age development in Western industrialized nations. However, 

the etiology of cognitive impairment associated with AF is not entirely clear (Shamloo et al., 2020). Before 

speculating about the potential treatment strategies to reduce the risk of cognitive impairment due to 

underlying AF a more precise estimation of that risk and identification of potential risk factors, especially 

in those patients having such arrhythmic diseases for a long time, remains essential (Zuin et al., 2021). 
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Therefore, longitudinal studies are needed to describe changes and investigate the causal linkages between 

cognitive performances in AF patients over time and identify potential mechanisms for prevention. 

 Coupled with the exponential growth of the aging population is an increased need or demand for 

surgical interventions (Wiggins et al., 2020). With advances in medicine these patients have acceptable 

survival rates after cardiac surgery for example, but poorly tolerate complications due to advanced age, 

frailty, and medical comorbidities (Story et al., 2010). Postoperative cognitive disorders after cardiac 

surgery are often seen as complications throughout the perioperative setting. They may manifest as 

postoperative delirium (POD) or later as postoperative cognitive dysfunction (POCD). Furthermore, besides 

older age, preexisting cognitive impairment is one of the leading risk factors for POD and POCD. Both are 

associated with increased morbidity and mortality as well as increased length of hospitalization resulting in 

increased suffering and costs (Gurlit & Möllmann, 2008). However, previous studies have shown that POD 

can be partially prevented by a targeted risk intervention strategy consisting of several components (Hshieh 

et al., 2015; Inouye et al., 1999; Salvi et al., 2020). In this context, it is essential to clearly identify the 

population at risk to provide better perioperative care (Kumar, Salzman, & Colburn, 2018). For this purpose, 

an accurate POD prediction model may be a powerful tool to facilitate early implementation of prevention 

measures in clinical practice (Menzenbach et al., 2020). 

Summing up, given the increasing age of the population the incidence of cognitive difficulties and 

other age-related pathologies such as cardiovascular and neurological diseases will increase. Consequently, 

cognitive impairment is of particular interest because it is a clinically dominant comorbidity that can 

influence the presentation and management of underlying conditions (Perry et al., 2018). Hence, identifying 

potential risk factors of cognitive difficulties and other age-related pathologies is fundamental for 

developing preventive strategies. Moreover, early identification of cognitive impairment can significantly 

improve health outcomes and prevent devastating complications for the elderly (Algameel, Hawash, Abd 

Elrahman, & Wafik, 2021). 
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1.1 Cognitive impairment among elderly adults  

As people age, changes to the structure and function of the brain may result in cognitive decline (Pottie et 

al., 2016). Therefore, increasing age counts as the strongest known risk factor for cognitive impairment and 

decline (Holsinger, Deveau, Boustani, & Williams, 2007). Cognitive impairment refers to problems with 

learning and memory, language, executive function attention, perceptual motor skills and social cognition 

(Jin, 2020). However, changes to the structure and function of the brain do not equally affect all cognitive 

domains or all people. This heterogeneity results from differences in the process of aging itself and in the 

chronic diseases that elderly adults may develop (Doroszkiewicz, 2022). There is a wide spectrum of 

cognitive impairment occurring in a continuum starting with aging-related cognitive decline, transitioning 

to mild cognitive impairment (MCI) and ending with dementia (Pottie et al., 2016). Moreover, MCI as an 

intermediate stage of cognitive impairment is often but not always a precursor of dementia (Petersen et al., 

2014; Robertson et al., 2019). However, according to the 5
th
 edition of the Diagnostic and Statistical Manual 

of Mental Disorders (5
th
 ed.; DSM-5; American Psychiatric Association [APA], 2013) disorders with a 

clinically significant acquired deficit in cognition resulting in a decline from a previously attained level of 

cognitive functioning referred to as neurocognitive disorder (NCD) (Sachdev et al., 2014; Strydom et al., 

2016). The NCD cluster comprises three syndromes, each with a range of possible etiologies: delirium, mild 

neurocognitive disorder, and major neurocognitive disorder (dementia). The essential feature of delirium is 

an acquired and usually acute disturbance of attention accompanied by a change in cognition (Sachdev et 

al., 2014). In turn, the terms major and mild neurocognitive disorder are used to indicate severity of the 

impairment (Strydom et al., 2016). Major NCD is characterized by a decline in cognitive test performance 

of at least 2 standard deviations (SD) below the normative mean in at least one cognitive domain. 

Additionally, the cognitive deficits interfere with independent functioning in everyday activities. The minor 

form of NCD is referred to as mild NCD, the cognitive test performance falls in the range of one to two SD 

below the normative mean in at least one cognitive domain. Moreover, MCI does not interfere with the 

capacity for independence in everyday life. The underlying etiology varies among individuals but in the 

case of mild and major neurocognitive disorder (dementia) several subtypes have been recognized (i.e., 
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Alzheimer`s disease, Frontotemporal lobar degeneration, human immunodeficiency virus infection, 

Huntington`s disease, Lewy body disease, Parkinson`s disease, Prion disease, Substance and/or medication 

use, Traumatic brain injury, Vascular disease, other medical condition, multiple etiologies, unspecified). To 

classify mild and major NCD the DSM-5 has defined the following six principal domains of cognitive 

function which should be assessed as part of an objective assessment: Complex attention, executive 

function, learning and memory, language, perceptual-motor function, and social cognition (APA, 2013; 

Sachdev et al., 2014). 

Many elderly patients seen by surgical and medical specialists have significant cognitive 

impairment, often undiagnosed. Studies have shown that cognitive impairment is significantly associated 

with risk of adverse health outcomes (Hartley et al., 2017; Kallenberg et al., 2016). Moreover, unrecognized 

cognitive impairment represents a risk factor for medication non-adherence, poor compliance with 

behavioral recommendations, difficulties navigating the health care system, and caregiver stress. In this 

context, it is important to identify patients at risk to start early etiology-based and symptom-based treatment 

as signs of early cognitive impairment can be subtle and have often not been previously diagnosed (Pas et 

al., 2022). Although detailed neuropsychological testing is the gold standard for assessing specific 

neuropsychological functions, such extensive assessments are highly resource-dependent and time 

consuming. Thus, the use of briefer screening instruments assessing and monitoring global cognitive 

function is a more practical approach in clinical care (van Steenoven et al., 2014). Therefore, usually brief 

and reliable screening tests are used as an initial step in the process of assessing cognitive impairment 

(Ehrensperger et al., 2014). Screening tests require little training, are easy to administer and have 

demonstrated diagnostic utility (Damian et al., 2011) to differentiate patients with dementia from individuals 

with normal cognition (Freitas, Simões, Alves, & Santana, 2013). Many different brief screening tests for 

cognitive impairment are available (e.g., Mini-Mental Status Examination [Folstein, Folstein, & McHugh, 

1975]; Montreal Cognitive Assessment [Nasreddine et al., 2005]; MiniCog [Borson, Scanlan, Chen, & 

Ganguli, 2003] and DemTect [Kalbe et al., 2004]). Screening tests generally include asking patients to 

perform a series of tasks that assess one or more selected neurocognitive domains and are then interpreted 

using a prespecified cut-off score (Block, Johnson-Greene, Pliskin, & Boake, 2017; Owens et al., 2020). A 
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positive screening test result should then lead to additional testing that can include blood tests, radiology 

examinations (e.g., magnetic resonance imaging [MRI]) and a medical as well as a neuropsychological 

evaluation to confirm the diagnosis of, e.g., dementia and determine its subtype. 

The MMSE (Folstein et al., 1975) and MoCA (Nasreddine et al., 2005) are the most widespread 

psychometric cognitive screening tests worldwide (Owens et al., 2020). The MMSE was developed in 1975 

and screens multiple domains (e.g., construction, learning and memory, language, and orientation). It can 

be administered in approximately 10 minutes. Raw scores range from 0 to 30 (lower scores representing 

poorer performance) with a proposed cut-off score below 27 to indicate cognitive impairment (Thalmann et 

al., 2002). Advantages of the MMSE include the number of cognitive domains available for screening and 

the predictive value for postoperative outcome (Price, Garvan, Hizel, Lopez, & Billings, 2017). 

Disadvantages include that scores are affected by age, education and cultural background as well as 

difficulty in identifying mild cognitive impairment (Lancu & Olmer, 2006). Additionally, the MMSE is 

restricted by copyright since 2001 which makes it less feasible for daily clinical use (Feldman & Newman, 

2013). 

A popular alternative to the MMSE is the MoCA which was developed 30 years later (2005) as a 

more challenging test than the MMSE. The MoCA takes about 12-15 minutes to complete and includes a 

broader range of cognitive functions such as higher-level language, executive function, and complex 

visuospatial processing to enable detecting mild cognitive impairment with less ceiling effect (Nasreddine 

et al., 2005). Furthermore, the MoCA takes into account the education level by adding one point for 

individuals with 12 years or less of education. The MoCA is also scored out of 30 (lower scores represent 

poorer performance) and an initially proposed cut-off score of 25/26 is considered to differentiate MCI or 

dementia from individuals with normal cognition (Nasreddine et al., 2005). 

Concerning their usability, the MMSE is acknowledged as being more adequate for the detection of 

dementia, whereas the MoCA as being more sensitive to mild cognitive impairment (Lancu & Olmer, 2006). 

However, both tests have different strengths and weaknesses. Preferences regarding test selection may 

therefore differ in clinical trials and clinicians in everyday clinical practice vary in their use of the two 

scales. This makes comparisons in clinical routine as well as between studies, meta-analysis, and patient 
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cohorts in general difficult, as the direct comparison of MMSE and MoCA scores is complicated (Fasnacht 

et al., 2022; Roheger, Xu, Hoang, Eriksdotter, & Garcia-Ptacek, 2022). Scale conversion may facilitate the 

comparison and synthesis of cognitive data, enhance collaboration between clinicians, and inform clinical 

and policy decisions in the context of dementia (Hlavka, Kinoshita, Fang, & Hunt, 2021). Therefore, in 

study I, we aimed to define corresponding scores for the MMSE and MoCA to be able to create a 

comprehensive conversion table which enables a direct comparison of cognitive test scores at screening 

examinations and over the course of disease in patients with predominantly neurocognitive disorders. These 

findings can help to fully use existing research data and can serve as a reference for clinicians to continue 

clinical care using the MMSE in patients who were previously examined with MoCA screenings or vice 

versa (Roheger et al., 2022). 

 

 

1.2 Atrial fibrillation among elderly adults 

Atrial fibrillation is the most common cardiac arrhythmia affecting people of all ages (Kirchhof et al., 2016; 

Puccio et al., 2020). However, AF is strongly associated with age. The risk exponentially increases every 

decade after the age of 60 years and hereby (Alexander et al., 2015; Blum & Conen, 2023) increases the 

prevalence in older age (Chugh, Blackshear, Shen, Hammill, & Gersh, 2001; Heeringa et al., 2006; Staerk 

et al., 2018). In the European Union the prevalence of AF in adults older than 55 years was estimated to be 

8.8 million in 2010 and was projected to rise to 17.9 million in 2060 (Krijthe et al., 2013). Atrial fibrillation 

is characterized by rapid and unsynchronized atrial excitation which leads to impaired atrial function (Al-

Makhamreh et al., 2022). It can be detected on electrocardiogram (ECG) as irregular intervals between 

successive heartbeats (also called RR intervals) and distinct P waves. The P wave on the ECG represents 

atrial depolarization which results in atrial contraction or atrial systole (January et al., 2014). To characterize 

AF in clinical practice, the most frequent terms used are: paroxysmal AF (self-terminating, in most cases 

within 48 hours, might continue up to 7 days), persistent AF (episodes are sustained more than 7 days, 

including episodes that are terminated) and permanent AF (agreement between the physician and the patient 
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to accept the arrhythmia and not perform any antiarrhythmic treatment/procedure) (Blum & Conen, 2023; 

Kirchhof et al., 2016). Additionally, AF can be further divided into paroxysmal or non-paroxysmal 

(persistent or permanent) depending on the duration and frequency of the episodes (illustrated in Figure 1). 

This categorization may be useful in research (Al-Makhamreh et al., 2022). 

 

 

Figure 1 

Illustration of AF-type classification 

 

Note. The sinus rhythm is the rhythm that originates from the sinus node and describes the characteristic rhythm of the 

healthy human heart. The normal heart rate has been considered to be between 60 and 100 beats per minute. In atrial 

fibrillation, the heart beats 120 to 160 times per minute, and in some as many as 200 times (Sauer & Olchansky, 2008). 

 

 

Atrial fibrillation and cognitive decline are both strongly related to aging (Ott et al., 1997; Thacker et al., 

2013) and frequently coexist affecting predominantly the elderly. An association between AF and cognitive 

impairment was first described in the Rotterdam Study (Ott et al., 1997). Since then, more than 30 studies 

have investigated the association between AF and cognitive impairment, and/or dementia in different 

populations along with underlying comorbid conditions (Dagres et al., 2018). Although some of these 



11 

 

studies have reported no important differences between AF patients and controls in terms of cognitive 

function either at baseline (Park, Hildreth, Thomson, & O'Connell, 2007; Rastas et al., 2007) or during the 

follow-up period (12 months to 9 years) (Marengoni, Qiu, Winblad, & Fratiglioni, 2011; Park et al., 2007; 

Peters et al., 2009; Rastas et al., 2007), some others reported a positive relationship (Bilato et al., 2009; 

Bunch et al., 2010; Debette et al., 2007; Elias et al., 2006; Forti et al., 2007; Knecht et al., 2008; Koh et al., 

2022; Tilvis et al., 2004) between AF and cognitive impairment (Shamloo et al., 2020). However, it seems 

that still not all possible pathophysiological aspects are fully understood between these two conditions (Ding 

& Qiu, 2018; Shamloo et al., 2020). Importantly, in addition to older age AF and cognitive decline share 

many cardiovascular risk factors such as diabetes, hypertension, and heart failure which could confound the 

association (Blum & Conen, 2023; Cheng, Huang, Deng, & Wang, 2012; Elias, Wolf, D'Agostino, Cobb, & 

White, 1993; Vogels, Scheltens, Schroeder‐Tanka, & Weinstein, 2007). Moreover, beyond these shared risk 

factors AF may accelerate cognitive decline and increase the risk of dementia also in the absence of stroke 

through a plethora of pathways and mechanisms such as cerebral hypoperfusion, systemic inflammation, 

and cerebral small vessel diseases (CSVDs), such as white matter hyperintensities, microbleeds, silent 

cortical and subcortical infarction, reduced brain volume (Aldrugh, Sardana, Henninger, Saczynski, & 

McManus, 2017; Dietzel, Haeusler, & Endres, 2018; Ding & Qiu, 2018; Gallinoro et al., 2019; Kalantarian 

& Ruskin, 2016; Koh et al., 2022; Rivard & Khairy, 2017). Current evidence therefore suggests a broad 

overlap of risk factors for AF and cognitive decline making a close relationship plausible and likely (Blum 

& Conen, 2023; Koh et al., 2022). However, there is still a lack of a conclusive understanding of the complex 

relationship between these two conditions (Ding & Qiu, 2018; Shamloo et al., 2020) as well as the 

association of AF and its subtypes with change in cognitive function and the possible effects of 

comorbidities. Additionally, it is unknown if non-paroxysmal AF, characterized as persistent or permanent 

and with increased symptom severity, is more involved in change of cognitive function than paroxysmal AF 

(Kim et al., 2019). Thus, longitudinal studies are needed that investigate the association between AF subtype 

and longitudinal change in cognitive function. Accordingly, in study II we aimed at investigating 

longitudinal changes in cognitive functions in association with AF-type and comorbidities in a prospective, 

multicenter national observational Swiss-AF cohort. 
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1.3 Delirium among elderly adults 

Delirium is highly prevalent among patients across all healthcare settings (Inouye, Westendorp, & 

Saczynski, 2014) and is generally reported to be more frequent in elderly, in those with preexisting cognitive 

impairment and in those admitted to the intensive care unit (ICU) (Grover & Kate, 2012). However, delirium 

respectively “perioperative neurocognitive disorders (PND)” according to the new nomenclature (Evered et 

al., 2018) after cardiac surgery are often seen as complications throughout the perioperative setting (Gurlit 

& Möllmann, 2008). They may manifest as postoperative delirium or later as postoperative cognitive 

dysfunction (illustrated in Figure 2). POD is a form of delirium that manifests in patients who have 

undergone surgical procedures and anesthesia usually occurring between one and three days after their 

operation (Whitlock, Vannucci, & Avidan, 2011).  

 

 

Figure 2 

Illustration of the nomenclature for perioperative neurocognitive disorders classification based on the time 

scales of development relative to surgery and anesthesia (adapted according to Safavynia, Goldstein, & 

Evered, 2022) 

Note. preCI = preexisting cognitive impairment, POD = postoperative delirium, POCD= postoperative cognitive 

dysfunction, dNCR = delayed neurocognitive recovery, NCD = neurocognitive disorders. 



13 

 

According to the DSM-5, delirium is characterized by an acutely developing and fluctuating disturbance of 

awareness, attention, and cognition that is not better accounted for by a preexisting, established, or evolving 

dementia (APA, 2013; Ramineni & Dangayach, 2021; Wilson et al., 2020). In direct contrast to dementia 

which is a chronic confusional state, delirium is an acute confusional state (Inouye, 2006). Moreover, 

delirium may also be subdivided based on the pattern of symptoms into hyperactive (e.g., restlessness, 

agitation, hallucinations, and delusions), hypoactive (lethargy, reduced motor activity), and mixed subtypes 

(Ramineni & Dangayach, 2021). Among elderly adults the hypoactive form of delirium is more common 

and often goes unrecognized (Inouye, 2006). 

 Numerous epidemiologic studies report widely divergent data on the incidence of POD depending 

on the patient cohort studied (e.g., older vs younger patients), the type of surgical procedure, and treatment 

modalities (e.g., elective vs emergency surgery) (Aldecoa et al., 2017; Wilson et al., 2020). With an 

incidence ranging from 5% to 52% POD is the most frequent postoperative complication in elderly patients 

(American Geriatrics Society [AGS], 2015; Aldecoa et al., 2017; Buchan et al., 2020; Mossie et al., 2022). 

Although postoperative delirium is a common acute and transient condition, it is underdiagnosed by 

healthcare practitioners, at least 50% of the time (Caplan, 2011; Mistarz, Eliot, Whitfield, & Ernest, 2011), 

in part because of its fluctuating nature, lack of formal cognitive testing and its overlap with dementia 

(Inouye, 2006). Failure to detect delirium can lead to serious consequences such as increased mortality 

(McCusker, Cole, Dendukuri, & Belzile, 2003), worsening of cognitive trajectory (Inouye et al., 2014) 

greater need for long-term care and longer hospital stays (McCusker et al., 2003; Schubert et al., 2018) for 

those affected (Inouye, 2006; Marcantonio et al., 2005). Indeed, the association between delirium and risk 

for long-term cognitive decline in both medical and surgical populations was confirmed in a meta-analysis 

of 23 studies which reported a medium effect size (Hedges’ g= 0.45; 95% Confidence Interval [CI] 0.34–

0.57; P < .001) (Goldberg et al., 2020). Additionally, in a previous systematic review of postoperative 

delirium prediction rules, cognitive impairment was second only to age as the most commonly replicated 

predictor of delirium (van Meenen, van Meenen, de Rooij, ter Riet, 2014). Accordingly, it is also important 

to understand baseline cognitive functions of patients before considering the cognitive disturbances as part 

of the delirium (Kapoor et al., 2022). 
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In diagnosing delirium there are no definitive laboratory tests (Whitlock et al., 2011) and thus a thorough 

clinical evaluation is considered the gold standard. Currently, there are more than 40 instruments available 

which have been developed to assist with the screening and diagnosis of delirium. However, these tools 

vary greatly in sensitivity, specificity, staff training and administration time, and their overabundance 

challenges the selection of a specific tool as well as the direct comparisons and interpretation of results 

across studies (Barr et al., 2013; Helfand et al., 2021; Vasilevskis et al., 2011). However, the risk of the 

development of a later MCI or dementia increases threefold if POD occurs (Brown et al., 2018; Inouye et 

al., 2016; Rockwood et al., 1999; Saczynski et al., 2012; Sprung et al., 2016), and the progression of both 

pathologies is enhanced if they were already present preoperatively (Davis et al., 2012; Davis et al., 2017; 

Fong et al., 2009). Since it is assumed that delirium can be potentially preventable in some instances in up 

to 40% of cases (Inouye et al., 1999; Wang et al., 2020), prevention is therefore the most effective strategy 

for reducing its frequency and complications such as irreversible sequelae and higher health care costs 

(Gurlit & Möllmann, 2008; Inouye, 2006). In this context, it is important to identify patients at risk to start 

early etiology-based and symptom-based treatment (Aldecoa et al., 2017). Since the etiology of delirium is 

diverse, complex (Swarbrick & Partridge, 2022) and caused typically multifactorial (Inouye & Charpentier, 

1996), preventive approaches that target multiple risk factors through a multicomponent strategy are the 

most effective and clinically relevant ones (Inouye et al., 1999; Inouye, 2006; Marcantonio, Flacker, Wright 

& Resnick, 2001; Siddiqi et al., 2016; Thom, Levy-Carrick, Bui, & Silbersweig, 2019). However, allowing 

interventions to be targeted appropriately and to maximize the use of resources (Inouye, et al., 1999; 

National Institute for Health and Care Excellence, 2023) an accurate and timely risk prediction model is 

needed. This model should combine the highest impact independent risk variables or features for POD into 

an algorithm that can help clinicians forecast which individuals are at a higher risk for developing POD 

(Adams & Leveson, 2012; Debray, Moons, Ahmed, Koffijberg, & Riley, 2013; Moons et al., 2012a; Reilly 

& Evans, 2006; Shining, Jingjing, Jian, Wenyan, & Zhang, 2022). To achieve this goal, the ideal 

postoperative delirium risk prediction tool would incorporate relevant and easily measurable predisposing 

(e.g., higher age, cognitive impairment) and precipitating (e.g., pharmacology, surgical factor) risk factors 

(Ormseth et al., 2023). Additionally, it should be brief and clinically feasible, have robust validation data 
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across different surgical specialties and balance sensitivity and specificity (Swarbrick & Partridge, 2022). 

In recent years, several studies have focused on the development of such postoperative delirium risk 

prediction tools especially in patients after cardiac surgery (Koster, Hensens, Schuurmans, & van der Palen, 

2013; Mufti & Hirsch, 2017). This is not only because of its higher incidence in this population compared 

to others but also because the profound inflammatory response to cardiopulmonary bypass is thought to 

uniquely contribute to delirium in these patients (Rengel, Pandharipande, & Hughes, 2018). However, 

before a perioperative delirium prediction model can be applied in clinical practice, it is essential as well as 

mandatory to test the generalizability of the model and retest it using new data to assess its robustness to 

distributional shifts over time and settings (Debray et al., 2015; Moons et al., 2012b; Toll, Janssen, 

Vergouwe, & Moons, 2008). In study III a preexisting perioperative delirium prediction model (Rudolph et 

al., 2009) was externally validated in a prospective cohort study of patients who had undergone cardiac 

surgery to evaluate the model performance. 
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Abstract

Background: Early and accurate detection of cognitive changes using simple

tools is essential for an appropriate referral to a more detailed neurocognitive

assessment and for the implementation of therapeutic strategies. The Mini-

Mental Status Examination (MMSE) and the Montreal Cognitive Assessment

(MoCA) are two commonly used psychometric tests for cognitive screening.

Both tests have different strengths and weaknesses. Preferences regarding test

selection may therefore differ among clinicians. The aim of this retrospective

observational cohort study was to define corresponding scores for the MMSE

and the MoCA.

Methods: We examined the relationship between the cognitive screening tests

in 803 German-speaking Memory Clinic outpatients, encompassing a wide

range of neurocognitive disorders. We produced a conversion table using the

equipercentile equating method with log-linear smoothing. In addition, we

conducted a systematic review of existing MMSE-MoCA conversions to create

a table allowing for the conversion of MoCA scores into MMSE scores and vice

versa using the weighted mean method.

Results: The Memory Clinic sample showed that the prediction of MMSE to

MoCA was overall less accurate compared to the conversion from MoCA to

MMSE. The 19 studies included after thorough literature search showed that

MoCA scores were consistently lower than MMSE scores. Eleven of 19 conver-

sion studies had addressed the conversion of the MoCA to the MMSE, while

two studies converted MMSE to MoCA scores. Another six studies applied bi-

directional conversions. We provide an easy-to-use table covering the entire

range of scores and taking into account all currently existing conversion

formulas.
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Conclusion: The comprehensive MMSE-MoCA conversion table enables a

direct comparison of cognitive test scores at screening examinations and over

the course of disease in patients with neurocognitive disorders.

KEYWORD S

conversion, equating, equipercentile, MMSE, MoCA

INTRODUCTION

The overall prevalence of dementia is increasing with
the global aging of populations,1 associated with sub-
stantial societal, social, and economic challenges. Early
identification of cognitive impairment is crucial to
allow for early treatment and appropriate advance care
planning.2 In order to comprehensively identify,
describe, and quantify cognitive deficits, extensive neu-
ropsychological diagnostics must take place.3 Usually,
brief and reliable screening tests are used as an initial
step in the process of assessing cognitive impairment.4

Most prominent screening tools are the Mini-Mental
Status Examination (MMSE)5 and the Montreal Cogni-
tive Assessment (MoCA).6 These instruments are
widely used instruments screening tools, both in every-
day clinical practice and in research. They require little
training, are easy to administer, and have demon-
strated diagnostic utility7 to differentiate patients with
dementia from individuals with normal cognition.8

The MMSE has been criticized for its low sensitivity in
patients with mild dementia or mild cognitive impair-
ment (MCI).6 Thus, clinicians migrated to prefer the
MoCA over the MMSE.9 The MoCA, which was devel-
oped to identify patients with MCI, is better suited to
detect patients in early stages of neurocognitive disor-
ders (NCD).10 However, the MoCA might be too diffi-
cult for patients in advanced stages of NCD. Scale
conversion may facilitate the comparison and synthesis
of cognitive data, enhance collaboration between clini-
cians, and inform clinical and policy decisions in the
context of dementia.11 There are well-established
methods for scale conversions such as equipercentile
equating methods. This method was used in most pre-
vious studies3,12–24 and enables direct and easy com-
parison of scores.25 Some of these publications
provided an MMSE-MoCA conversion table.12–16,26

However, these studies were generally small sampled,
did not appropriately reflect the heterogeneity of
patients encountered in daily clinical practice and,
therefore, have limited generalizability. Thus, conver-
sions are needed that reflect the relationship between
MoCA and MMSE for a broad range of causes of cognitive
impairment as (a) patient populations are usually

heterogeneous; (b) the cause of cognitive impairment dur-
ing screening is unclear; and (c) comorbid diseases and con-
ditions are often present.17 Moreover, only a few studies
considered a bi-directional score equation.17,23–24,27–28 In
most score conversion studies the uni-directional MoCA to
MMSE translation was performed,3,9,12–16,19–21,26 which
leads to gaps and overrepresentations in the MMSE score
range, making it difficult to unambiguously assign an equiv-
alent MoCA score.18 Specifically, it was found that multiple
MMSE scores could correspond to one MoCA score at
higher levels of cognitive function, while one MMSE score
could correspond to multiple MoCA scores at lower levels
of cognitive function. For example, in a previous study,3

MMSE scores of 1, 3, 6, 8, 10, 12, 15, and 17 were absent
from the conversion table. Additionally, more than one

Key points

• Early and accurate detection of cognitive
changes using simple tools is essential for an
appropriate referral to a more in-depth neuro-
cognitive assessment and for the implementa-
tion of therapeutic strategies.

• The Mini-Mental Status Examination (MMSE)
and the Montreal Cognitive Assessment
(MoCA) are two commonly used tests for cog-
nitive screening and for an efficient and simple
way to track cognition over time.

• We provide an easy-to-use table covering the
entire ranges of both tools, which enables a
direct comparison of cognitive scores at screen-
ing examinations and over the course of neuro-
cognitive disorders.

Why does this paper matter?

Results from this study facilitate the comparison
and synthesis of cognitive data from multicenter
and longitudinal cohort research and thereby will
enhance the communication between and within
clinical and research settings.
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MoCA value corresponded to each of the MMSE scores
20, 22, 24, 26, 27, 28, 29, and 30. Thus, these scores were
overrepresented. In order to promote the MoCA in clinical
practice as a brief cognitive screening test in different
domains and to facilitate interpretation of results, several
authors recommend translating the full range of MoCA and
MMSE scores in the future to make them comparable.3,18

Additionally, the majority of previous studies originated
from English-speaking samples,9,12–16,19,22,26–27 while only a
few conversion studies were based on German-speaking
participants.3,16 At present, no study has attempted to com-
pile a comprehensive bi-directional MoCA-MMSE conver-
sion based on all currently available studies. Thus, we
aimed to create tables allowing for the conversion of MoCA
scores into MMSE scores and vice versa.

METHODS

Participants

In this retrospective observational cohort study,
German-speaking patients were referred for neuropsy-
chological assessment to the outpatient Memory Clinic
at the University Department of Geriatric Medicine
FELIX PLATTER, Basel, Switzerland (clinicaltrials.gov,
Registration No. NCT03581643). The local ethics com-
mittee (Ethikkommission Nordwest- und Zentralsch-
weiz [EKNZ]) approved the study (N! EKNZ 2018-00737).
The study was conducted in accordance with the most
recent version of Declaration of Helsinki. Inclusion criteria
were: (a) education ≥7 years; (b) fluent in the German

TABLE 1 Demographic characteristics, clinical test scores, and diagnoses

Group NF Mild NCD Major NCD Total

n 118 329 356 803

Age in years 63.1 (13.4) 66.6 (13.8) 77.5 (9.8) 71.0 (13.5)

Range 19–88 19–91 19–92 19–92
Education in years 14.4 (3.0) 12.7 (2.9) 11.9 (2.9) 12.6 (3.0)

Range 8–20 7–20 7–20 7–20
Female % 45.8 51.1 57.6 53.2

MMSE score 29.2 (1.0) 27.6 (2.1) 23.9 (3.6) 26.2 (3.5)

Range 26–30 19–30 6–30 6–30
MoCA score 27.0 (2.1) 23.2 (3.8) 17.7 (4.2) 21.3 (5.2)

Range 20–30 12–30 2–30 2–30
Diagnoses %

Alzheimer's disease - 16.4 77.8 48.3

Vascular disease - 6.4 0.6 3.4

Frontotemporal lobar degeneration - 2.4 2.5 2.5

Lewy Body disease - 0.3 1.4 0.9

Parkinson's disease - 1.5 0.6 1.0

Traumatic brain injury - 0.9 0.6 0.7

Brain tumor - 0.9 0.6 0.7

Substance and/ or medication use - 1.8 1.1 1.5

Epilepsy - 1.2 0.6 0.9

Multiple sclerosis - 4.9 2.0 3.4

Depression - 8.5 0.6 4.4

Multiple etiologies - 13.1 5.1 8.9

Other - 15.2 3.1 8.9

Unspecified - 26.4 3.7 14.6

Note: Demographic data and clinical test scores are presented as mean (SD). Clinical diagnoses are presented as percentages. Years of education was defined as
the total number of years in school plus any professional education (not counting years needed to repeat). The maximum education was set at 20 years. In case
of multiple specialized educations, only the longest one was counted.
Abbreviations: MMSE, mini mental status examination; MoCA, montreal cognitive assessment; NCD, neurocognitive disorder; NF, normal findings.
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language; (c) initial neuropsychological testing in a clinical
setting. This criterion was chosen to minimize the influ-
ence of learning effects from repeated testing on the rela-
tionship between MoCA and MMSE29 and (d) availability
of comprehensive neuropsychological assessment. Patients
were excluded when cognitive performance was not val-
idly quantifiable. Overall, 685 patients with mild or major
NCD and 118 individuals with normal findings (NF) were

included between March 2017 and May 2019. Table 1
depicts the demographic characteristics.

Procedures

All patients underwent comprehensive neuropsychologi-
cal and medical assessments within the clinical setting.30

FIGURE 1 PRISMA flowchart for the selection of studies for the comprehensive MoCA-MMSE conversion table. *Including the current
conversion study with 803 patients from the Memory Clinic FELIX PLATTER, Switzerland.
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For this, patients were assessed in the following order:
(1) detailed patient and medical history; (2) neuropsycho-
logical screening including the MMSE and the clock
drawing test; (3) the official German translation of the
MoCA (Version 7, November 2004; http://www.mocatest.
org); (4) assessment of symptoms of depression (15-item
Geriatric Depression scale (GDS)31 or Beck Depression
Inventory (BDI))32 and (5) one of two comprehensive
neuropsychological test batteries assessing the patients'
cognitive functioning, which have been described in
detail elsewhere.33 Briefly, for higher functioning patients
the challenging battery was used and the standard battery
for more impaired patients. A decision tree for choosing
the appropriate neuropsychological battery is provided in
Figure S1 (see Supplemental Material). The main differ-
ence in the two test batteries consists in the instruments
assessing verbal and visual episodic memories. The com-
prehensive neuropsychological test battery was adminis-
tered at the end of the assessment to avoid possible
interference effects with the MoCA. Additionally, all
patients were administered in a strictly standardized
manner the MMSE followed by the MoCA (same version
always, no alternate versions) on the same day to mini-
mize extraneous influences upon cognitive performance
at testing. Furthermore, the item concerning orientation,
which is included in the MMSE as well as in the MoCA,
was not performed twice in the same session. This means
that if the patient answered the item in the MMSE incor-
rectly, it was also considered as incorrect in the MoCA.
This also applied for correct answers. Education-adjusted
MoCA scores (i.e., an additional point, when years of educa-
tion was ≤12 years) were used for all analyses. Diagnostic
consensus was reached in weekly held interdisciplinary
diagnostic conferences of geriatricians, neurologists, neuro-
psychologists, psychiatrists, neuroradiologists, and nuclear

medicine specialists within the clinical setting. The diagno-
ses were based on the Diagnostic and Statistical Manual of
Mental Disorders (DSM-5).10

Comparison with international
MoCA-MMSE conversions

For the comparison of international MoCA-MMSE con-
versions, a systematic literature search was performed to
identify relevant studies. The selection criteria and
detailed search strategy are included as Supplementary
Text under Systematic Literature Review (see Text S1).
Figure 1 shows details of the selection process in the
PRISMA flowchart.

Statistical analysis

Score conversion

Patients' demographic characteristics, diagnoses, and
MoCA and MMSE scores of the Memory Clinic sample
were computed. The correlation between MoCA and
MMSE scores were evaluated using Spearman's coeffi-
cient. In accordance with previous studies, we used the
equipercentile equating method to develop a score con-
version table between the MoCA and the MMSE (and
vice versa).12–15,25 A detailed explanation of this method
is provided elsewhere.34 Briefly, scores from two different
measures are considered as equivalent within the same
population if their corresponding percentile ranks are
equal. For instance, if an individual with a score of 22 on
the MoCA achieves a percentile rank of 55%, this means
that 45% of individuals in that cohort performed better

FIGURE 2 Equipercentile equating
in MoCA and MMSE values in
803 patients from the Memory Clinic
FELIX PLATTER, Switzerland. MMSE
values are given in raw values. MoCA
values correspond to education-adjusted
values. The dotted lines indicate that
MoCA and MMSE values are set equal
when their corresponding percentile
ranks are equal. MMSE, mini mental
status examination; MoCA, montreal
cognitive assessment.

A COMPREHENSIVE TABLE OF EQUIVALENT SCORES 873

 15325415, 2023, 3, D
ow

nloaded from
 https://agsjournals.onlinelibrary.w

iley.com
/doi/10.1111/jgs.18124 by U

niversitaetsbibliothek Basel, W
iley O

nline Library on [16/03/2023]. See the Term
s and Conditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable Creative Com
m

ons License

http://www.mocatest.org
http://www.mocatest.org


(i.e., achieved a score of 23 or higher on the MoCA). In
the same cohort, the percentile rank distribution for
the MMSE may be different: Here, an individual might
score 27 and thus achieve the same percentile rank
(55%) because the MMSE is cognitively less demand-
ing. Thus, for both test scores in this example (MoCA:
22, MMSE: 27) 45% of the cohort performed above the
rank achieved by this individual. In this way, MoCA
scores are transformed to equivalent MMSE scores

(Figure 2). The strength of this method is that the
equated scores always fall within the range of possible
scores; which is not always true when using traditional
mean and linear equating methods. However, this
method can lead to an irregular distribution of scores.
We therefore implemented a log-linear transformation
to smooth the raw scores of MoCA and MMSE into a
regular distribution.3,12 This ensures a higher equating
accuracy. 95% confidence intervals (CI) were calculated

TABLE 2 Conversion table for MoCA and MMSE scores based on equipercentile equating with log-linear smoothing in 329 mild NCD,
356 major NCD, and 118 NF

MoCA score Equivalent MMSE 95% CI MMSE score Equivalent MoCA 95% CI

0 - - 0 - -

1 - - 1 - -

2 7 [2, 12] 2 - -

3 9 [3, 15] 3 - -

4 10 [5, 16] 4 - -

5 12 [6, 17] 5 - -

6 13 [8, 18] 6 2 ["1,4]

7 14 [10, 18] 7 2 ["1,5]

8 15 [12, 18] 8 2 ["1,6]

9 16 [14, 18] 9 3 ["1,7]

10 17 [15, 19] 10 4 [0,8]

11 18 [17, 19] 11 5 [1, 9]

12 19 [18, 20] 12 5 [1, 9]

13 20 [19, 21] 13 6 [3, 10]

14 21 [20, 22] 14 7 [4, 10]

15 22 [21, 23] 15 8 [6, 11]

16 23 [22, 23] 16 9 [7, 11]

17 24 [23, 24] 17 10 [8, 12]

18 25 [24, 25] 18 11 [10, 12]

19 25 [25, 26] 19 12 [11, 13]

20 26 [26] 20 13 [12, 14]

21 27 [26, 27] 21 14 [13, 15]

22 27 [27, 28] 22 15 [14, 16]

23 28 [28] 23 16 [15, 17]

24 28 [28, 29] 24 17 [17, 18]

25 29 [29] 25 19 [18, 19]

26 29 [29] 26 20 [19, 21]

27 30 [29, 30] 27 21 [21, 22]

28 30 [30] 28 23 [23, 24]

29 30 [30] 29 25 [25, 26]

30 30 [30] 30 28 [28, 29]

Note: MoCA was adjusted for the years of education (i.e., +1 point when years of education was ≤12 years).
Abbreviations: CI, confidence interval; MMSE, mini-mental status examination; MoCA, montreal cognitive assessment; NCD, neurocognitive disorder; ",
values were not reported.
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using 1000 bootstrap samples.35 The upper limit of the
95% CI was censored at 30/30 points to facilitate
clinical interpretation.17 All estimating scores were
rounded to the nearest integer, which restricted the
range of the score from 0 to 30. Analyses were per-
formed using R 3.6.3 software with its appropriate
packages (The R Foundation for Statistical Computing,
Vienna, Austria).34 Continuous variables are expressed
as means and standard deviations (SD) or median.
Categorical variables are expressed as percentages.

Data extraction and data synthesis of the
international MoCA-MMSE conversions

Key data were extracted from full-text studies by two
authors (JSF, ASW) using a standard template. The for-
mulas or tables for MoCA-MMSE conversion were
extracted from each study (including our own conversion
table) to build a comprehensive table in Excel (Microsoft,
Redmond, WA, USA) as follows: (1) a range of all equiva-
lent MMSE scores (min-max) was calculated for each

TABLE 3 Comprehensive conversion table for each possible MoCA and MMSE scores

Raw MoCA score

Equivalent MMSE score (N = 9425)

Raw MMSE score

Equivalent MoCA score (N = 4262)

Weighted mean score Range Weighted mean score Range

0 5 0–15 0 0 0–1
1 7 2–15 1 0 0–1
2 9 2–16 2 0 0–1
3 10 5–16 3 0 0–1
4 11 6–17 4 0 0–1
5 12 8–17 5 0 0–2
6 13 10–18 6 0 0–3
7 14 11–19 7 1 0–4
8 15 12–19 8 1 0–4
9 16 14–20 9 2 0–5
10 17 15–20 10 3 0–5
11 18 16–21 11 4 0–6
12 19 17–21 12 4 0–7
13 20 18–22 13 5 0–8
14 20 19–22 14 6 0–8
15 21 20–23 15 7 0–9
16 22 21–23 16 8 2–10
17 23 22–24 17 9 4–11
18 24 22–25 18 10 6–12
19 25 23–26 19 11 8–13
20 25 24–26 20 12 10–14
21 26 25–27 21 13 12–17
22 27 26–28 22 14 13–18
23 27 26–29 23 16 15–18
24 28 27–30 24 17 16–19
25 28 28–29 25 19 18–20
26 29 28–30 26 20 20–21
27 29 29–30 27 22 21–23
28 29 29–30 28 23 22–25
29 30 30–30 29 26 23–27
30 30 30–30 30 28 24–29

Abbreviations: MMSE, mini mental status examination; MoCA, montreal cognitive assessment.
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possible MoCA score; (2) the weighted mean method was
used to provide one single score across all studies. This
method took into account that some values contribute
more than others due to the underlying sample size. We
weighted the equivalent MMSE scores according to the
sample size of each study before calculating a sum score.
For the conversion from MMSE to MoCA, the same pro-
cedure as in step (1) and (2) was carried out.

RESULTS

Demographic and clinical characteristics

A detailed overview of patients' characteristics and test
scores are provided in Table 1. The Spearman rank corre-
lation coefficient between MoCA and MMSE total scores
was significant (rs = 0.80, p < 0.001).

Accuracy of converted scores

Table 2 demonstrates the score conversion from MoCA to
MMSE and vice versa. Data show that the 95% CI spans
3.24 MMSE points on average when predicting MMSE
from the MoCA. For MoCA scores ≥11 points, the 95%
CIs are much closer with 0–2 points in each direction
than in the lower score range with more than 6 points.
The MMSE to MoCA prediction is overall less accurate
with an average span of the 95% CI of 3.68 MoCA points.
For MMSE scores ≥18 points, the 95% CI included score
points between 1 and 2.

Conversion table

Figure 2 presents the plot of equipercentile equivalents of
MoCA and MMSE. For instance, a MoCA score of
22 points is equivalent to an MMSE score of 27 points,
with both of these scores falling at approximately the
same percentile rank of 55.

Comprehensive MoCA-MMSE conversion
table

Table S1 (see Supplemental Material) presents a detailed
overview of the demographic and clinical characteristics
of the included transformation studies. Table 3 shows the
comprehensive MoCA-MMSE conversion table. On the
left side of the table, each possible MoCA score is pre-
sented with its equivalent weighted mean MMSE score
and the range of equivalent MMSE scores. For instance, a

MoCA score of 25 points is equivalent to a MMSE score
between 28 and 29 points. The weighted mean MMSE
score is 28 points. The MMSE and their equivalent MoCA
scores (range and weighted mean score) are shown on
the right side of Table 3.

DISCUSSION

Conversion table

This study revealed a positive correlation with a strong
effect of MoCA and MMSE scores points. This is in line
with the existing literature,3,9,26 suggesting that both
tests measure similar aspects of cognitive performance.
However, a non-linear relationship was found between
the two tests (Figure 2). This is not surprising, as the
MMSE allocates more points for orientation (10 of
30 points) compared to only 6 of 30 points in the
MoCA. In contrast, the MoCA places greater emphasis
on visuospatial domains (4 of 30 points) compared to
only 1 of 30 points with the MMSE.7 As previously
reported,14 our data also showed a pronounced ceiling
effect of the MMSE (Table 2). MoCA scores ≥21 points
were translated into MMSE scores of 27–30 points, cor-
responding to the range of normal cognition in the
MMSE. Overall, MoCA scores are consistently lower
than MMSE scores, because visuospatial and executive
domain items may be more difficult for most partici-
pants than items assessing orientation. This is consis-
tent with other existing conversion tables.3,12,17–18

Previous studies documented lower reliability for the
MMSE-MoCA conversion than for the reverse equa-
tion.17,36 In the present analysis, prediction of MoCA
scores from MMSE data was also less accurate. Overall,
the MMSE-MoCA conversion table presented here rep-
licates existing tables for clinically heterogeneous sam-
ples with different neurodegenerative17,24 and
neurological diseases.3 As previously reported,3,17 the
distribution of MoCA and MMSE scores was left-
skewed, indicating the comparatively lower number of
patients with severe cognitive impairment. Conversion
scores in the lower score range should therefore be
interpreted with caution, due to wide 95% CIs. In con-
trast with previous studies,3,17 we could determine
conversions for MoCA scores above 1 point and MMSE
scores above 5 points based on actual data. This
increases the generalizability of MoCA-MMSE conver-
sion in clinically heterogeneous patient populations.16

In addition, we used education-adjusted MoCA scores,
since previous research found that MoCA scores are
affected by education as the strongest non-cognitive
factor.6
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Comprehensive MoCA-MMSE conversion
table

The 19 studies included from the literature show that
MoCA scores are consistently lower than MMSE scores.
Eleven3,9,12–16,19–21,26 of 19 conversion studies have
addressed the conversion from MoCA to the MMSE,
while two studies18,22 have converted MMSE to MoCA
scores. Another six studies17,23–24,27–28,36 have provided
bi-directional conversions. The studies differed in the
demographic and diagnostic composition of the patient
cohort (see Table S1), making a direct comparison diffi-
cult. However, our review of existing MoCA-MMSE con-
version tables suggested a high level of agreement for the
higher score range. In the lower score range, both conver-
sions showed a larger difference between the equivalent
scores of the individual studies. Therefore, conversions in
the lower part of the tests must be used with caution and
the range should serve as a measure of uncertainty. Addi-
tionally, when applying the comprehensive MMSE-
MoCA conversion table we recommend using the
weighted mean, where each data point contributes
equally to the final mean. However, there are various
explanations for the large difference of equivalent scores
in the lower score range: First, the number of patients
with severe cognitive impairment was low in some stud-
ies, which increases the risk for sampling errors and
reduces equating accuracy.25 Three studies have reported
extrapolated data for equivalent MMSE scores for raw
MoCA scores <103,13 points or <8 points.16 Other studies
did not mention whether extrapolations have been made
in the lower score range to correct for scarcity of
data.9,12,14–15,18–19,21,23–24,26–28 Second, different statistical
conversion methods have been used. Scale equating using
linear regression analysis does not adequately represent
test-to-test differences in difficulty that vary along the
scores,9,27 which can reduce prediction accuracy, particu-
larly in the lower and upper score ranges. In addition,
the equivalent scores do not fall within a range of possi-
ble scores, as is the case with the equipercentile equating
method.14 Equivalent MMSE scores >30 points9,27 and
equivalent MoCA scores <027 must be set to 0/0 points
and 30/30 points to facilitate clinical interpretation.
Another point to mention is, that the majority of existing
studies provide conversion tables for specific patient
populations.12–14,16,18–19,27,36 This is based on the assump-
tion that the association between MoCA and MMSE is
expected to differ between patients with primarily mnes-
tic disorders and patients with executive dysfunction,
since executive functions are not assessed in the
MMSE.13,17,24 It is possible that etiology-specific conver-
sion tables are more reliable when the cause of the cogni-
tive disorder is known.24 A previous study demonstrated

that the association between MoCA and MMSE is
influenced by clinical diagnosis.17 Nevertheless, the
majority of authors have concluded that their results are
comparable to previously published tables.3,13,17,26 Addi-
tionally, it has been shown that tables created in patients
with Parkinson's disease are comparably valid for use in
patients with other causes of cognitive impairment.37

Moreover, since screening procedures are only a snapshot
of cognitive performance, variations in scores are possible
due to factors other than etiology, such as fatigue, moti-
vation, and anxiety.

The overview of existing conversion tables suggests
that the ranges of equivalent scores (min-max) overlap
across the scale range and are consistent with the conver-
sions published to date.

Our study is not without limitations. First, the dis-
tribution of MoCA and MMSE scores in the current
Memory Clinic sample was left-skewed, consistent
with previous studies.3,13 As previously highlighted,
this increases the risk for sampling errors. Obtaining
conversion scores based on actual data for MoCA
scores <6 points is problematic from a practical and
ethical perspective. Patients with such advanced cogni-
tive impairments are rarely included in research.16 Sec-
ond, 48.3% of the current Memory Clinic sample were
patients with Alzheimer's disease, potentially limiting
clinical heterogeneity. However, this is not very likely
to be clinically relevant, given that Alzheimer's disease
is the most common cause of dementia, and thus, the
most frequently encountered diagnosis in clinical prac-
tice. Third, according to standard institutional proce-
dures30 MMSE was performed followed by the MoCA
in a strictly standardized manner and in the same order
in all patients at our Memory Clinic. This may lead to a
bias in MMSE-MoCA conversion.17 Nevertheless, our
results are comparable to a previous study, where the
test administration did not take place in a fixed order
to prevent exhaustion effects.36 Fourth, the MMSE and
MoCA in this study were both administered in a spe-
cific language and in specific versions, which can lead
to a limited generalizability. However, the generaliz-
ability of the score conversion compared with other
languages seems to have some consistency.17,20–21 But
for a more in-depth look, further research is needed in
this regard, as this was beyond the scope of our paper.
Fifth, MoCA and MMSE data were collected from base-
line neuropsychological assessments. Since brief cogni-
tive tests are also used in clinical practice to assess
disease progression, the association between MoCA
and MMSE should also be studied in patients with
follow-up assessments to consider potential learning
effects.17 A previous study demonstrated that the corre-
lation of MoCA and MMSE did not differ significantly
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between baseline and follow-up examinations.19 Never-
theless, this finding should be replicated in further
studies.
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Supplementary Text S1. Systematic Literature Review 

We performed a systematic review of existing MoCA-MMSE conversions using common online 

databases. Additional topic relevant publications were identified by screening reference lists of 

corresponding articles. The final systematic search was conducted on August 30, 2022. The search 

strategy required that the title or abstract contained at least one keyword of the following combinations: 

Montreal Cognitive Assessment, MoCA, Mini Mental State Examination, MMSE and conversion, 

convert, equation, equating, equate, crosswalk. There was no restriction in the year of publication. Three 

reviewers (JSF, ASW, SK) independently screened titles and abstracts. The identified studies were 

reviewed based on their full texts. Studies were included if they: (a) used the original versions of the 

MoCA and the MMSE (including translations); and (b) used either the MoCA or MMSE test as a 

reference scale to derive a conversion algorithm to allow unambiguous and direct assignment of scores. 

Exclusion criteria were: (a) modified test versions, such as short or literacy versions or versions with 

linguistic and cultural adaptations; (b) validation studies of previous conversions without additional 

contribution.  
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ABSTRACT 

Background: Longitudinal association studies of atrial fibrillation (AF) and cognitive functions have 

shown inconsistent results and an unclear role of AF-type. We therefore aim to investigate longitudinal 

changes in cognitive functions in association with AF-type (non-paroxysmal versus paroxysmal) and 

comorbidities in the Swiss-AF cohort. 

Methods: 2,415 AF patients (mean age 73.2 years; 1,080 paroxysmal, 1,335 non-paroxysmal AF) 

participated in this Swiss multicenter prospective cohort study. Seven cognitive measures were 

administered up to five times. Age-education standardized scores were calculated and association between 

longitudinal change in scores and baseline AF-type investigated using linear mixed-effects models. 

Associations between AF-type and time to cognitive drop, an observed score of at least one standard 

deviation below individual’s age-education standardized cognitive scores at baseline, were studied using 

cox proportional hazard models of each cognitive test, censoring patients at their last measurement. Models 

were adjusted for baseline covariates. 

Results: Mean cognitive scores increased longitudinally (median follow-up 3.97 years). Non-paroxysmal 

AF patients showed smaller longitudinal increases in DSST, CoCo and TMT-B scores versus paroxysmal 

AF patients. Diabetes, history of stroke/TIA and depression were associated with worse performance on all 

cognitive tests. No differences in time to cognitive drop were observed between AF-types in any cognitive 

test. 

Conclusion: We found a longitudinal increase in cognitive performance in AF patients, which was 

presumably explained by a learning effect that was less pronounced in non-paroxysmal AF patients, 

specifically in processing speed and executive functions. Time to cognitive drop was not associated to AF-

type on any scores. We found some evidence for diabetes, history of stroke/TIA and depression being 

associated with faster cognitive decline in AF patients. 

 



 
 

Introduction 
 
Atrial fibrillation (AF) is the most common cardiac arrhythmia affecting people of all ages [1, 2]. As its 

incidence and prevalence increase with age, it is estimated that about 17.9 million adults aged over 55 years 

in 2060 will experience AF in the European Union [3]. Adjusting for age and predisposing conditions, AF 

has been associated with an increased risk of stroke [4], heart failure [5], and death [6, 7]. In addition, 

previous studies suggested an association between AF and cognitive functioning based on the increased 

risk for cerebral ischemia and stroke associated with AF [8–14].  

Independent from other risk factors, a correlative study described an association between AF and a 

greater cognitive decline over 20 years in people with AF compared to people without AF [15]. Concerning 

the affected cognitive domain, AF has been associated with poorer performance and longitudinal decline in 

executive functions [16]. However, results on the relationship between AF and cognitive functioning have 

been challenged. While AF has been identified as a predictor of cognitive decline after five years, the 

association could not be confirmed at ten years of follow-up (FU) [8]. Furthermore, no change in cognitive 

functioning in a cohort of people with AF over a 36-months period was found even when comparing 

cognitive functions between AF patients and controls, or, AF patients treated with anti-thrombotic therapies 

[17].  

Several reasons could account for these inconsistencies in the relationship between AF and 

cognitive change. First, studies differ in methodological aspects such as sample size, duration of follow-up 

periods and statistical methods, as well as with respect to the assessments of cognitive performance [1, 14]. 

Second, inconsistent results in the relationship between AF and cognitive change have been reported when 

adjusting for comorbidities. On the one hand, it has been described that patients with AF and a history of 

stroke have an increased risk for cognitive decline compared to patients without history of stroke [18], 

independently of shared comorbidities such as hypertension and diabetes. On the other hand, it has been 

described that patients with AF have an increased risk for cognitive decline independently of history of 

stroke [13, 15, 19, 20]. Finally, it has been shown that next to increasing age, the prevalence of heart failure, 

hypertension, diabetes, coronary artery, and cerebrovascular diseases increases with progression from 



 
 

paroxysmal to non-paroxysmal (persistent or permanent) AF subtype [21]. However, the relationship of AF 

subtype and cognitive change has not been investigated [1]. 

Although the progression of AF and the development of cognitive decline share common risk 

factors [1], the association of AF and its subtypes with change in cognitive function, as well as the possible 

effects of comorbidities, are still not fully understood. Additionally, it is unknown if non-paroxysmal AF, 

characterized as persistent or permanent and with increased symptom severity, is more involved in change 

of cognitive function than paroxysmal AF [22]. Thus, longitudinal studies are needed that investigate the 

association between AF subtype and longitudinal change in cognitive function. In the Swiss-AF Cohort, 

we aim to investigate the association of AF subtype and change in cognitive functions over time in patients 

with AF, while accounting for comorbidities, using an extensive assessment of cognitive functioning with 

validated tests assessing multiple cognitive domains. Specifically, we aim to (1) describe the development 

of longitudinal cognitive functioning in a typical Swiss population of patients with AF; (2) assess whether 

changes of cognitive functions are associated with AF-type (i.e., paroxysmal or non-paroxysmal) and (3) 

describe the frequency of cases of cognitive drop over time, defined as an observed score of at least one 

standard deviation (SD) below the individual’s age-education standardized cognitive test scores at baseline 

and assess the association with AF-type and comorbidities. 

 

 

Materials and Methods 

Study sample 

The Swiss Atrial Fibrillation Study (Swiss-AF; NCT02105844) is an ongoing prospective, multicenter, 

observational, national cohort study in primarily elderly individuals with AF focusing on the 

interrelationships of AF and AF progression with structural and functional brain damage over time. Details 

about the sampling method and selection process are described elsewhere [23–25]. Briefly, a total of 2,415 



 
 

subjects with a history of AF at baseline (BL) [23] were recruited by comprehensive screening of in- and 

outpatients in 14 participating centers in Switzerland between 2014 and 2017 and by contacting general 

practitioners in the area. Main inclusion criteria were age 65 years or older (with the exception of additional 

315 patients aged between 37 and 65 years, which were enrolled to assess socio-economic aspects of AF in 

the working population) and presence of either paroxysmal or non-paroxysmal AF according to the 

guidelines of the European Society of Cardiology [26]. 87% of patients included in the present analysis 

were 65 years or older (n=2,100). Paroxysmal AF was defined as self-terminating AF lasting <7 days, did 

not require cardioversion and was documented at least twice within the past 5 years [26]. Persistent AF was 

defined as AF sustained for at least 7 days and/or AF requiring cardioversion, documented within the past 

5 years by electrocardiography (ECG) or rhythm monitoring devices [26]. Permanent AF was defined as 

AF in which cardioversion therapy failed or was not attempted [26]. For the current study, participants were 

categorized as having paroxysmal and non-paroxysmal (including persistent and permanent) AF. Details 

about the assessment of AF-type are described in a previous publication [27]. Briefly, the local study 

investigator determined AF-type during the baseline visit based on all available clinical patient data over 

the years before enrollment, documented by medical records, ECG, and/or rhythm monitoring device. We 

excluded patients who were unable to provide informed consent, had any acute illness within the last 4 

weeks or indicated only secondary, reversible episodes of AF (e.g., after cardiac surgery or severe sepsis). 

Regarding the integrity of cognitive abilities, no further requirements were defined since we aimed to 

establish a representative large sample of elderly patients with diagnosed AF. 

 

Study procedures 

Trained study personnel collected all data in a standardized manner. Specifically, a training video for the 

cognitive assessment was made available for all investigators at all sites. At enrollment, participants 

underwent a clinical examination and cognitive assessment. Detailed information on personal 

characteristics, risk factors and comorbidities were obtained through standardized case report forms (CRF). 



 
 

The study was approved by the local Ethics Committee–Ethikkommission Nordwest- und Zentralschweiz 

(EKNZ number: PB_2016_00793) and conducted in accordance with the Declaration of Helsinki. All 

subjects gave written informed consent before participation. Patients or the public were not involved in the 

design, or conduct, or reporting, or dissemination plans of our research. In the current analysis, we 

considered patients who were administered at least one cognitive test at baseline only or at any of the 

planned follow-up visits within 4 years (+50 days). Four yearly follow-up visits were planned per patient. 

The data for this analysis reflects the status of the Swiss-AF data base as on May 13, 2022, in which all 

patients were enrolled in the cohort for at least 4 years.  

 

Assessment of cognitive function 

The cognitive test battery consisted of five validated, widely used cognitive tests administered at each 

follow-up. The test battery included the Montreal Cognitive Assessment (MoCA) [28], Trail Making Test 

Part A (TMT-A) [29] Trail Making Test Part B (TMT-B) (TMT results calculated as number of correct 

connections per second) [29], Semantic Fluency test (SF) [30] and the Digit Symbol Substitution Test 

(DSST) [31], described in detail elsewhere [25]. All cognitive tests were administered in a paper-pencil 

format or, during the coronavirus disease 2019 (COVID-19) pandemic, in part (i.e., MoCA and SF) by 

telephone. Cognitive tests were administered in the main national languages of Switzerland, depending on 

patient’s mother tongue (i.e., 72,4% German, 11,9% French and 10,2% Italian), except for the TMT and 

the DSST, which are language-independent tests. Table S1 in the supplement provides an overview of the 

neuropsychological test battery, which consists of 17 outcome variables. The standard MoCA total score 

was calculated [28]. MoCA results administered by telephone (n=221) were discarded, since these results 

do not reflect the in-person test. Additionally, two derived cognitive measures were used, i.e., the ratio 

TMT-B / TMT-A and the Cognitive Construct (CoCo) derived from the total of 17 items comprised in the 

five validated neuropsychological tests used in the Swiss-AF cohort study. A previous study of the group 

has shown that using the CoCo score increased measurement sensitivity and allows to detect subtle changes 



 
 

in cognitive function [25]. Cognitive drop was defined as an observed score of at least one SD below the 

individual’s age-education standardized cognitive test scores at baseline [32]. All scores of the cognitive 

tests were standardized by age and years of education, which were used in all analysis to describe within-

patient trajectories over time from the first visit and to compare cognitive functioning stratified by AF-type. 

For all cognitive tests, positive values represent better results. 

 

Additional variables  

Socio-demographic measures including age, sex and education (years) were obtained through standardized 

CRFs. Health behavior including smoking (yes/no) was collected from patients’ self-reports. Chronic 

disease included history of diabetes (yes/no), history of hypertension (yes/no), history of stroke or transient 

ischemic attack (TIA) (yes/no) were self-reported from the patients as well as verified by medical records. 

Use of medication for cardiovascular disease (anticoagulants drugs) (yes/no) and glomerular filtration rate 

(GFR) (milliliter/minute) was collected from medical reports. Depression (yes/no) was assessed with the 

Geriatric Depression Scale (GDS; range 0-15, a value ≥5 indicating depression) [33]. 

 

Statistical analyses 

Available information for each patient from baseline until follow-up 4, or until loss to any FU was used. 

Missing data were not imputed and patients with missing baseline covariates were excluded from the 

analysis. Due to the exploratory rather than confirmatory nature of the study, all results are presented as 

estimated effect sizes with 95% confidence intervals (CI). Continuous baseline characteristics are described 

via the mean and standard deviation or, if strongly skewed, using the median and interquartile range (IQR); 

frequencies and percentages are listed for categorical characteristics. All analyses were performed using 

the statistical software R version 4.2.2. The association between AF-type and evolution of cognitive 

functioning was assessed using linear mixed effects models with the age-education standardized cognitive 

score (see description in Text S1) as outcome and the time since first measurement, AF subtype and the 

interaction between them as fixed effects. To acknowledge the possibility of a practice effect, which seemed 



 
 

largest between the first and second measurement [34], we added an additional variable, indicating whether 

it was the first measurement (yes/no). Time since first measurement was added to the model as a random 

slope, and random intercepts for each patient, nested within study center, were included. Separate models 

were constructed for each of the above-mentioned outcome measures. Model diagnostics were performed 

by examination of residuals. The association between AF-type and relevant cognitive drop was assessed 

using Cox proportional hazard models stratified by study center. Patients were censored at the last measured 

value (i.e., the last visit during which the cognitive test was performed) in case of death or drop out, or their 

administrative fourth follow-up, in case the patient had more follow-up visits available. Only the first drop 

in cognition per patient was considered for analysis. The analyses assumed that missing cognitive 

assessments were not associated with the event of cognitive drop (see section sensitivity analyses). The 

proportional hazard assumption was tested and the Schoenfeld residuals were visually inspected as model 

diagnostics. For none of the models we found strong deviations from this assumption. 

 

Subgroup, sensitivity and posthoc analyses  

To assess subgroup effects by sex, history of stroke, smoking status, or for patients with and without 

diabetes, hypertension, or depression are necessary, an interaction between each covariate of interest and 

AF subtype for each model was tested. For covariates with a signal of an interactive effect with AF subtype 

(interaction term p-value <0.05), we repeated the analyses in each level of the covariate (e.g. smokers versus 

non-smokers). The robustness of our previous assumptions was tested in several sensitivity analyses. First, 

we evaluated the assumption of the linear development of cognitive functioning over time, using scatter 

plots with local estimated scatterplot smoothing (LOESS) curves fit to describe the development over time 

for each of the cognitive tests. Second, we evaluated the appropriateness of the definition of cognitive drop 

at >1 SD decrease by using an arbitrary >1.5 SD for relevant cognitive drop and comparing the results. 

Lastly, the potential extent of an attrition bias was investigated by repeating the analyses using the analysis 

set which included all patients who were still part of the cohort after FU4, and who were able to perform at 

least one of the cognitive tests at FU4 (SF) with the patients who dropped out before or did not do cognitive 



 
 

tests at FU4. Furthermore, taking losses to follow-up as (potentially) informative censoring events, we 

repeated the analysis using linear mixed effects models incorporating patients’ inverse probability of 

censoring weights (IPCW) and comparing the results with the models from the main analysis. Due to the 

consistent relatively high estimates of three covariates (i.e., history of diabetes, depression, and history of 

stroke/TIA) on all cognitive tests we performed the above-described linear mixed effects as post hoc 

analyses to assess whether these variables were associated with an increase over time on one representative 

cognitive score (i.e., MoCA). The association of these covariates with cognitive drop are already explained 

in the above-described Cox-models. 

 

 

Results 

Patients’ characteristics 

Baseline characteristics are shown in Table 1. At study enrollment, mean age was 73.2±8.4 years, 27.4% 

of participants were women, and 90.4% were anticoagulated. 44.7% of the 2,415 included participants had 

paroxysmal AF, whereas 55.3% had non-paroxysmal AF.  

 

 

 

 

 

 

 

 



 
 

Table 1 Baseline characteristics 

 Overall Paroxysmal Non-paroxysmal 
n 2,415 1,080 1,335 
Age (years) 73.2 (8.4) 72.5 (8.5) 73.9 (8.3) 
Sex = female (%) 662 (27.4) 345 (31.9) 317 (23.7) 
Education groups (%)    
     Basic* 288 (11.9) 130 (12.0) 158 (11.9) 
     Middle* 1,197 (49.6) 531 (49.2) 666 (50.0) 
     Advanced* 926 (38.4) 418 (38.7) 508 (38.1) 
Education (years) 12.93 (3.2) 13.05 (3.3) 12.84 (3.2) 
History of stroke/TIA (%) 480 (19.9) 235 (21.8) 245 (18.4) 
History of diabetes (%) 422 (17.5) 173 (16.0) 249 (18.7) 
History of hypertension (%) 1,691 (70.0) 721 (66.8) 970 (72.7) 
Depression (%) 200 (8.3) 84 (7.8) 116 (8.7) 
Oral anticoagulation medication (%) 2,182 (90.4) 932 (86.3) 1,250 (93.6) 
GFR (ml/min.) 59.29 (19.1) 60.98 (19.9) 57.94 (18.3) 
Active smoker (%) 175 (7.3) 87 (8.1) 88 (6.6) 
Data are presented as mean (± SD) or counts (percentages). GFR: glomerular filtration rate; min.: 

minutes; ml: milliliter; TIA: transient ischemic attack; *Basic education: ≤6 years (less than 

compulsory education curriculum); middle education: 6 to ≤12 years (high school or similar); 

advanced education: ≥12 years (college or university degree). 

 

 

For 2,358 participants data on all cognitive measures was available at baseline. The median FU was 3.97 

years. Table S2 presents the number of missing tests per visit. The number of missing test results gradually 

increased over the FU visits, being greater than 46% at FU4 for all cognitive tests except for SF. An 

overview of the number of cognitive tests completed per patient during each visit is available in Table S3. 

The number of performed cognitive assessment for MoCA, TMT-A, TMT-B, SF and DSST as well as for 

the two derived scores CoCo and TMT-B/TMT-A at baseline and at FU1-4 are provided in Table 2. The 

main reason for dropouts between BL-FU3 were (1) patient could not be reached (n=23); (2) consent was 

withdrawn (n=99); (3) death (n=253); (4) loss to follow-up / FU4 visit >50 days after 4 year mark (n=109). 

For a detailed overview, see Table S4. The reasons why cognitive assessments were missed or excluded 



 
 

from the analysis were a constrained test situation or motivation, present incident of participant (e.g., health 

issue, emotional or mental incident), cognitive inability to perform the test, due to dropout or death or errors 

of administration by the examiner. 

 

 

Table 2 Cognitive scores over the course of the study 

 Baseline* Follow-up 1 Follow-up 2 Follow-up 3 Follow-up 4 

 n Mean 
(SD) 

n Mean 
(SD) 

n Mean 
(SD) 

n Mean 
(SD) 

n Mean 
(SD) 

MoCA 2,402 24.9 
(3.2) 

2,108 25.5 
(3.2) 

1,889 25.9 
(3.3) 

1,531 26.3 
(3.2) 

990 26.5 
(3.2) 

SF 2,408 18.9 
(5.4) 

2,116 19.5 
(5.7) 

1,902 19.7 
(5.8) 

1,688 20.1 
(6.1) 

1,460 20.2 
(6.4) 

TMT-A 2,393 0.5 
(0.2) 

2,106 0.6 
(0.2) 

1,891 0.6 
(0.2) 

1,533 0.6 
(0.2) 

991 0.6 
(0.2) 

TMT-B 2,380 0.2 
(0.1) 

2,097 0.2 
(0.1) 

1,879 0.2 
(0.1) 

1,524 0.2 
(0.1) 

982 0.3 
(0.1) 

TMT B/A 2,380 0.4 
(0.2) 

2,097 0.4 
(0.2) 

1,876 0.4 
(0.2) 

1,523 0.4 
(0.2) 

982 0.4 
(0.1) 

DSST 2,396 43.6 
(14.3) 

2,096 45.1 
(14.9) 

1,871 45.9 
(15) 

1,520 47.6 
(15.2) 

987 48.2 
(15.6) 

CoCo 2,359 0  
(0.5) 

2,080 0   
(0.5) 

1,850 0.1 
(0.6) 

1,502 0.1 
(0.6) 

976 0.2 
(0.6) 

Data are presented as mean (± SD) or counts (percentages). CoCo: Cognitive construct; DSST: Digit Symbol 

Substitution Test; MoCA: Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; TMT-A: 

Trail Making Test A; TMT-B: Trail Making Test B (number of correct connections per second); TMT B/A: 

ratio of Trail Making Test B/ Trail Making Test A. 

*n=2,415 

 

 



 
 

Development of cognitive functioning over time  

The mean score for each of the cognitive tests increased over time, which is displayed in Table 2 and 

visualized in Figure 1. Development over time for AF-type is displayed in supplementary material 1: 

Figures S1-S2. 

 

 

Figure 1 Spaghetti plots showing the evolution of the cognitive functioning over time (until FU4) for each 

of the age-education standardized cognitive measures for all AF patients. CoCo: Cognitive construct; 

DSST: Digit Symbol Substitution Test; MoCA: Montreal Cognitive Assessment; SF: Semantic Fluency 

Test, animals; TMT-A: Trail Making Test A; TMT-B: Trail Making Test B; TMT B/A: ratio of Trail 

Making Test B/ Trail Making Test A. 

 

 

 

 



 
 

Cognitive development as a function of time and AF type 

Based on visual inspection of the results, including fitting a LOESS curve for each endpoint (Figure S3), 

we accepted the assumption of a linear development of cognitive functioning over time. The age-education 

standardized score increased over time for the MoCA, SF, TMT-A, TMT-B, DSST and CoCo. Undertaking 

a cognitive test for the first time was estimated to differ from the mean of repeated undertakings by -0.09 

units 95% CI [-0.13, -0.05] for the MoCA score, -0.07 units [-0.12, -0.03] for the SF score, -0.11 units [-

0.16, -0.06] for the TMT-A score; -0.06 units [-0.11, -0.02] for the TMT-B score; -0.04 units [-0.07, -0.01] 

for the DSST score and 0.05 units [0.02, 0.08] for the CoCo score. The 95% CI for the interaction between 

AF-type and time laying completely below 0, suggested that the development in standardized TMT-B, 

DSST and CoCo score depended on AF-type, after adjustment for all covariates in the model. The point 

estimate of the interaction term suggested a smaller yearly increase in the DSST (0.07 compared to 0.09), 

CoCo score (0.11 compared to 0.14) and TMT-B (0.10 compared to 0.13) in patients with non-paroxysmal 

AF compared to patients with paroxysmal AF. For the other remaining cognitive tests, we found no 

interaction effect between AF-type and time, suggesting that the development in age-education standardized 

of the MoCA, SF, TMT-A and the TMT-B/TMT-A scores over time is not associated with AF-type. An 

overview is presented in Table 3. 

 The covariates depression, history of stroke or TIA and diabetes appeared to be associated with 

worse scores for all 7 standardized cognitive outcomes (Figure 2). An overview of the estimates and 

corresponding 95% CI for all variables in the linear fixed effects model describing the association between 

AF-type and the development of cognitive functioning in each cognitive test is presented in supplementary 

material 1: Tables S5-S11. 

 

 

 

 



 
 

Table 3 Estimates with 95% CI for all 7 cognitive tests. The results for each covariate represent the effect 

after adjusting for all other variables in the model 

Test Variable Estimate 95% CI 

MoCA AF-type (non-paroxysmal over paroxysmal) -0.06 [-0.14, 0.01] 

 Time (years) 0.09 [0.06, 0.12] 

 AF-type*Time Interaction -0.01 [-0.04, 0.01] 

SF AF-type (non-paroxysmal over paroxysmal) -0.03 [-0.10, 0.05] 

 Time (years) 0.03 [0.00, 0.05] 

 AF-type*Time Interaction 0.01 [-0.02, 0.03] 

TMT-A AF-type (non-paroxysmal over paroxysmal) -0.06 [-0.14, 0.02] 

 Time (years) 0.09 [0.07, 0.12] 

 AF-type*Time Interaction -0.01 [-0.04, 0.01] 

TMT-B AF-type (non-paroxysmal over paroxysmal) -0.03 [-0.11, 0.05] 

 Time (years) 0.10 [0.07, 0.13] 

 AF-type*Time Interaction -0.03 [-0.05, -0.00] 

TMT-B/A AF-type (non-paroxysmal over paroxysmal) 0 [-0.07, 0.07] 

 Time (years) 0.02 [-0.01, 0.05] 

 AF-type*Time Interaction -0.01 [-0.04, 0.01] 

DSST AF-type (non-paroxysmal over paroxysmal) -0.07 [-0.15, 0.01] 

 Time (years) 0.07 [0.06, 0.08] 

 AF-type*Time Interaction -0.02 [-0.04, -0.00] 

CoCo AF-type (non-paroxysmal over paroxysmal) -0.05 [-0.13, 0.03] 

 Time (years) 0.11 [0.09, 0.13] 

 AF-type*Time Interaction -0.03 [-0.04, -0.01] 

CoCo: Cognitive construct; DSST: Digit Symbol Substitution Test; MoCA: Montreal Cognitive 

Assessment; SF: Semantic Fluency Test, animals; TMT-A: Trail Making Test A; TMT-B: Trail 

Making Test B (number of correct connections per second); TMT B/A: ratio of Trail Making Test B/ 

Trail Making Test A. 

 

 



 
 

 

Figure 2 Forest plot visualizing the estimates and 95% CIs for the covariates in the linear mixed effects 

models of change in cognitive scores over time. Point estimates to the left of the vertical line mean worse 

cognitive function over time. CoCo: Cognitive construct; DSST: Digit Symbol Substitution Test; GFR: 

glomerular filtration rate; MoCA: Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; 

TMT-A: Trail Making Test A; TMT-B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ Trail 

Making Test A. 



 
 

Cognitive drop and the association with AF type 

The threshold of cognitive drop >1 SD of the standardized baseline distribution was crossed by a total of 

228 patients for MoCA, 472 for SF, 352 for TMT-A, 310 for TMT-B, 591 for TMT-B/TMT-A, 184 for 

DSST, and 190 for CoCo across all follow-up visits. Table S12 presents an overview of the number of 

patients who crossed the threshold of 1 SD lower than the first test result per visit. AF-type did not appear 

to be associated with the hazard (HR) for cognitive drop for any of the cognitive tests in the model adjusted 

for all covariates. Figure 3 shows the probability of cognitive drop by AF-type, unadjusted for other 

variables, and supplementary material 1: Tables S13-S19 report the HRs and corresponding confidence 

intervals of all variables in the model for each cognitive test. 

 



 
 

 

 

 

 

 

Figure 3 Cumulative probability of cognitive drop with 95% confidence interval according to all 7 

cognitive tests by AF-type. Patients were censored at 4 years and 50 days from the baseline visit. CoCo: 

Cognitive construct; DSST: Digit Symbol Substitution Test; GFR: glomerular filtration rate; MoCA: 

Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; TMT-A: Trail Making Test A; TMT-

B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ Trail Making Test A. 

 

 

 



 
 

Subgroup and sensitivity analyses 

There was no association between AF-type and cognitive development and decline in the different 

subgroups with and without a history of diabetes, depression, or stroke/TIA, as well as by sex and smoking 

status. Only for a history of hypertension, we found a signal for a subgroup effect in the linear mixed models 

for MoCA, TMT-B, DSST, and CoCo (Table S20 in the supplement). In the subgroup of patients without 

hypertension, we found a smaller increase in age-education standardized cognitive scores in patients with 

non-paroxysmal AF compared to patients with paroxysmal AF. The results of these models for the MoCA, 

TMT-B, DSST and CoCo are shown in supplementary material 1: Tables S21-S24. In the Cox models, we 

did not find signals for a potential subgroup effect. The different sensitivity analyses (Figure S3, Tables 

S25-S30), despite not alleviating the risk of attrition bias completely, suggested that in the observed time 

frame the effect of attrition is rather small, since the results of the analyses were similar when using patients 

who had all visits compared to the whole sample.  

Post hoc analyses indicated an interaction between the time and history of stroke or TIA at baseline, 

suggesting a larger annual increase in MoCA score in patients without history of stroke or TIA compared 

to patients with history of stroke or TIA and are displayed in supplementary material 1: Tables S31-S33. 

The association between each covariate and cognitive drop can be found in Table S13. We visualized the 

unadjusted probability of cognitive impairment according to MoCA by history of stroke or TIA (Figure 

S4), depression (Figure S5), and diabetes (Figure S6) in the supplement. These analyses showed a higher 

cumulative incidence of cognitive drop over time among patients with history of stroke or TIA and among 

patients with depression. 

 

 

Discussion 

This large community-based cohort study of elderly patients with AF in Switzerland aimed at describing 

the development of cognitive functioning over time, its association with AF-type (paroxysmal or non-



 
 

paroxysmal) and accumulation of cases of cognitive drop over time and across AF-type and comorbidities. 

The results showed a longitudinal increase in all mean cognitive scores with a smaller increase in executive 

functioning and processing speed over time in patients with non-paroxysmal AF compared to patients with 

paroxysmal AF. No differences in the rate of accumulation of cognitive drop were observed between AF-

types in any cognitive measure. The presence of diabetes, history of stroke/TIA and depression was 

associated with worse cognitive performance on all cognitive measures.  

Previous work has described [15, 16, 35] but also questioned an association between cognitive drop and 

AF [8, 17]. Our results extend those findings in the sense that we found an increase in standardized mean 

scores of each cognitive test over time in a Swiss cohort of AF patients. Whereas the large number of AF 

patients and the avoidance of ceiling effects by performing validated cognitive testing on multiple domains 

in our study support the robustness of our results, two effects might explain our findings. First, longitudinal 

studies may be prone to attrition bias, indicating that participants who are most likely to remain in the study 

tend to be the healthiest, best educated, wealthiest, and have the highest scores on cognitive tests, whereas 

ill participants are less likely to return for study visits [36]. Under the limitation of our available data, 

sensitivity analysis using IPCW and comparison of full and dropout data sets suggested the attrition bias 

likely to be small, at least in the observed period. Second, longitudinal studies on cognition require repeated 

administration of cognitive tests, especially in a rather short period of time, which might lead to practice 

effects and improvement or maintenance of test scores despite a cognitive drop [37, 38]. Although we 

adjusted the analysis for one potential type of practice effect by accounting for the largest change between 

the baseline and the first follow-up, the increase over all cognitive tests remained. Thus, our study suggests 

an increase in cognitive performance over time in AF patients as the result of a practice effect.  

While practice effects are typically considered as biases when interpreting longitudinal studies on 

cognition, their use as markers of cognitive performance has gained interest. A recent systematic review on 

27 studies on practice effect as cognitive marker indicated that smaller practice effects were associated with 

neurodegeneration biomarkers and thus might act as a potential marker of cognitive decline [39]. Although 

our results showed a longitudinal increase in all cognitive measures due to practice effects, they indicate 



 
 

smaller increases in executive functioning, processing speed and general cognitive performance over time 

in patients with non-paroxysmal AF compared to patients with paroxysmal AF. Additionally, our results 

indicated no difference between AF groups in accumulating cases of cognitive drop defined as a threshold 

of >1 SD in all cognitive measures. When we altered the threshold value to >1.5 SD in the sensitivity 

analysis, a decrease in the number of events per visit was visible, but no difference in the results compared 

to the main analysis was found. As thresholds are set as a decrease from the first measurement, the fact that 

a person with a high score on the first measurement has more room for decrease than a person who scored 

low at baseline is not accounted for; similarly, using a threshold as an outcome does not account for possible 

practice effects. Furthermore, thresholds can be biased through temporary worse test results due to i.e., lack 

of motivation or wellbeing on testing day. Consequently, comparing practice effects, taken as the ability to 

learn over time, might act as a more reliable marker of cognitive change in longitudinal studies. Since our 

results indicate smaller practice effects in executive functioning, processing speed and general cognitive 

functioning, they might reflect reduced cognitive functioning in the non-paroxysmal AF group.  

This study is among the first to investigate the differences in cognitive functions between non-paroxysmal 

and paroxysmal AF over time. One recent study investigated group differences between 90 persistent, 90 

paroxysmal AF patients and 90 healthy participants using cognitive tests on memory, language, and 

visuospatial functions. While both AF groups showed lower cognitive performance compared to the healthy 

group, persistent and paroxysmal AF patients showed no differences on a total score of cognitive 

functioning, but a tendency towards smaller visuospatial abilities in the persistent AF group [40]. Although 

no interaction between time and AF groups was found and permanent AF was not investigated by the 

authors, our results support the notion of lower cognitive abilities in the more sustained form of AF, which 

was categorized as non-paroxysmal AF in our study. Notably, our results indicated less practice effects in 

tasks addressing processing speed and executive functioning, which is in line with a previous study 

indicating an association between AF and a greater drop in executive functioning and processing speed 

[15]. In extension to those findings, our results indicate that this association might be only present in patients 



 
 

with non-paroxysmal AF. Additional studies are needed to understand cognitive performance in the 

different subgroups more in detail, for example by addressing longitudinal change in different 

classifications of AF subtypes. 

Next to executive functioning and processing speed, the difference between AF subgroups was also present 

in the cognitive construct (CoCo) score [25]. It has previously been shown that the CoCo score is likely to 

be more granular and more sensitive to detect small changes in cognitive function [25] which may be missed 

when examining each neurocognitive test alone [16, 41]. Thus, using derived measures on cognitive 

functioning as well as tests on executive functioning and processing speed might be most sensitive in 

detecting subtle changes in cognition in AF patients, even after considering practice effects.  

Shared risk factors of AF and cognitive decline are an important possible mechanism linking AF 

to alterations in cognitive function. In our study, patients with pre-existing depression, history of stroke or 

TIA and diabetes performed worse on all cognitive tests. Nonetheless, the impact of AF-type on 

longitudinal cognition was present in multivariate models suggesting some genuine effect of AF-type on 

cognition. Although AF and cognitive drop are likely to share one or more underlying pathogenic 

mechanisms, their possible pathophysiological aspects are still not fully understood [1, 32]. Therefore, 

future studies with a control group are needed to explore the interplay between AF-type and other 

cardiovascular risk factors and comorbidities in relation to cognitive drop over time.  

The large sample size of a comprehensively characterized, well-treated and representative cohort 

AF patients recruited from the main language regions of Switzerland, is a major strength of our study. 

Furthermore, brief composite measures (e.g., Mini-Mental State Examination) are commonly used as 

outcomes to assess cognitive performance, as they are time-efficient. Nevertheless, their assessment of 

cognitive functioning is limited by the insensitivity to detect subtle changes in various cognitive domains 

[16]. Thus, the standardized assessment of cognitive functions using five validated and widely used 

cognitive measures in addition to the derived CoCo score [25] in our study displays a further strength, as it 

allows to study attention, psychomotor speed, and mental flexibility (executive control) as well as short-



 
 

term memory, language, and visuospatial abilities. In addition, extensive information of AF-type, cardiac 

and neurological comorbidities were available and definitions of paroxysmal and non-paroxysmal AF were 

based on AF guidelines published in 2010 [26]. Appropriate CRFs, which have been previously validated, 

were used [23, 24]. Finally, all analyses were adjusted for potential confounders, and multiple sensitivity 

analyses provided consistent findings, supporting the robustness of the main findings. 

Some limitations must be taken into account. First, understanding the role of AF itself in the 

changes in cognitive functioning would require the comparison to people without AF. We did not find a 

matching cohort of patient with no AF to perform such a comparison. The Swiss-AF CONTROL cohort is 

currently being recruited with the aim to make this analysis possible in the near future. Second, we identified 

57 cases where MoCA and SF tests were not performed in the patient’s mother tongue, which is a limitation 

to the results of these language dependent tests. Possibly more cases occurred, but it was not possible to 

precisely trace which cognitive tests were not performed in patients' mother tongue, since this information 

could only be extracted from notes within the database by the study personnel. Nevertheless, the identified 

number of such cases is small, and dropping these patients led to a negligible change in the results. Third, 

missing data occurred in our sample, especially at FU4 due to the COVID-19 pandemic that started during 

data collection and thus most cognitive tests could not be collected by phone (i.e., TMT-A, TMT-B, and 

DSST). Since the MoCA test conducted by telephone does not reflect the in-person test, we discarded those 

results. Participants were not included in the analyses if data was missing at baseline. Finally, although we 

adjusted our models to largest practice effects, identified primarily between the baseline and subsequent 

test measurements, the current study design did not allow for further statistical control for practice effects 

since time of FU and testing coincide almost completely. Nevertheless, our study supports previous notions 

that the lack of practice effect indicates a decline in cognitive performance over time. Future studies might 

further establish the role of practice effects as markers of cognitive decline by designing the study in a way 

that cognitive testing and follow-up are not at the same time point to control for the practice effect in 

subsequent measurements. 



 
 

Conclusions 

We found a small, constant increase in cognitive functioning over a median duration of 3.97 years in AF 

patients, which can probably be attributed to practice effects. Among patients with non-paroxysmal (i.e., 

persistent or permanent) AF, this practice effect was less pronounced in cognitive tests on processing speed 

and executive functioning compared to patients with paroxysmal AF. While these results might indicate 

persistent learning abilities and maintenance of cognitive functions in patients with AF, smaller practice 

effects, as it is the case in patients with non-paroxysmal AF, might represent a potential early marker of 

later cognitive decline. Longer follow-up is required to gauge the full impact of AF type on cognitive 

decline. Our study further highlights the importance of addressing comorbidities in AF early, as they 

contribute to worse cognitive performance. Therefore, future research should contribute to the 

understanding of underlying mechanisms in the relationship between AF and cognitive functioning. 
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Table S1 Description of the neurocognitive test battery and all 17 items included in the cognitive 

assessment in the Swiss-AF study. Test description and items are grouped by test (MoCA, Trail Making 

Test Part A and B (TMT-A, TMT-B), Semantic Fluency Test (SF), and Digit Symbol Substitution Test 

(DSST). Information on definition of scores and measurement properties is also provided. The table was 

adapted according to Springer et al. [25]. 

 

Item 
No 

MoCA Items (scoring according to Manual; www.mocatest.org) 
The Test evaluates visuospatial and executive functions, confrontation naming, memory, 
attention, language and abstraction [28]. 

01 MoCA-Trail Making Test with letters and numbers; scored as "completed" vs "not 
completed": [0, 1] 

02 Copy Cube; scored as "completed" vs "not completed": [1, 0] 

03 Clock Drawing; scored as to how many of the three features are correct: [0, 1, 2, 3] 

04 Naming Animals; scored as to the number of animals correctly named: [0, 1, 2, 3] 

05 Digit Span forward; scored as "completed" vs "not completed": [1, 0] 

06 Digit Span backward; scored as "completed" vs "not completed": [1, 0] 

07 Letter A; scored as "completed" if less than 2 errors occurred: [1, 0] 

08 100–7 (Serial 7 Subtraction); scored as: 0 correct [0 points], 1 through 3 correct [1 point], 4 
correct [2 points], 5 correct [3 points]; values range from: [0, 1, 2, 3] 

09 Sentence Repetition; scored according to number of sentences repeated correctly: [0, 1, 2] 

10 F-Words, i.e., naming as many words that begin with the letter F; the number of correct 
words beginning with the letter F given in one minute [0,. . .] 
(scoring within the MoCA total = 11 or more points [1], ten or less [0]) 

11 Abstraction; scored as the number of correct similarities [0, 1, 2] 

12 Delayed Recall; scored as the number of words correctly recalled [0, 1, 2, 3, 4, 5] 

13 Orientation; scored as the number of correct answers: [0, 1, 2, 3, 4, 5] 

 Trail Making Test Part A, (TMT-A) Item 
The test measures visual attention and psychomotor speed [29]. Internal consistency has 
been reported with Cronbach’s alpha = .86 to .88 [42]. 

14 Outcome: number of correct connections per second: [0,. . .] 

http://www.mocatest.org/


 Trail Making Test Part B, (TMT-B) Item 
The test assesses speed, accuracy and mental flexibility (e.g., task switching) [29]. 
Internal consistency has been reported with Cronbach’s alpha = .86 to .88 [42]. 

15 Outcome: number of correct connections per second: [0,. . .] 

 Semantic Fluency, Animals (SF), Item 
The test measures semantic fluency- a combination of semantic memory and executive 
functions, complementing phonemic fluency within the MoCA [30]. 

16 Number of correct animal names given in one minute: [0,. . .] 

 Digit Symbol Substitution Test (DSST), Item 
The test assesses information processing speed, visuomotor coordination and attention [31]. 
DSST high test retest reliability has been reported. This test has high test–retest reliability 
[43]. 

17 Number of correct symbols filled out in 120 seconds: [0,. . .] 

Note. Cognitive Construct (CoCo) derived from the total of 17 items comprised in the five validated 
neuropsychological tests. Internal consistency for the coco score has been reported with Cronbach’s 
alpha of .84 [25]. 
 

Text S1 Description of the age-education standardized cognitive function score 
 
The Swiss-AF baseline data were used for standardization. A linear regression model was fit to the 
observed baseline data, for each subsequent observation the linear predictor was calculated. Finally, Z-
scores were calculated by dividing the linear predictor by the residual standard error of the model. This 
model assumes a linear association between age and cognitive functioning, that was shown to be correct. 
 
The standardization is performed via the following steps: 
 

1. we fit a linear regression model to the observed values at baseline 
2. for each subsequent observation (i.e. follow-up measurements) we calculate the linear predictor 

based on the model 
3. to standardize (= calculate a Z-score) we divide the linear predictor by the residual standard 

error of the model (as fit using baseline values). 
 
For purposes of the modeling, and to obtain meaningful expected values, we use as reference values 
(where relevant) the mean variable values for age and education level (years) at baseline based on the 
full Swiss-AF population. Thus, for example, we calculate the age and education adjusted Z-score for 
DSST using the following formula: 
 

 
 
where σ is the square-root of the residual variance from the linear model. 

 

 

 



Table S2 Number (and percentage) of missing tests per visit 

 
 

MoCA SF TMT-A TMT-B TMT B/A DSST CoCo 

Baseline 13 (0.49) 7 (0.26) 22 (0.82) 35 (1.31) 35 (1.31) 19 (0.71) 56 (2.10) 

Follow-up 1 279 
(10.44) 

271 
(10.14) 

281 
(10.52) 

290 
(10.85) 

290 
(10.85) 

291 
(10.89) 

307 
(11.49) 

Follow-up 2 399 
(14.93) 

386 
(14.45) 

397 
(14.86) 

409 
(15.31) 

412 
(15.42) 

417 
(15.61) 

438 
(16.39) 

Follow-up 3 648 
(24.25) 

491 
(18.38) 

646 
(24.18) 

655 
(24.51) 

656 
(24.55) 

659 
(24.66) 

677 
(25.34) 

Follow-up 4 941 
(35.22) 

471 
(17.63) 

940 
(35.18) 

949 
(35.52) 

949 
(35.52) 

944 
(35.33) 

955 
(35.74) 

Note. Patients who dropped out of the cohort are excluded already. CoCo: Cognitive construct; DSST: Digit 
Symbol Substitution Test; MoCA: Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; TMT-
A: Trail Making Test A; TMT-B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ Trail Making 
Test A. 
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Table S4 Overview of the number of dropouts with reasons per visit 

 
 

Baseline Follow-up 1 Follow-up 2 Follow-up 3 

Patient could not be reached 3 5 5 10 

Consent was withdrawn 25 26 21 27 

Death 0 68 82 103 

Loss to follow-up / FU4 visit late 0 0 0 109 

 



 

Figure S1 Spaghetti plots showing the evolution of the cognitive functioning until FU4 in 
patients with paroxysmal AF. CoCo: Cognitive construct; DSST: Digit Symbol Substitution 
Test; MoCA: Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; TMT-A: 
Trail Making Test A; TMT-B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ 
Trail Making Test A. 



 

Figure S2 Spaghetti plots showing the evolution of the cognitive functioning until FU4 in patients 
with non-paroxysmal AF. CoCo: Cognitive construct; DSST: Digit Symbol Substitution Test; 
MoCA: Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; TMT-A: Trail 
Making Test A; TMT-B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ Trail 
Making Test A. 



 

Figure S3 Scatter plot with spline to visualize the pattern of the cognitive functioning from 
baseline until FU4. CoCo: Cognitive construct; DSST: Digit Symbol Substitution Test; MoCA: 
Montreal Cognitive Assessment; SF: Semantic Fluency Test, animals; TMT-A: Trail Making Test 
A; TMT-B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ Trail Making Test A. 

 



Table S5 Estimates with 95% CI for MoCA. The results for each covariate represent the effect 

after adjusting for all other variables in the model 

 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; MoCA: 
Montreal Cognitive Assessment; TIA: Transient ischemic attack. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.06 [-0.14, 0.01] 

Time (years) 0.09 [0.06, 0.12] 

First visit (yes over no) -0.09 [-0.13, -0.05] 

Sex (female over male) 0.20 [0.12, 0.28] 

History of stroke or TIA (yes over no) -0.18 [-0.27, -0.10] 

History of diabetes (yes over no) -0.31 [-0.41, -0.22] 

Arterial hypertension (yes over no) -0.08 [-0.16, -0.00] 

Depression (yes over no) -0.24 [-0.37, -0.11] 

Oral anti-coagulant medication (yes over no) 0.07 [-0.05, 0.19] 

Active smoker (yes over no) -0.10 [-0.23, 0.04] 

GFR (milliliter/minute) 0.02 [-0.00, 0.04] 

Age at baseline (10 years) -0.01 [-0.06, 0.04] 

AF-type (non-paroxysmal over paroxysmal):Time (years) -0.01 [-0.04, 0.01] 



Table S6 Estimates with 95% CI for SF. The results for each covariate represent the effect after 

adjusting for all other variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.03 [-0.10, 0.05] 

Time (years) 0.03 [0.00, 0.05] 

First visit (yes over no) -0.07 [-0.12, -0.03] 

Sex (female over male) 0.16 [0.08, 0.24] 

History of stroke or TIA (yes over no) -0.21 [-0.30, -0.12] 

History of diabetes (yes over no) -0.24 [-0.34, -0.15] 

Arterial hypertension (yes over no) -0.04 [-0.12, 0.04] 

Depression (yes over no) -0.24 [-0.37, -0.10] 

Oral anti-coagulant medication (yes over no) 0.02 [-0.10, 0.14] 

Active smoker (yes over no) 0.04 [-0.10, 0.18] 

GFR (milliliter/minute) 0.02 [-0.00, 0.04] 

Age at baseline (10 years) -0.03 [-0.08, 0.02] 

AF-type (non-paroxysmal over paroxysmal):Time (years) 0.01 [-0.02, 0.03] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; SF: Semantic 
Fluency Test, animals; TIA: Transient ischemic attack. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S7 Estimates with 95% CI for TMT-A. The results for each covariate represent the effect 

after adjusting for all other variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.06 [-0.14, 0.02] 

Time (years) 0.09 [0.07, 0.12] 

First visit (yes over no) -0.11 [-0.16, -0.06] 

Sex (female over male) 0.01 [-0.07, 0.09] 

History of stroke or TIA (yes over no) -0.23 [-0.32, -0.14] 

History of diabetes (yes over no) -0.20 [-0.30, -0.11] 

Arterial hypertension (yes over no) 0.04 [-0.04, 0.12] 

Depression (yes over no) -0.28 [-0.42, -0.15] 

Oral anti-coagulant medication (yes over no) -0.09 [-0.22, 0.03] 

Active smoker (yes over no) -0.11 [-0.25, 0.03] 

GFR (milliliter/minute) 0.03 [0.01, 0.05] 

Age at baseline (10 years) -0.04 [-0.09, 0.01] 

AF-type (non-paroxysmal over paroxysmal):Time (years) -0.01 [-0.04, 0.01] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; TMT-A: 
Trail Making Test A; TIA: Transient ischemic attack. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



Table S8 Estimates with 95% CI for TMT-B. The results for each covariate represent the effect after 

adjusting for all other variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.03 [-0.11, 0.05] 

Time (years) 0.10 [0.07, 0.13] 

First visit (yes over no) -0.06 [-0.11, -0.02] 

Sex (female over male) 0.04 [-0.04, 0.13] 

History of stroke or TIA (yes over no) -0.22 [-0.32, -0.13] 

History of diabetes (yes over no) -0.32 [-0.42, -0.22] 

Arterial hypertension (yes over no) -0.03 [-0.11, 0.06] 

Depression (yes over no) -0.37 [-0.51, -0.24] 

Oral anti-coagulant medication (yes over no) -0.12 [-0.24, 0.01] 

Active smoker (yes over no) -0.15 [-0.29, -0.00] 

GFR (milliliter/minute) 0.02 [-0.01, 0.04] 

Age at baseline (10 years) -0.02 [-0.07, 0.03] 

AF-type (non-paroxysmal over paroxysmal):Time (years) -0.03 [-0.05, -0.00] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; TMT-B: Trail 
Making Test B; TIA: Transient ischemic attack. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S9 Estimates with 95% CI for TMT-B / TMT-A. The results for each covariate represent the 

effect after adjusting for all other variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 0.00 [-0.07, 0.07] 

Time (years) 0.02 [-0.01, 0.05] 

First visit (yes over no) 0.03 [-0.02, 0.08] 

Sex (female over male) 0.04 [-0.03, 0.10] 

History of stroke or TIA (yes over no) -0.07 [-0.14, 0.01] 

History of diabetes (yes over no) -0.16 [-0.24, -0.08] 

Arterial hypertension (yes over no) -0.04 [-0.10, 0.03] 

Depression (yes over no) -0.13 [-0.24, -0.02] 

Oral anti-coagulant medication (yes over no) -0.03 [-0.13, 0.07] 

Active smoker (yes over no) -0.08 [-0.19, 0.03] 

GFR (milliliter/minute) -0.01 [-0.02, 0.01] 

Age at baseline (10 years) -0.01 [-0.05, 0.03] 

AF-type (non-paroxysmal over paroxysmal):Time (years) -0.01 [-0.04, 0.01] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; TMT B/A: 
ratio of Trail Making Test B/ Trail Making Test A; TIA: Transient ischemic attack. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S10 Estimates with 95% CI for DSST. The results for each covariate represent the effect 

after adjusting for all other variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.07 [-0.15, 0.01] 

Time (years) 0.07 [0.06, 0.08] 

First visit (yes over no) -0.04 [-0.07, -0.01] 

Sex (female over male) 0.23 [0.14, 0.32] 

History of stroke or TIA (yes over no) -0.32 [-0.41, -0.22] 

History of diabetes (yes over no) -0.33 [-0.43, -0.22] 

Arterial hypertension (yes over no) -0.03 [-0.11, 0.06] 

Depression (yes over no) -0.29 [-0.43, -0.14] 

Oral anti-coagulant medication (yes over no) -0.07 [-0.20, 0.06] 

Active smoker (yes over no) -0.19 [-0.34, -0.04] 

GFR (milliliter/minute) 0.04 [0.02, 0.07] 

Age at baseline (10 years) -0.00 [-0.05, 0.05] 

AF-type (non-paroxysmal over paroxysmal):Time (years) -0.02 [-0.04, -0.00] 

Note. AF: Atrial fibrillation; CI: Confidence interval; DSST: Digit Symbol Substitution Test; GFR: 
Glomerular filtration rate; TIA: Transient ischemic attack. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S11 Estimates with 95% CI for CoCo. The results for each covariate represent the effect after 

adjusting for all other variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.05 [-0.13, 0.03] 

Time (years) 0.11 [0.09, 0.13] 

First visit (yes over no) 0.05 [0.02, 0.08] 

Sex (female over male) 0.14 [0.05, 0.23] 

History of stroke or TIA (yes over no) -0.29 [-0.39, -0.19] 

History of diabetes (yes over no) -0.40 [-0.51, -0.30] 

Arterial hypertension (yes over no) -0.04 [-0.13, 0.05] 

Depression (yes over no) -0.37 [-0.51, -0.22] 

Oral anti-coagulant medication (yes over no) -0.07 [-0.20, 0.06] 

Active smoker (yes over no) -0.14 [-0.29, 0.01] 

GFR (milliliter/minute) 0.03 [0.01, 0.06] 

Age at baseline (10 years) 0.01 [-0.05, 0.06] 

AF-type (non-paroxysmal over paroxysmal):Time (years) -0.03 [-0.04, -0.01] 

Note. AF: Atrial fibrillation; CI: Confidence interval; CoCo: Cognitive construct; GFR: Glomerular 
filtration rate; TIA: Transient ischemic attack. 
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Table S13 HR with 95% CI for MoCA impairment. The results for each covariate 

represent the effect after adjusting for all other variables in the model 

 
 

HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 1.04 [0.80, 1.36] 

Sex (female over male) 0.99 [0.73, 1.33] 

History of stroke or TIA (yes over no) 1.43 [1.06, 1.93] 

History of diabetes (yes over no) 1.39 [0.98, 1.96] 

Arterial hypertension (yes over no) 0.97 [0.73, 1.31] 

Depression (yes over no) 1.26 [0.79, 2.00] 

Oral anti-coagulant medication (yes over no) 0.95 [0.60, 1.51] 

Active smoker (yes over no) 1.55 [0.94, 2.53] 

Age at baseline (10 years) 2.05 [1.70, 2.47] 

Note. AF: Atrial fibrillation; CI: Confidence interval; MoCA: Montreal Cognitive 
Assessment; TIA: Transient ischemic attack. 
 

 

Table S14 HR with 95% CI for SF impairment. The results for each covariate represent 

the effect after adjusting for all other variables in the model 

 
 

HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 1.01 [0.83, 1.22] 

Sex (female over male) 0.87 [0.70, 1.08] 

History of stroke or TIA (yes over no) 1.24 [0.99, 1.54] 

History of diabetes (yes over no) 1.12 [0.86, 1.44] 

Arterial hypertension (yes over no) 1.07 [0.87, 1.31] 

Depression (yes over no) 1.00 [0.69, 1.44] 

Oral anti-coagulant medication (yes over no) 1.19 [0.85, 1.66] 

Active smoker (yes over no) 1.13 [0.78, 1.64] 

Age at baseline (10 years) 1.17 [1.03, 1.32] 

Note. AF: Atrial fibrillation; CI: Confidence interval; SF: Semantic Fluency Test, 
animals; TIA: Transient ischemic attack. 
 



Table S15 HR with 95% CI for TMT-A impairment. The results for each covariate 

represent the effect after adjusting for all other variables in the model 

 

Note. AF: Atrial fibrillation; CI: Confidence interval; TMT-A: Trail Making Test A; 
TIA: Transient ischemic attack. 
 

 

Table S16 HR with 95% CI for TMT-B impairment. The results for each covariate 

represent the effect after adjusting for all other variables in the model 

 

 
HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 0.94 [0.75, 1.19] 

Sex (female over male) 1.02 [0.79, 1.32] 

History of stroke or TIA (yes over no) 1.25 [0.95, 1.66] 

History of diabetes (yes over no) 0.61 [0.41, 0.89] 

Arterial hypertension (yes over no) 1.00 [0.78, 1.27] 

Depression (yes over no) 0.84 [0.54, 1.32] 

Oral anti-coagulant medication (yes over no) 1.04 [0.71, 1.52] 

Active smoker (yes over no) 1.11 [0.72, 1.72] 

Age at baseline (10 years) 1.11 [0.96, 1.28] 

Note. AF: Atrial fibrillation; CI: Confidence interval; TMT-B: Trail Making Test B; TIA: 
Transient ischemic attack. 

 
HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 1.15 [0.92, 1.43] 

Sex (female over male) 0.99 [0.77, 1.26] 

History of stroke or TIA (yes over no) 0.98 [0.74, 1.29] 

History of diabetes (yes over no) 1.33 [1.01, 1.76] 

Arterial hypertension (yes over no) 1.15 [0.90, 1.46] 

Depression (yes over no) 0.84 [0.53, 1.34] 

Oral anti-coagulant medication (yes over no) 1.19 [0.81, 1.76] 

Active smoker (yes over no) 0.92 [0.60, 1.41] 

Age at baseline (10 years) 0.92 [0.81, 1.05] 



Table S17 HR with 95% CI for TMT-B/TMT-A impairment. The results for each 

covariate represent the effect after adjusting for all other variables in the model 

 
 

HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 0.98 [0.83, 1.16] 

Sex (female over male) 1.02 [0.84, 1.22] 

History of stroke or TIA (yes over no) 1.16 [0.95, 1.42] 

History of diabetes (yes over no) 0.82 [0.64, 1.05] 

Arterial hypertension (yes over no) 0.99 [0.83, 1.19] 

Depression (yes over no) 0.78 [0.55, 1.12] 

Oral anti-coagulant medication (yes over no) 0.90 [0.69, 1.19] 

Active smoker (yes over no) 1.45 [1.06, 1.98] 

Age at baseline (10 years) 1.36 [1.22, 1.51] 

Note. AF: Atrial fibrillation; CI: Confidence interval; TMT B/A: ratio of Trail Making 
Test B/ Trail Making Test A; TIA: Transient ischemic attack. 
 
 
 
 
Table S18 HR with 95% CI for DSST impairment. The results for each covariate 

represent the effect after adjusting for all other variables in the model 

 
 

HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 0.98 [0.72, 1.32] 

Sex (female over male) 0.97 [0.69, 1.36] 

History of stroke or TIA (yes over no) 1.46 [1.04, 2.04] 

History of diabetes (yes over no) 1.66 [1.15, 2.40] 

Arterial hypertension (yes over no) 0.86 [0.62, 1.18] 

Depression (yes over no) 1.05 [0.59, 1.88] 

Oral anti-coagulant medication (yes over no) 1.01 [0.61, 1.69] 

Active smoker (yes over no) 1.58 [0.94, 2.66] 

Age at baseline (10 years) 1.41 [1.16, 1.72] 

Note. AF: Atrial fibrillation; CI: Confidence interval; DSST: Digit Symbol 
Substitution Test; TIA: Transient ischemic attack. 
 



Table S19 HR with 95% CI for CoCo impairment. The results for each covariate represent the 

effect after adjusting for all other variables in the model 

 
 

HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 0.90 [0.67, 1.20] 

Sex (female over male) 0.70 [0.49, 1.00] 

History of stroke or TIA (yes over no) 1.47 [1.05, 2.05] 

History of diabetes (yes over no) 1.06 [0.71, 1.59] 

Arterial hypertension (yes over no) 0.92 [0.67, 1.26] 

Depression (yes over no) 1.34 [0.79, 2.28] 

Oral anti-coagulant medication (yes over no) 0.86 [0.53, 1.40] 

Active smoker (yes over no) 1.62 [0.95, 2.77] 

Age at baseline (10 years) 1.44 [1.18, 1.75] 

Note. AF: Atrial fibrillation; CI: Confidence interval; CoCo: Cognitive construct; TIA: 
Transient ischemic attack. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S20 Results of three-way interactions with time and 

AF-type 

 

Interaction term Outcome P-value 
sex MoCA 0.658  

SF 0.502  
TMT-A 0.558  
TMT-B 0.139  

TMT-A/B 0.641  
DSST 0.890  
CoCo 0.198 

stroke MoCA 0.502  
SF 0.412  

TMT-A 0.882  
TMT-B 0.690  

TMT-A/B 0.987  
DSST 0.502  
CoCo 0.990 

smoking MoCA 0.253  
SF 0.924  

TMT-A 0.360  
TMT-B 0.249  

TMT-A/B 0.426  
DSST 0.643  
CoCo 0.230 

diabetes MoCA 0.180  
SF 0.609  

TMT-A 0.931  
TMT-B 0.985  

TMT-A/B 0.405  
DSST 0.022  
CoCo 0.486 

hypertension MoCA 0.006  
SF 0.918  

TMT-A 0.432  
TMT-B 0.040  

TMT-A/B 0.307  
DSST 0.014  
CoCo 0.013 

depression MoCA 0.318  
SF 0.987  

TMT-A 0.619  
TMT-B 0.382  

TMT-A/B 0.259  
DSST 0.149  
CoCo 0.293 

Note. CoCo: Cognitive construct; DSST: Digit Symbol 
Substitution Test; MoCA: Montreal Cognitive Assessment;  
SF: Semantic Fluency Test, animals; TMT-A: Trail Making 
Test A; TMT-B: Trail Making Test B; TMT B/A: ratio of 
Trail Making Test B/ Trail Making Test A. 
 



T
ab

le
 S

21
 E

st
im

at
e 

w
ith

 9
5%

 C
I f

or
 M

oC
A

 in
 p

at
ie

nt
s w

ith
 (l

ef
t) 

an
d 

w
ith

ou
t (

rig
ht

) a
 h

is
to

ry
 o

f h
yp

er
te

ns
io

n 

  
H

yp
er

te
ns

io
n 

N
o 

H
yp

er
te

ns
io

n 

V
ar

ia
bl

e 
es

tim
at

e 
95

 %
 C

I 
es

tim
at

e 
95

 %
 C

I 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

) 
-0

.0
4 

[-
0.

13
, 0

.0
5]

 
-0

.0
2 

[-
0.

15
, 0

.1
1]

 

Ti
m

e 
(y

ea
rs

) 
0.

09
 

[0
.0

7,
 0

.1
2]

 
0.

13
 

[0
.1

0,
 0

.1
6]

 

Fi
rs

t v
is

it 
(y

es
 o

ve
r n

o)
 

-0
.0

9 
[-

0.
13

, -
0.

04
] 

-0
.1

0 
[-

0.
17

, -
0.

04
] 

Se
x 

(f
em

al
e 

ov
er

 m
al

e)
 

0.
21

 
[0

.1
1,

 0
.3

1]
 

0.
22

 
[0

.0
8,

 0
.3

5]
 

H
is

to
ry

 o
f s

tro
ke

 o
r T

IA
 (y

es
 o

ve
r n

o)
 

-0
.1

4 
[-

0.
25

, -
0.

03
] 

-0
.2

6 
[-

0.
42

, -
0.

11
] 

H
is

to
ry

 o
f d

ia
be

te
s (

ye
s o

ve
r n

o)
 

-0
.3

9 
[-

0.
50

, -
0.

28
] 

-0
.1

3 
[-

0.
37

, 0
.1

1]
 

D
ep

re
ss

io
n 

(y
es

 o
ve

r n
o)

 
-0

.1
9 

[-
0.

36
, -

0.
03

] 
-0

.2
4 

[-
0.

47
, -

0.
00

] 

O
ra

l a
nt

i-c
oa

gu
la

nt
 m

ed
ic

at
io

n 
(y

es
 o

ve
r n

o)
 

0.
18

 
[0

.0
2,

 0
.3

5]
 

-0
.0

3 
[-

0.
21

, 0
.1

4]
 

A
ct

iv
e 

sm
ok

er
 (y

es
 o

ve
r n

o)
 

-0
.0

8 
[-

0.
26

, 0
.0

9]
 

-0
.2

2 
[-

0.
47

, 0
.0

2]
 

G
FR

 (m
ill

ili
te

r/m
in

ut
e)

 
0.

02
 

[-
0.

01
, 0

.0
4]

 
0.

02
 

[-
0.

02
, 0

.0
6]

 

A
ge

 a
t b

as
el

in
e 

(1
0 

ye
ar

s)
 

-0
.0

6 
[-

0.
12

, 0
.0

1]
 

0.
02

 
[-

0.
05

, 0
.1

0]
 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

):T
im

e 
(y

ea
rs

) 
0.

00
 

[-
0.

03
, 0

.0
3]

 
-0

.0
6 

[-
0.

10
, -

0.
03

] 

N
ot

e.
 A

F:
 A

tri
al

 fi
br

ill
at

io
n;

 C
I: 

C
on

fid
en

ce
 in

te
rv

al
; G

FR
: G

lo
m

er
ul

ar
 fi

ltr
at

io
n 

ra
te

; M
oC

A
: M

on
tre

al
 C

og
ni

tiv
e 

A
ss

es
sm

en
t; 

TI
A

: 
Tr

an
si

en
t i

sc
he

m
ic

 a
tta

ck
. 

   



T
ab

le
 S

22
 E

st
im

at
e 

w
ith

 9
5%

 C
I f

or
 T

M
T-

B
 in

 p
at

ie
nt

s w
ith

 (l
ef

t) 
an

d 
w

ith
ou

t (
rig

ht
) a

 h
is

to
ry

 o
f h

yp
er

te
ns

io
n 

  
H

yp
er

te
ns

io
n 

N
o 

H
yp

er
te

ns
io

n 

V
ar

ia
bl

e 
es

tim
at

e 
95

 %
 C

I 
es

tim
at

e 
95

 %
 C

I 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

) 
-0

.0
4 

[-
0.

13
, 0

.0
5]

 
0.

03
 

[-
0.

11
, 0

.1
8]

 

Ti
m

e 
(y

ea
rs

) 
0.

08
 

[0
.0

5,
 0

.1
0]

 
0.

13
 

[0
.0

9,
 0

.1
7]

 

Fi
rs

t v
is

it 
(y

es
 o

ve
r n

o)
 

-0
.0

7 
[-

0.
12

, -
0.

02
] 

-0
.0

5 
[-

0.
13

, 0
.0

3]
 

Se
x 

(f
em

al
e 

ov
er

 m
al

e)
 

0.
07

 
[-

0.
03

, 0
.1

7]
 

-0
.0

3 
[-

0.
19

, 0
.1

2]
 

H
is

to
ry

 o
f s

tro
ke

 o
r T

IA
 (y

es
 o

ve
r n

o)
 

-0
.2

1 
[-

0.
32

, -
0.

10
] 

-0
.2

2 
[-

0.
40

, -
0.

04
] 

H
is

to
ry

 o
f d

ia
be

te
s (

ye
s o

ve
r n

o)
 

-0
.3

3 
[-

0.
44

, -
0.

22
] 

-0
.3

1 
[-

0.
59

, -
0.

03
] 

D
ep

re
ss

io
n 

(y
es

 o
ve

r n
o)

 
-0

.3
3 

[-
0.

49
, -

0.
17

] 
-0

.5
1 

[-
0.

78
, -

0.
25

] 

O
ra

l a
nt

i-c
oa

gu
la

nt
 m

ed
ic

at
io

n 
(y

es
 o

ve
r n

o)
 

0.
13

 
[-

0.
04

, 0
.2

9]
 

-0
.5

3 
[-

0.
73

, -
0.

33
] 

A
ct

iv
e 

sm
ok

er
 (y

es
 o

ve
r n

o)
 

-0
.1

0 
[-

0.
27

, 0
.0

7]
 

-0
.3

2 
[-

0.
60

, -
0.

04
] 

G
FR

 (m
ill

ili
te

r/m
in

ut
e)

 
0.

02
 

[-
0.

01
, 0

.0
4]

 
-0

.0
1 

[-
0.

06
, 0

.0
3]

 

A
ge

 a
t b

as
el

in
e 

(1
0 

ye
ar

s)
 

-0
.0

1 
[-

0.
08

, 0
.0

5]
 

-0
.0

8 
[-

0.
17

, -
0.

00
] 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

):T
im

e 
(y

ea
rs

) 
-0

.0
1 

[-
0.

04
, 0

.0
2]

 
-0

.0
6 

[-
0.

11
, -

0.
02

] 

N
ot

e.
 A

F:
 A

tri
al

 fi
br

ill
at

io
n;

 C
I: 

C
on

fid
en

ce
 in

te
rv

al
; G

FR
: G

lo
m

er
ul

ar
 fi

ltr
at

io
n 

ra
te

; T
M

T-
B

: T
ra

il 
M

ak
in

g 
Te

st
 B

; T
IA

:  
Tr

an
si

en
t i

sc
he

m
ic

 a
tta

ck
. 

   



T
ab

le
 S

23
 E

st
im

at
e 

w
ith

 9
5%

 C
I f

or
 D

SS
T 

in
 p

at
ie

nt
s w

ith
 (l

ef
t) 

an
d 

w
ith

ou
t (

rig
ht

) a
 h

is
to

ry
 o

f h
yp

er
te

ns
io

n 

  
H

yp
er

te
ns

io
n 

N
o 

H
yp

er
te

ns
io

n 

V
ar

ia
bl

e 
es

tim
at

e 
95

 %
 C

I 
es

tim
at

e 
95

 %
 C

I 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

) 
-0

.0
8 

[-
0.

17
, 0

.0
2]

 
-0

.0
6 

[-
0.

20
, 0

.0
8]

 

Ti
m

e 
(y

ea
rs

) 
0.

05
 

[0
.0

3,
 0

.0
7]

 
0.

10
 

[0
.0

8,
 0

.1
2]

 

Fi
rs

t v
is

it 
(y

es
 o

ve
r n

o)
 

-0
.0

4 
[-

0.
08

, -
0.

00
] 

-0
.0

3 
[-

0.
09

, 0
.0

2]
 

Se
x 

(f
em

al
e 

ov
er

 m
al

e)
 

0.
25

 
[0

.1
4,

 0
.3

5]
 

0.
21

 
[0

.0
5,

 0
.3

7]
 

H
is

to
ry

 o
f s

tro
ke

 o
r T

IA
 (y

es
 o

ve
r n

o)
 

-0
.3

2 
[-

0.
43

, -
0.

20
] 

-0
.3

0 
[-

0.
48

, -
0.

12
] 

H
is

to
ry

 o
f d

ia
be

te
s (

ye
s o

ve
r n

o)
 

-0
.3

4 
[-

0.
45

, -
0.

22
] 

-0
.3

0 
[-

0.
58

, -
0.

01
] 

D
ep

re
ss

io
n 

(y
es

 o
ve

r n
o)

 
-0

.2
5 

[-
0.

42
, -

0.
09

] 
-0

.3
7 

[-
0.

64
, -

0.
10

] 

O
ra

l a
nt

i-c
oa

gu
la

nt
 m

ed
ic

at
io

n 
(y

es
 o

ve
r n

o)
 

0.
18

 
[0

.0
1,

 0
.3

5]
 

-0
.4

2 
[-

0.
62

, -
0.

22
] 

A
ct

iv
e 

sm
ok

er
 (y

es
 o

ve
r n

o)
 

-0
.1

3 
[-

0.
30

, 0
.0

5]
 

-0
.3

9 
[-

0.
68

, -
0.

11
] 

G
FR

(m
ill

ili
te

r/m
in

ut
e)

 
0.

05
 

[0
.0

2,
 0

.0
8]

 
0.

03
 

[-
0.

02
, 0

.0
7]

 

A
ge

 a
t b

as
el

in
e 

(1
0 

ye
ar

s)
 

0.
01

 
[-

0.
05

, 0
.0

8]
 

-0
.0

3 
[-

0.
11

, 0
.0

6]
 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

):T
im

e 
(y

ea
rs

) 
-0

.0
0 

[-
0.

02
, 0

.0
2]

 
-0

.0
5 

[-
0.

08
, -

0.
02

] 

N
ot

e.
 A

F:
 A

tri
al

 f
ib

ril
la

tio
n;

 C
I: 

C
on

fid
en

ce
 i

nt
er

va
l; 

D
SS

T:
 D

ig
it 

Sy
m

bo
l 

Su
bs

tit
ut

io
n 

Te
st

; 
G

FR
: 

G
lo

m
er

ul
ar

 f
ilt

ra
tio

n 
ra

te
; 

TI
A

: 
Tr

an
si

en
t i

sc
he

m
ic

 a
tta

ck
. 

   



T
ab

le
 S

24
 E

st
im

at
e 

w
ith

 9
5%

 C
I f

or
 C

oC
o 

in
 p

at
ie

nt
s w

ith
 (l

ef
t) 

an
d 

w
ith

ou
t (

rig
ht

) a
 h

is
to

ry
 o

f h
yp

er
te

ns
io

n 

  
H

yp
er

te
ns

io
n 

N
o 

H
yp

er
te

ns
io

n 

V
ar

ia
bl

e 
es

tim
at

e 
95

 %
 C

I 
es

tim
at

e 
95

 %
 C

I 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

) 
-0

.0
5 

[-
0.

15
, 0

.0
5]

 
-0

.0
3 

[-
0.

17
, 0

.1
1]

 

Ti
m

e 
(y

ea
rs

) 
0.

09
 

[0
.0

7,
 0

.1
0]

 
0.

13
 

[0
.1

1,
 0

.1
6]

 

Fi
rs

t v
is

it 
(y

es
 o

ve
r n

o)
 

0.
05

 
[0

.0
1,

 0
.0

9]
 

0.
05

 
[-

0.
01

, 0
.1

0]
 

Se
x 

(f
em

al
e 

ov
er

 m
al

e)
 

0.
17

 
[0

.0
6,

 0
.2

8]
 

0.
10

 
[-

0.
05

, 0
.2

6]
 

H
is

to
ry

 o
f s

tro
ke

 o
r T

IA
 (y

es
 o

ve
r n

o)
 

-0
.2

8 
[-

0.
39

, -
0.

16
] 

-0
.3

0 
[-

0.
48

, -
0.

12
] 

H
is

to
ry

 o
f d

ia
be

te
s (

ye
s o

ve
r n

o)
 

-0
.4

3 
[-

0.
54

, -
0.

31
] 

-0
.4

0 
[-

0.
68

, -
0.

12
] 

D
ep

re
ss

io
n 

(y
es

 o
ve

r n
o)

 
-0

.3
1 

[-
0.

47
, -

0.
14

] 
-0

.5
2 

[-
0.

79
, -

0.
26

] 

O
ra

l a
nt

i-c
oa

gu
la

nt
 m

ed
ic

at
io

n 
(y

es
 o

ve
r n

o)
 

0.
20

 
[0

.0
3,

 0
.3

7]
 

-0
.4

7 
[-

0.
67

, -
0.

26
] 

A
ct

iv
e 

sm
ok

er
 (y

es
 o

ve
r n

o)
 

-0
.0

7 
[-

0.
25

, 0
.1

1]
 

-0
.3

4 
[-

0.
63

, -
0.

06
] 

G
FR

 (m
ill

ili
te

r/m
in

ut
e)

 
0.

04
 

[0
.0

1,
 0

.0
6]

 
-0

.0
0 

[-
0.

05
, 0

.0
5]

 

A
ge

 a
t b

as
el

in
e 

(1
0 

ye
ar

s)
 

0.
01

 
[-

0.
06

, 0
.0

7]
 

-0
.0

3 
[-

0.
12

, 0
.0

5]
 

A
F-

ty
pe

 (n
on

-p
ar

ox
ys

m
al

 o
ve

r p
ar

ox
ys

m
al

):T
im

e 
(y

ea
rs

) 
-0

.0
1 

[-
0.

03
, 0

.0
1]

 
-0

.0
6 

[-
0.

09
, -

0.
03

] 

N
ot

e.
 A

F:
 A

tri
al

 f
ib

ril
la

tio
n;

 C
I: 

C
on

fid
en

ce
 i

nt
er

va
l; 

C
oC

o:
 C

og
ni

tiv
e 

co
ns

tru
ct

; 
G

FR
: 

G
lo

m
er

ul
ar

 f
ilt

ra
tio

n 
ra

te
; 

TI
A

: 
Tr

an
si

en
t 

is
ch

em
ic

 a
tta

ck
.



Table S25 Number (and percentage) of new cases of cognitive drop per visit with the impairment threshold at 

1.5 SD 

 

 
MoCA SF TMT-A TMT-B TMT B/A DSST CoCo 

Follow-up 1 49 (1.83) 86 (3.22) 70 (2.62) 63 (2.36) 155 (5.80) 27 (1.01) 26 (0.97) 

Follow-up 2 37 (1.38) 67 (2.51) 41 (1.53) 38 (1.42) 77 (2.88) 23 (0.86) 6 (0.22) 

Follow-up 3 21 (0.79) 38 (1.42) 21 (0.79) 22 (0.82) 55 (2.06) 5 (0.19) 5 (0.19) 

Follow-up 4 10 (0.37) 33 (1.24) 13 (0.49) 16 (0.60) 27 (1.01) 9 (0.34) 7 (0.26) 

Note. CoCo: Cognitive construct; DSST: Digit Symbol Substitution Test; MoCA: Montreal Cognitive 
Assessment; SD: Standard deviation; SF: Semantic Fluency Test, animals; TMT-A: Trail Making Test A; TMT-
B: Trail Making Test B; TMT B/A: ratio of Trail Making Test B/ Trail Making Test A. 

 

 

Table S26 HR with 95% CI for SF impairment (cut-off 1.5 SD) 

 
 

HR 95 % CI 

AF-type (non-paroxysmal over paroxysmal) 0.88 [0.67, 1.15] 

Sex (female over male) 0.69 [0.49, 0.96] 

History of stroke or TIA (yes over no) 1.12 [0.81, 1.56] 

History of diabetes (yes over no) 1.17 [0.81, 1.68] 

Arterial hypertension (yes over no) 1.01 [0.75, 1.36] 

Depression (yes over no) 1.37 [0.84, 2.23] 

Oral anti-coagulant medication (yes over no) 1.46 [0.87, 2.46] 

Active smoker (yes over no) 1.03 [0.60, 1.77] 

Age at baseline (10 years) 1.06 [0.90, 1.26] 

Note. AF: Atrial fibrillation; CI: Confidence interval; SD: Standard deviation; SF: 
Semantic Fluency Test, animals; TIA: Transient ischemic attack. 
 

 

 



Table S27 Estimates with 95% CI for the linear mixed effects model for SF including patients who 

did not miss any visit. The results for each covariate represent the effect after adjusting for all other 

variables in the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.00 [-0.10, 0.10] 

Time (years) 0.04 [0.01, 0.06] 

First visit (yes over no) -0.10 [-0.15, -0.04] 

Sex (female over male) 0.20 [0.10, 0.31] 

History of stroke or TIA (yes over no) -0.10 [-0.22, -0.02] 

History of diabetes (yes over no) -0.24 [-0.38, -0.11] 

Arterial hypertension (yes over no) -0.02 [-0.12, 0.08] 

Depression (yes over no) -0.41 [-0.59, -0.22] 

Oral anti-coagulant medication (yes over no) -0.10 [-0.25, 0.05] 

Active smoker (yes over no) 0.19 [-0.00, 0.38] 

GFR (milliliter/minute) 0.00 [-0.03, 0.03] 

Age at baseline (10 years) -0.02 [-0.08, 0.04] 

AF-type (non-paroxysmal over paroxysmal):Time (years) 0.00 [-0.02, 0.03] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; SF: Semantic 
Fluency Test, animals; TIA: Transient ischemic attack. 
 

 

 

 

 

 

 

 

 

 

 

 

 



Table S28 Estimates with 95% CI for the linear mixed effects model for SF in the group of patients that 

dropped out. The results for each covariate represent the effect after adjusting for all other variables in 

the model 

 

 
estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.07 [-0.20, 0.05] 

Time (years) -0.00 [-0.05, 0.04] 

First visit (yes over no) -0.03 [-0.11, 0.06] 

Sex (female over male) 0.09 [-0.03, 0.22] 

History of stroke or TIA (yes over no) -0.27 [-0.40, -0.13] 

History of diabetes (yes over no) -0.19 [-0.33, -0.05] 

Arterial hypertension (yes over no) -0.04 [-0.18, 0.09] 

Depression (yes over no) -0.09 [-0.27, 0.10] 

Oral anti-coagulant medication (yes over no) 0.20 [0.00, 0.40] 

Active smoker (yes over no) -0.12 [-0.33, 0.08] 

GFR (milliliter/minute) 0.02 [-0.02, 0.05] 

Age at baseline (10 years) 0.02 [-0.06, 0.10] 

AF-type (non-paroxysmal over paroxysmal):Time (years) 0.03 [-0.02, 0.09] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; SF: Semantic 
Fluency Test, animals; TIA: Transient ischemic attack. 

 

 

 

 

 

 

 

 

 

 

 

 



Table S29 Estimates with 95% CI for SF in the model with inverse probability of censoring weights 

added. The results for each covariate represent the effect after adjusting for all other variables in 

the model 

 
 

estimate 95 % CI 

AF-type (non-paroxysmal over paroxysmal) -0.03 [-0.10, 0.04] 

Time (years) 0.05 [0.02, 0.07] 

First visit (yes over no) -0.07 [-0.15, -0.00] 

Sex (female over male) 0.19 [0.14, 0.24] 

History of stroke or TIA (yes over no) -0.17 [-0.23, -0.12] 

History of diabetes (yes over no) -0.28 [-0.35, -0.22] 

Arterial hypertension (yes over no) -0.06 [-0.10, -0.01] 

Depression (yes over no) -0.30 [-0.38, -0.21] 

Oral anti-coagulant medication (yes over no) -0.04 [-0.12, 0.03] 

Active smoker (yes over no) 0.04 [-0.05, 0.12] 

GFR (milliliter/minute) 0.01 [-0.00, 0.03] 

Age at baseline (10 years) -0.04 [-0.07, -0.01] 

AF-type (non-paroxysmal over paroxysmal):Time (years) 0.01 [-0.02, 0.04] 

Note. AF: Atrial fibrillation; CI: Confidence interval; GFR: Glomerular filtration rate; SF: Semantic 
Fluency Test, animals; TIA: Transient ischemic attack. 
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Figure S4 Cumulative probability of cognitive drop according to MoCA by history 
of stroke/ TIA. MoCA: Montreal Cognitive Assessment; TIA: Transient ischemic 
attack. 



 

Figure S5 Cumulative probability of cognitive drop according to MoCA by 
depression. MoCA: Montreal Cognitive Assessment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6 Cumulative probability of cognitive drop according to MoCA by history 
of diabetes. MoCA: Montreal Cognitive Assessment. 
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WITH APPROXIMATELY 80 MILLION surgical proce-
dures performed in Europe each year, postoperative delirium
(POD) is a major complication of surgery, and poses a signifi-
cant burden for patients, families, medical, and nursing staff,
as well as the healthcare system.1-3 Older patients undergoing
surgery are more vulnerable to adverse postoperative out-
comes due to advanced age, frailty, and medical comorbid-
ities.4 Postoperative delirium is characterized by an acutely
developing and fluctuating disturbance of awareness, atten-
tion, and cognition, and is classified as a postoperative neuro-
cognitive disorder according to the new nomenclature.5

Although POD is an acute and transient condition, it has a
serious impact on the outcome and prognosis of patients.6

Numerous epidemiologic studies reported widely divergent
data on the incidence of POD, depending on the cohort of
patients studied (eg, older versus younger patients), the type
of surgical procedure, and treatment modalities (eg, elective
versus emergency surgery).7 However, POD occurs predomi-
nantly after cardiac surgery,8,9 with a reported incidence
between 6% and 56%.10

Previous studies have shown that POD partially can be
prevented by a targeted risk intervention strategy consisting
of several components.11-13 In light of continuous increases
in the older population, given demographic aging in indus-
trialized countries and clear interests in improving delirium
care, an accurate POD prediction model may be a powerful
tool to facilitate the early implementation of prevention
measures in clinical practice.6 Over the past few decades,
numerous prediction models of POD,14 such as the preoper-
ative prediction model by Rudolph et al.,15 have been devel-
oped for cardiac surgery. From a clinical standpoint, their
prediction model appeared to be practical as it was based on
just the following 4 risk factors: impaired cognition, depres-
sive symptoms, prior stroke or TIA, and abnormal serum
albumin.15 Nevertheless, most of these prediction models
either completely lacked internal or external validation16,17

or only have been validated in a single external cohort (eg,
the Rudolph et al. model).18 These findings were consistent
with results from systematic reviews in which the internal
and external validations were performed a third (36%)19 and
a quarter (25%-29%)19,20 of the time, respectively. Further-
more, the rate of prospective external validation of new
risk-prediction models within 5 years after publication is
small (16%).20 A potential reason for the limited validations
could be the much stronger academic incentives for the
development of new models rather than the validation of
previously published models.21 However, it is essential, as
well as mandatory, to test the generalizability of a model
and to retest it according to new data in order to understand
its robustness to distributional shifts over time and its set-
tings before implementing it in clinical practice.22-24 Like-
wise, previously existing prediction models should be tested
prior to implementation.

The present study aimed to externally validate the Rudolph
et al. preoperative prediction model (hereafter “the original
model”)15 in a prospective cohort study of patients who had
undergone cardiac surgery.

Methods

The study authors conducted and reported this prospective
observational cohort study according to the Transparent
Reporting of a multivariate prediction model for Individual
Prognosis or Diagnosis guidelines.25 The study protocol (No.
2020-00848) was approved by the institutional review board
(Ethikkommission Nordwest- und Zentralschweiz) on July 27,
2020. A prior requirement for informed consent was later
waived by Ethikkommission Nordwest- und Zentralschweiz.

Design and Selection Criteria

This broad prospective validation study was conducted at 2
academic medical centers in Basel and Zurich, Switzerland. The
inclusion and exclusion criteria were identical to the derivation
cohort used in the original model of Rudolph et al.15 Briefly, the
authors included patients aged !60 years who underwent elective
cardiac surgery, including coronary artery bypass graft, mitral or
aortic valve replacement or repair, and combined procedures.
The exclusion criteria were non-German speaking, living >60
miles from the study center, emergency surgery, delirium before
surgery, concurrent aortic or carotid surgical procedures, and
medical instability limiting preoperative assessment.

Study Participants

The authors consecutively included 279 patients at the Uni-
versity Hospital Basel from April 16, 2018 to January 18,
2022, and 69 patients at the University Hospital Zurich from
January 13, 2021 to January 18, 2022. The recruitment and
inclusion process is shown in Figure 1.

Preoperative Assessment

The 4 preoperative predictors from the original model,15

including the Mini-Mental State Examination (MMSE; range:
0-30 points, 0 = worst), the Geriatric Depression Scale (GDS;
range: 0-15 points, 15 = worst), history of TIA and/or stroke,
and serum albumin concentration were assessed during the
routinely held preoperative anesthesia consultation. Demo-
graphic factors, age at the time of surgery, sex, and type of sur-
gery were collected from the electronic medical record.

Outcome

The primary outcome was the incidence of delirium after
cardiac surgery. POD was diagnosed using the Intensive Care
Delirium Screening Checklist (ICDSC) with a score of !4
points (maximum score = 8) during the intensive care unit
(ICU) or intermediate care unit stay. The ICDSC was adminis-
tered 3 times per day by trained nursing staff, blinded to the
predictor variables, until the patient was discharged from the
ICU or intermediate care unit. The ICDSC is an 8-item screen-
ing instrument based on the Diagnostic and Statistical Manual
of Mental Disorders (DSM)-IV-TR criteria, which was specif-
ically designed for the intensive care setting.26 The checklist

416 A.S. Wueest et al. / Journal of Cardiothoracic and Vascular Anesthesia 37 (2023) 415!422



contains the following items, which are rated as absent or pres-
ent: (1) consciousness (ie, comatose, stuporous, awake, or
hypervigilant); (2) orientation; (3) hallucinations or delusions;
(4) psychomotor activity; (5) inappropriate speech or mood;
(6) attentiveness; (7) sleep-wake cycle disturbances; and (8)
fluctuation of symptoms. The items are rated on the patient’s
behavior at the time of screening, and interrater reliability
among intensive care staff is considered adequate.27

Surgical Procedures

All patients underwent cardiac surgery under general anes-
thesia. The anesthesia protocol, the operative procedure, and
the postoperative care (eg, pain control) were performed
according to local hospital policies and practice protocols. The
use of aortic cross-clamp, cardiopulmonary bypass, high-dose
heparin, and hypothermia was at the discretion of the attending
surgeon. The intraoperative data were extracted from the surgi-
cal notes.

Sample Size

There are no generally accepted approaches or empirical
evidence to estimate the sample size requirements for valida-
tion studies of risk prediction models.25 Therefore, the authors
determined their sample size according to the events per vari-
able rule. This common rule of thumb was originally adapted
to ensure stability in regression covariates and postulates that
at least 10 events (cases with POD) must occur for each candi-
date predictor in the model.28 In the authors’ analysis, they
included 15 patients with POD per predictor variable. There-
fore, the required sample size was a minimum of 60 patients
presenting with POD (4 predictors £ 15 events).

Missing Data

In the overall cohort, data on POD were missing in 5%, edu-
cation was missing in 7%, GDS in 8%, MMSE in 6%, and the
serum albumin concentration in 2%. There were no missing
values of age, sex, and history of TIA and/or stroke. The

authors assumed the missing data occurred at random, and
they performed multiple imputations using the multivariate
imputation by chained equation procedure with the predictive
mean-matching method. The missing values were predicted
based on the demographic variables (ie, age, sex, and educa-
tion), all predictor variables, and outcome. The continuous var-
iables were maintained as continuous in the imputation and
only subsequently categorized for the final predictive model.
In accordance with the original model, the authors created 20
multiple imputed datasets.15 They reported all results from the
pooled dataset. Rubin’s rules were used to pool the regression
coefficient estimates from the imputed datasets. The authors
also reported the results of the original dataset with missing
data.

Statistical Analysis

For descriptive analysis, all continuous variables are pre-
sented as mean § SD. The categorical variables are reported
as frequencies and percentages. The preoperative characteris-
tics of patients from Basel were compared to those recruited
from Zurich using a t test for the continuous variables. The cat-
egorical variables were compared with a chi-square test.
Before applying the clinical prediction model, which was
developed in a previous study, to the overall cohort dataset,
the continuous risk factors were categorized using identical
clinically meaningful cutoff points as used in the original
model.15 Therefore, GDS was dichotomized at >4 points,
which indicates clinical depression. The MMSE was catego-
rized as not impaired (range: 28-30 points), mild impairment
(range: 24-27 points), and definitive impairment ("23 points).
The variables TIA and/or history of stroke were combined into
one variable. Serum albumin concentration was classified into
a normal value (3.6-4.4 g/dL) versus an abnormal value ("3.5
or !4.5 g/dL). The clinical prediction model points were
assigned as follows: MMSE "23 points received 2 points;
MMSE 24 to 27 points, GDS >4 points, prior stroke/TIA, and
abnormal serum albumin received 1 point each.15 The inci-
dence of POD is presented with increasing clinical prediction
model points and a risk ratio relative to the lowest risk group.

Fig 1. Flow chart of study participants.
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The summary statistics of the original model in the derivation
cohort are based on the bootstrapping method, which was used
for variable selection. Because the authors did not perform var-
iable selection (model selection), they did not require boot-
strapping. However, to make the results of the derivation
cohort comparable to their validation cohort, the authors calcu-
lated the raw risk ratio, including associated CIs of the predic-
tion model for each score in their cohort and the derivation
cohort of Rudolph et al. For model validation, the authors
assessed the model performance using measures of discrimina-
tion and calibration. In the dataset, they assessed model dis-
crimination with the area under the receiver operating
characteristic curve (AUROC; identical to the c-statistics) in
each imputed dataset, and reported the median AUROC. Cali-
bration was assessed using the Hosmer-Lemeshow test for
goodness of fit in the imputed datasets. In a sensitivity analy-
sis, the authors examined the c-statistics, excluding “off-
pump” patients. All analyses were computed using IBM SPSS
Statistics V.28.0.1.0 (IBM SPSS, Inc, Armonk, NY) for Win-
dows.

Results

Participants

Among the 348 patients in this combined external validation
cohort, 17.4% (n = 60) developed POD after cardiac surgery.
The baseline characteristics of patients from Basel and Zurich
were similar, with the exception that patients from Zurich had
a slightly higher incidence of POD. Compared to Zurich,
patients from Basel were more likely to be female patients,
have a low serum albumin concentration, and present with
more depressive symptoms (Table 1). The mean patient age at
surgery was 70.9 § 5.7 years. Twenty-two patients underwent
“off-pump” surgery.

In comparison to the original model in the derivation cohort,
patients in this study were slightly younger (70.9 § 5.7 v 74.7
§ 6.3 years), mostly male patients (79.3%), and showed a
much lower incidence of POD (17.4% v 52%). The prevalence
of TIA and/or stroke was lower (14.9% v 22%) for the authors’
cohort, as well as the mean GDS (1.5§ 1.8 v 3.3§ 3.0 points).
The mean MMSE was higher (28.4 § 1.6 v 26.9 § 2.6 points).
Moreover, the authors’ cohort had a higher percentage of the
normal value of serum albumin concentration, but the abnor-
mal serum albumin values were lower. Furthermore, most of
the patients in their study had a high level of education
(Table 1), similar to that reported by Rudolph et al.15

External Validation

The authors calculated the clinical prediction model points
and applied them to the overall Swiss cohort. The increasing
risk score was associated with an increased risk of POD. The
number of patients with a score !3 was far too small (6
patients) and was not representative. However, POD was iden-
tified in 12.6% with a low-risk score, 22.8% with a moderate-
risk score, 25.8% with a high-risk score, and 35% with a very-
high-risk score. When applying the risk stratification system
with no points as reference, the presence of !1 point increased
the delirium risk by 1.5; 2 points or more doubled the delirium
risk, and !3 points more nearly tripled the delirium risk
(Table 2). The Hosmer-Lemeshow test for goodness of fit
showed good agreement between the observed numbers and
numbers estimated in the logistic regression model 1.000 (x2 =

0.000) in the imputed datasets. The median AUROC (identical
to the c-statistics) was 0.60 (median CI, 0.525-0.679). Graphi-
cal representation of discrimination is shown in Figure 2. In
the original dataset with missing data, the Hosmer-Lemeshow
test showed good agreement between the observed numbers
and numbers estimated in the logistic regression model 1.000

Table 1

Baseline Characteristics of the External Swiss validation Cohort and the Derivation Cohort of Rudolph and Colleagues

Characteristic Basel Cohort (n = 279) Zurich Cohort (n = 69) All (n = 348) Derivation Cohort15 (n = 122)

Data collection period April 2018-January 2022 January 2021-January 2022 April 2018-January 2022 September 2002-October 2004
Study design Prospective cohort Prospective cohort Prospective cohort Prospective cohort
Setting Academic medical center in Basel,

Switzerland
Academic medical center in Zurich,

Switzerland
2 academic medical centers

in Switzerland
2 academic medical centers and

1 VA hospital
Outcome Presence of POD Presence of POD Presence of POD Presence of POD
Reference standard ICDSC score !4 ICDSC score !4 ICDSC score !4 CAM/CAM-ICU
Incidence of POD 42 (15.1%) Missing: 17 18 (26.1%) 60 (17.4%) Missing: 17 63 (52%)
Age, y 71.0 (5.7) 70.4 (5.7) 70.9 (5.7) 74.7 (6.3)
Female sex 62 (22.0%) 10 (14.5%) 72 (20.7%) 25 (20%)
Education, y* 13.1 (3.4) 14.0 (3.3) Missing: 23 13.2 (3.4) Missing: 23 -y

TIA/stroke 40 (14.3%) 12 (17.4%) 52 (14.9%) 26 (22%)
GDS 1.6 (1.8) Missing: 29 1.2 (1.6) 1.5 (1.8) Missing: 29 3.3 (3.0)
MMSE 28.4 (1.5) Missing: 23 28.3 (1.8) 28.4 (1.6) Missing: 23 26.9 (2.6)
Albumin concentration, g/dL Missing: 2 Missing: 4 Missing: 6
3.6-4.4 (normal value) 219 (78.5%) 52 (75.4%) 271 (78.0%) 61 (64%)
" 3.5 or!4.5 (abnormal
value)

58 (21.0%) 13 (19.0%) 71 (20.4%) 34 (36%)

NOTE. Data are shown as mean (SD) or n (%).

Abbreviations: CAM, Confusion Assessment Method; CAM-ICU, Confusion Assessment Method for Intensive Care Unit; GDS, Geriatric Depression Scale;

ICDSC, Intensive Care Delirium Screening Checklist; MMSE, Mini-Mental State Examination; POD, postoperative delirium; TIA, transient ischemic attack; VA,
Veteran’s Affairs.

*Maximum is 20 years of education.

yEducation was reported as follows: <high school: 19 (17%); high school: 44 (36%); >high school: 59 (49%).
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(x2 = 0.000) as well, and the AUROC was 0.60 (95% CI,
0.524-0.681). Excluding “off-pump” patients, the median
AUROC was 0.61 (median CI, 0.530-0.685) in the imputed
dataset; in the original dataset with missing data, the AUROC
was 0.61 (95% CI, 0.529-0.688). Overall, compared to
Rudolph et al., there was a degradation of model performance
in the authors’ validation cohort. The b coefficients for the
logistic model based on the 4 preoperative predictors are pre-
sented in Table 1 in the supplement.

Discussion

The aim of this prospective observational study was to
externally validate a previously published clinical prediction
model for predicting POD in an independent cohort of cardiac

surgery patients in Switzerland, in line with recent framework
guidelines.29 Independent of the authors’ agreement with the
inclusion and exclusion criteria according to Rudolph et al.,15

the prediction model validated in their contemporary patient
cohort was conflicting in that it showed fair calibration but a
degradation (AUROC = 0.60) in the prediction of POD after
cardiac surgery. To observe substantial decrements in discrim-
ination during validations (compared with performance on the
derivation dataset) was not surprising, as it was in line with
previous reports.20,30 There were several potential reasons for
this. First, the observed magnitude of the AUROC may be
explained by case mix and heterogeneity in the characteristics
of the cohorts/populations. There was variability in the deriva-
tion and the authors’ validation cohort, especially in the out-
come measure of POD (52% v 17.4%), as well as in the
predictor variables. In comparison to the original model of
Rudolph et al.,15 patients undergoing cardiac surgery in the
authors’ sample reported fewer depressive symptoms (1.5 §
1.8 v 3.3 § 3.0 points), showed a lower prevalence of TIA
and/or stroke (14.9% v 22%), and performed better on the
MMSE (28.4 § 1.6 v 26.9 § 2.6 points). Moreover, the
authors’ cohort had a higher percentage of normal-value serum
albumin concentrations. However, the abnormal serum albu-
min values were lower compared to the original model.15 In
addition, Rudolph et al. validated their prediction model in a
US population, whereas the authors evaluated the prediction
model in Switzerland. However, according to a previous large-
scale review, this substantially larger decrease in discrimina-
tory performance might be expected to be more pronounced
when models are evaluated in populations that are dissimilar
to the derivation population.21 Second, Rudolph et al. origi-
nally developed the clinical prediction model based on data
from 2002 to 2004.15 The prediction model may not be appli-
cable to current patients undergoing cardiac surgery due to
improvements in general healthcare, technical and technologic
advances; and the establishment of preventive measures
against delirium, such as dexmedetomidine infusion during
surgery, at least in Zurich, may have resulted in a drift of the
clinical prediction model performance over time.30,31

In this study, the authors used the ICDSC to diagnose POD.
This corresponded to the standard procedure at the 2 academic
institutions instead of the Confusion Assessment Method (CAM)

Table 2

Performance of the Clinical Prediction Model in the Swiss External Validation Cohort Compared to the Derivation Cohort of Rudolph and Colleagues

Risk Group Prediction Model Points Delirium Rate Risk Ratio (95% CI)* C-Statistic

Swiss validation cohort (n = 348) 0.60

0 21.5/170 (12.6%) Reference

1 29.5/129 (22.8%) 1.8 (1.1-3.0)
2 11.1/43 (25.8%) 2.0 (1.1-3.9)

!3 2.1/6 (35%) 2.8 (0.9-8.8)

Derivation cohort (n = 122)15 0.74

0 5/25 (19%) Reference
1 20/44 (47%) 2.3 (1.0-5.3)

2 23/36 (63%) 3.2 (1.4-7.3)

!3 15/18 (86%) 4.2 (1.9-9.4)

* The authors applied formulae for a single sample.

Fig 2. Area under the receiver operator characteristic curve (AUROC) show-

ing the ability of the delirium prediction model by Rudolph et al. to correctly

classify those with and without postoperative delirium after cardiac surgery in
the underlying independent external Swiss validation cohort. AUROC = 0.5

indicates no discrimination, whereas AUROC = 1.0 indicates perfect discrimi-

nation. The black dotted reference line refers to no discrimination.
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or CAM-ICU for intubated patients, which was used by Rudolph
et al.32 However, in 2 meta‑analyses, the pooled sensitivity of
CAM‑ICU was found to be 75.5%-to-80.0%, and specificity was
95.8% to 95.9% for detection of delirium; whereas the pooled
sensitivity for the ICDSC was found to be 74.0%-to-80.1%, and
specificity was 74.6%-to-81.9%. Therefore, it can be assumed
that both instruments are highly valid when compared to the gold
standard (DSM‑IV criteria) in detecting POD.33,34

Although some cases of delirium may have been missed, the
observed incidence of POD in the authors’ study was relatively
low compared to the derivation cohort of Rudolph et al.15 Several
aspects may have contributed to this. First, the reported incidence
of delirium varied from 6%-to-56%,10 depending on the definition
used, timing, characteristics of the studied population, selected
assessment tool, type of surgical procedure, and the mode of treat-
ment.7 Rudolph et al. used further instruments in addition to the
CAM and/or CAM-ICU, such as the Delirium Symptom Inter-
view35 and the Memorial Delirium Assessment Scale,36 which
also capture delirium symptoms and their severity. This may have
contributed to the higher rate of POD in their sample. However,
information regarding the duration of the CAM and/or CAM-ICU
assessments, and whether the assessors were blind to the predic-
tors, was lacking. This may have led to a possible bias in the
POD rate. Second, the prevalence of delirium increases with age.
Many studies have found age to be a significant predictive factor
of POD, despite regression analysis to control for confounders.
Age >60 years may be considered an implicit element of the
original model by Rudolph et al., because patients <60 years
were excluded. However, patients in the authors’ cohort had a
mean age of 70.9 years, which was younger than in the derivation
cohort of Rudolph et al. (74.7 § 6.3 years). Third, besides
advanced age, baseline cognitive impairment is the most highly
cited factor associated with an increased risk of delirium.37,38 In
the authors’ cohort, patients had a better preoperative test perfor-
mance (MMSE, 28.4 § 1.6 points) compared to the derivation
cohort (MMSE, 26.9 § 2.6 points). According to established, clin-
ically important ranges, 28.4 points indicate no impairment,
whereas 26.9 points indicate mild impairment.39,40 Fourth, the
risk prediction model was applied retrospectively. Although this
could have caused some errors in the risk stratification of individ-
ual patients, the authors herein think that this effect was small
because all data used for the application of the Rudolph et al. pre-
diction model were collected prospectively. Fifth, in recent years,
guidelines have been developed that recommend the use of multi-
component, nonpharmacologic interventions to reduce delirium.41

There are several simple, single-component interventions, such as
reducing environmental stressors (eg, avoiding excessive noise,
maintaining daylight and nighttime rhythm) and frequent orienta-
tion of patients to time and place, which can be implemented rela-
tively easily.12 However, although these measures seem relatively
inexpensive at first sight, there are considerable “hidden costs,”
such as higher nurse-to-patient ratios and specific training require-
ments for caregivers. Given the high burden on scarce human and
material resources, these multicomponent interventions are most
cost-effective when targeted at high-risk patients.11 Therefore, it is
useful to identify patients with an increased risk of POD at an
early stage (ie, before surgery) with specific tools.42 In addition,

there is high variability among different institutions, which may
or may not apply preventative measures against delirium, and it is
still uncertain as to which interventions are most effective. There-
fore, the authors assumed that preventative measures, as adminis-
tered in both participating institutions, may have played a role in
lowering the incidence of POD in their cohort. Moreover, advan-
ces in surgical and anesthetic techniques and developments in car-
diopulmonary bypass technology may have contributed to a lower
delirium incidence as compared to 20 years ago.
Overall, the poor result of discriminative performance

(AUROC = 0.60) of the Rudolph et al. prediction model in the
authors’ sample was in line with a previously published large
head-to-head comparison study.43 The aim of this previous
study was to identify clinical prediction models for delirium
developed and published since 1990, and to compare their per-
formance head-to-head. In this large analysis, the model dis-
crimination of the Rudolph et al. prediction model was
considered poor (AUROC = 0.610).43

Strengths and Limitations

There were several important strengths to this study. To the
best of the authors’ knowledge, this was the first broad valida-
tion of the Rudolph et al. preoperative prediction model for
POD after cardiac surgery in a German-speaking, Swiss popula-
tion using real-world data and, therefore, was wholly indepen-
dent of the development and validation sample of the original
study. Furthermore, patients were recruited from more than 1
hospital in Switzerland. Second, the authors’ sample size was
larger (almost 3 times larger) compared to Rudolph et al. Third,
the primary outcome (POD) was ascertained by investigators
blinded to the predictor variables. Finally, the authors handled
missing data using multiple imputations. This is a popular statis-
tical methodology that replaces missing values with plausible
values. One can explicitly account for the uncertainty inherent
in the imputed values by creating multiple imputed data sets.
Moreover, this approach is superior to more historic approaches
such as complete case analysis, mean imputation, and single
imputation.44 However, a number of critical considerations per-
taining to the authors’ study can be made. First, the participants
of this study were relatively well-educated (13.2 § 3.4 years of
education), which may have impacted the performance on the
MMSE and the incidence of POD. Although all patients under-
going elective cardiac surgery at the participating institutions
tested negative for SARS-CoV-2 preoperatively, possible effects
of the COVID-19 pandemic during the recruitment period and
seasonal variations should be kept in mind because this may
limit the generalizability of the authors’ findings.45 Data on
patients’ history of prior SARS-CoV-2 infection were not avail-
able. Second, because the authors’ purpose was to validate the
prediction model externally and to avoid causing additional
unnecessary distress to patients before surgery, they collected
only a minimal number of variables from patients and medical
reports. Hence, establishing or updating (eg, recalibrating or
extending the model by adding newly discovered predictors) a
new prediction model was beyond the scope of this study. In
addition, a previous systematic review and meta-analysis found
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no strong evidence of a relationship between AUROCs and the
number of predictors used in prediction models.16 It seems more
important that the predictors can be applied in clinical practice,
when time is often short. However, given the relative scarcity of
external validations, it seems reasonable to prioritize the study
of existing prediction models (as opposed to developing new
ones) and realize how this might be optimized for clinical use.21

Conclusions

Risk prediction models play an important role in current car-
diac surgical practice. The study authors herein have provided
an independent external validation of a previously developed
preoperative prognostic model for incident POD in patients
who underwent cardiac surgery in Switzerland. The evaluated
prognostic model showed only poor discriminative capacity
but fair calibration. However, poor performance in a single
validation cohort does not reliably forecast performance on
subsequent validations. Therefore, it is worth implementing
further rigorous studies to evaluate the generalizability and the
clinical validity of this prognostic model to realize how this
might be optimized for clinical use.
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6. General discussion 

In the three presented independent studies in elderly adults, we could replicate previous findings of existing 

conversion tables of MMSE-MoCA and vice versa (study I). Moreover, we could extend these findings in 

the sense of providing an easy-to-use table based on all currently available MMSE-MoCA (and vice versa) 

conversion studies covering the full score range of both tools encompassing a wide range of 

neurodegenerative and neurological diseases. 

Longitudinal changes in cognitive functions in association with AF-type (non-paroxysmal versus 

paroxysmal) and comorbidities were investigated in a prospective, multicenter national observational Swiss-

AF cohort (study II). 

Furthermore, we have provided insights on the validity of a preexisting preoperative delirium prediction 

model after cardiac surgery (study III). 

Finally, we have discussed important implications of the three independent studies for clinical practice and 

future research.  

 

 

6.1 Conversion tables between MMSE-MoCA 

In study I we defined corresponding scores for MMSE-MoCA (and vice versa) using a simple and reliable 

conversion method which was used in most previous studies in a German-speaking outpatient Memory 

Clinic sample encompassing a wide range of mild and major neurocognitive disorders. We found a positive 

correlation with a strong effect of MoCA and MMSE score points in this Memory Clinic sample. This 

suggests that both tests measure similar aspects of cognitive performance. Moreover, we also found a non-

linear relationship between the two tests and consistently lower MoCA scores than MMSE scores. However, 

this is not surprising as the MMSE allocates more points for orientation (10 of 30 points) compared to only 

6 of 30 points in the MoCA. In contrast, the MoCA places greater emphasis on visuospatial domains (4 of 

30 points) compared to only 1 of 30 points with the MMSE (Damian et al., 2011). Despite identical range 
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of values and significant correlation, MoCA and MMSE scores cannot be judged as equivalent since the 

MoCA includes more demanding tasks (Bergeron et al., 2017). Moreover, both tests were initially developed 

for different target populations and vary in their psychometric properties. The MMSE discriminates well 

between cognitively healthy individuals and those with dementia, but it exhibits a ceiling effect which can 

be explained by the low complexity of the individual tasks. However, this increases the likelihood that 

individuals in predementia stages score within the normal range which decreases sensitivity. Additionally, 

the MMSE does not assess executive functions. Furthermore, a copyright restriction since 2001 has made 

the MMSE less feasible for daily clinical use. Therefore, due to its superior diagnostic utility in identifying 

MCI in different patient populations (Dong et al., 2010; Freitas et al., 2013; Ozer, Young, Champ, & Burke, 

2016; Pendlebury et al., 2010) the MoCA has gained popularity in recent years (Ozer et al., 2016). 

Nevertheless, verifying MMSE scores in clinical practice is very important as the initiation of prescription 

of cholinesterase inhibitors and/or memantine and their reimbursement by health insurances are still based 

on the MMSE scores. However, administering both tests in the same assessment might put unnecessary 

burden on the patients and might not be feasible in busy clinical settings. Furthermore, test selection often 

depends on clinicians’ preference and may therefore vary in different clinical settings. This makes it difficult 

to directly compare cognitive scores in screening examinations and over the course of neurocognitive 

disorders. 

 Conversion algorithms and especially conversion tables, which can easily translate one score into 

another could be very helpful and may facilitate the comparison and synthesis of cognitive data, enhance 

collaboration between clinicians, and inform clinical and policy decisions in the context of dementia. 

Consequently, various authors have already provided such scale conversions in recent years. While previous 

studies have not adequately reflected the heterogeneity of patients encountered in daily clinical practice, 

such as the unclear cause of cognitive impairment at screening and that comorbid diseases and conditions 

are often present (Bergeron et al., 2017), our study extended these findings by replicating existing MMSE-

MoCA conversion tables and vice versa in a broader range of causes of neurodegenerative and neurological 

disorders. Additionally, we conducted a systematic review to compile a comprehensive bi-directional 

MoCA-MMSE conversion based on all currently available conversion studies. 
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We revealed a very high level of agreement for the higher score range. In the lower score range both 

conversions showed a larger difference in the equivalent scores of the individual studies. Therefore, 

conversions in the lower part of the tests must be used with caution and the range should serve as a measure 

of uncertainty. For the use in clinical practice, we recommend using the weighted mean where each data 

point contributes equally to the final mean. Nonetheless, this easy-to-use table enables a direct comparison 

of cognitive scores at screening examinations and over the course of neurocognitive disorders. Moreover, it 

may be considered to provide this comprehensive table as a pocket card to clinicians which can serve as a 

reference to continue clinical care using the MoCA in patients who were previously provided with MMSE 

screenings and vice versa (illustrated in Figure 3).  

 

 

Figure 3 

Test results of a fictive patient examined with either the MMSE or the MoCA over 10 years  
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B 

 

C 

Note. (A) The patient was administered the MoCA at the first two testing sessions as well as at follow-up 4, 6 and 7. 

In between, the MMSE was used at follow-up 3 and 5. At follow-ups 8, 9 and 10, the MMSE was administered too 

because the patients cognitive functioning had declined. (B) Course of cognitive performance with converted MMSE 

to MoCA scores. (C) Course of cognitive performance with converted MoCA to MMSE scores. 

 

 

Of course, these findings are preliminary. Future studies are required to validate and examine its diagnostic 

accuracy in detecting cognitive impairment as the included studies for the bi-directional comprehensive 

MMSE-MoCA table differed in the demographic and diagnostic composition of the patient cohort. For 

example, it is not clear whether conversion tables generated from individuals with high education levels can 

be applied to individuals with lower education levels. Hence, individuals with low education usually display 
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a steeper cognitive decline early in the process of aging compared to those with high education level. 

Therefore, age, ethnicity, and cultural background as well as considering potential learning effects or other 

comorbidities and laboratory parameters are also important confounding factors that may influence 

cognitive performance. Furthermore, because both cognitive screening tests were administered in a specific 

language and in a specific version the generalizability of the score conversion to other languages and 

versions also needs further investigation. Thus, it is important to examine the applicability of the existing 

easy-to-use comprehensive conversion table in other patient populations and settings. As the cognitive 

profile of patients with different causes of dementia differs, this may contribute to different patterns in 

conversion. This can be caused by the fact that the MMSE primarily assesses memory and language skills, 

whereas the MoCA assesses a broader range of cognitive domains including executive and visuospatial 

functions (Roalf et al., 2013). Therefore, it is imaginable that etiology-specific conversion tables (e.g., for 

Alzheimer`s disease, Parkinson`s disease etc.) are more reliable when the cause of the cognitive disorder is 

known. 

 

 

6.2 Cognitive functions in underlying atrial fibrillation 

Previous findings reported no important differences between AF patients and controls in terms of cognitive 

function either at baseline (Park et al., 2007; Rastas et al., 2007) or during the follow-up period (12 months 

to 9 years) (Marengoni et al., 2011; Park et al., 2007; Peters et al., 2009; Rastas et al., 2007), some others 

reported a positive relationship (Bilato et al., 2009; Bunch et al., 2010; Debette et al., 2007; Elias et al., 

2006; Forti et al., 2007; Knecht et al., 2008; Koh et al., 2022; Tilvis et al., 2004) between AF and cognitive 

impairment (Shamloo et al., 2020). Factors such as sample size, statistical methods, assessment of cognitive 

performance and length of follow-up and attrition bias can underestimate change. The latter one indicating 

that participants who are most likely to remain in the study tend to be the healthiest, best educated, 

wealthiest, and have the highest scores on cognitive tests whereas ill participants are less likely to return for 

study visits (Van Beijsterveldt et al., 2002). However, to describe change and investigating the causal 
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linkages between atrial fibrillation and cognitive performance as well as their precursors and consequences 

longitudinal studies are in this context the most powerful designs. 

In study II we found a small, constant increase in cognitive functioning over a median duration of 

3.97 years in AF patients. Although we aimed to take attrition bias as well as practice effect into account, 

we cannot completely rule out the possibility that these have led to an increase in cognitive performance 

over time in AF patients. However, while practice effects are typically considered as biases or error when 

analyzing data on cognition from repeated administration of cognitive tests, their use as markers of cognitive 

performance has gained interest (Jutten et al., 2020; Zehnder, Bläsi, Berres, Spiegel, & Monsch, 2007). As 

based on their literature review, Jutten et al. (2020) concluded that there is accumulating evidence that a 

deficiency in practice effects may be an early indicator of future cognitive decline and lower practice effects 

are associated with specific Alzheimer's disease biomarkers. Interestingly among patients with non-

paroxysmal (i.e., persistent or permanent) AF we found a less pronounced practice effect in cognitive tests 

on processing speed, executive functioning and general cognitive functioning compared to patients with 

paroxysmal AF. Moreover, our results indicated no difference between AF groups in accumulating cases of 

cognitive drop defined as a threshold of > 1 SD in all cognitive measures. This suggests that lower practice 

effect in patients with non-paroxysmal AF may reflect a cognitive (e.g., learning) deficit, which could serve 

as a potential early clinical marker of interest. Using a conventional threshold as an outcome based on 

clinical standards (e.g., test performance 1–2 SD below the normative mean) (APA, 2013; Weissberger et 

al., 2017) does not account for potential practice effects. Therefore, comparing practice effects taken as the 

ability to learn over time might act as a more reliable marker of cognitive change in longitudinal studies. 

Moreover, it is conceivable that this lack of practice effect on cognitive tests of processing speed, executive 

and general cognitive functioning as we have seen in patients with non-paroxysmal AF (characterized as 

persistent or permanent and with increased symptom severity) could be of practical interest to physicians or 

cardiologists in particular to identify high-risk patients and allow for prioritization targeted therapy (e.g., 

anticoagulation initiation for stroke prevention, MRI screening of the brain) (Ruff et al., 2014).  

Although we used five validated and widely used cognitive measures, only derived measures on global 

cognitive functioning as well as tests on executive functioning and processing speed seem to be most 
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sensitive in detecting subtle changes in cognition in AF patients even after considering practice effects. 

However, the generalizability of our results to other populations and settings remains unclear. Thus, not 

only methodological aspects but also cultural changes (e.g., cohort effects) can influence results. Future 

studies should investigate the role of practice effects as a marker of cognitive decline by designing follow-

up measurements at different time points. Likewise, to gauge the full impact of AF-type on cognitive decline 

longer follow-up may be required. Since in a disease like cognitive dysfunction (e.g., dementia) there is a 

slow development over a very long time. In addition, some evidence suggests diabetes, history of stroke/TIA 

and depression being associated with faster cognitive decline in AF patients. This highlights the importance 

to investigate in further studies whether early modification addressing these comorbidities may prevent AF-

related disease progression and will also result in a reduction in the incidence and advancement of cognitive 

decline. In this context, studies with a control group are needed to explore the interplay between AF-type 

and other cardiovascular risk factors and comorbidities in relation to cognitive drop over time. The Swiss-

AF CONTROL cohort is currently being recruited with the aim to make this analysis possible. 

 

 

6.3 External validation of an existing preoperative delirium prediction model  

In study III we investigated the validity of the predictive performance of a previously published clinical 

prediction model for POD (Rudolph et al., 2009) in an independent cohort of cardiac surgery patients in 

Switzerland. Compared to the original model of Rudolph et al. (2009) we have found poorer discriminative 

capacity (area under the receiver operating characteristic curve; [AUROC] = 0.60 vs 0.74) but fair 

calibration in the prediction of POD after cardiac surgery in our contemporary patient cohort. However, 

poor performance in a single validation cohort does not reliably forecast performance on subsequent 

validations. Further studies are necessary to evaluate the generalizability and the clinical validity before 

rejecting the original model completely. Especially multicenter studies are required since analysis of a single 

region’s result may not represent national and international practice and the gained results may not be 

completely representative. For example, there is wide variation in the assessment of postoperative delirium 
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across institutions, with over 40 different delirium assessment tools developed to date (Helfand et al., 2021), 

as well as in the use of multicomponent, pharmacologic and nonpharmacologic interventions to reduce 

delirium. Moreover, given the aging of the population undergoing cardiac surgery this population has 

acceptable survival rates thanks to medical advances but nonetheless, elderly individuals appear to have a 

low tolerance for complications due to advanced age and concomitant medical conditions (Story et al., 

2010). Additionally, it is well recognized that frailty is associated with an increased risk of developing POD 

(Brown et al., 2016; Jung et al., 2015; Li et al., 2021; Persico et al., 2018), as well as being much more 

common in patients undergoing cardiac surgery, with a reported prevalence of 20% to 46% (Afilalo et al., 

2012). To assess frailty, numerous instruments have been developed to identify and quantitate its 

characteristics. One example is the well-validated Frailty Phenotype Scale (Fried et al., 2001) using gait 

speed, grip strength, exhaustion, physical activity, and weight loss. Accordingly, it may be worthwhile to 

recalibrate or extend the Rudolph et al. (2009) clinical prediction model by adding other predictors such as 

frailty or newly discovered predictors.  

 As time is often a limited resource in clinical practice, it seems important to facilitate clinical 

implementation of the prediction model so that the predictors can be applied in clinical practice. Although 

the Rudolph et al. (2009) prognostic model consists of only four predictors, assessing depression and 

cognition can still be time-consuming. This is because these measurements often cannot be obtained from 

the medical record and require the input of a clinician. However, especially cognitive impairment is a known 

risk factor for delirium development and therefore many guidelines recommend the preoperative evaluation 

of cognitive function in elderly patients (Lock et al., 2019; Mahanna-Gabrielli et al., 2019). The 

administration of brief and reliable screening tests is usually a first step in the process of assessing cognitive 

impairment (Ehrensperger et al., 2014). Furthermore, prior research has demonstrated that individuals with 

MCI are at a significantly higher risk to develop delirium (Kazmierski et al., 2014; Veliz-Reissmüller, 

Torres, van der Linden, Lindblom, & Jönhagen, 2007). While the MMSE has been criticized for its low 

sensitivity in patients with mild dementia or mild cognitive impairment (Nasreddine et al., 2005) the MoCA, 

which was developed to identify patients with MCI, is better suited in this context (APA, 2013). A future 

study should investigate whether the performance of the prediction model in study III could be improved by 
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transferring MMSE scores into corresponding MoCA scores using the comprehensive conversion table from 

Study I. Besides the fact that most cognitive screening tools available to date are not specifically intended 

for preoperative use in surgical patients (Long, Shapiro, & Leung, 2012) objective evaluation of cognitive 

performance is time consuming and usually requires trained personnel. Considering these difficulties, 

further exploration of cognitive tests that are feasible to administer in clinical settings and that are sensitive 

to cognitive impairment may enhance delirium prediction. Conserving valuable human resources as well as 

respecting the time constraint computerized cognitive assessments may increase the efficiency of cognitive 

evaluation (through e.g., direct availability of the results without manual evaluation, etc.). Thus, in 

collaboration with the Department of Anesthesia of the University Hospital Basel and the Memory Clinic, 

University Department of Geriatric Medicine FELIX PLATTER, Basel, a new self-administered tablet-

based computer program (CogCheck) was developed in 2014 with the aim of measuring the individual`s 

cognition and risk of POD. In addition, the self-administrative character of CogCheck and the possibility of 

remote and parallel testing may reduce personnel and resource costs. Moreover, the composition of different 

cognitive tests may result in a more adequate assessment as cognitive impairment and dementia may affect 

different domains of cognition (Monsch et al., 2019). User-friendliness and applicability of CogCheck was 

demonstrated in a previous pilot study in cognitively healthy and cognitively impaired subjects (Burckhardt, 

2014). Additionally, normative data for the CogCheck tool have been generated in a previous study with 

283 healthy volunteers (Monsch et al., 2019). The reliability and validity of CogCheck is investigated in 

ongoing studies at the University Hospital Basel for cardiac surgery patients since April 2018 as well as at 

the Memory Clinic, University Department of Geriatric Medicine FELIX PLATTER, Basel for patients with 

mild or major NCD predominantly due to Alzheimer's disease since July 2021, before it can be implemented 

in a clinical setting. 

While the diagnosis of delirium today is still based on clinical skills, there is growing interest in 

the use of objective parameters for reliable assessment of cerebral damage caused by cardiac surgery. In this 

context, the detection of elevated or lowered levels of biomarkers seems very promising. Since biomarkers 

are measurable indicators in the blood, cerebrospinal fluid or brain imaging that can provide insight into the 

underlying mechanisms and risk factors associated with POD (Majewski et al., 2020; Su et al., 2023). Hence, 
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it is necessary to look for useful biomarkers such as for example inflammation-related biomarkers (e.g., C-

reactive protein [CRP], tumor necrosis factor-alpha [TNF-α], interleukin [IL]-2 etc.) for the detection of 

POD after cardiac surgery which could potentially be integrated into existing predictive models in future 

studies. 

Another promising approach to improve existing POD risk prediction models is artificial 

intelligence (AI), particularly the use of machine learning methods (Bishara et al., 2022; Mufti, Hirsch, 

Abidi, & Abidi, 2019; Weng, Reps, Kai, Garibaldi, & Qureshi, 2017). Current delirium prediction models 

tend to rely on a range of well-known delirium risk factors such as cognitive impairment (van Meenen et 

al., 2014). These risk factors are applied to conventional statistical methods like logistic regression (LR), 

providing a simplified, linearly weighted representation of statistically significant risk factors for predicting 

delirium (Mufti et al., 2019). However, after cardiac surgery the prediction of delirium is quite complex. In 

addition to patient-related factors, other elements (e.g., the complexity of the surgical procedure, including 

aortic clamping, and the choice between the on-pump and off-pump techniques) could also contribute to 

increasing the risk of postoperative delirium and overlap with the occurrence of patient-related factors. 

Therefore, to discover such underlying patterns and correlations, machine learning methods offer a powerful 

way to facilitate the identification of higher-order interactions between risk factors and adapt to changing 

patient conditions (Lindroth et al., 2018; Weng et al., 2017). Finally, future studies should consider 

developing dynamic predictive models using advanced statistical methods such as Bayesian networks, AI, 

and machine learning, as these methods have been shown to improve models built using traditional 

regression approaches (Bishara et al., 2022; Kim et al., 2011; Lindroth et al., 2018; Mufti et al., 2019; Weng 

et al., 2017). 
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7. Outlook 

The aging population is increasing rapidly, leading to a higher incidence and prevalence of cognitive 

difficulties and other age-related pathologies such as cardiovascular and neurological diseases. In this 

context, atrial fibrillation and delirium are of great clinical relevance due their important role in the 

development of cognitive dysfunction. Elderly adults are particularly vulnerable to factors that influence 

cognitive function due to age-related conditions such as frailty and chronic disease. Additionally, the 

underlying pathomechanisms of atrial fibrillation and postoperative delirium, especially after cardiac 

surgery, are complex and require further understanding to identify patients at risk and develop potential 

interventions to prevent or mitigate cognitive impairment in this vulnerable population. Early signs of 

cognitive impairment can be subtle and often go undiagnosed. Thus, brief and reliable screening tests are 

usually used as the first step in the assessment. However, traditional screening tools have limitations in 

terms of sensitivity and specificity, and clinicians may differ in their preferences regarding test selection, 

making comparisons in clinical routine complicated. By providing a conversion table of two widely used 

cognitive screening tests (MMSE and MoCA) encompassing a wide range of neurocognitive disease which 

allows comparison and synthesis of cognitive data from multicenter and longitudinal cohort research this 

thesis aimed to enhance communication between clinical and research settings. Moreover, the study 

investigating the longitudinal changes in cognitive function associated with AF-type (non-paroxysmal vs 

paroxysmal) and comorbidities in a Swiss-AF cohort was conducted to gain a better understanding of the 

underlying mechanisms of AF and its impact on cognitive changes. Additionally, the validation of an 

existing prediction model for postoperative delirium after cardiac surgery attempted to get closer to the 

applicability of a simple prediction model for clinical practice to better identify high-risk patients as early 

as possible. In particular, the results found on cognitive changes in elderly adults associated with atrial 

fibrillation and the low discriminatory capacity of the validated prognostic model for postoperative delirium 

after cardiac surgery highlighted the need for further investigation.  

Advancing our understanding and management of AF and POD one potential promising direction 

for research is to elucidate the still not fully understood underlying mechanisms that link these conditions 
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to cognitive dysfunction by involving neuroimaging techniques like functional MRI and positron emission 

tomography (PET) scans to examine changes in brain structure and function as well as molecular and genetic 

studies to identify key pathways involved. Another promising direction, especially in predicting 

postoperative delirium is the identification of specific biomarkers that can then serve as early indicators for 

high-risk patients. However, there are several challenges that must be addressed before identifying such an 

ideal marker for example POD. The marker should be detected earlier than the occurrence of POD, should 

be highly sensitive, correlate with the severity of the disease, should be stable, translational, easy to obtain, 

independent of physiological variables, low in cost, readily available, and should exhibit high validity and 

specificity in detecting postoperative delirium (Gailiušas et al., 2019).  

As precision medicine advances, integrating various factors into a comprehensive risk assessment 

model, such as age, comorbidities related to AF (e.g., diabetes, stroke/TIA, and depression), as well as 

potential other factors, like lifestyle factors or the consideration of practice effects in cognitive testing, could 

allow more personalized approaches to identify an individual's risk for cognitive decline. In terms of POD, 

it could therefore be worthwhile to recalibrate or refine the already existing risk model. Additionally, by 

employing advanced machine learning algorithms, including artificial neural networks and deep learning 

models large amounts of data could be analyzed and thereby complex patterns that may not be apparent with 

traditional statistical methods could be identified. This could enable even better identification of individuals 

at higher risk and adjust interventions accordingly. A next possible step would then be to develop tailored 

interventions, guidelines and protocols that address the complex interplay between AF and postoperative 

delirium and its role in the development of cognitive dysfunction. For this, multidisciplinary collaboration 

between neuropsychologists, cardiologists, geriatricians, and other medical professionals is critical. This 

could allow for comprehensive and holistic approaches to be developed and improve outcomes in this 

vulnerable group of elderly patients. 

Advances in technology including digital tools and wearable devices may open up new 

possibilities for cognitive assessment and interventions in elderly adults. Computerized cognitive 

assessment tools like the CogCheck (Monsch et al., 2019) are a potential future alternative to address some 

barriers to cognitive screening in clinical practice. These tools offer the advantage of covering several 



125 

 

cognitive domains while saving resources at the same time. Patients can perform these assessments 

independently, which facilitates standardisation and allows for automated scoring. In addition, digital 

wearables such as smartwatches may lead to earlier diagnosis in the context of AF (Ranganathan & Cheung, 

2023), which holds promise for preventing associated cognitive decline as well. 

In conclusion, all these further efforts have the potential to improve our understanding, detection, 

monitoring, and treatment of postoperative delirium and cognitive changes in AF patients, ultimately leading 

to better health outcomes. 
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