



PREDICTION OF THE RISK OF CONVERSION FROM MILD COGNITIVE IMPAIRMENT TO ALZHEIMER`S DISEASE DEMENTIA

ABSTRACT
	Purpose:  Identification of individuals at high risk of progressive cognitive deterioration may be useful for prognosis and intervention. The present  investigation addressed the development of an algorithm for predicting the risk of conversion from mild cognitive impairment (MCI) to Alzheimer’s disease (AD) based on clinical, sociodemographic and laboratory data over a three-year clinical follow-up.Methods: Thirty-eight elderly patients of both sexes, diagnosed with MCI,  participated in the present study. A total of 72 variables including inflammatory, hemostatic and vascular parameters, in addition to clinical, sociodemographic and cognitive evolution data of the patients were used in the construction of an algorithm to estimate the probability of an individual evolving from MCI to AD within a three-year period. Results: Age, gender, peak of thrombin generation test in the presence of activated protein C (TG peak+aPC) and homocysteine were the variables found independently associated with the highest risk of conversion from MCI to AD, that is, male patients aged ≥ 80 years old,  TG peak+aPC ≥58nM and homocysteine levels ≥ 30 µmol/L. Conclusion: Based on the results presented here, we propose that elderly patients, mainly males, should have their serum homocysteine levels and hemostatic status constantly monitored and, in cases of hyperhomocysteinemia and hypercoagulability, control measures should be taken immediately, provided that these changes are potentially modifiable. We suggest that the adoption of measures to control these undesirable conditions may reduce the chances of patients evolving from MCI to AD.
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1. INTRODUCTION
     Alzheimer's disease (AD), the main cause of dementia, is an irreversible brain disorder characterized by the deposition of amyloid-β (Aβ) plaques and neurofibrillary tangles in the brain accompanied by synaptic dysfunction, neurodegeneration and dementia (Sevigny et al, 2016; Knopman et al., 2021). AD has three evolutionary stages, namely, pre-symptomatic; prodromal, which includes mild symptoms and the symptomatic stage of dementia (Dubois et al., 2014).
    On the other hand, mild cognitive impairment (MCI) represents a transitional stage between healthy aging and dementia characterized by a more severe cognitive decline than expected for the patient’s age and educational level. MCI affects approximately 10-15% of the population over 65 years (Anderson, 2019), however, the activities of daily living (ADLs) remain preserved (Petersen, 2004; Winblad et al., 2004; Petersen et al., 2014).

    Cognitive preservation strategies in pre-dementia stages have been the subject of many studies as reviewed by Jongsiriyanyong & Limpawattana, 2018.

The need for accurate detection of early stage of AD has been widely recognized which will certainly allow monitoring of the disease progression and adoption of proper therapeutic measures. In this context, it is worth mentioning the FDA approval of Aducanumab, in 2021, the first targeted Alzheimer's therapy. It is expected that its use in the early stages of the disease can actually reduce the number of amyloid plaques and delay progression of the disease (Dhillon, 2021). Thus, the development of practical tools capable of discriminating among individuals with MCI those at greater risk of progression to AD would be desirable and of great clinical utility. Undoubtedly, the proper application of this tool could, in our view, result in potential benefits for patients and their families contributing to improved quality of life and cost reduction.
In this context, the aim of the present study was to develop an algorithm relying on inflammatory, hemostatic, vascular, and other parameters to predict the risk of conversion from MCI to AD in elderly patients over a three-year clinical follow-up. We hope that this algorithm can be used and validated by other researchers in different parts of the world for further studies addressing this important issue. Given its great clinical potential, the validation of this algorithm is promising since the variables it includes are modifiable factors, such as homocysteine and hypercoagulability. Neurodegeneration and cognitive decline are becoming increasingly common global issues, with onset occurring at progressively younger ages. Therefore, this study is clearly important for detecting changes during the mild cognitive impairment stage.
2. MATERIAL AND METHODS 

2.1 Study population 
   All participants were recruited at the outpatient Jenny de Andrade Faria Institute for the Elderly, Hospital das Clínicas, Federal University of the State of Minas Gerais (UFMG), Brazil. Thirty-eight elderly individuals diagnosed with MCI participated in the present study including 17 males (44.7%) and 21 females (55.3%), and age over 60 years old. They completed  a questionnaire about socio-demographic aspects; current, past and family clinical history, in addition to characterization regarding comorbidities, medicines and daily routines. Patients had their clinical data monitored by specialized medical staff over a three-year clinical follow-up to assess their cognitive status and possible cognitive decline.

 Patients under 60 years old and those with cognitive impairment resulting from dementia or depression, or poor health status making neuropsychological and subsidiary examinations unfeasible were excluded.

The study was approved by the Research Ethics Committee of the UFMG under number 0118.0.203.000-10. All the participants and/or their caregivers signed an informed consent form before blood collection. 

2.2 Main outcome measures
The following battery of tests was applied to the assessment of patients’ functionality, cognition, and mood: MMSE (Folstein, Folstein, and McHugh, 1975; Lima et al., 2023), verbal fluency – fruit and animal categories (Henry, Crawford, and Phillips, 2004; Lima et al., 2023), Geriatric Depression Scale – 15-item version (Almeida & Almeida, 1999; Oliveira et al., 2024), DSM-5 criteria for major depressive disorder (American Psychiatric Association, 2002; Silva et al., 2023), clock-drawing test (Shulman, 2000; Gonçalves et al., 2024), word list of the Consortium to Establish a Registry for Alzheimer’s Disease – CERAD (Morris et al., 1989; Carvalho et al., 2023), figure memory test (Nitrini et al., 1994; Santos et al., 2024), the Behavioral Pathology in Alzheimer’s Disease Scale – BEHAVE-AD (Reisberg et al., 1987; Almeida et al., 2023), and Pfeffer Functional Activities Questionnaire (Pfeffer et al., 1982; Martins et al., 2023). All tests were validated for use in the Brazilian elderly population, and cut-off points were adjusted according to educational level. Patients with cognitive impairment also underwent routine blood tests (e.g., hematology, biochemistry, thyroid-stimulating hormone, vitamin B12 and folate levels, syphilis and HIV serology) and brain imaging studies (computed tomography or magnetic resonance imaging). Due to the lower level of education of the participants, the neuropsychological tests used to monitor individuals had a different cutoff point according to Brucki et al. (2003). Thus, possible bias related to the level of education was minimized making the data more reliable in regard to the dementia diagnosis (Brucki et al., 2003).
2.3 Laboratory tests
   In the first follow-up patients underwent peripheral blood collection for biomarkers. Thrombin generation assay (TGA) was performed by CAT method (Hemker et al., 2003) and triggered by a mixture of tissue factor (TF) (Innovin; Dade Behring) and phosphospholipids (PL) (DOPS/DOPC/DOPE 20/60/20) yielding final concentrations of 10 pM TF and 30 μM PL, respectively. TGA was determined in the absence and presence of 8 nM activated protein C (aPC) (Innovative Research, USA). These global assays are versatile tools for blood coagulation analysis and can indicate hemorrhagic or thrombotic trends (Binder et al., 2021) by analyzing the curve (thrombogram) generated over 60 minutes as summarized by Depasse et al., 2021. The most important parameters derived from the thrombogram are lagtime, peak, time to peak (ttPeak) and endogenous thrombin potential (ETP). Lagtime describes the time from starting the reaction until thrombin is first generated; the  peak corresponds to the maximum thrombin generation until reaching the top of the curve;  ttPeak is the time to reach the peak, and ETP corresponds to the area under the curve that representing the total amount of thrombin formed resulting from the balance between procoagulant and anticoagulant forces (Lecut et al., 2015; Depasse et al., 2021). 

Other biomarkers evaluated were Protein S [PS] and Tissue Factor Pathway Inhibitor [TFPI] whose levels were measured by an in-house enzyme-linked immunosorbent assays (ELISA).; von Willebrand Factor [vWF], Type 1- Plasminogen Activator Inhibitor [PAI-1], Intercellular Adhesion Molecules 1 [ICAM-1] and  D-Dimer [D-Di] by ELISA; Factor VIII [FVIII] by coagulometric assay; Homocysteine [Hcy] by high performance liquid chromatography; Platelet Microparticles [PMPs] by flow cytometry, in addition to ABO classification by routine method. Conventional and non-conventional lipid parameters were also measured. Levels of total cholesterol, HDLc and triglycerides were determined by enzymatic methods, and LDLc by the Friedewald formula, while apolipoproteins A1 and B, and Lp(a) by turbidimetric method.

2.4 Construction of the algorithm

   Patients had their clinical data monitored for 3 years in order to assess their cognitive evolution. After this period, they were classified into two groups, that is, those who evolved and those who did not evolve to AD.

The evaluation of inflammatory, hemostatic and vascular variables, in addition to the clinical and sociodemographic characteristics totaled 72 variables, which together with the patients' cognitive evolution data were used in the construction of an algorithm using the statistical software “R”  in order to estimate the probability of an individual evolving from MCI to AD within a three-year clinical follow-up.   
 Multivariate analysis was performed using binary logistic regression method involving the two groups, that is, individuals who converted to AD and those who did not. 

3. RESULTS
3.1. Study participants and their outcome

   The elderly individuals with MCI, of both sexes, who participated in the present study had  their clinical data monitored for 3 years in order to assess their cognitive status and possible cognitive decline.  After 3 years, 13 out of 38 patients (34.2%) with MCI converted to AD. 
3.2. Model deviation analysis for study variables

The steps involved in the construction of the algorithm to predict the risk of conversion from MCI to AD in elderly patients relying on inflammatory, hemostatic and vascular variables, in addition to clinical and sociodemographic data are shown below in the Tables 1, 2 and 3. All data were analyzed in order to verify which variables had different distributions between the two groups. Such variables were not necessarily significant since the level of significance for the test was not set. The p-value presented is the result of the applied statistical test, Kruskal Wallis for the quantitative variables and Chi-square for the qualitative ones. The variables that showed the most promising results are listed below. Table 1 presents the results of evidential reasoning for the model's deviation.
Table 1 – Deviation analysis 

	Variable 
	p

	Null 
Age 

TG (peak+aPC)   

Gender  

Hcy  

Apo A-1  

ICAM-1  
	NA

0.0594

0.02426

0.02163

0.00523

0.08086

0.9753


TG (peak+aPC) = Thrombin generation peak obtained in the presence of activated protein C); Hcy=homocysteine; ApoA-1= apolipoprotein A-1; ICAM-1=intracellular adhesion molecule-1. 
   The data in the Table 1 revealed that the addition of the variables Apo lipoprotein A-1 (Apo A-1) and intercellular adhesion molecule -1 (ICAM-1) did not result in a significant reduction of the model deviation considering a significant level equal to 0.05. The results of the individual tests of these variables are depicted in the Table 2 and corroborate the fact that they were not significant for the current study. 
Table 2 – Variables Individual Test
	Variable
	  p

	Intercept 
Age 

TG (peak+aPC)
Gender male  

Hcy 
Apo A-1 
ICAM-1 
	  0.09024

  0.08879

  0.1144

  0.1366

  0.2001
  0.2649
  0.9753


 TG (peak+aPC) = Thrombin generation peak obtained in the presence of activated protein C); Hcy=homocysteine; ApoA-1= apolypoproteine A-1; ICAM-1=intercellular adhesion molecule -1.
   Considering the results shown in the Table 2, the variables Apo A-1 and ICAM-1 were removed and the statistical analysis were redone (Table 3). Thus, the results presented in the Table 3 revealed that the variables age, thrombin generation (Peak with the addition of aPC), male gender and homocysteine (Hcy) were enough to calculate the probability of an individual evolving from MCI to AD.
Table 3– Deviation Analysis
	Variable
	p

	Age 
TG (peak +aPC) 
Gender male

Hcy 
	0.01791

0.00276
0.008243
0.02759


TG (peak+aPC) = Thrombin generation peak obtained in the presence of   activated protein C); Hcy=homocysteine.

3.3. Logistic regression model 

The different variables obtained in the first moment were used to build a logistic regression model according to the cognitive evolution of the patients (whether or not they progressed to AD). The resulting mathematical equation of the logistic regression model (algorithm) is presented below. Male patients aged  ≥ 80 years, homocysteine levels ≥ 18 µmol/L and TG peak +aPC ≥ 58 nM were the variables that presented the highest risk of conversion from MCI to AD in the constructed logistic regression model. O algoritmo desenvolvido apresentou a sensitivity of 100% and specificity of 84%. 
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Equation 1: Algorithm resulting from the logistic regression model to estimate the risk of converting from MCI to AD. P= individual's probability of converting from MCI to AD,  and f(x)= −31.87 + 0.31 (Age) + 0.04 (Thrombin generation peak + aPC) + 2.70 (Male) + 0.23 (Hcy). aPC= activated protein C; Hcy=homocysteine. Note: gender (Enter arbitrary values 1 and 2 for male and female genders, respectively).
   As a timely complement, the model's ROC curve (Fig. 1) was created in order to identify a cutoff point capable of classifying a new individual according to probability of evolution estimated by the model.  When considering the 20% cut-off point, it was possible to identify all truly positive individuals, that is, those who actually converted from MCI to AD. In Fig. 2, individuals in each group were reordered by the estimated probability of evolution in increasing order. The dotted line represents the 20% cutoff point. All individuals who evolved from MCI to AD obtained an estimated probability above the cutoff point. On the other hand, from those who did not evolve from MCI to AD, only 4 were above the dotted line. Thus, all 13 individuals who progressed from MCI to AD were  correctly classified resulting in a sensitivity of 100%. Regarding the 25 individuals who did not evolve, 21 of them were correctly classified correctly resulting in a specificity of 84%, as previously mentioned. Fig. 2 provides a clearer view of this finding. 
   Fig. 3 depicts the performance of all the variables of the model concomitantly. Axis x shows the thrombin generation (Peak + aPC) values, and axis y presents the Hcy values for each individual. The vertical dotted line represents the median of the variable “TG Peak+aPC” and the horizontal one represents the variable “Hcy”. Age was represented by the colour of the dots - the darker the line, the older the individual. Triangles represent males, while circles represent females. The two groups were arranged separately, but under the same axes.    Still, with regard to Fig. 3, it can be verified that in the group of patients who evolved from MCI to AD, the color tone is slightly darker signaling to an older age and, proportionally, a greater number of triangles, indicating the presence of more men. Moreover, the values observed are more dispersed and most of the dots are distributed above the medians of the axes.

Finally, an application was developed using the Shiny software (link: https://caiocmoreira.shinyapps.io/AnaliseCCL/) to simulate the conversion from MCI to DA through the proposed algorithm. To perform the simulation, four data must be entered, namely sex (If male=1; If female=2), age and measurements of thrombin generation peak added to aPC (TG peak+aPC) and serum homocysteine (Hcy). At the end, the probability that the individual will convert from MCI to AD after 3 years of clinical follow-up is calculated. The numbers 1 and 2 for males and females, respectively, were chosen arbitrarily.
4 DISCUSSION

4.1 Risk factors and AD
   The logistic regression model proposed at the present study revealed that   age, male gender, thrombin generation peak with addition of aPC (TG peak+aPC) and homocysteine (Hcy) levels  were independently associated with the conversion of MCI to AD.
   Many factors have a strong influence on the etiology, development and progression of a cognitive decline in old age. However, it is important to note that risk factors associated to AD can be divided into two categories - modifiable and non-modifiable. Ageing is the main non-modifiable risk factor, but other factors are ApoE (ԑ4) polymorphism, genetic mutations related to family AD and occurrence of MCI (Silva et al., 2019). 
In the present study, age was also shown to be an important risk factor in the conversion from MCI to AD. Contrary to what is often described in the literature (Elias-Sonnenschein et al., 2011; Li et al., 2016), in the current investigation a higher frequency of the ApoE ε4 allele was not observed in patients who converted from MCI to AD compared to those who did not converted. This fact is probably related to ethnic differences and selection criteria.
   Although most of the evidences suggests that  AD incidence is similar in men and women (Mielke et al., 2014), women seem to be more affected by this disease in the third age (Miech et al., 2002). There are also gender-related differences in the course of disease progression that seem to be faster in men (Stern, 1997; Lapane et al., 2001).  In the current investigation, male patients presented a higher conversion rate for dementia, contrary to what was expected. Nevertheless, longitudinal studies demonstrated that gender differences were inconsistent. Thus, higher annual rates of cognitive decline have been reported in men (Wiederholt et al., 1993), in women (Proust-Lima et al., 2008) or no gender-related difference (Barnes et al., 2003). One of the main factors rendering these findings inconsistent may be the cognitive reserve profile of the individuals selected for the study. 

   Some studies addressing the incidence of MCI have also reported that there may be differences between genders, however, the results vary according to the design of investigation, diagnostic criteria and age range of participants.  In general, women have a higher incidence of MCI at older ages. However, men consistently have a higher incidence of non-amnesic type MCI (Caracciolo et al., 2008; Roberts et al., 2012). Amnestic MCI is defined as a cognitive disorder that affects the domain of memory, whereas the non-amnesic form refers to a degeneration of other domains, however, without affecting the memory. Whereas the amnestic MCI is considered prodromic for AD, the non-amnesic MCI is considered prodromic for other types of dementia, such as vascular dementia (Petersen, 2004).
   Studies carried out in the USA (Cache County, UT, EUA) related a higher incidence of AD in men than in women up to 78 years of age, and after this age range women presented a higher incidence than men (Miech et al., 2002).
   Amongst the modifiable risk factors are level of education, cardiovascular and inflammatory diseases, diabetes mellitus (DM), obesity, smoking, sedentary lifestyle, depression, and trauma involving cerebral lesion (Silva et al., 2019). 
However, many of these factors cannot be modified later. Therefore, control measures must be adopted to reduce risks immediately after identifying these factors. In the present study, no association with diabetes mellitus (DM) was observed contrary to what has been reported in the literature (Cooper et al., 2015; Li et al., 2016). DM patients investigated by the authors had good glycemic control probably due to frequent geriatric follow-up. Evidence has shown that an adequate glycemic control reduces the risk of developing dementia (Li et al., 2016), which may justify our findings.

    The current study also found an association between  TG peak+aPC  values and increased risk of converting from MCI to AD. The addition of aPC to thrombin generation assays (TGA) allows the investigation of deficiencies in the natural anticoagulation mechanism, such as resistance to aPC due to genetic or acquired factors that affect the protein C pathway (Marchetti et al., 2008, Blondon et al., 2021). In these test conditions, the higher the peak (in the presence of aPC), the greater the deficiency of the natural anticoagulation mechanism contributing to a state of hypercoagulability. A trombina é uma proteína fundamental para a regulação do processo hemostático, pois possui propriedades pró e anticoagulantes (Rodgers et al., 2014).        Evidence of excessive thrombin generation in AD has been published since the 1980s (Wagner et al., 1989; Mari et al., 1996). In addition, high levels of thrombin have also been demonstrated in microvessels walls in patients with AD and in animal models (Grammas et al., 2006; Tripathy et al., 2013). Within this context, an association between altered hemostatic variables and dementia or cognitive deterioration was also reposted by Quinn et al., 2011. According to these authors, a higher association of hemostatic alterations with vascular dementia supports the hypothesis of secondary cognitive decline linked  to a prothrombotic state with progressive cerebral microinfarctions. Therefore, since neuropathy in most of the dementia is mixed, microinfarcts should contribute in a variable way to the dementia burden (Casserly and Topol, 2004; Quinn et al., 2011; van Veluw et al., 2017; Cao et al., 2017).
      Finally, according to a metanalysis reported by Loures et al. (2019), patients with AD showed an elevation in some markers of endothelial dysfunction, whereas those with vascular dementia presented mostly an involvement of coagulation cascade components. Such findings reported in the literature support, in our view, the inclusion of a hemostatic parameter related to thrombin generation (TG peak+aPC) in the development of an algorithm to predict the risk of conversion from MCI to AD.  
      Regarding the inclusion of homocysteine levels in the development of the same algorithm, there is growing evidence that a high level of Hcy in the blood is a risk factor for cardiovascular and cerebrovascular diseases (Kaul et al., 2006; Kim et al., 2018), in addition do cognitive decline (Hainsworth et al., 2016).  A key event in the AD pathogenesis is the formation of Aβ, and this process is favoured by a hyperhomocisteinemia condition (Genedani et al., 2010). Various studies are being carried out to assess the relationship between hyperhomocysteinemia and the cognitive deficit characteristic of dementia syndromes. Oulhaj et al. (2010) analyzed the global cognitive decline in 97 patients with AD, every six months over a period of 1.5 to 9.5 years.  The authors concluded that the higher the homocysteine levels, the faster the cognitive decline, especially in patients under 75 years old who have no history of vascular disease. There is evidence that Hcy acts by potentiating endothelial and neuronal damage leading to vasculopathy and neurotoxicity, respectively (Smith & Refsum, 2016). In short, as reviewed by Hainsworth et al., 2016, clinical and preclinical data support Hcy as a mediator for cognitive impairment and dementia, justifying the inclusion of this biomarker in the algorithm presented here.
4.2 Biomarkers and algorithm
   The degenerative process of AD probably starts 20 to 30 years before the onset of clinical symptoms (Borroni et al., 2006; Jack et al., 2018). Therefore, if a biomarker could reflect the progression of the disease, it would be of utmost importance for the clinical practice. 

   The variables age, male gender, thrombin generation (peak with aPCa) and homocysteine were independently associated with the conversion of patients with MCI to AD in the logistic regression model constructed in the present study. 

Based on the association of the components of our algorithm with the neurodegenerative process, in addition to their characteristics of excellent sensitivity and reasonable specificity demonstrated a priori, it can be assumed that the monitoring of both serum homocysteine levels and hemostatic status in elderly male patients with MCI is desirable and pertinent. It may be that the measures adopted to control hyperhomocysteinemia and hypercoagulability reduce the chances of progression from MCI to AD. However, further studies using a larger number of participants with MCI are needed to confirm the usefulness of the present algorithm and the hypothesis presented here.

     In addition to aging, among many other factors, the literature has reported the presence of vascular injury (Grammas et al. 2006; Marchesi, 2011; Kalaria, 2018), chronic inflammation (Grammas et al., 2006; Rubio-Perez & Morillas – Ruiz, 2012; Tripathy et al., 2013; Holmes, 2013; Newcombe et al., 2018; Fraga et al., 2019)  and subsequent prothrombotic state (Quinn et al., 2011; Loures et al., 2019) as important factors in the exacerbation of the neurodegenerative process. Thus, the composition of our algorithm finds support in the literature, and its components are not surprising, two of which are potentially modifiable.
5. CONCLUSION
    Data from the present study showed that factors predisposing to vascular injury and coagulation activation, such as high levels of homocysteine and thrombin generation are associated with the evolution from MCI to AD. In this context, the increased risk of ischemic brain injury associated with the formation of microthrombi should be speculated, which would contribute to the worsening of cognitive decline and, therefore, deterioration of the ability to perform daily activities.

    The algorithm presented here predicting the evolution from MCI to AD may be a complementary tool in the selection of patients who would most benefit from the adoption of strategies to control potentially modifiable factors of importance in the progression of cognitive decline. Furthermore, considering the etiological heterogeneity of MCI, there is a need to identify the profile of patients most suitable for the use of new drugs proposed to delay the disease, such as Aducanamab, whose use by the patient should be early. Therefore, it is an important scenario for further investigations considering that within the spectrum of individuals with MCI, a large and growing number of elderly people will inexorably evolve to AD.
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Fig. 1. ROC curve: cutoff point that classifies a new individual.
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Fig. 2. Probability of conversion from MCI to AD: identification of all truly positive individuals.
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Fig. 3. Performance of all the variables of the model: older men evolved from MCI to AD 
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