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Introduction: Semantic intrusion errors (SI) have distinguished between those with amnestic Mild Cognitive Impairment (aMCI) who are amyloid positive (A+) versus negative (A−) on positron emission tomography (PET).

Method: This study examines the association between SI and plasma – based biomarkers. One hundred and twenty-eight participants received SiMoA derived measures of plasma pTau-181, ratio of two amyloid-β peptide fragments (Aβ42/Aβ40), Neurofilament Light protein (NfL), Glial Fibrillary Acidic Protein (GFAP), ApoE genotyping, and amyloid PET imaging.

Results: The aMCI A+ (n = 42) group had a higher percentage of ApoE ɛ4 carriers, and greater levels of pTau-181 and SI, than Cognitively Unimpaired (CU) A− participants (n = 25). CU controls did not differ from aMCI A− (n = 61) on plasma biomarkers or ApoE genotype. Logistic regression indicated that ApoE ɛ4 positivity, pTau-181, and SI were independent differentiating predictors (Correct classification = 82.0%; Sensitivity = 71.4%; Specificity = 90.2%) in identifying A+ from A− aMCI cases.

Discussion: A combination of plasma biomarkers, ApoE positivity and SI had high specificity in identifying A+ from A− aMCI cases.
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1. Introduction

Semantic interference paradigms that measure both proactive semantic interference (PSI) and the failure to recover from proactive semantic interference (frPSI) have been useful to detect biomarker-confirmed preclinical and prodromal Alzheimer’s Disease (AD) and have been related to multiple neuroimaging markers of AD and neurodegeneration among culturally diverse older adults (1–7). Difficulties in correctly recalling information from a second list that is semantically similar to the first set of target words learned is referred to as PSI. FrPSI refers to the inability to recover from initial PSI despite a repeated opportunity to re-learn the List B targets. This is thought to reflect difficulties with inhibition caused by targets in list A as well as potential difficulties with source memory (6, 8, 9).

In contrast, semantic intrusion (SI) errors refer to intrusions of semantically similar list A targets during both the first and second attempts of cued recall of the list B targets. SI on measures of PSI and frPSI likely occur due to deficient self-monitoring and/or reduced semantic inhibitory control and may involve the breakdown of functional subsystems serving medial temporal structures and monitoring systems within the prefrontal lobes (8).

Both frPSI and semantic intrusion errors have been associated with biomarker-confirmed preclinical and prodromal AD using amyloid PET imaging (5, 10). For example, frPSI has shown strong associations with brain amyloid load in otherwise clinically and cognitively unimpaired (CU) community-dwelling older adults (5). Loewenstein and colleagues (10) found that semantic intrusion errors that occurred when a person is challenged by semantic interference (both PSI and frPSI) were substantially more pronounced in persons with amnestic Mild Cognitive Impairment (aMCI) who were Aβ positron emission tomography (PET) positive as opposed to aMCI individuals who were Aβ PET negative. Among asymptomatic middle-aged children of a parent diagnosed with late-onset AD, semantic intrusion errors on frPSI trials were related to deficits in cortico-limbic connectivity (6).

In traditionally used cognitive paradigms (e.g., delayed recall to measure forgetting over a specified time), frequently evidence less sensitivity in detecting early and subtle cognitive breakdowns than previously thought, and limited specificity in preclinical and prodromal AD states (2, 8). To meet the needs of the rapidly evolving AD field, cognitive assessment instruments must demonstrate sufficient scientific rigor including robust sensitivity, specificity, and predictive utility among culturally diverse populations, and importantly, be correlated to definitive AD biomarkers such as β-amyloid and phosphorylated tau (pTau-181) (8).

The pathology of AD is characterized by the abnormal accumulation of amyloid beta protein (Aβ) and phosphorylated tau protein within the neurofibrillary tangles (11, 12). PET scans have made it possible to detect these pathological changes which are considered essential to biologically define AD, per the most recent research framework proposed by the National Institute on Aging and Alzheimer’s Association (NIA-AA) the Amyloid Tau Neurodegeneration [ATN] framework (13, 14). Cerebrospinal fluid (CSF) biomarkers Aβ42, total tau, and p-tau are accepted as the core AD fluid biomarkers recognized by this and other diagnostic frameworks. Other CSF biomarkers have also been strongly related to AD including the Aβ42/Aβ40 ratio, pTau-181, as well as non-specific markers of neurodegeneration including Neurofilament Light protein (NfL) and glial fibrillary acidic protein (GFAP) (15, 16). The relationship between tau markers of AD and tau PET imaging has been amply described by Coomas and colleagues, whose findings indicate that both plasma pTau181 and tau PET are effective in identifying Aβ pathology, but tau PET is better at monitoring disease stage and clinical progression (17).

While CSF levels of Aβ and tau have long been recognized as the most valid fluid markers of neuropathology, this can be difficult to obtain (18). More recently, highly sensitive methods have enabled the successful detection of protein fragments in the peripheral plasma. Thus, using advanced microarray plasma assays, the Aβ42/Aβ40 ratio (19–21), and pTau-181 (22–26) are now reliably detected in the plasma. This advancement is largely due to the introduction of SiMoA technology that employs ultra-sensitive assays to detect protein molecules in the blood (27).

In the current study, we examined the cognitive performance of Amyloid negative (A−) CU controls in comparison to Amyloid positive (A+) aMCI (prodromal AD) individuals, as well as persons with A− aMCI (cognitive impairment, not AD). This represents a significant expansion of our prior studies by determining whether plasma markers of AD and neurodegeneration were associated with cognitive performance in each diagnostic group. We also explored whether a combination of blood-based biomarkers and performance on the LASSI-L could differentiate between A+ and A− aMCI participants. Our hypotheses were that (1) that LASSI-L SI errors would differentiate between A+ aMCI and A− aMCI participants, (2) that pTau181 would be most predictive of SI in LASSI-L PSI and frPSI trials, and (3) that amyloid PET positivity among aMCI participants would best be predicted by biomarkers such pTau181 and LASSI-L SI errors.



2. Methods


2.1. Sample

We recruited 128 adults aged 60 and above, who underwent an extensive clinical evaluation and standardized neuropsychological testing as part of the 1Florida Alzheimer’s Disease Research Center (ADRC) protocol. All participants also underwent amyloid PET imaging that was visually rated by an experienced neuroradiologist as A+ or A−. A high degree of reliability has been shown for these visual amyloid PET ratings (28). Each participant had blood drawn for biomarker analysis using SiMoA for plasma pTau-181, Aβ42/Aβ40ratio, NfL, and GFAP.



2.2. Amnestic MCI group

One hundred three individuals had a clinical diagnosis of aMCI, as established by using the following criteria: (a) a memory complaint preferably confirmed by a knowledgeable informant; (b) a Global Clinical Dementia Rating Scale (CDR) (29) Score of 0.5; (c) did not meet criteria for a Major Cognitive Disorder based on DSM-5 criteria (30); (d) scored 23 or higher on the Mini-Mental State Exam (MMSE) (31) and; (e) scored at least one standard deviation (SD) below average on either the Hopkins Verbal Learning Test-Revised (HVLT-R) (32) immediate recall, HVLT-R delayed recall or delayed recall on the NACC (33) story passages using extensive local normative data based on age, education, sex, and language of testing (English versus Spanish). Other non-memory measures [such as the Trail Making Test-B (34) and Category Fluency (35)] could demonstrate one SD or greater above or below the mean, but a memory deficit had to be established in order to be categorized as aMCI. Of the 103 participants with aMCI, 42 were A+ on PET scan and 61 were A−.



2.3. Cognitively unimpaired group

We included 25 CU controls who (a) had no subjective memory concerns corroborated by a knowledgeable informant; (b) had a Global CDR score of 0; (c) did not meet criteria for either Major or Minor Neurocognitive Disorder by DSM-5 criteria; (d) had scores on the HVLT-R immediate and delayed memory, NACC delayed recall, Trail Making Test A and B, Category Fluency and the Stroop Color Word test all within normal limits. The normal scores were less than 1SD below expected levels for age, education, sex, and language of testing (English versus Spanish). It is important to note that all CU individuals had A-scans. Plasma samples were analyzed using the same procedures as in the aMCI group.



2.4. Loewenstein-Acevedo scales for semantic interference and learning

The LASSI-L was not used for diagnostic determination in this study to avoid potential issues of criteria contamination and circularity. The LASSI-L employs controlled learning and cued recall in an effort to maximize the storage of a list of to-be-remembered target words belonging to three distinct semantic categories (fruits, clothing, and musical instruments) (2, 5). Participants were tested in their preferred language (English or Spanish) by trained bilingual psychometrists. The LASSI-L has been shown previously to be culturally fair and valid in either language (7, 36). Moreover, since the language of administration does not impact scores, English and Spanish administrations can be pooled for data analysis (7). During the administration of the LASSI-L, the examinee is instructed to remember a list of 15 common words (List A) representing three semantically distinct categories (i.e., fruits, musical instruments, and articles of clothing). The words are presented one at a time on cards and are read out loud by the participants. Once all 15 words from the first list (List A) have been presented, there is a free recall trial, followed by cued recall trials for each of the three categories. List A is presented again, and an additional cued recall trial for each category is conducted.

A unique aspect of the LASSI-L paradigm is the presentation of a second competing list of to-be-remembered words as a way to elicit a considerable amount of PSI. A second list of different words (List B) from the same semantic categories is presented immediately after the second trial of List A. This is followed by a free recall trial and cued recall trials (one per category-Cued B1). Lastly, List B is presented for a second time, with another round of cued recall trials (Cued B2) as outlined in Crocco et al. (37). Unlike other traditional memory assessment paradigms, the re-administration and subsequent recall of this second list of words measure the individual’s ability to recover from the effects of PSI (frPSI) (8). An individual can have PSI but with another administration of List B, can recover from PSI because of the additional learning trial. Thus, there are cases with initial PSI that recover from PSI but lack the frPSI effect. While there is an additional retroactive semantic interference condition, this was not a focus of the current study since this does not appear to have a significant discriminatory ability (8, 38).

In the present investigation, we examined LASSI-L measures such as correct responses on Cued B1 and Cued B2 subject to PSI and frPSI. We were particularly interested in examining semantic intrusion errors on the LASSI-L Cued B1 and Cued B2, since these measures have been previously shown to be particularly sensitive to amyloid load (8, 38). These intrusion errors primarily involve words from List A as both lists share semantically similar target items and other semantically related words that were not on List A (9). Intrusion errors produced on the Cued B1 and Cued B2 trials are extremely sensitive to PSI and frPSI deficits thought to reflect deficits in self-monitoring and semantic inhibitory control (2, 9, 39). These errors are measured by counting the total raw number of non-target words that were recalled on each cued recall trial of List B.



2.5. Analysis of amyloid pet imaging scans

Using a methodology similar to that described by Seibly and colleagues (40), tracer uptake was assessed in six cortical regions (orbitofrontal, frontal, parietal, lateral temporal, occipital, and precuneus/posterior cingulate cortex), combining values from the left and right hemispheres by two experienced raters who were blind to the cognitive and clinical diagnoses. 18F-florbetaben (FBB) PET/CT scans were qualitatively analyzed and classified based on the brain amyloid plaque load (BAPL) scoring scheme. BAPL 1 scans were considered negative for amyloid brain deposition (A−) and BAPL 2 or BAPL 3 scans were considered as positive for amyloid brain deposition (A+). A final dichotomous (A+ versus A−) diagnosis was rendered. Using this methodology, Loewenstein and colleagues (10) reported high interrater reliability for amyloid visual reads. Visual amyloid reads are considered the gold standard in the field (28).



2.6. Analysis of blood-based biomarkers using SiMoA digital immunoassays

Baseline blood samples were collected in K2EDTA lavender-top blood collection tubes (Fisher catalog #265732) and were centrifuged at room temperature within 1 h of blood draw to separate the plasma. Plasma was aliquoted into polypropylene cryovials and stored at −80°C. To ensure tracking of freeze-thaw cycles of plasma aliquots, a single plasma aliquot (approximately 500 microliters) was thawed, centrifuged at 10,000 rcf for 5 min at 4°C, and sub-aliquoted into single-use aliquots for Quanterix SiMoA assays with storage at −80°C until used. Samples were analyzed in duplicate using a Quanterix SR-X Analyzer with SiMoA Assay kits to measure concentrations of plasma pTau-181 (pTau-181 Advantage V2 Kit, Item 103,714), Aβ42 and Aβ40 (Neurology 3-Plex A Advantage Kit, Item 101,995), and NfL and GFAP (Neurology 3-Plex B Advantage Kit, Item 103,520). Plasma samples were randomized and run while blinded to diagnostic status or any other study variables. The manufacturer’s recommendations were followed for each assay run. Concentrations of proteins in the plasma (pg/mL) are reported as an average of the duplicates. All samples employed in this investigation were required to have a coefficient of variation of less than 20% and assay kit controls were within the manufacturer’s acceptable range ApoE genotyping for our ADRC sample was conducted at the National Alzheimer’s Coordinating Center (NACC) through the National Centralized Repository for Alzheimer’s Disease and Related Dementias (NCRAD). If one or more alleles were ɛ4 positive, the variable was coded as “1.” Negative results were coded as “0,” which creates an ideal analysis for linear and logistic regression models described below.



2.7. Statistical analyses

All participants had the amyloid PET imaging, LASSI-L variables, and the full complement of valid p-tau-181, AB40, AB42, NfL GFAP, and ApoE genotype. SPSS Version 28 was the statistical software package employed in the current investigation. Since there were three diagnostic groups with interval-level data, a series of wone-way analyses of variance (ANOVA) were performed. Following a statistically significant F at p < 0.05, post-hoc test of means was conducted using the Tukey Honestly Significant Difference Test (HSD) with statistical significance set at p ≤ 0.05. Categorical variables were examined using Chi-square analyses with the criterion for statistical significance also set at p < 0.05. Since the two aMCI groups (A+ and A−) had statistically different mean MMSE scores, subsequent covariate analyses adjusting for MMSE were conducted on blood-based biomarkers and LASSI-L scores and there were no differences in the obtained results.

Since only SI errors on the LASSI-L statistically differentiated between aMCI groups, we employed stepwise regression to determine those plasma biomarkers, ApoE ɛ4 status, as well as demographic factors that predicted semantic intrusion errors among aMCI participants on PSI and frPSI measures of the LASSI-L. Further stepwise logistic regression determined the combination of blood-based biomarkers, LASSI-L, ApoE ɛ4 status, and demographic factors that best differentiated between aMCI A+ and A− groups. It should be noted that forward and backward entry yielded identical results. Additionally, the results remained the same when demographic factors were entered first as a block before the other variables.




3. Results

There were no statistically significant group differences between Cognitively Unimpaired (CU A−, aMCI A−) or aMCI A+ groups with regards to age, years of education, or Hispanic/Latino ethnicity (Table 1). As expected, there were group differences in frequency of the ApoE ɛ4 allele [X2 (df = 2) = 33.35; p < 0.001] and MMSE scores [F (2,125 = 23.28, p < 0.001)]. There were also statistically significant group differences in pTau-181 [F (2,125) = 22.63; p < 0.001], Aβ42/40 ratio [F (2,125) = 6.22; p = 0.003]; and GFAP [F(2,125) = 9.03; p < 0.001], but not NfL [F(2,125) = 2.32; p = 0.105]. There were also statistically significant group differences in LASSI-L performance on Cued B1 total correct recall [F(2,125) = 18.30; p < 0.001], Cued B1 Intrusions, [F(2,125) = 12.76; p < 0.001] Cued B2 total correct recall [F(2,125) = 13.71; p < 0.001], and Cued B2 Intrusions [F(2,125) = 12.31; p < 0.001]. Post-hoc tests of means indicated that CU individuals had the highest MMSE scores, followed by the aMCI A− group. The lowest MMSE scores were obtained by the aMCI A+ group. The A+ aMCI group had higher concentrations of pTau181 and GFAP relative to aMCI A− and CU A− groups; the latter two had statistically equivalent scores. Consistent with prior findings, A+ aMCI participants also evidenced a lower Aβ42/40 ratio than CU A− participants. Individuals who were A+ aMCI differed from their A− aMCI counterparts with regards to semantic intrusions, but not total correct responses on subtests tapping PSI and frPSI.



TABLE 1 Descriptive characteristics of the sample.
[image: Table1]

Since participants differed on their global MMSE scores, it might be argued that these group differences may have impacted LASSI-L performance. However, even after adjusting for differences in global mental status as measured by MMSE scores, using ANOVA only semantic intrusion errors on Cued B1 and Cued B2 indices remained statistically significant between groups and differentiated A+ aMCI from A− aMCI participants. In addition, adjusting for ApoE e4 status did not change the obtained findings.

Since only LASSI-L Cued B1 and Cued B2 semantic intrusions differentiated between A+ and A− aMCI groups, we determined those demographics, factors, ApoE4 and plasma biomarkers that could predict these types of these errors. Among aMCI participants stepwise linear regression revealed that only p-tau 181 and ApoE status were predictive of Cued B1 semantic intrusion Total R = 0.357 [F (2,100) = 7.30; p < 0.001] (Table 2). For Cued B2 intrusions, plasma pTau-181 and positive ApoE4 genotype were also the only variables that entered into the model, with total R = 0.376 [F (1,100) = 8.25; p < 0.001] (Table 3). Specific beta and standardized beta weights are presented in Tables 2, 3. No demographic variables such as age education, sex, or Hispanic/Latino ethnicity entered into the model.



TABLE 2 Plasma biomarkers as predictors of LASSI-L Cued B1 intrusions-stepwise linear regression.
[image: Table2]



TABLE 3 Plasma biomarkers as predictors of LASSI-L Cued B2 semantic intrusion errors-stepwise linear regression.
[image: Table3]

Finally, an attempt was made to predict amyloid status among aMCI participants by examining demographic variables, blood-based biomarkers, ApoE4 status and LASSI-L intrusion scores. Using stepwise logistic regression, independent predictors of ApoE4 positivity, pTau-181 and LASSI-Cued B1 intrusions resulted in Sensitivity = 71.4%; Specificity = 90.2% and Overall Classification = 82.5% in distinguishing between aMCI participants who were A+ and A−. All demographic variables (age, sex, years of education, Hispanic ethnicity, MMSE) and other variables (NfL, GFAP) were non-significant when entered into the model (See Tables 4, 5).



TABLE 4 Multivariate prediction of amyloid positive and amyloid negative PET among aMCI using a step-wise logistic regression (Sensitivity = 71.4%; Specificity = 90.2% Overall Classification = 82.5%).
[image: Table4]



TABLE 5 Statistically significant predictors of amyloid positive status among participants with aMCI.
[image: Table5]



4. Discussion

Previous findings have indicated that LASSI-L semantic intrusion (SI) errors have distinguished between amnestic aMCI persons who are A+ from aMCI participants that are A− (5, 10). Similar results have been obtained when A− groups have been divided into SNAP (suspected Non-AD Pathology), other neurological disorders, or neuropsychiatric disorders (41). The present study provided a unique and unprecedented opportunity to study how SI errors on the LASSI-L, reflective of self-monitoring deficits and lack of inhibitory control (8–10, 39) related to plasma biomarkers of AD as well as non-specific markers of neurodegeneration, and genetic risk for AD.

As with previous research, it was only SI errors (rather than correct responses) on trials susceptible to proactive semantic interference (PSI) and the failure to recover from proactive semantic interference (frPSI) that were associated with amyloid positivity on PETpT181. Interestingly, t A− aMCI and A− CU participants did not differ with regards to these types of errors. This is consistent with the notion that SI errors likely represent unique cognitive marker of incipient AD that represent breakdowns in self-monitoring, and semantic inhibitory control (2, 8, 38).

The finding that SI errors were related to pTau181 and genetic risk for AD as determined by the presence of ApoE ɛ4, in a manner that was significantly more prevalent in A+ versus A− aMCI participants further suggests that SI is a cognitive marker of AD pathology that can be measured during the pre-dementia state. The finding that pTtau181 was the most sensitive marker of AD pathology is consistent with previous reports that plasma pTau-181, p-Tau-217, and p-Tau-231 may all be sensitive indicators of underlying AD pathology (22–26). While not specifically related to deficits in SI errors on the LASSI-L, GFAP clearly differentiated A+ aMCI from A− aMCI participants and CU. Consistent with the data depicted in Table 1, plasma GFAP has increasingly been shown to be related to amyloid PET and CSF markers of AD pathology and progression to AD dementia (15, 19).

Despite bordering on statistical significance, the finding that Aβ42/Aβ40 could distinguish between A+ aMCI participants and CU controls is also consistent with previous findings (19, 21) although A+ and A− aMCI groups could not be distinguished. This may have occurred given increasing evidence that Aβ42 and Aβ40 may not be as accurately detected in the plasma with SiMoA relative to other techniques such as mass spectroscopy (27). Bilgel and colleagues examined the longitudinal changes in plasma biomarkers related to AD neuropathology and neurodegeneration compared to amyloid plaques. The findings suggest that plasma biomarkers, particularly pTau231 and GFAP, closely align with changes in brain amyloid levels over time. Plasma Aβ42/Aβ40 may decline prior to the emergence of brain amyloid plaques, while other plasma biomarkers show more pronounced changes closer to the accumulation of brain amyloid (42). This may also account for the finding that the AB42/AB42 ratio did not predict SI in regression equations. Clearly, this is an area that is worthy of further research. It was somewhat unexpected that NfL did not reach statistical significance in the three-group comparisons. However, post-hoc analyses did show statistically significant group differences when two group comparisons between the most extreme groups, A+ aMCI and A− CU individuals, were examined. We and others have previously shown that NfL levels are associated with AD as well as other neurological disease states (43, 44). It is important to note that despite the inclusion of demographic variables and all blood-based biomarker predictor variables in step-wise regression equations, only pTau181 was predictive of outcome (see Tables 4, 5).

A particularly interesting finding of the current investigation is that a combination of pTau181, ApoE ɛ4 positivity, and LASSI-Cued B1 intrusion errors predicted amyloid status in individuals with aMCI, correctly identifying over 90% of A− cases and over 71% of A+ cases. The fact that these particular blood-based biomarkers in conjunction with a measure of semantic inhibitory control demonstrated such high levels of specificity indicates that multivariate approach as such can be used to quickly identify those that might benefit from more extensive work-up or as a method of screening individuals for emerging clinical trials. Strengths of the current study include a carefully evaluated sample of older adults with the full complement of SiMoA plasma-based biomarkers and ApoE ɛ4 genotype that could be compared to amyloid PET data. Moreover, there were no statistically significant group differences on important demographic variables such as age, education, sex, and Hispanic/Latino ethnicity. Another strength was the examination of the associations between a combination of plasma-based biomarkers, ApoE ɛ4, and SI errors, which evidenced excellent overall classification based on multivariate prediction.

Limitations of the study include a relatively modest number of cognitively unimpaired persons, and that these were predominantly female. Further, the cross-sectional nature of the investigation did not allow for the prediction of plasma biomarkers as they related to cognitive decline. Finally, we were unable to obtain CSF on this ADRC sample that could be compared to plasma-based biomarker results. Future studies with larger sample sizes and longitudinal follow-up will shed greater light on the predictive properties of both plasma biomarkers and deficits in self-monitoring and semantic inhibitory control (reflected by SI intrusions) as they relate to rates of clinical progression over time. These multivariate predictive models using novel cognitive challenge tests, genetic, and other blood-based biomarkers which are more convenient and easier to obtain, offer promise for future clinical research.
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