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Background: Accumulating evidence indicates that the failure to recover from the effects of 

proactive semantic interference [frPSI] represents an early cognitive manifestation of preclinical 

Alzheimer’s disease. A limitation of this novel paradigm has been a singular focus on the number 

of targets correctly recalled, without examining co-occurring semantic intrusions [SI] that may 

highlight specific breakdowns in memory.

Objectives: We focused on SI and their relationship to amyloid load and regional cortical 

thickness among persons with amnestic mild cognitive impairment (aMCI).

Methods: Thirty-three elders diagnosed with aMCI underwent F-18 florbetaben amyloid PET 

scanning with MRI scans of the brain. We measured the correlation of SI elicited on cued recall 

trials of the Loewenstein-Acevedo Scales for Semantic Interference and Learning [LASSI-L] with 

mean cortical amyloid load and regional cortical thickness in AD prone regions.

Results: SI on measures sensitive to frPSI was related to greater total amyloid load and lower 

overall cortical thickness [CTh]. In particular, SI were highly associated with reduced CTh in the 

left entorhinal cortex [r=−.71; p<.001] and left medial orbital frontal lobe [r=−.64; p<.001]; 

together accounting for 66% of the explained variability in regression models.

Conclusion.—Semantic intrusions on measures susceptible to frPSI related to greater brain 

amyloid load and lower cortical thickness. These findings further support the hypothesis that 

frPSI, as expressed by the percentage of intrusions, may be a cognitive marker of initial 

neurodegeneration and may serve as an early and distinguishing test for preclinical AD that may 

be used in primary care or clinical trial settings.
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1. INTRODUCTION

As the population ages, it becomes imperative to find disease-modifying treatments for [AD] 

[1]. Such targeted interventions likely will be most effective in the initial stages of the 

disease, before significant multi-system degeneration has occurred [2, 3]. This has 

highlighted the need for cognitive assessment instruments that are sensitive to the earliest 

stages of AD [3, 4].

A major limitation of most existing memory measurement paradigms, such as list-learning 

tests, is that learning is relatively passive as these assessments do not employ controlled 

learning paradigms during initial acquisition [such as category cues]. Such controlled 

learning minimizes individual differences in initial learning strategies and the effects of 

cognitive reserve [5, 6]. Further, specific deficits in episodic and source memory for 

competing targets that are semantically related are typical features of AD [4]. While some 

traditional list-learning measures tap proactive interference effects, most do not emphasize 

proactive semantic interference [PSI; which is when old semantic learning interferes with 

the acquisition of new semantic learning] and more importantly, none investigates recovery 

from PSI [4].
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A growing body of evidence indicates that failure to recover from proactive semantic 

interference [frPSI] on competing word lists of the LASSI-L [7] may be an early marker of 

AD in adults diagnosed with amnestic mild cognitive impairment [aMCI] and may also 

relate to volume reductions in selectively vulnerable brain regions [8–10]. Even among 

cognitively normal community-dwelling elders, frPSI has been related to increased amyloid 

load in the precuneus, posterior cingulate and other AD prone regions [11].

Prior research focused on the accuracy of cued recall from two competing lists of 

semantically related targets in order to assess proactive semantic interference [PSI] or failure 

to recover from semantic interference [frPSI] [9]; however, semantic intrusions on measures 

sensitive to PSI and frPSI have not been previously investigated, even though intrusion 

errors in memory tasks have been found to be an important feature in AD [12] and may 

occur in persons who exhibit normal performance on cued recall tasks. Such errors are 

thought to reflect deficits in source monitoring or in filtering previously encoded 

information [13] and in the strategic retrieval of such information [14].

In this study, we assessed the occurrence of semantic intrusions, as a percentage of total 

responses on trials related to PSI and frPSI. We reasoned that expressing intrusion errors as a 

function of total responses on cued recall trials would highlight deficits in semantic 

interference that relate to the pathology of AD, including amyloid load and cortical 

thickness in AD-prone regions [15] in older adults diagnosed with aMCI. The specificity of 

such a finding might be used to aid in the determination of MCI-AD from MCI of other 

etiologies.

2. MATERIALS AND METHODS

We recruited 33 participants diagnosed with aMCI [56% female] in the 1Florida 

Alzheimer’s Disease Research Center cohort for this IRB approved study. Mean age of the 

participants was 71.9 years [SD=6.9; range 59–85]; the average educational attainment was 

15.4 years [SD=3.3; range 6–22]. The mean MMSE score was 26.9 [SD=1.8; Range=23–

39]. Participants were tested in their native language, which was 47% Spanish and 53% 

English.

All participants were administered a common clinical assessment, the Clinical Dementia 

Rating Scale [CDR; 16], and the Mini-Mental State Examination [MMSE; 17]. Memory and 

other cognitive complaints were assessed by an experienced geriatric psychiatrist [MG] who 

was blind to the neuropsychological test results and had formal training in administering the 

CDR. The 33 participants were all community-dwelling older adults who were independent 

in their activities of daily living, had knowledgeable collateral informants, and did not meet 

DSM-5 criteria for Major Neurocognitive Disorder current major depressive episode [18] or 

any other neuropsychiatric disorder. Where there was evidence of cognitive decline by 

history and/or clinical examination, the clinician scored the Global CDR as 0.5 and 

considered a diagnosis of MCI based on their examination, pending the results of formal 

neuropsychological testing. Subsequently, we administered a standard neuropsychological 

battery independent of the clinical evaluation. This protocol included the Hopkins Verbal 

Learning Test-Revised [HVLT-R; 19], delayed recall from the Logical Memory subtest of 
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the National Alzheimer’s Coordinating Center Uniform Dataset Neuropsychological Battery 

[20], Category Fluency [21], the Block Design subtest of the Wechsler Adult Intelligence 

Scales-Fourth Edition [22], and Parts A and B of the Trail Making Test [23].

2.1. Diagnostic Criteria for Amnestic MCI [aMCI] Participants [n=33]

Individuals were classified as aMCI if they evidenced: a] subjective memory complaints 

reported by the participant and/or collateral informant; b] evidence by clinical evaluation or 

history of memory decline; c] Global CDR score of 0.5; and d] one or more memory 

measures 1.5 SD below normal limits relative to age and education related norms as 

described in previous studies [4].

2.2. Loewenstein-Acevedo Scales for Semantic Interference and Learning [LASSI-L]

This novel cognitive stress test uses controlled learning and cued recall to maximize storage 

of an initial list of to-be-remembered targets that represent three semantic categories. The 

LASSI-L has been validated in Spanish [7, 8]. What is unique about the LASSI-L is the 

presentation of a different list of to-be-remembered words that shares the same semantic 

categories, which are fruits, musical instruments and articles of clothing. Shared semantic 

categories elicit a considerable amount of proactive semantic interference [4, 9]. Unlike 

other memory paradigms, the individual is administered this second list of words twice, to 

measure recovery from proactive semantic interference effects. Retroactive semantic 

interference and delayed recall are also assessed. The specific elements of the test are 

described below.

The participant is first instructed to read 15 individually presented target words aloud that 

are fruits, musical instruments and articles of clothing [five words per category]. In the 

unlikely event that the person cannot correctly read the word, the word is read by the 

examiner and the person is asked to repeat the word. If a person does not know one of the 

words [also unlikely], the examiner tells the person the category to which the word belongs 

[e.g., “Lime is a fruit.”], and the person is asked to repeat the word. After reading all 15 

words, the person is asked to recall the words in any order. Following the free recall trial, the 

participant is presented with each category cue [e.g., clothing] and is asked to recall the 

words that belonged to that category [LASSI-L A1]. The participant is then presented with 

the target stimuli for a second learning trial with a subsequent cued recall to strengthen the 

acquisition and recall of the List A targets, providing maximum storage of the to-be-

remembered information [LASSI-L A2]. Following this trial, the participant is presented 

with a semantically related list [i.e., List B], in the same manner as List A. List B consists of 

15 words that are different from List A, but belong to each of the three categories used in 

List A [i.e., fruits, musical instruments, and articles of clothing]. Following the presentation 

of the List B words, the person is asked to freely recall the List B words; this assesses 

proactive interference effects [LASSI-L B1]. Then, each category cue is given, and the 

participant is asked to recall each of the List B words that belonged to each of the three 

categories. Importantly, List B words are presented once again, followed by a second 

category-cued recall trial, which allows the assessment of the ability to recover from the 

initial proactive semantic interference effects [LASSI-L B2]. Recovery from proactive 

semantic interference is a feature of the LASSI-L that is not assessed by any existing list-
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learning measure [4]. Test-retest reliabilities of the LASSI-L have been shown to be high in 

previous studies, and the accuracy of classification of aMCI patients versus cognitively 

normal elderly exceeded 90% [7, 24].

2.3. MRI Imaging

Participants diagnosed with aMCI underwent a brain MRI scan using a Siemens Skyra 3T 

MRI at Mount Sinai Medical Center. Brain parcellation was obtained using the 3D T1 

sequence [MPRAGE] with isotropic resolution of 1.0 mm. After visual inspection to ensure 

that there were no segmentation issues, FreeSurfer 5.3 software [http://

surfer.nmr.mgh.harvard.edu] was employed to assess regional cortical thickness in AD and 

non-AD prone regions within the brain and applied to the MRI scans using the cen-

tos4_x86_64 Linux system. The original MRI scan was first mapped to the standard MNI 

305 space, yielding the image referred to as T1.mgz, which was used as the reference image 

following the registration procedure.

Based on the T1 image, the corresponding image file [termed as aparc+aseg.mgz] provided 

the FreeSurfer parcellated and segmented cortical regions. We assessed overall cortical 

thicknesses in both the left and right hemispheres. However, due to the high levels of 

association between homologous regions in both hemispheres and the fact that the LASSI-L 

is a verbal test, we examined cortical thickness in only the following left hemisphere 

regions: entorhinal cortex [ERC]; fusiform, parahippocampus, precuneus, posterior 

cingulate, rostral anterior cingulate, rostral middle frontal, superior frontal, lateral orbital 

frontal, medial orbital frontal, caudal middle frontal, inferior temporal, superior temporal, 

middle temporal, temporal pole, banks of the superior temporal sulcus, inferior parietal, 

superior parietal, supramarginal, cuneus, precentral, post central, insula, pericalcarine and 

lateral occipital regions. We corrected for false discovery rate employing procedures 

described below [25].

2.4. Amyloid Imaging

All participants were scanned on a Siemens Biograph 16 PET/CT scanner, operating in 3D 

mode [55 slices/frame, 3mm slice thickness 128 X128 matrix] for a duration of 20 minutes, 

beginning 90 minutes after injection of Neuraceq [[F-18] Florbetaben] 300 MBQ. Images 

were obtained from the top of the head to the top of the neck and CT data was employed for 

initial attenuation correction as well as reconstruction of images in the sagittal, axial and 

coronal planes. To quantify Aβ load from the PET/CT scan images the FMRIB Software 

Library [FSL; 26] was employed to co-register the PET/CT image to the aforementioned 

MRI T1 image. The Florbetaben PET/CT scan, including the outline of the skull, was co-

registered linearly [i.e., trilinear interpolation] with 12 degrees of freedom, onto the T1 

image from the MRI scan. This registration process ensured that the Florbetaben PET/CT 

image had the same accurate segmentation and parcellation as in the MRI. Thus, mean 

uptake in counts for each of the FreeSurfer-defined regions was calculated and a global 

Standard Uptake Value Ratio [SUVR] was calculated by averaging cortical uptake in the 

frontal, parietal, lateral temporal, occipital, and anterior and posterior cingulate regions, 

normalized to mean gray matter counts in the cerebellum. The typical mean SUVR cut-off 

for amyloid positivity for Florbetaban is 1.4 [27]. In our subject sample, mean SUVR ranged 
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from .9159 to 1.5764, with 8 individuals at or above the threshold of 1.4. In the analyses in 

this investigation, we avoided use of absolute thresholds for amyloid positivity by the use of 

measures of association only (Table 1).

2.5. Statistical Analyses

The ratio of intrusions on Cued B1 and Cued B2 trials to the number of correct responses on 

these trials expressed as a percentage [% intrusions] were examined by the formula 

[semantic intrusion/total responses [correct + semantic intrusions] on cued recall.

We examined the associations between amyloid load, cortical thickness measures and 

LASSI-L measures, including % intrusions, using a series of Pearson Product Moment 

correlation coefficients. Because of the large number of left hemisphere cortical thickness 

measures being related to percentage of Cued Recall B1 measures and Cued Recall B2 

measures, the significance of p-values for correlation coefficients [Pearson Product Moment] 

between LASSI-L and CTh measures were adjusted using the correction for False Discovery 

Rate [FDR] [25]. Those regions of cortical thickness that survived FDR correction were then 

entered into step-wise regression equations to determine the combination of biological 

measures that were most predictive of the percentage of semantic intrusion errors for both 

Cued B1 and Cued B2 recall of the LASSI-L.

3. RESULTS

Of all measures, higher LASSI-B2 intrusion ratios were most strongly related to decreased 

total left hemisphere Cth [r=−.50; p=.003] and total right hemisphere Cth [r=−.48; p=.007] 

(Table 1). Higher total amyloid load was also related to higher LASSI-B2 intrusion rates [r=.

39; p=.024] and higher absolute LASSI-B1 intrusion rates [r=.41; p=.018]. The B1 intrusion 

ratio was not statistically associated with amyloid load. Further, maximum performance on 

LASSI-L A2 Cued Recall and Cued B1 recall were not related to total amyloid load or 

cortical thickness in the right and left hemispheres, although Cued B2 Cued Recall and 

absolute number of Cued B2 intrusions were related to total cortical thickness in both left 

and right hemispheres. The correlation between total amyloid load and total left hemisphere 

cortical thickness in our aMCI participants was non-significant [r=−.01; p=.965 as was 

amyloid load with total left hemisphere cortical thickness [r=−.13; p=.489].

The percentage of semantic intrusion errors was related to decreases in cortical thickness in 

left hemisphere AD prone regions as well as other brain regions; however, after studying all 

26 regions in the left hemisphere, only the bolded correlation coefficients survived 

correction for false discovery rate (Table 2). While the percentage of Cued B1 percentage 

intrusion errors was not related consistently to measures of cortical thickness, after 

correction for FDR, B2 percentage intrusion errors were related strongly to cortical depth in 

the ERC [r=−.71]; inferior temporal [r=−.68], medial orbital frontal [r=−.64], and middle 

temporal [r=−.61] cortex, and fusiform gyrus [r=−.59], but less so in other AD prone regions 

including areas such as rostral middle frontal, superior frontal, and superior temporal cortex 

and the temporal pole.

Curiel et al. Page 6

Curr Alzheimer Res. Author manuscript; available in PMC 2018 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When amyloid load was entered along with cortical thickness in all of the statistically 

significant regions that demonstrated statistically significant relationships with percentage of 

Cued B2 semantic intrusions, the association with decreased cortical thickness in the left 

ERC and left medial orbital frontal regions accounted for a total multiple R of .812, 

explaining 66 percent of the variability in percentage of Cued B2 intrusions (Table 3).

4. DISCUSSION

Presentation of a semantically related word list on the LASSI-L, employing the same three 

categories that are presented at target acquisition and cued recall of the original list of 15 

targets across free and cued recall trials maximizes the effects of proactive semantic 

interference [PSI]. A unique aspect of the LASSI-L [unlike current measures of learning and 

memory], is that it provides a second opportunity to learn the competing List B targets, and 

performance deficits may reflect a failure to recover from the initial effects of PSI [frPSI]. 

We have previously shown that performance on the LASSI-L, particularly those vulnerable 

to frPSI, is highly discriminative between aMCI and cognitively normal groups [7, 9, 24] 

and is strongly related to loss of volume in several AD-prone brain regions among older 

adults with aMCI [9]. Gardini and colleagues [28] examined an MCI cohort with deficient 

performance on various semantic tasks, and found grey matter reductions in the 

parahippocampus, frontal and cingulate cortices and the amygdala compared to controls 

with no cognitive impairment. We have also reported that frPSI is strongly and uniquely 

related to amyloid load in the brains of community-dwelling elders who performed well on 

traditional neuropsychological measures [11]. However, our clinical experience indicates 

that a number of individuals who would be classified as cognitively unimpaired if only 

correct responses were taken into account, nonetheless generate a significant number of 

semantic intrusions on List B2 trials. In the present study, relative to correct items recalled 

on List B2 cued recall, the percentage of Cued B2 semantic intrusions [as a percentage of 

total responses] were uniquely related to amyloid load and exhibited higher correlation 

coefficients with measures of cortical thickness [CTh]. Moreover, decreased cortical 

thickness in the left entorhinal cortex [ERC] and left medial frontal lobe regions accounted 

for 66% of the total variability in percentage of B2 errors in regression models. The majority 

of these semantic intrusions [typically 75–80 percent] on List B2 trials represented actual 

semantically related targets from List A. The other intrusions belonged to the same semantic 

categories elicited on cued recall, but were not either List A or List B targets. The absolute 

number of intrusions in tests vulnerable on cued recall tests sensitive to PSI rather than 

correct number of responses has also not been reported previously, and clearly represents 

impairment of inhibition of semantically related responses. This highlights the potential 

importance of the use semantic intrusions or the semantic interference to total response 

ratios employed in the current investigation.

The strong association of left ERC and medial orbital frontal regions and a higher 

percentage of B2 cued recall intrusions likely reflect the inability to recover from PSI among 

our aMCI participants. We propose that it is not the initial failure of semantic interference, 

or merely impairments in strategic retrieval [29], but a deficiency in brain plasticity or 

functional connectivity in brain regions hindering the learning of semantically similar 

information over repeated trials. Simons and Spiers [30] postulated that the medial temporal 
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and medial orbital frontal regions are responsible for discrete and elaborate representations 

of to-be-remembered targets involved in the learning process. These areas work in concert to 

reactivate and monitor different semantic associations and representations. In particular, 

deficits within this system may interfere with source memory that leads to semantic 

intrusion errors [29], particularly when using identical semantic cues employed to learn 

competing word lists [4]. Duarte et al. [31] have presented a compelling argument that 

connections between medial orbital frontal regions, and medial temporal cortex, are of vital 

importance in successful memory formation. This is consistent with the strong associations 

of the observed between left hemisphere ERC and medial orbital frontal regions with Cued 

B2 recall semantic intrusions.

A strength of this study was the use of elaborate, well- established and standardized 

operational criteria in the evaluation and diagnosis of aMCI patients and the availability of 

both amyloid load and cortical thickness data in these participants. We also controlled for 

spurious errors of interference using FDR procedures. Limitations include a modest sample 

of participants diagnosed with aMCI.

CONCLUSION

It is clear that measures such as percentage of intrusions on indices that measure frPSI, from 

LASSI-L recall trials, a novel cognitive stress test, shows promise in investigating early 

detection and tracking of individuals at risk for AD. Ongoing longitudinal studies will 

further elucidate the predictive utility of these types of measures with regards to progression, 

disease specificity, and response to emerging treatments.
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Fig. (1). 
Cortical Thickness Measures and Percentage of Semantic Intrusions on LASSI-L Cued B2 

(measure of frPSI).
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Table 2.

Cortical thickness measures and percentage of semantic intrusion errors.

Center Hemisphere Measures LASSI-L Cued B1 Semantic Intrusions (frPSI) 
as a Percentage of Total Responses

LASSI-L Cued B2 Semantic Intrusions (frPSI) 
as a Percentage of Total Responses

Entorhinal Cortex (ERC) r=−.43 (p=.013) r=−.71 (p<.001)

Fusiform r=−.26 (p=.157) r=−.59 (p<.001)

Parahippocampus r=−.27 (p=.140) r=−.37 (p=.038)

Precuneus r=−.41 (p=.018) r=−.41 (p=.021)

Posterior Cingulate r=−.13 (p=.494) r=−.23 (p=.213)

Rostral Top Frontal r=−.12 (p=.510) r=−.50 (p<.004)

Superior Frontal r=−.15 (p=.425) r=−.46 (p<.009)

Lateral Orbital Frontal r=−.12 (p=.425) r=−.40 (p<.023

Medial Orbital Frontal r=−.11 (p=.718) r=−.64 (p<.001)

Caudal Top Frontal r=−.15 (p=.402) r=−.37 (p=.038)

Inferior Temporal r=−.36 (p=.044) r=−.68 (p<.001)

Superior Temporal r=−.38 (p=.031) r=−.52 (p<.002)

Frontal Pole r=−.23 (p=.200) r=−.32 (p=.079)

Temporal Pole r=−.25 (p=.174) r=−.44 (p<.011)

Banks Superior Temporal Sulcus r=−.07 (p=.707) r=−.36 (p<.043)

Top Temporal r=−.40 (p=.023) r=−.61 (p<.001)

Inferior Parietal r=−.04 (p=.809) r=−.27 (p=. 135)

Superior Parietal r=−. 16 (p=.389) r=−.27 (p=.164)

Supramarginal r=−. 18 (p=.331) r=−.20 (p=.266)

Rostral Anterior Cingulate r=−.29 (p=. 114) r=−.20 (p=.179)

Insula r=−.13 (p=.496) r=−.41 (p<.022)

Precentral r=.02 (p=.934) r=−.09 (p=.610)

Pericalcrine r=−.25 (p=.176) r=−.12 (p=.501)

Post-Central r=.02 (p=.936) r=−.10 (p=.571)

Cuneus r=.07 (p=.688) r=−.06 (p=.759)

Lateral Occipital r=−.12 (p=.524) r=−.30 (p=.096)

Note: T Bolded Correlation Coefficients For Each LASSI-L Measure Are Statistically Significant After Correction for False Discovery Rate for 
Multiple MRI measures of at p<.05.
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Table 3.

Predictors of percentage of intrusion errors on cued 2 recall (vulnerable to frPSI).

Predictor Beta Standardized Beta t-value Cumulative R Cumulative R2 Cumulative Adjusted R2

Center Entorhinal 
Cortex (ERC) 

Thickness

−.19 (SE=.04) −.55 −4.68*** .710 .505 .488

Center Medial 
Orbital Thickness

−.48(SE=.13) −.43 −3.63*** .812 .660 .636

***
p<.001
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