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Abstract 1 

Patients with Alzheimer’s disease and other dementias often make poor financial decisions, 2 

but it remains unclear whether this reflects specific failures in decision-making or more general 3 

deficits in episodic and working memory. We investigated how patients with Alzheimer’s disease, 4 

behavioral variant frontotemporal dementia (bvFTD), and semantic variant primary progressive 5 

aphasia (svPPA) apply information in an intertemporal choice task between smaller intermediate 6 

and larger delayed rewards, with minimal memory demands. Multilevel modeling estimated 7 

subject-level sensitivities to three attributes of choice (the relative difference in reward magnitude, 8 

delay length, and absolute reward magnitudes) as well as baseline impulsivity. While baseline 9 

impulsivity in patients with Alzheimer’s disease did not differ from controls, patients with bvFTD 10 

and svPPA were more impulsive than controls overall. Patients with Alzheimer’s disease or 11 

bvFTD were less sensitive than controls to all three choice attributes, whereas patients with svPPA 12 

were less sensitive than controls to two attributes. Attenuated sensitivity to information presented 13 

during the choice was associated across all subjects with dorsomedial prefrontal atrophy for all 14 

three choice attributes. Given the minimal memory demands of our task, these findings suggest 15 

specific mechanisms underlying decision-making failures beyond episodic and working memory 16 

deficits in dementia. 17 

Keywords 18 
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1. Introduction 1 

Financial mismanagement is an early and particularly disabling feature of Alzheimer’s 2 

disease and other dementias (Pérès et al., 2008). Impairments in financial decision-making place 3 

patients at increased risk for financial abuse, which is the most common form of elder abuse, as 4 

well as for other financial losses that can have devastating consequences for their future ability to 5 

access care and for their families’ financial stability (Acierno et al., 2010; Marson, 2001). 30% of 6 

financial exploitation cases reported to protective services involve victims with dementia (Huang 7 

& Lawitz, 2016), and victims with Alzheimer’s disease lose twice as much money per case as 8 

those without dementia (Lichtenberg, 2016). Because financial abuse is often unreported and many 9 

patients with dementia either are unaware of having been exploited or are dismissed as unreliable 10 

reporters, these figures likely underestimate the true costs of impaired decision-making in illness. 11 

In frontotemporal dementia, an umbrella designation encompassing related etiologies that 12 

together constitute the third- or fourth-most common form of dementia (Bang, Spina, & Miller, 13 

2015), behavioral paradigms drawn from neuroeconomics and decision neuroscience have 14 

provided insights into the neural bases of patients’ financial impairments. This body of research 15 

has identified specific abnormalities in the evaluation of potential outcomes of action (Bertoux et 16 

al., 2014; Bertoux, de Souza, Zamith, Dubois, & Bourgeois-Gironde, 2015; Chiong et al., 2016), 17 

a cognitive process commonly associated with brain regions known to be affected by 18 

frontotemporal dementia such as the ventromedial prefrontal cortex and ventral striatum. However, 19 

this work has been less revealing about the bases of financial impairment in Alzheimer’s disease, 20 

the most common form of dementia, which is associated with temporoparietal and dorsal (rather 21 

than ventral) prefrontal atrophy and dysfunction. One potential explanation for financial 22 

impairment in Alzheimer’s disease patients is that their susceptibility can be explained entirely by 23 
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general deficits in episodic and working memory that are well-documented cognitive features of 1 

this disorder; i.e., that patients simply forget financially relevant information, or fail to maintain 2 

this information in working memory for use in decision-making. An alternative hypothesis is that 3 

patients with Alzheimer’s disease also suffer from specific deficits in value-based decision-making 4 

analogous to those observed in frontotemporal dementia, in addition to documented deficits in 5 

memory. To date, neuroeconomic research paradigms have not yielded firm conclusions about the 6 

causes of decisional impairments in Alzheimer’s disease.  7 

Several groups have studied the Iowa Gambling Task in Alzheimer’s disease (Bayard, 8 

Jacus, Raffard, & Gely-Nargeot, 2014; Bertoux, Funkiewiez, O’Callaghan, Dubois, & Hornberger, 9 

2013; Kloeters, Bertoux, O’Callaghan, Hodges, & Hornberger, 2013; Sinz, Zamarian, Benke, 10 

Wenning, & Delazer, 2008; Torralva, Dorrego, Sabe, Chemerinski, & Starkstein, 2000). While 11 

this task was initially proposed as a test of ventromedial prefrontal function (Bechara, Damasio, 12 

Tranel, & Damasio, 1997), performance on this task does not reliably distinguish between patients 13 

with Alzheimer’s disease and patients with frontotemporal dementia (Bertoux et al., 2013; 14 

Kloeters et al., 2013), and poor performance in Alzheimer’s disease is associated with brain 15 

volumes in parietal and temporal cortex rather than prefrontal cortex (Kloeters et al., 2013).  16 

Sinz and colleagues studied decision-making under risk in patients with mild Alzheimer’s 17 

disease using a gambling task in which subjects chose between (1) a sure gain or loss of 20€ and 18 

(2) a gamble in which they could either gain or lose 100€ with varying explicit probabilities (Sinz 19 

et al., 2008). There was no main effect of Alzheimer’s disease diagnosis on subjects’ propensity to 20 

gamble, but patients’ decisions were less strongly influenced than controls by the probability of 21 

winning. Thus, patients made less advantageous choices: they were more likely to gamble when 22 

the probability of winning was low, and less likely to gamble when the probability of winning was 23 
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high. In their study, the probabilities of winning were represented explicitly at the time of choice 1 

during the task, and trials were independent. Unlike the Iowa Gambling Task, which has a 2 

significant learning component, impaired patient performance on this task by Sinz and colleagues 3 

cannot be explained by general deficits in episodic and working memory. This suggests more 4 

specific impairments in sensitivity to choice-relevant attributes in immediate value-based decision-5 

making. However, this study was limited by the absence of a neurodegenerative disease 6 

comparison group and neuroimaging correlates of behavior, so a generic effect of diminished 7 

cognitive ability or neurodegenerative illness could not be excluded.  8 

In previous work, we used a delay discounting paradigm with minimal memory demands 9 

to study intertemporal choice in patients with Alzheimer’s disease and in two variants of 10 

frontotemporal dementia: behavioral variant frontotemporal dementia (bvFTD) and semantic 11 

variant primary progressive aphasia (svPPA, also called semantic dementia). Our findings 12 

demonstrated that patients with svPPA, marked by temporal pole and ventromedial prefrontal 13 

atrophy (Gorno-Tempini et al., 2004), were more likely than controls to select smaller immediate 14 

rewards over larger delayed rewards. There was, similar to the finding by Sinz and colleagues, no 15 

significant main effect of Alzheimer’s disease or bvFTD diagnosis on subjects’ propensity to 16 

choose smaller immediate or larger delayed rewards. However, because our prior study did not 17 

evaluate behavior at the individual trial level, it was not possible to determine whether the patient 18 

groups were equally sensitive to choice attributes such as the relative difference in reward 19 

magnitude, the delay length, and the absolute magnitude of rewards, which may differentially 20 

engage the networks targeted by these different diseases (Greicius, Srivastava, Reiss, & Menon, 21 

2004; Peters & Büchel, 2011; Seeley, Crawford, Zhou, Miller, & Greicius, 2009). 22 
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In the present study, we examined how individual trial-level choice attributes influence 1 

subjects’ intertemporal choices. We hypothesized that, in addition to changes in patients’ overall 2 

tendency to choose immediate or delayed rewards, another mechanism of specific disease-related 3 

impairment in decision-making is diminished sensitivity to choice-relevant information; and 4 

hypothesized also that behavioral insensitivity would be correlated with atrophy in brain regions 5 

involved in choice selection. Healthy older controls and patients with Alzheimer’s disease, bvFTD, 6 

and svPPA performed a delay discounting task with multiple trials in which the relative reward 7 

difference between a smaller immediate and a larger delayed reward, the length of time required 8 

to wait for the larger delayed reward, and the absolute magnitude of the delayed rewards were 9 

systematically varied and fully crossed as orthogonal task parameters. In this task, relevant 10 

information was explicitly presented at the time of choice and trials were independent, so aberrant 11 

behavior would suggest specific deficits in utilizing information to make advantageous choices, as 12 

opposed to more general failures of episodic or working memory. Subjects’ choice behavior was 13 

modeled with a multilevel mixed-effects regression to derive subject-level estimates of sensitivity 14 

to choice attributes, which were then correlated with regional brain volumes using voxel-based 15 

morphometry (VBM).   16 
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2. Materials and methods 1 

2.1 Study subjects  2 

All subjects or their legally authorized representatives gave written informed consent 3 

according to the Declaration of Helsinki, and the study was approved by the Committee on Human 4 

Research at the University of California, San Francisco. We report how we determined our sample 5 

size, all data exclusions, all inclusion/exclusion criteria, whether inclusion/exclusion criteria were 6 

established prior to data analysis, all manipulations, and all measures in the study. No part of the 7 

study procedures or analysis plans was pre-registered prior to the research being conducted.  8 

Patients were diagnosed by consensus among a multidisciplinary team of neurologists, 9 

neuropsychologists and nurses after a comprehensive evaluation including a clinical history, 10 

neurological examination, and extensive neuropsychological testing according to established 11 

research criteria (Gorno-Tempini et al., 2011; McKhann et al., 2011; Rascovsky et al., 2011). 12 

Healthy older subjects were verified as normal by a clinical interview, neurological examination, 13 

and neuropsychological testing. We recruited patients with mild to moderate severity of disease 14 

by consensus clinical assessment because of the cognitive demands of the intertemporal choice 15 

task. Furthermore, these patients are the most clinically relevant population, as patients with more 16 

advanced disease usually do not handle their own finances (Giebel, Challis, & Montaldi, 2015). 17 

Of the 139 subjects who met diagnostic criteria and completed the task, 17 (12%; seven patients 18 

with bvFTD, five with Alzheimer’s disease, two with svPPA, and three healthy controls) were 19 

excluded using control conditions (described below) designed to identify subjects with 20 

uninterpretable data. This yielded a cohort of 122 subjects (15 patients with Alzheimer’s disease, 21 

18 with bvFTD, 17 with svPPA, and 72 healthy controls) included for analysis. Given that our 22 

previous work has demonstrated a wide range of normal behavior in healthy controls with respect 23 
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to impulsive choice proportion (Chiong et al., 2016), we expected a large degree of variability in 1 

responsiveness to choice attributes as well. We used a larger control sample to avoid biasing 2 

behavioral model estimation of group differences by under-sampling the normal range of behavior 3 

in matched controls without neurologic disease. Research records for the study subjects were 4 

reviewed to obtain demographic characteristics, including age, gender, handedness, and years of 5 

education. We also obtained Mini-Mental Status Examination (MMSE) (Folstein et al., 1975) and 6 

Clinical Dementia Rating (Morris, 1993) scores collected within 365 days of the experimental task 7 

from existing research records. Demographic, clinical and neuropsychological data for the patients 8 

and control subjects included for analysis are summarized in Table 1.   9 
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Table 1 Demographic, clinical, and neuropsychological characteristics of the 122 study subjects 1 

 

Healthy 
Control 
(n = 72) 

Alzheimer 
(n = 15) 

bvFTD 
(n = 18) 

svPPA 
(n = 17) P Value 

Demographic and Clinical      

Gender (m/f) 39/33 6/9 9/9 8/9 0.77a 

Age (years) 69.3 (7.2) 63.7 (9.4) 63.6 (6.6) 68.4 (7.6) 0.01b 

Education (years) 18 (16 – 20) 18 (16 – 18) 16 (14 – 18) 17 (14 – 18) 0.03c 

MMSE (score/30) 30 (29 – 30) 23 (14 – 26) 26 (25 – 28) 24 (22 – 26) < 0.001c 

Clinical Dementia Rating  

(total score) 
0 (0 – 0) 1 (0.5 – 1) 1 (0.5 – 1) 0.5 (0.5 – 1) < 0.001c 

Clinical Dementia Rating  

(sum-of-boxes score) 
0 (0 – 0) 4.5 (4 – 7) 5.5 (3 – 8) 4.5 (3.5 – 6.5) < 0.001c 

Memory      

Modified Rey-Osterrieth 
figure recall (score/17) 

12.9 (2.8) 
[62/72] 

3.6 (3.1) 
[14/15] 

8.9 (3.9) 
[17/18] 

5.7 (4.1) 
[16/17] 

< 0.001b 

Executive Function      

Backward digit span 
5.6 (1.3) 
[68/72] 

3.6 (1.2) 
[12/15] 

3.9 (1.2) 
[18/18] 

5.1 (1.4) 
[16/17] 

< 0.001b 

Stroop interference  
54.9 (12.3) 

[61/72] 
24.9 (10.6) 

[11/15] 
28.8 (15.7) 

[18/18] 
40.4 (17.1) 

[16/17] 
< 0.001b 

Design fluency 
11.7 (2.8) 

[60/72] 
4.8 (2.7) 
[13/15] 

7.7 (4.5) 
[18/18] 

6.9 (3.6) 
[16/17] 

< 0.001b 

Modified trails time (s) 
25.0 (11.4) 

[71/72] 
87.3 (35.1) 

[13/15] 
56.6 (39.0) 

[17/18] 
45.4 (21.2) 

[16/17] 
< 0.001b 

Verbal fluency (words) 
16.9 (4.6) 

[72/72] 
9.2 (6.4) 
[14/15] 

8.1 (4.5) 
[18/18] 

8.4 (4.0) 
[16/17] 

< 0.001b 

Category fluency (words) 
24.1 (5.0) 

[69/72] 
12.1 (7.9) 

[14/15] 
12.6 (5.9) 

[18/18] 
8.1 (4.0) 
[16/17] 

< 0.001b 

Language      

Boston naming test 
(score/15) 

14.8 (0.6) 
[65/72] 

10.9 (3.0) 
[14/15] 

13.1 (2.8) 
[17/18] 

4.9 (3.9) 
[15/17] 

< 0.001b 

Visuospatial      

Modified Rey-Osterrieth 
figure copy (score/17) 

15.5 (0.9) 
[62/72] 

11.4 (5.6) 
[14/15] 

14.7 (1.4) 
[17/18] 

15.5 (0.7) 
[16/17] 

< 0.001b 

Emotional Function      

Affect matching (score/16) 
12.6 (1.7) 

[45/65] 
12.1 (1.8) 

[12/15] 
10.5 (3.0) 

[17/18] 
9.8 (2.6) 
[15/17] 

< 0.001b 

Values represent mean (standard deviation) when normally distributed or median (interquartile range) when 2 

non-normal. Bracketed values are the numbers of subjects with data available from neuropsychological tests. 3 

bvFTD = behavioral variant frontotemporal dementia; MMSE = Mini-Mental Status Examination; svPPA = 4 

sematic-variant primary progressive aphasia. 5 

aChi-squared test 6 

bANOVA test 7 

cKruskal-Wallis test 8 
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2.2 Experimental task 1 

Study subjects completed a computer-based, intertemporal decision task that we have 2 

previously described (Chiong et al., 2016), adapted from prior work (Boettiger et al., 2007; Kayser, 3 

Allen, Navarro-Cebrian, Mitchell, & Fields, 2012). Analyses included data from subjects in which 4 

the main effect of diagnosis on delay discounting has been previously reported (Chiong et al., 5 

2016) as well as from additional subjects who have performed the task since the prior study. In 6 

each of 128 trials (Fig. 1A), we presented subjects with hypothetical choices between a smaller 7 

immediate monetary reward ($3 to $90) and a larger reward ($5 to $100) delayed 7 to 180 days. 8 

The two options were randomly assigned to the left and right sides of a computer screen, and 9 

subjects indicated whether they preferred the left or right option by pressing a corresponding arrow 10 

key. A brief training session preceded each experimental session to ensure subjects understood the 11 

task.  12 

Figure 1 Representative examples of stimuli presented to subjects.  13 

 

(A) an intertemporal choice with a percent penalty of 30%, delay length of 180 days, and delayed reward 14 

magnitude of $20, and control conditions where subjects determined which of two options (B) paid sooner 15 

(left option correct) or (C) had a larger monetary value (left option correct). 16 

Three attributes of the choice were varied systematically: percent penalty (i.e., the percent 17 

reduction in monetary value of the smaller immediate reward as compared to the larger delayed 18 

reward, either 10%, 20%, 30%, or 40%), delay length (i.e., length of time required to wait for the 19 

larger delayed reward option, either 7, 14, 90, or 180 days), and delayed reward magnitude (i.e., 20 

the monetary value of the larger delayed reward, either $5, $10, $20, or $100). Each of these three 21 

attributes thus comprised four levels that were fully crossed as orthogonal task parameters. Each 22 
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choice was presented twice for a total of 4 × 4 × 4 × 2 = 128 trials, presented in a randomized 1 

order. Stimuli were presented and responses were recorded using E-Prime software (Psychology 2 

Software Tools, Inc., Pittsburgh, PA).  3 

Two control conditions resembling the task of interest were used to exclude subjects unable 4 

to provide interpretable data given the cognitive and semantic complexity of the task. In the first 5 

control condition, instead of asking which of two choices the subject would prefer, we asked which 6 

of two choices would pay sooner (Fig. 1B). In the second control condition, we asked which of 7 

two choices would pay a larger amount (Fig. 1C). These 20 trials (10 for each condition) were 8 

randomly interspersed with the 128 experimental trials for a total of 148 trials in the session. We 9 

excluded subjects who did not answer at least 80% (16 out of 20) of these questions correctly. 10 

2.3 Behavioral choice modeling 11 

While our earlier work addressed between-group differences in the overall tendency to 12 

choose smaller immediate or larger delayed rewards, in this study we focused on the influence of 13 

trial-by-trial information on subjects’ individual choices. We used multilevel mixed-effects 14 

logistic regression to assess the influence of three choice attributes (percent penalty, delay length, 15 

and delayed reward magnitude) on the likelihood of subjects’ selecting the smaller immediate 16 

reward over the larger delayed reward. This model enabled us to estimate the relative influence of 17 

each attribute on the likelihood of selecting the smaller immediate reward, and also to estimate 18 

subjects’ baseline impulsivity (de Water et al., 2017). This model does not rely on assumptions 19 

about the shape of the discount function (e.g., exponential, hyperbolic or quasi-hyperbolic), which 20 

could be distorted in neurological patients. The dependent variable in the model was whether the 21 

subject chose the smaller immediate reward instead of the larger delayed reward on a given trial. 22 

Independent variables included fixed effects of diagnosis and random effects of the three attributes 23 
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of each choice trial. Subject-level random effects on the relationship between choice attributes and 1 

the log-odds of choosing the smaller immediate reward were included to account for between-2 

subject differences in sensitivity to each attribute (A1. Supplementary Materials and methods). We 3 

also included interaction terms between diagnosis and the three choice attributes to model differing 4 

sensitivities to each attribute in each neurodegenerative disease.  5 

2.4 Neuroimaging analyses 6 

All images were acquired on a 3.0 Tesla Siemens (Siemens, Iselin, NJ) Tim Trio scanner 7 

equipped with a twelve-channel head coil using a magnetization prepared rapid gradient echo 8 

(MPRAGE) sequence (160 sagittal slices, slice thickness 1.0 mm, field of view 256 × 230 mm2, 9 

matrix 256 × 230, voxel size 1.0 × 1.0 × 1.0 mm3, repetition time 2,300 ms, echo time 2.98 ms, 10 

flip angle 9°).  11 

VBM preprocessing and analyses were performed using Statistical Parametric Mapping 8 12 

(Wellcome Department of Cognitive Neurology, London). To optimize intersubject registration, 13 

each participant’s image was warped to a template derived from 150 confirmed neurologically 14 

healthy older adults who had been scanned with one of three magnet strengths (1.5T, 3T, 4T), 15 

using affine and nonlinear transformations with the help of the diffeomorphic anatomical 16 

registration through exponentiated lie algebra (DARTEL) method, as implemented in the toolbox 17 

(Ashburner, 2007; Ashburner & Friston, 2005). The developer’s suggested settings were used for 18 

all processing steps, and an 8 mm Full Width at Half Maximum (FWHM) kernel was used to 19 

smooth the images. For all neuroimaging analyses, we included only those subjects that had a 20 

structural T1 scan performed within 365 days of the task.  21 

To characterize regional atrophy in the three disease cohorts (Alzheimer’s disease, bvFTD, 22 

and svPPA), we ran a VBM analysis comparing them to healthy controls recruited for our task. 23 
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Each analysis controlled for the effects of age, gender, education, and total intracranial volume. 1 

After being thresholded at voxelwise P < 0.005 and then thresholded at P < 0.05 based on cluster 2 

size using a Monte Carlo simulation running 1,000 permutations, we overlaid resulting maps of 3 

statistical significance onto a template brain.  4 

To address the hypothesis that distinct neural substrates might underlie sensitivity to choice 5 

attributes, model estimates of each subject’s baseline impulsivity and their sensitivities to percent 6 

penalty, delayed reward magnitude, and delay length were each associated with regional brain 7 

volumes using VBM across all subjects (healthy control, Alzheimer’s disease, bvFTD, and 8 

svPPA). We included age, gender, total intracranial volume, MMSE, education, and difference in 9 

days between scan date and task date as covariates. Statistical significance maps were thresholded 10 

at voxelwise P < 0.005 and then thresholded at P < 0.05 based on cluster size using a Monte Carlo 11 

simulation running 1,000 permutations. All voxel-based statistical analyses were conducted using 12 

voxel-based lesion–symptom mapping (VLSM) software, version 2.55 (Bates et al., 2003). 13 

To ensure that brain-behavior relationships identified in these analyses were indeed 14 

generalizable (i.e., not driven exclusively by findings in a single diagnostic group), we performed 15 

a co-atrophy sensitivity analysis for diagnostic group effects (Sollberger et al., 2009). In VBM 16 

analyses combining patients from multiple neurodegenerative disease groups, there is a risk that 17 

significant findings may in fact hold true only in one diagnostic group rather than representing a 18 

generalizable brain-behavior relationship. (For instance, if diagnosis predicts regional atrophy, and 19 

diagnosis also predicts behavior, then atrophy may misleadingly appear to be directly correlated 20 

with behavior when this association actually depends on the common predictor, diagnosis.)  For 21 

any brain-behavior associations found significant in our primary analyses, we constructed an 22 

additional generalized linear model adding three additional binary confounding variables, one for 23 
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each diagnosis (Alzheimer’s disease, bvFTD and svPPA). In this co-atrophy sensitivity analysis, 1 

we accepted a voxelwise level of significance of P < 0.005 within the clusters previously identified 2 

in primary analyses. 3 

Lastly, a conjunction analysis using minimum statistics against the comparative null 4 

methods was carried out to ascertain which brain regions were significantly associated with 5 

sensitivities to all three choice attributes (Nichols, Brett, Andersson, Wager, & Poline, 2005). In 6 

brief, this method identifies brain volumes that were significantly correlated with all three of the 7 

sensitivity estimates, which were then used to generate a mask to overlay on a template brain. 8 

2.5 Statistical Analysis 9 

Demographic characteristics were compared by parametric tests when normally distributed 10 

and non-parametric tests when not normally distributed. Parameters from the behavioral model 11 

were linearly combined to generate estimates of group-level fixed effects of choice attributes and 12 

compared by Wald test. Goodness of fit testing for the model is described in detail in A1. 13 

Supplementary Materials and methods. All statistical analyses were performed in STATA 14 14 

(StataCorp, College Station, TX). Two-tailed P values < 0.05 were considered significant. 15 

Three sensitivity analyses were undertaken. The first was to determine whether estimates 16 

generated by the behavioral model and subsequent neuroanatomic correlations were distorted by 17 

the inclusion of subjects who did not vary in their decisions. Thus, this sensitivity analysis 18 

excluded subjects if they consistently chose either smaller immediate or larger delayed rewards on 19 

every trial. This model was fit to the choice data using identical starting parameters to the full 20 

behavioral model. Estimates from the sensitivity analysis were inspected for divergence from the 21 

full model’s estimates and applied in brain-behavior correlation analyses using identical methods 22 

to those described above. A second analysis was performed excluding one patient who received 23 
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an adjudicated clinical diagnosis of Alzheimer’s disease but subsequently underwent positron 1 

emission tomography (PET) imaging that was negative for amyloid deposition (A2.1 2 

Supplementary results) and then refitting the behavioral model to examine whether their inclusion 3 

distorted group-level results or individual-level sensitivity estimates (A1.6 Supplementary 4 

Materials and methods). A third analysis was performed in which the main behavioral model was 5 

adjusted for age and education to observe whether any identified group-level results were 6 

confounded due to significant differences in these characteristics (Table 1).  7 
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3. Results 1 

3.1 Voxel-based morphometry by diagnostic group 2 

Of the 122 subjects included in the behavioral analysis, 105 had an MRI scan performed 3 

within 365 days of the intertemporal choice task (14 patients with Alzheimer’s disease, 18 with 4 

bvFTD, 15 with svPPA, and 58 healthy controls). Patient scans (n = 47) were obtained a median 5 

of 3 days (IQR 1 – 22) apart from the task, whereas healthy control scans (n = 58) were obtained 6 

a median of 132 days (IQR 35 – 273) from the task. Patients demonstrated distinct but overlapping 7 

patterns of atrophy that were consistent with clinical diagnoses (Fig. 2). In Alzheimer’s disease, 8 

atrophy was most prominent in the medial temporal lobes, medial and lateral parietal cortices, 9 

dorsal frontal cortices, and thalami. In bvFTD, atrophy was most prominent in the insulae, thalami, 10 

bilateral inferior and medial prefrontal cortices, and ventral basal ganglia. The svPPA cohort 11 

displayed bilateral anterior temporal and ventromedial prefrontal atrophy. Shared overlap in 12 

atrophy was observed in the temporal poles, putamina, hippocampi, and thalami proper.  13 

Figure 2 Voxel-based morphometry maps of regional atrophy in patients.  14 

(A) Alzheimer’s disease, (B) bvFTD, and (C) svPPA, as compared to healthy controls. Images are oriented 15 

by neurological convention. 16 

3.2 Choice behavior by diagnostic group 17 

Healthy controls’ choices were sensitive to all three choice attributes in the behavioral 18 

model (Table 2). Specifically, controls were less likely to choose the smaller immediate reward as 19 

percent penalty (i.e., the relative difference in magnitude between the smaller immediate and larger 20 
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delayed reward) increased (P < 0.001) and as the absolute magnitude of the delayed reward 1 

increased (P < 0.001), and more likely to choose the smaller immediate reward as delay length 2 

increased (P < 0.001) (Fig. 3), as predicted by canonical models of delay discounting.  3 

Table 2 Multilevel mixed-effects logistic regression model parameters describing the influence of choice 4 

attributes and diagnosis on the decision to choose smaller immediate rewards 5 

   β (SE) 95% CI P valuea 

Fixed 
Effects 

   

Diagnosisa    

Alzheimer 1.17 (0.79) -0.38 – 2.72 0.14 

bvFTD 2.23 (0.84) 0.58 – 3.87 0.01 

svPPA 4.84 (0.98) 2.92 – 6.76 < 0.001 

Random 
Effects    

Intercept -1.05 (0.45) -1.92 – -0.17 0.02 

Choice 
Attributes    

Percent  
Penaltya    

Control -2.13 (0.13) -2.39 – -1.88  

Alzheimer -0.75 (0.24) -1.21 – -0.28 < 0.001 

bvFTD -0.85 (0.24) -1.33 – -0.38 < 0.001 

svPPA -1.22 (0.28) -1.76 – -0.68 0.003 

Delay     
Lengtha    

Control 1.99 (0.18) 1.64 – 2.33  

Alzheimer 0.49 (0.32) -0.15 – 1.12 < 0.001 

bvFTD 1.09 (0.34) 0.42 – 1.76 0.02 

svPPA 2.72 (0.44) 1.86 – 3.57 0.12 

Delayed 
Reward 
Magnitudea    

Control -2.58 (0.20) -2.97 – -2.19  

Alzheimer -0.31 (0.36) -1.01 – 0.39 < 0.001 

bvFTD -0.83 (0.36) -1.53 – -0.13 < 0.001 

svPPA -1.51 (0.40) -2.29 – -0.72 0.02 

bvFTD = behavioral variant frontotemporal dementia; svPPA = sematic-variant primary progressive 6 

aphasia. 7 

a Reference group for statistical comparison was healthy controls.8 
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Figure 3 The proportion of trials in which smaller immediate reward was chosen.  1 

Grouped by diagnosis and level of the three choice attributes that were systematically varied, including (A) 2 

percent penalty, (B) delay length, and (C) delayed reward magnitude. Attenuated slopes in Alzheimer’s 3 

disease as compared with controls indicate reduced sensitivity to each of the three choice attributes, 4 

whereas upward displacement of curves such as in svPPA reflects an increased baseline tendency to 5 

choose smaller immediate rewards. Values plotted are means, and error bars represent standard error of 6 

the mean. Error bars not displayed above curves for visual clarity. 7 

The baseline tendency to choose smaller immediate rewards did not significantly differ 8 

between patients with Alzheimer’s disease and controls (P = 0.14). However, patients with 9 

Alzheimer’s disease were less sensitive than controls to all three choice attributes (three 10 

comparisons, all P < 0.001) (Fig. 3). Patients with bvFTD had a greater baseline tendency to choose 11 

smaller immediate rewards than healthy controls (P = 0.01) in the main model but not in a model 12 

controlling for age and education (Supplementary Table 1), and were also less sensitive than 13 

controls to all three choice attributes (percent penalty P < 0.001, delay length P = 0.02, delayed 14 

reward magnitude P < 0.001). Patients with svPPA had the largest increase in baseline tendency 15 

to choose smaller immediate rewards (P < 0.001 versus controls). They did not differ from controls 16 

in their sensitivity to delay length (P = 0.12) but were less sensitive than controls to percent penalty 17 

(P = 0.003) and delayed reward magnitude (P = 0.02).  18 

Estimates of sensitivity to percent penalty were not significantly different between any two 19 

of the three patient groups (three comparisons, P values 0.19 to 0.75) (Fig. 3). Patients with 20 

Alzheimer’s disease and bvFTD were less sensitive to delay length than patients with svPPA (P < 21 



19 

 

0.001 & P = 0.003, respectively), while differences between those with Alzheimer’s disease and 1 

bvFTD were not statistically significant (P = 0.20). Patients with Alzheimer’s disease were also 2 

less sensitive than patients with svPPA to delayed reward magnitude (P = 0.03); there were no 3 

statistically significant differences between patients with bvFTD and patients with either svPPA 4 

(P = 0.21) or Alzheimer’s disease (P = 0.30). Baseline tendency to select smaller immediate 5 

rewards was elevated in patients with svPPA compared to patients with either Alzheimer’s disease 6 

(P < 0.001) or bvFTD (P = 0.02) but was not significantly different between patients with 7 

Alzheimer’s disease and patients with bvFTD (P = 0.28). 8 

These findings were unchanged in a sensitivity analysis excluding one subject clinically 9 

diagnosed with Alzheimer’s disease but later found to have discrepant amyloid PET imaging 10 

(Supplementary Table 1). In a sensitivity analysis using a behavioral model adjusted for age and 11 

education, no other group-level comparisons were affected aside from the one described above. 12 

Choice consistency, defined as the percent of trial pairs where subjects made the same 13 

decision on two trials presenting an identical choice, was 87.3% across the entire sample but 14 

significantly lower in patients with Alzheimer’s disease compared with healthy controls and 15 

patients with svPPA (A2. Supplementary Results). 16 

Regarding goodness-of-fit, the behavioral model accounted for more variability in the 17 

choice data than an intercept-only model (Wald chi-squared = 415.4, P < 0.001) and outperformed 18 

an identically-specified logistic regression that did not include random effects (likelihood ratio test 19 

chi-squared = 10,595, P < 0.001). A sensitivity analysis indicated that estimates of the fixed and 20 

random effects, their variances, and covariances were not substantially affected by the inclusion 21 

of subjects who did not vary in their choices (i.e., who selected either smaller immediate or larger 22 

delayed rewards in all choice trials). The one exception was that exclusion of subjects who only 23 
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chose either smaller immediate or larger delayed rewards decreased the variance estimate for the 1 

model intercept from 20.9 (95% CI 15.8 to 27.7) to 8.4 (95% CI 6.4 to 11.1).  2 

3.3 Neuroanatomical correlates of behavior 3 

Across the same 105 subjects who had an MRI scan performed within 365 days of the 4 

intertemporal choice task (14 patients with Alzheimer’s disease, 18 with bvFTD, 15 with svPPA, 5 

and 58 healthy controls), grey matter volumes in the dorsomedial prefrontal cortex (dmPFC) were 6 

significantly associated with estimates of sensitivity to all three attributes of the choices (Fig. 4). 7 

In the co-atrophy sensitivity analysis controlling for diagnostic group effects, clusters in bilateral 8 

dmPFC with peaks in the right dmPFC remained significantly associated with all three attributes 9 

(Fig. 4), supporting a generalizable brain-behavior relationship. Additionally, a conjunction 10 

analysis to identify brain regions associated with sensitivity to all three choice attributes confirmed 11 

overlap in the dmPFC (Supplementary Fig. 5). The MNI coordinates and T values for clusters of 12 

voxels and associated regions of interest that were significantly associated with each of three 13 

attributes are summarized in Supplementary Tables 2 – 4. There were no significant relationships 14 

between baseline impulsivity estimates and brain volumes. 15 
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Figure 4 Neuroanatomic correlates of sensitivity to information presented in an intertemporal 1 

choice. 2 

 3 

Voxel-based morphometry maps of grey matter regions associated with sensitivity to (A) percent penalty, 4 

(B) delay length, and (C) delayed reward magnitude across 105 subjects (14 Alzheimer’s disease, 18 5 

bvFTD, 15 svPPA, and 58 healthy controls). Dotted blue lines indicate regions that remained significantly 6 

associated with choice attributes after co-atrophy analysis controlling for diagnostic group effects. Images 7 

are oriented by neurological convention. 8 

In the sensitivity analyses using estimates generated from the version of the behavioral 9 

model that excluded subjects who did not vary in their responses (i.e., only chose smaller 10 

immediate or larger delayed rewards), the main finding that dmPFC volumes correlate with 11 

sensitivities to the three choice attributes was unchanged.  12 
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4. Discussion 1 

We present evidence for specific failures to integrate quantitative information in value-2 

based decision-making in Alzheimer’s disease and other dementias, distinct from previously-3 

characterized deficits in episodic and working memory. Specifically, patients with Alzheimer’s 4 

disease did not differ from controls in their baseline tendency to choose smaller immediate over 5 

larger delayed rewards. However, at the individual-trial level, the decisions of patients with 6 

Alzheimer’s disease were less influenced by relevant choice attributes such as the percent penalty, 7 

delay length, and absolute magnitude of rewards. By contrast, patients with svPPA had a greater 8 

baseline tendency than controls to choose smaller immediate over larger delayed rewards, but their 9 

sensitivity to individual choice attributes was attenuated for some but not all attributes. Patients 10 

with bvFTD presented an intermediate phenotype, with less extreme estimates of baseline 11 

impulsivity than in svPPA that no longer differed from controls after adjustment for age and 12 

education, and less attenuated estimates of sensitivity to all three individual trial attributes than in 13 

Alzheimer’s disease. In this task, relevant trial attributes are represented explicitly at the time of 14 

choice, and trials are independent. Thus, there is no learning component to task performance, and 15 

alterations in patient performance are not explained by deficits in memory alone.  16 

It is also noteworthy that patterns of attenuated sensitivity were quite similar across the 17 

independently varied trial attributes of percent penalty, delay length, and delayed reward 18 

magnitude (Fig. 3). Sinz and colleagues have described a similar pattern of risk attitudes in 19 

Alzheimer’s disease, with preservation of the baseline tendency to gamble but with reduced 20 

individual trial-level sensitivity to the probability of winning (Sinz et al., 2008). Together, these 21 

findings suggest that disease-related insensitivity to relevant choice attributes likely involve 22 

common mechanisms across different dimensions of choice.  23 
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Such deficits in information sensitivity would have functionally significant consequences 1 

in the real world. For example, our intertemporal choice task can be analogized to a decision about 2 

whether to take out a payday loan, in which accepting a smaller immediate payment requires one 3 

to forgo a larger future payment. When other attributes are held constant, different values of the 4 

percent penalty (or conversely, the delay length) represent more and less advantageous interest 5 

rates, and patients whose choices are insensitive to such variations would be more likely to accept 6 

loans with higher interest rates and more likely to decline loans with lower interest rates. In real-7 

world population-level data, Agarwal and colleagues have reported that higher loan interest rates 8 

and other disadvantageous uses of credit are associated with advanced age (Agarwal, Driscoll, 9 

Gabaix, & Laibson, 2009), which is the strongest population-level predictor of dementia. Our 10 

findings thus have implications for clinical and policy efforts to prevent financial losses by patients 11 

with Alzheimer’s disease and related dementias. As choice attribute insensitivity is observed even 12 

when these attributes are made explicit at the time of choice (minimizing memory demands), this 13 

aspect of disadvantageous decision-making may not be remedied by memory aids or other decision 14 

support tools focused on the availability of relevant information when needed.   15 

In prefrontal cortex, Alzheimer’s disease is marked by principally dorsal atrophy; bvFTD 16 

by dorsal and ventral atrophy; and svPPA by predominantly ventral atrophy (Fig. 2). Our findings 17 

across these varied neurodegenerative conditions suggest a general role for the dmPFC in 18 

modulating economic choices based upon choice-specific information. Brain regions associated 19 

with sensitivity to percent penalty, delay length, and absolute reward magnitude were overlapping 20 

with shared representation in dmPFC (Fig. 4, Supplementary Fig. 5). These choice attributes were 21 

fully crossed across trials in the intertemporal choice task that was used to derive estimates of 22 
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attribute sensitivity. These findings suggest shared mechanisms in dmPFC for integrating 1 

quantitative attributes of choice in a given decision.  2 

Our structural neuroimaging findings in disease are congruent with recent proposals based 3 

on functional neuroimaging in healthy subjects regarding the role of the dmPFC in intertemporal 4 

choice, and in economic decision-making more broadly. Early studies indicated greater dmPFC 5 

activity during “difficult” intertemporal choices (i.e., choices closer to the subject’s indifference 6 

point) (Hoffman et al., 2008; Marco-Pallarés, Mohammadi, Samii, & Münte, 2010; Pine et al., 7 

2009), which has been interpreted as a marker of response conflict. However, an alternative 8 

explanation is that dmPFC activation in these hard choices reflects the allocation of cognitive 9 

resources when less computationally demanding heuristics are unavailable or inappropriate. 10 

Outside of intertemporal choice, dmPFC activation has been associated with decisions that are 11 

contrary to simplifying heuristics such as framing effects (De Martino, Kumaran, Seymour, & 12 

Dolan, 2006), status quo bias (Fleming, Thomas, & Dolan, 2010), and defaulting to an individual's 13 

own dominant choice tendency (Venkatraman, Payne, Bettman, Luce, & Huettel, 2009).  Recently, 14 

Rodriguez and colleagues have proposed a value-accumulation model for intertemporal choice, in 15 

which subjective value signals from ventromedial prefrontal cortex regarding available options are 16 

integrated and accumulated in a frontoparietal network of brain regions, principally the dmPFC 17 

(Rodriguez, Turner, Van Zandt, & McClure, 2015). 18 

The neuroanatomical associations between dmPFC volume and choice attribute sensitivity 19 

remained significant in a co-atrophy sensitivity analysis for diagnostic group effects. Thus, these 20 

associations are not driven by a single diagnostic group, but instead suggest a generalizable brain-21 

behavior relationship. This finding supports the conjecture that between-group differences in 22 
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behavior (i.e., diminished sensitivity to choice-specific information in Alzheimer’s disease) are 1 

attributable to disease-related neural changes in the dmPFC. 2 

Our neuroanatomic analyses also identified that estimated sensitivity to percent penalty 3 

was associated with regions that are involved in classic reward circuitry such as orbitofrontal 4 

cortex, ventral striatum, and subgenual anterior cingulate cortex, which in intertemporal choice are 5 

thought to hold subjective valuations of the discounted future reward (Peters & Büchel, 2011). 6 

That we observed an association between these regions and sensitivity to percent penalty, but not 7 

delayed reward magnitude or delay length, could suggest that an individual’s estimate of percent 8 

penalty sensitivity, but not delay length or reward magnitude,  might partially reflect the integrity 9 

of systems encoding subjective value for comparisons by the dmPFC and other frontoparietal 10 

structures in a valuation accumulation model such as that proposed by Rodriguez and colleagues 11 

(Rodriguez et al., 2015). However, it is alternatively possible this finding was due to network 12 

degeneration effects given that the peak voxels were consistently in the dmPFC and these regions 13 

are interconnected. 14 

The principal limitation of this study is that the cognitive demands of our intertemporal 15 

choice task (and the stringency of our control conditions to ensure subject comprehension) 16 

restricted participation to patients in mild to moderate stages of illness (Table 1). While this 17 

approach was consistent with ecological validity, as patients with more advanced disease usually 18 

do not handle their own finances, it limited the sample sizes available for our between-group 19 

behavioral comparisons (our VBM analyses were performed across groups, with a sample size of 20 

105). Small sample size is a contributor to low power and replication failure in neuroscience 21 

(Button et al., 2013); however, power is a function of both sample size and effect size (Ioannidis, 22 

2005). In the case of the present study, impairments in financial decision-making are recognized 23 
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clinical features of mild to moderate Alzheimer’s disease and related dementias, and sizeable 1 

differences between disease populations and controls could be anticipated. Concerning the 2 

neuroanatomic analysis, another potential limitation is the inclusion of the heavily memory 3 

influenced MMSE score as a covariate. While methodologically common and beneficial to ensure 4 

brain-behavior relationships are due to the parameter of interest as opposed to global cognitive or 5 

functional decline, this approach risks underestimating associations with neuroanatomic structures 6 

related to both memory and intertemporal choice such as the medial temporal lobes (Lempert, 7 

Speer, Delgado, & Phelps, 2017; Peters & Büchel, 2010).  8 

We also note that clinical research is generally limited by a lack of representative diversity 9 

(Oh et al., 2015), and corresponding socioeconomic or cultural factors likely play a role in 10 

decision-making but may not be well-reflected in this study (A3. Supplementary Discussion). 11 

Additionally, groups were not completely matched on age and education. While our main 12 

behavioral findings were largely unaffected in a sensitivity analysis, further work is needed to 13 

understand their roles in intertemporal choice. One patient with a clinical diagnosis of Alzheimer’s 14 

disease had a negative amyloid PET scan, but their exclusion did not affect the study’s results—15 

recent work indicates that the Alzheimer’s clinical syndrome is more neuropathologically 16 

heterogeneous than previously supposed (Nelson et al., 2019; Robinson et al., 2018), and the 17 

prevalence of amyloid PET negativity in our cohort is consistent with other cohorts of clinically-18 

defined Alzheimer’s disease (A3. Supplementary Discussion). Lastly, considerable variability 19 

exists among different estimation procedures for multi-level mixed effects modeling and among 20 

different statistical analysis programs, both of which can influence estimates of fixed and random 21 

effects. As a result, ensuring that methods are transparent and robust to different procedures is an 22 
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important consideration for this novel approach to delay discounting behavior estimation (A1. 1 

Supplementary Materials and methods, and A3. Supplementary Discussion).  2 
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5. Conclusion 1 

In the current study, we examined the influence of cognitive factors besides impaired 2 

memory for decision-making in Alzheimer’s disease and other dementias, utilizing an 3 

intertemporal choice task with minimal memory demands. While patients with Alzheimer’s 4 

disease did not differ from controls in their overall tendency to choose smaller immediate rewards 5 

over larger delayed rewards, their choices were less influenced than controls’ by choice-relevant 6 

information (the relative difference in reward magnitude, the delay length, and the absolute reward 7 

magnitudes), though all information was explicitly presented at the time of choice. Across all 8 

subjects, attenuated sensitivity to such information was associated with dorsomedial prefrontal 9 

atrophy. These findings are congruent with population-level studies documenting disadvantageous 10 

uses of credit in advancing age, and with recent proposals on the role of dorsomedial prefrontal 11 

cortex in economic decision-making.  12 
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A1. Supplementary Materials and methods 1 

A1.1 Model development 2 

Typically, studies of intertemporal choice assume exponential, hyperbolic or quasi-3 

hyperbolic discount functions (among other models), on which individuals’ relative impulsivity or 4 

farsightedness can be characterized within a reduced parameter space (Lempert & Phelps, 2016). 5 

However, for the present study, we could not assume that changes in subjects’ intertemporal 6 

choices due to neurological disease can be explained in terms of discount functions previously 7 

applied in studies of neurologically normal populations. Alterations of intertemporal choice in 8 

neurodegenerative disease could manifest as shifts of the discount function but could also manifest 9 

as distortions in the shape of the discount function beyond the reduced parameter space afforded 10 

in canonical models. Thus, a multilevel mixed-effects logistic regression model was designed to 11 

characterize sensitivity to three attributes of each choice trial independently: percent penalty, delay 12 

length, and delayed reward magnitude, without commonly adopted assumptions about the shape 13 

of the discount function. 14 

Independent variable specification was determined a priori. Visual inspection of the data 15 

on a subject-by-subject basis before model fitting suggested there was significant subject-level 16 

variability in the slope relationship between choice attributes and the proportion of smaller 17 

immediate rewards chosen (Supplementary Fig. 1). This observation motivated the inclusion of 18 

random effects on the slope relationship in the final model. Similarly, the high degree of variability 19 

in the proportion of smaller immediate rewards chosen by healthy controls in our previous work 20 

suggested that inclusion of a subject-level random effects term for the model intercept was 21 

necessary to capture this normal variability (Chiong et al., 2016). We did not include other 22 

predictive factors that could affect the log-odds of choosing smaller immediate rewards, such as 23 

age, gender, education, and rating of neurodegenerative disease severity in this stage of the 24 

analysis. These independent variables were reserved for use as covariates in subsequent 25 

neuroanatomic correlation analysis to avoid controlling for their influence both when generating 26 

subject-level sensitivity estimates and then again in subsequent neuroimaging analyses. 27 

Subject-level random effects for the intercept were included to account for variability in 28 

baseline impulsivity (i.e., variability between subjects in the overall tendency to choose smaller 29 

immediate rewards). Delay length and delayed reward magnitude were natural-log transformed to 30 
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improve the linearity of their relationships with the logit transformed dependent variable 1 

(Supplementary Fig. 2). All variables were mean-centered and scaled to improve computational 2 

time and the likelihood of model convergence (Cheng, Edwards, Maldonado-Molina, Komro, & 3 

Muller, 2010), and full-rank reference coding was employed such that the model intercept 4 

represents the log-odds that a healthy control would select the smaller immediate reward at mean 5 

values for the choice attributes. A generalized regression equation for this model is as follows: 6 

Log-odds of choosing the smaller immediate reward =  7 

β0 + β(diagnosis) + γ0 + 8 

β(percent penalty) + β(diagnosis x percent penalty) + γ(percent penalty) +  9 

β(delay length) + β(diagnosis x delay length) + γ(delay length) + 10 

β(delayed reward magnitude) + β(diagnosis x delayed reward magnitude) +  γ(delayed reward magnitude) 11 

In this equation, γ0 represents the random effect on the model intercept (in other words, the 12 

baseline tendency to choose the smaller immediate reward or baseline impulsivity) for an 13 

individual subject. Likewise, γ(percent penalty) represents the random effect on the relationship between 14 

percent penalty and the likelihood of choosing the smaller immediate reward option (in other 15 

words, the sensitivity to percent penalty) for an individual subject. This approach allowed for 16 

individualized estimation of relationships between choice attribute values and choices, as well as 17 

an individualized estimate of baseline impulsivity. 18 

Relevant parameters from the model were additively combined to generate individual 19 

estimates for baseline impulsivity and sensitivity to each choice attribute. For example, a healthy 20 

control’s sensitivity to delay length would be the sum of the beta term for delay length and the 21 

random effect on delay length for that individual (sensitivity = β(delay length) + γ(delay length)). For a 22 

patient with Alzheimer’s disease, the additive combination would also include the beta term for 23 

the interaction of Alzheimer’s disease diagnosis and delay length (sensitivity = β(delay length) + 24 

β(Alzheimer’s disease diagnosis x delay length) + γ(delay length)). As another example, the estimate of baseline 25 

impulsivity for a patient with svPPA would combine the model’s intercept, the beta term for the 26 

fixed effect of diagnosis, and the random effect on the intercept for that individual (baseline 27 

impulsivity = β0 + β(svPPA diagnosis) + γ0).  28 

We began by fitting the model using an unstructured covariance matrix. Use of an 29 

unstructured matrix reduces the potential for biased estimates of the fixed and random effects 30 

(Gurka, Edwards, & Muller, 2011). The resultant estimates of the variance of the random effects 31 
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supported this decision, as the variance ranged from 0.7 for the random effect on percent penalty 1 

to 20.9 for the random effect on the intercept. Covariance of random effects ranged from -0.1 for 2 

delay length and percent penalty (P = 0.61) to 7.3 for delay length and the intercept (P < .001), 3 

which again supported the decision to utilize an unstructured covariance matrix. We then tested 4 

the effect of imposing various covariance matrix constraints on the model fit using likelihood ratio 5 

(LR) tests (Hosmer & Lemeshow, 2013) and Akaike's information criteria (AIC) (Akaike, 1974). 6 

Goodness-of-fit was better for the model utilizing an unstructured covariance matrix when 7 

compared to models imposing various constraints, including an independent matrix (LR test chi-8 

squared = 63.2, P  < 0.001, AIC unstructured 9,064 versus independent 9,115), exchange matrix 9 

(LR test chi-squared = 348.8, P < 0.001, AIC unstructured 9,064 versus exchange 9,397), and 10 

identity matrix (LR test chi-squared = 359.9, P < 0.001, AIC unstructured 9,064 versus identity 11 

9,406), which agreed with our observations on the ranges of variances and covariances for the 12 

random effects. 13 

We then used locally-weighted logit regression to explore the linearity of the relationships 14 

between untransformed variables and the binary dependent variable indicating whether the 15 

participant chose the smaller immediate reward (Cleveland & Devlin, 1988). Logit regression 16 

revealed a logarithmic relationship with the choice of smaller immediate rewards for delay length 17 

and delayed reward magnitude, which were subsequently natural-log transformed before mean-18 

centering and scaling for inclusion in the final model. The effect of these transformations on the 19 

locally-weighted regression curves is depicted in Supplementary Fig. 2. The inclusion of these two 20 

transformed variables improved the final model’s fit (Log-likelihood transformed -4,116 versus 21 

untransformed -4,506, AIC transformed 8,284 versus untransformed 9,064). 22 

Starting values for the variances of random effects were determined using instrumental-23 

variable methods with generalized residuals. We performed a grid search to improve the accuracy 24 

of the starting values for variances and covariances of the random effects using prespecified 25 

parameters obtained from a model that utilized an unstructured covariance matrix with relaxed 26 

criteria for convergence. Specifically, this model’s convergence required that between iterations, 27 

the change in coefficient vector did not exceed 1 x 10-6 and the change in the log-likelihood did 28 

not exceed 1 x 10-7 but did not specify a tolerance for change in the scaled gradient. We then 29 

reapplied a scaled gradient tolerance threshold of 1 x 10-5 for all subsequent models. The integral 30 

required to calculate the model’s log-likelihood was determined by mean-variance adaptive 31 
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Gauss–Hermite quadrature using an initial value of two integration points. We fit the model by 1 

successively increasing the integration points by one until reaching the Stata default of seven, and 2 

compared estimates of model fits, fixed effects, variances of random effects, and covariances of 3 

random effects to determine the smallest number of integration points necessary to accurately 4 

model the data. The model achieved convergence with four integration points. 5 

The final behavioral model that was used to generate sensitivity estimates for 6 

neuroanatomic correlation thus included mean-centered and scaled choice attributes, of which 7 

delayed reward magnitude and delay length were natural log transformed, as well as full-rank 8 

coded binary variables indicating diagnosis with healthy controls as the reference group. We 9 

included interactions between each choice attribute and diagnosis. Mean-variance adaptive Gauss–10 

Hermite quadrature was utilized for integral estimation using four integration points, and the 11 

covariance matrix was unstructured. 12 

A1.2 Intercorrelation of behavioral model estimates 13 

Model estimates of baseline impulsivity and sensitivities to percent penalty, delay length, 14 

and delayed reward magnitude were intercorrelated to explore whether relationships existed 15 

between any combinations of estimates produced by the model. These analyses were first carried 16 

out using estimates from all subjects who completed the task, and then repeated restricted to 17 

healthy controls to determine if any observed associations were driven predominately by disease 18 

effects. Estimates were tested for association strength by Pearson’s correlation coefficients, and P 19 

values were subsequently corrected for multiple comparisons with Bonferroni adjustment (six 20 

comparisons for each analysis). 21 

A1.3 Neuropsychological characteristics of the study sample 22 

We obtained results of neuropsychological assessments performed within one year of the 23 

task for patients and healthy controls when available, which consisted of traditional measures of 24 

memory, executive function, visuospatial function, language, and emotional function. Visuospatial 25 

function was assessed by a modified version of the Rey-Osterrieth figure copy task, and visual 26 

memory by figure recall after a delay. Verbal memory was not assessed due to the potentially 27 

confounding influence of the semantic demands of verbal memory testing and inclusion of svPPA 28 

patients in the study. Regarding executive functions, cognitive flexibility was assessed with a 29 

modified version of the Trail-Making test, which requires participants to draw a line alternating 30 
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between numbers and days of the week as quickly and accurately as possible. Design fluency was 1 

assessed using the Delis-Kaplan Executive Functioning System Design Fluency subtest requiring 2 

participants to draw four-sided novel designs (Delis, Kaplan, & Kramer, 2001). Working memory 3 

was assessed by eliciting backward digit span. Verbal fluency was assessed by measuring the 4 

number of unique words subjects generated in a minute that began with a specific letter, and 5 

category fluency by measuring the number of words belonging to a specific category generated 6 

within a minute. Inhibitory control was assessed with the Stroop Interference condition. The 7 

confrontational naming component of language function was assessed with a 15-item version of 8 

the Boston Naming test (Mack, Freed, Williams, & Henderson, 1992). Emotional function was 9 

assessed with the affect matching component of the Comprehensive Affect Testing System 10 

(Froming, Levy, Schaffer, & Ekman, 2006). Neuropsychological test performance by diagnostic 11 

group was compared using ANOVA with pairwise Tukey post-hoc comparisons. 12 

A1.4 Behavioral model estimates and neuropsychological measures 13 

We correlated estimates of baseline impulsivities and sensitivities to each choice attribute 14 

with the neuropsychological measures characterizing the study sample described above. These 15 

correlations were conducted first across all subjects and subsequently restricted to healthy controls 16 

to examine whether relationships between neuropsychological constructs and model estimates 17 

were present in cognitively normal subjects or driven by disease effects. The strengths of these 18 

associations were assessed using Pearson’s correlation coefficient and subsequently corrected for 19 

multiple comparisons with Bonferroni adjustment (40 comparisons each for the two analyses). 20 

A1.5 Impulsivity, sensitivity to choice attributes, and choice consistency 21 

We next explored whether subjects who were more sensitive to choice attributes were also 22 

more consistent in their responses during the task. Estimates of baseline impulsivities and 23 

sensitivities to each of the three choice attributes were correlated with choice consistency, defined 24 

as the percent of the 64 paired trials in which the subjects chose consistently (i.e., made the same 25 

choice on two identical decisions presented at different points during the task). We first assessed 26 

these relationships across all subjects (n = 122). Given that choice consistency is biased toward 27 

higher values in cases where subjects predominately chose one or the other of the rewards, which 28 

was frequently the case for the svPPA group, and given the tendency for patients to give discrepant 29 

responses more frequently than controls, an additional analysis was restricted to healthy controls 30 
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who chose more than one type of reward during the task (n = 58) to assess whether the model 1 

estimates of impulsivity and sensitivities to choice features were associated with choice 2 

consistency in cognitively normal subjects. The Pearson correlation coefficient was used to assess 3 

the strength of these correlations with Bonferroni correction for multiple comparisons (four 4 

comparisons each for the two analyses). 5 

A1.6 Alzheimer’s clinical/pathological discrepancy model sensitivity analysis 6 

 We conducted a sensitivity analysis to determine if the findings of the main behavioral 7 

model and the individual-level sensitivity estimates it was used to generate were affected by 8 

inclusion of a patient who was diagnosed with Alzheimer’s disease by clinical consensus but had 9 

negative amyloid PET imaging (A2.1 Characteristics of the study participants). We excluded this 10 

patient and then re-fit the main behavioral model and used the random effects estimates to generate 11 

individual-level sensitivities to choice attributes and baseline impulsivity, as described in A1.1 12 

Model development. We inspected the model output for deviation from the main behavioral model 13 

with respect to group-level findings of between-groups differences in baseline impulsivity and 14 

sensitivity to choice attributes and repeated tests described in the main text results. We next 15 

generated individual-level sensitivity estimates for the four parameters to examine whether they 16 

deviated significantly from main model estimates. We first visualized the distribution of 17 

differences between the main model and sensitivity model by histogram and compared paired 18 

estimates using Wilcoxon signed rank test across all participants to assess whether this patient’s 19 

inclusion had affected typical estimates. We next created scatterplots comparing estimates from 20 

the main model to the sensitivity model and tested for independence with Spearman’s rank 21 

correlation. Lastly, given that systematic discrepancies may be obscured in a scatter plot by their 22 

relatively small magnitude compared to the range of the estimates, we used Bland-Altman plots to 23 

visualize the differences in estimates plotted against the average of their values to identify any 24 

potential systematic bias and the 95% limits of agreement for the two models (Bland & Altman, 25 

1999).  26 
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A2. Supplementary Results 1 

A2.1 Characteristics of the study participants 2 

Of the 15 patients with Alzheimer’s disease, the initial symptom was memory impairment 3 

in 12/15, aphasia in 2/15 (both subsequently developed memory impairment), and visuospatial 4 

disturbance followed by memory impairment in 1/15. Two of the patients with memory 5 

impairment as the first symptom also had prominent executive dysfunction. Eight patients with 6 

Alzheimer’s disease received a amyloid positron emission tomography (PET) scan with either 7 

[18F]florbetapir or carbon 11–labeled Pittsburgh Compound B [11C] (PiB) according to 8 

previously described methods (Clark, 2011; Joshi et al., 2012; Villeneuve et al., 2015) that were 9 

read qualitatively (visual read) by an experienced clinician, an approach that has been validated in 10 

patients with autopsy evidence of Alzheimer’s disease neuropathology (Clark et al., 2012; La Joie 11 

et al., 2019). Overall, 7/8 (88%) were read as positive. All four who received PiB-PET were 12 

positive by visual read and also had standardized uptake value ratios (SUVR) exceeding a 13 

threshold of 1.21 (Villeneuve et al., 2015). SUVR analyses were unavailable for the four patients 14 

who received florbetapir scans, of whom three were qualitatively positive. The amyloid-imaging 15 

negative patient’s records were reviewed; we confirmed that this patient had a typical Alzheimer’s 16 

clinical syndrome with initial memory impairment followed by executive dysfunction. Four 17 

patients died after data collection and had an autopsy performed, all of whom had a primary 18 

neuropathologic diagnosis of Alzheimer’s disease. Of the 18 patients with bvFTD, 6 (33%) had a 19 

known mutation in C9orf72, progranulin (GRN), or microtubule associated phosphoprotein tau 20 

(MAPT), which all together account for about three-quarters of familial FTD cases (Piguet & 21 

Hodges, 2016). Four additional patients (22%) had significant family history of unspecified 22 

dementia. 23 

Healthy controls were older than patients with Alzheimer’s disease (controls mean of 69.3 24 

versus Alzheimer’s disease 63.7 years, P = 0.049) and patients with bvFTD (controls 69.3 versus 25 

bvFTD 63.6 years, P = 0.02), and additionally had more formal education than patients with 26 

bvFTD (controls median of 18 versus bvFTD 16 years, P = 0.004) (Table 1). Controls also had 27 

higher scores on the MMSE than patients with Alzheimer’s disease (controls median of 30 versus 28 

Alzheimer’s disease 23, P < 0.001), bvFTD (controls 30 versus bvFTD 26, P < 0.001), and svPPA 29 

(controls 30 versus svPPA 24, P < 0.001); and bvFTD patients had higher scores than patients with 30 
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Alzheimer’s disease (bvFTD 26 versus Alzheimer’s disease 23, P = 0.02). Healthy controls had 1 

lower Clinical Dementia Rating scores than all three patient groups on both the total (three 2 

comparisons, all P < 0.001) and sum-of-boxes scores (three comparisons, all P < 0.001). There 3 

were no differences between any of the disease cohorts for either Clinical Dementia Rating score 4 

(six comparisons, P values 0.07 to 0.67). 5 

Patients with Alzheimer’s disease performed significantly worse than controls on tests of 6 

memory (modified Rey-Osterrieth figure recall P < 0.001), executive function (modified trails 7 

time P < 0.001, design fluency P < 0.001, backward digit span P = 0.03, verbal fluency P < 0.001, 8 

category fluency P < 0.001, Stroop interference testing P < 0.001), visuospatial function (modified 9 

Rey-Osterrieth figure copy P < 0.001), and language (Boston naming test P < 0.001). Patients with 10 

bvFTD were impaired on tests of executive function (modified trails time P < 0.001, design fluency 11 

P < 0.001, backward digit span P < 0.001, verbal fluency P < 0.001, category fluency P < 0.001, 12 

Stroop interference P < 0.001), memory (modified Rey-Osterrieth figure recall P < 0.001), 13 

language (Boston naming test P = 0.02), and emotional function (affect matching P = 0.01). 14 

Patients with svPPA were impaired on tests of language (Boston naming test P < 0.001), memory 15 

(modified Rey-Osterrieth figure recall P < 0.001), emotional function (affect matching P = 0.04), 16 

and executive functions (modified trails time P = 0.006, design fluency P < 0.001, verbal fluency 17 

P < 0.001, category fluency P < 0.001, Stroop interference testing P < 0.001). 18 

Patients with Alzheimer’s disease performed significantly worse than patients with bvFTD 19 

on tests of memory (P < 0.001), visuospatial function (P < 0.001), language (P = 0.03), and one 20 

test of executive function (modified trails time P < 0.001) (Table 1). Alzheimer’s disease patients 21 

outperformed those with bvFTD on emotional function testing, although this finding did not reach 22 

statistical significance (P = 0.24). Additionally, patients with Alzheimer’s disease outperformed 23 

patients with svPPA on language testing (P < 0.001) and emotional function (P = 0.04) but 24 

performed worse on tests of visuospatial function (P < 0.001) and some executive functions 25 

(modified trails time P < 0.001, backward digit span P = 0.02, Stroop interference P = 0.02). In 26 

comparison to patients with svPPA, patients with bvFTD performed significantly better on tests 27 

of memory (P = 0.02) and language (P < 0.001), but worse on one test of executive function 28 

(backward digit span P = 0.046). 29 
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A2.2 Alzheimer’s clinical/pathological discrepancy model sensitivity analysis 1 

In a sensitivity analysis excluding a subject who was diagnosed with Alzheimer’s disease 2 

by clinical consensus but had PET imaging negative for amyloid deposition, we found that there 3 

were no significant differences comparing individual-level estimates produced by the main model 4 

and sensitivity analysis model using Wilcoxon signed rank test for baseline impulsivity (P=0.10) 5 

or sensitivities to percent penalty (P=0.67), delay length (P=0.18), or delayed reward magnitude 6 

(P=0.49). Spearman rank correlations were all rs=0.999 for these four parameters (P<0.001) 7 

(Supplementary Figure 6). Bland-Altman analysis suggested no systematic estimation errors.  8 

A2.3 Intercorrelation of behavioral model estimates 9 

We correlated all combinations of estimates derived from the behavioral model across the 10 

entire sample of 122 subjects (Supplementary Fig. 3). These associations ranged in strength from 11 

r = 0.18 (P = 0.04) for baseline impulsivity and sensitivity to percent penalty, to r = 0.89 (P < 12 

0.001) for sensitivities to percent penalty and delayed reward magnitude (Supplementary Table 5). 13 

When corrected for multiple comparisons using Bonferroni methods, all relationships remained 14 

significant except for baseline impulsivity and sensitivity to percent penalty (P = 0.26). When 15 

limited to the 72 healthy controls, the majority of these associations were no longer statistically 16 

significant (Supplementary Table 6). Relationships between sensitivity to delay length and 17 

baseline impulsivity (r = 0.72, P < 0.001) and sensitivities to percent penalty and delayed reward 18 

magnitude (r = 0.81, P < 0.001), however, remained significant and withstood Bonferroni 19 

correction for multiple comparisons. 20 

A2.4 Impulsivity, sensitivity to attributes, and choice consistency 21 

Overall, subjects were consistent for 87.3% ± standard deviation 11.1% of choices. Choice 22 

consistency was not equal across diagnostic groups (Kruskal Wallis P = 0.01). Patients with 23 

Alzheimer’s disease were less consistent than healthy controls (Alzheimer’s disease median of 24 

83% versus controls 89%, Wilcoxon rank-sum P = 0.01) and patients with svPPA (Alzheimer’s 25 

disease median of 83% versus svPPA 92%, Wilcoxon rank-sum P = 0.001).  26 

In healthy controls who chose both smaller immediate and larger delayed rewards during 27 

the task, choice consistency was correlated with estimated sensitivities to percent penalty 28 

(Pearson’s r = -0.46, P < 0.001) and delayed reward magnitude (Pearson’s r = -0.37, P = 0.004), 29 
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but uncorrelated with estimated baseline impulsivity (Pearson’s r = -0.22, P = 0.10) and estimated 1 

sensitivity to delay length (Pearson’s r = 0.18, P = 0.17) (Supplementary Fig. 4). 2 

A2.5 Behavioral model estimates and neuropsychological measures 3 

Across the entire study sample, estimates of sensitivity to percent penalty and delayed 4 

reward magnitude were moderately correlated with measures of executive function, memory, 5 

language, and visuospatial function (Supplementary Table 7). Estimates of sensitivity to delay 6 

length were more weakly correlated with neuropsychological measures. Baseline impulsivity was 7 

significantly correlated only with verbal fluency. 8 

When limited to only healthy controls, there were no significant relationships between 9 

behavioral model estimates and standard neuropsychological measures that survived Bonferroni 10 

correction for multiple comparisons. Without Bonferroni correction, there were significant 11 

correlations between verbal fluency and baseline impulsivity (P = 0.008), affect matching and 12 

baseline impulsivity (P = 0.02), and between sensitivity to delayed reward magnitude and the 13 

Boston naming test (P = 0.04) (Supplementary Table 8).  14 
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A3. Supplementary Discussion 1 

While one of the fifteen patients with an Alzheimer’s disease clinical syndrome had a 2 

negative amyloid PET result, we note that our positivity rate of 7/8 (88%) is a value that is 3 

consistent with a meta-analysis of over 1,300 Alzheimer’s disease patients who received PET 4 

imaging demonstrating positivity in 1193/1359 (88%) of patients (Ossenkoppele et al., 2015). As 5 

many patients with Alzheimer’s disease neuropathological change do not have the Alzheimer’s 6 

disease clinical syndrome, and some patients with the Alzheimer’s disease clinical syndrome do 7 

not have Alzheimer’s disease neuropathological change, there is a developing consensus that other 8 

non-Alzheimer’s disease neuropathological processes contribute to the Alzheimer’s disease 9 

clinical syndrome (Nelson et al, 2019), often in conjunction with but sometimes independent of 10 

Alzheimer’s disease neuropathological change. In our sample of 18 bvFTD patients, 33% had a 11 

known mutation and an additional 22% had family history of dementia, which, given that an 12 

estimated 40% of patients with bvFTD have family history of dementia (Piguet & Hodges, 2016), 13 

is likely due to an overrepresentation of familial cases at our research center.   14 

In addition to the limitations outlined in the main text, the independent variable values 15 

included in the modeling process were constrained to fixed ranges (e.g., dollar values ranging from 16 

$5 to $100) during the study design process. This facilitated orthogonalization of the three choice 17 

attributes but limited estimation of disease effects at larger monetary values representative of real-18 

world financial decisions, or with delays longer than 180 days. Maximum likelihood estimation is 19 

central to mixed-effects regression modeling, and appreciable variability in parameter estimates 20 

can occur between different maximum likelihood estimation methods and statistical programs, 21 

particularly as more random effects are modeled (Kim, Choi, & Emery, 2013). The methods 22 

utilized in this study were designed to prioritize estimation accuracy for the purposes of correlation 23 

with neuroanatomic structures, but some adjustments to the maximum likelihood estimation 24 

procedure were necessary due to convergence failure in initial model testing (Supplementary 25 

Materials and methods). 26 

Another important limitation of the present study is that there are numerous other factors, 27 

particularly those of a socioeconomic or sociocultural nature, that influence the process of decision 28 

making in the general population and contribute to profound variability among healthy people. 29 

Clinical experience with patients, particularly those with frontal disorders, suggests that these 30 

sources of normal variability exert relatively small effects in the setting of brain diseases that 31 
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directly alter the functioning of systems involved in decision-making; for instance, a lifetime 1 

including decades of experience in prudent decision-making does not seem to protect against rash 2 

and unwise decisions in dementia. Such factors may thus contribute to decisions, but were not 3 

included in our behavioral model that was designed to examine between patient groups differences.   4 
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A4. Supplementary Figures 1 

Supplementary Figure 1 2 

 

 

 

Supplementary Figure 1. Relationships between values of the choice attributes and the proportion of 3 

smaller immediate rewards chosen by healthy controls. Each line represents an individual control’s 4 

decisions during the task.  5 
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Supplementary Figure 2 1 

 

 

 

Supplementary Figure 2. Locally-weighted logit regressions estimating relationships between values of 2 

choice attributes and the log-odds of choosing the smaller immediate reward. The left column shows this 3 

relationship for untransformed choice attributes, and the right shows the effect of natural log transformations 4 

for delay length and delayed reward magnitude on the linearity of their relationship with the log-odds of 5 

choosing the immediate reward.  6 
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Supplementary Figure 3 1 

 

 

 
 

- Supplementary Figure 3 continued on the next page - 
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- Supplementary Figure 3 continued - 

 

 
Supplementary Figure 3. Scatterplots depicting correlations between estimates produced by the 1 

behavioral model. The left column shows these relationships using estimates for all subjects, and the 2 

corresponding panel in the right column shows this relationship only in healthy controls.  3 
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Supplementary Figure 4 1 

 

 
Supplementary Figure 4. Correlations between behavioral model estimates and choice consistency in 58 2 

healthy controls who chose both smaller immediate and larger delayed rewards during the task.  3 
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Supplementary Figure 5 1 

 

Supplementary Figure 5. Conjunction analysis highlighting dmPFC volumes (cyan overlay) that were 2 

significantly associated with estimates of sensitivity to all three choice attributes, including (A) percent 3 

penalty, (B) delay length, and (C) delayed reward magnitude. Conjunction analysis results are overlayed 4 

onto the relevant main brain-behavior correlation findings derived from voxel-based morphometry analyses 5 

depicted in Fig. 4 of the main text. Images are oriented by neurological convention.  6 
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Supplementary Figure 6 1 

Supplementary Figure 6. Sensitivity analysis results excluding one subject with clinical diagnosis of AD 2 

but negative amyloid PET imaging. From left to right, a histogram depicting the distribution of differences 3 

between the main model and sensitivity analysis model with overlaid normal distribution, scatterplot, and 4 

Bland-Altman plot with individual diagnoses for model estimates of (A) baseline impulsivity, and sensitivities 5 

to (A) percent penalty, (B) delay length, and (C) delayed reward magnitude.  6 
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A5. Supplementary Tables 1 

Supplementary Table 1. Effects of two sensitivity analyses on main behavioral model results. 2 

 

 Main Model  Alzheimer’s CP Discrepancy  Adjusted for Age and Education 

 β (SE) 95% CI P valuea  β (SE) 95% CI P valuea  β (SE) 95% CI P valuea 

Fixed Effects        
       

Diagnosisa        
       

Alzheimer 1.17 (0.79) -0.38 - 2.72 0.14  0.98 (0.80) -0.60 - 2.55 0.22  0.92 (0.81) -0.68 - 2.51 0.26 
bvFTD 2.23 (0.84) 0.58 - 3.87 0.01  2.23 (0.84) 0.58 - 3.87 0.01  1.37 (0.87) -0.34 - 3.07 0.12 
svPPA 4.84 (0.98) 2.92 - 6.76 <0.001  4.85 (0.98) 2.92 - 6.77 <0.001  5.16 (1.02) 3.16 - 7.15 <0.001 

Random Effects                       

Choice Attributes     
       

Percent Penaltya     
       

Control -2.13 (0.13) -2.39 - -1.88   -2.14 (0.13) -2.40 - -1.89   -2.11 (0.13) -2.37 - -1.86  
Alzheimer -0.75 (0.24) -1.21 - -0.28 <0.001  -0.66 (0.25) -1.14 - -0.18 <0.001  -0.75 (0.24) -1.22 - -0.28 <0.001 
bvFTD -0.85 (0.24) -1.33 - -0.38 <0.001  -0.86 (0.24) -1.33 - -0.39 <0.001  -0.85 (0.24) -1.33 - -0.38 <0.001 
svPPA -1.22 (0.28) -1.76 - -0.68 0.003  -1.22 (0.28) -1.76 - -0.68 0.002  -1.29 (0.28) -1.84 - -0.73 0.008 

Delay Lengtha     
       

Control 1.99 (0.18) 1.64 - 2.33   1.99 (0.18) 1.65 - 2.34   1.99 (0.18) 1.65 - 2.34  
Alzheimer 0.49 (0.32) -0.15 - 1.12 <0.001  0.37 (0.33) -0.29 - 1.02 <0.001  0.49 (0.49) -0.14 - 1.12 <0.001 
bvFTD 1.09 (0.34) 0.42 - 1.76 0.02  1.09 (0.34) 0.42 - 1.76 0.02  1.10 (0.34) 0.43 - 1.76 0.02 
svPPA 2.72 (0.44) 1.86 - 3.57 0.12  2.72 (0.44) 1.87 - 3.57 0.12  2.85 (0.45) 1.96 - 3.73 0.08 

Delayed Reward Magnitudea     
       

Control -2.58 (0.20) -2.97 - -2.19   -2.58 (0.20) -2.97 - -2.20   -2.57 (0.20) -2.96 - -2.18  
Alzheimer -0.31 (0.36) -1.01 - 0.39 <0.001  -0.20 (0.37) -0.92 - 0.52 <0.001  -0.31 (0.36) -1.01 - 0.39 <0.001 
bvFTD -0.83 (0.36) -1.53 - -0.13 <0.001  -0.83 (0.36) -1.53 - -0.13 <0.001  -0.81 (0.36) -1.52 - -0.11 <0.001 
svPPA -1.51 (0.40) -2.29 - -0.72 0.02   -1.51 (0.40) -2.29 - -0.73 0.02   -1.54 (0.41) -2.34 - -0.74 0.02 

In the Alzheimer’s clinical/pathological (CP) discrepancy model (n=121), one participant was excluded because they received an adjudicated clinical 3 

consensus diagnosis of Alzheimer’s disease, but subsequent PET imaging was negative for amyloid deposition. In the adjusted for age and education 4 

model (n=122), age and education were included as covariates in the main behavioral model. Aside from these differences, models were specified 5 

in the same manner as the main behavioral model. 6 

a Reference group for statistical comparison was healthy controls.   7 
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Supplementary Table 2 1 

Cluster 
Coordinates for 

peak voxel 
Extent 
(mm3) 

Max T-
value P value 

Cluster 1 (06, 35, 31) 45,922 4.69 0.001 
Left superior frontal gyrus     
Left supplementary motor cortex     
Right anterior cingulate gyrus     
Right middle cingulate gyrus     
Right superior frontal gyrus     
Right supplementary motor cortex     

Clusters significantly associated with sensitivity to percent penalty in voxel-based morphometry analysis, 2 

thresholded at voxelwise P < 0.005 and by cluster size using Monte Carlo simulation running 1,000 3 

permutations. 4 

 

Supplementary Table 3  5 

Cluster 
Coordinates for 

peak voxel 
Extent 
(mm3) 

Max T-
value P value 

Cluster 1 (22, 18, 51) 25,285 4.68 0.006 
Left superior frontal gyrus     
Left supplementary motor cortex     
Right anterior cingulate gyrus     
Right middle cingulate gyrus     
Right superior frontal gyrus     
Right supplementary motor cortex     

Clusters significantly associated with sensitivity to delay length in voxel-based morphometry analysis, 6 

thresholded at voxelwise P < 0.005 and by cluster size using Monte Carlo simulation running 1,000 7 

permutations. 8 

 

Supplementary Table 4 9 

Cluster 
Coordinates for 

peak voxel 
Extent 
(mm3) 

Max T-
value P value 

Cluster 1 (06, 12, 46) 8,865     4.38 0.041 
Left superior frontal gyrus     
Left supplementary motor cortex     
Right anterior cingulate gyrus     
Right superior frontal gyrus     
Right supplementary motor cortex     

Clusters significantly associated with sensitivity to delayed reward magnitude in voxel-based morphometry 10 

analysis, thresholded at voxelwise P < 0.005 and by cluster size using Monte Carlo simulation running 11 

1,000 permutations.  12 
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Supplementary Table 5 1 

 
Baseline 

Impulsivity 
Delayed Reward 

Magnitude Delay Length 

Percent Penalty 0.18 (0.26) 0.89 (< 0.001) -0.32 (0.002) 
Delay Length 0.62 (< 0.001) -0.27 (0.02)  
Delayed Reward Magnitude 0.26 (0.02)   

Correlations between behavioral model estimates in all 122 subjects. All values shown are Pearson 2 

correlation coefficient r (P value with Bonferroni correction for six comparisons). 3 

 
 
Supplementary Table 6 4 

 
Baseline 

Impulsivity 
Delayed Reward 

Magnitude Delay Length 

Percent Penalty 0.08 (1.00) 0.82 (< 0.001) -0.12 (1.00) 
Delay Length 0.72 (< 0.001) -0.05 (1.00)  
Delayed Reward Magnitude 0.22 (0.37)   

Correlations between behavioral model estimates in 72 controls. All values shown are Pearson correlation 5 

coefficient r (P value with Bonferroni correction for six comparisons).   6 
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Supplementary Table 7 1 

Neuropsychological Assessment (n) 
Percent 
Penalty 

Delay 
Length 

Delayed 
Reward 

Magnitude 
Baseline 

Impulsivity 

Memory     
Modified Rey-Osterrieth recall (109) -0.43** 0.14 -0.40** -0.19 

Executive Function     
Backward digit span (114) -0.38** 0.18 -0.31* -0.17 
Stroop Interference (106) -0.53** 0.20 -0.46** -0.21 
Design fluency (107) -0.47** 0.24 -0.41** -0.12 
Modified trails time (117) 0.55** -0.41** 0.50** -0.03 
Verbal fluency (120) -0.52** 0.10 -0.46** -0.30* 
Category fluency (117) -0.61** 0.09 -0.54** -0.26 

Language     
Boston naming test (111) -0.38** -0.13 -0.30* -0.30 

Visuospatial     
Modified Rey-Osterrieth copy (109) -0.31* 0.27 -0.30 -0.00 

Emotional Function     
Affect matching (89) -0.30 0.20 -0.12 0.09 

Correlations between standard neuropsychological measures and behavioral model estimates in all 122 2 

subjects. All values are Pearson’s correlation coefficient r. A single asterisk (*) represents statistical 3 

significance for correlations reaching P < 0.05 and two asterisks (**) for correlations reaching P < 0.01 with 4 

Bonferroni correction for 40 comparisons. 5 

 
 
Supplementary Table 8 6 

Neuropsychological Assessment (n) 
Percent 
Penalty 

Delay 
Length 

Delayed 
Reward 

Magnitude 
Baseline 

Impulsivity 

Memory     
Modified Rey-Osterrieth recall (62) 0.05 -0.12 0.11 -0.11 

Executive Function     
Backward digit span (68) -0.02 -0.04 0.08 -0.04 
Stroop Interference (61) -0.09 0.04 -0.01 -0.04 
Design fluency (60) -0.03 0.03 0.06 0.11 
Modified trails time (71) 0.02 -0.20 0.05 -0.15 
Verbal fluency (72) -0.11 -0.12 -0.16 -0.31 
Category fluency (69) -0.19 0.01 -0.20 0.04 

Language     
Boston naming test (65) -0.22 0.05 -0.25 0.02 

Visuospatial     
Modified Rey-Osterrieth copy (62) -0.10 0.02 -0.04 0.04 

Emotional Function     
Affect matching (45) 0.02 0.16 0.17 0.34 

Correlations between standard neuropsychological measures and behavioral model estimates in healthy 7 

controls. All values are Pearson’s correlation coefficient r. A single asterisk (*) represents statistical 8 

significance for correlations reaching P < 0.05 and two asterisks (**) for correlations reaching P < 0.01 with 9 

Bonferroni correction for 40 comparisons.10 
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