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Abstract
Depressive symptoms are associated with an increased risk of Alzheimer’s Disease (AD) but the
mechanism(s) involved has not been well established. In a convenience sample of participants in
the University of Kansas’ Brain Aging Project, we use structural equation modeling (SEM) to
explicitly distinguish depressive symptom-related variance in cognitive task performance (i.e.,
“DEPCOG”) from that which is unrelated to a depressive symptoms. DEPCOG is strongly
associated with the cognitive correlates of functional status (δ), which we previously associated
with elements of the Default Mode Network (DMN). Both δ and DEPCOG map to a Posterior
Cingulate seeded network that has recently been associated with β-amyloid deposition and
includes elements of the DMN. Both contribute significantly to clinical dementia status and
dementia severity, as measured by the Clinical Dementia Rating Scale Sum of Boxes (CDR-SB).
These findings suggest that the cognitive correlates of depressive symptoms, even in the absence
of a major depressive episode, may contribute to dementia in their own right, and could be
responsible for some cases of incident clinical “AD”. This conclusion suggests new opportunities
for the latter’s diagnosis, prevention and treatment.
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Introduction
It has been suggested that depressive symptoms in AD may reflect a specific syndrome of
“depression in AD” (dAD) [1]. Depression in non-demented persons has been identified as a
possible risk factor for incident Alzheimer’s disease (AD) [2–4]. In a recent meta-analysis,
depression appeared to double the risk of AD [5]. Depressive symptoms are common in
Mild Cognitive Impairment (MCI) [6] and appear to hasten conversion from MCI to clinical
AD [7]. Even subclinical depressive symptoms may be sufficient to convey this risk [8].

The mechanism(s) by which depression and depressive symptoms might effect these risks
has not been well established. However, we have recently shown that depressive symptoms
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are associated with incident changes in executive control, not memory [9], and that
depressive symptom-related cognitive change is not mediated through AD pathology [10].
Similarly, a history of past depressive episodes is not associated with the distribution of
[(11)C] Pittsbugh Compound B (PiB) binding [11] and depressive symptoms are not
associated with apolipoprotein e4 (ApoE4) in MCI [12]. These findings suggest that
depression’s effects on dementia status are independent of the AD process. Therefore,
depression may itself be dementing. Moreover, because none of these studies involved
clinically depressed persons, sub-syndromal depressive symptoms may indicate an
independent dementing process.

We have recently developed an analytical technique that can address this issue. We use
structural equation modeling (SEM) to explicitly distinguish dementia-relevant variance in
cognitive task performance (i.e., “δ”) from that which is unrelated to a dementing process
(i.e., “g′”) [13–14]. Together, g′ and δ effectively comprise Spearman’s “g” (i.e., “general
intelligence”) [15]. We recently validated δ in the Texas Alzheimer’s Research and Care
Consortium (TARCC), a well characterized cohort of Alzheimer’s disease (AD) cases and
controls [14].

One of the advantages of our approach is that δ’s factor scores represent a continuously
varying and arguably measurement error free dementia endophenotype. We have examined
the bio-markers of this endophenotype, and recently co-localized δ specifically with grey
matter atrophy in the Default Mode Network (DMN) [16]. The DMN is comprised of highly
interconnected neocortical regions that are active during wakeful self-reflection and
introspection, and inactive during task specific processing [17]. Its hubs include parts of the
medial temporal lobe, the medial prefrontal cortex, the posterior cingulate, the precuneus,
and the medial, lateral and inferior parietal cortex [18]. The DMN is abnormal in AD, but
also in depression [19]. Depression-related atrophy in DMN-related regions [20] may
provide an explanation for the disabling, and therefore intrinsically “dementing” nature of
depressive illness.

In this analysis, we return to the same dataset (i.e., the Brain Aging Project (BAP) of the
Univeristy of Kansas Department of Neurology’s Alzheimer’s Disease Center) to examine
whether there is overlap between the cognitive correlates of depressive symptoms
(DEPCOG) and the cognitive correlates of functional status (i.e., δ), and whether DEPCOG
can also be specifically associated with structural changes in the DMN. If so, then sub-
syndromal depression itself, independent of AD lesions, may be responsible for some cases
of incident clinical “AD”, suggesting new opportunities for the latter’s diagnosis, prevention
and treatment.

Methods
Sample

Participants were enrolled in the University of Kansas Brain Aging Project (BAP). Data
used in these analyses were from individuals with early-stage Alzheimer’s disease (AD),
defined by a Clinical Dementia Rating (CDR) scale score of 0.5 or 1.0, n = 70) or those
without dementia (CDR = 0, n=76) aged 60 years and older [18]. Study exclusions have
been reported previously [21] and briefly include baseline neurologic disease other than AD
with the potential to impair cognition, current or past history of diabetes mellitus, recent
history of cardiovascular disease, clinically significant depressive symptoms, and MRI
exclusions among others. Portions of these data have been reported previously as part of a
larger cohort [22–24]. Institutionally approved informed consent was obtained from all
participants and their legal representative as appropriate before enrollment into the study.
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Clinical assessment
The clinical assessment included a semi-structured interview with the participant and a
collateral source knowledgeable about the participant. Medications, past medical history,
education, demographic information and family history were collected from the collateral
source. Dementia status of the participant was based on clinical evaluation [25]. Diagnostic
criteria for AD require the gradual onset and progression of impairment in memory and at
least one other cognitive and functional domain [26]. The CDR assesses function in multiple
domains and was used to assess dementia severity, such that CDR 0.0 indicates no dementia,
CDR 0.5 indicates very mild, and CDR 1.0 indicates mild dementia [27]. These methods
have a diagnostic accuracy for AD of 93% and have been shown to be accurate in
discriminating those with mild cognitive impairment (MCI) who have early stage AD [25,
28]. We encountered problems when trying to model three diagnostic classes, including the
relatively small numbers of AD and MCI cases, and instead modeled “Diagnosis” as AD and
MCI (N = 70) vs. controls (n = 76).

Depressive symptoms were assessed using the short Geriatric Depression Scale (GDS) [29–
30]. Subjects were asked to self-report their depressive symptoms, while their caregivers
were asked to assess the subjects’ dysphoria. GDS scores range from zero–15. Higher scores
are worse. A cut-point of 6–7 best discriminates clinically depressed from non-depressed
elderly.

Cognitive Assessment
A trained psychometrician administered a psychometric test battery that included common
measures of memory (Wechsler Memory Scale [WMS]–Revised Logical Memory IA and
IIA [31], Free and Cued Selective Reminding Task [32], working memory [WMS III Digit
Span Forwards and Backwards [31], executive function [Verbal Fluency – Animals [33],
and Stroop Color-Word Interference Test [34]. The Mini-Mental State Examination
(MMSE) [35] was also administered.

Functional Assessment
We used the Alzheimer’s Disease Cooperative Study Activities of Daily Living Scale for
Mild Cognitive Impairment (ADCS-ADL) with information collected from the informant.
The ADCS-ADL is a well characterized measure of independence in activities of daily
living [36]. The 18-item measure is heavily weighted towards instrumental activities of daily
living (IADL) such as meal preparation, travel outside the home, shopping, and performing
household chores. Tasks are scored by increasing level of independence with greater scores
reflecting more independence in IADL.

Statistical approach
This analysis was performed using AMOS software [37]. All observed variables were
adjusted for age, gender and education. Latent variables of interest were constructed from
confirmatory factor analyses performed in a structural equation framework. The latent
variables d and DEPCOG were uniquely indicated by IADL and GDS scores, respectively.
Otherwise, they were derived from an identical cognitive battery that was both more
circumscribed and had no overlap with that of our previously validated latent variable “δ”
[16]. There was no overlap at all in the indicator variables used to construct DEPCOG and δ.
Residual covariances were empirically modeled to optimize model fit. Model parameters
were compared across models to ensure that model interpretation remained stable across
alternative residual covariance structures.
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Missing data—We used Full Information Maximum Likelihood (FIML) methods to
address missing data. FIML uses the entire observed data matrix to estimate parameters with
missing data. In contrast to listwise or pairwise deletion, FIML yields unbiased parameter
estimates, preserves the overall power of the analysis, and is arguably superior to alternative
methods, e.g., multiple imputation [38–39].

Fit Indices—The validity of structural models was assessed using three common test
statistics. A non-significant chi-square signifies that the data are consistent with the mode
[40]. The comparative fit index (CFI), with values ranging between 0 and 1, compares the
specified model with a model of no change [41]. CFI values below 0.95 suggest model
misspecification. Values of 0.95 or greater indicate adequate to excellent fit. A root mean
square error of approximation (RMSEA) of 0.05 or less indicates a close fit to the data, with
models below 0.05 considered “good” fit, and up to 0.08 as “acceptable” [42]. All three fit
statistics should be simultaneously considered to assess the adequacy of the models to the
data.

Neuroimaging
Baseline and follow-up whole brain structural MRI data were obtained using a Siemens 3.0
Tesla Allegra MRI Scanner. High-resolution T1 weighted anatomical images were acquired
(magnetization-prepared rapid gradient echo [MPRAGE]; 1 × 1 × 1 mm3 voxels, repetition
time [TR] =2500, echo time [TE] =4.38 ms, inversion time [TI] =1,100 ms, field of
view=256 × 256, flip angle=8 degrees). Data analysis was performed using the VBM5
toolbox (http://dbm.neuro.uni-jena.de), an extension of the SPM5 algorithms (Wellcome
Department of Cognitive Neurology, London, UK) running under MATLAB 7.1(The
MathWorks, Natick, MA, USA).

Voxel-based morphometry (VBM) is a method for detecting differences in the volume of
brain matter. Our structural image processing method for VBM is detailed elsewhere [22,
43]. Briefly, tissue classification, image registration and MRI inhomogeneity bias correction
were performed as part of the unified segmentation approach implemented in SPM5 [44].
We used the Hidden Markov Field (HMRF) model on the estimated tissue maps (3 × 3 × 3
mm3). Estimated tissue probability maps were written without making use of the
International Consortium for Brain Mapping tissue priors to avoid a segmentation bias [45].
Images were then modulated and saved using affine registration plus nonlinear spatial
normalization [46]. The resulting gray matter volume maps were smoothed with a 10 mm
FWHM Gaussian kernel before statistical analysis.

Imaging Statistics—We used a multiple regression model in SPM5 with age, education,
and gender as covariates (age and education centered on the mean). DEPCOG scores are
also implicitly adjusted for g′ factor scores. The absolute threshold masking was set at 0.10
to restrict each analysis to gray matter. Our primary interest was the relationship of
DEPCOG factor scores with regional gray matter volume, independent of the remaining
regressors. Results were considered significant at p<0.05 [family-wise error corrected
(FWE)], with clusters exceeding 50 voxles. Peak voxels are reported with reference to the
MNI standard space and anatomic labels are reported with reference to the computerized
Talairach Daemon [47] within the Pickatlas [48]. DEPCOG’s regional gray matter volume
correlates are compared in Figures 6 and 7 to those of d and our previously validated
original model “δ” [16].

Oh et al. [49] have demonstrated that Pittsburgh Compound B (PiB) burden in non-
demented older persons is associated with atrophy in the posterior cingulate. When a seed
was placed in that structure, an inter-related set of structures emerged. We tested whether
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the grey matter atrophy associated with our latent constructs is co-localized with the same
structures. We used a multiple regression model in SPM5 with age, education, and gender as
covariates (age and education centered on the mean). d and DEPCOG scores are also
implicitly adjusted for g′ factor scores. The absolute threshold masking was set at 0.10 to
restrict each analysis to gray matter. Our primary interest was the relationship of DEPCOG
factor scores with regional gray matter volume, independent of the remaining regressors. We
extracted relative brain volume from a bilateral posterior cingulate ROI (4 mm spheres at
−10, −38, 30 and 10, −38, 30) [49] and regressed the relative gray matter volume corrected
for age, sex and education as has been done recently by Monembault et al. [50].

Results
Sample demographics are presented in Table 1. Clinical assessment means are presented in
Table 2. All groups had sub-clinical mean GDSs and GDSc scores. However, there were
significant cross-group differences by both measures (by MANOVA, adjusted for age,
education and gender). MCI cases exhibited significantly more depressive symptoms by
both measures than either AD or controls. There were no significant differences between
AD cases and controls on either measure. Although AD and MCI cases were significantly
more likely to report a past history of depression than controls, MCI cases were no less
likely to report a past history of depression than AD cases. There were no group differences
with regard to the current use of either benzodiazepines or serononin-selective reuptake
inhibitors (SSRI). AD cases were more likely than either MCI cases or controls to use other
psychotropics (all group comparisons by post hoc Honest Significant Difference test for
uneaqual N’s).

First, we replicated δ from a more circumscribed cognitive and clinical assessment (Figure
1). As in previous analyses, the new latent construct “d” was a strong independent predictor
of CDR-SB (r = −0.94, p < 0.001), and was more strongly labeled by IADL (i.e., MCI-ADL;
r = 0.77, p < 0.001) than by any cognitive measure (range r = 0.52, Animals; −0.75, SRTFR;
all p <0.001). This model had excellent fit (Table 3).

Next, we constructed DEPCOG from the same cognitive battery (Figure 2). DEPCOG
represents the shared variance between these cognitive measures and self-rated GDS scores.
Aside from the fact that MCI-ADL has been replaced by GDSs, Model 2 is identical to
Model 1.

As was true for d, DEPCOG was a strong independent predictor of CDR-SB (r = −0.91, p <
0.001). DEPCOG is labelled moderately strongly by GDSs (r = −0.30, p < 0.001) and more
strongly by the cognitive measures (range r = 0.61, StrI; −0.81, SRTFR; all p <0.001). This
model again has excellent fit, and fit marginally less well than Model 1 (Table 3).

We compared d, g′ and DEPCOG as predictors of a wide range of clinical outcomes,
bedsides CDR-SB. The latent variable d and DEPCOG were comprably strong predictors of
categorical BAP clinical diagnoses, and of our previously reported “δ” dementia
endophenotype, constructed from an overlapping but more extensive psychometric battery,
and localized to the DMN [14] (Table 4). DEPCOG is significantly associated with the
subject’s history of depressive illness (r = −0.51, p < 0.001) as is d (r = −0.30, p < 0.001).
The latent variable g′ is not, in either model (both p > 0.05). DEPCOG is strongly
associated with ADL-MCI scores (r = 0.69, p < 0.001), but slightly less strongly than that
measure’s loading on d (r = 0.77, Figure 1).

Next we examined d and DEPCOG’s independent multivariate associations with BAP
clinical diagnoses (Figure 3). In this model, “d” and “DEPCOG” are orthogonal and are
obviously not identical to their unadjusted analogs in Models 1 and 2 (respectively).
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Adjusting these constructs is desirable in order to demonstrate any residual independent
effect of DEPCOG on AD’s diagnosis. Eighty percent of the variance was explained by
DEPCOG, d, g′ and covariates, but only DEPCOG (r = −0.44, p = 0.044), d (r = −0.73, p <
0.001) and education (r = − 0.21, p = 0.011) made significant independent contributions.
DEPCOG and d attenuate each other relative to their mutually unadjusted associations in
Table 4.

Because the DMN is activated by self-referential cognitive tasks, we considered the
possibility that DEPCOG’s association with dementia status could be mediated through the
self-reported nature of depressive symptoms surveys, independent of their symptom content.
However, GDSs’ loading on DEPCOG is completely mediated by caregiver-rated GDS
scores (GDSc), while DEPCOG’s association with CDR-SB is unaffected. Therefore, the
cognitive correlates of self-reported depression ratings are mediated by their depressive
symptom content. This model has excellent fit (Table 3).

Next, we constructed d and DEPCOG endophenotypes from their age, education and gender
adjusted (but not mutually adjusted) factor loadings. DEPCOG factor scores correlated
strongly with d’s (r = 0.93, p < 0.001) (Figure 5). A significant fraction of the cases are
disproportionately affected by the cognitive correlates of depressive symptoms. This
presentation appears most common among MCI cases.

Figure 6 and Table 5 present the locations of peak correlation of gray matter volume with
DEPCOG. All associations are adjusted for age, education and gender (and implicitly g′).
Visual inspection of Figure 6 reveals a strong overlap with elements of the DMN we
previously associated with d, notably bilateral medial frontal and anterior cingulate gyri,
bilateral posterior cingulate and precuneus, and bilateral superior temporal lobe (Table 5).

Finally, we examined whether the grey matter atrophy associated with d and DEPCOG is
co-localized with PCC-related structures. After placing a seed in that ROI, a network of
inter-correlated structures emerged that overlaps with those associated with d and DEPCOG
(Figure 7). All three are co-localized within a subset of the PCC seeded network. Their
region of overlap does not include the PCC’s thalamic or periventricular corpus callosum
connections. Nor does it include d and DEPCOG’s hippocampal insular, or precuneus and
inferior medio-frontal overlap. Instead, these three networks overlap primarily in DMN-
related structures, including again the bilateral anterior cingulate gyri, bilateral posterior
cingulate, and bilateral superior temporal lobe.

Discussion
We have proposed to re-conceptualize dementing processes as the set of disorders affecting
the cognitive correlates of functional status (i.e., “δ”). In this paper, we have replicated δ in
a more circumscribed assessment, and demonstrated that the resulting latent variable (d) is
again strongly associated with CDR-SB, clinical categorical dementia diagnoses, and δ itself
(r = 0.94) (Table 4). Moreover, both latent variables can be specifically associated with
elements of the DMN. The homology between δ and d is consistent with Spearman’s
description of the latent variable g’s “indifference to its indicators”.

However, these characteristics are also generally true of the cognitive correlates of self-
reported depressive symptoms (DEPCOG). This latent variable’s association with dementia
severity does not appear to be an artifact of the DMN’s involvement in self-reflection and
autobiographical cognitive tasks [51]. Intead, DEPCOG’s association with dementia severity
is mediated via the shared variance in cognitive performance and the content of depression
symptom ratings. Because DEPCOG’s association with categorical dementia diagnoses is
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attenuated by d, we can conclude that there is some overlap between DEPCOG and d and
therefore, that the cognitive correlates of depressive symptoms are dementing.

Technically, the latent variables labeled “d”, “g”, and “DEPCOG” may not be identical
across models 1–4. For example, the replacement of d by DEPCOG in Model 2 should alter
“g” relative to Model 1 by changing the DEPCOG adjusted residual variance in g’s
cognitive indicators, and therefore their loadings on g itself. However, the practical
consequences of this are trivial. The latent variable g is weakly related to CDR-SB in
Models 1, 2, and 4, while d and DEPCOG are both strongly related to that outcome. In all
three models, the amount of explained CDR-SB variance is essentially unchanged.

A more significant limitation is that the mean GDS score in this sample is in a “sub-
syndromal” range. Thus, our results do not speak to categorical diagnoses of “Major
Depression”, particularly as operationalized by Diagnostic and Statistical Manual -IVR
(DSM) [52] or the Structured Clinical Interview for DSM Disorders (SCID) [53]. However,
even sub-syndromal depressive symptoms are relevant to dementia case-finding. Sub-
syndromal depressive symptoms are significant risks factors for incident AD [54–56]. Our
group has previously shown, in three separate datasets, including a diverse range of ethnic
community dwelling elders, that sub-syndromal depressive symptoms are associated with
longitudinal cognitive decline, functional status, and mortality risk [9–10; 57]. Moreover, we
are not modeling GDS scores here, but instead the fraction of observed variance in GDS
scores, no more than 20–30% of the total, that is specifically related to cognitive
performance. DEPCOG should be considered a cognitive performance measure first, and
only secondarily as a measure of affect.

Epidemiological studies have previously detected an atypical mild depressive syndrome,
which is both more common among the elderly and associated with cognitive impairment
[58–59]. However, if sub-syndromal GDS scores reflected endemic non-specific mood
symptoms, there would be no apriori reason why they would particularly be associated with
cognitive performance measures, much less the specific fraction of such variance that is also
strongly associated with IADL through d. Thus, our major finding is that even in the absence
of major depression, the relatively small fraction of cognitive variance that is associated
with self-reported mood is disabling, and significantly influences “AD”’s clinical diagnosis.

In any case, the cognitive correlates of sub-syndromal depressive symptoms appear to map
to the very same network as the cognitive correlates of functional status. Their associations
with co-localized brain atrophy helps explain the high ranking of depression-related illnesses
among the World Health Organisation’s list of disabling conditions [60]. It remains to be
determined whether this potential “dementia of sub-syndromal depressive symptoms” is
mediated through AD pathology, or if it would be still be disabling in the latter’s absence.
Future studies can pursue this issue in a non-AD sample. However, in the current highly
selected sample, AD is strongly suspected to be the dementing process reflected by δ/d, and
DEPCOG.

Surprisingly, this conclusion conflicts with our recent work in another cohort, which
suggests that depressive symptoms and AD pathology are in fact independent of each other
[10]. Similarly, a latent d homolog has previously been shown not to be associated with the
apolipoprotein (APOE) e4 allele [61]. Moreover, APOE’s effect on whole brain atrophy
does not resemble d’s [62], neither does APOE e4 status affect the association between
depressive symtpoms and MCI [12]. These observations appear to argue against DEPCOG’s
association with AD.

On the other hand, both d and DEPCOG appear to map to portions of a PCC seeded
network. This network has previously been associated with β-amyloid deposition by PiB
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PET [49]. β-amyloid has recently been demonstrated to correlate strongly voxelwise with
DMN connectivity [63], and both d and DEPCOG appear to be co-localized with PCC’s
DMN-related hubs, notably the cingulate and superior temporal gyri. DEPCOG’s apparent
co-localization with β-amyloid-affected structures argues for AD’s mediation of DEPCOG
scores.

It may be possible to reconcile these descrepancies. β-amyloid’s association with DMN
connectivity is positively inflected [49]. Regions with the highest β-amyloid burdens will
therefore have the highest connectivity. DMN connectivity in PCC is similarly increased in
cognitively normal persons in the presence of β-amyloid [64]. DMN connectivity is also
increased in depressed cases, both young and late onset [65]. The positive associations
between depression, β-amyloid burden and DMN connectivity suggest that sub-syndromal
depressive symptoms may be an emergent consequence of AD-related β-amyloid-mediated
changes in DMN connectivity. Because β-amyloid is first deposited in preclinical AD cases,
this might also explain MCI’s disproportionate DEPCOG burden in Figure 5, and the
association between sub-syndromal depressive symptoms and MCI conversion risk.

It is also striking that the atrophy related to the latent variables d and DEPCOG has
relatively little neocortical extent. These variables’ lack of association with atrophy in the
neocortex may explain why so little of the variance in cognitive performance can be related
to them [13–14], why observed cognitive performance explains so little variance in IADL’s
[66], and the weak to moderate correlations between whole brain averaged Pib PET burden
and IADL [67].

Interestingly, neocortical AD neuropathology peforms better as a predictor of Basic
Acitivties of Daily Living (BADL) [68], which we have shown not to load strongly on δ [14,
16], and also not to predict CDR-SB independently of δ. In contrast, d and DEPCOG are
largely limited to midline paralimbic structures (Figure 6). Midline paralimbic structures are
increasingly implicated in the processing of self-referential information [69].

It remains to be seen if anti-depressant treatment can affect DEPCOG scores, but some anti-
depressant treatments are known to have saultatory effects on cognition in elderly persons.
The most responsive cognitive measures load heavily on δ and presumably DEPCOG (e.g.,
Digit Symbol Substitution) [70]. This observation is important because the effect of sub-
syndromal depressive symptoms on prospective cognitive decline can be shown to be
comparable to that of β-amyloid lesions, and yet independent of that neuropathology [10]. In
the absence of effective anti-amyloid interventions, anti-depressant treatment of MCI might
offer another path towards dementia’s prevention.

Moreover, sub-syndromal depressive symptoms are significantly associated with clinical
diagnoses of AD and MCI independently of d (Figure 3). We can conclude then that sub-
syndromal depressive symptoms partially contribute to clinicians’ estimates of dementia
status via non-disabling (i.e., non-dementing) effects on cognitive performance. This
situation is most easily interpreted as a case selection bias. Despite, and possibly because of
the fact that these subjects do not meet criteria for a major depressive syndrome, their
depressive symptom-related cognitive and cognitively mediated functional impairment(s)
risk to be misattributed to “AD”. Thus, effective pharmacotherapy against sub-syndromal
depressive symptoms may again have potential to prevent or delay MCI conversion to
“AD”, regardless of whether it acts through d or the non-disabling fraction of cognitive
performance (i.e., g).

In summary, this analysis indicates that the cognitive correlates of depressive symptoms are
empirically highly correlated with d/δ, disabling, and therefore “dementing” in their own
right. They cannot be dismissed as “pseudodementia”. This analysis cannot determine
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whether the latent variables d and DEPCOG are explained by a common dementing process,
but AD is suspected in this highly enriched sample. Although our previous work in other
cohorts suggests that the effect of depressive symptoms on cognitive decline is not mediated
by the better studied AD lesions, other AD-related pathology may be responsible. If so, then
that pathology may also be responsible for d’s variability, and thus the dementing character
of AD itself.

Our analyses also demonstrate that the cognitive correlates of depressive symptoms affect
clinicians’ dementia diagnoses despite, and perhaps even because of, sub-syndromal
symptom burdens. Future studies should address DEPCOG’s association with d in non-AD
cases, and its relationship to clinical levels of depression. As in cognition, the disability-
relevant fraction of depressive symptoms may be small and insuffient to warrant a diagnosis
of “Major Depression”, despite its inherently disabling character.

Independent of their associations with d and atrophy in the DMN, depressive symptoms also
impart a non-disabling effect on cognitive performance. Clinicians may underappreciate
both contributions to their patients’ overall cognitive burden. In the absence of disease
modifying agents, intervention on depressive symptoms may yet offer the potential to
prevent or reverse MCI’s conversion to “clinical AD.”
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Figure 1.
Model 1*; d Correlates Strongly with CDR-SB. Animals = Category Fluency: Animals;
Boston = Boston Naming Test (15 item); CDR-SB = Clinical Dementia Rating Scale Sum of
Boxes; LMIIA = Wechsler Memory Scale–Revised Logical Memory Story A Delayed;
MCI-ADL = Alzheimer’s Disease Cooperative Study Activities of Daily Living Scale for
Mild Cognitive Impairment; SRTFR = Selective Reminding Task Free Recall Total; StrI =
Stroop Color Task Color-Word Interference Task *All observed variables adjusted for age,
gender and education (not shown).
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Figure 2.
Model 2*; DEPCOG Correlates Strongly with CDR-SB. Animals = Category Fluency:
Animals; Boston = Boston Naming Test (15 item); CDR-SB = Clinical Dementia Rating
Scale Sum of Boxes; GDSs = Geriatric Depression Scale Subject rated; LMIIA = Wechsler
Memory Scale–Revised Logical Memory Story A Delayed; MCI-ADL = Alzheimer’s
Disease Cooperative Study Activities of Daily Living Scale for Mild Cognitive Impairment;
SRTFR = Selective Reminding Task Free Recall Total; StrI = Stroop Color Task Color-
Word Interference Task *All observed variables adjusted for age, gender and education (not
shown).
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Figure 3.
Model 3*; The Latent Variables d and DEPCOG Contribute Independently to Diagnosis.
Animals = Category Fluency: Animals; Boston = Boston Naming Test (15 item); CDR-SB =
Clinical Dementia Rating Scale Sum of Boxes; GDSc = Geriatric Depression Scale
Caregiver rated; LMIIA = Wechsler Memory Scale–Revised Logical Memory Story A
Delayed; MCI-ADL = Alzheimer’s Disease Cooperative Study Activities of Daily Living
Scale for Mild Cognitive Impairment; SRTFR = Selective Reminding Task Free Recall
Total; StrI = Stroop Color Task Color-Word Interference Task *All observed variables
adjusted for age, gender and education (not shown).
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Figure 4.
Model 4*; Symptom Content Mediates the GDS’ Effect. Animals = Category Fluency:
Animals; Boston = Boston Naming Test (15 item); CDR-SB = Clinical Dementia Rating
Scale Sum of Boxes; GDSc = Geriatric Depression Scale Caregiver rated; LMIIA =
Wechsler Memory Scale–Revised Logical Memory Story A Delayed; MCI-ADL =
Alzheimer’s Disease Cooperative Study Activities of Daily Living Scale for Mild Cognitive
Impairment; SRTFR = Selective Reminding Task Free Recall Total; StrI = Stroop Color
Task Color-Word Interference Task *All observed variables adjusted for age, gender and
education (not shown)
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Figure 5.
Scatter plot of DEPCOG Factor against d Factor. Cases in the gray space are
disproportionately affected by depressive symptoms.
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Figure 6.
Regional Cortical Atrophy Associated Specifically with DEPCOG. Figure 6 shows regional
cortical volume associated with δ (left column), d (middle left column), and DEPCOG
(middle right column). Each analysis is adjusted for age, gender and education (and
implicitly for g′). The colorbar represents the voxel-wise T statistic, only significant voxels
are presented (FWE>0.05, k>50). The overlap of the maps can be seen in right column: d is
shown in blue, DEPCOG is in red and the overlap is shown in magenta. Adjusted for age
and gender (and implicitly for education and g′). Note overlap with elements of the Default
Mode Network.
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Figure 7.
A PCC seed Replicates d and DEPCOG. Adjusted for age and gender (and implicitly for
education and g′). PCC = Posterior Cingulate. Figure 7 shows regional cortical volume
associated with volume in the posterior cingulate (PCC seed, left column), d (middle left
column), and DEPCOG (middle right column). The colorbar represents the voxel-wise T
statistic, only significant voxels are presented (FWE>0.05, k>50). The overlap of the maps
can be seen in right column: DEPCOG alone = blue; PCC alone = green; d+DEPCOG =
magenta; PCC + DEPCOG = aqua; all three = white.
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Table 1

Subject Characteristics

Variable

Control
Mean (SD)

(N = 76)

MCI
Mean (SD)

(N = 47)

AD
Mean (SD)

(N = 23)

Total
Mean (SD)
(N = 146)

AGE (years) 74.2 (7.2) 75.9 (6.5) 73.2 (5.8) 74.6 (6.8)

% Female 58% 62% 70% 61%

Education (years) 16.3 (2.7) 14.9 (3.2) 15.2 (3.0) 15.7 (3.0)

MMSE 29.4 (0.8) 28.1 (1.3) 22.1 (3.1) 27.8 (3.0)

CDR-SB 0 (0.1) 2.7 (1.1) 4.2 (1.2) 1.5 (1.8)

CDR-SB = CDR Sum of Boxes; MMSE = Mini-Mental State Examination
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Table 2

Raw Clinical Means

Variable

Control
Mean (SD)

(N = 76)

MCI
Mean (SD)

(N = 47)

AD
Mean (SD)

(N = 23)

Total
Mean (SD)
(N = 146)

Boston 14.2 (1.0) 12.7 (2.7) 9.4 (3.6) 13.0 (2.8)

LMIIA 10.8 (4.6) 4.6 (4.8) 1.1 (2.0) 7.3 (5.8)

SRTFR 28.3 (6.3) 17.5 (8.8) 6.0 (5.0) 21.3 (10.8)

Animals 18.6 (4.3) 15.5 (4.5) 9.2 (3.9) 16.1 (5.4)

StrI 35.9 (8.7) 27.0 (7.8) 14.5 (8.8) 29.7 (11.4)

MCI-ADL 49.4 (2.3) 43.1 (5.4) 36.4 (10.2) 45.1 (7.1)

GDSs 0.8 (0.9) 1.9 (1.6) 1.7 (1.4) 1.3 (1.4)

GDSc 0.6 (1.0) 3.2 (2.8) 4.0 (3.3) 2.0 (2.6)

% report a h/o “Depression” 7.9 29.8 34.8 19.2

Animals = Category Fluency: Animals; Boston = Boston Naming Test (15 item); GDSc = Geriatric Depression Scale Caregiver rated; GDSs =
Geriatric Depression Scale Subject rated; LMIIA = Wechsler Memory Scale–Revised Logical Memory Story A Delayed; MCI-ADL = Alzheimer’s
Disease Cooperative Study Activities of Daily Living Scale for Mild Cognitive Impairment; SRTFR = Selective Reminding Task Free Recall
Total; StrI = Stroop Color Task Color-Word Interference Task
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Table 3

Model Fit

Model X2:df, p CMIN RMSEA CFI

1 7.4:9, p = 0.60 0.08 0.000 1.000

2 9.9:9, p = 0.36 1.10 0.023 0.986

3 7.6:8, p = 0.47 0.95 0.000 1.000

4 15.7:15, p = 0.41 1.04 0.017 0.999
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Table 4

Latent Variable Partial Correlations with Clinical Outcomes

Predictor Outcome r* p

d CDR-SB −0.94 ≤ 0.001

DEPCOG CDR-SB −0.91 ≤ 0.001

g′** CDR-SB 0.12 0.745

d Diagnosis −0.81 ≤ 0.001

DEPCOG Diagnosis −0.99 ≤ 0.001

g′ Diagnosis 0.22 0.627

d δ† 0.94 ≤ 0.001

DEPCOG δ 0.86 ≤ 0.001

g′ δ −0.15 0.736

DEPCOG ADL-MCI 0.69 ≤ 0.001

g′ ADL-MCI −0.24 0.655

DEPCOG Depression −0.51 0.016

d Depression −0.30 0.001

g′ Depression 0.23 0.425

*
partial r, adjusted for covariates: age, gender, and education.

**
g′ from Model 2; adjusted for DEPCOG rather than g′ adjusted for δ score endophenotype from reference 16.

†
δ from reference 16.
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