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Abstract

Objective: This study examined the relationship between patient performance on multiple memory measures

and regional brain volumes using an FDA-cleared quantitative volumetric analysis program — Neuroreader

™

Method: Ninety-two patients diagnosed with mild cognitive impairment (MCI) by a clinical neuropsychologist
completed cognitive evaluations and underwent MR Neuroreader™ within 1 year of testing. Select brain regions were
correlated with three widely used memory tests. Regression analyses were conducted to determine if using more than
one memory measures would better predict hippocampal z-scores and to explore the added value of recognition
memory to prediction models. Results: Memory performances were most strongly correlated with hippocampal
volumes than other brain regions. After controlling for encoding/Immediate Recall standard scores, statistically
significant correlations emerged between Delayed Recall and hippocampal volumes (s ranging from .348 to .490).
Regression analysis revealed that evaluating memory performance across multiple memory measures is a better
predictor of hippocampal volume than individual memory performances. Recognition memory did not add further
predictive utility to regression analyses. Conclusions: This study provides support for use of MR Neuroreader™
hippocampal volumes as a clinically informative biomarker associated with memory performance, which is a critical

diagnostic feature of MCI phenotype.
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INTRODUCTION

It has been well-established that episodic memory loss is a
core deficit of Alzheimer’s disease (AD) that often co-occurs
with hippocampal atrophy thought to be secondary to the
neurodegeneration associated with the disease process.
Medial temporal lobe atrophy is correlated with episodic
memory deficits and both features progress with disease
advancement (e.g., Marra et al., 2011; Scahill et al., 2002).
Mild cognitive impairment (MCI) is a heterogenous syndrome
that is often considered to be the transitional state between
typical cognitive changes associated with advancing age and
dementia, wherein cognitive decline is evident without
functional impairment (e.g., Petersen et al., 1999).
Approximately half of those diagnosed with MCI convert to
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dementia within 5 years, with an annual conversion rate of
about 10% in clinical environments (Gauthier et al., 2006;
Mitchell & Shiri-Feshki, 2009). Patients with amnestic MCI
(aMCI) are more likely to convert to AD than persons with
non-amnestic MCI (naMCI; e.g., Busse, Hensel, Guhne,
Angermeyer, & Riedel-Heller, 2006; Fischer et al., 2007;
Petersen et al., 1999; Tabert et al., 2006). Brain magnetic res-
onance imaging (MRI) studies show that compared to healthy
controls, those with aMCI have gray matter loss in the hippo-
campus and several regions of the medial, anterior, and lateral
temporal lobe, which is consistent with known structural
involvement in Alzheimer’s disease (Whitwell et al., 2008).
Medial temporal volume and global volumetric data have been
found to accurately classify MCI and AD at percentages
ranging from 77 to 82 (Bottino et al., 2002; Du et al., 2001;
Wolf et al., 2004).

The standard of care in diagnosing AD includes obtaining
cognitive evaluation and brain MRI (Knopman et al., 2001),
in part to rule out cognitive decline secondary to other
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etiologies such as tumor or stroke. Hippocampal atrophy is a
well-established neuroimaging biomarker for AD (e.g., Jack,
Petersen, O’Brien, & Tangalos, 1992). Unfortunately, visual
assessment of early hippocampal atrophy at the indivi-
dual patient level by neuroradiologists has low sensitivity
(i.e., 27%) for detection of possible AD (Ringman, Pope,
& Salamon, 2010), thus limiting the utility of this biomarker
in typical clinical settings. The relatively recent development
of quantitative neuroimaging software programs offers an
opportunity to quantify hippocampal volumes and detect
potentially subtle patterns of atrophy earlier than solely
clinical visual assessment reads by neuroradiologists. This
biomarker information can be integrated into clinical care
and, to some extent, applied to inform differential diagnosis,
potentially even at the early stages of disease onset. Research
reveals that quantitative approaches are superior to visual
ratings for differentiating healthy controls from individuals
with MCI and for following the progression of MCI to AD
(e.g., Varon et al., 2015). Kovacevic, Rafii, and Brewer
(2009) analyzed data on MCI participants from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) study
(included only the subjects who had baseline MRI and both
baseline and 6-month follow-up cognitive evaluations — 269
total) and provided correlational data between NeuroQuant™
(the first FDA-cleared, clinically available automated
volumetric analysis tool; CorTechs Labs Inc, La Jolla, CA)
structures and Wechsler Memory Scale-Revised (WMS-R)
Logical Memory (LM) II and Rey Auditory Verbal Learning
Test (AVLT). NeuroQuant™ hippocampal volumes were
significantly correlated with LM II (r = .22), as well as AVLT
Learning (r=.24) and Delayed Recall (r =.34). They also
found that mesial temporal lobe volumes were correlated with
the rate of cognitive decline. Ahdidan et al. (2016) found
that manual segmentation by “master tracers” and automated
segmentation via Neuroreader™ (the second FDA-cleared,
clinically available automated volumetric analysis program;
Brainreader Aps, Horsens, Denmark) were equivalent using
healthy controls and persons with MCI or AD from the ADNI
study. Ahdidan and colleagues concluded that Neuroreader™
seems comparable to Freesurfer and Neuroquant™. This
conclusion was made based on reviewing previous studies
using labor-intensive manual tracings, Freesurfer, and/or
Neuroquant™ (e.g., Ochs, Ross, Zannoni, Abildskov, &
Bigler, 2015). A separate study compared hippocampal
volumes to predict MCI to AD conversion using
Neuroreader™ and Neuroquant™ programs, and area under
the curve values did not significantly differ between pro-
grams (Tanpitukpongse, Mazurowski, Ikhena, & Petrella,
2017). Overall, to better assess abnormal hippocampal
atrophy, clinically available MRI analysis tools that compare
patient MRI data to normative controls will yield a more reli-
able practice to discriminate between normal and abnormal
aging. Both Neuroquant™ and Neuroreader™ are automated
segmentation software that can be used as part of routine
clinical work-up and both compare regional volumes to a
normative database and provide z-score statistics.
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The emergence of these segmentation and quantification
tools, and their application to the clinical setting, is an
important response to the call to integrate biomarkers into
routine clinical practice to improve diagnostic accuracy.
While this technology holds great potential, there are multiple
challenges to integrating known biomarkers into clinical care
(e.g., standardizing collection and costs and lack of easy-to-
interpret data; Sperling & Johnson, 2013), and it is still
relatively new, with the necessary validity of its clinical
application still building. One of the promising, clinically
available software programs is Neuroreader™, which pro-
vides an easy-to-read PDF file with a summary of metrics
for over 30 cortical and subcortical brain regions. Some of
the key metrics include raw regional volumes for the individ-
ual patient, as well as z-scores and percentiles based on
comparison to an age- and gender-matched healthy control
sample. Up until recently, volumetric studies on neurodegen-
erative conditions have largely relied on research protocols
which vary across studies, but the standardized metrics
generated from this clinically available tool allow for a
greater opportunity to integrate MRI biomarker into routine
practice. Examining the validity of Neuroreader™ in a clinical
sample, particularly as it relates to concomitant clinical
measures (i.e., neuropsychological measures of memory),
is needed to determine its diagnostic value and to evaluate
its translational science potential. Integrating rapidly advanc-
ing quantitative volumetric tools such as Neuroreader™ into
routine clinical care will help elucidate the relationship
between brain atrophy patterns and clinical phenotype of
neurodegenerative diseases and progression.

Therefore, the current study set out to evaluate the rela-
tionship between memory performance (i.e., verbal and
visual) and regional brain volumes in a clinical MCI sample
using the FDA-cleared fully automated quantitative
volumetric analysis program — Neuroreader™. This is the
first known study to measure the relationship between
Neuroreader™ volumes and multiple memory measures in
a convenience sample of patients referred for neuropsycho-
logical evaluation as part of their clinical care. This clinical
sample included patients with either aMCI or naMCI. We
have two main hypotheses. First, we hypothesized that
hippocampal z-scores would yield the most significant
correlations with memory measures (i.e., word list, story,
and visual memory tests) compared to other brain
regions. Second, to further demonstrate the validity of
Neuroreader™ hippocampal volumes, we hypothesized that
using more than one memory measure would better predict
hippocampal z-scores. It is expected that the use of two or
more memory measures would yield higher correlations
considering previous studies that compared different cutoffs
for MCI diagnosis (e.g., Petersen/Winblad MCI criteria
increase the risk of false-positive errors) and research that
showed a high base rate of one abnormal neuropsychologi-
cal test score in an otherwise normal profile (e.g., Brooks,
Iverson, Holdnack, & Feldman, 2008; Clark et al., 2013;
Edmonds et al., 2015; Jack et al., 2016; Schretlen, Testa,
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Table 1. Sample characteristics of the HVLT-R and HVLT-R plus
groups

HVLT-R group HVLT-R plus
Variable N=92 group n =56
Freq. Freq.
Gender
Women 46 27
Men 46 29
MCI subtype
aMCI 71 44
naMCI 21 12
M SD M SD
Age 73.21 7.48 72.96 7.63
Education 15.03 2.75 15.29 2.74
Word Reading 103.89 16.07 104.76 17.22
HVLT-R Standard Scores
Total Recall 80.62 14.62 83.25 15.79
Delayed Recall 74.51 1774 76.56  18.99
Percent Retention 78.77 2131 80.36 21.21
Recognition 78.53  18.59 78.43  18.81
WMS-IV LM Scaled Scores
Immediate Recall 6.33 3.17
Delayed Recall 5.71 3.50
Recognition Fregq.
<2 11
3-9 6
10-16 8
17-25 4
26-50 12
51-75 7
>75 8
M SD
WMS-IV VR Scaled Scores
Immediate Recall 7.67 3.07
Delayed Recall 6.76 2.82
Recognition Freq.
<2 3
3-9 8
10-16 5
17-25 10
26-50 15
51-75 9
>75 6

Winicki, Pearlson, & Gordon, 2008) Lastly, we explored that
added value of recognition memory to prediction models.

METHOD

Participants

The current retrospective study included 92 patients (46 women
and 46 men) diagnosed with MCI by a clinical neuropsycholo-
gist at a Midwestern US academic medical center and who
underwent MR Neuroreader™ within 1 year of cognitive testing
(M = 1.94 months, Med = 1.00 months, Range = 0—12). Means
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Table 2. Brain regions included in correlational analyses

MR Neuroreader™ Region

Whole brain

Gray matter
Hippocampus
Right hippocampus
Left hippocampus
Temporal lobe
Right temporal lobe
Left temporal lobe
Amygdala

Putamen

Thalamus

Ventral diencephalon
Pallidum

Caudate

Brainstem

Frontal lobe
Parietal lobe
Occipital lobe
Cerebellum

Lateral ventricle

for age and education were 73.21 (SD=7.48) and 15.03
(SD=2.76) years, respectively (see Table 1 for additional
sample characteristics). Patients were evaluated either in the
general neuropsychology clinic or in a specialized memory
disorder clinic. Psychometric assessment is more targeted
(i.e., briefer) in the specialty clinic and the battery included only
one memory measure, whereas two or more memory measures
were administered in the general neuropsychology clinic. Of the
92 patients, 56 were seen in the general neuropsychological
clinic and were administered 3 memory measures, whereas
36 patients were seen in the specialty clinic and had only
aword-listmemory testadministered. All 92 patients completed
a word-list memory test (see materials below). Patients
were excluded if they had a history of focal brain pathology
(e.g., brain tumor), severe mental illness, and diagnosis of
dementia.

Procedure and Materials

All procedures were approved by the institutional review
board in accordance with the Helsinki Declaration. This study
is a retrospective chart review of patients who fit the criteria
listed above (e.g., completed a neuropsychological evalu-
ation and MR Neuroreader™ within 1 year of cognitive
testing). Neuroreader™ is a quantitative volumetric analysis
program and has an FDA-cleared normative database and
processing algorithms in order to compare patient MRI data
to a healthy normative sample. Over 30 cortical and subcort-
ical brain volumes are transformed into z-scores. This
program has been described in further detail elsewhere (see
Ahdidan et al., 2016). Listed in Table 2 are the brain
regions used in correlational analyses described later. As part
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of a neuropsychological evaluation, all patients were
administered the Hopkins Verbal Learning Test-Revised
(HVLT-R; Brandt & Benedict, 2001) and will be referred
to as the HVLT-R group (N = 92). The HVLT-R is a
word-list memory task. Four scores were derived from this
measure; Immediate Recall is the sum of 3 learning trials;
Delayed Recall is the number of words freely recalled after
an approximately 20-25-min delay; Percent Retention =
Delayed Recall/number of words recalled on trial 2 or 3 of
learning trials X 100; Recognition = total number of words
correctly identified minus false positives. As part of a general
neuropsychological clinic evaluation, a group of patients
completed the HVLT-R, as well as the Logical Memory
(story memory; LM I = total number of recalled story units
on Immediate Recall; LM II = total number of story units
freely recalled after approximately a 20-30 min delay;
Recognition = total correctly recognized target and nontarget
story details) and Visual Reproduction (a visual memory
task, VR I = total number of design units freely recalled
on immediate trials, VR II = total number of design units
freely recalled after approximately a 20-30 min delay;
Recognition = correct item selected out of 6 total options)
subtests from the Wechsler Memory Scale — Fourth
Edition (WMS-IV; Wechsler, 2009) according to standard-
ized instructions. This will be referred to as the HVLT-R plus
group (n = 56). We decided to conduct data analyses on the
HVLT-R group as the sample size is larger, and a word-list
memory measure is commonly used in published studies
looking at memory functioning in patients with MCIL.

Statistical Analysis

Controlling for encoding/immediate memory scores, partial
correlations were calculated to show the relationship between
memory tests and Neuroreader™ z-scores (see Table 2 for brain
regions included in analyses for both the HVLT-R and HVLT
plus groups). Parametric correlations (i.e., Pearson’s r) were
calculated for continuous data, and nonparametric correlations
(i.e., Spearman’s Rho) were conducted to examine ordinal-
level data of the WMS-IV LM and VR recognition tasks. In
order to control for false positives associated with multiple
comparisons, a false-discovery rate (FDR) correction, the
Benjamini—Hochberg procedure, was performed. Hierarchical
regression analysis (i.e., manual entry) was carried out for the
HVLT-R plus group to determine if additional memory
measures explained significantly more variance in hippocam-
pal z-scores. To control for any possible variance explained by
Immediate Recall performance, entered in step 1 was immedi-
ate memory scores across all 3 tests, and HVLT-R Delayed
Recall was entered for step 2 as it is a common practice
to administer a word-list memory task and has been shown
to be sensitive to differentiating MCI from normal aging
(e.g., Rabin et al., 2009). LM II and VR II were then included
as the third entry of the model. Three separate hierarchical
multiple regression analyses (i.e., manual entry) were also per-
formed to determine if recognition memory for each memory
measure explained significantly more variance in bilateral
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hippocampal z-scores, after controlling for immediate and free
Delayed Recall standard scores. Specifically, for each memory
measure Immediate Recall, Delayed Recall, and recognition
were entered into the models as steps 1, 2, and 3, respectively.
Of note, variance inflation factors (VIF) were calculated in
regression models and all were less than 5 for all Immediate
Recall, Delayed Recall, and recognition measures. VIF is
metric that reflects multicollinearity among the predictors in
a regression model (i.e., the degree to which the different in-
dependent variables are linearly related to one another). Lower
VIF values reflect less shared explained variance among
predictors.

RESULTS

All patients had at least 10 years of education (M = 15.03,
SD =2.75) and a Word Reading subtest score of >70 stan-
dard score points (M =103.89, SD =16.07). Patients were
diagnosed by a clinical neuropsychologist with aMCI
(n="7T1) or naMCI (n =21). Presented in Table 1 are sample
characteristics for the HVLT-R group (N =92) and for the
patients who completed two additional memory measures
(HVLT plus group, n=>56). It should be noted that
correlations between Immediate Recall scores across all mea-
sures and hippocampal z-scores were nonsignificant (all
p values > .05), though the HVLT-R total Immediate
Recall significantly correlated with the regional left temporal
lobe z-score and VR I correlated with total amygdala z-score.

Correlational Analyses

Provided in Table 3 are the statistically significant correla-
tions between memory scores and MR Neuroreader™
z-scores for the HVLT-R group. Visual inspection of
this table showed that the largest correlations were between
the hippocampus z-scores and HVLT-R Delayed Recall
standard scores and HVLT-R % Retention standard scores
(rs ranged from .297 to .366, corrected p-values < .03).
After correcting for multiple correlations, there was only
one non-hippocampal structure that correlated with HVLT %
Retention (frontal lobe, r=-.302, p=.02). HVLT-R
Recognition standard scores were not significantly correlated
with volumetric z-scores (ps > .05). Detailed in Table 4 are
statistically significant findings for the HVLT-R plus group.
Correlations between the HVLT-R and the hippocampus
were, again, statistically significant. HVLT-R Recognition
and hippocampal z-scores were, again, not significantly
correlated. Both LM II (»r=.483) and VR 1II (r = .490) were
correlated with hippocampal z-scores. VR II was also
significantly correlated with temporal lobe (right and left),
amygdala, and lateral ventricle z-scores. LM II and VR II
Recognition scores were not significantly correlated with
any brain region, after correcting for multiple correlations.
Of mention, for significant correlations between delayed
memory scores and hippocampal z-scores, visual inspection
revealed a trend with slightly stronger correlations with the
right relative to left hippocampus.
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Table 3. Partial correlations (controlling for HVLT-R Total Recall
standard score) between Neuroreader™ Region and HVLT-R
Delayed Recall Metrics

L. G. Umfleet et al.

Table 4. Partial correlations (controlling for HVLT-R Total Recall,
Logical Memory I, or Visual Reproduction I standard scores)
between Neuroreader™ Region and Delayed Recall Metrics

HVLT group HVLT-R plus
Variable N=92 Variable group n =56
Pearson r  p value  Corrected p r p value Corrected p
HVLT Delayed Recall SS HVLT Delayed Recall SS
Whole brain volume —.252 .017 .06 Hippocampus 414 .002 .02
Hippocampus .348 .001 .01 Right hippocampus 430 .001 .02
Right hippocampus .366 <.001 <.01 Left hippocampus .359 .008 .05
Left hippocampus 297 .005 .03 Frontal lobe —.280 .040 .20
Putamen -.209 .048 12 HVLT % Retention SS
HVLT % Retention SS Hippocampus 425 .001 .01
Whole brain volume -.235 .026 .09 Right hippocampus 441 .001 .01
Hippocampus .348 .001 .01 Left hippocampus .366 .006 .04
Right hippocampus 358 .001 .01 Amygdala 271 .048 24
Left hippocampus 304 .004 .02 HVLT Discrimination SS
Brain stem -.220 .037 11 Cerebellum =275 .044 5
Frontal lobe -.302 .004 .02 WMS-IV LM I
Cerebellum —.252 .017 .07 Hippocampus 483 .001 <.01
HVLT Discrimination SS Right hippocampus 542 <.001 <.01
Putamen —.241 .043 43 Left hippocampus 373 .003 .04
Caudate -.322 .017 .09
WMS-IV LM Recognition
Right hippocampus 323 .017 .10
. Amygdala 322 .018 .10
Regression Analyses Occipital lobe ~270 048 59
Immediate Recall scores for the three memory measures WM,S'IV VRII
. . . . Hippocampus 490 <.001 <.01
were not significantly associated with hippocampal z-scores, . .
> . Right hippocampus .503 <.001 <.01
FQ@3, 5'1) =.68, p=.57, R-=.04. After controlling for Left hippocampus o 002 o1
Immediate Recall scores, the HVLT-R Delayed Recall was Temporal lobe 439 001 01
associated with a significant increase in explained variance Right temporal lobe 473 <.001 <01
of hippocampal z-scores, A F(4, 50) =10.63 p <.01, A R>=.17 Left temporal lobe 333 014 04
(full model; F(4,50) =3.27, p=.02, R> = .207). LM Il and VR Amygdala 407 .002 .01
II, together, significantly predicted hippocampal z-scores Lateral ventricle -.321 018 .05
F(6, 48) =5.16, p < .001, R* =392 and explained additional ~ WMS-IV VR Recognition
variance in hippocampal z-scores, A F(2, 48) =7.29 p <.01, Right hippocampus 283 036 17
A R2=.19. Amygdala .396 .003 17
Three separate linear regression analyses were conducted Caudate —347 009 70
for the HVLT-R plus group to determine if recognition
memory scores for the three different memory measures
would significantly predict hippocampal volumes after
controlling for Immediate Recall and Delayed Recall scores. DISCUSSION

While Delayed Recall and recognition independently signifi-
cantly predicted hippocampal volumes, recognition memory
did not account for statistically significantly more variance in
hippocampal volumes beyond Delayed Recall. For all three
measures, only Delayed Recall indices, but not Immediate
Recall and recognition trials, uniquely explained variance
in bilateral, hippocampal z-scores (Table 5). Of mention,
reordering the entry of memory tests with recognition
memory entered into the step before free Delayed Recall
provided further support of the robustness of the aforemen-
tioned regression analyses as we found that free Delayed
Recall explained additional variance in hippocampal volumes
in all analyses.
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The current study showed that spontaneous Delayed Recall
scores across three different memory measures were most
strongly correlated with hippocampal z-scores using an
FDA-cleared, clinically available, quantitative MRI volumet-
ric program (Neuroreader™) in a sample diagnosed with MCI.
However, corrected correlational values for brain region and
memory testing failed to reach statistical significance for
recognition memory metrics. Correlational values between
the right versus left hippocampus and memory were only
modestly discrepant, and findings are considered to reflect
a slight trend in the direction of higher correlational values
with memory and the right hippocampus. Our regression
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Table 5. Regression analyses for each memory test
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F R? p-value AF AR? p-value
HVLT-R (N=92)
Immediate Recall 2.76 0.03 0.1
Delayed Recall 7.60 0.15 0.001 12.1 0.12 0.001
Recognition Trial 5.28 0.15 0.002 0.69 0.01 0.41
WMS-IV LM (n = 56)
Immediate Recall 1.26 0.02 0.27
Delayed Recall 8.74 0.25 0.001 15.86 0.23 <0.001
Recognition Trial 6.13 0.27 0.001 0.93 0.01 0.34
WMS-IV VR (n =56)
Immediate Recall 0.14 0.00 0.71
Delayed Recall 8.30 0.24 0.001 16.41 0.24 <0.001
Recognition Trial 5.55 0.25 0.002 0.28 <0.01 0.6

analyses indicate that considering more than one memory
measure will improve the prediction of hippocampal z-scores.
However, we found that recognition memory of any of the
three measures did not add additional predictive value.

It is not surprising that the most robust correlations were
between the hippocampus and Delayed Recall, given that the
medial temporal lobe is the primary region involved in
memory consolidation and storage (e.g., Squire, Stark, &
Clark, 2004). The finding that Delayed Recall across three
memory measures had the highest correlational values with
the right hippocampus has been reported by others studying
this relationship in MCI cohorts (Barbeau et al., 2008;
deToledo-Morrell et al., 2004; Momenan, Rawlings, Fong,
Knutson, & Hommer, 2004), whereas left greater than right
hippocampal atrophy occurs in AD compared to aMCI
(Chetelat et al., 2002; Karas et al., 2004). Visual inspection
of the correlations between hippocampal volumes and the
three memory measures in the current study reveal higher cor-
relation coefficients with the LM II subtest compared to those
found by Kovacevic et al. (2009) using NeuroQuant™ and
verbal memory measures (i.e., AVLT and WMS-R LM -
strongest correlation coefficient was .34 between hippocam-
pal volumes and AVLT Delayed Recall). The average age
and education of our sample and the ADNI sample were early
70s and 15 years, respectively, but our sample is a small,
clinical sample. Also, we used the WMS-IV LM subtest,
which has undergone revisions since the WMS-R LM
(e.g., WMS-IV includes an older adult version with one of
the paragraphs being completely different from previous
WMS LM subtests), and the WMS standardization samples
have also changed with revisions. It is possible that our
clinical sample is further along in the progression of neuro-
degeneration compared to the ADNI sample. Future research
using Neuroreader™ is needed to further investigate and bet-
ter characterize the above-discussed hippocampal asymmetry
changes at the dementia stage. It is possible that the signifi-
cant negative correlations between certain memory variables
and non-hippocampal regions (i.e., HVLT-R % Retention
and frontal lobe z-scores) reflect less atrophy in certain
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regions compared to the hippocampus in our predominantly
aMCI cohort. This conclusion is possibly consistent with
research on neuroimaging in AD which has shown that
volume loss is more notable in the posterior insula, temporal
lobes, and parietal lobes compared to frontal lobes (Baron
et al., 2001; Busatto et al., 2003; Hirata et al., 2005;
Rombouts, Barkhof, Witter, & Scheltens, 2000).

As previously mentioned, we found that adding LM II and
VR II to regression analyses explained additional variance in
hippocampal volumes. This is consistent with what we
hypothesized and should be expected considering previous
reported findings of combining more than one measure of
Delayed Recall enhances the prediction of conversion from
MCIto AD (e.g., Rabin et al., 2009) and smaller hippocampal
volumes emerge between MCI groups with one abnormal
memory score versus two abnormal memory scores (Jak
etal., 2009). Depending on one memory measure to diagnosis
MCI offers relatively limited interpretive value to reduce the
risk of Type 1 errors, as it is common for normal individuals
to have one or more abnormal score in a neuropsychological
profile (e.g., Brooks et al., 2008). Relying on one impaired
score, cognitive screeners, and questionnaires of activities
of daily living is common practice in research and in clinical
practice by physicians or other clinicians and could help
explain the inaccuracy and instability of MCI and dementia
diagnoses. The superiority of using multiple neuropsycho-
logical measures to diagnose MCI and predict progression
to dementia has been demonstrated. Our findings offer further
support that use of multiple psychometrically sound neuro-
psychological measures within one domain, when possible,
yields stronger relationships with MRI biomarkers. When
time allows, clinicians are encouraged to use more than
one test in each cognitive domain assessed to reduce false-
positive errors, increase diagnostic certainty, and possibly
improve the relationship between biomarkers and clinical
presentation (Bondi & Smith, 2014; Clark et al., 2013;
Jak et al., 2009).

We were somewhat surprised that recognition memory
was not significantly correlated with hippocampal volumes
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(corrected correlational values) or did not explain additional
variance in regression analyses. There are a variety of
plausible reasons including (1) selection of a heterogenous
clinical sample that included patients with multidomain
MCI and those with naMCIL, (2) different underlying
etiologies of abnormal cognitive profiles were not accounted
for, and (3) failure to analyze false positive versus true
positives. Neuropsychologists commonly interpret memory
profiles by attending to the pattern of performance on imme-
diate and delayed free recall trials as well as recognition
trials. If a patient performs poorly on both Delayed Recall
and recognition, this can be useful in discriminating AD from
other conditions such as frontotemporal dementia and
Parkinson’s disease that typically benefit from recognition
cues. However, a patient with poor Delayed Recall and
largely normal recognition may still be on the trajectory of
developing AD. Relatedly, Lange et al. (2002) showed that
while multiple aspects of episodic memory (including learn-
ing trials, short- and long-Delayed Recall, recognition, and
retention) decline in AD, retention performances had a faster
rate of decline in the predementia phase.

The majority of our clinical sample produced variable
memory profiles instead of consistent deficits in consolida-
tion and storage across memory measures. This is not an
uncommon clinical situation, and others have documented
that a small percentage of patients with MCI presenting to
a memory clinic are purely amnestic (e.g., Nordlund et al.,
2005). We were unable to perform group-level analyses to
compare pattern of memory performance (e.g., persons with
consistent impairments in Delayed Recall and recognition vs.
consistent deficits in Delayed Recall but intact recognition)
across memory measures and brain atrophy patterns due to
limited power across sample sizes. Longitudinal research
looking at recognition tasks in predicting conversion from
aMCI to AD versus non-AD dementia may be useful.

Additional study limitations include the use of a conven-
ience sample with administration of a clinical test battery that
was flexible and yielded a variety of standard scores available
for analysis. However, this could also be considered a
strength as our sample is more representative of persons
who present to clinic and a flexible-battery/hypothesis-driven
assessment approach is common practice in clinical neuro-
psychology. It would also have been informative to conduct
separate analyses for patients with naMCI and aMCI. These
entities have different clinical presentations and may also
produce different MRI findings. However, this was not
possible in the present investigation due to small sample
sizes. Limitations of Neuroreader™ include currently provid-
ing z-scores for only regional volumes (e.g., temporal lobe,
hippocampus, frontal lobe, etc.) and not for atrophy in
specific gyri or other mesial-temporal structures (e.g., rhinal
cortices), which limits clinical utility for aiding in the diagno-
sis of MCI - this is exemplified by a recent study that
analyzed MRI data with FreeSurfer v6.0 of patients with
MCI compared to controls and found that a model comprised
of regions including the superior and middle temporal corti-
ces, superior temporal sulcus, subiculum, insula, and others
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had a group classification accuracy of 93.75% (DeVivo
et al.,, 2019). Nevertheless, considering that hippocampal
atrophy can emerge years before clinical presentation of
AD (e.g., Chetelat et al., 2005), using MR Neuroreader™
hippocampal z-scores to help determine risk of conversion
from normal to MCI and MCI to AD would provide valuable
clinical information. Exploring the diagnostic utility of MR
Neuroreader™ hippocampal and other regional brain volume
z-scores in neurodegenerative conditions due to different
etiologies is also recommended. Overall, while hippocampal
atrophy in aMCI and AD has been well-established, this study
is novel in that it examined the validity of a clinically avail-
able MRI automated analysis program in a patient sample
diagnosed with MCI who completed widely used memory
measures as part of a larger neuropsychological battery.
This MRI analysis program could be a valuable and practical
adjunctive tool for clinicians who provide neurodiagnostic
services to older populations. The results of this study con-
tribute to clinical translational science as it evaluated MRI
biomarker data collected as part of clinical care and compared
these data to commonly administered memory measures as
part of a clinical neuropsychological evaluation. Sperling
and Johnson (2013) discussed the need for improving integra-
tion of established biomarkers that are easy to interpret into
clinical care. Clinical integration of automated MRI software
programs that provide normative comparison data for easy
interpretation offers a needed standardized analysis approach,
though further refinement of these programs will be needed as
technology continues to progress.
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