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Smartphone-based ecological mobile cognitive tests (EMCTs) 
can measure cognitive abilities in the real world, comple-
menting traditional neuropsychological assessments. We 
evaluated the validity of an EMCT of recognition memory 
designed for use with people with serious mental illness, as well 
as relevant contextual influences on performance. Participants 
with schizophrenia (SZ), schizoaffective disorder, and bi-
polar disorder (BD) completed in-lab assessments of memory 
(Hopkins Verbal Learning Test, HVLT), other cognitive abil-
ities, functional capacity, and symptoms, followed by 30 days 
of EMCTs during which they completed our Mobile Variable 
Difficulty List Memory Test (VLMT) once every other day 
(3 trials per session). List length on the VLMT altered be-
tween 6, 12, and 18 items. On average, participants completed 
75.3% of EMCTs. Overall performance on VLMT 12 and 
18 items was positively correlated with HVLT (ρ = 0.52, P < 
.001). People with BD performed better on the VLMT than 
people with SZ. Intraindividual variability on the VLMT was 
more specifically associated with HVLT than nonmemory 
tests and not associated with symptoms. Performance during 
experienced distraction, low effort, and out of the home lo-
cation was reduced yet still correlated with the in-lab HVLT. 
The VLMT converged with in-lab memory assessment, 
demonstrating variability within person and by different con-
texts. Ambulatory cognitive testing on participants’ personal 
mobile devices offers more a cost-effective and “ecologically 
valid” measurement of real-world cognitive performance.
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Introduction

Ecological momentary cognitive tests (EMCTs) are 
emerging tools for testing cognition in the real world 

while also providing the opportunity to evaluate 
intraindividual cognitive variability when intensively re-
peated.1 EMCTs do not replace traditional neuropsycho-
logical testing but rather complement traditional testing.1 
Furthermore, EMCTs incorporate patient-reported out-
comes (ecological momentary assessment [EMA] survey 
responses) with cognitive tasks and can be used with tra-
ditional assessment methods. These assessments can also 
help researchers and clinicians understand how other 
time-varying and contextual factors covary with short-
term changes in cognition2 and allows for the examina-
tion of metadata associated with the task (eg, completion 
time).3 There is an increased need for validated EMCTs 
for remote assessment, which is further highlighted by 
the COVID-19 pandemic requiring physical distancing 
restrictions.4 However, few studies examine the validity of 
these tasks or dynamic influences on task performance.

Despite the potential of utilizing EMCTs to evaluate 
real-time cognitive functioning, there is little feasibility 
or validation data to support their use, particularly in se-
rious mental illnesses (SMI).5 In addition to evaluating 
the influences on adherence, validation includes compar-
ison against gold-standard measures of the same con-
struct, distal constructs, and variability across patient 
groups that are expected to differ. Given that testing oc-
curs in the naturalistic environment, understanding the 
influences of effort and social context on validity is also 
necessary.

This report focuses on the validation of  an EMCT 
of  learning and recognition memory called the Mobile 
Variable Difficulty List Memory Test (VLMT) ad-
ministered via smartphone-based EMA over 30  days. 
Impairments in episodic memory functions of  learning, 
recall, and recognition memory are common in indi-
viduals with SMI6–9 and can significantly impact daily 
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functioning.10,11 Due to the difficulty of  scoring free 
speech recall on a mobile device, the VLMT was devel-
oped as a test of  recognition memory in naturalistic en-
vironments. People with schizophrenia (SZ) spectrum 
illness or bipolar disorder (BD) were presented with a 
word list of  varying lengths (6, 12, or 18 words) over 
30  days. The aims of  this study were to: (1) examine 
adherence to the VLMT in a sample of  participants 
with SMI (SZ, schizoaffective disorder, and BD); (2) 
assess the intraindividual variability of  performance 
and magnitude of  within-session learning effects and 
between-session practice effects and compare these re-
sults across word list lengths; (3) examine VLMT per-
formance by diagnosis evaluating whether effect sizes 
of  comparisons of  participants with SZ spectrum dis-
orders and BD were consistent with in-lab measures; 
(4) estimate the correlations of  aggregate means scores 
and intraindividual variability on the VLMT with 
demographic variables and laboratory-based “gold-
standard” measures of  global and domain-specific 
cognitive functioning and to understand the impact 
of  context (eg, location and self-reported effort) on 
VLMT performance; and (5) examine the relationships 
of  the VLMT with symptom severity and performance-
based assessments of  functional capacity and compare 
the strength of  the associations between the mobile test 
and the laboratory-based memory testing and func-
tional capacity.

Methods

Participants

Participants for this study are part of an ongoing project 
investigating participants’ awareness of their own cogni-
tive abilities (ie, introspective accuracy). The target sample 
size for this larger study is 450 and, for this analysis, we 
used a subsample of 168 participants gathered between 
November 2018 and March 2020. Participants were out-
patients recruited from the University of California San 
Diego (UCSD), The University of Texas at Dallas, and 
the University of Miami, through online advertisements, 
flyers, and outpatient clinics. See supplemental material 
for full inclusion and exclusion criteria.

Diagnoses were determined using the Mini 
International Neuropsychiatric Interview12 and the psy-
chosis module of the Structured Clinical Interview for 
Diagnostic and Statistical Manual of Mental Disorders, 
Fifth Edition,13 complemented by medical record reviews 
and consensus meetings with site investigators. Raters 
were trained on administration and scoring through vid-
eotape and practice interviews and were determined to 
be reliable after reaching acceptable interrater reliability 
(intraclass correlation coefficient > 0.80).

The initial sample included 172 participants; how-
ever, 3 individuals were excluded as they did not con-
tribute any VLMT data. One additional participant 

was excluded after data collection because investigators 
learned that this participant was not fluent in English. 
All other participants who contributed 1 or more 
VLMTs were included, leaving a total of  168 partici-
pants. Seven participants had missing data for some of 
the VLMT word list lengths or time points (eg, did not 
complete VLMT list length 18) noted when applicable. 
The study was approved by each site’s institutional re-
view board and all participants provided written in-
formed consent.

Smartphone Procedure

Eligible participants were given a 15-minute training ses-
sion on operating a Samsung Galaxy S8 lab-supplied 
smartphone and in completing the EMCT sessions. 
Participants were also given an operating manual, 
which detailed how to use the study smartphone and 
how to respond to EMCT sessions. During this ses-
sion, participants completed an example survey and the 
VLMT task with the assistance of a study examiner. 
Participants selected time slots for the survey notifica-
tions, with a minimum 2-hour increment between each 
survey. Most participants chose the surveys to come in 
the morning, afternoon, and night. Surveys were sched-
uled to appear randomly within the requested time slot. 
This platform was delivered through a collaboration 
between our research team and Play Power Labs, LLC. 
The resulting platform is now a subsidiary of Play Power 
called NeuroUX: https://www.getneuroux.com/. Once 
the survey was received, the link remained active for 1 
hour. Survey data were not stored on the device but was 
sent to an encrypted, Health Insurance Portability and 
Accountability Act-compliant, cloud storage location 
in Amazon Web Services.14 Participants did not need to 
have a WiFi connection to send data to the cloud as their 
study-provided smartphone had a data plan. This system 
allowed researchers to access participant data in real time 
and monitor their progress daily.

30-Day Mobile Data Collection

Beginning the next day, participants were sent text no-
tifications to complete the EMA surveys assessing 
mood, daily functioning, and symptoms 3 times daily 
for 30 days. Participants were asked about their environ-
mental factors during each survey with questions such as 
“What are you doing?,” “Where are you right now?,” and 
“Who is with you at this moment?” Once every other day, 
one randomly selected survey also included the VLMT. 
If  participants missed more than 3 surveys in a row, 
study staff  contacted them to address any difficulties. 
Staff  also performed routine check-in calls once every 2 
weeks to encourage adherence to the survey protocols. 
Participants received $0.88 for each EMA survey com-
pleted (75 possible) and $2.25 for each completed EMA 
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survey accompanied by the VLMT task (15 possible), re-
sulting in a maximum compensation amount of $100.

Mobile Variable Difficulty List Memory Test

The words used in the VLMT were originally derived for 
the Mobile Verbal Learning Test (mVLT), which con-
sists of 12 semantically unrelated words.15 For the mVLT, 
author R.C.M. created 15 different word lists using the 
SUBTLEX(US) database (http://www.lexique.org/?page_
id=241), which contains word frequencies for 50 million 
words based on subtitles of English (US) movies and 
TV series.16 Profanities and proper nouns were elimin-
ated, and 6, 12, or 18 words were selected from this da-
tabase based on a set of predefined parameters. These 
included word length min/max, part of speech, and min-
imum threshold for word frequency. The parameters ex-
cluded plural forms (ie, nouns ending in “s” where it is 

not preceded by “I” or “u” or nouns ending in “ae”) and 
verb tenses (ie, any verbs ending in “ed” or “ing”). Five 
lists from the original mVLT were used. The foils were 
created using the same procedure as described above, and 
the foils for each list were matched to the target words on 
the frequency of use in the English language.

Task Description

See figure 1 for screenshots of the VLMT. During each 
VLMT administration, participants were presented with 
3 trials where the list was shown for 30 seconds each. List 
lengths varied between 6, 12, or 18 items and were distrib-
uted across the 15 days so that each list length was used 
5 times. The 6-item list was included intentionally to be 
easy to examine attention and effort. Immediately fol-
lowing each exposure to the list, participants were shown 
target and recognition foil words one-by-one and asked 

Figure 1.  Screenshots of test. For test security purposes, these are sample words and not an actual word list from the VLMT.
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to indicate whether or not the word appeared on the list. 
This forced-choice recognition task matched the number 
of target words to the recognition foils for all list lengths. 
Dependent variables were the percentage of correct iden-
tifications of target words per trial, percentage of correct 
rejections of foil words, and an overall score combining the 
percentage of correct identifications of targets and correct 
rejections of foils. In embedded validity tests, after each 
VLMT administration, participants self-reported if they 
were distracted or interrupted, as well as their self-reported 
level of effort on a 1–7 Likert scale. Completion time was 
calculated as the amount of time it took the participant to 
complete each trial. A standardized Z score was calculated 
for each of the completion time variables.

Follow-Up In-Lab Measures

Within a week of their last survey, participants re-
turned to the lab and completed a series of assessments. 
Cognition was assessed with a selection of tests from 
the Measurement and Treatment Research to Improve 
Cognition in Schizophrenia Consensus Cognitive Battery 
(MCCB).17 Because the VLMT produced raw scores, raw 
scores of each of the MCCB tasks were used as com-
parators. Verbal learning and recall were assessed using 
the Hopkins Verbal Learning Test (HVLT),18 an MCCB 
subtest. The HVLT includes three learning trials of 12 
semantically related words, and number correct per trial 
is summed to create a total recall score of the 3 initial 
trials. The MCCB did not include either delayed recall 
or delayed recognition, so the HVLT variable of interest 
was total recall. Processing speed was assessed using the 
Brief  Assessment of Cognition in Schizophrenia Symbol 
Coding subtest 17,19 and the Trail Making Test A (TMT).20 
Working memory was assessed using the Letter Number 
Span (LNS).21 Verbal fluency was assessed using the 
Animal Fluency test.17

Functional capacity was assessed using the UCSD 
Performance-Based Skills Assessment-Brief  (UPSA-B)22 
where participants demonstrated financial and commu-
nication skills through lifelike scenarios. The total score 
combined the correct responses on the financial and com-
munication sections of the assessment.

Participants were assessed for severity of posi-
tive, negative, general, and disorganized symptoms 
through the Positive and Negative Syndrome Scale 
(PANSS).23 Depressive symptoms were assessed using 
the Montgomery–Asberg Depression Rating Scale 
(MADRS),24 and manic symptoms were assessed using 
the Young Mania Rating Scale (YMRS).25

Statistical Analyses

Analyses focused on the 12 and 18 item lists, as the inten-
tionally easy 6-item list was used as a measure of effort 
(hereafter, VLMT12/18 when results are the same for 2 

list lengths). Adherence was calculated as the percentage 
of surveys completed by the total number possible (15). 
A generalized linear model was performed across the 3 
trials of the VLMT. To assess between-session practice 
effects, a linear mixed model was used, with modeling day 
as a continuous factor. Greenhouse–Geisser correction 
was used to account for the violation of sphericity. We 
next examined between-group differences on the VLMT 
between people with BD and SZ by using an independent 
samples t-test. To analyze the relationship between the 
VLMT12/18 and other measures, correlations were per-
formed between the VLMT12/18 and variables of in-
terest. Then, an R to Z transformation was performed 
to compare correlations of the VLMT12/18 and vari-
ables of interest to correlations of the HVLT and other 
variables.26 We performed a multiple regression analysis 
predicting VLMT12/18, including all cognitive variables 
(HVLT, Wide Range Achievement Test [WRAT], Trails, 
Symbol Coding, LNS, and Animal Fluency) to investi-
gate the unique relationship of the HVLT to the VLMT. 
Mean square of successive difference (MSSD), or the sum 
of consecutive observation differences squared divided 
by the number of observations minus 1, was calculated as 
a measure of within-person variability, and correlations 
of variability with other measures were examined.

We used linear mixed models to evaluate the impact 
of response time and context and self-reported effort on 
VLMT performance. Finally, we removed participants 
who performed poorly on the 6-item list (aggregate score 
2 SD below the mean) and performed analyses as above. 
Analyses were performed using IBM SPSS Statistics v.26, 
with the exception of calculating MSSD (calculated using 
R v.3.6.0).

Results

Demographic and clinical characteristics are pre-
sented in table  1. Fifty-eight percent of  the partici-
pants had a diagnosis of  SZ or schizoaffective disorder, 
while 42% of  the participants had a diagnosis of  BD. 
Regarding diagnostic differences on the VLMT, people 
with BD performed better on the VLMT percentage 
overall correct (M = 81.8, SD = 9.0) than people with 
SZ (M  =  78.7, SD  =  10.2, t(159)  =  −1.86, P = .048, 
Cohen’s d = 0.32, 87.3% overlap). The magnitude of 
this differences was less than of  the HVLT, in which 
people with BD performed better (M = 24.0, SD = 6.4) 
than people with SZ spectrum disorders (M  =  20.8, 
SD = 5.5; t(159) = −3.43, P = .001, Cohen’s d = 0.52, 
79.5% overlap).

Adherence

Average adherence to the VLMT for the whole sample 
was 75.3% (SD = 23.1%) or an average of 11.3 (SD = 3.5) 
responses out of 15 testing opportunities; adherence did 
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not differ by diagnostic group, t(166) = −0.39, P = .70. 
Two participants completed only 1 session, whereas 26 
participants completed all 15 sessions. Adherence was 
not correlated with HVLT performance, VLMT overall 
performance, years of education, premorbid IQ, PANSS, 
MADRS, YMRS, or any other MCCB subtest (Ps > 
.05). Adherence was correlated with age, with older par-
ticipants having better adherence (ρ = 0.174, P = .02), 
and correlated with the UPSA, where individuals with 
better functional capacity had better VLMT adherence 
(ρ = 0.164, P = .04). See supplementary table  1 for all 
correlations.

Descriptive Information, Within-Session Learning, and 
Practice Effects

Percentage correct (target and foil) for all time points and 
word list lengths is presented in table 2. Generally, partic-
ipant performance on the VLMT was high. The overall 
percentage correct for participants for trials 1, 2, and 3 
aggregated across list lengths 6, 12, and 18 was 91.9% 
(SD = 8.7), 79.3% (SD = 12.3), and 72.8% (SD = 12.2), re-
spectively. Averaging all 3 trials and all 3 word list lengths, 
overall percentage correct was 81.6% (SD = 10.0). There 
were no group diagnostic differences in variability as 
measured by MSSD for any list length (Ps > .219). See 

Table 1.  Demographic characteristics

Schizophrenia  
spectrum (N = 98) Bipolar disorder (N = 70)

T or X2; P-valueMean (SD) or (%)

Age—mean (SD); range 42.0 (10.2); 18–65 39.1 (11.9); 18–65 1.68 (P = .095)
Gender—% female 47 (48%) 49 (70%) 8.10 (P = .004)
Education in years—mean (SD) 12.5 (2.4) 14.3 (2.6) −4.51 (P < 

.001)**
Race
  % Caucasian 32.7% 58.6% 17.54 (P = .007)
  % African American 55.1% 25.7%
  % Other 12.2% 15.7%
Ethnicity
  % Hispanic 23.5% 30% 0.901 (P = .343)
Vocational activity
  Unemployed 68.4% 57.2% 20.45 (P = .009)**
  Part-time student 3.0% 0%
  Full-time student 2.1% 5.7%
  Part-time employment 21.4% 17.1%
  Full-time employment 5.1% 20%
Clinical and cognitive variables
  WRAT-3 standard score—mean (SD) 95.5 (11.7) 101.9 (11.7) −3.50 

(P = .001)**
  UPSA-B total score—mean (SD) 68.3 (15.0) 75.7 (12.5) −3.31 

(P = .001)**
  PANSS positive symptoms—mean (SD); range 17.2 (4.6); 7–49 13.5 (4.8); 7–49 5.02 (P < .001)**
  PANSS negative symptoms—mean (SD); range 13.6 (4.2); 7–49 10.7 (2.6); 7–49 5.50 (P < .001)**
  MADRS total—mean (SD); range 9.4 (10.2); 0–60 12.8 (11.5); 0–60 −1.98 (P = .050)
  YMRS total—mean (SD); range 0.9 (3.2); 0–22 2.6 (4.8); 0–19 −2.57 (P = .012)*
  HVLT trial 1 score—mean (SD); range 5.4 (1.8); 0–12 6.3 (2.3); 0–12 −2.83 

(P = .006)**
  HVLT trial 2 score—mean (SD); Range 7.2 (2.1); 0–12 8.6 (2.3); 0–12 −3.92 (P < 

.001)**
  HVLT trial 3 score—mean (SD); Range 8.2 (2.1); 0–12 9.1 (2.4); 0–12 −2.48 (P = .014)*
  HVLT total score—mean (SD); Range 20.8 (5.5); 0–36 24.0 (6.4); 0–36 −3.43 

(P = .001)**
  VLMT percentage of adherence—mean (SD) 74.7 (23.6) 76.1 (22.5) −0.39 (P = .699)
  VLMT percentage of overall correct—mean 
(SD)

80.5 (10.5)a 83.3 (9.2)b −1.77 (P = .079)

Note. UPSA-B, University of California San Diego Performance-Based Skills Assessment-Brief; PANSS, Positive and Negative Symp-
toms Scale; HVLT, Hopkins Verbal Learning Test; VLMT, Mobile Variable Difficulty List Memory Test; MADRS, Montgomery Asberg 
Depression Scale; YMRS, Young Mania Rating Scale; WRAT-3, Wide Range Achievement Test 3.
aN = 92.
bN = 68.
*P < .05; **P < .01.
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supplementary figure 1 exemplar plots. When combining 
Z scores of completion time for VLMT12/18, there was 
a small but significant positive effect for overall perfor-
mance, F(1, 1230) = 21.28, estimate = 0.02, SE = 0.00, 
t = 4.61.

Within-session learning effects were present for the 
percentage of target words correct, correct rejections of 
foils, and overall correct for all lengths of the word list (see 
table 2 for full data). While participants improved over the 
3 trials for target and overall performance, the percentage 
of correctly identified foil words decreased across trials 
1, 2, and 3 for all 3 word list lengths (see table 2). Over 
the 30 days of exposure, there was no significant effect of 
day on overall percentage correct of the 12-item list (esti-
mate = −0.04, SE = 0.07, t = −0.60, P = .55) or the 18-item 
list (estimate = −0.12, SE = 0.07, t = −1.68, P = .09). The 
rate of change between the 2 tests was different from trial 
1 to trial 3 such that participants improved a mean of 
23.4% on the HVLT and improved a mean of 9.4% on the 
VLMT 12-item list, t(156) = 9.78, P < .001.

Correlations With Lab-Based Measures of Cognition, 
Symptoms, and Functional Capacity

All versions of the VLMT were positively correlated with 
the HVLT: the 6 item (ρ = 0.44, P < .001), 12 item (ρ = 
0.49, P < .001), and 18 item (ρ = 0.42, P < .001). The 
overall percentage correct across the VLMT12/18 was 
highly correlated with the HVLT overall score (ρ = 0.52, 
P < .001; see supplementary figure 2), as was the overall 
percentage correct for trial 1 of the VLMT12/18 list (see 
table 3). The overall percentage correct for the 12-item list 
of the VLMT task was positively correlated with years 
of education but did not correlate with age. The VLMT 
overall percentage correct for the 12-item list also posi-
tively correlated with most lab-based MCCB subtests and 
negatively correlated with the TMT (higher score indicates 
worse performance). Correlations with the VLMT and 
other MCCB tasks were stronger for the percentage of 
foils correctly rejected than the percentage of target words 
correctly identified. Comparing strengths of association, 
the VLMT overall percentage correct for VLMT12/18 
and all other measures were statistically similar to correl-
ations of the HVLT to all other measures, with the excep-
tion of age. The VLMT was less strongly correlated with 
Animal Fluency performance than the HVLT, Z = 2.64, P 
= .004. Similarly, the VLMT was less strongly correlated 
with age than the HVLT, Z = −2.15, P = .02.

A multiple regression model predicting VLMT12/18, 
including all cognitive variables, was statistically signifi-
cant, F(6, 146) = 12.01, P < .001, and the full model ex-
plained 33% of the variance in VLMT. We found that 
HVLT was the only independent significant predictor 
(B = 0.678, SE = 0.172, t = 3.95, P < .001).

Variability (MSSD) of the VLMT12/18 negatively cor-
related the HVLT overall score (ρ  =  −0.173, P = .029) 

such that people with worse HVLT overall performance 
had more intravariability in their VLMT scores. Greater 
variability of the VLMT12/18 was also negatively correl-
ated with higher premorbid IQ (WRAT-3; ρ  =  −0.172, 
P = .027), but variability was not correlated with age, 
years of education, other cognitive tasks, symptoms, or 
UPSA-B (all Ps > .368).

Context of Test Performance

On average during the completion of the VLMT12/18, 
participants reported being away during 31.5% and being 
with others during 51.9%. Being away from home (esti-
mate = −2.81%, SE = 0.88, t = 3.19, P = .001, Cohen’s 
d = 0.09, 96.4% overlap) had a significant but small nega-
tive effect on performance, but being with others did not 
have a significant effect on performance (estimate = 0.55, 
SE = 0.83, t = −0.665, P = .506, Cohen’s d = 0.02, 99.2% 
overlap). Convergent validity between performance on 
the VLMT12/18 and the HVLT did not significantly differ 
using an R to Z transformation when with others or away.

Embedded Validity Tests

On average during the VLMT12/18, participants re-
ported distractions during 37.0% of VLMT assessments 
and interruptions during 24.7%. Presence of self-reported 
distraction (estimate = −3.77%, SE = 0.84, t = 4.471, P 
< .001, Cohen’s d = 0.11, 95.6% overlap) and interrup-
tions (estimate = −6.27%, SE = 0.91, t = 6.87, P < .001, 
Cohen’s d  =  0.18, 92.8% overlap) had a significant but 
small negative effect on overall performance on the 12- 
and 18-item word lists. Overall, performance on the 
VLMT12/18 lists did not significantly differ in the corre-
lation with the HVLT when using an R to Z transforma-
tion when distracted or interrupted. Participants reported 
a mean self-reported effort of 5.32 out of 7 (SD = 1.15) 
for the VLMT12/18 lists. Self-reported effort also had a 
small but significant effect on overall performance on the 
VLMT12/18 lists (estimate = 1.07, SE = 0.25, t = 4.30, 
P < .001, Cohen’s d = 0.12, 95.2% overlap). Finally, re-
moving participants who had low effort on the 6-item 
list did not substantially impact the convergent validity 
of performance on the VLMT12/18 with the HVLT (see 
supplementary material).

Discussion

This study provides evidence for the validity of  an 
EMCT learning and recognition task among persons 
with SMI. Adherence was 75% and was uncorrelated 
with most predictors, indicating that the task can be 
used by a wide constituency. Performance parametric-
ally declined with longer word lists, as expected. The 
VLMT overall percentage correct score had an overall 
high correlation with the HVLT and a gold-standard 
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assessment of  verbal memory, and the correlations of 
the VLMT scores with other measures were not signifi-
cantly different from that of  the HVLT and those same 
variables, with the exception of  Animal Fluency and 
age. A multiple regression analysis also suggested that 
the HVLT has a unique association with the VLMT 
overall score, despite that both the VLMT and the 
HVLT are correlated with other cognitive measures. 
We found a ceiling effect on trial length 6, but this trial 
length was included intentionally to induce a ceiling ef-
fect such that detection of  response bias in self-assess-
ment of  memory performance could be another aim of 
the study. Unlike mean performance, intraindividual 
variability in VLMT was related to HVLT but not to 
other cognitive tests or psychotic symptoms, which 
may make variability a useful target in future memory 
interventions. Furthermore, the effect of  poor effort, 
distraction, and interruption on performance was sig-
nificant but did not greatly impact the convergent va-
lidity of  performance. Overall, these findings support 
that the VLMT could help to complement or extend 
traditional neuropsychological testing.

Measuring serial learning and memory on a smart-
phone is associated with a number of challenges, in-
cluding that many current paradigms require manually 
scoring verbal responses15,27; thus, recognition memory 
was selected as the target of the VLMT as this approach 
allowed for automated scoring. A strength of the smart-
phone approach is that it allows for the examination of 
metadata, which can measure other cognitive functions, 
index effort, provide a marker to indicate if  a different 
individual is taking the task, and allow for real-time feed-
back by the researcher or clinician if  desired.

VLMT scores were higher than might be expected as 
the task is designed to be used on a smartphone in an 
individual’s environment. The distinction between recog-
nition and recall can likely explain many of the patterns 
observed in our data. Specifically, the high performance 
of participants on the VLMT task (80.4% for SZ and 
83.3% for BD overall) yet poorer performance on the 
HVLT (57.7% for SZ, 66.7% for BD) is not inconsistent 
with literature detailing performance on the full HVLT 
measure.28 Additionally, our results are consistent with a 
case-control meta-analysis finding that recall is more im-
pacted compared to recognition memory in SZ.9 Despite 
these differences between tasks, performance on the 
VLMT and HVLT was still strongly correlated.

Over the 3 trials of the VLMT, participants had in-
creases in false alarm errors. This likely implicates the 
source-monitoring deficit phenomenon in SZ and bipolar 
illness.29,30 The same recognition foils were presented for 
each of the 3 trials and, after multiple exposures, it seems 
possible that identifying the source of presentation be-
comes challenging. This problem could likely be solved 
by having novel sets of recognition foils on each of the 

learning trial presentations, although the phenomena did 
not seem to affect target-item recognition, which showed 
systematic learning curves. Thus, for the purpose of this 
validation study, we primarily examined trial 1 VLMT 
performance.

Context, as measured by our embedded validity tests, 
may meaningfully impact EMCT performance, pro-
viding valuable information about performance in the 
real world.2 Overall, we found a significant but small 
effect of distractions, interruptions, and away from the 
home location on performance. These findings provide 
data to inform a key concern that naturalistic variation 
may contribute to noise in EMCTs estimating cognition. 
We found that aggregated performance during experi-
enced distractions and interruption was still associated 
with HVLT, suggesting that performance under subop-
timal conditions may not greatly impact external validity. 
Future studies could examine how symptoms and indi-
vidual vulnerabilities influence variability in cognition by 
context.

Limitations of this study include that the sample was 
of stable outpatients, and findings may not generalize to 
more acutely ill people. Another limitation of EMCTs is 
that it is difficult to know if  “cheating” occurs (eg, had a 
friend complete a test for them) or to objectively measure 
attention or fatigue. Future EMCTs could employ a psy-
chomotor vigilance task to further characterize the state 
of the test respondent.31 Additionally, we did not have 
a healthy comparison group, control for the effect of 
medications, or remove individuals who had potentially 
noncredible scores on the MCCB. Improvements to the 
VLMT could include adding trial-by-trial interference, 
delayed recognition, emotional and nonverbal versions 
of these memory tasks, and, when technology becomes 
further developed, using speech recognition for verbal re-
call paradigms.32

In summary, the VLMT and EMCTs may be a useful 
tool, supplementing in-lab testing, to test cognition in 
naturalistic environments. The VLMT could complete 
longitudinal research on life-course cognitive develop-
ment.33 The VLMT may also extend cognitive testing to 
populations that are difficult to reach and allow clinicians 
and researchers to evaluate within-person variability as a 
dimension of impairment. Finally, the VLMT and other 
EMCTs could ultimately provide tools for clinical moni-
toring for short-term cognitive change.

Supplementary Material

Supplementary material is available at Schizophrenia 
Bulletin.
Supplemental Figure 1. Individual Variability
Supplemental Figure 2.  Correlation of VLMT Overall 
Percentage Correct (12 and 18 List Length) with HVLT 
Overall Score
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