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Abstract

In this study, we investigated the effect of experimentally delivered acute pain on memory. Twenty-five participants partici-
pated in experimental sessions on consecutive days. The first session involved a categorization task to encourage memory
encoding. There were two conditions, presented in randomized order, in which participants listened to a series of words,
which were repeated three times. In one condition, one-third of the word items were immediately followed by a painful electri-
cal shock. This word-shock pairing was consistent across repetition and the pain-paired items were presented unpredictably.
In the other condition, all word items were not associated with pain. Response times over these repeated presentations were
assessed for differences. Explicit memory was tested the following day, employing a Remember—Know assessment of word
recognition, with no shocks employed. We found evidence that recollection may be reduced for pain-paired words, as the
proportion of correct Remember responses (out of total correct responses) was significantly lower. There were no significant
reductions in memory for non-pain items that followed painful stimulation after a period of several seconds. Consistent with
the experience of pain consuming working memory resources, we theorize that painful shocks interrupt memory encoding
for the immediately preceding experimental items, due to a shift in attention away from the word item.
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Introduction

This study describes the effects on long-term memory for
neutral experimental items, depending on their pairing with
and proximity to painful stimulations. Previous work on rec-
ognition memory for experimental items directly paired with
brief periodic painful stimuli are limited, and have yielded
divergent results. One study employing visual items, thermal
pain, and immediate memory testing showed a reduction in
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recognition for pain-paired images (Forkmann et al. 2016).
Another study using painful electric shock and images of
scenes showed no effect on immediate recognition memory
testing (Schwarze et al. 2012). However, in a separate cohort
(who notably performed the experiment in an MRI), next-
day memory testing showed enhanced familiarity for scenes
paired with painful shock (Schwarze et al. 2012). This con-
troversy could possibly be explained by several experimental
differences and indicates a need for an expanded range of
paradigms to better define which effects are consistent.
Many confounding factors can complicate the interpretation
of experimental results for how acute pain affects memory.
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One possibility is that pain acts as an attention-demanding
stimulus, shifting cognitive resources away from memory for-
mation. Some support from this explanation can be inferred
from working-memory task experiments, realizing that tasks
depending working memory heavily depend on attention. In
one example, forehead cold pain decreased performance on a
auditory (letter and number) progressive sequence memory
repetition task (Hood et al. 2013). However conflicting evi-
dence also exists, with heat pain having no effect on perfor-
mance of a letter-sequence working-memory task (Sternberg
task, 5 s delay to recognition) (Sturgeon et al. 2015). There
is also some evidence for heterogeneity of the individualized
effect that pain has on working memory, that may depend on
self-reported pain catastrophizing (Procento et al. 2021). In
a similar conceptual framework, interference between two
attention-demanding tasks has been explored in dual-task
paradigms. Summary findings indicate that the specific tasks
employed matters, including the modality (e.g. auditory vs.
visual) of stimuli requiring attention (Wickens 2002). This
correlates with an apparent benefit from a static motor task
in reducing pain ratings (Paris et al. 2013). However, direct
comparisons between pain versus other potentially distracting
tasks for the effect on recognition memory are lacking in the
literature.

Thus, there is a dearth of literature that examines how
repeated brief acute painful stimulation may affect memory
in an experimental setting. In the present study, we address this
question using an auditory encoding paradigm, with an experi-
mental condition characterized by repeated pain accompanying
a subset of the items. We hypothesized that pain would have
an interruptive effect on memory, and that pain-paired audi-
tory items would show lower explicit memory (particularly
recollection) during next-day recognition testing, compared to
non-pain-paired auditory items. As a secondary outcome, we
sought to determine if pain-pairing would affect serial reac-
tion time (RT) measurements during encoding. Such changes
could indicate implicit memory for the pain pairing, even in
the absence of long-term recognition memory results. The
design included three repetitions of each word list, so changes
in RT over the course of the experiment could be assessed.
We predicted all words presented in the experimental context
including pain would have longer response times than words
presented in the absence of any pain. An additional secondary
outcome was the effect that pain would have on memory for
both the current and subsequent words. We expected to see a
decrease in recollection for words that more often immediately
followed a pain stimulation, with less of an effect for non-pain
words that followed pain words less frequently.
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Methods
Participants
Power analysis

We used our previously reported data (Vogt et al. 2019) to
determine an adequate sample size for the present study.
Specifically, the difference in d’ detected in the previous
study between the No Pain Alone and No Pain Mixed
word types was 0.33, with the variance of that difference
being 0.30. Using these estimates and SamplePower 3.0.1
(IBM, New York, NY), a sample size of 25 participants
was estimated to have 82% power to detect a difference this
large for this primary outcome. This calculation assumes
paired data (from the same participants) and alpha=0.05
(2-tailed). Applicability of this power analysis to the pre-
sent study also assumes that despite experimental differ-
ences in study design, the present study will have a similar
mean and variance as compared to our past study.

Demographics

Data were acquired from healthy volunteer participants
between the ages of 18 and 30 who were recruited from
the university community. They received $10 per hour as
compensation. Eligibility was determined by self-report of
exclusionary criteria. All participants acknowledged being
free from significant memory impairment, hearing loss,
sleep apnea, chronic pain, other chronic medical problems,
neurologic and psychiatric diseases, as well as the use of
antidepressants, antipsychotics, antihistamines, antianxi-
ety medication, stimulants, sleep aids, and pain medica-
tion. Data presented are from a cohort of 25 participants
(15 female) with age in years 22.0 + 3.2 (mean + standard
deviation). No participants were lost to follow-up and none
had unusable data.

Ethics

The study was approved by the University of Pittsburgh
Institutional Review Board (PRO16110197) and conformed
to all relevant standards for the ethical and responsible con-
duct of research. Written informed consent was obtained
from all participants prior to the performance of any experi-
mental procedures. All participants were explicitly informed
that they were free to withdraw from the study at any time,
with no explanation needed. The datasets generated during
and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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Procedures
Encoding task procedure and design

After informed consent, participants were given task instruc-
tions and an electric nerve stimulator was titrated to a sub-
jective pain rating of 7/10 on a numerical scale from O to 10,
anchored with 0 being no pain and 10 being the worst pain
imaginable. The current necessary to achieve this target pain
rating was determined by slowly increasing the intensity in
1 mA increments while having participants continuously
verbally rate the pain intensity. Participants also underwent a
short practice session during which they briefly experienced
the pain stimulus two more times. Following the practice,
participants again rated their pain experience and the nerve
stimulator was re-adjusted, if desired by participants, to the
target a 7/10 rating, followed by repeating the practice ses-
sion. After this point, the intensity of the nerve stimulator

was not manipulated in the remainder of the experiment. A
second pain rating was obtained after the pain condition, but
pain ratings for individual items were not obtained during
the experiment.

The design of the experiment is depicted graphically in
Fig. 1. The two main portions of the study were the encod-
ing portion and the memory testing portion. During the
encoding portion, participants listened to a series of words
and made decisions about them. The words used for this
task were the same auditory recordings used in our previ-
ous study (Vogt et al. 2019), consisting of commonly used
non-proper nouns. There were two conditions within the
encoding portion of the study: the Pain condition during
which one third of the words were immediately followed by
a 1-s electric shock, and the No Pain condition, during which
no pain was experienced for any word. The order of these
conditions was randomized and counter-balanced and across
participants. Participants were informed by onscreen labels
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Fig. 1 Graphical depiction of experimental design in nested layers
of detail, labelled on the left. Time is represented along the x-axis.
Increasing level of experimental detail is shown going from bottom
to top, with dashed lines indicating expanded detail of items within
a larger hierarchical part of the experiment. The two main portions
of the experiment, Encoding and Testing, are shown as blocks at the
bottom, these always occurred consecutively. The Encoding portion
has two conditions: Pain and No Pain, and the order of these was ran-
domized. Each Encoding condition consisted of three repetitions of

v

time

a word list, examples of which are shown expanded above the Pain
condition. Both Pain and No Pain conditions contained 3 occurrences
of the same 90-word list. As shown in the Item level of detail, words
were delivered auditorily, over 0.75 s. In the Pain Condition (only)
a painful electric shock immediately followed one third of the words
(30 out of 90). No shocks occurred in the No Pain condition or in the
Testing portion of the experiment. Abbreviations: RT =reaction time,
RKN =Remember, Know, New, Alt=alternating
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which condition they were about to experience, and thus
warned in advance whether the coming experimental period
would include painful stimulation. Each of the two condi-
tions consisted of a list of 90 words repeated three times,
in random order. Pain pairing to a specific word was kept
consistent across the three repetitions of the word, within
each condition. No word was repeated (or shared) between
the two conditions. The words in the Pain condition were
distributed with the constraint that no more than two pain-
paired words occurred consecutively, and no more than five
non-pain words occurred consecutively. Individual recorded
words were presented through headphones, and participants
made decisions about them while seated at and interacting
with a laptop computer. Participants were asked to judge
each word on a particular dimension, the decisions used
were: (1) moves or not, (2) living or not, (3) natural or not,
(4) would fit in a shoebox or not, (5) place or event or not,
and (6) typically used or not. Three decisions were assigned
randomly to each of the two encoding conditions. Partici-
pants were able to respond, by pressing a button on the key-
board, any time after the start of the word being played, as
well as during the subsequent shock, if one occurred. The
maximum response time (RT) window was six seconds, after
which the next word would be presented automatically. The
assignment of a set of decisions to a condition (Pain vs.
No Pain), the order of the decision list within a condition,
and the order of the words within a decision list were rand-
omized for each participant, with the constraint that half of
the participants received the Pain Condition first.

Memory testing

Explicit memory testing occurred the day following the
encoding portion. Recognition testing was employed, using
the well-known Remember-Know-New (RKN) scheme; for
a recent review, see Migo et al. (2012). Participants were
given a printed sheet describing the Remember, Know, and
New responses for the RKN procedure and were asked to
read it. These instructions parallel those established by
previous investigations (Rajaram 1993), and are identical
to the instructions available as supplementary materials to
our previous publication (Vogt et al. 2019). Importantly,
Remember responses were designated to indicate recog-
nized the word as being heard in the previous days’ experi-
ment, with the recollection of specific contextual details.
Know responses were designated to indicate recognizing the
word as familiar, but without recollection of any specific
details. To ensure comprehension of the task, in particular
the distinction between Remember and Know responses,
participants were asked to explain the RKN procedure back
to the investigator, who corrected any misunderstandings. A
standardized recording summarizing these instructions was
also played to the participant before beginning the RKN test.
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All the words heard during the previous day were played
intermixed with an equal number of foils (360 items total).
Word order was randomized, and each word drawn from
the bank had equal probability of being assigned as a foil,
versus used in the experiment. No shocks were delivered
during the RKN testing session, which was announced to
participants in advance. Subjects were debriefed about the
experiment after the testing session. Among assessing any
experimental concerns, they were also asked to complete a
retrospective assessment of their expectations on how the
experience of pain influenced their memory performance.
This was captured using a 5-point Likert scale, centered on
“minimal effect” with anchors of “greatly” or “somewhat”
enhance vs. reduce memory.

Equipment

Electronic recording files previously made were used for
the word stimuli (Vogt et al. 2019). Painful stimulation was
achieved with a 100 Hz constant-current waveform from an
electric nerve stimulator (EZstim II,Life Tech, Inc., Nor-
cross, GA); this was delivered to two electrodes on the
participant’s left index finger. Data were digitized using
a BIOPAC MP160 (BIOPAC Systems, Goleta, CA) data
acquisition unit and Acgknowledge version 5.0 (BIOPAC
Systems, Goleta, CA), running on a Windows 10 laptop PC.
All parts of the experiment were implemented with E-Prime
version 2.0 (Psychology Software Tools, Sharpsburg, PA),
and E-Prime captured response time data. Shock delivery
synchronization to follow experimental word items was
accomplished using custom hardware that allowed E-Prime
to control the nerve stimulator through a USB connection.
Electrocardiogram and electrodermal data were recorded
continuously throughout both portions of the experiment,
and that data have been published (Citro et al. 2020).

Data analyses

For the analyses, items from the encoding portion of the
experiment were categorized into three groups. Pain Mixed
words were the 30 words paired with a painful shock in the
Pain Condition. No Pain Mixed words were the 60 words
in the Pain condition that were not paired with pain. No
Pain Alone words were the 90 words experienced in the
No Pain condition (which was completely without noxious
stimulation).

All statistical analysis was carried out in SPSS Statistics
23 (IBM, New York, NY) with P =0.05 as the threshold for
significance. Bonferroni correction for multiple comparisons
was used for comparing main effects. For efficiency in data
manipulation, outlier removal was carried out in RStudio
(version 1.0.153, https://www.rstudio.com/) using R version
3.2.5.
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Response times were analyzed for differences that may
vary across experimental condition. As in our previous study
(Vogt et al. 2019), the Median Absolute Deviation (MAD)
was calculated, and response times more than 3.5 MAD
from the median were defined as outliers and removed. We
also removed incorrect RKN responses from RT analysis.
After removal of these extraneous data, the common loga-
rithm (log10) was used to transform the RT data to a normal
distribution. All RT analysis was performed on the trans-
formed data, shown in Supplementary Figs. 1 and 2. For the
encoding RT data, a linear mixed model (LMM) analysis
was used with compound symmetry covariance structure.
Occurrence and word type were selected as repeated fixed
factors, and condition order was selected as an additional
fixed factor. Transformed RKN RT data were also analyzed
using a 2-way 3 X2 Analysis of Variance (ANOVA) with
word type and condition order as separate factors. Though
all RT analyses were performed on transformed data, the
RT figures are shown in milliseconds to aid in meaningfully
visualizing the data.

Explicit memory was evaluated using signal detection
theory to estimate memory sensitivity. This analysis should
eliminate individual participants’ bias toward identifying
a word as remembered (vs. novel) by considering both hit
and false alarm responses. Hits were counted as previously
heard words correctly identified as such as either Remem-
ber or Know. False alarms were foils (words not previously
heard) that were identified by participants (as appearing in
the previous part of the experiment) with either a Remem-
ber or Know response. To calculate d’, we used the formula
z(hits) — z(false alarms), with z() referring to the cumulative
Gaussian distribution function. To calculate the response cri-
teria, C, we used the formula —0.5(z(hits) + z(false alarms)).
To separate memory strength based on Remember versus
Know responses, Remember only d' was calculated using
only correct Remember response hits and only Remember
response false alarms. This was taken to represent recollec-
tion component of memory (Gottlieb and Rugg 2011). Some
participants achieved a perfect hit rate or zero false alarm
rate, and in these cases, the estimated hit and false alarm

Description: Paired Item

rates were adjusted based on the assumption that there would
have been one miss or one false alarm response if there twice
as many items had been tested.

Familiarity was quantified, accounting for the fraction of
words already identified as recollected. We employed the
same adjusted familiarity score as our previous study (Vogt
et al. 2019), using the previously described formula (Yoneli-
nas et al. 2010): (Know Hit Rate — Know False Alarm Rate)/
(1 — Recollection), where Recollection=Remember Hit Rate
— Remember False Alarm Rate. To dissect the effect of word
type within each response type category, 2-way 3 X2 ANO-
VAs were run for Remember and Know, Remember Only,
and Know Only (with Know Only represented by adjusted
familiarity score) separately with word type and condition
order as the independent factors.

In addition to calculating d’, memory strength was
also assessed by calculating the proportion of Remember
responses out of total hits. The number of correct Remember
responses for each word type was tabulated and divided by
the total number of hits (Remember and Know responses
combined) for that word type, for each participant. These
values were then compared across all participants using a
2-way 3 X2 ANOVA with word type and condition order as
the independent factors.

Finally, we undertook an analysis to compare the effects
of pain stimulations on memory for the current word and
subsequent words. This bidirectional analysis is illustrated
in Fig. 2. Because of the randomized repetition structure
of the experiment, non-pain words did not consistently
appear in fixed position relative to pain-paired words.
Post-hoc categorization of No Pain Mixed words with their
relative frequency of following a pain-paired word was
necessary. Memory for No Pain words was assessed, based
on the percentage of times they followed a pain stimulus.
Because relative word order varied with each of the three
word list repetitions within the Pain Condition, data was
binned based on the proportion of times that the non-pain
word item followed a pain-paired word (and thus followed
several seconds after pain stimulation). Because the pain-
order analysis relates only to effects during the Encoding
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Fig.2 Graphical depiction of temporal bidirectionality of the effect
painful shocks may have on memory. Paired items refer to the Pain
word that the shock immediately follows. Following items, labelled
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n+1 and n+2, may be pain-paired or non-pain words that may have
their own immediately-associated shock events. Abbreviation: s =sec-
onds
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Portion of the experiment, and the foils are shared across
words from each pain-order, hit rate was used as the inde-
pendent variable (rather than d'). Thus, each word fell into
one of four categories: 0% (never followed a Pain Mixed
word), 33% (followed a Pain Mixed word for one of the
three trials), 67% (followed a Pain Mixed word for two of
the three trials) and 100% (followed a Pain Mixed word
for all three trials). This categorization was performed for
both Pain Mixed and No Pain Mixed words. To assess
for differences between the four percentage categories
within individual response types (Remember only vs.
Remember + Know) as well as within the Pain Mixed and
No Pain Mixed word types, one-way ANOVA analyses
were conducted for hit rates within each sub-category (i.e.,
Remember responses for No Pain Mixed words, Remem-
ber and Know combined responses for Pain Mixed word,
etc.). To see if following a Pain Mixed word on any of
the occurrences had an effect, paired 7-tests were used
to compare words that never followed a pain stimulation
(labelled “0%”) to the average across the three nonzero
proportions of following a pain stimulation (collectively
labelled “>0%").

A second pain-order analysis examined the memory
results based only on the relative order in the first word list
(and thus the first occurrence of each individual word). This
analysis is based on the assumption that the pain context of
the first presentation may have a much stronger effect on
memory encoding than any effects during the second and
third presentations. Pain-paired words are labelled item n,
and the subsequent item labelled n+ 1. To account for poten-
tial differences based on word order within each response
type and word type, paired T-tests were conducted such that
the n and n+ 1 Hit Rates were compared for Pain words
within each Response Type, and n+ 1 and n+2 or more

Fig.3 Response times over 1450

the three encoding repetitions

for each word-type. Error bars ‘
represent standard error
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0
£
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words were compared for No Pain Mixed words within each
response type.

Results
Pain intensities

Nerve stimulator intensity, as selected by the participants
to be a 7 out of 10 pain rating at the start of the experi-
ment, was 11.4+4.7 mA. Subjective pain ratings obtained
just after the practice session were 6.1 + 1.0. Pain ratings
following the Pain condition were 6.0+ 1.0.

Response time

Histograms showing RT values before and after transforma-
tion are shown in Supplementary Figs. 3 and 4. Response
time data are presented with outliers removed. For the RT
data, outliers were detected in 4.1% of responses during the
encoding portion and 4.6% of RKN responses.

Response times for the three word types across the three
repetitions in the encoding portion are shown in Fig. 3. Only
one response time for one participant was excluded for being
longer than the pre-determined response window limit of 6 s.
Generally, response time decreased throughout the Learning
portion of the experiment, but with no significant differences
between word types when averaged across all occurrences
and both condition orders. Similarly, response times for No
Pain Mixed words were also not significantly different from
those for Pain Mixed words. Though not shown graphically,
response times for participants who experienced the Pain
condition first were not significantly different from those
who experienced the No Pain condition first when collapsed

—m—No Pain Alone

Pain Mixed

No Pain Mixed

X

2 3

Occurrence of Word
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across all occurrences and word types. There were also
no significant interaction effects between word type and
occurrence.

The RKN recognition memory task RT data are shown in
Fig. 4, limited to correct responses only. Correct responses
represented 91% of total responses for Remember, 68% of
total responses for Know, and 83% of total responses for
New. As expected, Know response were significantly longer
than Remember response times (P <0.001). When compar-
ing within Remember and Know responses types, there were
no significant differences among the three different word
types. Additionally, there were no significant RT differ-
ences between the two conditions orders. Response times for
words correctly identified as New were significantly shorter
than Know responses (P <0.001).

Memory testing

The d' values calculated for combined Remember and
Know (R + K) responses, and Remember responses alone
are shown in Fig. 5A. Figure 5B shows the response Crite-
rion for Remember and Know responses. For more complete
reporting, hit rates, false alarm rates, d' values, and criterion,
¢, values for each participant are shown in Supplementary
Table 1. No significant differences in these metrics were
detected, thus there was no main effect on explicit memory
for word type. There was a significant main effect for con-
dition order, where participants who experienced the Pain
condition first had significantly higher (P =0.008) combined
R +K d' scores than those who experienced the No Pain
condition first. There was no significant interaction between
word type and condition order.

In analyzing Remember responses separately, there
was no main effect for word type. There was also no main
effect for condition order for Remember responses. The

=

Fig.4 Response times for 1900
Remember (R), Know (K), and
New (N) responses during the
RKN testing portion, including 1800
only correct responses. Error
bars represent standard error. .
Significant differences reported 2
C i € 1700
in “Results” section Y
£
'_
2 1600
c
o
Q
(%]
4]
1500 %
1400 % s
R
Pain Mixed

interaction between word type and condition order was
also not significant (P =0.46).

The adjusted familiarity scores are shown in Fig. 5B.
For this parameter, the familiarity scores were not signifi-
cantly different in this analysis, indicating there was thus
no significant main effect for word type on familiarity.
Participants who experienced the Pain condition did not
have significantly different familiarity scores than those
who experienced the No Pain condition first, so there was
also no significant main effect for condition order. The
interaction between word type and condition order was
also not significant for familiarity scores.

The proportion of Remember responses out of total
Remember + Know (R + K) hits is shown in Fig. 6. Unlike
Hit Rate alone, this measure illustrates recollection com-
pared to familiarity in one composite score. False alarm
rates were shared between the three word types, so not
accounting for false alarms should not impact interpret-
ability. This proportion of Remember responses for Pain
Mixed words was significantly lower (P =0.007) than No
Pain Mixed words and also significantly lower (P =0.04)
than No Pain Alone words. As with previous metric ana-
lyzed, there was no significant main effect for condition
order on the proportion of Remember responses out of
total hits and there was also no significant interaction
between word type and condition order interaction.

Figure 7 shows graphically the memory performance
results in the pain-order analysis. Data are binned by
percentage of times that a given word item followed a
pain-paired item (and thus followed a pain stimulation)
across the three repetition blocks. Panel A shows results
for combined R + K responses and Panel B displays data
for Remember responses only. One-way ANOVA analyses
revealed no significant differences between any data shown
in Fig. 7.

R
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R

No Pain Mixed

New

No Pain Alone
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Fig.5 Recognition memory
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Discussion

The main goal of this study was to further elucidate the
temporal effects of acute pain on recognition memory for
auditory word items with variable proximity to painful
electric stimuli. Memory was compared for three different
word types; 30 Pain Mixed words (immediately followed
by a shock) and 60 No Pain Mixed words (not paired with
shock, but in the same experimental condition), as well
as 90 No Pain Alone words (heard in a completely pain
free context). Our previous work (Vogt et al. 2019) dem-
onstrated that the impact of acute pain may generalize to
affect memory for non-pain items presented in the same
experimental context. Though this present study was not
designed to directly extend that work, there are experimen-
tal design features worth contrasting. The key differences
were a greater number of overall items with a lower pro-
portion of pain-paired words presented. This allowed for
variation in the timing of painful stimulation, which was
less predictable. As our previous study had an alternating
design, and thus predictable pattern of shocks, only limited
inferences could be drawn, if the effect of pain on memory
could extend in both temporal directions, it was unclear
to what extent predictability versus proximity affected
the results. We also conducted the long-term recognition
memory testing the next day, to avoid previous issues with
ceiling performance.

Recognition memory performance

Contrary to our expectations, comparisons between meas-
ures of recollection and familiarity for Pain words, com-
pared to both types of non-pain words, were not statis-
tically significant. However, Pain words displayed fewer
Remember responses, as a proportion of all hits (Remem-
ber + Know), compared to both types of non-pain words.
This outcome demonstrates that, for words items immedi-
ately followed by a painful stimulus, participants had less
ability to bind the item within the experimental context.
On close examination, the non-significant comparisons
between d' values in Fig. 5A reflect the high variability in
false positive rates. Similarly, the comparisons in Fig. 5B
are non-significant due to variance in the familiarity com-
posite measure, likely driven by more variability in Know
responses. Thus, response variability across participants,
particularly in false positive responses for the assessment
of recollection are a limitation. Reliability of the result
should be confirmed with future experimentation.

Our results agree with previous research showing that
pain can impair memory performance for pain-paired
experimental items when examining d’ scores for both
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recollection and familiarity (Forkmann et al. 2016).
Importantly, participants in that study rated their expecta-
tion of pain’s effect on memory prior to memory encod-
ing, so the differences in memory performance could have
been biased by participant’s prior expectations. We did
not prospectively ask our participants their expectations
for pain’s effect on memory, to avoid undue influence of
bringing this expectation to the forefront of participants’
minds prior to their performing the experiment. Our retro-
spective assessment of participants’ expectations revealed
a tendency towards more participants thinking that pain
enhanced their memory (see Supplementary Fig. 5).
However, this result should be considered informative or
exploratory, rather than definitive.

To further understand the observed effect of pain on
explicit memory, inference can be drawn from the litera-
ture on how modulated attention affects memory. Divided
attention can impair explicit memory in a variety of settings
(Mulligan 1998; Kilb and Naveh-Benjamin 2015). These
studies typically involve an overt distraction task during
memory encoding, such as identifying a string of aurally
presented numbers while trying to encode visually pre-
sented words (Mulligan 1998). Participants’ attention was
not specifically manipulated or quantified in the present
study. However, it is reasonable to infer that the experience
of severe acute pain is sufficiently distracting to impact par-
ticipant’s attention, leading to decreased memory for words
immediately followed by (and thus paired with) a painful
shock. Though performance on a working memory task was
not directly examined in this study, engagement of work-
ing memory resources, necessary for successful encoding
into long-term memory (Baddeley 2010), can be reduced
by other experimental events (Popov and Reder 2020). A
division of attention is consistent with a reduction in work-
ing memory resources available for encoding, specifically
binding the word items to experimental context.

Our previous study (Vogt et al. 2019) showed the low-
est recollection for No Pain Mixed words. Because of the
alternating pattern of presentation, all No Pain Mixed words
followed a pain stimulation, after a few second delay. To
better describe these potential aftereffects from pain stimula-
tion in the present study, we performed a secondary analy-
sis of memory for words that followed a pain-paired word.
Because the word lists were presented in different orders
for each of the three repetitions, the presence of a preceding
pain word was variable across the occurrences of each No
Pain Mixed word. To account for this design, we calculated
the percentage of time that a non-pain word followed a pain
stimulation. There were four possibilities for the frequency
that any word in the Pain Condition (both Pain Mixed and
No Pain Mixed) followed a shock: 0%, 33%, 67%, or 100% of
the time. Since there were fewer words categorized into the
67% and 100% bins, we also analyzed for effects comparing
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between words in two categories: 0% and the combined > 0%
incidence after a Pain Mixed word. With each of these com-
parisons, and conservative statistical analyses, no signifi-
cant differences for hit rates were detected for Remember
responses alone or the combined R +K responses. Finally,
we analyzed memory for words grouped based on the order
of presentation in the first word list only. This analysis pre-
sumes that this initial exposure may have more significantly
influenced memory encoding than the combined effect of
the two subsequent words presentations. Thus, we compared
hit rates based on each word’s position, relative to its most
proximate preceding pain-paired word. The small differences
in hit rate between these groups were not statistically sig-
nificant. Taken together, the reduction in recollection that
painful stimulation has for an experimental item it is paired
with (immediately follows) seems to outstrip any effect it has
on memory for experimental items that follow the pain by a
few seconds. If another experiment were performed with the
constraint of consistent positioning of Pain Mixed and No
Pain Mixed items relative to one another across three trials,
it would be possible to directly assess the effects of pain-
ful stimulation on both words that immediately precede it
and those that follow by some delay. This discrepancy illus-
trates the importance of considering how the timing of pain
stimulation in an experiment may impact explicit memory
results. We recommend that future investigations be verbose
in descriptions of this timing, as this specificity is lacking in
some of the previous relevant literature.

Encoding response times

As expected, response times decreased for all three word
types over the course of the three trials in the encoding por-
tion of the experiment. This result is an expected effect of
practice, whereby participants are responding faster as they
get more familiar with the task, and is in line with the results
of our previous study (Vogt et al. 2019). However, we did
not find any significant differences between word types for
the encoding portion of the study, suggesting that neither
pain-pairing nor pain context had an interaction effect on
speed of task response over time. Thus no response time
differences, as a measure of implicit memory, were demon-
strated in this paradigm.

Memory testing response times

We did not observe any significant response time differences
between the three different word types during the RKN
memory testing task. Because longer response times can
improve recognition accuracy, this consistency of response
times across conditions being compared indicates that the
differences observed in memory performance were not
confounded by differing amounts of contemplation when

participants were determining how to respond. Moreover,
longer response times for Know responses compared to
Remember responses are in line with previous results for
RKN testing (Rotello and Zeng 2008). This supports that our
participants understood the RKN task, and the differences
between Remember and Know responses are more reflective
of differences in recollection versus familiarity, rather than
a probabilistic measure of confidence.

Limitations

We agree with the dual-process model of recognition (Reder
et al. 2000), in which recollection and familiarity are viewed
as occupying distinct measures of explicit memory (Diana
et al. 2006), though we also recognize this theory is debated
(Wais et al. 2008). Additionally, some participants cer-
tainly gave differing proportions of Remember versus Know
judgements, which could either indicate broad variability in
memory strength across participants or differing levels of
understanding the RKN task, despite the measures taken to
mitigate any confusion and the constancy in RTs described
above.

Our experimental framework and results can also be con-
texualized with other related lines of memory research that
were not specifically addressed experimentally. Emotional
valence was not specifically controlled for and could vary
across participants for individual word items. However, as
words used in the experiment were drawn from a bank of 720
potentials, any individual memory effects from emotional
valence should be evenly distributed across experimental
items. As shocks occurred after each Pain Mixed word was
played, any effect on emotional valence should be mostly
attributed to the pain stimulation, rather than the word itself.
As participants could not predict nor directly influence the
timing of painful stimulations during this experiment, moti-
vation, punishment, or reward mechanisms were similarly
not the primary cognitive mechanisms being investigated.

Though the present study did allow for assessment of
temporal bidirectionality in the effects of pain on memory,
word presentation order was not specifically constrained to
maximize this comparison. As discussed above, word order
was randomized across the three list presentations, making
the relative proximity of non-pain words to painful stimuli
variable between experimental blocks. Our categorization
strategy for non-pain words, based on their frequency of
presentation following pain words, is inherently limited in
its predictive ability. This variability is exacerbated by the
small number of non-pain word items for which all three
presentations occurred after a word-shock pair. In fact, some
participants had no words meeting this criterion during their
experiment. This design feature is why words in the 100%
frequency bins in Fig. 7 have great variance and may not
reliably represent any ordering effects from previous pain
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stimulation. Though they are more numerous, words in the
33% and 66% frequency bins would inherently have a diluted
influence from any pain versus non-pain sequence effects.

Finally, other experimental design choices could have
also influenced the results. It is reasonable to presume that,
with fewer pain-paired items and an unpredictable pattern,
the interruptive effect of a shock on subsequent (non-pain)
items would have less of an impact on memory encoding.
The less frequent occurrence of painful stimulations could
also be expected to reduce the overall averseness of the Pain
Condition, but this was not specifically quantified by partici-
pant report in either of our studies. However, it is reasonable
to presume that the experimental framework of the study
reported here is more focused on the direct effect of pain on
item memory, rather than any general effects from an overall
painful experimental context.

Conclusions

Employing an experimental framework with an unpredict-
able pattern of periodic pairing of auditory word items
with painful electric shock, we used next-day recognition
RKN testing to determine pain’s effect on memory. Some
measures of recollection for words immediately followed
by shock was reduced, compared to two groups of non-pain
words: those heard intermixed with pain-paired words and
those heard in a completely pain-free context. This could be
consistent with the experience of pain consuming working
memory resources, due to a shift in attention away from
the word item. One limitation of this study is the vari-
able positioning of non-pain items relative to painful ones.
Future work that specifically controls for the ordering of
pain-paired and non-pain experimental items could help to
further clarify the temporal effects of memory impairment
surrounding the brief experience of acute pain stimulation.
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