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Abstract

Background: Severe postoperative pain not only is a considerable burden for patients but also leads to overpre-
scription of opioids, resulting in considerable health concerns. The remarkable development of new technologies in
the health care system provides novel treatment opportunities in this area and could exploit the additional placebo
effect, provide added value for patients, and at the same time support hospital staff. We aimed to test the pain- and
opioid intake-reducing effects of enhanced postoperative pain management by boosting pain medication by using a
technical application and/or augmented physician rounds.

Methods: In a four-arm, randomized clinical trial, 96 patients (24 patients per group) scheduled for a total knee
replacement (TKR) were randomized into four groups for four postoperative days: an “application”group (APP) with
information via an iPad-based application; a "doctor” group (DOC) with augmented physician rounds; a combina-
tion group (APP4+-DOC), which received both interventions; and a “treatment as usual” group (TAU) as a baseline with
no additional intervention besides the standard care which consists of standardized medication, regular physician
rounds, and physiotherapy. Postoperative pain and opioid requirements pre- and postoperatively until hospital dis-
charge were recorded.

Results: The difference between post- and preoperative pain was significantly different between the groups (P=.02,
partial n’=.10). APP+-DOC experienced greater postoperative pain relief than DOC (mean: 2.3 vs. 0.7, 95% Cl: 0.08—
3.09; P=.04) and TAU (mean 2.3 vs. 0.1;95% Cl: 0.69-3.71; P=.005), respectively, the difference compared to APP (mean
2.3 vs.1.7,95% Cl —1.98-1.76) was not significant. Opioid consumption differed significantly between groups (P=.01,
partial 02=.1 2). APP4-DOC (72.9 mg) and DOC (75.4 mg) consumed less oxycodone than APP (83.3 mg) and TAU (87.9
mg; 95% Cl: 2.9-22.1; P=.003). APP4+DOC consumed significantly less oxycodone than DOC (d=0.2-0.4). There were
no significant group differences in NSAID and Morphine sulfate consumption. Patients in APP+DOC were more satis-
fied with their treatment than patients in TAU (P=.03, partial nZ=.09).
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Conclusions: The combination of an innovative digital app, which implements open drug administration and aug-
mented physician rounds that support the doctor—patient relationship can significantly improve postoperative pain

management.

Trial registration: The protocol was approved by the local ethics committee of the ethical commission of the Ger-
man Psychological Society (Deutsche Gesellschaft fir Psychologie; DGPs). The study was registered at DRKS.de (identi-

fier: DRKS00009554).

Keywords: Opioid reduction, Pain management, e-Health, Open-hidden medication paradigm, Placebo effect,

Postoperative pain, TKR, Blended care

Background

Severe postoperative pain not only is a considerable
burden for patients but also leads to overprescription of
opioids, resulting in considerable health concerns [1, 2].
Given the current opioid crisis [3] which is character-
ized by opioid misuse and addiction, the postoperative
prescription of opioids needs to be minimized. Hence,
new treatment strategies to reduce opioid prescriptions
are urgently needed [2, 4]. The remarkable development
of new technologies in the health care system provides
novel treatment opportunities in this area and could pro-
vide added value for patients and at the same time sup-
port hospital staff and reduce costs [5, 6].

Opioid overuse usually starts immediately after sur-
gery [7]. However, no adequate and viable alternatives to
opioids exist, making it difficult to decrease their use [8].
Currently, there are no clear guidelines or ways to reduce
postoperative opioid prescriptions without increasing
postoperative pain [9].

Digital devices offer patients the advantage of access to
important information related to their health and pain
status; this can support the efficacy of their medication
intake. Digital medical devices could potentially integrate
the concept of “open medication” into the clinical routine
[10]. Open medication, in contrast to hidden medica-
tion, is characterized by overtly administered analgesics;
patients are fully aware of the type and amount of the
drug they are taking as well as its effects [11, 12]. Meas-
ures that improve the perception of a drug (e.g., sight
and smell) and the knowledge about it improve its effi-
cacy. This “additional placebo effect” is inherent in every
analgesic treatment [11]. However, it is questionable
whether the mere use of technical aids without interper-
sonal relationships is effective for treatment outcomes.
The patient—doctor relationship plays an important role
in open medication and consequently the efficacy of pain
management [13-15]. Augmented physician rounds,
where the physician pays added attention to the patients’
concerns, could also reduce postoperative pain and opi-
oid use and provide an additional placebo effect and thus
pain reduction above that inherent in the medication
[11, 12]. Therefore, the influence of enhanced physician

rounds should be investigated in the context of open
medication and postoperative pain to boost the analgesic
effect.

Exploiting the additional placebo effect is especially
important after surgeries from which patients experience
severe postoperative pain. Total knee replacement (TKR)
surgery is usually followed by severe pain for 15-30% of
patients [16]. To date, inpatient treatment as usual (TAU)
for TKR in our institution consists of medical treatment,
regular physician rounds, and physiotherapy for approxi-
mately 4 days. Together with other drugs, analgesics are
usually distributed through a drug dispenser labeled
“morning,” “midday,” and “evening”” Patients do not know
which of the drugs are the analgesics, and usually, they
do not receive specific information about exactly what
effects their pain medications have, when the effects
occur, and how long they last. Exact medication intake
times are not provided; thus, the true medication intake
has a high inter- and intraindividual variance.

Our aim was to improve the postoperative pain experi-
ence and to reduce opioid consumption in patients with
postoperative pain after TKR. Based on findings from
the research field of open medication, we investigated
whether openly administered medication implemented
through a newly developed digital application (app) com-
bined with augmented physician rounds leads to greater
pain relief (primary outcome), reduction in oxycodone
consumption, and an increase in self-rated treatment
satisfaction with postoperative medication (secondary
outcomes).

Methods
Trial design and oversight
This randomized controlled clinical trial (RCT) included
three treatment groups and one therapy as usual control
group (see the “Study design and materials” section).
These groups comprised 96 patients (24 patients per
group) undergoing TKR at a German hospital center in
Hamburg.

The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki, and the proto-
col was approved by the local ethics committee of the
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ethical commission of the German Psychological Society
(Deutsche Gesellschaft fiir Psychologie; DGPs). The study
was registered at DRKS.de (identifier: DRKS00009554).

Participants

Patients 18 years of age or older were eligible to par-
ticipate in the study if they were undergoing TKR due
to knee osteoarthritis. Patients were excluded if they
were cognitively impaired, had insufficient command of
the German language, had a diagnosed mental disorder
(according to the International Classification of Diseases,
Tenth Revision (ICD-10 [17])), when they declared that
they consumed opioids regularly, any consciousness-
impairing substances (e.g., psychoactive drugs, includ-
ing illegal drugs), or suffered from pain requiring a
special causative medical treatment (e.g., cancer-related
pain). All participants participated voluntarily; they were
informed about the study and provided written informed
consent. Furthermore, only one patient per hospital
room could participate in the study to exclude potential
positive or negative effects by observing a roommate.

Anesthesia and postoperative standard treatment and care
(therapy as usual)

All patients included in the study received the standard
operating procedure of anesthesia and postoperative pain
management, which included general anesthesia or spinal
local anesthesia, physician rounds, postoperative physi-
otherapy, and postoperative pain medication according
to the German Guidelines (AWME, Version 2016). Anes-
thesia was standardized and equal between groups. The
patients were able to self-determine their pain medica-
tion intake within predetermined maximum limits, and
the medications included conventional NSAID/COX-
2-selective inhibitors, paracetamol, and opioids and mor-
phine sulfate. However, patients had the option to deviate
from this regimen on an individual basis and take less
medication if pain was less severe. In the case of insuffi-
cient pain relief, patients had the option to request more
analgesics. In consultation with the physician, NSAIDs
and oxycodone intake could then also be increased on an
individualized basis (PRN) and was therefore defined as
the second outcome. In our study, all groups received the
same type of anesthesia (see Table 1); only the interven-
tions to be studied varied among the four groups.

Study design and materials

To investigate the additive and synergistic effects of digi-
tal health and augmented physician rounds, we imple-
mented a 2x2 full factorial study design (Fig. 1). This
study design is thus far the only possibility to examine
the effects of two new interventions (APP and DOC)
separately and in their interaction (APP4+DOC) in
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comparison to the standard procedure (TAU). Moreover,
we investigated another group to control for a potential
bias effect deriving from the circumstance that the app
reminded the patients to take their medication at exact
time points. In this group, the patients also received
their medications on a time-contingent basis but with-
out APP and DOC. Since this group did not differ from
the TAU group and had no influence on the results, we
did not include it in the following presentation of the
results in favor of a more concise presentation of the
study. However, the results can be found in the appendix
(see Doc S1).

The treatment phase lasted for four postoperative days,
beginning the first day after surgery. Patients received
their postoperative pain medication openly in the APP,
DOC, and APP+DOC treatment groups.

Open medication was implemented either through
augmented physician rounds and/or a specific app devel-
oped for the study (Fig. 1). The treatment groups (in con-
trast to the control group) were provided with detailed
information through the app, the physician in a personal
atmosphere, or both. This information enabled patients
to understand the effects of their pain medication in
detail and to anticipate the course of action over the next
few days.

APP: Open medication via the iPad app

The patients in the first treatment group (APP) received
written and visualized information about their pain med-
ication via the newly developed digital app (Fig. 1). The
app enabled patients to predict their pain progression and
their pain reduction as a result of taking pain medication.
The app asked that the patients confirm intake of the
medication and generate a prognostic curve of its anal-
gesic effects based on its pharmacokinetics. The prognos-
tic curve was visualized on an iPad screen (Fig. 1), and
this forecast of the analgesic effects of the drugs allowed
the patient to develop certainty about the course of their
pain in the next hours. In addition, it reminded patients
of specific times to take their medications.

DOC: Open medication via augmented physician rounds

In the second treatment group (DOC), the same informa-
tion, but without any visualization, was conveyed via the
physician for five minutes daily. He was a staff member of
the clinic where the TKR was performed and the study
physician of our research team. During his enhanced
physician rounds with the patients in the DOC, he
responded emphatically and individually to the patients
and encouraged them to ask any questions, including
questions about their surgery and pain medications.
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Table 1 Demographic baseline characteristics®?
Variable APP DOC APP+DOC TAU p
(N=24) (N=24) (N=24) (N=24)
Demographics
Age — year 65+ 12 69+9 66+ 9 71+£8 .08
Female sex — no. (%) 14 (58) 14 (58) 14 (58) 14 (58)
Clinical knee pain
Preoperative clinical knee pain without analgesics — NRS 63+ 16 70+19 66+ 19 63+27 63
Missing — no. (%) 14) 0(0) 0(0) 14
Acute knee pain
Preoperative acute knee pain one day prior to surgery — NRS 43424 35+£26 45425 31626 25
Missing — no. (%) 4017) 2(8) 3(13) 5(21)
Expectation about postoperative pain
Expected knee pain with analgesics — NRS 40+£22 29+£23 45+28 30£22 20
Expected wound pain with analgesics — NRS 35+26 32430 24+25 25+24 39
Missing — no. (%) 1(4) 0(0) 0(0) 0(0)
Self-rated functional capacity
Subjective functional capacity without analgesics — NRS 6.1 £21 70+£28 6.1 £30 63+22 .58
Missing — no. (%) 1(4) 0(0) 0(0) 14
Self-rated physical functional capacity: expectations
Expected functional capacity with analgesics — NRS 49+30 44+32 46+27 48+26 96
Missing — no. (%) 1(4) 1(4) 14 0(0)
Questionnaires
i Lequesne Index (questions related to pain, ability to walk, and coping with everyday 11.8 +3.7 123445 134+37 131438 52
ife)
Missing — no. (%) 0(0) 2(8) 2(8) 3(13)
PHQ—4 (health questionnaire for patients consisting of the PHQ-2 and GAD-2)
PHQ-2 — no. (%) (questions related to depression) 68
<3 17.(71) 18 (75) 16 (67) 16 (67)
>3 5(21) 3(13) 5(21) 2(8)
Missing — no. (%) 2(8) 3(13) 3(13) 6 (25)
GAD-2 — no. (%) (questions related to generalized anxiety) 85
<3 21(88) 19 (79) 17(71) 18 (75)
>3 1(4) 28 3(13) 28
Missing — no. (%) 2(8) 3(13) 4017) 4017)
FSS (questions related to pain-related self-instructions)
Catastrophizing self-instructions 14+£10 13£12 14+£11 13£11 96
Missing — no. (%) 2(8) 3(13) 3(13) 4(17)
Active coping self-instructions 2613 24+£13 24+13 27+£12 83
Missing — no. (%) 2(8) 2(8) 2(8) 3(13)
Stanford Expectations of Treatment Scale (SETS)
SETS positive expectations 22+08 26+09 21+07 2441 .38
Missing — no. (%) 0(0) 2(8) 3(13) 4(17)
SETS negative expectations 50£13 49+14 49+14 45£15 69
Missing — no. (%) 1(4) 2(8) 3(13) 4(17)
Medication scheme
Standard 20 20 19 23
Metamizole intolerance 1 1 2 0
Renal insufficiency 3 3 3 1
Anesthesia
General anesthetic (%) 9(38) 9(38) 6(25) 2(8)
Spinal anesthesia (%) 15(63) 13 (54) 18 (75) 20 (83)
Missing — no. (%) 0(0) 2(8) 0(0) 2(8)

2@ Baseline characteristics are related to preoperative pain (NRS), postoperative pain expectations (NRS), functional capacity, self-reported disabilities (Lequesne Index),

questions related to depression (PHQ-2), generalized anxiety (GAD-2), pain-related self-instructions (FSS), and treatment expectations (SETS)

b Baseline data are based on the full population indicated in the column headings. If data regarding the baseline characteristics was not available for all patients, the
missing numbers for these characteristics are presented in the lines labeled “missing.” The characteristics of the patients at baseline were well balanced between all

trial groups. Percentages may not total 100 because of rounding. Plus-minus values are standard deviations (SDs)
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APP-+DOC: Open medication via the iPad app

and augmented physician rounds

In the third treatment group (APP4+DOC), information
was conveyed via the app and the responsible physician
(augmented physician rounds). In this group setting, the
physician provided information about pain medication
tailored to individuals and visualized its pain-reducing
effects by using the prognostic curve of the iPad app.
Moreover, he responded emphatically to patients’ anno-
tations and encouraged them to ask further questions.

TAU: Therapy as usual

In contrast, patients in the control group received
medication through standard hospital procedures; this
involved the use of a medicine dispenser of the standard
hospital medicine dispenser labeled “morning,” “midday,’
and “evening” The patients received standard physician
rounds without tailored information. TAU was used to
provide a baseline against which the additional benefit of
the investigated intervention could be determined.

Course of the study

The course of the study can be comprehended in more
detail in the study protocol (Doc S2). Eligible patients
were informed about the study one day prior to sur-
gery. After they had signed the informed consent, the
first interview was conducted. This interview collected
demographic information, pain ratings, physical func-
tion capacity, and the patient’s expectations regarding
postoperative acute knee pain. Next, the 96 patients were
randomly assigned to one of the four groups (24 patients
per group) and received a preoperative questionnaire
that assessed preoperative pain, expectations about post-
operative pain, physical functional capacity and status,
self-reported disabilities, and questions with respect to
depression, generalized anxiety, pain-related self-instruc-
tions (catastrophizing), and treatment expectations
(Table 1). After the baseline assessment, patients were
assigned to their treatment group and informed about
it. After the surgery, patients received their treatment
according to their group allocation. Based on medical
guidelines, all patients received metamizole (dipyrone),
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Table 2 Standardized medication plan for postoperative analgesics
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Medication plan Medication Frequency of Active ingredient  Total quantity Total quantity
intake (per day) quantity (mg) per day (mg) for 4 days (mg)
Standard Metamizole (Dipyrone) 4 500 2000 8000
Celecoxib 2 200 400 1600
Oxycodone 2 10 20 80
Morphine (rescue medication) Max. 6 10 Max. 60 Max. 240
In case of metamizole (dipyrone)  Paracetamol 8 500 4000 16,000
intolerance Celecoxib 2 200 400 1600
Oxycodone 2 10 20 80
Morphine (rescue medication) Max. 6 10 Max. 60 Max. 240
In case of cardiac insufficiency Metamizole (Dipyrone) 4 500 2000 8000
Ibuprofen 3 600 1800 7200
Oxycodone 2 10 20 80
Morphine (rescue medication) Max. 6 10 Max. 60 Max. 240
In case of renal insufficiency Metamizole (Dipyrone) 4 500 2000 8000
Oxycodone 2 10 20 80
Morphine (rescue medication) Max. 6 10 Max. 60 Max. 240

celecoxib, oxycodone, and morphine (rescue medication)
as postoperative analgesics. The only deviations in stand-
ard medication were for known preexisting conditions
(Table 2). All patients received their medication accord-
ing to the scheme, and potential deviations did not differ
between the groups (see Table 1). Therefore, the treat-
ment regimen did not affect the results or the conclu-
sion. During the inpatient stay, all patients completed a
pain diary in which they indicated their pain ratings for
four consecutive days, beginning the first day after sur-
gery. Finally, a concluding interview assessed postopera-
tive pain ratings and functional capacity. Furthermore, all
patients reported their satisfaction about the pain treat-
ment that had been provided.

Trial procedures

All patients were randomly assigned to one of the four
groups. Group assignment was performed by an inde-
pendent researcher who was not related to the study and
who randomly drew pieces of paper from four piles that
were stratified by age and sex ((1) female and < 70 years
of age; (2) male and < 70 years of age; (3) female and > 70
years of age; and (4) male and > 70 years of age). To elimi-
nate unintended bias, all the pieces of paper were folded
and were identical from the outside. The group alloca-
tion was communicated to the researcher after the base-
line assessment. Regardless of their group allocation, all
patients received the usual care, which included hospi-
talization for 4 days after the surgery, analgesics accord-
ing to medical guidelines, standard physician rounds, and
physiotherapy. The healthcare staff (nurses, physiothera-
pists, physicians) of the clinical routine care were not

informed and therefore not aware of the group allocation.
Patients in the APP groups (APP, APP+DOC) were asked
at the fourth day after the surgery if they made use of the
information system.

Outcomes

We tested the interventions with patient-related outcome
measures. The primary outcome was self-documented
average postoperative knee pain for 4 days following the
TKR rated on a numerical rating scale (NRS; 0 = no pain;
10 = worst pain imaginable). Hence, the course of pain
based on the pain ratings (morning, midday, and even-
ing) for four consecutive postoperative days was ana-
lyzed. Additionally, pain relief was assessed by calculating
the difference between the pain level one day prior to the
surgery (directly after admission) and the pain level expe-
rienced on the fourth postoperative day. This outcome
measure was chosen because preoperative pain influ-
ences postoperative pain and the desire for pain relief.
Hence, postoperative pain is not independent of pre-
operative factors and should be analyzed in accordance
with that context. Baseline pain values should be assessed
to have an indicator against which potential treatment
effects can be assessed [18].

Secondary outcomes postoperative  oxyco-
done consumption and self-reported treatment success
regarding expectation fulfillment. The daily course of
oxycodone prescription (in mg) was evaluated to assess
oxycodone consumption. Additionally, NSAID and mor-
phine sulfate consumption was analyzed. Treatment sat-
isfaction was analyzed through self-reported treatment
expectations before the surgery and with the Stanford

were
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Expectations of Treatment Scale (SETS) and questions
about treatment satisfaction after the surgery [19].

Statistical analysis

The statistical analysis can be reproduced in more detail
in the statistical analysis plan (Doc S3). A power analy-
sis, calculated with G*Power [20], yielded a sample size
of 76 to 112 patients for an expected small to medium
effect size of 0.4—0.5, two measurement time points, four
groups, a level of significance of a=0.05, and a power of
0.95. Thus, we included 24 patients per group for a total
of 96 patients. Data are reported as the means with 95%
confidence intervals (Cls) unless otherwise specified. We
performed a univariate analysis of variance (ANOVA)
to determine differences in pain reduction on a NRS
after surgery. For all other analyses, we used a repeated
measures analysis of variance (rANOVA) to determine
changes on a NRS or consumption in mg over time. The
Greenhouse—Geisser or Huynh-Feldt correction for
the F test was used to adjust the degrees of freedom for
deviations from sphericity. Hence, the results revealed
the interactive effect of time (postoperative days) and
group. For significant main and interaction effects,
exploratory post hoc analyses for significant results were
derived from Fisher’s least significant difference (LSD)
tests. Hence, we were interested in comparing all stud-
ied groups with each other. For the primary outcome, the
multiple imputation method for missing observations
was conducted after assessing whether the data were
missing at random. For all performed analyses, two-sided
P values of P<.05 were considered statistically signifi-
cant. To account for multiple comparisons, Bonferroni
corrections were applied. Analyses were performed with
IBM SPSS Statistics software, version 27.0 (IBM Corp.,
Armonk, NY, USA).

Results

Characteristics of the participants

From October 2015 to March 2019, a total of 96 patients
(n=24 patients per group) at the Centre for Orthopedics
and Trauma Surgery in Schoen Clinic Hamburg Eilbek
were randomly enrolled into four groups (see CONSORT
flowchart; Fig. 2 and Doc S4). Overall, the four groups
were balanced with respect to their baseline characteris-
tics (Table 1).

Primary outcome

The primary outcome comprises the course of pain over
the four consecutive postoperative days. All 96 patients
completed the pain ratings in the pain diary. All patients
experienced less pain over time within the first four post-
operative days (P<.001, partial ° =.35; Fig. 3B). However,
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the course of pain did not significantly differ between
groups (P=.87, partial #°=.02). The relief of postopera-
tive knee pain assessed on an NRS (0-10) significantly
differed between groups (P=.02, partial n?=.10). Spe-
cifically, the patients in APP4+DOC had a significantly
greater reduction in pain than the patients in DOC
(P=.04) and TAU (P=.005; 95% CI: 0.08-3.09; Fig. 3A).
APP+DOC experienced 2.3 points less pain (on the NRS)
than their preoperative pain ratings, while APP experi-
enced 1.7 points less pain, DOC reported 0.7 points less
pain, and TAU experienced 0.1 points less pain than their
preoperative pain ratings (Fig. 3A).

Secondary outcomes

The course of oxycodone consumption significantly dif-
fered between the groups in the four postoperative days
(P=.03, partial n?=.04; Fig. 3C). The groups did not sig-
nificantly differ in oxycodone consumption on the first
day (P=.26, partial n?=.04). However, on the second day
(P=.048, partial n?=.08), third (P=.007, partial n>=.12)
and fourth day (P=.02, partial n?=.11), the groups with
physician support (DOC and APP+DOC) consumed
significantly less oxycodone than the groups without
physician support (APP and TAU) (Fig. 3C). In addition,
APP+DOC consumed less than DOC on the second
postoperative day (difference between APP+DOC and
DOC: Cohen’s d=0.4).

The medication schedule provided up to a maximum
of 20 mg of oxycodone daily (in 4 days, a total maximum
of 80 mg of oxycodone, Table 1). The average quantity of
oxycodone consumption significantly differed between
groups (P=.01, partial n?=.12; Fig. 3C). Specifically,
TAU consumed significantly more oxycodone than DOC
(P=.01; 95% CI: 0.79-5.46) and APP4+DOC (P=.002; 95%
CI: 1.42-6.09). Moreover, APP+DOC showed lower total
oxycodone consumption than DOC, with an effect size of
Cohen’s d=0.2.

A trend a significant interaction between group and
time was shown in the ratings for treatment expecta-
tion (P=.065, partial #°=.09). The post hoc tests revealed
a significant difference between APP+DOC and TAU
(P=.03), with APP4+-DOC patients indicating higher sat-
isfaction with their treatment than TAU. Novalgin (F(6,
185)=0.95, P=.46), Celebrex (F(3,92)=1, P=.40), and
morphine sulfate (F(2.4, 184)=0.58, P=0.77) did not dif-
fer significantly between groups.

Additionally, the equal number of patients in the APP
and APP+DOC groups made use of the information sys-
tem in the APP. No patients declared the information
system in the APP as negative. Furthermore, a similar
number of patients declared the information system as
positive.
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Fig. 2 Flowchart of patients in a study of the effects of open medication in patients receiving a total knee replacement

Discussion
Our results reveal that the newly developed digital
health app, which facilitates open medication, signifi-
cantly supported postoperative patient-oriented phy-
sician rounds. However, the combination of physician
rounds with the use of the app led to considerably
stronger postoperative pain relief and significantly less
oxycodone consumption. Moreover, the app assisted
the patient-oriented physician rounds, resulting in
higher treatment satisfaction compared to treatment
as usual alone. The app and patient-oriented physician
rounds led to greater benefits when used in combina-
tion than when used alone. For clinical application, it
is therefore advantageous to supplement this technical
resource with personal contact with the physician.
Digitization and technology are increasingly domi-
nating our healthcare system, and e-health inter-
ventions are becoming more and more important in
medical treatment [21, 22]. However, there are also
concerns that the use of digital apps could come at the
expense of interpersonal relationships. As our data
demonstrate, digitized and technical tools can have a
positive influence on pain treatment outcomes when
they provide patients with important information
about their prognostic course of pain. One explanation

could be that e-health applications enable patients to
be more involved and take a more active part in their
own treatment [23]. Thus, e-health interventions are
also increasingly applied in the perioperative context
to prepare patients for surgery [24—26]. Most of these
digital applications are developed to deliver only edu-
cational or generic information to patients. Addition-
ally, digital tools exist to assist practitioners [27, 28]. To
date, no digital application that supports patients in the
perioperative pain setting has been developed and sci-
entifically validated or investigated in the context of the
patient—physician relationship. According to our data,
pain medication showed significantly improved effec-
tiveness when the interaction between the app and aug-
mented physician rounds was exploited.

Postoperative pain decreased for all patients but did not
significantly differ between groups. However, postopera-
tive pain was compared to preoperative pain, APP+DOC
experienced significantly greater pain relief than DOC
and TAU. The difference between pre and postoperative
pain in TAU was very small. Other studies often ana-
lyze the difference of preoperative pain and pain a cou-
ple months after the surgery and can therefore hardly be
compared to our results [29, 30]. However, the higher
reductions of pain in APP+DOC and APP correspond to
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our hypotheses. Moreover, the course of oxycodone con-
sumption significantly differed between groups beginning
on the third day after surgery. In particular, APP+DOC
and DOC consumed approximately 20% less oxycodone
than the other two groups. Additionally, satisfaction with
treatment expectations and perceived treatment success
differed between APP+DOC and TAU. These outcomes
support the idea that digital and personal interactions
work in a synergistic manner [10, 31].

There are several explanations for the outcomes of the
study. By implementing different strategies to admin-
ister analgesics, we may have enhanced positive treat-
ment expectations. This is important because treatment
expectations strongly influence treatment outcomes [11,
32-37]. Previous research has demonstrated that the pla-
cebo effect of analgesics is up to 50% [38]. To build upon
positive treatment expectations, we involved the patients
in their perioperative treatment. The patients received
information from their physician and the app; they were
provided written and visual information about their
medication via the app and were asked to confirm their
medication intake. Confirmation of medication intake
facilitated the prognostic curve and the visualization of
the drug’s effects. The patients in DOC received the same
information (without the app visualization) through their
physician. Another explanation for the study outcomes
may be the reduction in uncertainty [39]. The app may
have conveyed a sense of certainty by providing infor-
mation about medication intake times, information
about analgesics, and a predictive curve to visualize the
effects of the analgesics. Uncertainty may also have been
reduced in the groups that were supported by patient-ori-
ented doctor rounds. During these augmented physician
rounds, the patients were asked to express their concerns
and ask questions. The physician built a trust-based rela-
tionship with the patients and clarified any uncertainties.
Additionally, the physician could modify expectations
and directly respond to concerns (e.g., by changing the
dose of analgesics). The results are consistent with other
studies showing that additional face-to-face physician
contact leads to more positive outcomes [40].

The patients in this study were on average 68 years old.
Some patients who would have otherwise been eligible
could not be included in the study due to age-related
cognitive impairment. However, the included patients
represent a typical sample of patients who undergo TKR.
Despite the advanced age of the patients, utilization of
the app was not problematic.

Digital tools developed to help manage acute postop-
erative pain are numerous [41], although empirical evalu-
ations of their effects are lacking. We showed that digital
tools are feasible and effective to improve the treatment
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of postoperative pain. Furthermore, we demonstrated
that open medication, which is a well-investigated
approach in the exploitation of placebo effects [42, 43]
that are inherent in every analgesic medication [44—49],
was superior in an RCT involving patients with post-
operative pain. Previous RCTs on open medication [34,
50, 51] investigated patient—clinician communication
as a contextual factor and its additional impact on anal-
gesic outcomes [38, 52-55]. To date, there has not been
an RCT that has investigated the technical context of
open medication. Hence, our approach reveals that open
medication can be implemented via technical means to
improve analgesic outcomes in experimental trials and
clinical treatments.

Some limitations of the current study should be noted.
First, oxycodone consumption was assessed only dur-
ing hospitalization. Hence, no statement about the
further course of oxycodone prescription and con-
sumption can be made. A further limiting factor is that
patient expectations were assessed only before they were
assigned to their group. Therefore, it cannot be evalu-
ated whether the knowledge of group allocation alone
influenced treatment expectations. The interaction effect
between treatment expectation, treatment satisfaction,
and group assignment showed a trend towards with the
post hoc tests revealing a significant difference between
APP+DOC and TAU. This indicated that the groups dif-
fered in treatment satisfaction. The results on treatment
satisfaction need to be substantiated in a study with a
larger sample size. We assessed postoperative pain in
average and did not differentiate between “pain at rest”
and “pain during activity” Due to the reason that patients
remarked that their pain differed at rest and during activ-
ity, further studies should distinguish between “pain at
rest” and “pain during activity”

Our trial contributes to the current research on meth-
ods to reduce postoperative oxycodone consumption
without increasing postoperative pain. Given the pre-
sent opioid crisis, which is based on opioid misuse and
addiction [2, 4], the prescription of oxycodone should
be minimized without risking an increase in pain. This
would not only be beneficial for patients but could also
save medical and economic resources [56, 57]. At this
time, the opioid crisis can be traced to the postoperative
overprescription of opioids [7]. Therefore, a reduction in
oxycodone intake in the first days after surgery would be
of great benefit to patients and help to reduce the opi-
oid crisis. However, the elimination of opioid use cannot
easily be realized due to the lack of alternatives. There
are no clear guidelines or methods for reducing postop-
erative opioid prescriptions without risking increased
postoperative pain [9]. The results of this study could
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support an innovative approach to optimal postopera-
tive pain management.

Conclusions

In conclusion, this study reveals that patient-centered
digital tools can support postoperative pain manage-
ment and enhance postoperative outcomes, but they can-
not replace the effects of augmented physician rounds.
The best results were achieved by combining the use
of a digital tool (specifically, the app developed for this
study) that enhanced open medication and influenced
medical treatment expectations with insightful care from
the physician to reinforce treatment expectations, estab-
lish a relationship based on trust, and clarify uncertain-
ties. The face-to-face, personal contact contributed to an
interactive improvement in treatment outcomes and, by
combining the strength of the digital tool and patient-ori-
ented doctor contact, improved treatment.
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