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Abstract

Obj ective: Pharmacogenomics can optimize therapeutic outcomes while minimizing adverse
events. However, barriers like the lack of trained healthcare professionals impede its widespread
adoption. To address this challenge, we developed the PharM e app to return pharmacogenomic
results to patients, facilitated by Anni, a custom annotation interface.

Materialsand Methods: All components were developed user-centered; patient content was
created by experts with Anni, based on CPIC and FDA guidelines. PharMe's usability was tested
in aremote pilot, asking users to perform tasks and give SUS and star ratings. A power user
delivered in-depth, qualitative insights.

Results: PharMeis available for iOS and Android in English and includes information for 17
genes and 159 medications. Anni allows the consistent, multi-lingual annotation of guidelines
with patient-friendly formulations. PharMe securely loads laboratory results, displays
personalized annotated guidelines, and includes phenoconversion. Pilot testers finished most
tasks successfully; on average, PharMe received 4.1 stars and a SUS score of 82.86. Feedback
collected in all test sessions was incorporated into the current PharMe version.

Discussion: While the remote pilot testing has limitations like a small sample size and (digitally)
literate participants, it showed that PharMe is a valuable, understandable, and easy-to-use system.
PharMe isassessed in aclinical validation study in a more diverse population. In the future,
PharMe and Anni could support further guidelines and data formats.

Conclusion: We developed a novel and user-friendly system to return pharmacogenomic results
to patients and scale the clinical adoption of pharmacogenomics, supporting trained clinical

experts. PharMe and Anni are designed to use transparent and standardized content based on
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46  published guiddines, be agnostic to pharmacogenomic data sources, and be flexibly deployed

47  globally in different settings and ingtitutions.

48
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| ntroduction

Adverse drug reactions are among the top ten leading causes of death and disease in developed
countries.[1,2] For about 50 percent of the population, some commonly prescribed medications
are ineffective.[3] Pharmacogenomics (PGx) has the potential to improve medication efficacy and
safety significantly and can optimize therapeutic outcomes while minimizing adverse events.[4—
6] However, many barriers impede its widespread adoption, such asthe lack of trained healthcare
professionals to adopt PGx into routine practice.[5,6] For example, at the Mount Sinai Health
System in New York, consisting of eight hospital campuses with more than 9,000 physicians,[7]
as of January 2025, only a dozen clinical pharmacists are trained to counsel patients following
PGx testing. Additionally, Haga et al. [8] note that while patients generally view PGx testing
positively and consider it valuable, the results must be effectively communicated by providers
and made shareable across healthcare ingtitutions.

To address this challenge, we developed PharM e, a mobile application designed to deliver PGx
results directly to patients, supported by Anni, a custom-built, novel annotation interface. This
approach ams to expand the practical use of PGXx testing by reducing the need for time-intensive,
in-person counseling with trained PGx experts.

M obile applications have already been shown to improve patient outcomes in nutrition,
cardiology, mental health, chronic disease management, and physical therapy.[9-12] In addition,
digital tools have proven effective in communicating genetic results to patients.[13,14] While
several services exist for returning PGx results in pharmacogenomics, most are designed for
healthcare professionals rather than lay users,[15] such as PharmGKB’s DNA-Driven Rx tool
[16]. Lipschultz et al. [17] implemented an administrative dashboard for generating patient

summaries linked to a mobile-optimized, web-based patient portal. This portal displayed the
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summaries along with atraffic light system (red, yellow, green) and was integrated into an
existing clinical decision support system. In evaluations of the portal, Truong et al. found that the
portal accessimproved patients' knowledge, understanding, and perceptions of PGx.[18] Patients
also expressed a strong preference for a well-designed, secure portal that could be accessed via
mobile devices and easily shared with their healthcare providers.[19] Blagec et al. [20] proposed
the Medication Safety Code (M SC) system — a QR code representing patients' PGx profile that
can, e.g., be printed on a personalized card the size of acredit card and be kept in patients
wallets. Healthcare providers can then scan a patient’s card and find information personalized for
the patient in a web-based portal. As part of the U-PGx project, the PREPARE study utilized
cards based on the M SC system to support clinical implementation of PGx across Europe,
addressing challenges related to interoperability and data exchange between institutions.[21,22]
Also, several commercial direct-to-consumer (DTC) testing companies offer PGx testing,
although coverage of genetic variants and the interpretation guidelines used can vary
significantly.[ 23] For example, 23andMe [24] began offering FDA-approved PGx reportsin 2018
[25] without requiring physician consultation. These reports cover genes such as CY P2C19,
DPYD, and SLCO1B1, aswell as associated medications like clopidogrel, citalopram, and
simvastatin. In contrast, companies like Pharmazam [26] Veritas[27] and Color [28] offer direct-
to-consumer PGx testing through a hybrid model that involves physician ordering.

With PharMe, we aimed to develop a mobile platform for returning PGx test resultsto patientsin
atransparent, user-friendly format. The app is designed to present information that is easy to
understand, grounded in published clinical guidelines, and compatible with a variety of PGx data
sources — making it adaptable across different healthcare settings and institutions. Anni, our
annotation interface, was devel oped to support creating patient-facing content by leveraging

published guidelines, promoting consistency through reusable phrasing, and enabling
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96 multilingual support. This paper presents the design and implementation of the PharMe app and

97 theAnni interface, along with initial findings from a usability evaluation.
98 Materials and Methods

99  Creation of User-Facing PGx Guideline Annotations

100 Toimprove the accessibility of expert-facing PGx guideline content, we devel oped annotations
101  with patient-friendly language to enhance understanding among lay users. In theinitial phase,
102 A.0.0.-—aPGx expert with experience in PGx counseling — collaborated with two final-year
103 PharmD students to curate a spreadsheet. This spreadsheet included roughly 100 drug-gene pairs
104 listed in rows, with associated phenotypes drawn from various guidelines arranged in columns.
105 The curation and review process took a considerable amount of time, most of it searching for data
106 from CPIC and other guideline sources. Moreover, the data was highly redundant and included
107  many typographical errors and inconsistencies in formulations due to human error. Maintaining
108 and updating the original dataset was challenging due to its complex structure and large number
109 of columns, which made editing cumbersome. Additionally, the format only allowed data entry
110 for single drug-gene pairs, making it unsuitable for representing guidelines involving multiple
111  gene-phenotype combinations. The two-dimensional table layout also lacked the flexibility to
112  accommodate multilingual annotations, which required manual translation. To address these

113 limitations, we developed Anni through close collaboration between software engineers and PGx
114  experts. We reconstructed and updated guideline annotations in Anni using the information from
115 theoriginal spreadsheet and implemented a formal review and publication workflow for the new
116  annotations. Anni incorporates guideline information from the Clinical Pharmacogenomics

117  Implementation Consortium (CPIC) and the U.S. Food and Drug Administration (FDA). Generd
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118  drug information was obtained from publicly available resources such as drug labels and

119 DrugBank [29].
120 PharMe Design and Prototype Devel opment

121  Aninitial PharMe app prototype was created as part of a student project at Hasso Plattner

122  Institute in Potsdam, Germany, from August 2021 to July 2022, in collaboration with the Mount
123 Sinai Health System. Weinitially created a PretoVid* [30], which summarizes the rationale

124 behind PharMeto assess preliminary user and expert feedback and attitudes towards the tool.

125 Based on the findings, we designed app-wireframes and evaluated those again with users and

126  experts (al interview guides are available in Supplementary Material S1). The initial app

127  prototype was then devel oped based on this feedback and comprised most of the functions and
128  design elements available in the current version. Preliminary validation of PharMe was conducted
129  during aWorld Café [31] format workshop in Oldenburg, Germany, to evaluate PharMe's

130 usability and perceived usefulness (see Supplementary Material S2 for the discussion guide). This
131  workshop was conducted as part of the Health-X dataL OFT project [32]. To further assess the
132  app’sgenera usability and functionality, a remote pilot test was carried out with diverse users
133 from Germany and the US, including colleagues, friends, and acquaintances. Participants

134  recelved instructions viaemail, including a survey link to Google Forms (see Supplementary

135 Material S3), credentialsto accesstest data, and ingtallation ingtructions for PharMe via

136 TestFlight (iOS) or a Firebase test link (Android). The survey was based on the World Café guide
137  and instructed testers to execute different tasks using PharMe and to provide feedback for every
138  screen. After testing, participants were asked to rate the app with a short explanation of their

139 rating and complete the System Usability Scale (SUS) [33]. Five-point Likert-type scale answers

¥ https://www.youtube.com/watch/=iBCY nf 5oxc
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140 areconverted to SUS scores ranging from 0 to 100; SUS scores were interpreted using the Sauro-
141 Lewiscurved grading scale (CGS) [34]. After the remote pilot testing exercise, we collected app
142  feedback from more in-depth power user testing. We shared the app with a New York-based, 70-
143  to-80-year-old Mount Sinai patient who had conducted PGx testing before and has a background
144  intesting digital products. The tester followed the remote pilot testing protocol and explored the
145  app independently beyond the protocol. We collected her feedback viaemail and a video call. The
146  current version of the app being described here has suggestions and input from the user testing

147  sessionsincorporated.

148 Results

149 Included Guideline Data

150 To date, PharMeincludesinformation for 17 genes and 159 medications (see Supplementary

151 Material S5). Thisincludes drug-gene pairs from CPIC guidelines [35] with level A or B

152  (“prescribing action recommended” [36]) and FDA Table of Pharmacogenetic Associations [37]
153 for medications that are not already included in CPIC guidelines with “data support for

154  therapeutic management recommendations’ or “potential impact on safety or response”. Notably,
155 weonly include guidelines for genes supported by the CPIC application programming interface
156  (API) [38], namely RYR1, CYP2D6, TPMT, CACNALS, SLCO1B1, G6PD, CYP3A5, HLA-B,
157 CFTR,ABCG2, CYP2C19, DPYD, MT-RNR1, UGT1A1, CYP2B6, HLA-A, CYP2C9, and

158 NUDTI15. Moreover, for theinitial app version being validated in the ongoing study, we excluded
159  genesnot covered in the AccessDx PGx Profile[39], i.e., RYR1, CACNALS, CFTR, and MT-
160 RNRI1. Additionally, we have included CPIC level C (“published studies at varying levels of

161 evidence[...] but no prescribing actions are recommended” [36]) medications; seven CY P2D6

162 inhibitors without guidelines, namely bupropion, quinidine, terbinafine, abiraterone, cinacalcet,
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163  lorcaserin, and mirabegron; and three CY P2D6 inhibitors with guidelines, i.e., fluoxetine,
164  paroxetine, and duloxetine, to enable phenoconversion. The information in the app reflects CPIC

165 and FDA resources available as of May 16, 2025.
166  Software Components

167  Figure 1 depicts the software architecture components and the data flow between them: the

168 Annotation Interface (Anni), PharMe, a patient health data source, and Scio, an additional module
169 to assess user comprehension. All PharMe-specific components are included in the open-source
170  PharMe mono-repository on GitH ub®,

171  Annotation Interface (Anni)

172  PGx experts can use Anni to view and annotate medications based on published PGx guidelines,
173  utilizing pre-defined text bricks that can be made available within the app (Figure 2). Anni isa
174  web-based application built with Next.js[40] and a MongoDB [41] document storage, providing
175 aREST API to query the current annotation version and data.

176  Medications and corresponding guiddines were uploaded using the CPIC API and a custom

177  repository  for additional guidelines, such as the FDA table. For each phenotype of a gene-drug
178 combination, annotations for the clinical implication, PGx-guided recommendation, and warning
179 level (green, ydlow, red, none) can be added while viewing the corresponding guideline (see
180  Figure 2a, Supplementary Figure S1d). Anni also supports medication-level annotations with
181 patient-friendly descriptions of drug class, intended use (indication), and common brand names
182  (see Supplementary Figure S1b, Supplementary Figure S1c). All annotations consist of pre-

183  defined, multi-lingual text bricks that can be selected using drag-and-drop (see Figure 2b,

184  Supplementary Figure Sle, Supplementary Figure S1f). The text brick approach is designed to

8 https://github.com/hpi-dhc/PharMe
™ https://github.com/hpi-dhc/PharM e-Annotations

10
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185 improve consistency and annotation speed, enable cross-checking across medications and

186 guiddines, and significantly reduce the effort required to translate annotations into other

187 languages. After annotations are added and edited, areview step isintroduced: the author or
188  another expert can activate the “review mode” in Anni, which allows annotations to be staged for
189  publishing. In this mode, editing is disabled to avoid accidental changes. After review, staged
190 annotations can be published and made available for PharMe (see Supplementary Figure S1a).
191 Thisthree-part process aimsto ensure the quality and integrity of the annotations and to offer a
192  development environment where one can edit the annotations without directly changing what is
193  shown to end-usersin PharMe. Moreover, Anni can be launched with a backup service, and it
194  includes update scripts that compare the latest guideline data with the current datain Anni.

195 PharMe

196 PharMeisamobile application developed with the multi-platform framework Futter [42] that
197  displays PGx test results to patients, using patient-friendly content from clinical PGx guidelines
198 curated in Anni (Figure 3, Supplementary Figure S2a). After successful authentication, the app
199 receives patients genetic and medication data from a patient health data source (see

200  Supplementary Figure S2b). PharMeis designed to be agnogtic to the data source, and the data
201 format and authentication methods can be implemented individually. In addition, PharMe

202  downloads all annotation data from Anni and selects the guidelines matching the users’ genetic
203 datausing CPIC lookup keys (see Figure 4). The matching is done solely on the phone, and all
204  dataisstored in encrypted form to ensure data privacy and security.

205 After theinitial login, users can update the list of imported active (or current) medications and
206 review ashort tutorial. The user is then directed to the Medication Overview screen (see Figure
207  34). All medicationsincluded in PharMe are displayed in a color-coded list according to their

208  respective guideline annotation warning level, with the user’s active medications listed first. In

11
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209 addition to the color-coding, icons are used to indicate the warning level to increase accessibility.
210 A" None" warning level is used when no recommendation can be made because of missing

211 genetic dataor guidelines. Thisisdisplayed in green with a question mark icon to differentiate it
212 from “green” warning levels. Users can search for medications by their generic name, brand

213  names, or patient-friendly drug class descriptions, and filter the list by guideline warning levels.
214  Users can tap on the medication for more information and the corresponding PGx guideline (see
215  Figure 3b). Here, they can select whether they are currently taking the medication, export a PDF
216  copy of their genetic results and the corresponding guideline recommendations to their healthcare
217  provider, or access the references for the PGx-guided recommendations. We intentionally did not
218 include afeature to show alternative medications or exact dose adjustments to discourage users
219  from changing their prescribed medications and/or doses without consulting a healthcare

220 professional. On the Gene Report screen, users can review their PGx test report per gene (see
221  Figure 3c). Similar to the Medication Overview screen, genes associated with the users’ current
222  medications are displayed at the top of the list. Tapping on agene will lead users to the Gene

223  screen (see Figure 3d), showing genotype and phenotype information and associated medications.
224 Furthermore, PharMe includes tooltips and a frequently asked questions (FAQS), to provide

225  further guidance (see Supplementary Figure S2c¢). On the More screen (see Supplementary Figure
226  S2d), users can contact the app team with questions or problems and find additional resources
227  about the app, genetics, and pharmacogenomicsin general.

228 Moreover, PharMe supports phenoconversion (see Figure 5), currently implemented for moderate
229 and strong CY P2D6 inhibitors. This functionality can be extended to cover additional drug-gene
230 interactionsin the future. When an inhibiting medication is selected as an active medication for
231 theuser, they will be presented with awarning dialog explaining that this medication can interact

232 with other medications (see Figure 53). The phenotype of the impacted gene (i.e., CYP2D6

12
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233  phenotype changed to poor metabolizer) will be changed throughout the app if a strong inhibitor
234  issdected (Figure 5b, Figure 5c, Figure 5d). If a moderate inhibitor is selected, the user’s

235  phenotypeis not changed; however, an interaction warning is displayed.

236  Since PharMeisintended to be used by patients rather than healthcare professionals, we aimed to
237 clearly state itslimitations and disclaimers throughout the app. For instance, notices reminding
238  usersthat (1) medications and/or doses should never be changed without consulting a healthcare
239 professiona (e.g., Figure 3b); (2) PGx is only one important aspect when choosing the right

240 medication and the right dose (e.g., Supplementary Figure S2a, Supplementary Figure S2c); and
241 (3) PharMe only includes information about medications and genes that areincluded in clinical
242  guidelines (e.g., Figure 3a, Figure 3c) are clearly displayed throughout the app.

243  PharMeiscurrently available for iOS and Android in English (the authors can grant test access
244 upon request), but multi-language support is feasible.

245 Exemplary Patient Health Data Source

246  For the PharMe devel opment, an exemplary patient health data source was set up. The exemplary
247  dataserver can bereached viaa REST API built using Nest.js [43]. The server uses a Keycloak
248  [44] instance for credential management and secure authentication, and aMinlO [45] instance for
249  high-performance object storage, containing patient information in encrypted form. Both tools
250 include web interfaces for credential and data management for convenient access. Additionally, a
251  PostgreSQL [46] database stores a mapping of each Keycloak user to their respective health data
252  inthe MinlO object storage. All components can be easily deployed using Docker [47]. While the
253 exemplary server is currently only used for development and an ongoing validation study;, it

254  demonstrates how a secure data infrastructure can be established.

13
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255 Scio

256  Theinitial prototype included a self-developed module called Scio (Latin for “I know”)™ to

257  assessusers comprehension. The Flutter package aims to measure user comprehension of mobile
258  applications based on custom questions, including multiple-choice, single-choice, or text

259  answers. The questions can contain app context, e.g., in PharMe's case, the user’s phenotype.

260  User responses are collected anonymously on a Supabase [48] backend and can be used to refine
261  or personalize the app content. The present PharMe version does not include Scio, as an ongoing

262  validation study contains comprehension surveys on its own, outside of PharMe.
263 User Validation Results

264 World Café

265  Four group testing sessions with 3-4 persons each were held on March 26, 2024, with adiverse
266  set of 11 persons (20 to 72 years of age; students, employees, and pensioners). Overall, testers
267  agreed that the app is handy and that having PGx information at hand would be beneficial. They
268 liked (1) the color-coding (red, yellow, green), (2) that medications with “more severe’ guideline
269  results are shown first, and (3) that sharing guideline information with healthcare professionals
270  does not require sharing the more sensitive genetic data. However, testers pointed out concerns
271  about seeing a medication they are currently taking being displayed in red. They complained that
272  thiscan deter users from taking those medications out of fear. Furthermore, testers found the
273  gene names challenging and intimidating, so they suggested showing the medication-related

274 information first, since that contains actionable information. Testers commented that the

275 limitations of the app should be clearly defined so that users can understand what the tool does

276  and cannot do, i.e., the app does not consider non-PGx factors. The difference between “green”

™ https://github.com/hpi-dhc/scio
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277  guidelines with the checkmark symbol (“standard precautions’) and the question mark symbol
278  (“standard precautions (incomplete data)”) was not entirely clear when only considering the

279  screen showing all medications. However, the testers agreed that it is essential to differentiate
280  between the two and that the green color-coding is more fitting than, e.g., coloring incomplete
281 datagrey, asboth refer to standard precautions; also, when reading the description on the

282  Medication screen, the meaning became clearer. Testers pointed out several further possible

283  improvements, among smaller ones that the genes could be sorted by the highest warning level
284  severity aswell, achat bot to ask questions about results and genetics, and that PharMe could be
285 extended to include more comprehensible versions of package inserts, drug-drug interactions, and
286  warningsif in acute cases current medications are taken longer than recommended.

287 Remote Pilot Testing

288  Twenty-eight persons participated in the remote pilot testing of the final prototype (Error!

289  Reference source not found., Supplementary Material $4) from April 29™ to June 29", 2024.

290 Table 1. PharMe remote pilot testing results (total participants: 28).

18- 30 yearsold 16
Age
31-45yearsold 12
Femae 16
) Gender Male 9
4%_ Other 2
5 Completed secondary education (graduated high school) 3
g Trade/technical/vocational training 1
o Highest Some undergraduate education (college or university) 1
education  Completed undergraduate education 1
Some postgraduate education (masters or doctorate) 13
Completed postgraduate education 9
2 g alalals 17
@ ratings J0ood ’
E Mean 411
SUS Mean 82.86

15


https://doi.org/10.1101/2025.06.10.25328968
http://creativecommons.org/licenses/by/4.0/

291
292
293
294
295
296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

medRxiv preprint doi: https://doi.org/10.1101/2025.06.10.25328968; this version posted June 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

Minimum 375
Maximum 100
Tell whether can use medication at standard doses 272
Correctly give phenotype 278
Tasks ) D b
Filter for current medications 22
Explain change due to phenoconversion 21°

# The same tester reported that the medication cannot be used at standard dose with a poor metabolizer
phenotype; therefore, we suspect that two tests were done on the same device subsequently, without
resetting the inhibiting medication in between

® One unclear response, five wrong responses

¢ Two missing responses, three wrong responses, two testers could not set the inhibitor as current dueto a
bug

The testers were younger, between 18 and 45, and had a high level of education. Most users were
able to finish the tasks successfully. One person did not correctly identify that, according to the
gene result, a medication can be used at standard dose and did not correctly select the phenotype;
however, based on the tester’s sel ection, we suspect that two tests were done on the same device
subsequently, without resetting the inhibiting medication in between. Six testers did not clearly
explain how it is possible only to show results for current medications, and seven users could not
explain phenoconversion, 2 of them because they could not activate the inhibiting medication due
to abug in the app. On average, PharMe achieved a star rating of 4.1 and a SUS score of 82.86,
mapping to an “A” on the Sauro-Lewis CGS. The good ratings are in line with the textual
feedback: overall, testers claimed that the app functions as intended, is well designed, and mostly
runs stably, apart from bugs that were identified. However, the explanations given in PharMe
could be more straightforward and comprehensible. One tester said they would only use the app
if it were available in German. After the remote pilot testing, the app was adapted to include alist
of current medications before all included medicationsto avoid the filter step, as already pointed

out in the World Café. Also, additional information was provided for phenoconversion.
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312 Power User Testing

313  The power user tested PharMe from October 15", 2024, to February 06", 2025. The tester

314  confirmed the finding from the remote pilot testing that explanations should be adapted; they
315 suggested areading level corresponding to high school grades seven to nine to account for lower
316 literacy levels. Additionally, they emphasized that the app should include clear explanations of
317 what it iscapableof, i.e, that PGx is only one important aspect when choosing the right

318 medication and the right dose, and that PharMe only includes information about medications and
319 genesincluded in clinical guidelines. The app was adapted accordingly, including adding to all
320 annotationsin Anni that the implications and recommendations can only be made “based on your
321 genes’, further fixes of bugs and display problems, navigation improvements, and usability

322  features, such asa*“show password” button and a gene report for current medications, analogous
323 tothelist of current medications. The tester was consulted again throughout the process to obtain

324  their feedback on the adaptations and re-iterate.

325 Discussion

326  With PharMe, we developed an open-source service that transparently returns PGx test resultsto
327 patientsand is agnostic to data sources. Anni supports experts in creating consistent and multi-
328  lingual patient-friendly annotations based on published guidelines.

329  Anni and PharMe are designed to support the most clinically relevant drug-gene interactions,
330 currently focusing on CPIC and FDA guidelines and including 17 genes and 159 medications.
331  Whilewe currently only use a single source per guideline to smplify first annotations (e.g.,

332 ignorethe FDA guiddineif thereisa CPIC guideline), the data structures support multiple

333  sources dready. Also, PharmGKB [49,50] could be used as a single source to include guidelines,

334  supporting guidelines that are not yet included, e.g., from the Dutch Pharmacogenetics Working
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335  Group. To support genes currently not included in the CPIC API and therefore in PharMe, custom
336  lookup keys that map genotypes to guidelines could be defined in Anni.

337  Present solutions for returning PGx test results are either commercial DTC tests, for which

338 concerns were raised regarding their quality and data privacy [51-53], or integrated with a

339  gpecific clinical decision support system, as done by Lipschultz et al. [17] PharMe aimsto be lab-
340 andingtitution-agnostic and can be deployed in any system. It also aimsto keep and process

341  patient health data only on the phone to increase data security and privacy. Further, our system
342  transparently relies on standardized published guidelines and keeps user information safe and in
343  thehands of users. The administrative dashboard developed by Lipschultz et al. is very similar to
344  Anni, providing patient-friendly, rich-text content and media. While this approach allows for

345 flexible and more extensive user reports, with Anni, we aimed to create consistent and concise
346 formulationsthat can easily be trandated into multiple languages. However, extending plain-text
347  bricksto include rich-text and media content in the future may be reasonable.

348 PharMe was devel oped using a user-centric approach to make the app valuable, understandable,
349 and easy to use. The remote pilot testing results indicate that PharMe meets this objective. Test
350 usersreported high satisfaction with the app in the star rating and the SUS, but ratings may be
351 more positive as the remote pilot testing was conducted with peers. Still, the textual feedback

352  agrees with the positive ratings, and most tasks were successfully solved, which indicates that the
353 appisalso objectively usable. However, most testers were younger and had higher education;
354 therefore, we assume our test group to be more (digitally) literate than the general population.
355  While our power user pointed out various design flaws that will affect their age group, they are
356 asodigitaly literate. Despite these limitations, we improved the app with the feedback collected
357 inall user discussions and testing sessions, especially by adapting the textual content to lower

358 reading levels. Simple language is essential when designing understandable PGx reports, as
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359 Olsen et al. found in a study assessing patient understanding of printed CY P2D6 reports.[ 54]
360 Moreover, they emphasized that PGx reports should include relevant information for the patient
361 personally and actionable information, such as medications that are affected by a gene, which
362 PharMeaready covers. In addition, PharMeis being validated on alarger scale and with amore
363 diverse populationin aclinical non-inferiority study at Mount Sinai, comparing results returned
364 by the app versus pharmacist-led counseling (Mount Sinai IRB protocol # 22-01404).

365 Inthefuture, Anni could include further features such as directly providing drug information and
366  brand names to annotators and using ontology-based indications. Also, additional factorsto

367 geneticsthat are important to be considered as part of PGx guidelines could be defined, such as
368 age, current diagnoses, and ancestry. Further, the user interface could be extended to include
369 currently scripted functionalities, such as updating guidelines, rule-based brick usage validation,
370  showing annotation versions, and defining phenoconversion relations. PharMe could also be
371  extended by further features such as: getting star allele information from VCFs or MSC codes
372 directly, which would expand its applicability to data sources,; considering drug-drug interactions;
373  searching medications by scanning the barcode; or including a medication history rather than
374  only current medications. While we focused on PharM e as a mobile application, it could also be
375  deployed as aweb serviceto work better if patients view their results at home, which isalso

376  supported by Flutter. Finally, Scio could be applied in practice again to monitor user

377 comprehension in afirst step or even personalize content in Anni and PharMe in a next step.
378 Theimmediate next steps should be to provide PharMe in more languages, using the present
379 localization infrastructure, and including additional PGx guidelines. Further, we are currently
380 investigating the use of large language models to create initial annotations, which would only
381  require the subsequent review step and considerably speed up adding or updating guidelines.

382  Moreover, the interaction between patients, PharM e, and healthcare professionals should be
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383 investigated, as we mainly focused on how patients use the app. The current exports for
384 healthcare professionals should be validated and extended, and they could even be provided with
385 MSC QR codes. Using MSC codes for reading and giving information would further strengthen

386 PharM€'sintegration in present initiatives like U-PGx.

387 Conclusion

388  With PharMe and Anni, we developed anovel and user-friendly system to return PGx resultsto
389 patients and scale the clinical adoption of PGx globally to support the limited number of trained
390 clinical PGx experts. The system is designed to use transparent and standardized content based on
391 published guidelines and to be agnostic to PGx data sources, which iswhy it can be flexibly

392  deployed in different settings and institutions. A clinical validation study to assess PharMe on a

393 larger scale and with amore diverse population at Mount Sinai isin progress.

394 Lay Summary

395 Itiswell-known that pharmacogenomics (PGx), or how the genome influences the processing of
396 medicationsin the body, can optimize therapeutic outcomes while minimizing adverse events.
397 However, many barriers hinder its widespread adoption, such as the lack of trained healthcare
398 professionals to adopt PGx into routine practice. To alleviate this burden, we have developed the
399 PharMe app to return PGx results to patients, which transparently conveys easy-to-understand
400 content, isbased on published guidelines, is agnostic to PGx data sources, and can therefore

401 eadly beused in different settings and institutions. PharMe is powered by Anni, a novel

402  annotation interface intended to support creating patient-facing content based on published

403  guidelines, while enhancing consistency by re-using formulations and multi-language support.
404  This paper describes the user-centered development of PharMe and Anni and shows the first

405 promising user evaluations. A clinical validation study to assess PharMe on alarger scale and
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406  with amore diverse population at Mount Sinai isin progress. In all, we have developed a tool
407  that can scaletheclinical adoption of PGx globally to support the limited number of trained

408 clinical PGx experts.
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560

561 Figure Legends

562  Figure 1. Architecture and data flow of PharMe, Anni, and a patient health data source.

563  Figure 2. Annotation creation in Anni; (a) guideline data and annotations for one phenotype; (b)
564 editing annotations with text bricks.

565  Figure 3. PharMe screens:. (a) the Medication Overview screen with search and filter, (b)
566  Medication screen containing annotated guideline information, (c) Gene Results screen, (d) Gene
567  screen with implicated drugs.

568 Figure 4. Format of data used in PharMe and mapping of PGx test results, guidelines, and
569  annotations based on CPIC lookup keys.

570 Figure 5. Phenoconversionin PharMe; (a) if a drug that isan inhibitor is selected as a current
571 medication, a warning is shown; (b) the adapted phenotype is shown on the Gene Report screen,
572  (c) on the Gene screen, and (d) on the Medication screen.

573  Supplementary Material

574  Supplementary Figure S1. Additional Anni screens. (a) home page with publish button, (b)

575  overview of annotations, (c) medication annotations and available guidelines per phenotype; (d)
576  full annotations for amitriptyline (not visible in Figure 2); (e) overview of text bricks; (f) text
577  brick detailswith German trandation.

578  Supplementary Figure S2. Additional PharMe screens: (a) first onboarding screen, (b) login with
579 patient data source selection, (c) FAQ screen, (d) More screen with further settings and
580 information.

581  Supplementary Material Sl. Interview guides used in theinitial user and expert interviews.
582  Supplementary Material S2. Scripts used in World Cafe discussions.
583  Supplementary Material S3. Survey of the remote pilot testing.

584  Supplementary Material $4. Pilot testing resultsin CSV format (free text answers were removed
585  or mapped to binary values for PharMe tasks).

586  Supplementary Material $b. List of included genes and medications.

587  Supplementary Material S6. PDF export for healthcare providers with and without
588  phenoconversion.
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Guideline for amitriptyline

Home
Annotations CYP2D6 Intermediate Met (0. 0.75/1.0)
Bricks CYP2C19 Normal Metabolizer

< Back Not staged @

CPIC Guideline: CYP2D6, CYP2C19 and Tricyclic Antidepressants

IMPLICATIONS

CYP2D6 Reduced metabolism of TCAs to less active compounds compared to normal
Higher pl: lions of active drug will increase the probability of side

effects

CYP2C19 Normal metabolism of tertiary amines

RECOMMENDATION Consider a 25% reduction of recommended starting dose. Utilize therapeutic
drug monitoring to guide dose adjustments.

COMMENTS Patients may receive an initial low dose of a tricyclic, which is then increased over
several days to the recommended steady-state dose. The starting dose in this guideline refers to the
dy dose. Dosing only apply to higher initial doses of TCAs
for treatment of conditions such as depression. See other considerations for dosing
recommendations for conditions where lower initial doses are used, such as neuropathic pain.

Review mode

English v Implication Edit 4
You break down amitriptyline slower than expected. You have an increased risk for side effects.

Recommendation Fdit 4

(a)

Recommendation

Current value

Based on your genes, amitriptyline may be used at a lower dose. Consuit your pharmacist or doctor for
more information.
X cancel Clear 1 save 1

Edit

ur genes, amitriptyline may be used at a lower d

onsult your pha or doctor for more information.

+ Based on your genes, amitriptyline may not be the right medication for you. Consult your
pharmacist or doctor to discuss other medication options.

+ However, if amitriptyline isn't working for you it may not be the right medication for you,

+ Based on your genes, amitriptyline may be used at a higher dose.

(b)
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09:42

09:42 - il T -

¢ Amitriptyline

Medication overview

Get an overview on your PGx (pharmacogenomic) tests
results per medication. Tap on a medication so see what

your result means and what to do. Brand names Elavil

Current medication (/

PharMe only includes medications that are MEDICATION INFORMATION
knawn to be affected by genes according to

CPIC and FDA guidelines.

0%

GENE-BASED CLINICAL GUIDELINE
Current medications with CPIC or FDA guidelines (3
CYP2D6 Intermediate Metabolizer
Q) Fluvastatin CYP2C19 Normal Metabolizer
Brand names: Lescol

Anti-cholesterol A Use with caution

What your gene result means.
A Amitriptyline
Brand names: Elavil

You break down amitriptyline slower than
expected. You have an increased risk for
Tricyclic antidepressant side effects.

What io do:

Based on your genes, amitriptyline may
be used at a lower dose. Consult your
pharmacist or doctor for more
information.

@ Voriconazole
Brand names: Viend
Anti-fungal

Additional medications with CPIC or FDA

Tap here to view the full expert guideline
guidelines (1 I

published by CP!

A Never change or stop your
medications without talking to your

0o 2

@ Carbamazepine

. S -

(b)

) we QD ==
< CYP2D6 report

YOUR GYP2D6 RESULT @

Gene report ®

This is your PGx (pharmacogenomic) test report. Tap on a
gene name for more details on your results and a list of
associated medications.
Genotype @ *1/'4
g PharMe only includes genes that are known to ®
affect medicatio rding to CPIC and FDA ype L0 1
guidelines

Gene report for current medication interactions with ASSOCIATED MEDICATIONS @

CPIC or FDA guidelines (4 genes, 3 medic
P, Phé only ations 1

® known to be affected by genes according 1o
CYP2C19 CPIC and FDA guidelines

Normal Metabolizer
Current medications with CPIC or FDA guidelines (1

YP2 itriptyli

e A Amitriptyline
Intermediate Metabolizer
Brand names: Elavil

Tricyclic antidepressant

CYP2D6
Intermediate Metabolizer

Additional medications with CPIC or FDA
guidelines (49)
SLCO1B1
Poor Function © Tamoxifen
Brand names: Soltamox
Gene report for all medication interactions B
with CPIC or FDA guidelines (19 genes,
59 medications| A Atomoxetine
Brand names: Strattera

ABCG2 Norepinephrine reuptake inhibitor

B 0 L]

(d)
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Matching of the user’s genotype results to annotations,

e.g., for amitriptyline (CYP2C19 and CY P2D6)

Genotype results*

CPIC lookup keyst

Anni annotations and guidelinest

“CYP2B6”,
“*1/*6”,

“gene”:
“wariant”:

}I

{

“CYP2C19”,
Nk /%17,

“gene”:
“wariant”:

|

{

}I

{

“SLCO1BL”,
“*5/*5n,

“gene”:
“wariant”:

|

]

“gene”: “CYP2C19”,
“wariant”: “*1/*1”,
“lookupkey”: “Normal
Metabolizer”,

b

“gene”: “CYP2C19”,
“wariant”: “Wx1/*27,
“1lookupkey”: “Intermediate
Metabolizer”,

by

{

be

]

“lookupkey”: {

“CYP2C19”: “Normal
Metabolizer”,
}l
“annotations”: {..},
“externalData”: [..],

“lookupkey”: {
“CYP2D6”: “1.0”7,
“CYP2C19”: “Intermediate
Metabolizer”,

}l

“annotations”: {..},

“externalData”: [..],

* user-specific content, T non-user-specific content (matched with user-specific content on phone)
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09:42

< Fluoxetine*

Brand Act Fluoxetine, Prozac, Sarafem,
names  Symbyax

Current medication o

Are you sure you want to
change your current
medications?
Fluoxetine will affect how your
body processes and responds
to medications associated with
CYP2D6.

See CYP2D6 under "Genes"
for a list of all associated
medications.

Standard dosing may apply; no
recommendation based on your genes
can be made at this time. Consult your
pharmacist or doctor for more
information.

* Taking fluoxetine will slow down the activity of CYP2D6. This will

affoct how your body processes and responds to associated
medications.

‘N

Medications

Gene report ®
This is your PGx (pharmacogenomic) test report. Tap on a

gene name for more details on your results and a list of
associated medications

z PharMe only includes g
'@ affect medications according to
guidelines.
Gene report for current medication interactions with

CPIC or FDA guidelines (4

CYP2C19
Normal Metabolizer do

CYP2C9
Intermediate Metabolizer

CYP2D6

Poor Metabolizer®

SLCO1B1
Poor Function

Gene report for all medication interactions
with CPIC or FDA guidelines (

(b)

¢ CYP2D6 report
YOUR CYP2D6 RESULT @

Genotype @ “1/'4

Phenotype @ Poor Metabalizer”
* You are taking one or more medications
that slow down the activity of CYP2D6
This will affect how your body processes.
and responds to associated medications.

ASSOCIATED MEDICATIONS (&

Qo PharMeo ludes medications that are
knewn to be affected by genes according to
CPIC and FDA gu

Current medications with CPIC or FDA guidelines (2

© Amitriptyline
Brand names: Elavil
Tricyclic antidepressant

© Fluoxetine

Brand names: Act Fluaxetine, Prozac, Sarafem,
Symbyax

Selective serotonin re-uptake inhibitor (SSAI)

Additional medications with CPIC or FDA
quidelines (48)

0

< Amitriptyline

CYP2D6 Poor Metabolizer*
CYP2C19 Normal Metabolizer

€ Consider alternatives

What your gene result means:

You break down amitriptyline much
slower than expected. You have an
increased risk for side effects.

What to do:

Based on your genes, amitriptyline may
not be the right medication for you.
However, if needed, amitriptyline may be
used at a lower dose. Consult your
pharmacist or doctor for more
information.

* You are taking one or more medications
that slow down the activity of CYP2D6
This will affect how your body processes
and responds to associated
medications.

Your CYP2D6 result was changed from
"Intermediate Metabolizer" to "Poor
Metabolizer"; this is because you are
currently taking one or more medications
that strongly slow down (inhibit) the activity
of CYP2D6 (see below). Consult your
pharmacist or doctor for more information.

Strong CYP2D inhibitor: Fluoxetine (brand
names: Act Fluoxetine, Prozac, Sarafem,

Symbyax)
2 e

(d)
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