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Abstract 

Background: People with rheumatic diseases experience troublesome fluctuations in fatigue. Debated causes 
include pain, mood and inflammation. To determine the relationships between these potential causes, serial assess-
ments are required but are methodologically challenging. This mobile health (mHealth) study explored the viability of 
using a smartphone app to collect patient-reported symptoms with contemporaneous Dried Blood Spot Sampling 
(DBSS) for inflammation.

Methods: Over 30 days, thirty-eight participants (12 RA, 13 OA, and 13 FM) used uMotif, a smartphone app, to 
report fatigue, pain and mood, on 5-point ordinal scales, twice daily. Daily DBSS, from which C-reactive Protein (CRP) 
values were extracted, were completed on days 1–7, 14 and 30. Participant engagement was determined based on 
frequency of data entry and ability to calculate within- and between-day symptom changes. DBSS feasibility and 
engagement was determined based on the proportion of samples returned and usable for extraction, and the num-
ber of days between which between-day changes in CRP which could be calculated (days 1–7).

Results: Fatigue was reported at least once on 1085/1140 days (95.2%). Approximately 65% of within- and between-
day fatigue changes could be calculated. Rates were similar for pain and mood. A total of 287/342 (83.9%) DBSS, were 
returned, and all samples were viable for CRP extraction. Fatigue, pain and mood varied considerably, but clinically 
meaningful (≥ 5 mg/L) CRP changes were uncommon.

Conclusions: Embedding DBSS in mHealth studies will enable researchers to obtain serial symptom assessments 
with matched biological samples. This provides exciting opportunities to address hitherto unanswerable questions, 
such as elucidating the mechanisms of fatigue fluctuations.

Keywords: Rheumatoid arthritis, Fibromyalgia, Osteoarthritis, Fatigue, Inflammation, mHealth, Ecological momentary 
assessment

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Approximately 75% of people with rheumatic diseases 
(RMD), including rheumatoid arthritis (RA), fibromyal-
gia (FM) and osteoarthritis (OA), experience fatigue [1, 
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2]. The causes of RMD-fatigue remain unclear, but the 
role of inflammation has been long, and fiercely, debated 
[3–, 4–9]. Fatigue reduces in response to anti-inflamma-
tory treatments [9–11]. However it is common for fatigue 
to persist despite inflammatory disease remission [12, 
13]. Furthermore, irrespective of treatment, people with 
RMDs often experience acute and rapid daily fluctuations 
in fatigue [3, 7, 10], which are described by patients as 
unpredictable, unearned and unfair [14–, 15–17].

Inflammation may cause fatigue directly (e.g. via sick-
ness behaviour mechanisms, excess inflammatory cell 
populations and expression levels, or other disease-
specific inflammatory pathways), or indirectly via its 
action on other common RMD co-morbidities such as 
pain and mood [4, 8, 9–, 18–22] which in turn increase 
fatigue. Understanding the relationship between inflam-
mation, RMD symptoms, and fatigue requires a robust 
assessment of inflammatory pathways over multiple 
time-points to detect change in inflammation with con-
temporaneous remote-monitoring of fatigue (plus other 
potential explanatory factors) to detect within-person 
changes over time [18]. Logistically this  has not been 
possible within traditional study designs.

A number of recent developments including our own 
successful use of smartphone apps to conduct ecological 
momentary assessment (EMA) studies which have col-
lected serial assessments of symptoms at multiple time 
points per day and for an extended period (1–6 months) 
[23, 24], and remote dried blood spot sampling (DBSS) 
from which inflammatory markers could be extracted 
[25, 26] mean that these data could be collected. Cru-
cially, these methods would allow researchers to more 
fully elucidate the relationship between fatigue, inflam-
mation and a number of key covariates for the first time. 
Ultimately, the insights gained from applying these meth-
ods could mitigate the poor management of fatigue, and 
lead to the development of targeted treatment paradigms.

This study aimed to take advantage of these recent 
developments to determine the feasibility of embedding 
DBSS to examine inflammatory biomarkers among peo-
ple with RMDs participating in a mHealth study.

Methods
The “Gaining Insight into RheumAtic Fatigue” (GIRAF) 
study was advertised via online support groups, social 
media websites and public engagement portals, including 
People in Research (www. peopl einre search. org), Twitter 
and Facebook. Further publicity was provided by char-
ity partners Fibromyalgia Action UK (FMAUK; https:// 
www. fmauk. org/) and the National Rheumatoid Arthri-
tis Society (NRAS; https:// www. nras. org. uk/) and the 
Manchester Research User Group (RUG) at the Centre 
for Musculoskeletal Research (http:// www. cfe. manch 

ester. ac. uk/ conne ct/ get- invol ved/ rug/). Interested per-
sons were asked to email the study team to obtain the 
study information sheet and link to the study’s screening 
questionnaire.

Eligible participants were aged 18 or older, with a 
primary diagnosis of RA, OA or FM and access to an 
Android 4.0 + or Apple (iOS 10 +) smartphone/tablet. 
Participants employed in a job that required night-shift 
work were excluded due to them having an alternative 
sleep–wake cycle. No further exclusion criteria were 
applied.

At least 24  h after returning the screening question-
naire potential participants were telephoned by KD to 
discuss the project. Verbal consent was obtained from 
those willing to participate and a study pack (including a 
form for written consent, a baseline questionnaire, DBSS 
kit and study instructions) was posted to participants. 
Participants received no additional training regarding the 
use of the app or DBSS kit, but were provided with con-
tact information for the study team in case of problems 
or technical difficulties.

Baseline questionnaire
A baseline questionnaire (Supplementary Material 1) was 
completed on, or before, the study start date. The ques-
tionnaire collected the following data:

Demographics
Participants reported their date of birth (DD/MM/YY), 
sex and employment status (see Supplementary Mate-
rial 1). The age at which participants left education was 
recorded and categorised as those who completed sec-
ondary education (≤ 16 years) and those who completed 
further education (> 16  years). Participants’ postcodes 
were used to calculate levels of deprivation using either 
the English (2015 [27]) or Welsh (2019 [28]) Index of 
Multiple Deprivation. The month and year of disease 
onset was used to calculate disease duration.

Daily monitoring
Symptom reports
Participants completed daily symptom monitoring by 
downloading and using uMotif, a patient co-designed 
smartphone/tablet app (www. umotif. com). uMotif has 
been used by a range of international academic and clini-
cal organisations and we have previously shown high lev-
els of app engagement among individuals with chronic 
pain and RA [23, 24]. Participants could install the app 
on any Android 4.0 + or Apple (iOS 10 +) smartphone or 
tablet, depending on their preferences.

For 30 days, participants received fixed interval-based 
prompts twice daily to complete 10 symptom ratings 
(supplementary material 2), on a 1–5 ordinal scale, once 
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in the morning (8am) and once in the afternoon/evening 
(6 pm). Of those symptoms, the most relevant to deter-
mine rates of engagement and feasibility of study design 
were fatigue severity (1 = no fatigue, 5 = very severe 
fatigue), pain severity (no pain (1) to very severe pain (5)) 
and mood (depressed (1) to very happy (5)). In addition 
to the automatic data completion prompts, we under-
took real-time data monitoring and targeted completion 
reminders, requesting data completion resume if the par-
ticipant had not completed symptom reports for three or 
more days.

Dried Blood Spot Sampling (DBSS)
DBSS has been identified as an acceptable method of 
sample collection in epidemiological studies [25, 26, 29], 
which produces CRP values for which there is reason-
able agreement with standard sampling by venepunc-
ture [29]. Sampling is akin to how diabetics monitor 
blood sugar. Following the finger-prick, a blood droplet 
is allowed to form and dropped into a circle outlined on 
a protein saver card. Participants were asked to provide a 
minimum of 3 DBSS samples per card, to maximize the 
chance of receiving at least one viable sample per day. To 
provide the samples, participants were sent a kit com-
prising 10 each of safety lancets and protein saver cards 
(1 extra in case of sampling difficulties), 9 each of Silica 
desiccant sachets, foil pouches and business reply enve-
lopes, and 1 disposable sharps bin (for disposal at a local 
pharmacy, or GP practice after study completion). Par-
ticipants received reminders via the smartphone app to 
provide DBSS on days 1–7, 14 and 30. However, an issue 
in the system meant that reminders were not received 
between 09 – 12 and 22—29 March 2019. Nevertheless, 
reminders were sent on the majority of planned days 
(22/31 days, 71.0%), which translated into 234 (68.4%) of 
required samples being requested. Completion rates for 
all samples are compared to only those requested samples 
within the analysis. Due to the nature of DBSS sampling 
it was not possible to conduct real-time data monitoring 
and targeted completion reminders for DBSS.

Participants were provided with written instructions 
and a link to an instructional video (https:// www. youtu 
be. com/ watch?v= he5D1 LxbWdg), both of which had 
been designed in collaboration with people with RMDs 
at an earlier focus group, as part of patient and public 
involvement activities conducted to support this study.

Samples were returned, in pre-labelled, business reply 
envelopes, to study team members DG and KM, based 
at Ulster University, for analysis using established meth-
ods [29]. On the day of analysis, 3 mm paper discs were 
punched out of one of the received DBSS samples per 
day, and protein was extracted by addition of a routine 
elution buffer. DBSS extracts and plasma samples were 

logged, aliquoted and stored at -80’C until analysis. Sam-
ples were then analysed using an R&D Systems Quan-
tikine ELISA to assess CRP concentrations according to 
manufacturer instructions. CRP values were converted 
from nanograms per milliliter (ng/ml) into milligrams 
per liter (mg/L), as used in clinics and compared to 
recognized “normal” values of CRP, considered to be 
CRP < 5 mg/L [30].

The reporting in this manuscript follows the CREMAS 
checklist for Ecological Momentary Assessment studies 
[31].

Analysis
We have previously shown that engagement with the 
uMotif app is high (89–91%) across a period of up to 
6 months [23, 24]. Here, we determined the feasibility of 
embedding remote data collection of DBSS among peo-
ple with RMDs participating in a mHealth study using 
the uMotif app. Specifically, we tested whether the inclu-
sion of DBSS would decrease engagement.

Recruitment and attrition We sought to recruit a total 
of 45 participants (15 each of RA, OA and FM) within a 
2-week recruitment window. This sample size was deter-
mined pragmatically, given the exploratory nature of this 
study. Here, we report the number of people who a) com-
pleted the study’s screening questionnaire and provided 
consent for contact, b) were contacted to discuss partici-
pation c) were recruited and d) successfully installed the 
uMotif app and commenced data collection. The number 
of people who could not be included, and the reasons for 
exclusion are also reported.

Engagement with  study app Study engagement was 
first considered in terms of days on which symptoms 
(i.e. fatigue severity, pain and mood) were reported at 
least once (morning or evening). To inform future stud-
ies which aim to examine fluctuations in daily symptoms 
it is also important to understand engagement in terms 
of continuity of collected data. Continuity of symptom 
reports were examined graphically by plotting the symp-
tom severity scores recorded for fatigue, pain and mood 
separately for each participant. In order to quantify 
continuity of symptom data we also calculated rates of 
engagement by determining the number of days on which 
within- and between-day changes in symptom sever-
ity could be calculated. Within-day changes in symptom 
severity values were calculated on days on which partici-
pants reported both morning and evening symptoms, at 
least once. Between day changes were calculated for both 
morning and evening assessments (e.g. Day 1 AM minus 
Day 2 AM; Day 1 PM minus Day 2 PM). We determined 
the proportion of days on which within- and between-day 
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changes could be calculated, compared to the number 
expected, within higher values indicating greater continu-
ity of symptom reporting.

No missing data imputation was undertaken and as a 
result, within-day changes could not be calculated for 
one participant who recorded only morning symptom 
assessments across their entire study period.

Feasibility of and engagement with DBSS To determine 
whether DBSS was a feasible method of data collection 
we first determined the number of samples returned as 
a proportion of the samples expected across days 1–7, 
14 and 30, irrespective of the number of DBSS remind-
ers which were received by participants. To determine 
the proportion of eligible samples, from those expected, 
we then excluded any returned samples which appeared 
to be duplicates, or had missing/ incorrect sample dates 
(e.g. a sample provided on a date which did not match the 
expected dates for the participant).

As with the symptom reports, we determined continu-
ity of samples to measure engagement. However, unlike 
the symptom reports, participants were not expected 
to complete DBSS on all days of the study. For that rea-
son, examination of the continuity of DBSS completion 
is restricted to days 1–7. Continuity was first examined 
graphically, by plotting participants’ daily CRP (mg/L) 
scores. We then quantified continuity based on determin-
ing the number of between-day changes in CRP which 
could be calculated, compared to the number expected.

Results
Recruitment and attrition
A total of 73 persons completed the study’s screening 
questionnaire and provided consent for contact. Within 
the two-week recruitment window it was possible to con-
tact the first 50 persons to discuss participation, and 44 

people (13 RA, 15 OA, and 16 FM; 97.8% of target sample 
size) were recruited. Of those recruited, 42 (95.5%) suc-
cessfully installed the uMotif app and commenced data 
collection. Four of those who installed the app did not 
return their study packs, did not therefore provide writ-
ten consent, and were not eligible for the analysis.

In total 38 people (12 RA, 13 OA, and 13 FM; 84.4% of 
target sample size) were included in the study. The demo-
graphic characteristics for all participants, and by disease 
diagnosis, are shown in Table 1. Most of the participants 
were female (82%), with a  median age of 56  years. The 
majority (69%) of participants had completed further 
education (i.e. left education after 16  years old), and 
were either in full-time employment (24.3%), or retired 
(29.7%). There were no substantial differences (i.e. differ-
ences with distinct 95% CIs, or IQRs) between the dis-
ease groups (Table 1).

Study engagement
Symptom reporting: Fatigue, pain and mood
Completion rates for reporting fatigue, pain and mood 
were high across the study. Continuity of symptom 
reporting was high (Fatigue: Fig.  1, Pain and Mood: see 
supplementary material 3).

Across 1140 study days (38 participants completing 
30 days each), participants completed at least one of each 
symptom report on 95% of the days (fatigue: 1085 days, 
95.2%; pain: 1083 days, 95.0%; mood: 1087 days, 95.4%).

Participants reported fatigue, pain or mood at least 
twice per day on approximately two-thirds of the study 
days (fatigue: 744  days, 65.3%; pain: 752  days, 66.0%; 
mood: 738  days, 64.7%). Finally, we calculated the pro-
portion of between-morning and between-afternoon 
changes which could be calculated out of a maximum 
possible number of 1102 changes. Approximately two-
thirds of between-morning changes in symptom severity 

Table 1 Baseline characteristics 

a includes all participants who were recruited, successfully installed the app and provided written consent to participate.
b Determined using the English (2015; n = 37) or Welsh (2014; n = 1) Index of Multiple Deprivation; 2occupation missing for 1 FM participant

All  participantsa (n = 38) RA (n = 12) OA (n = 13) FM (n = 13)

Female: n(%) 31 (82) 9 (75) 10 (77) 12 (92)

Age (years): median (IQR) 56 (43–65) 55(41–71) 64 (54–68) 47 (41–57)

Deprivationb: median (IQR) 7.0 (3.0–9.0) 8.0 (6.5–9.5) 6.0 (3.0–9.0) 6.0 (1.0–7.0)

Further education (> 16 years): n(%) 26 (68) 6 (50) 10 (77) 10 (77)

Employment status: n(%) Full time 9 (24) 6 (50) 2 (15) 1 (8)

Part-time 7 (19) 2 (17) 2 (15) 3 (25)

Medically retired 8 (22) 1 (8) 3 (23) 4 (33)

Retired 11 (30) 3 (25) 6 (46) 2 (17)

Other 2 (5) - - 2 (7)

Duration of disease (years): median (IQR) 6.0 (3.0–12.0) 9.0 (5.5–10.5) 11.5 (5.0–28.0) 4.0 (2.0–6.0)
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Fig. 1 Fatigue severity scores (1 = no fatigue, 5 = very severe fatigue) reported on days 1–30Each graph represents an individual participant. Black: 
Rheumatoid Arthritis participants, Grey: Osteoarthritis participants, White: Fibromyalgia participants
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could be calculated for all symptoms (fatigue: 744  days, 
67.5%; pain: 743 days, 67.4%; mood: 731 days, 66.3%). The 
proportion of between-afternoon changes which could 
be calculated was slightly higher at approximately 70% 
for all symptoms (fatigue: 767 days, 70.0%; pain: 772 days, 
70.1%; mood: 771 days, 70.0%).

DBSS
Of 342 DBSS samples expected (38 participants com-
pleting 9 samples each), a total of 332 were received 
(97.1%). Of those, 45 samples were excluded from the 
analysis due to duplicate (n = 2) or missing/incor-
rect sample dates (n = 43). In total 287 (83.9% of those 
expected) samples were suitable for analysis and 100% 
of eligible samples were found to be viable for CRP 
extraction. Completion rates did not appear to be 
impacted by reminders not being sent (all sample com-
pletion: 83.9%, only samples requested by app: 83.8% 
(196/234)).

CRP levels were generally within normal range 
(< 5  mg/L [30]; 0.26–14.30  mg/L) throughout the first 
7  days in the study (Fig.  2), with active inflammation 
(≥ 5 mg/L) observed in 22 of 234 samples (9.4%; 8 par-
ticipants 4 RA, 2 OA, 2 FM). A total of 189 between day 
changes were calculated from a maximum 228 possible 
changes (82.9%). Daily changes in CRP ranged from 
0.002–14.18  mg/L. Large changes in CRP were rare, 
daily changes > 5 mg/L occurring between 7 of 189 days 
(3.7%) in three participants with RA (25.0%; Fig. 2 RA 
panels B, I, L).

Discussion
This feasibility study determined the viability of using 
DBSS as a method of remote blood sample collection 
among individuals with RMDs participating in a mHealth 
study. We have demonstrated that DBSS is a feasible 
tool for sample collection in RMD studies, observing 
high completion rates (≥ 83%) across 30  days, and full 
viability of samples returned to the study team. In paral-
lel, engagement with the study app was high throughout 
the study (symptoms reported at least once on ≥ 95% of 
days). Thus, we are, to our knowledge, the first remote 
monitoring study to demonstrate successful engagement 
with the use of serial at-home blood sampling and daily 
symptom reporting among people with different rheu-
matic diseases.

We have also shown that individual patterns of fatigue, 
pain and mood varied substantially, but that sizeable 
changes in CRP were rare, with few people experienc-
ing active inflammation (CRP > 5 mg/L) during the study 
period.

When interpreting these results, several limitations 
should be considered. First, the extent to which these 
results can be generalised to other populations is unclear. 
Due to the recruitment strategy adopted our population 
are self-selected. This may mean that our high comple-
tion rates are a result of recruiting those who are more 
likely to be engaged with the study. However, the rates of 
engagement observed are comparable with our previous 
study which used the uMotif app in a Chronic Pain popu-
lation for up to one year [23, 24], indicating that data col-
lection using this platform is highly successful. Similarly, 
due to the recruitment strategy used, we were unable to 
validate patient reported diagnoses and this may have 
led to misclassification, or ineligible participants joining 
the study. However, this study did not seek to determine 
the precise nature of the role between inflammation and 
fatigue in clinically confirmed RMD patients. Rather, it 
was designed to determine whether individuals reporting 
an RMD condition could reasonably be expected to use 
DBSS in a future (fully remote) mobile health study. As a 
result, there is no reason to assume that these results will 
not be applicable to the populations who we anticipate 
recruiting into our main study.

Second, we selected CRP as our measure of inflam-
mation here because a) it is a measure typically used in 
clinical assessments and research studies and b) analy-
sis of CRP is cost-effective in a feasibility study such as 
ours. While we have shown that it is possible to extract 
CRP values using DBSS, we also showed that there was 
little variance in CRP despite high variance in fatigue. 
We note that this, in conjunction with our self-selection 
recruitment process, may suggest that (particularly for 
RA participants) we have recruited only those who are 
healthy and who have well controlled disease. However, it 
may also suggest that alternative fatigue-specific inflam-
matory markers (e.g. TNF-α, IL-1, IL-6 and IFN-γ [18, 
32–36]) may better account for variation in fatigue, and 
we have not ascertained how viable DBSS is for their 
extraction. However, there is no plausible reason why this 
method of sample collection could not be used to extract 
other potential markers in a larger cohort in the future.

Similarly, while we collected a comprehensive set of 
questions within our feasibility study (not all data shown), 
fatigue is likely the product of a complex interaction 
between multifactorial contributors, including disease 
processes, feelings and behaviours and personal factors 
[4, 37]. As the causes of fatigue may differ between indi-
viduals and over time, it will be crucial that the mecha-
nisms of fatigue be elucidated within a well-designed and 
well-powered longitudinal study which can capture fluc-
tuations in both fatigue and its many possible causes.

Finally, this study was designed to test the feasibil-
ity of DBSS and so, although we had high rates of data 
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Fig. 2 C-Reactive Protein values obtained from participants on days 1–7Each graph represents an individual participant. Black: Rheumatoid Arthritis 
participants, Grey: Osteoarthritis participants, White: Fibromyalgia participants
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completion, the sample size was small. This precluded 
formal examination of any relationships between fatigue, 
pain, mood and CRP and limits the conclusions which can 
be drawn from this dataset. Nevertheless, this study pro-
vides evidence to support the use of DBSS within a larger 
population that would be better positioned to determine 
the relationship between inflammation and fatigue, to test 
whether any association was causal, and to identify factors 
that may mediate those causal pathways. Conducting such 
an investigation would contribute to the development of 
intervention strategies to improve the clinical manage-
ment of fatigue in patients with rheumatic diseases.

Conclusion
Recent developments in remote data collection have 
provided exciting opportunities to obtain frequent and 
repeated measures for a range of self-report data. Here, 
we have shown that DBSS is a viable method of objec-
tive sample collection for use in mHealth studies. This 
enables researchers to obtain the serial assessments of 
symptoms and biological samples necessary to address 
hitherto unanswerable questions, such as elucidating the 
mechanisms of fatigue fluctuations.
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