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Telemonitoring of daily activities 
compared to the six‑minute walk 
test further completes the puzzle 
of oximetry‑guided interventions
Catarina Duarte Santos1,2*, Ana Filipe Santos2, Rui César das Neves3, Ruy M. Ribeiro4, 
Fátima Rodrigues1,2, Cátia Caneiras5,6,7, Martijn A. Spruit8,9 & Cristina Bárbara1,10

Pulmonary rehabilitation is based on a thorough patient assessment, including peripheral oxygen 
saturation (SpO2) and heart rate (HR) at rest and on exertion. To understand whether exercise-
field tests identify patients who desaturate (SpO2 < 90%) during physical activities, this study 
compared the six-minute walk test (6MWT) and daily-life telemonitoring. Cross-sectional study 
including 100 patients referred for pulmonary rehabilitation. The 6MWT was performed in hospital 
with continuous assessment of SpO2, HR, walked distance and calculated metabolic equivalent of 
tasks (METs). Patients were also evaluated in real-life by SMARTREAB telemonitoring, a combined 
oximetry-accelerometery with remote continuous assessment of SpO2, HR and METs. SMARTREAB 
telemonitoring identified 24% more desaturators compared with the 6MWT. Moreover, there 
were significant mean differences between 6MWT and SMARTREAB in lowest SpO2 of 7.2 ± 8.4% 
(P < 0.0005), in peak HR of − 9.3 ± 15.5% (P < 0.0005) and also in activity intensity of − 0.3 ± 0.8 METs 
(P < 0.0005). The 6MWT underestimates the proportion of patients with exercise-induced oxygen 
desaturation compared to real-life telemonitoring. These results help defining oximetry-guided 
interventions, such as telemedicine algorithms, oxygen therapy titration and regular physical activity 
assessment in pulmonary rehabilitation.

Abbreviations
6MWT	� Six-minute walk test
COPD	� Chronic obstructive pulmonary disease
HR	� Heart rate
ILD	� Interstitial lung disease
LTOT	� Long-term oxygen therapy
METs	� Metabolic equivalence of tasks
nadir SpO2	� Lowest detected peripheral oxygen saturation
PADL	� Physical activities of daily-life
SpO2	� Peripheral oxygen saturation

Pulmonary rehabilitation is based on a thorough patient assessment, which include functional exercise capacity 
and physical activity1. For this purpose it is important to appropriately monitor peripheral oxygen saturation 
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(SpO2) and heart rate (HR) at rest and exertion individual responses2, as relevant inputs to consider when opti-
mizing oxygen therapy3–6 and designing exercise-based interventions1,7.

The six-minute walk test (6MWT) is a self-paced exercise-field test with standardized guidelines, assessing 
walking distance as the primary outcome for functional exercise capacity8,9. Furthermore, this test is recom-
mended as more sensitive to detect oxygen desaturation compared to maximal tests8,10. Because of this, patients 
with chronic lung disease should have oxygen desaturation (SpO2 < 90%) quantified11–16, as there is evidence that 
desaturation during the test is associated with more severe lung disease, higher levels of dyspnoea, decreased 
muscle strength, reduced physical activity and daily-life activities desaturation17. Moreover, it is also recom-
mended to include measurement of HR in 6MWT assessments, as a mean not only to evaluate HR response, but 
also to estimate mean exercise intensity as percentage of maximal HR17.

Ambulatory pulse oximetry provides an accurate profile on desaturating time18, as it reflects the influence of 
different activities of daily-life such as walking, washing and eating19. There is considerable evidence in patients 
with Chronic Obstructive Pulmonary Disease (COPD) that such method detects hypoxemia with reported 
desaturation times above 25%20, mostly unrevealed by resting arterial blood gases21. Furthermore, these patients 
have daytime oximetry with a higher number of desaturations and lowest detected SpO2 (nadir SpO2) comparing 
to nocturnal oximetry with a lower mean SpO2

19,22. A recent systematic review on oximetry of telemonitored 
patients with COPD, recognized the TELEMOLD technology as unique on continuously measure SpO2, instead 
of doing solely SpO2 spot checks23. This first telemedicine solution combining oximetry and accelerometery 
telemonitoring to improve long-term oxygen therapy (LTOT), detected 87% of patients with chronic respira-
tory failure with hypoxemia and important oxygen desaturation during daily activities3. Additionally, the same 
technology assessing physical activities in daily-life (PADL), detected 93% of patients with chronic respiratory 
disease with daily oxygen desaturation episodes, and 99.6% of daytime spent on activities with a daily energy 
expenditure of less than threefold of the basal metabolism7.

Considering that physical performance and physical activity are associated but separate domains of physi-
cal function24,25, it is important to understand if clinical exercise-field tests identify patients who desaturate on 
PADL. The aim of the present study was to compare the 6MWT of patients with chronic lung disease and PADL 
telemonitoring outcomes to analyse differences on nadir SpO2, peak HR and activity intensity. Our research 
question was: does the 6MWT identify patients who desaturate on PADL, and are the intensities of such activi-
ties comparable to the metabolic demands of the test? Our research hypothesis was that, as a submaximal test, 
the 6MWT would identify more desaturator patients, although we could not exclude that there could be more 
intense PADL leading to desaturation comparing to the test, namely those including upper and lower-limb 
active participation.

Methods
We implemented a cross-sectional study with a sample of N = 100 patients with chronic lung disease admitted 
for pulmonary rehabilitation in Hospital Pulido Valente in Lisbon, Portugal. Excluding criteria were: pleural 
effusion, infectious disease, unstable cardiac disease, neurologic or musculoskeletal conditions affecting exercise 
performance and cognitive deficit or psychiatric disease. Patients were interviewed about employment status, 
living environment, smoking status, use of LTOT and non-invasive ventilation. Main condition for pulmonary 
rehabilitation referral, associated comorbidities and pulmonary function data were obtained by authorized access 
to the hospital clinical file. All methods were performed in accordance with the relevant guidelines and regula-
tions. All patients gave informed consent and research has been performed in accordance with the Declaration 
of Helsinki. Ethical approval was obtained from the Ethics Committee of Centro Hospitalar Universitário Lisboa 
Norte, EPE and Centro Académico de Medicina de Lisboa (number 02/17). Trial was registered as NCT03930511 
at clinicaltrials.gov.

6MWT.  To test functional exercise capacity, patients performed a 6MWT in the hospital, using an indoor 
straight 10-m hallway, and were given standardised instructions by a physiotherapist8. Three tests were per-
formed to overcome the known learning effect8, and the 6MWT with the greater distance walked was selected. 
Patients were continuously monitored for SpO2 and HR using a hand-held portable oximeter (BCI 3303 oxime-
ter, Smiths Medical PM, Inc., Waukesha, Wisconsin). Desaturator patients were identified as those with detected 
SpO2 < 90%11–16 (primary outcome). Continuous assessment of SpO2 during the 6MWT provided secondary 
outcomes: nadir SpO2, number of periods of time with SpO2 < 90%, duration of the longest period (minutes) 
with SpO2 < 90%, and the number of pauses during the test. Peak HR was recorded and calculated as a percent-
age of the theoretical maximal HR using Fox’s age-predicted equation of 220—age. The modified Borg scale was 
applied for subjective dyspnoea, muscle fatigue and chest pain, pre and post 6MWT; HR and blood pressure were 
also assessed at those times (Omron BP785 IntelliSense Automatic Blood Pressure Monitor with ComFitTM; 
Omron Healthcare Co., Ltd; China). Body weight and height were also measured (SECA 220 scale, Seca gmbh 
& co.kg, Hamburg, Germany). Walking intensity was estimated as METs (metabolic equivalence of task), using 
the American College of Sports Medicine metabolic prediction equation for the 6MWT: METs = [0.1 × speed 
(m∙min−1) + 3.5 mL O2∙Kg∙min−1] ÷ 3.5 mL O2∙Kg∙min−126.

SMARTREAB telemonitoring.  Patients were telemonitored in PADL during 4 consecutive days with 
remote continuous assessment of SpO2, HR and METs of physical activity in daily life. For that purpose, patients 
were instructed to use, while awake, an Android smartphone with an incorporated accelerometer (Vodafone 
Smart 4 Turbo, Huawei, China) connected via Bluetooth to a portable transcutaneous oximeter (Avant 4000, 
Nonin Medical, Plymouth, MN, USA), with finger or ear sensor, as described by the SMARTREAB study7. A 
physiotherapist accessed retrospectively recorded telemonitoring data and crossmatched patient’s qualitative 
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input, describing specificities of carried out tasks (type of activity, duration and perceived exertion). Recorded 
data analysis identified desaturators with SpO2 < 90%16,23,27,28 (primary outcome) and provided secondary out-
comes: nadir SpO2, number of daily periods with SpO2 < 90%, duration of the longest period (minutes) with 
SpO2 < 90%, and also if nadir SpO2 was detected within such longest desaturation period. Peak HR was calcu-
lated as described above and analysed if it occurred while SpO2 < 90%, or even if it was synchronous with nadir 
SpO2 < 90%. Type of activity during nadir SpO2 and peak HR were registered, as well as if it had occurred in the 
morning, afternoon (from 12 am until 5 pm) or evening. Highest activity intensity was recorded as peak MET 
detected.

Data analysis.  Data management and statistical analysis were performed using the Statistical Package for 
the Social Sciences (SPSS) version 25.0 (SPSS Inc., Chicago, IL, USA). A formal sample size was not calculated 
since this was a convenience sample study of 100 chronic lung disease patients. Descriptive statistics of frequen-
cies are presented as percentages for categorical data, and as mean (or median) and standard deviation (or 
interquartile range) for quantitative variables. Statistical differences between the means in 6MWT and SMART-
REAB telemonitoring were assessed with paired-sample t-tests. Mean differences between patients who only 
desaturated in the SMARTREAB telemonitoring and those who also desaturated in the 6MWT were assessed 
with independent sample t-tests (except for median differences between number of pauses in the 6MWT and 
number of periods with SpO2 < 90% in the 6MWT and SMARTREAB telemonitoring that were assessed with 
independent sample Mann–Whitney U tests). A P-value of less than 0.05 was considered statistically significant.

Ethics approval and consent to participate.  All patients gave informed consent and ethical approval 
was obtained from the Ethics Committee of Centro Hospitalar Universitário Lisboa Norte, EPE and Centro 
Académico de Medicina de Lisboa (number 02/17).

Results
Participant characteristics.  The recruitment process included 127 people as described in the SMART-
REAB study7, with 27 not meeting the inclusion criteria. A convenience sample of N = 100 patients was enrolled 
and the main respiratory diagnoses for pulmonary rehabilitation referral were: COPD (41%), interstitial lung 
disease (ILD) (22%, mostly idiopathic pulmonary fibrosis), asthma (15%), bronchiectasis (10%) and other (12%, 
including post-thoracic surgery, lung cancer, tuberculosis sequelae, lung disorder associated with connective 
tissue disease and pulmonary ossification). Patients had a mean age of 66.1 ± 9.8 years, 50% where male and 
anthropometry data, pulmonary function, smoking status, use of LTOT and non-invasive ventilation are pre-
sented in Table 1.

A total of 22 different comorbidities were reported, with a median of 5 per patient of which the most frequent 
were: arterial hypertension (56%), dyslipidaemia (40%) and anxiety or depression (29%). Detailed information 
about comorbidities per chronic lung disease are provided as Supplementary Information.

6MWT.  Patients walked a mean distance of 328.1 ± 113.9 m in the six minutes with 67% of patients desatu-
rating during the test. There was no pause during the 6MWT for 81% of the patients, 14% had 1 pause, and 
5% paused at least twice. Continuous oximetry revealed that 45% of patients had one single bout of time with 
SpO2 < 90% during the test, 18% had two periods of desaturation and 4% of the patients had three desaturation 
periods. We also found that the mean longest period during the 6MWT with SpO2 < 90% was of 2.1 ± 2.1 min. 
Our results also showed that 50% of patients desaturated between the 1st and 3rd minute of the 6MWT. Through 
the modified Borg scale, dyspnea had a median (interquartile range) of 3 (2–4), and muscle fatigue had a median 
(interquartile range) of 0.5 (0–3). There was no reported chest pain for 80% of the patients. All 29 patients 
already under long-term oxygen therapy performed the test carrying their own equipment and complied with 
the oxygen debit as formerly prescribed by the patient’s physician. Detailed 6MWT information per chronic lung 
disease is provided as Supplementary Information.

SMARTREAB telemonitoring.  During the telemonitoring period, 91% of patients desaturated during 
PADL, with a median (interquartile range) of 6.5 (2.0–11.8) periods per day with SpO2 < 90%. The longest desat-
uration period of the day had a median (interquartile) duration of 14 (3–37) minutes. As illustrated in Fig. 1, 
peak MET activities frequency was similar in the morning and in the afternoon, but patients reached peak HR, 
lowest levels of SpO2 and suffered longest periods of oxygen desaturation mostly in the afternoon.

Considering patients reported PADL cross-matched with telemonitoring data, Fig. 2 presents the frequency 
of activities with nadir SpO2 < 90% and peak HR detected by SMARTREAB telemonitoring.

Overall, there were 91% of patients engaging desaturating PADL, 62% reaching their peak HR with desatura-
tion (17% climbing stairs, 10% walking and 9% household chores) and 23% with synchronous peak HR and nadir 
SpO2 < 90% (6% climbing stairs and walking and 5% walking while carrying a weight). Detailed SMARTREAB 
telemonitoring information per chronic lung disease is provided as Supplementary Information.

6MWT vs SMARTREAB telemonitoring.  SMARTREAB telemonitoring detected that 91% of patients 
engaged on desaturating PADL, whereas the 6MWT only identified 67% of patients with nadir SpO2 < 90% dur-
ing the exercise-field test (primary outcome). We found statistically significant mean differences in nadir SpO2, 
peak HR and activity intensity performed between both methods of assessment, as presented in Table 2.
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The SMARTREAB telemonitoring detected lower nadir SpO2 and higher peak HR for more intense PADL 
compared with the 6MWT. Regarding the 29% of patients under oxygen therapy, all patients desaturated in real-
life SMARTREAB telemonitoring and only 2 patients did not desaturate in the 6MWT.

Overall, results demonstrated that 64% of patients desaturated on both assessments whereas 6% of patients 
on neither of the two. We also found that 30% of patients were identified as desaturators by one method only: 3% 
in the 6MWT and 27% with the SMARTREAB telemonitoring. This is illustrated in Fig. 3a which compares both 
methods on detected nadir SpO2, highlighting non-desaturators (group A in green), only 6MWT desaturators 
(group B in yellow), only SMARTREAB desaturators (group C in blue) and both methods desaturators (group 
D in red). Figure 3b compares the same groups on peak HR, and it shows that the 85% peak HR was surpassed 
by 11% of patients in the 6MWT and 32% of patients on PADL. Figure 3c compares again the same groups but 
on activity intensity, and it shows that 2.5 METs intensity was surpassed by 56% of the patients in the 6MWT, 
and 77% of the patients in real-life SMARTREAB telemonitoring.

Table 1.   Patients’ characteristics per chronic lung disease. COPD: chronic obstructive pulmonary disease; 
ILD: interstitial lung disease; Bronch.: bronchiectasis; Other: post-thoracic surgery, lung cancer, tuberculosis 
sequelae, lung disorder associated with connective tissue disease and pulmonary ossification; SD: standard 
deviation; BMI: body mass index; FEV1 pred: predicted forced expiratory volume in 1 s; FVC pred: predicted 
forced vital capacity; FEV1/FVC: forced expiratory volume in 1 s and forced vital capacity ratio; TLC pred: 
predicted total lung capacity; RV pred: predicted residual volume; DLCO pred: predicted diffusion capacity of 
the lungs for carbon monoxide; LTOT: long-term oxygen therapy; NIV: non-invasive ventilation.

Total COPD ILD Asthma Bronch Other

N = 100 N = 41 N = 22 N = 15 N = 10 N = 12

Male, n (%) 50 (50.0) 31 (75.6) 8 (36.4) 4 (26.7) 3 (30.0) 4 (33.3)

Age (years; mean ± SD) 66.1 ± 9.8 68.0 ± 7.2 63.5 ± 9.5 66.0 ± 11.9 68.0 ± 13.2 63.2 ± 11.9

Anthropometry

Weight (Kg; mean ± SD) 69.7 ± 15.0 71.4 ± 14.5 70.0 ± 15.9 72.0 ± 14.3 63.4 ± 12.7 65.5 ± 17.8

Height (m; mean ± SD) 1.62 ± 0.1 1.66 ± 0.1 1.59 ± 0.1 1.56 ± 0.1 1.60 ± 0.1 1.62 ± 0.1

BMI (Kg/m2; mean ± SD) 26.5 ± 5.1 25.8 ± 5.0 27.7 ± 5.6 29.4 ± 5.0 24.5 ± 4.0 24.7 ± 4.2

Pulmonary function

FEV1 pred (%; mean ± SD) 62.1 ± 27.2 53.2 ± 25.8 71.3 ± 20.0 78.6 ± 31.0 69.6 ± 35.7 63.3 ± 23.4

FVC pred (%; mean ± SD) 80.2 ± 25.5 86.5 ± 25.0 69.7 ± 18.0 94.1 ± 26.3 84.4 ± 23.0 84.5 ± 13.8

FEV1/FVC (%; mean ± SD) 73.3 ± 25.1 57.3 ± 20.3 101.4 ± 19.6 77.5 ± 19.1 70.8 ± 19.2 69.8 ± 24.1

TLC pred (%; mean ± SD) 102.5 ± 27.6 117.3 ± 21.7 73.0 ± 22.4 108.3 ± 22.8 110.3 ± 14.8 107.2 ± 26.6

RV pred (%; mean ± SD) 142.1 ± 63.9 173.4 ± 65.2 82.8 ± 58.2 134.8 ± 36.0 158.7 ± 31.0 147.2 ± 63.1

DLCO pred (%; mean ± SD) 57.0 ± 24.4 52.1 ± 23.9 47.2 ± 18.5 80.0 ± 13.6 65.3 ± 35.8 61.1 ± 12.7

Smoking status

Non-smoker, n (%) 40 (40.0) 2 (4.9) 11 (50.0) 9 (60.0) 10 (100) 8 (66.7)

Former smoker, n (%) 52 (52.0) 34 (82.9) 10 (45.5) 4 (26.7) 0 (0.0) 4 (33.3)

Active smoker, n (%) 8 (8.0) 5 (12.2) 1 (4.5) 2 (13.3) 0 (0.0) 0 (0.0)

LTOT, n (%) 29 (29.0) 16 (39.0) 11 (50.0) 0 (0.0) 1 (10.0) 1 (8.3)

Nocturnal NIV, n (%) 12 (12.0) 5 (12.2) 3 (13.6) 3 (20.0) 1 (10.0) 0 (0.0)

Figure 1.   Distribution of the frequency of nadir SpO2 < 90%, longest desaturation period, peak HR and peak 
MET daily-life activities evaluated by SMARTREAB telemonitoring for different periods of the day (morning, 
afternoon and evening).
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To understand why there were patients only desaturating in the SMARTREAB telemonitoring but not in the 
6MWT, we compared mean differences between groups C and D as presented in Table 3.

Patients who desaturated on both assessment methods are older and have lower forced vital capacity, as well 
as lower diffusion capacity of the lungs. This group represents 75.6% of COPD and 72.7% of ILD patients within 
the overall studied sample. While patients from group C had no desaturation in the 6MWT, group D patients 
not only desaturated, but also walked shorter distances reaching higher peak HR, with pauses and with more 
than 1 desaturating period during the test. Although there were no significant differences between group C and 
D patients in their PADL intensity or peak HR, group D patients had the lowest nadir SpO2 and a median of 
more 4 daily desaturating episodes (without a significant difference between the longest desaturation period 
when comparing both groups).

Discussion
The main finding of this study was that ambulatory telemonitoring, namely SMARTREAB telemonitoring, when 
compared with the 6MWT, identified 24% more desaturators, detecting lower nadir SpO2 and higher peak HR 
for more intense PADL, with statistical significance.

Our results show a higher sensitivity of daily-life telemonitoring compared to the 6MWT in detecting patients 
with chronic lung disease who desaturate, as 91% engaged on desaturating PADL and only 67% desaturated in the 
6MWT. More thoroughly, only 64% of daily desaturators were also 6MWT desaturators, which is in accordance 
with previous evidence29. Furthermore, the García-Talavera group found that COPD patients who desaturated 
within the 1st minute of the 6MWT also desaturated in the 24-h oximetry, whereas those that only desaturated 
after 3min30s of the 6MWT did not desaturate in the 24-h oximetry30. With a 4-day telemonitoring assessment, 
we found that 50% of patients who are daily desaturators also desaturate between the 1st and 3rd minute of the 
6MWT. Because of this we recommend that patients who desaturate on the first half of the 6MWT should be 
further assessed by an ambulatory pulse oximetry. Furthermore, we must also consider that PADL is a complex 
behaviour, encompassing all forms of activity performed by everyone, with little regard to physical fitness and 

Figure 2.   Frequency of daily-life activities, nadir SpO2 < 90%, peak HR, peak HR with desaturation and peak 
HR synchronous with nadir SpO2 < 90% as evaluated by SMARTREAB telemonitoring. Activities are ordered 
(left to right) from highest frequency of desaturating events.

Table 2.   6MWT and SMARTREAB telemonitoring compared. *Calculated pairwise. **Paired sample t-test. 
Nadir SpO2: lowest peripheral oxygen saturation detected; HR: heart rate; MET: metabolic equivalent of task; 
6MWT: six-minute walk test; CI: confidence interval; SD: standard deviation.

6MWT SMARTREAB Difference of means* 95% CI P-value**

Nadir SpO2 (%; mean ± SD) 86.2 ± 6.2 79.0 ± 8.2 7.2 ± 8.4 5.6 to 8.9  < 0.0005

Peak HR (%; mean ± SD) 71.2 ± 11.9 80.6 ± 11.2 − 9.3 ± 15.5 − 12.4 to − 6.2  < 0.0005

Activity intensity (MET; mean ± SD) 2.6 ± 0.5 2.9 ± 0.7 − 0.3 ± 0.8 − 0.5 to − 0.2  < 0.0005
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often structured with conservation of energy expenditure as a goal24,31. This has been demonstrated in patients 
with COPD by Koolen, when cross-matching the distance in the 6MWT with the number of steps per day, reveal-
ing four distinctive patterns: 34% “can’t do, don’t do”; 31% “can do, do do”; 21% “can’t do, do do” and 14% “can do, 
don’t do”25. Our study found that 27% of patients desaturated in PADL but performed a 6MWT with SpO2 ≥ 90%. 
Such finding calls into question the appropriateness of the expression “can do”, as it was based on distance walked 
as quantity (meters) regardless of quality (oxygen saturation), and related implications in daily-life. Our analyses 
revealed that these daily desaturators with SpO2 ≥ 90% in the 6MWT were younger and had less severe chronic 

Figure 3.   Six-minute walk test and SMARTREAB telemonitoring compared: (a) lowest peripheral oxygen 
saturation detected (nadir SpO2), with quadrant line references of 90% nadir SpO2; (b) peak heart rate (peak 
HR), with quadrant line references of 85% peak HR; and (c) activity intensity by metabolic equivalent of task 
(MET), with quadrant line references of 2.5 MET. All scatter graphs indicate distribution of non-desaturator 
patients (group A in green; N = 6), only 6MWT desaturator patients (group B in yellow; N = 3); only 
SMARTREAB telemonitoring desaturators (group C in blue; N = 27) and both methods desaturators (group D in 
red; N = 64).
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lung disease, and there were significant differences in age, forced vital capacity, lung-diffusion capacity, daily 
number of desaturating episodes and nadir SpO2 detected by SMARTREAB telemonitoring.

There are studies simulating PADL in laboratory tests designed to measure oxygen desaturation32–34. For 
example, a recent publication comparing the 6MWT with a 20-min walking circuit35 found that the 6MWT 
detected higher nadir SpO2 and lower peak HR, but there were no results comparing activity intensity as energy 
expenditure between tests35. With SMARTREAB telemonitoring, our study further contributes with the findings 
that lower nadir SpO2 and higher peak HR are detected in more intensive PADL compared to the 6MWT, such as 
walking, walking while carrying a weight, climbing stairs and doing household chores. In fact, the 4-day telem-
onitoring period, compared to the 6MWT, improves clinical decision by evaluating patients’ real-life situations 
with a synchronized assessment of SpO2, HR and METs. This enabled the finding that 62% of patients reached 
peak HR with desaturation and 23% of patients had synchronous peak HR and nadir SpO2 < 90%, on PADL with 
a mean of 2.9 ± 0.7 peak METs, larger than the estimated 6MWT mean of 2.6 ± 0.5 METs.

The fact that the 6MWT was not performed on the recommended 30 m course length may be considered a 
limitation of the protocol, but due to unavailability of hospital facilities for such purpose, the 6MWT was per-
formed on a 10 m hallway, in accordance with previous published evidence36.

Implications to oximetry guided interventions.  Ambulatory telemonitoring, namely SMARTREAB 
telemonitoring, further detected a median of 2 to 9 daily episodes with SpO2 < 90% and longest period of desatu-
ration of 25 to 33 min per patient desaturator. Such results increase evidence that intraday SpO2 fluctuations 
have to be taken into account when algorithms of telemedicine assistance are determined by telemonitoring 
applications merely based on a daily SpO2 spot check. A breakthrough example is the EDGE (sElf-management 
anD support proGrammE) project, where SpO2 is the most predictive vital sign to monitor37, applied in a COPD 
exacerbation prediction algorithm which considers intra-patient SpO2 variability over time38. With SMART-
REAB telemonitoring we found a «win–win» situation, aligned with the recognition that patients perceive sig-
nificant potential for wearables and apps to help manage their condition39,40.

The higher accuracy of SMARTREAB telemonitoring, compared to the 6MWT, is also of interest for clinicians 
who report lack of resources to correctly and efficiently prescribe oxygen systems4,41. Even though arterial blood 
gases are the first-line diagnostic tool to determine the eligibility for oxygen therapy5,6, a single analysis may not 
be reliable for the adequacy of LTOT4,42. Aligned with the evidence that patients with COPD in LTOT normoxic 
while awake and at rest have 30% diurnal desaturation time and a nadir SpO2 < 60%43, our results demonstrated 
that 27% of patients do not desaturate on a 6MWT but are daily desaturators. While research exploring methods 

Table 3.   Only SMARTREAB desaturators and both desaturators compared. *Means and medians calculated 
independently. **Independent sample t-test. ***Independent sample Mann–Whitney U test. Group C: only 
SMARTREAB telemonitoring desaturators; Group D: six-minute walk test and SMARTREAB telemonitoring 
desaturators; CI: confidence interval; SD: standard deviation; IQR: interquartile range; FVC pred: predicted 
forced vital capacity; DLCO pred: predicted diffusion capacity of the lungs for carbon monoxide; 6MWT: six-
minute walk test; 6MWD: six-minute walk distance; nadir SpO2: lowest peripheral oxygen saturation detected; 
HR: heart rate; MET: metabolic equivalent of task.

Group C Group D

Difference of means or medians* 95% CI P-valueN = 27 N = 64

Age (years; mean ± SD) 62.8 ± 12.0 67.7 ± 8.1  − 4.8 ± 2.2  − 9.1 to − 0.5 0.028**

Pulmonary function

FVC pred (%; mean ± SD) 94.7 ± 19.9 73.7 ± 25.4 21.1 ± 5.0 11.1 to 31.0  < 0.0005**

DLCO pred (%; mean ± SD) 71.0 ± 23.8 49.7 ± 22.2 21.2 ± 5.9 9.2 to 33.2 0.001**

6MWT

6MWD (m; mean ± SD) 375.6 ± 121.6 296.5 ± 103.8 79.1 ± 26.8 25.1 to 133.0 0.005**

Nadir SpO2 (%; mean ± SD) 92.4 ± 1.8 83.1 ± 5.4 9.3 ± 1.1 7.2 to 11.4  < 0.0005**

Peak HR (%; mean ± SD) 67.2 ± 10.6 72.9 ± 12.4  − 5.7 ± 2.6  − 10.8 to − 0.6 0.030**

Activity intensity (MET; mean ± SD) 2.8 ± 0.6 2.4 ± 0.5 0.4 ± 0.1 0.1 to 0.6 0.005**

Number of pauses (n; median, IQR) 0 (0–0) 0 (0–1)  − 2.5 – 0.016***

Number of periods SpO2 < 90% (n; 
median, IQR) 0 (0–0) 1 (1–2)  − 8.1 –  < 0.0005***

SMARTREAB telemonitoring

Nadir SpO2 (%; mean ± SD) 80.3 ± 5.8 76.5 ± 7.6 3.8 ± 1.5 0.9 to 6.7 0.011**

Peak HR (%; mean ± SD) 80.5 ± 11.3 80.2 ± 11.4 0.3 ± 2.6  − 4.9 to 5.5 0.905**

Activity intensity (MET; mean ± SD) 3.1 ± 0.7 2.8 ± 0.6 0.3 ± 0.2 0.0 to 0.6 0.069**

Daily episodes SpO2 < 90% (n; median, 
IQR) 2 (1–5) 9 (5–17)  − 4.3 –  < 0.0005***

Longest period SpO2 < 90% (min; 
mean ± SD) 25.4 ± 41.8 32.8 ± 35.4  − 7.4 ± 9.2  − 26.0 to 11.1 0.424**
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of oxygen flow titration with exercise is under development44–47, these results should leverage the ambulatory 
oximetry preciseness to be applied among clinicians for oxygen prescription purposes.

Finally, even though physical activity measurement has been mainly regarded as an outcome of pulmonary 
rehabilitation1,48, this study further extends its relevance as a baseline vital sign and as an input on individually-
tailored rehabilitation goals7. Recent research identified inactive, active improvers and active decliners as 3 
distinct patterns on patients with COPD physical activity natural progression over 1-year49. Not only efficiently 
targeted intervention on PADL is needed to promote long sustainable healthy habits, as there is growing evidence 
that its systematic assessment might be more sensitive detecting progressive disease deterioration50. Because 
of this, we recommend a comprehensive regular assessment with oximetry and accelerometery, as it provides 
combined perspectives about PADL: quantity (duration), intensity (METs), modality (type) and quality (SpO2 
and HR).

Conclusions
This study found that the 6MWT underestimates the proportion of patients with exercise-induced oxygen desatu-
ration compared to real-life telemonitoring. SMARTREAB telemonitoring, when compared to the 6MWT identi-
fied 24% more desaturators, detecting lower nadir SpO2 and higher peak HR for more intense PADL. Such results 
help defining clinical oximetry-guided interventions, such as telemedicine algorithms, oxygen therapy titration 
and regular physical activity assessment in pulmonary rehabilitation.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.

Received: 24 May 2021; Accepted: 4 August 2021

References
	 1.	 Spruit, M. A. et al. An official American Thoracic Society/European Respiratory Society statement: Key concepts and advances in 

pulmonary rehabilitation. Am. J. Respir. Crit. Care Med. 188, e13-64 (2013).
	 2.	 Collins, E. G. et al. Clinical competency guidelines for pulmonary rehabilitation professionals: position statement of the American 

Association of Cardiovascular and Pulmonary Rehabilitation. J. Cardiopulm. Rehabil. Prev. 34, 291–302 (2014).
	 3.	 Faria, I. et al. TELEMOLD project: oximetry and exercise telemonitoring to improve long-term oxygen therapy. Telemed. J. E. 

Health 20, 626–632 (2014).
	 4.	 Jacobs, S. S. et al. Home oxygen therapy for adults with chronic lung disease. An official american thoracic society clinical practice 

guideline. Am. J. Respir. Crit. Care Med. 202, e121–e141 (2020).
	 5.	 Hardinge, M. et al. British Thoracic Society guidelines for home oxygen use in adults. Thorax 70(Suppl 1), i1-43 (2015).
	 6.	 McDonald, C. F., Whyte, K., Jenkins, S., Serginson, J. & Frith, P. Clinical practice guideline on adult domiciliary oxygen therapy: 

Executive summary from the thoracic society of Australia and New Zealand. Respirology 21, 76–78 (2016).
	 7.	 Santos, C. D. et al., Novel input for designing patient-tailored pulmonary rehabilitation: Telemonitoring physical activity as a vital 

sign-SMARTREAB study. J. Clin. Med. 9, 2450 (2020).
	 8.	 Holland, A. E. et al. An official European Respiratory Society/American Thoracic Society technical standard: Field walking tests 

in chronic respiratory disease. Eur. Respir. J. 44, 1428–1446 (2014).
	 9.	 Papathanasiou, J. V., Ilieva, E. & Marinov, B. Six-minute walk test: an effective and necessary tool in modern cardiac rehabilitation. 

Hellenic J. Cardiol. 54, 126–130 (2013).
	10.	 Poulain, M. et al. 6-minute walk testing is more sensitive than maximal incremental cycle testing for detecting oxygen desaturation 

in patients with COPD. Chest 123, 1401–1407 (2003).
	11.	 Khor, Y. H. et al. Ambulatory oxygen in fibrotic interstitial lung disease: A pilot, randomized, triple-blinded sham-controlled trial. 

Chest 158, 234–244 (2020).
	12.	 Kim, C. et al. Exertional desaturation as a predictor of rapid lung function decline in COPD. Respiration 86, 109–116 (2013).
	13.	 Arizono, S. et al. Supplemental oxygen improves exercise capacity in IPF patients with exertional desaturation. Respirology 25, 

1152–1159 (2020).
	14.	 Kim, C. et al. Predicting long-term mortality with two different criteria of exercise-induced desaturation in COPD. Respir. Med. 

182, 106393 (2021).
	15.	 Gómez Punter, R. M. et al. Desaturations during 6-minute walk test and predicting nocturnal desaturations in adult subjects with 

cystic fibrosis. Respir. Care 64, 48–54 (2019).
	16.	 Khirfan, G. et al. Hypoxemia in patients with idiopathic or heritable pulmonary arterial hypertension. PLoS ONE 13, e0191869 

(2018).
	17.	 Singh, S. J. et al. An official systematic review of the European Respiratory Society/American Thoracic Society: Measurement 

properties of field walking tests in chronic respiratory disease. Eur. Respir. J. 44, 1447–1478 (2014).
	18.	 Casanova, C. et al. Twenty-four-hour ambulatory oximetry monitoring in COPD patients with moderate hypoxemia. Respir. Care 

51, 1416–1423 (2006).
	19.	 Soguel Schenkel, N., Burdet, L., de Muralt, B. & Fitting, J. W. Oxygen saturation during daily activities in chronic obstructive 

pulmonary disease. Eur. Respir. J. 9, 2584–2589 (1996).
	20.	 Trauer, J. M., Gielen, C., Trauer, T. & Steinfort, C. L. Inability of single resting arterial blood gas to predict significant hypoxaemia 

in chronic obstructive pulmonary disease. Int. Med. J. 42, 387–394 (2012).
	21.	 Decker, M. J., Hoekje, P. L. & Strohl, K. P. Ambulatory monitoring of arterial oxygen saturation. Chest 95, 717–722 (1989).
	22.	 Buekers, J. et al. Wearable finger pulse oximetry for continuous oxygen saturation measurements during daily home routines of 

patients with chronic obstructive pulmonary disease (COPD) over one week: Observational study. JMIR Mhealth Uhealth 7, e12866 
(2019).

	23.	 Buekers, J. et al. Oxygen saturation measurements in telemonitoring of patients with COPD: A systematic review. Expert Rev. 
Respir. Med. 12, 113–123 (2018).

	24.	 van Lummel, R. C. et al. Physical performance and physical activity in older adults: Associated but separate domains of physical 
function in old age. PLoS ONE 10, e0144048 (2015).

	25.	 Koolen, E. H. et al., "Can do" versus "do do": A Novel Concept to Better Understand Physical Functioning in Patients with Chronic 
Obstructive Pulmonary Disease. J. Clin. Med. 8, 340 (2019).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16600  | https://doi.org/10.1038/s41598-021-96060-w

www.nature.com/scientificreports/

	26.	 Pescatello, L. S.,  ACSM’s Guidelines for Exercise Testing and Prescription. (Wolters Kluwer Lippincott Williams & Wilkins, Phila-
delphia, ed. 9th, 2014).

	27.	 Ho, T. W. et al. Effectiveness of telemonitoring in patients with chronic obstructive pulmonary disease in Taiwan-a randomized 
controlled trial. Sci. Rep. 6, 23797 (2016).

	28.	 Vitacca, M. et al. A pilot study of nurse-led, home monitoring for patients with chronic respiratory failure and with mechanical 
ventilation assistance. J. Telemed. Telecare. 12, 337–342 (2006).

	29.	 Cutaia, M., Brehm, R. & Cohen, M. The relationship of the BODE index to oxygen saturation during daily activities in patients 
with chronic obstructive pulmonary disease. Lung 189, 269–277 (2011).

	30.	 García-Talavera, I. et al. Time to desaturation in the 6-min walking distance test predicts 24-hour oximetry in COPD patients with 
a PO2 between 60 and 70mmHg. Respir. Med. 102, 1026–1032 (2008).

	31.	 Caspersen, C. J., Powell, K. E. & Christenson, G. M. Physical activity, exercise, and physical fitness: Definitions and distinctions 
for health-related research. Public Health Rep. 100, 126–131 (1985).

	32.	 Paes, T. et al. Londrina activities of daily living protocol: Reproducibility, validity, and reference values in physically independent 
adults age 50 years and older. Respir. Care 62, 298–306 (2017).

	33.	 Sant’Anna, T. et al. Development, validity and reliability of the londrina activities of daily living protocol for subjects With COPD. 
Respir. Care 62, 288–297 (2017).

	34.	 Sant’Anna, T. et al. Oxygen desaturation in daily life and during a laboratory-based protocol of activities of daily living in COPD: 
Is there relationship?. Lung 196, 19–26 (2018).

	35.	 Sanchez-Morillo, D. et al., Portable Oxygen Therapy: Is the 6-Minute Walking Test Overestimating the Actual Oxygen Needs? J. 
Clin. Med. 9, 4007 (2020).

	36.	 Beekman, E., Mesters, I., Gosselink, R., van Schayck, O. C. & de Bie, R. A. Authors’ response: What determines which 6MWT is 
conventional?. Thorax 70, 86–87 (2015).

	37.	 Shah, S. A., Velardo, C., Farmer, A. & Tarassenko, L. Exacerbations in chronic obstructive pulmonary disease: Identification and 
prediction using a digital health system. J. Med. Int. Res. 19, e69 (2017).

	38.	 Velardo, C. et al. Digital health system for personalised COPD long-term management. BMC Med. Inform Decis. Mak 17, 19 (2017).
	39.	 Wu, R. C., Ginsburg, S., Son, T. & Gershon, A. S. Using wearables and self-management apps in patients with COPD: a qualitative 

study. ERJ Open Res. 5, 00036 (2019).
	40.	 MacNab, M. et al. Oximetry-supported self-management for chronic obstructive pulmonary disease: mixed method feasibility 

pilot project. BMC Health Serv. Res. 15, 485 (2015).
	41.	 Jacobs, S. S. et al. Optimizing home oxygen therapy an official American thoracic society workshop report. Ann. Am. Thorac. Soc. 

15, 1369–1381 (2018).
	42.	 Morrison, D., Skwarski, K. M. & MacNee, W. The adequacy of oxygenation in patients with hypoxic chronic obstructive pulmonary 

disease treated with long-term domiciliary oxygen. Respir. Med. 91, 287–291 (1997).
	43.	 Sliwiński, P., Lagosz, M., Górecka, D. & Zieliński, J. The adequacy of oxygenation in COPD patients undergoing long-term oxygen 

therapy assessed by pulse oximetry at home. Eur. Respir. J. 7, 274–278 (1994).
	44.	 Galera, R. et al. Exercise oxygen flow titration methods in COPD patients with respiratory failure. Respir. Med. 106, 1544–1550 

(2012).
	45.	 Ora, J. et al. A 6MWT index to predict O2 flow correcting exercise induced SpO2 desaturation in ILD. Respir. Med. 107, 2014–2021 

(2013).
	46.	 Lellouche, F., L’Her, E., Bouchard, P. A., Brouillard, C. & Maltais, F. Automatic oxygen titration during walking in subjects with 

COPD: A randomized crossover controlled study. Respir. Care 61, 1456–1464 (2016).
	47.	 Giovacchini, C. X., Mathews, A. M., Lawlor, B. R. & MacIntyre, N. R. Titrating oxygen requirements during exercise: Evaluation 

of a standardized single walk test protocol. Chest 153, 922–928 (2018).
	48.	 Spruit, M. A., Pitta, F., McAuley, E., ZuWallack, R. L. & Nici, L. Pulmonary rehabilitation and physical activity in patients with 

chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 192, 924–933 (2015).
	49.	 Koreny, M. et al., Patterns of Physical Activity Progression in Patients With COPD. Arch Bronconeumol 57, 214–223, (2021).
	50.	 Sievi, N. A. et al. “Can do, don’t do” are not the lazy ones: a longitudinal study on physical functioning in patients with COPD. 

Respir. Res. 21, 27 (2020).

Acknowledgements
The authors are grateful to Fundação Vodafone Portugal, a significant partner of the SMARTREAB project, 
providing mobile technology support to telemonitoring activity; a special appreciation to Ana Veríssimo and 
Mauro Gonçalves. Authors hereby highlight the crucial 24x7 technical support of the CAST team, Carlos Coelho 
and Nuno Pereira, decisive for the success of SMARTREAB on daily clinical practice. Authors are also thankful 
to the pulmonary rehabilitation team of Hospital Pulido Valente, namely Marta Santos, Rute Roberto, Paula 
Raposo, Clara Cruz, Maria Manuel Tavares, Ana Martins, Cláudia Costa, Marta Miguéns and Carla Baptista. 
Authors are deeply thankful to Susana Henriques, for her elevated professionalism and precious contribution as 
the Head Librarian from Faculdade de Medicina da Universidade de Lisboa.

Author contributions
C.D.S. contributed with conceptualization, methodology, investigation, formal analyses, visualization and writ-
ing the original draft. A.S. contributed with investigation and writing review and editing. R.C.N. contributed 
with data curation, software and writing review and editing. R.R. contributed with formal analyses and writing 
review and editing. F.R. contributed with conceptualization and writing review and editing. C.C. contributed 
writing review and editing. M.S. contributed writing review and editing. C.B. contributed with conceptualization 
and writing review and editing. All authors have read and agreed to the published version of the manuscript.

Funding
CDS was supported by Fundação para a Ciência e Tecnologia (FCT) and Nippon Gases Portugal under the PhD 
studentship in Industry grant PDE/BDE/127785/2016. RR received funding from the European Union’s Horizon 
2020 Research and Innovation Program under grant agreement No 952377, iSTARS ERA Chair. The sponsors had 
no role in the design of the study, the collection and analysis of the data, or the preparation of the manuscript.

Competing interests 
CC is an employee of Nippon Gases Portugal, a home respiratory care provider which is homologated by the 
Portuguese National Health Service for the provision of home respiratory therapies (as oxygen and non-invasive 



10

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16600  | https://doi.org/10.1038/s41598-021-96060-w

www.nature.com/scientificreports/

ventilation) and it is certified with scientific suitability by the National Innovation Agency of Portugal (Ref. 
2337/2019).

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​96060-w.

Correspondence and requests for materials should be addressed to C.D.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

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 Author(s) 2021

https://doi.org/10.1038/s41598-021-96060-w
https://doi.org/10.1038/s41598-021-96060-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Telemonitoring of daily activities compared to the six-minute walk test further completes the puzzle of oximetry-guided interventions
	Methods
	6MWT. 
	SMARTREAB telemonitoring. 
	Data analysis. 
	Ethics approval and consent to participate. 

	Results
	Participant characteristics. 
	6MWT. 
	SMARTREAB telemonitoring. 
	6MWT vs SMARTREAB telemonitoring. 

	Discussion
	Implications to oximetry guided interventions. 

	Conclusions
	References
	Acknowledgements


