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Abstract

There is a growing need for free-living monitoring of the full 24h spectrum of behaviors with a 

single or integrated set of sensors. The validity of field standard wearable monitors in sleep and 

physical activity have yet to be assessed for the complementary behavior in the context of 24h 

continuous monitoring. We conducted a free-living comparison study of the Actigraph GT3X+ 

(GT3X+) to assess sleep parameters as compared with the Actiwatch-64 (AW-64) and 

concurrently, the AW-64 to assess sedentary and physical activity behaviors as compared with the 

GT3X+. Thirty young adults (15 female, 19.2±0.86 years) wore both monitors for 3 consecutive 

days and 2 consecutive nights. Agreement of sleep, sedentary, and physical activity metrics were 

evaluated using analyses of variance, intraclass correlation coefficients, Bland-Altman plots with 

associated confidence limits, mean absolute percentage of errors and equivalence tests. For sleep, 

the GT3X+ showed high agreement for total sleep time and sleep efficiency, but underestimated 

wakefulness after sleep onset and sleep onset latency relative to the AW-64. For sedentary 

behavior and physical activity, the AW-64 showed a moderate agreement for activity energy 

expenditure, but not for sedentary, light or moderate-vigorous physical activities relative to the 

GT3X+. Overall our results showed good agreement of the GT3X+ with AW-64 for assessing 

sleep but a lack of agreement between AW-64 and GT3X+ for physical activity and sedentary 

behaviors. These results are likely due to the monitor placement (wrist vs hip), as well as the 

algorithm employed to score the data. Future validation work of existing and emerging 

technologies that may hold promise for 24h continuous monitoring is needed.
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1. Introduction

Recently, several cost-effective systems have been developed to objectively monitor sleep 

and physical activity in real-world environments. Accelerometry is a widely used ecological, 

non-invasive technology and cost-effective substitute for both polysomnography (PSG), the 

gold standard for sleep monitoring [1], and indirect calorimetry [2], the gold standard for 

physical activity. Accelerometry provides objective monitoring of sleep-wake rhythm [3] 

and physical activity behavior [4] in free-living settings based on the recording of motion. 

Body movements are recorded by an accelerometer, which can be worn on the wrist, ankle, 

or hip. For sleep assessment the device is typically worn on the non-dominant wrist, and this 

technique has shown acceptable agreement with PSG, ranging between 85% and 95% for 

the identification of sleep-wake epochs [5], and for a similar sleep-wake detection ability of 

systems with dry electrodes [6, 7], at least for healthy adults [but see 8, 9, 10 about limits of 

these devices with paediatric and sleep disorder populations]. Similarly, new accelerometer 

monitors show acceptable agreement with indirect calorimetry, a reliable measure of energy 

expenditure for waking activities, when worn in the hip [11].

Accelerometry systems may be used to concurrently assess sleep and physical activity 

behaviors in free-living settings. Measuring the full 24h cycle with a single monitor would 

be a potentially convenient and cost-effective way to collect information about health and 

wellbeing [12]. Indeed, both sleep and physical activity/sedentary behaviors impact health 

[13], with both sedentary behaviors [14, 15] and poor sleep quality [16, 17] being associated 

with negative health outcomes. In addition, the dynamic interaction between these behaviors 

in the 24h day mediates health outcomes. For example, higher sleep quality increases energy 

and reduces fatigue levels [18]. Reciprocally, greater physical activity ameliorates sleep 

quality [12, 18]. Moreover, the optimal combination between time spent sleeping and time 

spent in active behaviors (both light and moderate to vigorous physical activities) is 

associated with lower cardiovascular risk [19]. Thus, continuous, free-living monitoring of 

the full 24h spectrum is needed to better understand the unique and combined impacts of 

these health behaviors.

However, current standard wearable monitors in sleep and physical activity are not well-

validated for complementary behaviors during the 24h period. For example, only a small 

number of studies have assessed the validity of the GT3X+ accelerometer (Actigraph, 

Pensacola, Florida, USA), a commonly used monitor for measuring physical activity and 

sedentary behaviors [20-22], to detect sleep-wake patterns against a concurrent PSG 

recording [23-25]. These studies showed that GT3X+ showed a systematic underestimation 

of wakefulness (i.e., both sleep latency and wake after sleep onset (WASO)), as well as a 

device placement effect. When the device was worn on the wrist, the typical position for 

sleep trackers, accuracy, sensitivity and specificity values were comparable to previous 

reports of other similar devices [23, 25], but not when worn on the hip [24, 25]. Overall, the 
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wrist-worn GT3X+ appeared to be valid for detecting sleep/wake patterns in a laboratory 

setting. However, to our knowledge the ability of this device to monitor sleep in a free-living 

environment has not yet been studied.

In contrast, the Actiwatch-64 (AW-64; Phillips Respironics, Bend, Oregon, USA) is a 

validated and widely-used wearable monitor for sleep in both healthy and clinical 

populations [23, 26, 27], as well as children [8, 28]. This wrist-worn monitor is commonly 

used in clinical settings [29-31] and is one of the most trusted wearable monitors for sleep 

assessment. However, validation studies investigating the ability of this monitor to 

accurately assess physical activity behaviors in adults are lacking.

There is an important knowledge gap in understanding the accuracy of these commonly used 

wearable monitors for measuring the full 24h spectrum of behaviors. The current study 

aimed to establish the agreement of these monitors in estimating both sleep and physical 

activity parameters under free-living conditions. Specifically, the aims are two-fold: a) to 

determine the agreement of the Actigraph (GT3X+) in measuring sleep parameters as 

compared with the Actiwatch-64 (AW-64) and b) to determine the agreement of the AW-64 

in measuring sedentary and physical activity behaviors as compared with the GT3X+.

2. Method and materials

2.1 General study design

Study participants had no personal history of neurological, psychological, or other chronic 

illness. Participants reporting irregular sleep-wake schedules (i.e., reporting a habitual time 

in bed (TIB) longer or shorter than 7-9 hrs per night) or excessive levels of average daytime 

sleepiness (i.e., scores greater than 10), as measured by the Epworth Sleepiness Scale [32], 

were excluded from the study. Additionally, any participant currently experiencing 

symptoms of a sleep disorder determined during an in-person or phone interview with an 

experimenter were excluded from the study. Each participant gave informed consent prior to 

participation in the study, which was approved by the University of California at Riverside 

Human Research Protections Program, and received financial compensation or course credit 

for participating in the study.

Participants came to the Sleep and Cognition Lab at UC Riverside to receive the two study 

monitors (AW-64 and GT3X+). The field-based standard criterion for sleep was the AW-64. 

The field-based standard criterion for physical activity and sedentary behaviors was the 

GT3X+. Both monitors were initialized from the same computer prior to the participant visit 

and the clocks were synchronized in order to compare their output. Each participant wore 

both monitors for 3 consecutive days and 2 consecutive nights. Participants were instructed 

to wear the GT3X+ on the hip during the day using an elastic waistband that could be worn 

underneath clothing, and to move the monitor to be worn on a wristband at night. While a 

full 24h wrist-worn protocol was considered, the decision for hip placement during the day 

was made to accommodate our goal to provide the best field-based criterion measure of free-

living physical activity and sedentary behaviour. While wrist placement is emerging for 

physical activity assessment, currently the best measurement potential remains the hip 

location [4]. The AW-64 was worn continuously on the non-dominant wrist. Participants 
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were instructed to wear the monitors at all times for the next three days and two nights, and 

to remove them only when there was a chance the monitor could be damaged, i.e., coming in 

contact with water or playing a high-impact sport.

2.2 Wearable monitors

The AW-64 (Phillips Respironics, Bend, Oregon, USA) consists of a piezoelectric 

accelerometer with a vertical acceleration sensitivity of 0.02 g, a sampling rate of 32 Hz and 

a storage capacity of 64 kb. The GT3X+ (Actigraph, LLC, Pensacola, FL, USA) contains a 

triaxial accelerometer with a sensitivity of 0.05 g and the sampling rate ranges from 30 to 

100 Hz. Both monitors allow the recording and storage of several weeks of sleep-wake 

activity data. Since the ActiLife 6.4.3 software (Actigraph, LLC Pensacola, Florida, USA) 

automatically scores sleep using 60-sec epoch cycles, even if the GT3X+ is initialized to 

collect data in 30-sec epochs or shorter, both devices were initialized to collect data in 1-min 

epochs.

2.3 Sleep data processing

AW-64 sleep-recordings were analyzed using Actiware 5.52.0003 (Phillips Respironics, 

Bend, Oregon, USA) software. Data were scored using a proprietary algorithm provided by 

the software with three different sensitivity threshold levels, which refer to the number of 

activity counts used to define wake: Low (20 activity counts/epoch), Medium (40 activity 

counts/epoch), and High (80 activity counts/epoch).

GT3X+ data were analyzed with ActiLife 6.4.3 using the Sadeh sleep scoring algorithm 

[33]. We scored our data with both the default setting (ACT) and the Low Frequency 

Extension (LFE) setting. The LFE option has been designed to lower the bandpass filter 

threshold for signal detection.

All analyses were confined to the period between lights off and lights on, which was defined 

by bed times and wake times reported by the participants [34, 35]. The following sleep 

parameters were examined for the two systems: total sleep time (TST), defined as the 

number of minutes scored as sleep between lights off and lights on; sleep onset latency (SL), 

the number of minutes between lights out and the first epoch scored as sleep; wake after 

sleep onset (WASO), the number of minutes scored as wake after sleep onset; and sleep 

efficiency (SE), the ratio between TST and total time spent in bed. For both monitors these 

parameters were directly extracted from the output of the respective software packages.

2.4 Physical activity data processing

GT3X+ physical activity recordings were analyzed using ActiLife 6.4.3 software. Data were 

scored using a common threshold-based algorithm in order to derive the following 

parameters: sedentary (<100 counts/min [cpm]), light-intensity (100-1951 cpm), and 

moderate-vigorous physical activity (MVPA; 1952+ cpm) [36]. These parameters represent 

a continuum in energy expenditure activities from very low (i.e., sedentary behaviors, such 

as sitting/reclining with as during television viewing or workplace sitting) to moderate-to- 

vigorous physical activities (e.g., fast-paced walking, playing sports, hard physical work), 

passing through light-intensity activities (i.e., lifestyle behaviors, such as walking or doing 
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housekeeping activities) [19]. We also estimate via ActiLife 6.4.3 software the total activity 

energy expenditure (AEE, kcal).

AW-64 physical activity recordings were analyzed using a custom-built SAS program that 

scored epoch-based acceleration counts derived from the Actiware 5.52.0003 software. Data 

were scored using a threshold-based algorithm for activity energy expenditure, sedentary, 

light-intensity, and moderate-vigorous physical activity derived from data collected at the 

wrist for the Actical monitor (a monitor functionally similar to the AW-64 built by the same 

manufacturer) [37].

All analyses were confined to periods not included in the sleep recordings to account for the 

full 24h. A non-wear algorithm was applied to both GT3X+ and AW-64 data (i.e., 60 

consecutive ‘0′ counts without grace period) prior to scoring and no non-wear periods were 

identified in either dataset.

2.5 Data analysis

Sleep parameters were compared between the different monitors with a series of analysis of 

variance (ANOVA) with the different settings (Low, Medium, High, ACT, LFE) as within-

subjects factors and Tukey HSD post-hoc tests. Intra-class correlation coefficients (ICCs), a 

widely used technique to assess the relative reliability between measurements [38], were 

calculated to measure the agreement between the systems. Specifically, we used ICCs (2,1) 

with absolute agreement, which are used to assess the agreement between two or more 

measurements. The ICCs (2,1) account for both agreement of performance between the two 

measures in the same individual (within-subject change), as well as change in average 

performance of participants as a group between the two measures (i.e., systematic change in 

mean). According to the Landis and Koch scale [39], we considered ICCs of 0 – 0.2 as slight 

agreement, 0.2 – 0.4 as fair agreement, 0.4 – 0.6 as moderate agreement, 0.6 – 0.8 as 

substantial agreement, and 0.8 – 1.0 almost perfect agreement. A p < 0.05 was considered 

statistically significant for all analyses.

Mean absolute percent errors (MAPE) were calculated as an indicator of overall 

measurement error. MAPEs were computed for each sleep parameter and for each setting as 

the average of absolute differences between the score of the GT3X+ and the AW-64 value 

divided by the AW-64 value, multiplied by 100. Similarly, MAPEs were computed for each 

physical activity measure and for each setting as the average of absolute differences between 

the score of the AW-64 and the GT3X+ value divided by the GT3X+ value, multiplied by 

100.

We also tested whether the parameters estimated by one monitor were “equivalent” to the 

other using an equivalence test [40]. Following Lee et al. [40], for each parameter we 

computed the equivalence zone (EZ) as the ±10% of the mean of our criterion (e.g., TST 

score from the AW-64 High sensitivity) and the 90% confidence interval (CI) of the mean of 

the estimated parameter by the comparison monitor (e.g., TST score from the GT3X+ LFE 

setting). If the 90% CI of the estimated parameter fell within the EZ of the corresponding 

criterion, the two measures were considered equivalent. This equivalence test made it 

possible to determine if the sleep parameters estimated by the two GT3X+ settings were 
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equivalent to the estimate from the criterion measures (the three AW-64 sensitivity settings). 

Similarly, we tested whether the physical activity parameters estimated by the three AW-64 

sensitivity settings were equivalent to the estimate from the criterion measures (the two 

GT3X+ settings).

Lastly, as linear correlation is an inadequate analysis to evaluate the agreement between two 

measurement methods [41], we used Bland-Altman plots to visually evaluate the agreement 

of the sleep summaries derived from two monitors. This technique plots the difference score 

between two measures (the Bias; e.g., TST for GT3X+ LFE minus TST for AW-64 High 

sensitivity) against their averages. Here, since we are considering one specific device/setting 

in each analysis as the absolute reference, we decided to plot the difference score between 

two measures against the values of the reference device/setting [see 42]. We also computed 

the limits of agreement (i.e. the upper and the lower limits of the Bias measured as Bias ± 

1.96 standard deviation of the Bias), which indicate the range where the difference between 

two recordings of a new individual should lie with 95% probability.

3. Results

3.1 Sample characteristics

The final sample included 30 young adults (Mage = 19.24, SD = 0.95, 15 F). Sample body 

mass index was 23.93 ± 4.56 kg/m2 and it was composed by African American (N = 4; 13% 

of the sample), Asian (N = 12; 40% of the sample), Hispanic (N = 11; 36.7% of the sample) 

and Caucasian (N = 3; 10% of the sample) individuals. We lost 7 GT3X+ recordings 

(7.78%) in day 3 due to lack of compliance from participants. The final sample was 

composed of a total of 60 nights and 83 days of recording.

3.2 Sleep parameters

Sleep parameters are reported in Table 1

The analysis showed a significant difference between settings for TST (F4,236 = 38.59; p < 

0.001), with Tukey HSD tests showing a significantly higher TST scored by the GT3X+ 

default setting than AW-64 Medium (p < 0.01) and Low sensitivity (p < 0.001), whereas the 

GT3X+ LFE setting only scored higher TST than AW-64 Low (p < 0.001). Comparing AW- 

64 settings, Medium sensitivity showed a higher TST than Low sensitivity (p < 0.001), but 

lower than High sensitivity (p <0.001). A similar pattern was observed for SE (F4,236 = 

44.04; p < 0.001), with the AW-64 High setting scoring higher SE than AW-64 Medium (p 

< 0.01) and Low sensitivity (p < 0.001), whereas both GT3X+ settings differed significantly 

from AW-64 Low (p < 0.001). GT3X+ default setting also reported a higher SE than AW-64 

Medium (p < 0.001). Again, Medium sensitivity showed higher SE than Low sensitivity (p < 

0.001) but lower than High sensitivity (p < 0.001).

We also observed differences in WASO (F4,236 = 36.26; p < 0.001). The AW-64 High 

showed less WASO than both GT3X+ settings (p < 0.001) as well as the other AW-64 

settings (p's < 0.01). Also, both GT3X+ settings and AW-64 Medium showed reduced 

WASO compared to AW-64 Low (p's < 0.001). The analyses also revealed a significant 

difference between settings for SL (F4,236 = 21.55; p < 0.001), with Tukey HSD tests 
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showing a shorter SL reported by the GT3X+ settings relative to AW-64 (p's < 0.001). Note 

that the three AW-64 settings have the same SL; this is due to the Actiware 5.52.0003 

algorithm, which computes sleep onset independently from the sleep-wake discrimination: 

sleep onset depends only on the presence or absence of activity counts (i.e. sleep onset is 

computed as the first epoch of the first 10 min block of epochs that contained no more than 

one epoch in which the subject showed activity higher than 0). Given that in this study we 

used the same lights off time for each setting, and given that sleep onset is the same (the 

settings do not affect the activity counts), mean and standard deviation of SL are the same 

for each setting of AW-64. To explore whether clustering effects impacting any of the 

results (i.e., dependency among observations within participants), we re-ran all analyses 

using linear mixed models. The results were comparable to the ANOVA outputs and 

therefore not reported.

Overall, ICCs revealed good agreement between the two systems for TST, moderate for 

WASO and SE, and poor agreement for SL. The best relationship was observed between 

GT3X+ LFE and the AW-64 Medium sensitivity setting (Table 2).

Bland-Altman plots and limits of agreements revealed that GT3X+ settings underestimate 

SL relative to the AW-64 (ACT = -11.28 min; LFE = - 10.77 min). This results in a 

systematic overestimation of the TST and SE by GT3X+ compared to the AW-64 Medium 

(TST ACT = 14.25 min; TST LFE = 10.40 min; SE ACT = 2.82%; SE LFE = 2.04%; see 

Figure 1) and Low (TST ACT = 39.55 min; TST LFE = 35.70 min; SE ACT = 8.28%; SE 

LFE = 7.50%). In addition, the GT3X+ settings overestimated WASO compared to AW-64 

High (ACT = 17.58 min; LFE = 20.88 min) and underestimated WASO when compared to 

AW-64 Low (ACT = -28.08 min; LFE = -24.74 min; see Supplemental Figures 1-5).

MAPEs for the various parameters (computed as the average absolute value of the errors 

relative to three AW-64 settings) are reported in Table 3.

MAPEs were similar for both GT3X+ settings. The magnitude of error was high for WASO 

compared to AW-64 Low and High sensitivity, and relatively low for SE and TST for all 

three sensitivity settings, especially for Medium and Low sensitivity. SL showed the highest 

errors.

The equivalence test revealed that for both GT3X+ settings, 90% CI of TST and SE were 

within the EZ of the AW-64 High and Medium sensitivity settings (see Supplemental Figure 

6). WASO was slightly outside the EZ of the Medium settings (EZ: 72.66-88.81 min; 90% 

CI ACT: 70.82-86.54 min; 90% CI LFE: 73.99-89.97 min). No other parameter fell within 

the EZ.

3.3 Physical activity and sedentary behaviors

Physical activity parameters are reported in Table 4.

We observed a significant difference between settings for activity counts (F4,328 = 218.14; p 

< 0.001) with Tukey HSD test showing significantly lower number of counts recorded by all 

three AW-64 sensitivities compared to the two GT3X+ settings for both parameters (p's < 
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0.001, Table 4). A similar, but reversed, pattern was observed for light intensity activity 

(F4,328 = 185.89; p < 0.001), with a more minutes identified by the AW-64 compared to the 

GT3X+ settings (p's < 0.001). We also observed significant differences across the monitors 

for sedentary behaviour (F4,328 = 62.49; p < 0.001) and MVPA (F4,328 = 309.52; p < 0.001), 

with a underestimation of epochs for all AW-64 sensitivities compared to both GT3X+ 

settings (p's < 0.001). Also, AW-64 Medium sensitivity identified a lower number of 

Sedentary epochs compare to Low sensitivity (p < 0.001). The analysis of the AEE showed 

significant differences across the monitors (F4,328 = 52.84; p < 0.001), with Tukey HSD test 

revealing that the AW-64 sensitivities significantly overestimate the AEE compared to both 

GT3X+ settings (p's < 0.001). Again, we controlled for possible clustering effects in a 

subsequent analysis and found the results to be comparable.

ICCs revealed very low agreement between the two systems for sedentary, counts per 

minute and light activity, no agreement with MVPA, whereas AEE showed a fair to 

moderate agreement. Note that the all the AW-64 sensitivities were more consistent with the 

GT3X+ LFE rather than the default setting (Table 5).

Bland-Altman plots and limits of agreement revealed that the AW sensitivities overestimate 

both sedentary, MVPA, AEE and counts per minutes, whereas light time was consistently 

underestimated (see Figure 2 and Supplemental Figures 7-11).

A high MAPE was observed for physical activity parameters, especially for MVPA for all 

AW-64 sensitivities (Table 6). The magnitude of errors was also very high for the Light, 

counts per minute, and AEE, whereas sedentary time showed moderate error. In general, 

among the three AW-64 sensitivities, the Medium sensitivity showed the lowest error 

compared to the GT3X+ settings.

The equivalence test revealed that, for all three AW-64 settings, 90% CI of the PA 

parameters were outside the equivalence zone (see Supplemental Figure 12).

4. Discussion

In the current study we examined the cross-validity of two widely used accelerometers for 

measuring physical activity and sleep-wake behaviors in healthy young adults in a free-

living environment. We conducted a continuous monitoring for 3 consecutive days and 2 

consecutive nights in order to test whether two wearable monitors, individually validated for 

sleep and physical behaviors, might be interchangeable. Overall, we observed a lack of 

congruence between the monitors, with some differences between sleep and physical 

activity behaviors.

Specifically, the GT3X+ worn in the wrist showed some promise for assessing sleep in 

healthy adults in a similar way to the well-validated AW-64 device, except for sleep onset 

latency (SL). In fact, as suggested by mean value and Bland-Altman plots and limits of 

agreements, the GT3X+ tended to underestimate both SL and WASO, resulting in a 

consequent overestimation of total sleep time (TST) and sleep efficiency (SE). However, 

ICCs showed poor agreement only for sleep latency, whereas for the other variables the 

agreement ranged between 0.42 and 0.877. Similarly, the highest mean absolute percentage 
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error was for SL, followed by WASO, and TST and SE had the lowest error. The same 

results were shown by the equivalence test, with both GT3X+ settings falling in the 

equivalence zone for TST and SE, with WASO only partially overlapping the equivalence 

zone. These results indicate wakefulness detection as the primary difficulty of the GT3X+ 

algorithm, with a particular deficit in identifying the sleep onset time. The poor ability of the 

GT3X+ to detect wakefulness is a common problem for accelerometry [10] and it is likely 

due, at least partially, to the algorithms employed to obtain sleep/wake parameters. For 

example, the GT3X+ software (ActiLife) derives sleep parameters as the sum of the single 

epochs defined as sleep or wake by the Sadeh algorithm [33]. Differently, Actiware, which 

is the software used by the AW-64 (as well as the newest products from the same 

manufacture), uses a proprietary algorithm that applies a “PSG-derived correction factor” to 

improve sleep estimates beyond that of just summing the sleep/wake epochs (Actiware 

Sofware Actiwatch Instruction Manual).

Overall, the sleep results are consistent with our previous work showing a good reliability of 

the GT3X+ in assessing sleep when compared to concurrent PSG in a laboratory-setting 

[23]. In addition, the current study showed that in free-living settings where sleep periods 

longer than a daytime nap are most common, LFE seems to be slightly more comparable to 

the AW-64 settings than the default GT3X+ setting. This is probably due to the fact that 

LFE expands the lower end of the frequency range. This likely increases the count output at 

the lower frequency (which are usually considered outside the normal range), and it is 

consistent with previous work showing greater accuracy in detecting sedentary and light 

intensity activities using LFE than the default setting [43]. This is an important 

consideration for researchers who may wish to use the GT3X+ to measure sleep and wake 

activity across the 24h day.

The AW-64 showed very poor agreement with the GT3X+ in detecting physical activity and 

sedentary behaviors. AW-64 showed moderate agreement in measuring AEE, but sedentary, 

light or moderate-vigorous physical activities were not comparable with the GT3X+ output. 

Analyses showed a dramatic overestimation of light intensity activity and underestimation of 

MVPA compared to the GT3X+. Also AEE was overestimated by the AW-64, but overall 

the ICCs, MAPE, and ANOVA indicate moderate agreement with the GT3X+, particularly 

with the LFE output. We observed some differences across AW-64 sensitivities with the 

Medium sensitivity resulting in the best estimation for physical activity and sedentary 

behavior.

The disagreement between monitors for sedentary/physical activity behaviors is likely due to 

two main reasons. First, the AW-64 and the newest model of the same brand are 

manufactured to be worn on the wrist and not on the hip. However, it has been shown that 

hip-worn monitors provide higher outputs than wrist-worn monitors [20]. Also, physical 

activity parameters are more accurate when an accelerometer is worn on the hip than on the 

wrist [11]. Given this, we used the GT3X+ placed on the hip as our reference for physical 

activity assessment. This decision was made in light of the extensive literature reporting 

about the validity of this product to measure both physical activity and sedentary behavior in 

a variety of populations, in both laboratory and free-living settings, when the device is fixed 

to the hip [22, 36, 44]. Second, we estimated sedentary, light-intensity, and moderate- 
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vigorous physical activity using a published threshold-based algorithm derived from data of 

the wrist-worn Actical monitor [37], a device of the same manufacturer of AW-64.

In other words, our results indicated that both the monitor placement and the currently 

available algorithm may account for the differences we observed for physical behaviors and 

energy expenditure. Therefore, in order to use the AW-64 as a valid device to assess 

physical activity, new algorithms/threshold levels need to be developed.

The results of the current study should be interpreted in light of some limitations. As 

described above, the lack of uniform monitor placement (hip vs. wrist) which may act as a 

confounding factor. Whereas the GT3X+ was placed on the hip during the day and on the 

wrist during sleep, the AW-64 was constantly worn on the wrist. However, while the GT3X

+ has been designed to be worn either on the wrist, hip, arm, or ankle by default (see the 

device manual), the AW-64 is manufactured to be worn on the wrist. Also, even if the 

Actigraph has developed an algorithm to scale wrist-worn data to hip-worn estimations, 

recent studies using the Actigraph in children [45] as well as in adults [25, 46] have found 

that wrist and hip placements are not interchangeable. Specifically, hip placement is more 

precise for physical activity assessment [20] whereas wrist placement is more accurate when 

assessing sleep parameters [24]. Therefore, in the current study we decide to place the 

GT3X+ monitor in its recommended location for each condition (wrist for sleep and hip for 

physical activity), whereas AW-64 was worn in its default placement.

The current study also lacked gold standards for sleep (polysomnography) or physical 

activity (calorimetry). Therefore, even if the AW-64 and the GT3X+ are two valid and 

extensively used wearable monitors in the sleep and physical activity field respectively, 

there is likely substantial error in both measures. Also, in light of the lack of 

polysomnography, we used self-reported lights off and lights on to delimit our rest analysis 

windows. This method may have biased the sleep onset latency detection. However, it 

should be note that the bias was common across devices and settings. Moreover, this 

analysis is more appropriate for devices not equipped with event-markers, such as the GT3X

+, for which researchers and clinicians have to rely on self-reported bed and wake time 

information. The lack of polysomnography screening means we cannot be completely sure 

of having not included participants with sleep problems, even if we carefully screened 

participants for excessive daytime sleepiness, sleep disorders, irregular sleep schedules and 

poor sleep via questionnaires and interview.

Notwithstanding these issues, this comparison is still useful given that these monitors are 

commonly used in epidemiological and intervention research to measure these behaviors in 

free-living contexts.

5. Conclusion

In conclusion, in the present study we tested whether two widely used and commercially-

available actigraphs, both considered valid and reliable monitors in either the sleep or the 

physical activity field, might be interchangeable. Our results showed a good agreement of 

the GT3X+ with AW-64 for assessing sleep but a lack of congruence between AW-64 and 

GT3X+ for physical activity and sedentary behaviors. These results are probably due to the 
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actigraph placement (wrist vs hip) as well as the algorithm employed to score the data. 

Future validation work of existing and emerging technologies that may hold promise for 

24h, continuous monitoring is needed. Moreover, considering that compliance is higher with 

wrist-worn actigraphs rather than with hip-worn monitors [4, 47], future feasibility studies 

that explore compliance and participant burden factors impacting 24h monitoring with both 

wrist- and hip-worn monitors are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Sleep and physical activity/sedentary behaviors impact health

• Validation of monitors for assessing the full 24h spectrum of behaviors are 

lacking

• We cross-compared two standard monitors to assess sleep and physical activity

• The GT3X+ showed good agreement with AW-64 for assessing sleep

• There was a lack of agreement between AW-64 and GT3X+ for physical 

activity
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Figure 1. 
Bland-Altman plots of GT3X+ LFE setting and AW-64 Medium sensitivity for sleep 

parameters. The y-axis indicates the differences between the GT3X+ score minus the 

AW-64 score, whereas the x-axis shows the average of their scoring. The Bias represents the 

mean difference between the devices for a specific parameter, with values above zero 

meaning an overestimation and the values below zero meaning an underestimation of the 

GT3X+ relative to AW-64. Upper and lower lines represent Bias ± 1.96 SD.
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Figure 2. 
Bland-Altman plots of GT3X+ LFE setting and AW-64 Medium sensitivity for physical 

activity parameters. The y-axis indicates the differences between the AW-64 score minus 

theGT3X+ score, whereas the x-axis shows the average of their scoring. The Bias represents 

the mean difference between the devices for a specific parameter, with values above zero 

meaning an overestimation and the values below zero meaning an underestimation of the 

GT3X+ relative to AW-64. Upper and lower lines represent Bias ± 1.96 SD. Note that 

MVPA is not shown.
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