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Abstract

:

Attention-deficit hyperactivity disorder (ADHD) is the most common neurobehavioral disorder in schoolchildren. Several methods are used to evaluate ADHD therapeutic effects, including the Swanson, Nolan, and Pelham (SNAP) questionnaire, the Vanderbilt ADHD Diagnostic Rating Scale, and the visual analog scale. However, these scales are subjective. In this study, we employed an objective method to evaluate the aforementioned therapeutic effects. Ten patients (nine boys and one girl) with ADHD were enrolled. An accelerometer was embedded in a smart watch to record the movements of patients with ADHD. The variance values of the accelerometer before and after one month of medication (methylphenidate) use were compared. The results demonstrated that the variance values along the y- and z-axes of the accelerometers significantly decreased after one month of methylphenidate use. Before and after one month of methylphenidate use, the variance values were 4.4227 ± 2.1723 and 2.3214 ± 0.6475 (p = 0.0119) on the y-axis, and 4.0933 ± 1.5720 and 2.4091 ± 0.8141 (p = 0.0140) on the z-axis, respectively. In addition, the correlation was moderate-to-strong between the SNAP hyperactivity subscale and variance along the y-axis. Thus, a smart watch with an accelerometer inside is potentially an objective and useful method for evaluating the therapeutic effects of ADHD medications.
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1. Introduction


Attention-deficit hyperactivity disorder (ADHD) is the most common neurobehavioral disorder in schoolchildren; its prevalence in the United States ranges from 2% to 18% in this age group [1]. If not treated, ADHD may not only affect the patients’ functionality in childhood but also cause social and educational problems in later periods of their lives. Therefore, ADHD diagnosis and treatment are crucial in its early stages [2]. ADHD treatment may consist of drug therapy, behavioral therapy, or their combination. According to neurochemical evidence for ADHD, drug therapy is considered more effective than behavioral therapy [3]. Although stimulants are widely used for ADHD drug therapy, approximately 20% of children do not respond to the treatment [4]. There are several methods for evaluating the therapeutic effects of ADHD medication, including the Swanson, Nolan, and Pelham (SNAP) questionnaire [5], the Vanderbilt ADHD Diagnostic Rating Scale [6], and visual analog scales [7]. However, these rating scales are scored by parents or teachers of the patients, and this can lead to subjective bias during evaluation. Therefore, an objective method to measure these therapeutic effects is essential for monitoring the treatment effects of ADHD.



Currently, sensor technology has developed, to the point where tiny wireless sensors, as small as a watch, can record data for long periods. Devices with such sensors have been used in the research of many medical conditions, such as osteoarthritis, cerebral palsy, Parkinson disease, and stroke [8,9,10,11]. Increased activity is characteristic of patients with ADHD compared to those without ADHD [12,13]. Furthermore, two studies have used an accelerometer as an objective tool for ADHD diagnosis [14,15]. In addition, in two studies, a gyroscope combined with an accelerometer was used to distinguish the results of patients with ADHD from those without ADHD for various activities during a visit to a psychiatric consultancy [16] and when performing nine motor tasks [17]. However, the use of accelerometer measurements to evaluate therapeutic effects of ADHD medication is lacking. Moreover, our unpublished data demonstrated that the variance values of accelerometers in patients with ADHD were significantly higher than those in individuals without ADHD. In this study, we evaluated the therapeutic effect of the ADHD medication, methylphenidate, by using a smart watch equipped with an accelerometer and then analyzing the movements of patients with ADHD.




2. Patients and Methods


2.1. Participants


The study cohort comprised 10 children with ADHD, all of whom were examined by a pediatric neurologist or psychiatrist and were asked to wear the smart watches for recording. Children with a history of epilepsy, intellectual disability, drug abuse, head injury, or psychotic disorders were excluded. ADHD diagnosis was made according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-5 criteria, and the Swanson, Nolan, and Pelham Teacher and Parent Rating Scale (SNAP-IV) was used to evaluate ADHD severity. The 26 items of SNAP-IV include the 18 ADHD symptoms (9 for inattentiveness and 9 for hyperactivity/impulsiveness) and 8 oppositional defiant disorder symptoms specified in the DSM-IV. Items are rated on a four-point scale from 0 (not at all) to 3 (very much). ADHD has three subtypes, diagnoses of which are made depending on symptoms at presentation: inattentive (ADHD-I; inattentive symptoms and few or no hyperactive symptoms), hyperactive/impulsive (ADHD-H; hyperactive or impulsive symptoms and few or no inattentive symptoms), or combined (ADHD-C; both inattentive and hyperactive symptoms). Written informed consent was obtained from a family member or legal guardian of each participant. This study was approved by the Institutional Review Board of Kaohsiung Medical University Hospital (KMUIRB-SV(II)-20170015).




2.2. Accelerometer Recordings


An accelerometer embedded in a smart watch was used to record linear motion. Patients were asked to wear the watches on their nondominant wrist during the same class period before and after 1 month of methylphenidate use in this study. All patients started with methylphenidate 10 mg per day for one month. They took medication only on weekdays and breaks from medication on weekends. Before methylphenidate use, patients with ADHD were recorded for 2 h per day for 3 consecutive days. After 1 month of methylphenidate use, they were recorded for 2 h per day for 2 consecutive days. The recording period started from one hour after medication in the morning, and the time point was the same for baseline and after 1 month on treatment. The class teacher recorded patients’ activities during the study period.




2.3. Features Extraction


Let  S  be the signal matrix of an accelerometer recording of a subject:


  S =  [       s x         s y         s z       ]  =  [       s  x 1   ,  s  x 2   , … ,  s  x N          s  y 1   ,  s  y 2   , … ,  s  y N          s  z 1   ,  s  z 2   , … ,  s  z N        ]  ,  



(1)




where    s x   ,    s y   , and    s z    are the signal sequences corresponding to the  x -,  y -, and  z -axes, respectively, and  N  the number of samples. To characterize the local variation of each signal sequence in the time domain, variance was calculated using a sliding window approach. Variance is a measure of the “spread” of a probability distribution of the signal subsequence. The signal sequence   s =  [   s 1  ,  s 2  , … ,  s N   ]    was divided into a set of   K = N / W   nonoverlapping subsequences:


   {   s 1 ′  ,  s 2 ′  , … ,  s K ′   }  =   {   [   s 1  ,  s 2  , … ,  s W   ]  ,  [   s  W + 1   ,  s  W + 2   , … ,  s  2 W    ]  , … ,  [   s   (  K − 1  )  W + 1   ,  s   (  K − 1  )  W + 2   , … ,  s  K W    ]   }  ,  



(2)




where    s k ′  =  [   s   (  k − 1  )  W + 1   ,  s   (  k − 1  )  W + 2   , … ,  s  k W    ]    denotes the  k th subsequence of signal sequence  s . To estimate the population variance of each subsequence    s k ′   , sample variance was calculated as


   f   s k ′    v a r   =  1  W − 1    ∑  i = 1  W     (   s   (  k − 1  )  W + i   −  f   s k ′    a v g    )   2  ,  



(3)




where    f   s k ′    a v g     is the corresponding sample average of    s k ′   , calculated by


   f   s k ′    a v g   =  1  W − 1     ∑   i = 1  W   s   (  k − 1  )  W + i    



(4)







After variance values of all subsequences were calculated, the corresponding average was calculated for estimating the expected variance of the signal sequence  s  as follows:


    f s  v a r   ¯  =  1 K    ∑   i = 1  W   f   s k ′    v a r    



(5)







Therefore, three expected variance values,      f   s x    v a r    ¯   ,      f   s y    v a r    ¯   , and      f   s z    v a r    ¯   , were obtained from the signal sequences, sx, sy, and sz, respectively. Finally, three variance features were employed to characterize the accelerometer recording of each subject.





3. Statistical Analysis


All statistical analyses were conducted using SAS (version 9.3; SAS Institute Inc., Cary, NC, USA). Data were presented as means ± standard deviations. The effects of ADHD methylphenidate before and after treatment were compared using a paired t test, and because the accelerometer had three features, to avoid multiple comparisons on inflation of type I errors, we applied the Bonferroni adjustment, in which p < 0.05/3 = 0.0167 was considered statistically significant. Pearson’s correlation coefficient was used to calculate the correlation between decreases in SNAP scores and variance values of the accelerometer.




4. Results


Here, we enrolled 10 patients (nine boys and one girl; mean (standard deviation) age was seven years and five months (one year and three months)). Eight boys had ADHD-C, and one boy and the girl had ADHD-I. The SNAP scores obtained from the teacher before and after one month of methylphenidate use were 40.90 ± 9.27, and 21.13 ± 12.16, respectively (average percent decrease = 48.35%; Table 1).



The variance values along the y- and z-axes of the accelerometer in patients with attention-deficit hyperactivity disorder (ADHD) demonstrated significant decrease after one month of methylphenidate use. Before and after one month of methylphenidate use, the variance values were 4.4227 ± 2.1723 and 2.3214 ± 0.6475 (p = 0.0119) on the y-axis, and 4.0933 ± 1.5720 and 2.4091 ± 0.8141 (p = 0.0140) on the z-axis, respectively (Table 2). Figure 1 displays significantly higher variance values of accelerometer measurements before methylphenidate use than after one month of methylphenidate use. In some patients, the decreases in SNAP scores obtained from teachers demonstrated difference compared with the decreases in variance values (Figure 2). The correlation between the decrease in SNAP scores and decrease in variance values along the three axes before and after one month of methylphenidate use was not significant.



We also calculated the correlation coefficient between ADHD SNAP subscales (inattentive, hyperactive, and oppositional defiant) and three-axis variance reduction values after one month of methylphenidate use. The results revealed the highest correlation coefficient between SNAP hyperactive subscale and the variance value along the y-axis (Table 3) (correlation coefficient = 0.6053, indicating moderate-to-strong correlation between these two parameters) [18].




5. Discussion


In this study, we found that the variance values along the y- and z-axes of the accelerometer significantly decreased in patients with ADHD after the use of methylphenidate, an ADHD medication. Thus, the variance value may be a useful and objective marker for evaluating therapeutic effects of ADHD medication use in patients with ADHD.



The SNAP questionnaire were originally developed to assess ADHD symptoms according to the DSM-III [19,20]. Although several studies have demonstrated that the SNAP score has high validity and reliability [21,22,23], one study found that interrater agreement between parents and teachers is poor [5]. In addition, the parents’ ratings of inattention and hyperactivity/impulsivity are good predictors for research but not for clinical diagnosis. Regarding teacher ratings, only hyperactivity/impulsivity scores are good predictors for research and clinician diagnosis [22]. The discrepancies in the SNAP scores by parents and teachers for patients with ADHD can lead to diagnostic uncertainty. We used a smart watch equipped with an accelerometer to record the activity of patients with ADHD and noted significant decreases in variance values of accelerometer recordings. This method is recommended as an objective and convenient tool for evaluating the therapeutic effects of ADHD medications.



Electronic devices have been used to detect motor function in several medical conditions. Ellis et al. used smartphones to detect gait variability in patients with Parkinson’s disease (PD) and found increased gait variability in patients with PD compared with healthy controls [24]. Galán-Mercant et al. analyzed the differences in variance of performance in the Extended Timed Up and Go test in frail and nonfrail elderly people by using smartphones. The authors reported that accelerometry values for the frail elderly people were lower than those for the nonfrail elderly people [25]. In patients with idiopathic normal pressure hydrocephalus (iNPH), a body-worn gyroscopic system was used to detect gait and postural stability. The results demonstrated that the patients with iNPH had significantly higher trunk sway compared with healthy elderly patients, specifically in standing tasks [26]. Here, we used an accelerometer to evaluate the therapeutic effects of an ADHD medication, methylphenidate, in patients with ADHD and noted that the variance values along the y- and z-axes significantly decreased after one month of methylphenidate use. Accordingly, a smart watch equipped with an accelerometer is an effective alternative method for evaluating the treatment effects of ADHD medications.



Of the ADHD subtypes, the most prevalent are ADHD-C and ADHD-H (78.0–81.7%), followed by ADHD-I (18.3–22.0%) [27,28,29]. Here, 8 of 10 patients had ADHD-C, and therefore, most of the recruited patients demonstrated hyperactive symptoms. Accordingly, we noted a moderate-to-strong correlation between decreased SNAP hyperactive subscale scores and variance values of the y-axis of the accelerometer.



This study has some limitations. First, although the variance values of the accelerometer between before and after one month of methylphenidate in patients with ADHD differed significantly, the sample size was small. Second, we enrolled children with two different ADHD subtypes with limited number; thus, the results may not be generalizable to all ADHD subtypes. In the future, more patients with different subtypes will be enrolled to investigate the medication effects on three ADHD subtypes.




6. Conclusions


Most patients with ADHD have the ADHD-H or ADHD-C subtype. In the present study, the variance values of movement, calculated using an accelerometer, was used as an indicator for objective evaluation of the treatment effects of ADHD medication, such as methylphenidate. The results demonstrated that the variance values significantly decreased after one month of methylphenidate use, and the reduced variance values had a moderate-to-strong correlation with the hyperactive subscale of the SNAP questionnaire. Thus, the use of a smart watch equipped with an accelerometer is an objective and useful method for evaluating the therapeutic effects of ADHD medication, particularly in patients with ADHD-H and ADHD-C.
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Figure 1. Reductions in variance values of accelerometer along three axes. Significant reductions of variance values of accelerometer along the y- and z-axis after 1 month of medication use in patients with ADHD. * p < 0.05/3 = 0.0167. 
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Figure 2. Correlation between decreased Swanson, Nolan, and Pelham (SNAP) questionnaire scores and reduction in variance values. Some patients with ADHD exhibited discrepancy between decreased SNAP scores and reduced accelerometer variance values of along the three axes. 
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Table 1. Demographic data of patients with attention-deficit hyperactivity disorder (ADHD).
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	Patient Number
	Sex
	Age
	SNAP Score before Medication
	SNAP Score after Medication
	Reduction Percentage
	Subtype





	Patient 1
	M
	6y5m
	60
	NA
	NA
	Combined type



	Patient 2
	M
	7y8m
	42
	38
	9.5%
	Combined type



	Patient 3
	M
	7y10m
	38
	NA
	NA
	Combined type



	Patient 4
	M
	6y5m
	39
	35
	10.3%
	Combined type



	Patient 5
	M
	6y11m
	34
	11
	67.6%
	Combined type



	Patient 6
	M
	7y
	51
	9
	82.4%
	Combined type



	Patient 7
	M
	7y9m
	43
	32
	25.6%
	Combined type



	Patient 8
	M
	10y4m
	26
	13
	50.0%
	Inattention type



	Patient 9
	M
	5y11m
	37
	21
	43.2%
	Combined type



	Patient 10
	F
	7y8m
	39
	10
	74.4%
	Inattention type
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Table 2. Comparison of variance values across three axes before and after treatment.
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	Before Treatment
	After Treatment
	p Value





	Variance X
	4.3911 ± 2.4874
	2.1214 ± 0.9058
	0.0232



	Variance Y
	4.4227 ± 2.1723
	2.3214 ± 0.6475
	0.0119 *



	Variance Z
	4.0933 ± 1.5720
	2.4091 ± 0.8141
	0.0140 *







* p < 0.05/3=0.0167.
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Table 3. Correlation coefficient between reductions of SNAP subscales and variance values across three axes.
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	Axis_X Var Reduction Percentage
	Axis_Y Var Reduction Percentage
	Axis_Z Var Reduction Percentage





	Teacher SNAP (I) Reduction Percentage
	−0.0227
	0.0917
	0.3565



	Teacher SNAP (H) Reduction Percentage
	0.2881
	0.6053
	0.4605



	Teacher SNAP (O) Reduction Percentage
	−0.2331
	−0.0778
	−0.0373







(I): inattentive; (H): hyperactive; (O): oppositional defiant.
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