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Abstract. In a telemonitoring system, recording vital signs for heart failure patients, a temporal 

variation is observed in vital signs (blood pressure and heart rate), which may be attributed to various 

reasons, with medication incompliance or diet changes among the most important ones. This work 

aims at investigating the difference in vitals that is induced by medication intake, delays and 

omissions, combined with a high or low salt diet. Experimental data were collected from heart failure 

(HF) subjects and include multiple measurements within a day, under different activities. These 

recordings were repeated on four separate days, each under different salt and medication intake 

conditions. The data were analysed by generating features that express temporal intra-subject 

differences. Statistical analysis for each feature highlighted the importance of blood pressure while 

standing and before exercise. Classifiers were built, that can distinguish with 80% accuracy the short 

term medication effect, or incompliance, from variation after medication intake. This quantitative 

characterization of the temporal vital sign variation, with respect to activities, medication and diet 

changes could contribute to an effectiveness and compliance model in daily life conditions. 
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1. Introduction 

Telemedicine systems for chronic cardiovascular patients are based on recordings of vital signs on 

a daily basis, such as blood pressure and heart rate. Rather than making medical decisions based on 

the snapshots of the biosignals during the periodic patient visits, this continuous recording of main 

physiological parameters provides a more complete information of the patient’s condition, reflecting 

the effect of medical interventions, lifestyle choices and other factors associated with the physiological 

responses expressed by these vital signs. Decisions on care plan adaptations, interventions, etc., are 

expected to be supported by this abundance of available information.  

In this context of disease management for cardiovascular disease patients, the EU project 

HeartCycle [Maglaveras and Reiter, 2011] aims to provide technologies and algorithms to interpret 

patient data, along with services to facilitate the remote management of patients at home. Major 

components in the successful treatment of cardiac patients are considered the medication therapy 

effectiveness and compliance. Medication effectiveness refers to the actual change of vital signs as a 

result of medication treatment, with respect to the expected change. Medication compliance refers to 

patient’s behaviour, as regards the extent to which the prescribed medicines are taken as agreed with 

the medical professional. In this context, steps have been taken towards a framework addressing 

medication effectiveness and compliance, in terms of modeling treatment effect, as well as analysis of 

the past vitals [Chouvarda et al., 2011]. The former is considered as a means to support the user 

(patient) in understanding the effect of medications/exercise on his/her vital signs, while the latter is 

aimed as a support tool for the clinician during data reviewing and treatment decision making. 
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While reviewing a time series of vital sign values corresponding to a recent monitoring period of 

a patient, it would be useful to examine how this signal evolves, its stability and its response with 

respected to the planned intervention. A basic assumption behind this would be that after a 

stabilization period, the affected vital should statistically converge to a value, and remain stable. Any 

divergence should be attributed to a cause, be it an acute medical condition, or a period of non-

adherence, etc. Within this context, the expected day to day variability would need to be defined, on a 

personal basis, especially taking into account the potential variation induced by deviations in 

behavioral aspects, e.g. diet changes or schedule changes. 

In this scope, data from heart failure patients were collected, corresponding to different 

combinations of diet and medication compliance, and were analysed respectively. The purpose of this 

work is to estimate the effects of brief omission of medication and different salt diets on variables that 

may be measured by telemonitoring. This is expected to contribute to the calibration and 

personalization of monitored vital sign time series, for home telemonitoring use. 

2. Methods 

2.1. Data Description 

The data considered in this work were collected from Heart Failure (HF) patients who were 

already under medical attention, and on regular medications (diuretics beta-blockers and ACE 

inhibitors or angiotensin receptor blockers) for at least 6 weeks. These patients were considered as 

representative candidates for HF home telemonitoring. The protocol and data collection [Antony et 

al., 2011] were implemented in Castle Hill Hospital, UK, as summarized below. 

On each study day, two cycles of assessments were performed, with each cycle lasting two hours. 

The study days include combinations of: 

a) “High Salt” days (HS), with high salt diet for 3 days as compared to “Low Salt” days (LS), and  

b) “Medication Delayed” days (MD), where medication is withheld on the morning of study (24hrs 

from last dose of diuretic and 12-24hrs after last dose of ACE inhibitor or beta-blocker), and is given 

delayed, after the 1st cycle, and before the 2nd one. This is compared to the “Medication Given” days 

(MG) case, where medication is given on the morning of study before any measurements.  

Thus, four types of study days are available for each subject (LS, HS)x(MG, MD). Study days were 

not less than 48 hours apart and, for dietary salt interventions, not less than one week apart. 

Each cycle (~2-hr) was segmented into periods of different activity. The respective measurements of 

Systolic blood pressure (SBP), Diastolic Blood Pressure (DBP) and Heart Rate (HR), corresponding to 

each activity segment within each cycle were:  

o SBP0min, DBP0min, HR0min, in the beginning of the cycle, 

o SBPbed, DBPbed, HRbed, at bed-rest, 

o SBPstand1, DBPstand1, HRstand1, while standing at 45 minutes inside each cycle, 

o SBPsit, DBPsit, HRsit, while sitting,  

o SBPstand2, DBPstand2, HRstand2, standing at 95 minutes inside each cycle, and 

o SBPEx, DBPEx, HREx, immediately before starting exercise. 

These 18 vital signs values were measured by a standard sphygmomanometer device. (GE 

Dinamap) A further calculated set of three variables related to the standing to sitting ratio 

(*stand1/*sit1) of SBP, DBP and HR respectively, is considered as relevant to the study, and therefore 

added to the dataset, as *diff. 

Data from twenty subjects were available in this work. In each type of univariate or multivariate 

analysis, only complete columns were employed. 

2.2. Feature comparisons 

Medication Effect Scheme (MES). Medication effect is studied via the within day differences, i.e. 

differences between cycle1 and cycle2 vital sign values in the same day. In delayed medication intake 

(MD) day, this difference expresses the potential vital sign change due to medication intake after 

cycle1 and before cycle2. In regular medication intake (MG), the difference corresponds to expected 

vital sign changes and deviations within a day after medication intake, i.e. the expected variation. 

Specifically, for each of the 21 vital sign measurements, taken in salt condition m (m=HS or LS) and 

medication condition n (n=MD or MG), in cycle 1 as Fj1mn and in cycle 2, as Fj2mn, a feature MESjmn is 

calculated as in Eq. 1: 
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 mnjmnjjmn FFMES 12    (1) 

where 

 j=1..21, the jth vital sign measurement. 

 

In this manner 4 values are calculated for each vital j, corresponding to the salt and medication 

conditions, as MESjHSMD, MESjHSMG, MESjLSMD, and MESjLSMG, and further statistical analysis takes 

place with these features, and mainly between the pairs MESjmMD, MESjmMG. 

This concept is depicted in Fig. 1(a). 
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Figure 1. (a) MES concept, i.e. cycle2-cycle1 of the same day, (b) MIS concept, i.e. difference of same cycle at 

different days. 

Medication Incompliance Scheme (MIS). The effect of short incompliance (one day omission) is 

studied by considering the difference in cycle 1 between MD-MG days, as compared to the difference 

between MD-MG in cycle 2. The former corresponds to the difference in the signal between 

medication intake and omission condition (peak and trough), while the latter corresponds to the 

difference in the signal after mediation intake (with 2hr time difference), expressing a day by day 

simple variation.  

In this case, for each of the 21 vital sign measurements, taken in cycle k (k=1,2), salt condition m 

(m=HS or LS) and medication condition n (n=MD or MG) as Fjkmn, a feature MISjkm is calculated as in 

Eq. 2: 

 jkmMGjkmMDjkm FFMIS    (2) 

where 

 j=1..21, the jth vital sign measurement. 

 

In this manner 4 values are calculated for each vital, corresponding to the salt and medication 

conditions, as MISj1HS, MISj2HS, MISj1LS, and MISj2LS, and further statistical analysis takes place with 

these features, and mainly between the pairs MISj1m and MISj2m in each of the salt conditions. The 
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principle is shown in Fig. 1(b). 

 

2.3. Statistical Analysis and Classification 

Statistical tests were performed for significant differences as regards the medication effect scheme 

(see Fig 1a), and the medication incompliance scheme (see Fig 1b). The non-parametric 

KruskalWallis (KW) test was chosen with the four groups as {LS, HS} x {MG, MD} and differences 

among the 4 groups were assessed after Bonferroni correction for multiple comparisons. 

Furthermore, in both the MES and MIS scheme, binary classifiers were considered, separately for 

the HS and LS case, in order to assess the ability to discern  the medication effect from the within-day 

signal variability, in MES, and the effect of medication omission from day to day variability in MIS, 

respectively. 

Univariate models were trained on the features that show statistical significance in KW test. 

Furthermore, a simple wrapper-based method was employed to select and evaluate features pairs, via 

an exhaustive exploration of feature pairs that produce the best results.  

In all cases, a binary linear classifier was employed, with 10-fold cross-validation training-testing. 

Accuracy, sensitivity and specificity were employed as performance measures, and features or pairs 

with at least 75% performance were kept as acceptable.  

In MES scheme, the sensitivity of the binary classifier was defined as “true MESHSMD”/(true 

MESHSMD + false MESHSMG), for HS, and similarly for LS. Thus, it is the percentage of cases that 

medication effect is correctly identified and separated from within day variability. Specificity is 

defined as “true MESHSMG/(true MESHSMG +false true MESHSMD), measuring the proportion of correctly 

identified cases corresponding to simple within day variation patterns after medication intake. 

Similarly, in MIS scheme for HS (and similarly for LS.), sensitivity corresponded to the MIS1HS 

group (cycle1), reflecting the detection of increase in vital due to medication incompliance, and 

specificity corresponded to the MIS2HS group (cycle2) reflecting day to day variation after medication 

intake. 

 

Table 1. Significant features with KW p< 0.05, for the MES and MIS schemes. The median, 25% and 75% 

quartiles are depicted.  “&” denotes statistical significance in HS, and “*” in LS.  

Features HS  LS  

MES MESjHSMG MESjHSMD MESjLSMG MESjLSMD 

SBPstand1  

& 

-3.0 

[-5.5 4.5] 

-13.0  

[-21.5 -7.5] 

-5.5  

[-9.5 -1.5] 

-11.0  

[-21.5 -2.5] 

SBPsit1  

* 

-3.0 

[-11 6] 

-5.0  

[-11 2] 

-3.5 

[-14.0 6.0] 

-16.0 

[-19 -12] 

DBPstand2  

* 

-1.0 

[-8 3] 

-4.0  

[-7.25 0.25] 

-1.0 

[-4.25 3.0] 

-14.0 

[-17.0 -4.5] 

SBPEx 

* 

-1.0 

[-9.75 14.5] 

-4.0 

[-12.75 -1.5] 

2.0 

[-4.0 7.0] 

-18.0 

[-38.5 -3.75] 

MIS MISj1HS MISj2HS MISj1LS MISj2LS 

DBPstand1 

& 

6.5 

[0.5 12.0] 

-2.0 

[-3.0 4.5] 

7.0 

[3.5 11.0] 

3.5 

[1.0 12.0] 

DBPsit1 
6.0 

[-5.0 10.0] 

0.0 

[-3.0 2.0] 

9.0 

[7.0 13.0] 

5.0 

[0.0 10.0] 

DBPstand2 

* 

7.0 

[-6 14] 

0.0 

[-3.25 3.0] 

6.0 

[3.75 13.0] 

-2.0 

[-6.0 3.5] 

SBPex 

* 

11.0 

[-11.0 24.75] 

-2.0 

[-5.75 2.25] 

16.0 

[11.0 34.75] 

1.0 

[-6.75 7.5] 

DBPex 7.0 

[3.25 12.5] 

-1.0 

[-5.0 3.5] 

14.0 

[-2.5 23.75] 

3.0 

[-0.75 8.25] 
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3. Results 

3.1. Statistical analysis 

Table 1 depicts features with p<0.05 at KW test, i.e. stating that all “salt x medication” 

combinations are not the same. Median values and 25%-75% quartiles are depicted, along with the 

cases where the two groups under examination differ. Records with missing values were excluded 

from the analysis. 

In the MES scheme, the differences between cycle 1 and cycle 2 is bigger in MD, expressing the 

effect before-after medication, as compared to MG, where the difference reflects either small expected 

deviations within the day. It can be observed that high salt blurs medication effect in most vitals, 

showing a difference only in SBPstand1. In LS, more features express a change due to medication, 

including the SBPex.  

In the MIS scheme, the effect of medication omission is shown in the column under cycle 1, 

MISj1m, as the difference in the vital between an MD day and MG day. In cycle 2, MISj2m , the median 

MD-MG difference is lower, as in both measurement is taken after medication intake. Under high 

salt, the omission effect is more obvious in DBPstand1. In low salt, the SBP before exercise appears 

again among the important features, while DBP values are also important. 

 

3.2. Classification 

Binary linear classification models were trained and tested in a 10-fold cross validation scheme, 

with 10 samples per class (only complete records included), and reached an accuracy higher than 80% 

in several cases.  

As can be seen in Table 2, the only univariate model for MES with sensitivity and specificity 

higher than 75% was based on SBPstand1, in LS. Successful combinations in LS included SBPEx, 

with the best one SBPEx + DBPstand1 reaching 90% accuracy. Different features were selected in HS. 

In MIS, the accuracy was slightly higher in the HS case, reaching 85% for three combinations that 

included DBPex. 

It is noticeable that in all successful classification combinations, vital signs expressing a 

‘dynamic’ condition are preferentially selected, e.g. standing or preparing for exercise, rather than a 

resting or sitting. 

Table 2. Classification results, for medication effect (MES) and medication incompliance (MIS) cases. Sens, 

Spec, and Accur, stand for Sensitivity, Specificity and Accuracy, respectively.  

Features Sens Spec Accur 

MES HS    

SBPstand1 + HRsit1 80% 90% 85% 

DBPEx + DBPdiff 90% 80% 85% 

MES LS    

SBPstand1 80% 80% 80% 

SBPEx + DBP0min 80% 90% 85% 

SBPEx + HR0min 80% 90% 85% 

SBPEx + DBPstand1 80% 100% 90% 

SBPEx + HRstand2 80% 90% 85% 

SBPEx + DBPdiff 80% 90% 85% 

MIS HS    

DBPEx 90% 80% 85% 
DBPEx + DBPsit1 90% 80% 85% 
DBPEx + DBPdiff 80% 90% 85% 

MIS LS    

SBP0min + DBPstand1 80% 80% 80% 

HR0min + SBPEx 80% 80% 80% 
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4. Discussion 

Some interesting findings emerged from this analysis. DBP features we found to be significant in 

the KW tests in MIS, while SBP prevailed in MES KW tests. An asymmetry between the 

characteristics, as well as the traceability, of medication effect and medication incompliance appeared. 

Additionally, DBP features were more important in classification in HS condition. It was interesting 

to see that in MIS, the classification of medication omission was slightly better under HS, i.e. the 

increase in vitals due to medication omission was more obvious under high salt diet. 

The SBP and DBP before exercise were the most consistently important for both MES and MIS 

scheme classification. The importance of these parameters for risk prediction has been reported before 

[Kurl et al., 2001]. 

Overall, this analysis explored the possibility to employ multiple measurements per day, and 

temporal information, in order to assess medication effect and compliance, as suggested before [Hayen 

et al., 2010]. It also stressed out the virtue of employing intra-subject value changes, rather than 

absolute values.  

Furthermore, these initial findings suggest the activities (standing, task preparation) that could 

highlight more clearly the medication effect or omission, rather than resting activity. This might be 

useful in dynamically adapting telemedicine monitoring scenarios [Koutkias et al., 2010]. The 

information may be of therapeutic value and may improve interpretation of data from remote 

monitoring. Further tests could enrich these findings with other daily life challenges and the induced 

variability patterns. The clinical interpretation of these findings could be also of great value. 
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