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Chapter 7
Abstract
With regard to both psychological and physiological processes, ambulatory measurement is
‘worth the trouble’ because it provides higher ecological validity and higher predictive validity for
clinical outcomes than laboratory studies. This observation has led to the development of the VU
University Ambulatory Monitoring System (VU-AMS) that specifically focuses on ambulatory
assessment of activity of the autonomic nervous system. In this chapter we review the ongoing
development of the VU-AMS hardware and software, with an emphasis on the contributions of
technological progress and of the expanding community of VU-AMS researchers worldwide.
Technology has increased the extent, robustness and precision of ambulatory recording. The
experience, feedback and requests from the user community, however, have been a driving force in
its conceptual development. So much so that the wider dissemination of the VU-AMS as a research
tool has become a major goal for its developers. This chapter reviews 1) the VU-AMS development,
and 2) the technical documentation, tutorial video`s, and hands-on workshops that are used to grow
the VU-AMS user community.
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Introduction
Ambulatory monitoring is a method of acquiring behavioral and physiological data in subjects
who are free to go about their normal daily activities, outside the confines of the laboratory or
hospital environment. In the past decades, ambulatory monitoring has evolved from an innovative
tool in fundamental research to a widely used method in clinical and applied research settings.
Because ambulatory monitoring takes place during everyday life, in the subject’s own environment,
such measurements have high ecological validity (Bussmann, Ebner-Priemer, & Fahrenberg, 2009;
Ebner-Priemer, Trull, & Pawlik Kurt., 2009; Fahrenberg et al., 2007). A huge advantage of ambulatory
monitoring over laboratory assessments is that it captures physiological processes that have a
prolonged time scale, including circadian rhythms, work-nonwork transitions, and wake-sleep
patterns. In addition, it may boost the incremental validity of the psychological constructs compared
to a study that measures these only by self-report (Houtveen et al., 2009; Trull & Ebner-Priemer,
2009).
Specific advantages of prolonged ambulatory monitoring over laboratory testing are found in
the assessment of individual differences in reactivity to psychosocial stressors. In psychosomatic
medicine, negative consequences of such reactivity are expected on cardiovascular health (EbnerPriemer et al., 2009; Kamarck et al., 2003; Krantz & Manuck, 1984; Linden, Gerin, & Davidson, 2003).
These consequences will derive from the responses to frequent exposure to realistic stressors,
encountered repeatedly at home or in the work setting. It has been found that the individual
differences in the amplitude of cardiovascular stress reactivity to standardized laboratory stressors
predict the response to actual real life stressors only moderately at best (Gerin et al., 1994; Kamarck,
Schwartz, Janicki, Shiffman, & Raynor, 2003; van Doornen et al., 1994). Measurement of the
frequency of stress reactions in real life cannot be done in a laboratory design and such exposure can
only be obtained by ambulatory monitoring.
The added value of ambulatory recording has been illustrated most clearly in hypertension
research. Measurement of resting baseline blood pressure in a clinic or laboratory setting can suffer
from the “white coat effect”. In these settings blood pressure is often higher than it would be when
blood pressure was measured at home, because subjects tend to feel more anxious in the clinic or
laboratory as compared to familiar surroundings. Ambulatory blood pressure measures, that do not
suffer from white coat effects, have proved to be much better predictors for cardiovascular
morbidity and mortality than laboratory or office measurements (Barry, Moroney, Orlebeke, & de,
1991; Pickering & Devereux, 1987; Verdecchia et al., 1994; Verdecchia et al., 1998; Verdecchia et al.,
2001). There is no good reason to assume that a white coat effect would be limited to blood pressure
only; more likely, it affects many other physiological measures as well. Directly assessing autonomic
function in naturalistic settings, including leisure time at home and sleep, should also circumvent
possible white coat effects on autonomic nervous system activity.
To maximally achieve its goals, ambulatory psychophysiological studies require 1) multiple
physiological and psychological parameters with the highest possible precision, reliability and
validity, and 2) a solid registration of confounding factors that (strongly) influence these signals but
have no direct bearing on the psychological state and behavioral events that are of interest to the
psychologist. Increases in the number of parameters/confounders that can be ambulatory recorded
and improvement in the precision of such recordings have been largely technology driven. However,
increases in the reliability and validity of ambulatory recording and data analysis strategies have
been largely research community driven. Both processes, the role of technology and the role of the
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Chapter 7
user community, are amply demonstrated in the developmental history of the VU
University Ambulatory Monitoring System (VU-AMS) (Figure 1.).
Figure 1. of the VU University Ambulatory Monitoring System (VU-AMS).

The VU-AMS

7

The VU-AMS developed out of a close collaboration of the department of Biological
Psychology and the Technical Instrumentation department of the Psychology and Education Faculty,
which was started in the ‘80’s of the previous century and continues to date. Currently over 375
devices have been produced, about one-third of which are used internally to support research at the
VU University itself. The VU-AMS, for instance, plays a central role in the ongoing genetics research
on autonomic and cardiovascular stress-reactivity at the department of Biological Psychology and in
the Netherlands Twin Register. The other two-thirds of the VU-AMS devices are used world-wide by
over 50 research groups to study the effects of acute mental and social stress, ADHD, aggression,
anxiety and depressive disorders, poor attachment, circadian rhythms, exercise training,
hyperventilation, migraine, sleep, sleep deprivation, sleep disorders, chronic work stress, repeated
worrying, and in studies linking the autonomic nervous system to metabolic and immunological risk
factors.
The earliest 1984 predecessor of the current 5fs version of the VU-AMS device, called the
1
HRM (Heart Rate Monitor) was originally developed for Lorenz van Doornen to measure heart rate

1

The naming of the VU-AMS devices is a mildly confusing story. Reflecting the typical pioneering spirit in
academia with its low attention to standardization and documentation, versions of the device have been called
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responses to naturalistic stressors that could not be simulated in the laboratory, like a motor-bike
driving exam, a PhD thesis defense, or an academic examination (van Doornen, 1988). First large
scale application was done by two of van Doornen’s PhD students. Irene Houtman studied stress and
coping in lecturing (Houtman, 1992) and Eco de Geus examined the effects of aerobic fitness training
on ambulatory heart rate which was the first 24-hour use of the HRM (de Geus, 1992). In due time
the recorded signals expanded from heart rate only to include skin conductance level (Barry et al.,
1991), motility (Klaver, de Geus, & De Vries, 1994), and thorax impedance (de Geus et al., 1995;
Willemsen et al., 1996). Increasingly the device focused on the separate measurement of the activity
of the sympathetic and parasympathetic nervous system, which is still the main trust of the newest
5fs version. This monitoring of the two branches of the ANS required the recording of three core
signals, the electrocardiogram (ECG), the impedance cardiogram (ICG) and the skin conductance level
(SCL). In addition, a continuous indicator of ongoing physical activity, based on accelerometry
(Montoye et al., 1983), was added early on.
ECG
In the early versions, ECG processing was limited by technology. The VU-AMS recorded the
ECG signal at 250Hz from three electrodes and used a powerful dynamic online R-wave peak detector
to compute the interbeat intervals (IBIs) from which mean heart rate values were computed and
stored every 30 seconds. The device did not store the full ECG waveform due to limited internal
storage space at the time (2Mb). This situation became increasingly undesirable when the value of
heart rate variability (HRV) as a clinical predictor became evident (Bigger, Jr. et al., 1989; Bigger, Jr.,
Fleiss, Rolnitzky, & Steinman, 1992; Bigger, Steinman, Fleiss, & Rolnitzky, 1991; Chandra, 1987; De
Maso, Myers, & Sellers, 1992; Feldman et al., 1991; Kleiger et al., 1991; Malik et al., 1991; Mogaard,
Sorensen, & Bjerregaard, 1991; Odemuyiwa et al., 1992). Therefore, in addition to the average 30second heart rate values, the device could be programmed to periodically perform a beat-to-beat
registration (BBR), typically for a period of 5 minutes once every 30 minutes (Klaver et al., 1994).
These IBI time series from the BBR periods were stored for offline calculations of the HRV using the
at the time popular tools for spectral analysis like Ben Mulder’s CARSPAN (Mulder & Mulder, 1981). A
second measure of HRV, the root mean square of successive differences (RMSSD), was now also
computed from the online R-peak detection, and 30 second averages of this value were added to the
VU-AMS output.
This intermittent BBR sampling strategy balanced the technological possibilities available
with the wish to achieve long recording durations with a light-weight device (in contrast to, for
instance, more bulky Holter tape recorders). When technology advanced, newer generations of
microprocessors with larger memory capacity consuming less power allowed adaptation of the VUAMS for continuous recording of the IBI time series throughout a 24 hour recording. In addition,
sampling frequency was increased to 1000 HZ as a 1 msec precision became the standard for IBI.
Even so, a remaining downside of the online R-wave peak detection by the microprocessor was the
number of errors in peak detection. These errors lead to incorrect IBIs that especially affect
estimations of HRV and occur more frequently in physical active periods which cause most ECG signal
distortion. The errors could usually be spotted offline but as raw signals were not stored, visual
correction of missed or wrongly placed R-wave peaks was not feasible. It was common practice
HRM, HAM, AMD01-AMD03, AMS3.1-AMS3.6 (with SCL), AMS4.0-4.6 (with ICG) before settling on VU-AMS
[version]. The current version is 5fs.

113

Chapter 7

7

therefore to play safe and remove all signal parts containing physical activity. This caused a
substantial loss of data.
For this reason, in the new 5fs version the solid state memory solution was abandoned in
favor of an onboard compact flash card that can store up to 4GB of data. The increased storage
capacity allowed for continuous ECG recording, sampled at 1000Hz with a 16 bit resolution, for up to
72 hours. Improved filtering techniques furthered increased the signal-to-noise ratio and automated
generation of the IBI time series could be done offline, using improved artefact detection and a more
powerful R-peak detection algorithm (Christov, 2004). Short fragments of low quality signal with
undetectable R-peaks were still removed but the many valid R-peaks surrounding these fragments
were conserved.
Importing the raw ECG signal into offline processing software also allowed for more robust
visual inspection and manual correction of the IBI time series. In the older software (AMSIBI), many
bad R-peaks had to be manually flagged as sharp spikes on a visual rendering of the IBI time series.
This required a lot of manual scrolling through the data, especially in long recordings. With the
AMSQRS program for the 5fs data, the full ECG signal was shown with the putative R-wave peaks
marked on top of the actual QRS complex. This greatly improved reliability of scoring but another
upgrade in the software was needed to facilitate the user in the somewhat daunting task of checking
each and every R-wave peak in a 24 hour recording. This led to the development of the Data Analysis
and Management Software (DAMS).
The DAMS program was based on JAVA programming and introduced many improved user
interface features such as mouse-wheel controlled zooming and a continuity of the timeline when
switching between signals. It further greatly reduced the interactive inspection of the R-wave peak
detection by integrating a suspicious beat selector. The distribution of the IBIs is computed in a
running window and all deviant beats (+2SD) are internally flagged. These are plotted on top of the
raw signal using yellow (medium suspicious) or red (highly suspicious) color codes to indicate the
need for correction. The program rank orders the red and yellow R-peaks in terms of being most
deviant and takes the user through this rank ordered list. This way, only the suspicious beats need to
be inspected. Compared to serially scrolling through the entire recording, the suspicious beat selector
greatly sped up interactive inspection of the R-wave peak detection, while retaining a visual review
by the user of the ECG and integrity of automated scoring.
The high quality IBI series delivered by DAMS made it possible to integrate a spectral
analyses module into its ECG scoring. Previously, spectral analysis on the exported IBI time series was
done by external software programs using either Fourier (Mulder et al., 1981) or Wavelet-based
(Houtveen et al., 2001) approaches to calculate the total power in the 0.0001 Hz to 0.4 Hz range (TP),
the power in the 0.04-0.15 Hz band (LF) and the 0.15-0.40 Hz band (HF). These programs required
lots of file conversions and extensive preprocessing to correct the IBI time series, both of which are
no longer required now that the Spectral analysis option is integrated into DAMS.
An additional advantage of storing the entire ECG is that the VU-AMS developers could finally
honor the repeated request to extract multiple other intervals from the ECG, including the QT
interval which is an important risk factor for sudden death (Arking et al., 2011). This inspired a
further innovation in ambulatory ECG data processing. Single beat scoring of the many ECG
landmarks (Q-onset, R-onset, S-point, S-offset, T-wave top and T-wave offset) is feasible but
laborious and also error-prone. As a solution DAMS implemented an ensemble averaging step that
created an average ECG waveform from the ECG of individual beats by time-locking them to their
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respective R-peaks2. As described in chapter 6, a plethora of ECG landmarks can now be efficiently
detected and interactively inspected, even in 24-hour data.
Motility
As soon as the first large scale data sets with 24 hour heart rate recordings became available,
even in the very first versions of the device that simply compute 30-sec averages, it became clear
that daily fluctuation in heart rate was dominated by the homeostatic reflexes in response to
fluctuation in energy expenditure and postural change. The main determinants of real life heart rate
variance are physical activity level and posture. First and foremost, in the words of van Doornen, “the
heart is a pump”. Its main function is to safeguard oxygen delivery to the tissues. This required a firm
grip on the ongoing energy expenditure of the participants during ambulatory recording and it was
realized from the start that self-report of physical activity through diaries might not yield the needed
precision. Therefore, a ‘motility’ indicator was added using a vertical accelerometer that integrated
the acceleration across 30-second fragments and added this 30-second motility value to the stored
data.
The motility signal became a crucial building block of the ‘Labeling’ procedure which is
possibly the most characteristic conceptual element of the VU-AMS. The Labeling procedure
addressed two problems inherent in ambulatory data. First, there is a clear need to reduce the high
dimensional data set to more manageable chunks for statistical analysis of main research questions.
An example of a research questions would be “do people with high work stress have higher heart
rate and is this restricted to the work hours?” To answer this question at the level of single beats is
meaningless. Some sort of data reduction is needed in which the average heart rate is computed
across specific ambulatory conditions like ‘work hours’ and ‘leisure hours’. Whether more detail is
required depends entirely on the research questions, with a further breakdown for instance into ‘first
work hour’, ‘second work hour’, etc.
Second, in ambulatory recording participants engage in many different activities which only
partly overlap with the activities of other participants, and if activities do overlap, they usually are
not done at the same moment or for the same duration. A meaningful comparison of heart rate at
rest and at work requires averaging the heart rate across instances of comparable activities during
work and leisure time that mainly differ in the aspect of interest (work vs. leisure) but are maximally
standardized otherwise, at least for posture and physical activity. Examples would be to compare
desk work during the work day with watching TV in leisure time in the evening or talking to the boss
in a meeting (standing) at work to talking to a spouse while doing the dishes at home.
To support Labeling, ambulatory recorded participants regularly note their activities in an
activity diary. Half hour diary entries the list posture and physical activity (e.g. lying, sitting, standing,
walking, biking), type of ongoing activity (e.g. desk work, eating/drinking, meetings, watching TV),
energy expenditure level (no, light, medium or heavy physical effort), location (e.g. work, home,
outside) and social situation (e.g. atone, with colleagues, with friends). This information from the
activity diaries is used in combination with a visual display of the inbuilt vertical accelerometer signal
to help the researcher interactively divide the entire 24 hour recording into fixed periods. An average
of about 40 (typical range 20 to 60) coded periods (‘labels’) is created per subject with an average
duration of 30 min. Sleep is divided in blocks of 1 hour. An average value across these labels is
generated for further statistical analysis addressing the main research questions. For instance, mean
2

This procedure was inspired by a similar approach in the scoring of the impedance cardiogram.
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heart rate and RMSSD values across all labels representing (sitting desk work during) work hours
were contrasted with mean values during (sitting at) leisure time after work or sitting on a weekend
day in groups of subjects with low and high levels of work stress in the first two PhD theses based on
VU-AMS ambulatory recordings by Harriëtte Riese and Tanja Vrijkotte (Riese et al., 2000; Vrijkotte,
2001).
As the quality of the motility signal is vital to the labeling procedure, the VU-AMS has striven
to maximally adopt the many rapid technological advances in accelerometer design. These advances
were driven by the requirement of high quality motion sensors for the controllers of game
computers and for the adaptive horizontal/vertical orientation of the screen in a Smartphone. The
current VU-AMS hardware uses a tri-axial acceleration sensor (X, Y and Z, -3g/+3g, 1khz, 12 bit)).
Modern day tri-axial accelerometers are almost perfectly calibrated, in contrast to older versions,
and are sufficiently sensitive to detect postural changes, discriminate between various intensities of
walking and bicycling, and can even capture subtle 'movements in place'.
SCL

7

In a very early version of the device, the HGM1, there was a somewhat odd addition of a
module to measure SCL for the computation of galvanic skin response (GSR) in addition to heart rate.
The choice for SCL was odd because almost all GSR research at the time was done in laboratory
settings. It would have been nice if the addition of SCL to the HGM1 had reflected the visionary idea
that all psychophysiological measures should be accessible outside the lab, but in reality it
foreshadowed the popularity of the VU-AMS devices for use in the psychophysiological laboratory
(Barry et al., 1991). This ‘illegal’ use of the VU-AMS as a handy, lightweight, and portable polygraph
for laboratory studies has been not restricted to versions recording SCL. Although clearly intended
for prolonged recording in naturalistic settings, most versions of the device have also been used as
an alternative for laboratory equipment like Nihon Kohden (http://www.nihonkohden.com/) or
Biopac (http://www.biopac.com/) by many users.
In principle, this laboratory use of the VU-AMS is unwise as the need for an unobtrusive and
portable device forces many suboptimal choices in the design and materials used in the
microprocessor and electronic circuitries. This is most dramatically illustrated by the fact that the VUAMS is powered by a few Volts from 2 batteries which have a limited life span, rather than the
(although transformed) 220 Volts of the electrical power grid that are infinitely at the disposal of
laboratory equipment. In practice, the VU-AMS does confer clear advantages in those experiments
where the design requires subjects to move around between different setups/rooms, i.e. not
confined to a single lab room. In these settings, not having to re-attach the electrodes after each
change in location is an advantage. Ambulatory devices also have advantages in standardized settings
when studying vulnerable populations in who the overt attention to the physiological recording in a
lab setting might induce anxiety. A good example is provided by the NESDA study (Penninx et al.,
2008), where anxiety and depression patients underwent a prolonged interview and testing session
while wearing the VU-AMS (Licht et al., 2008). The advantage of applying ambulatory monitors
outside real life settings is also obvious in experiments with a hybrid design, e.g. combining
supervised indoor laboratory with supervised outdoor experimental conditions as was illustrated in
chapter 3.
Various attempts have been made to employ the VU-AMS recording of the SCL in a true
ambulatory design but the electrodes to the hand palm greatly reduce ecological validity of
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recordings and a lot of noise is introduced by temperature and movement. Placement of the SC
electrodes on the sternum can be helpful, but only SCRs to hot flashes seem powerful enough to be
picked up (Carpenter, Andrykowski, Freedman, & Munn, 1999). It remains to be tested whether
hybrid laboratory/ambulatory SCL recordings are more feasible. In anticipation, recent software
upgrades in DAMS allow spontaneous or event-related Skin Conductance Responses (SCRs) to be
scored and visually inspected. In addition, the VU-AMS has early on allowed the recording of the
exact timing of stimulus events through an infrared connection to a computer running for instance Eprime software for stimulus presentation.
ICG
To explain the effects of psychosocial stress on cardiovascular health, a major hypothesis in
psychosomatic medicine has been that repeated flight-fight reactions lead to permanent damage in
the cardiovascular system (Krantz et al., 1984). Individuals characterized by strong fight-flight
reactions to stressors are therefore considered at increased risk. Ever since its first elaborate
articulation by Walter Cannon (Cannon, 1932), the SNS has been recognized as the major component
of the flight-fight reaction and its cardiovascular effects (Brod, Fencl, Hejl, & Jirka, 1959). As
discussed in chapter 2, the preejection period (PEP) became the measure of choice in cardiovascular
psychophysiology to index SNS reactivity. It could be measured non-invasively from surface band
electrodes that recorded the changes in thorax impedance (dZ) driven by left ventricular ejection of
blood into the thoracic area. Integrating the dZ signal over time (dZ/dt) yields the ICG which gives a
beat-to-beat indication of the timing of the opening and closing of the aortic valves and the dynamic
changes in the speed of ventricular ejection. From the ICG various systolic time intervals can be
computed, including the left ventricular ejection time (LVET) and the PEP.
It was noted early on that the ICG signal often contained lots of noise due to movement and
respiration. This noise appeared to be handled effectively by ensemble averaging all single ICG
waveforms locked to the ECG R-peak over a period of 60 seconds to create a single robust average
ICG waveform (Muzi et al., 1985; Sherwood et al., 1990). Systolic time intervals scored in the
resulting 60-second ensemble averaged ICG waveform corresponded closely to systolic time intervals
scored on single beats ICGs in this same minute (Boomsma, de Vries, & Orlebeke, 1989; Kelsey et al.,
1990; Muzi et al., 1985). However, even the improved automated scoring of the more stable and
noise–free 60-sec ensemble averages has not abolished the need of interactive visual inspection of
the scored landmarks in the ICG. As explained in chapter 3, the ICG waveform shows large variation,
even within-subjects, and particularly the location of the B-point can be ambiguous.
Taken the popularity of the PEP as an index of SNS activity, ambulatory assessment with the
VU-AMS became hugely more attractive with the introduction of the version 4 devices3 that allowed
the recording of the ensemble-averaged ICG from only 6 spot electrodes. Four of these electrodes
were used to replace the band electrodes used with the ICG laboratory devices, because especially
the neck collar was considered to obtrusive for 24 hour recordings and spot electrodes had been
shown to be a valid alternative to band electrodes (Qu, Zhang, Webster, & Tompkins, 1986).
Ensemble averaging of the ICG data was entirely implemented at the hardware level because internal
storage capacity was still limited to 2Mb. Instead of storing the continuous ICG signal, it was sampled
beat-to-beat for a duration of 512 msec at a sample rate of 250Hz, directly after the occurrence of an
3

The AMS4.3 and AMS4.6 are still the versions that have been produced the most (~180) although the VUAMS 5fs is rapidly gaining ground (~175).
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R-peak, and ensemble averaged online by the microprocessor over a fixed period of one minute.
These ensemble-averaged ICG waveforms, at least the crucial first 512 msec, were saved to the
internal data storage of the device for offline processing.
In the first versions, the ensemble-averaged ICG was only available during the BBR periods.
An ICG scoring tool called AMSIMP was added to the software package to allow visual scoring of the
5 blocks of 60-second ensemble-averaged waveforms generated each half hour. Though ICG
waveforms were only collected intermittently and minute ensemble averages substantially reduced
the amount of scoring needed, it was still a labor intensive process. In the pioneer study by Gonneke
Willemsen that validated the ambulatory VU-AMS PEP scoring, data from 21 subjects already
resulted in 1332 five minute periods (=6660 complexes) to be scored and visually inspected
(Willemsen et al., 1996).
The visual inspection burden further increased when improved versions of the VU-AMS 4.6
allowed the storage of all 60-second ensemble averaged ICG waveforms across a 24 hour recording.
A typical ambulatory recording day yields up to 1440 in a single subject rendering visual inspection
virtually impossible in larger sample sizes. For example, Riese et al. (Riese et al., 2003) described that
the 750 subjects in their NETSAD study summed up to 947,250 waveforms to be scored. Concerns
about this large user burden led to the introduction of large scale ensemble averaging (LSEA) of the
ICG waveforms. LSEA entailed a further averaging all the 60-s ensemble averaged ICG waveforms
within the same activity/label to a single waveform. During an hour of sleep e.g., only one LSEA has
to be scored in contrast to sixty 60-second ensemble averaged waveforms. Extensive validation of
PEP scoring by LSEA was done (Riese et al., 2003) and this procedure is now widely accepted for
systolic time interval scoring in large epidemiologic studies.
The introduction of storage on the onboard compact flash card in the new 5fs version not
only allowed continuous storage of the ECG but of the ICG as well. This allowed the VU-AMS
developers to improve ICG scoring greatly and address two often voiced concerns by the users,
namely that the resolution of the ICG was only 250 Hz and that the online ensemble averaging would
also introduce noise by indiscriminately co-averaging the ICG waveforms time-locked to wrongly
scored R-wave peaks. The ICG waveform in the 5fs version is stored continuously at 1000 Hz, that is
yielding systolic time intervals with 1 msec resolution, and ICG scoring is done entirely offline. With
the improved R-wave peak detection in the continuous ECG, the number of erroneous ICG
waveforms entering the ensemble average decreased sharply, and the ICG scoring module of DAMS
now additionally removes beats from the LSEA for a particular label that do not conform to the
template waveform for that label. DAMS therefore delivers much cleaner LSEA waveforms, in
addition to a more user-friendly interface for visual interactive inspection.
A further improvement in PEP scoring came from the addition of scoring landmarks in the
ECG. Previously, PEP scoring was based on an estimated Q-wave onset (by subtracting 48 msec from
the R-wave peak time). This was considered acceptable because within subject variation in early
ventricular depolarization (QR interval) was minimal and the major part of contractile variation is
captured by variation in the RB interval. However, we have shown that, although there is minimal
within subject variation, between subject variation can be substantial (van Lien et al., 2013). The
DAMS, therefore, now allows the scoring of the actual Q-wave onset and defaults to Q-wave onset
estimation only if it cannot be reliably detected (~20% of the subjects). Q-wave onset estimation is
further improved by use of the R-wave onset rather than the R-wave peak, reducing the absolute
estimation error in msec roughly by half (see chapter 6).
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Respiration
The addition of the thorax impedance signal to the VU-AMS, which was driven mainly by the
desire to score PEP, provided an additional advantage with regard to the measurement of heart rate
variability, in particular respiratory sinus arrhythmia (RSA). Researchers in the field had expressed
concerns about the use of HRV measures like HF or RMSSD as a measure of cardiac vagal control
without appropriate control for respiratory behavior (Eckberg, 2003; Grossman et al., 1993;
Grossman et al., 2004; Houtveen et al., 2006; Houtveen et al., 2002; Ritz et al., 2006). In the
laboratory this is now usually solved by coregistration of a respiration signal. In a standardized setting
this presents little problems as the subject needs to wear one or two (breast, belly) respiration
bands, or a nose thermistor. However, such measurement devices give more concern in ambulatory
monitoring, where a harness-type construction is needed (Wilhelm et al., 2003). Fortunately, the dZ
recordings required for the PEP also contain rich information on the thorax movement related to
respiration.
Filtering of the dZ signal (0.01 – 0.5 Hz) delivers a stable respiration signal that can be used to
detect the beginning of inspiration and expiration on a breath to breath basis. It can even yield
reliable tidal volumes provided appropriate calibration (Houtveen et al., 2006). The breath to breath
information on the phases of the respiratory cycle in combination with an IBI time series allows the
calculation of peak-valley RSA (pvRSA), which is the difference between the longest and shortest
heart period within a single breath and is entirely caused by vagal activity. Although HF and RMSSD
correlate very highly to pvRSA they cannot be expressed on a breath to breath basis. In comparison
to pvRSA they do not address short term changes in vagal activity and they also do not allow breathto-breath correlational plots of RSA and IBI which could be essential in detecting the ceiling effects
described in chapter 2.
The scoring of pvRSA requires interactive visual inspection in which incorrect respiratory
cycles need to be deleted, as well as movement related distortions of the respiration signal. Also,
breaths with strongly deviant IBIs need to be removed. A dedicated module called AMSRES was
introduced in the version 4 devices to facilitate pvRSA scoring and this module has been further
improved in DAMS. The respiration signal and IBI time series (as a cardiotachogram) are plotted side
by side with the inspiratory and expiratory intervals and the corresponding shortest and longest IBI
linked by color coding. In general, automated detection of pvRSA is extremely robust, thanks to the
improved R-wave peak detection, and interactive visual inspection of the respiration scoring can be
very fast.
Looking backwards
The incremental technological improvements have made the current 5fs version in many
respects a completely different device than the HRM1. This process is irreversible4. This progression
of the hardware needs to be balanced by the appreciation that various VU-AMS researchers are
engaged in a longitudinal data collection. This means that the current ambulatory assessment
strategies and measures must remain compatible with the data collected in the past. For a large part
4

Many of the components used in older versions are in fact no longer commercially available. This is a large
concern to the VU-AMS developers who are often confronted with a request to repair an older version, for
which the components can no longer be purchased.
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this is quite feasible as the core VU-AMS measures are based on time intervals (e.g. PEP, RSA, IBI,
RMSSD, respiration rate). Even if precision is (greatly) increased the interpretation of a PEP of 80
msec in 1993 is still the same as the interpretation of a PEP of 80 msec in 2013. In addition to the
‘stability’ of the recorded variables, a decent amount of backward compatibility has been built into
the software. The new DAMS program for instance can read in version 4.6 files and will do its best to
apply all improvements in signal scoring to these, admittedly, lower grade signals than produced by
version 5fs.
Although major changes were made in the software, core elements like the labeling
procedure and interactive visual inspection at a large scale ensemble averaged level have remained
intact. In general the pattern in the software development has been from a delegated to an
integrated system. Previous versions of the software divided the signal scoring across various
modules (AMSGRA, AMSIBI, AMSIMP, AMSRES) requiring lots of file conversions and exchanges (See
the flow chart in figure 2). In addition, data reduction to the level of label averages and synchronizing
between the output of the various modules was delegated to SPSS scripts, which at some point
started to proliferate in earnest and required the VU-AMS developers to additionally function as an
SPSS help desk.
Figure 2. A graphical description of the old VU-AMS 5fs data reduction strategy.
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DAMS did away with these cumbersome procedures and integrated all modules (AMSGRA,
QRS, AMSIMP, AMSRES) of the previous VU-AMS software versions. It also terminated a painful
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period where a revert format module was used to downgrade 5fs signals to lower resolutions in
order to be compatible with the older VU-AMS programs. DAMS now optimally exploits the current
hardware and is constantly kept up to date with new improvements by a dedicated VU-AMS
programmer. All ECG, ICG, SCL scoring as well as labeling are done in a single program. Tabs
representing different parts of the analysis (just like the modules in the previous VU-AMS software)
are ordered in a logical flow and guide the user from the import of raw continuous data to quality
controlled output. Raw data, IBI series creation, RSA and PEP scoring, spectral power analyses, and
SCL analysis are offered in consecutive tabs. The resulting output from all tabs is stored in a single
text file with the extension '.amsdata' (or an excel sheet) and this output reflects the average values
of the relevant variables per labeled period. Very little (SPSS) preprocessing is needed before
proceeding to the actual statistical analysis.
Looking forwards
The current version of the VU-AMS device(5fs), can record ECG, ICG, dZ, SCL and tri-axial
accelerometry simultaneously with very low noise and at a sufficient sampling speed for the time
intervals extracted. From these signals almost every non-invasive cardiac ANS measure described in
chapter 1 can be obtained by the current version of the DAMS (3.0). Still, further improvements are
direly needed and major hardware and software improvements are planned including (1) downsizing
the device and reducing the electrodes, which decreases the burden on the participants, (2) using
wireless (e.g. Bluetooth) connections to link to the startup-PC and enable online monitoring, (3)
reducing the amount of interactive visual inspection in favor of fully automated scoring, (4)
integrating the recording with (behavioral) data entered into a tablet or Smartphone.
Subject burden
Ongoing technological advances in electric engineering would allow us to further reduce the
burden on the participants by creating a VU-AMS of smaller dimensions. The internal technological
components of the VU-AMS can by now be replaced with smaller components and placed in a
housing of about 1/4 of its present size (figure 3). A smaller size would allow alternative placements
of the device on the body, e.g. at the chest instead of the hip. In addition, success pilots have been
completed with a VU-AMS device that records the ECG and ICG recording only 5 electrodes instead of
the default 7electrodes. The ECG V- and ground electrode can be combined with the V- and V+
electrode of the ICG respectively, without compromising signal quality5. This further reduces subject
burden (and also saves on electrode costs).
Major hardware changes in the VU-AMS device might compromise downward compatibility
and can inadvertently introduce new unforeseen technical problems. This can be a problem for
longitudinal studies that need to replace older with newer devices and expect unchanged
functionality. The VU-AMS developers have therefore created two parallel production lines. The first
line produces the current stable well-tested 5fs. New features are implemented in a separate line of
experimental versions that are tested in master student projects and, once confidence has increased,
in PhD projects at the VU-University Amsterdam. This division between a production line and an

5

There had already been 6-electrode versions that combined an ECG/ICG electrode. The ICG was extracted by
phase locking the measured dZ signal to the phase of the alternate current generator.
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experimental line guarantees stability of the quality of the VU-AMS devices for the VU-AMS user
community, while not impeding further technological innovation.

Figure 3. The VU-AMS device could be downsized thanks to new technologies. The figure displays the
inner electronics of the current device.

Bluetooth

7

Extensive on line signal quality checking is essential for 24 hour recordings. To initiate online
signal checking the VU-AMS device was traditionally connected to a start-up PC by a RS232 serial
cable through an infrared coupling. This connection is safe as there is no galvanic contact between
the participant and the PC. Disadvantages are that the subject's movement is restricted during online
verification and that the even minor movement of the infrared connector could lead to a lost
connection. Luckily, devices have gone wireless on a massive scale in the past years and the costs of
wireless communication devices are now below that of older technologies such as infrared. One of
the recent experimental versions of VU-AMS 5fs was equipped with an integrated Bluetooth module
to establish a wireless connection between the VU-AMS device and the DAMS interface.
The quality of the ECG and ICG signal can now be monitored wireless in real time at all times
during an experiment, even at a fair distance from the computer. This is especially useful in
observational (e.g. attachment) research or during exercise research where the average heart rate
should be monitored to assure subject safety. Another advantage is that subjects don’t get to see
their own ECG during signal quality check right before the baseline measurement of your
experiment. The Bluetooth connectivity can additionally be used to add markers remotely at
moments of interest during observational research. During attachment research for example the
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reaction from a mother to the crying of her baby needs to be marked right after the start of the cry.
These markers thus need to be placed ad hoc and without intrusion. All together, Bluetooth offers
improved freedom of movement during research and opens up new (long distance) monitoring
possibilities and might prove useful in combination with secondary devices such as android phones
or palmtop computers.
Automated scoring
A major improvement of the signal scoring with DAMS would be to reduce the amount of
interactive visual inspection needed in favor of automated scoring. This is particularly necessary for
ambulatory PEP scoring as this is still the most time consuming activity for VU-AMS users, even with
the LSEA strategy. The recent addition of the LSEA ECG intervals and their relative position to the Bpoint creates strong opportunities to improve automated scoring. The resulting large normative data
sets of chapters 3 and 6 should be used in future algorithms to predict the likely location of the ICG
landmark, and use a priori weighing of candidate points based on these predictors. The B-point for
example is typically found within 120 ms after the R-peak and searching for it in the middle of the Twave is senseless. The dZ/dt-max is often located close to the S-point, whereas the X-point is close to
T-offset. In anticipation of these improved algorithms the ECG and ICG ensemble averaged
waveforms are now already simultaneously displayed in the impedance scoring window which users
have reported to greatly aid the confidence during interactive visual PEP scoring.
Labeling is the second most time consuming step in ambulatory data analysis. This was true
in the older software (AMSGRA) and still is true in the current DAMS version, although the manual
placement of the labels has been made increasingly user-friendly. An improvement direly needed is
the automated scoring of energy expenditure from the accelerometer and others have already
shown this to be feasible (Bouten, Westerterp, Verduin, & Janssen, 1994; Bussmann, Hartgerink, van
der Woude, & Stam, 2000; Crouter, Antczak, Hudak, DellaValle, & Haas, 2006; Eston, Rowlands, &
Ingledew, 1998; Westerterp, 1999). A more detailed analysis of the postural changes and physical
activity patterns is also possible but this requires more sophisticated approaches (Freedson, Lyden,
Kozey-Keadle, & Staudenmayer, 2011; Liu, Gao, & Freedson, 2012; Staudenmayer, Pober, Crouter,
Bassett, & Freedson, 2009) including non-linear regression, Hidden Markov Models, artificial neural
networks, or support vector machines.
The absolute values of the motility signals might be used to automatically indicate quiet,
light, moderate and intense activity periods in the recording. The information in the separate axes of
the tri-axial accelerometer on the other hand offer more detail and might be used to detect and label
posture changes throughout the day by means of regression. Accurate body position detection
traditionally would require a second or even a third motility sensor placed on different parts of the
body and would be a last resource as it would increase subject burden. Adding other measures to the
equation, such as HR and RMSSD, might prove to be a less obtrusive solution to reliably detect body
position in fully automated fashion.
Integrating the recording with a tablet or smartphone
Ambulatory monitoring requires reliable recording of physiological data with optimal quality,
but also requires adequate behavior sampling strategies during the day to make psychophysiological
inferences. Ambulatory assessment has up until recently depended on paper diaries by participants
but are now rapidly replaced by digital diaries, with clear advantages. Paper diaries require labor
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intensive translation and interpretation from paper into the labeling procedure of the DAMS
program. This is not always easy as participants often describe activities incompletely, in the wrong
order, or not all. Additionally researchers are often challenged by incomprehensible handwriting of a
certain number of participants which may lead to coding errors. Digital diaries can be programmed to
prompt the subject to respond to certain questions across the day. This requires less time and less
effort for the participant and completely removes coding errors (figure 4 gives an example of a digital
dairy). DAMS should have an easy tool to import the digital diary information and perform initial
labeling of activities in a completely automated fashion. In combination with automated posture and
movement detection, labeling would be virtually automatic at that point and merely require visual
inspection.
Perhaps the main technological opportunity in this regard is provided by the implementation
of digital diaries on a Smartphone (Hicks et al., 2010; Runyan et al., 2013; Stumpp, Anastasopoulou,
& Hey, 2010; Trull et al., 2013) which removes the need for participants to carry additional electronic
devices: smart phone penetrance is over 60% in the Netherlands. The latest generation Smartphones
are essentially mini-computers with a wide range of standard integrated sensors including an
accelerometer, gyroscope, magnetic sensor, digital compass, proximity sensor, ambient light sensor
and Global Positioning System (GPS). Information from these sensors might be utilized by dedicated
research software applications in combination with information from the VU-AMS device. The
kinematic sensors (triaccelerometer, gyroscope and magnetic sensor) could be utilized to recognize
physical activity with even higher precision (Yi He and Ye Li, 2013).
The GPS for is already utilized in many commercially available android applications. A good
example of such application is MyTracks (http://www.google.com/mobile/mytracks/), which records
travel route, speed, distance and even altitude over prolonged periods. The GPS information can
potentially be used to differentiate between types of transportation (active vs. passive) in
combination with the motility senor. It is even possible to remotely observe relatively fine-scale
movement or migratory patterns in people to infer some indication of location and social situation.
Social and geographical interactions are diverse and differ substantially per subject and indexing by
GPS would at least offer a more detailed picture than the traditional paper diaries.
Smartphones do not only offer an opportunity to collect a variety of participant data and
they also allow for a more flexible and interactive study design. For instance, certain questions may
pop-up on the Smartphone after a sensor of either the Smartphone or a connected heart rate
monitor has detected a certain (physiological) event of interest.

7

Figure 4. An example of questioning the participant by digital diary implemented on an Ipod.
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Dissemination
As should be clear from the above, the VU-AMS user community has been a driving force in
the innovation of VU-AMS. Table 1 lists some examples of how user requests shaped the
development of the ICG/ECG variant of the VU-AMS.

Table 1: Examples of VU-AMS development in response to user requests.
Requests from users

New hardware or software development

HRV is recognized to be a clinical marker and
a selective marker of vagal activity. Can the
VU-AMS measure more than average HR?

Addition of the BBR option that collects all IBIs
during a 5 minute period each half hour of
ambulatory recording. 30-second average of RMSSD
was added.

Can you detect when electrodes come off in
unsupervised recordings and warn the
participants?

Addition of alarm beeping if the ECG signal failed –
participants received extra electrodes and a graphic
overview of how to attach the electrodes.

How do we know the device is still recording?

A blinking light was added to indicate VU-AMS
status.

During 24 hour recording HR appears to be
clearly dominated by physical activity. How
can we separate psychology from
homeostasis?

Addition of parallel movement recording (‘motility’)
by vertical accelerometry to allow correction or
stratification by physical activity in the analyses.

Can we have the user indicate specific events
happening in the unsupervised settings (e.g.
hyperventilation, panic attack)?

Addition of an event marker button.

The large amount of data difficult to grasp,
Can the signals be visualized?

Creation of a graphical interface to show the heart
rate and motility signals of the entire 24 hour
recording

Can we have Momentary Assessment of
mood, social situation, job strain, posture and
activities (following similar developments in
ambulatory blood pressure monitoring and
salivary cortisol sampling)?

Addition of random prompting of the subject to fill
out diary by a beeping signal – disabled at night.

VU-AMS is also used in laboratory or in hybrid
designs – part supervised laboratory, part
unsupervised. Can we import stimulus event

Addition of an interface with E-prime and other
stimulus-presentation software to record stimulusevent times in synchrony with physiological signals.
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times into the recordings?
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Conisdering the large dimensionality of
ambulatory data, how can we reduce this
massive dataset to manageable yet
meaningful chunks?

Development of the VU-AMS ‘Labeling’ strategy,
combining both diary and motility information to
break up the recording in labeled periods reflecting
stable posture and physical activity and a single type
of daily activity.

There is a need for a specific measure of SNS
activity. Can we measure PEP by ambulatory
recording?

Development of thorax impedance monitoring for
PEP scoring (versions 4.0 to 4.6).

Can we monitor the signal at startup to
ensure correct ICG electrode placement?

Addition of online monitoring of the IBI time series
and dZ/dt signal (later expanded to continuous ECG,
dZ, and ICG display).

Paul Grossman’s peak valley RSA needs a
breath to breath respiratory signal. Could we
measure this?

The impedance signal is also used to extract
respiratory parameters, and compute pvRSA.

Interactive visual scoring of each one-minute
ensemble average is very laborious. Is there a
way to reduce the scoring effort?

Large Scale Ensemble Averaging was implemented
in the graphic ICG scoring interface –while
preserving the individual 60-sec ensemble-averages
for ‘underwater’ control.

The ICG points are often ambiguous and ICG
waveforms are degraded during noisy ECG;
also 4 msec PEP precision is no longer
accepted by journals. Can the PEP scoring be
improved?

A major change to continuous recording of the ECG
and ICG on flash cards allowed for 1000 Hz sampling
and offline scoring with much more control over the
parts of the signal that were used for PEP scoring.

The motility signal is not always clearly
discriminating between activities – calibration
is needed across devices. Can you do better?

Implementation of high quality triaxial
accelerometers and switch to 1000 Hz recording of
X, Y, Z accelerations.

It is hard to organize the data with all the
various scoring modules. Can this be
integrated?

DAMS integrates all signal recording and signal
processing steps into a single package.

The software is slow on longer recordings.
Can it be sped up and made more always
user-friendly?

Large improvements in user friendliness and
computational efficiency in DAMS.

The ECG contains many other interesting
intervals including the QT. Can the full ECG be
stored and scored?

Full storage ECG was realized and a efficient LSEA
scoring of ECG landmarks in 24-hour data
implemented.
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Could online monitoring be done without a
fixed connection – for instance for online
demonstration purposes or exercise
monitoring?

Creation of a set of experimental 5fs versions with a
Bluetooth connection.

Can we import signals from other parallel
ambulatory devices for validation purposes?

DAMS was expanded by the option to import an
external signal that can be displayed next to the VUAMS signals.

The primary VU-AMS users originated from the network of scientific collaborators
maintained by the department of Biological Psychology at the VU University. When the visibility of
the VU-AMS increased through scientific publications this led to an increased demand and a rapid
expansion of its use beyond this personal acquaintance network, both in the Netherlands and
abroad. Although the experience, feedback and requests from the user community became
increasingly recognized as a major driver of conceptual and technological development, they also
presented a serious challenge. A first challenge was that ambulatory monitoring of the RSA and PEP
was now done by researchers not deeply trained in the psychophysiology, which sometimes
threatened to compromise the correct collection and/or interpretation of these parameters in
ambulatory recordings. A second challenge was that training and explanation of the hardware and
software could no longer be done ‘in the flesh’ and a large demand grew in the user community for
detailed product information, detailed manuals and tutorials, and systematic studies on reliability
and validity of the VU-AMS. Fortunately, this was paired to an increased demand for the device
which is sold with a margin of profit. This profit has been completely reinvested in further technical
development of the VU-AMS hardware and software. Since 2004, when the first dedicated VU-AMS
PhD (‘VU-AMS AIO’) started, VU-AMS income is increasingly used to also address these new
challenges.
PhD projects are started with the explicit aim of further scientific validation of the system
and the PhD students in these projects have the additional mission of supporting the appropriate use
of the VU-AMS in behavioral and biomedical research. This dissemination of ambulatory assessment
became an important scientific aim in itself, an idea further fueled by the birth and rapid growth of
the Society for Ambulatory Assessment (http://www.ambulatory-assessment.org). The main goals of
this dissemination are to stimulate its widespread use in research questions where laboratory studies
might yield incomplete answers and to educate researchers with a broad range of backgrounds in the
correct use of the VU-AMS for ambulatory recording. Both goals were addressed by creating a VUAMS website (www.vu-ams.nl) containing written technical documentation and e-teaching materials,
including online tutorial videos. In addition, the frequency of customized hands-on workshops was
intensified and long-distance assistance to remote research groups was set up.
Written documentation
Already in 1993 a first official AMS manual was released (de Geus, de Vries, Klaver 1993) and
these were amended over time, or supplements were added. A first major update followed in 1998
(de Geus, de Vries, & Klaver, 1993; de Groot, de Geus, & de Vries, 1998) and the most recent major
update was released in 2012 (van Lien, den Hartog, & de Geus, 2013). This version can be found in
appendix 1, and provides step-by-step instructions on the operational use of the 5fs and DAMS.
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These instructions cover the appropriate electrode attachment, starting or stopping recordings and
online signal checking. They outline the workflow of data processing with the VU-DAMS program
from continuous raw data to quality controlled output on e.g. PEP, RSA and HR averaged per label.
The manuals also specify the hardware and software used by the VU-AMS which is needed for the
methods section of papers. Most importantly perhaps, they should assist the users in interpreting the
psychophysiological results in a correct way.
Video Tutorials

7

The manual is an important basic document to have around, especially when using
miscellaneous features, but some aspects are easier understood when visualized. Visualization
greatly facilitates the understanding and efficient reproduction of experimental techniques, thereby
addressing two of the biggest challenges faced by today's life science research community: 1) low
transparency and poor reproducibility of biological experiments and 2) time and labor-intensive
nature of learning new experimental techniques. Written word and static picture-based traditional
print journals are no longer sufficient to accurately transmit the intricacies of modern research. It can
take weeks or even months to learn, perfect, and apply new experimental techniques. Thus, much
time in the laboratory is spent learning techniques and procedures.
The use of video can overcome much of these problems. Tutorial videos provide a more
detailed and intuitive documentation of the methods used in ambulatory assessment, particularly
when these methods become more dynamic and complex. Video documentation is therefore
increasingly accepted in the scientific community as an official publication. Recently the world`s first
peer reviewed, PubMed-indexed video journal called Journal of Visualized experiments (JoVE) was
started. JoVE takes advantage of video technology to capture and transmit the multiple techniques of
life science research and opens a new frontier in scientific publication by promoting efficiency and
performance of life science research. Video allows visualization of the temporal components in an
experimental design and the dynamic interactions with a participant during electrode attachment. As
an example we recorded the experimental procedure during a study using the VU-AMS to asses
autonomic nervous system functioning in 3097 children, aged between 5 and 7 years in many
different locations (e.g. school, sports centre, science museum). The video was published in JoVE
(van Dijk et al., 2013) and can be found under:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3667644/. The accompanying document describing
the methodology used in the video can be found in appendix 2.
In line with the philosophy outlined above, we produced a further series of dedicated tutorial
videos to educate on the most basic features of the AMS hardware and DAMS software. We used
Camtasia (www.techsmith.com) to record the computer screens encountered while running DAMS,
and to add text, audio and animations. These edited videos are shared through the internet by
placing them on e.g. Youtube, and provide a much appreciated support tool to train researchers as
well as their research assistants. The videos take relatively little time to produce and have been
watched over 1100 times since their release. The full set of VU-AMS tutorial videos can be found on
the VU-AMS website:
Recording with the VU-AMS video (22:15 min, viewed over 331 times in 1 year).
R-peak detection video (10:17 min, viewed over 492 times in 1 year)
Data labeling video: experiment (11:46 min, viewed over 215 times in 1 year)
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Data labeling video: naturalistic setting (5:43 min, viewed over 63 times in 1 year)
Hands-on education
In appreciation of the importance of a correct use of the VU-AMS, one of us (van Lien) gave
over 34 hands-on workshops to groups of 4 to 6 people. The workshops takes about 5 hours and
teaches the user to record an ambulatory measurement, to process the data efficiently and to
understand the major caveats in using the VU-AMS in various ambulatory designs. The workshops
come in many flavors, but a few elements usually return, including doing an actual recording on
workshop participants (or its staff), processing of illustrative pre-recorded example recordings
varying from perfect to very bad quality, and peer comparisons of signal scoring. The workshop
materials are made available for additional practice, and can be propagated by the workshop
participants to their students or research assistants. A workshop example is shown in appendix 3.

Long distance education
Distance can of course prevent the participation in the hands-on workshops (although there
is substantial international attendance). In this case, remote counseling can be helpful. Teamviewer
(www.teamviewer.com) for example is an excellent software package that allows two users in
different locations to share one computer screen. It offers an opportunity for interactive PEP scoring
to reach e.g. consensus on deviant cases in multi-rater comparison of the scoring of the B-point.
Before such a remote-counseling, the (large) recording files can be send over through services on the
internet like WeTransfer (www.WeTransfer.com) or DropBox (www.DropBox.com), although this
should be restricted to encrypted files or files that contain no identifying information in the subject
ID or the labels. To support remote counseling, short customized videos are sometimes created.
Most recently, the VU-AMS website opened an user forum where any sort of question
concerning hardware and software can be posted. The VU-AMS developers answer these questions
on the forum whenever possible to eventually build a knowledgebase around technical, practical,
and conceptual issues in ambulatory monitoring. Users can then find their way around such issues
without direct interference from the VU-AMS development team and add their own experience and
expertise to the knowledgebase.
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Figure 5. The triangle that is the driving force behind the VU-AMS device and DAMs program.

Conclusion
Throughout its existence, the VU-AMS has adopted newly available technology to implement
the new ways of data collection, study design, and data reduction. The new features in the AMS
hardware and software in turn led to new research questions in the user community which posed
further demands on the system. The interweaving between the VU-AMS development team,
technological progress, and the user community remains the driving force behind the VU-AMS device
and DAMS program (see figure 5). In this, the VU-AMS is a poster child for the field of ambulatory
monitoring in general, where research innovation and technological progress fuel each other
constantly.
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