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Abstract

Background Ventricular assist devices (VADs) have provided a temporising solution to many individuals with refractory heart
failure (HF) while awaiting a suitable donor for heart transplantation which remains the gold standard in treatment. Many of the
discussions around VADs involve ongoing morbidity; however, one aspect of VADs that is often overlooked is the utility of their
log files. We decided to review the literature for mentions of the clinical utility of VAD log files.

Methods A keyword search was utilised on PUBMED using the terms ‘Ventricular Assist Device” and ‘Log files’. Perhaps
unsurprisingly, this search only yielded 4 results with further articles being discovered through the bibliography of these
publications.

Results The 4 identified articles provided basic information on log files, particularly with reference to the HVAD. Logs can be
categorised into three types—data (pump parameters), events (changes in parameters) and alarms (abnormal function). Using a
combination of these logs, we can readily identify abnormal pump operation such as the development and progression of pump
thrombosis, suction events and gastrointestinal bleeding. However, the research potential of log files was not discussed in these
publications, particularly as it pertains to areas such as studying speed modulation and pulsatility in VADs.

Conclusions VADs are an important staple in the treatment of patients with refractory HF. Log files provide a treasure-trove of
information and knowledge that can be utilised for clinical benefit. Furthermore, log files provide an excellent tool for conducting
research into device functionality. Current literature on the clinical utility of log files is sparse with much untapped potential.
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LVADs background

Advancements in medical technology and emerging treat-
ments have led to a significant decline in cardiovascular mor-
tality; however, heart failure (HF) has emerged as a growing
epidemic in the twenty-first century. Despite optimal medical
management, HF mortality remains high with an aggregate
50% 5-year survival rate and similar 1-year survival rates in
those with advanced refractory HF [1-3].

Orthotopic heart transplantation remains the gold standard
of treatment in patients with advanced refractory HF. Thanks
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to modern improvements, 1- and 5-year survival rates of 86%
and 79%, respectively, are expected in recipients [4—6].
Despite favourable outcomes, heart transplantation is restrict-
ed due to the limitation of available organs. This, in combina-
tion with an increasing proportion of the population suffering
from HF, has put this unique patient group in a difficult posi-
tion [5, 7]. To overcome these limitations, left-sided ventricu-
lar assist devices (VADs) were created to either bridge patients
with HF till an organ is available or to alternatively control
symptoms and provide a better quality of life if they are not
candidates for transplantation [8—10].

In an attempt to replicate native human physiology, first-
generation VADs were pulsatile in nature; however this in
itself posed a number of problems including device size and
device failure rates due to multiple moving components [11].
To remedy the mechanical failings of first-generation pulsa-
tile-flow LVADs (PF-LVAD), newer models adopted a contin-
uous flow design enabling device miniaturisation and reduc-
tion of moving parts. Current third-generation centrifugal
continuous-flow LVADs (CF-LVADs), such as the
Medtronic (formerly HeartWare) HVAD (Medtronic,
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Minneapolis, MA, USA), have 1- and 2-year survival rates of
81% and 70% which are comparable to heart transplantation,
establishing LVAD support as an appropriate treatment alter-
native [12, 13].

As a result of the improved design, newer VADs have
pushed the boundaries of their use in individuals with HF. In
addition to being able to keep individuals alive for longer, with
fewer comorbidities, while they await to be transplanted, they
have also been used as destination therapy. In this select patient
cohort, VADs provide a means of permanent support as these
patients do not meet the criteria to be listed for a heart transplant
[14]. Despite being a life-saving treatment, there are still many
challenges complicating long-term CF-LVAD therapy [13]. In
particular, the continuous flow design augments a circulatory
environment with significantly diminished arterial pulsatility,
potentially precipitating device-related complications.

Log files

One of the more unique aspects of VADs that is often
overlooked is their log files. These files not only shed light
on ongoing VAD function but also aid in the management of
these devices. In our institution, these files are downloaded
every time a patient with an LVAD presents for a follow-up
appointment and no less often than every 3 months. To better
understand the usefulness of these file, we decided to conduct
a literature search as a starting point. Due to limitations of a
MeSH term search, namely, not capturing ‘log files’ as a
recognised term, a keyword search was instead utilised on
PubMed. The keywords were ‘Ventricular Assist Device’
and ‘Log files’. Perhaps unsurprisingly, this search only
yielded 4 results [15-18]. These articles provided some foun-
dational information with other articles being discovered
through the bibliography of the aforementioned publications.

Before progressing any further with discussing the useful-
ness of log files, we feel that it is important to expound on
what VAD log files are. For this description, we will be using
the Medtronic HVAD as an example. The controller of this
device has three different types of logs:

Data: Data logs record average VAD parameters — namely,
rotational speed, power consumption and estimated VAD
flow. The word ‘estimated’ is key in this consideration, as
the device does not have a sensor to detect actual flow; in-
stead, this flow is approximated from power consumption and
motor speed; hence the estimated flow is at the level of the
pump. This data is recorded every 15 minutes.

Events: These logs record operating parameters, for exam-
ple, set speed, blood viscosity and alarm limit set points. Unlike
data logs, this type of log is recorded at time of occurrence.

Alarms: These types of logs record activated and cleared
alarms of medium and high priority, for example, high wattage,
low flow, suction, VAD disconnect electrical fault, and controller
failure. Like event logs, this is recorded at the time of occurrence.

Normal pump operation - according to log
files

A pump is said to be operating normally when there are no
reported adverse events and parameters are within the therapeu-
tic range as demonstrated by Fig. 1. Some of the early analyses
that examined VAD log files demonstrated circadian variation
of VAD flow [19, 20]. It is postulated that this cycle is a result of
activity levels as body position changes [21]. In fact, some of
the information uncovered through analysis of log files provid-
ed impetus to the claim that CF-LVAD flows were significantly
affected by these aforementioned position changes through al-
tered loading conditions and not heart rate [22].
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Fig. 1 LVAD log file demonstrating normal operation [18]
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Abnormal pump operation demonstrated
from log files

Thrombosis

VAD:s are not fully biocompatible. As a result, thrombosis has
been a well-documented and potentially catastrophic comor-
bidity associated with device use. One of the biggest dangers
associated with VAD thrombus is the possibility of dislodge-
ment and potential embolic stroke [23, 24]. Much like the
evolution of VADs over time from larger (pulsatile) devices
to smaller (continuous) devices, so too has the morphology of
pump thrombus. In the past, thrombus was small relative to
the larger VAD — it was therefore difficult to thrombose the
entire pump. The current-generation VADs, on the other hand,

have smaller gaps between the pump components. These
smaller gaps predispose a large section of the pump to throm-
bus, which may result in static clot and pump failure [25].

Thrombosis can be classified as pre-pump, intra-pump and
post-pump. In each instance, deposition of clot can result in
pump power and flow changes. Similarly, it should be stated
that thrombotic events may be acute or chronic or clot inges-
tion may occur (Fig. 2a and b). This in turn causes increased
power consumption and reduced pump efficiency that is pro-
portional to the severity of the thrombus [18].

VAD log files can help provide a great deal of information
about pump thrombosis. For example, Jorde et al. [16] extract-
ed log file data for VAD patients and, with some mathematical
modelling, were able to obtain an average VAD power during
normal operation. This in turn allowed them to describe what
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Fig. 2 a Demonstrating a gradual increase in pump power to maintain
pump speed and overcome the resistance of a pump thrombus.
Eventually, as the thrombus increases in size, this compensatory
mechanism begins to fail, and so does pump speed. It is worthy to note
that although flow appears to increase, it is only an estimated flow
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(derived from the increased power) and does not reflect actual flow in
this scenario. b Demonstrating acute LVAD inlet obstruction secondary to
a thrombus as illustrated by the rapid decline in power and therefore rapid
decline in estimated flow with subsequent thrombolysis restoring normal
flow
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VAD power is likely to look like during a thrombus event. In
this definition, pump thrombosis was defined as the period
when power changed by over 3 standard deviations from base-
line for at least 1.5 hours.

While defining a thrombosis event is helpful, a further ben-
efit of VAD log files is the ability to look at the actual impact
of thrombus on power consumption within the pump. For
example, maximum power reached during the event could
be investigated; secondly, a change in power between maxi-
mum and baseline can be used, and thirdly, a measure of
interpatient variability around pump speed and power, termed
‘expected value’ of power consumption, could be investigated
to assess the impact of thrombus on power [16].

Additionally, log files are useful in mapping out the pro-
gression of a thrombus event. For example, clot formation
may be gradual or sudden; similarly the clot may be ingested
which can then cause pump conclusion. All of this can be
obtained from power data. A gradual build-up of clot will be
demonstrated by power gradually going up and then declin-
ing, whereas a sudden build-up can be demonstrated by excess
power consumption occurring suddenly; ingestion may be a
combination of sudden power increase, followed by a return to
baseline, and pump occlusion may be demonstrated by a sud-
den reduction in power [16] (Fig. 3).
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In fact, Jorde et al. [16] went so far as to model the growth
of thrombi using log files to generate an equation that tracked
the exponential nature of growth. See below for model:

Power = AeP*' + C

In this formula, the coefficient B is a time constant correspond-
ing to the rate of power consumption increase, whereas coeffi-
cients A and C are a power stretch factor and power shift, noting
that these are mathematical models and do not carry biological
significance of the time constant. According to the authors of this
study, the model provided the best fit for thrombus build-up [16].

Going further still, the treatment of pump thrombus can
also be monitored with the aid of log files. Jorde et al. used
this as a co-criteria for clot resolution in their study such that
when patients with pump thrombi were treated, resolution of
the thrombus was partly contingent on the power parameter
returning to a normal operating range, in addition to clinical
and biochemical resolution of the clot.

Consolo et al. (2019) used log files to demonstrate that the
circadian rhythm developed in VAD patients has important impli-
cations for the development of pump thrombosis. In this study, log
files for patients who experienced thrombotic adverse events were
analysed and compared to patients with normal function. They

25 26 27 28 29 30 31 32 33
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Fig. 3 Demonstrating power changes in the pump during thrombus development [16]
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found that the early stages of pump thrombosis alters circadian ~ Uncovering device malfunction

variability and as such may act as an early marker of pump throm-

bosis (see Fig. 4). Similarly, resolution of thrombotic events tends ~ New and emerging technology tends to go hand in hand with a
to restore the stable circadian variability. This allowed the authors  steep learning curve; as such, initial implants of new devices may
to develop a new tool to analyse the time-frequency of HVAD log ~ uncover device malfunction. Fortunately, this can often be diag-
files in order to facilitate early identification of pump thrombosis. nosed using log files. One recent example of this is the twisting
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outflow graft associated with early HeartMate 3 models. It was
postulated that the main mechanism behind this is the new design
of the HeartMate 3 outflow graft containing a metallic swivel
joint which was allowed to freely rotate post-implant and
intended to allow the implanting surgeon to avoid twisting when
implanting the pump. This mechanism unfortunately had the
unintended consequence of allowing the outflow graft to rotate
in either direction sporadically, which can contribute to twist.
This twisting manifested itself in reduced pump parameters on
log files — namely, reduced pump flow (median 1.6 L/min, rang-
ing from 0.7 to 3.6 L/min) [26].

Another paper by Posada et al. [27] assessed cases of outflow
graft occlusion of the new HeartMate 3 device. In this case series,
the authors identified 2 patients who developed extrinsic occlu-
sion of the outflow graft. In both patients, log files were useful in
demonstrating steadily declining flows over time [27].

One other interesting case of potential device malfunction
is power spikes observed in some HeartMate II pumps. In a
study published by Salerno et al. [28], pump power and speed
measurements were analysed post pump implant. In this study,
they defined early power elevations as power spikes of > 10 W
within the first post-operative days. Patients were then split
into two groups depending on whether they experienced a
power spike with subsequent follow-up. Interestingly, no as-
sociation was found between early power spikes and deleteri-
ous outcomes such as stroke and pump thrombus [28].

A further study by Tibrewala et al. (2015) contends that
early power spikes in the HeartMate II devices were in fact
associated with increased rates of pump thrombosis [29]. Log
files clearly play an important role in this area, with the ability
to regularly monitor power output, assessing for the presence
of early power elevation as well as closely following up the
patient cohort who demonstrated early power elevation to en-
sure that they do not experience adverse outcomes at an in-
creased rate — particularly pump thrombosis.

Suction events

Continuous flow LVADs are subject to suction due to the
current design of constant impeller speed in both systole and
diastole. Suction can be caused by a number of reasons, for
example, suboptimal inflow cannula positioning or reposi-
tioning of the inflow cannula as a result of left ventricular
underfilling [18]. Left ventricular underfilling may in turn
result from a number of events which includes hypovolemia,
RV failure or cardiac tamponade. Arrhythmias and suction
have an interesting relationship in that arrhythmias may cause
suction events due to left ventricular dysfunction; however,
the inverse is also true in that the mechanical action of suction
may precipitate arrhythmias [30].

Suction events can happen intermittently or continuously;
as an example of intermittent suction, please (see Fig. 5).
Immediately post-systole is the period in the cardiac cycle
where the VAD inflow cannula is most susceptible to suction
events. The reason for this is purely mechanical in that during
systole the ventricular free wall or septum is closer in
proximity to the inflow cannula. In instances of intermit-
tent suction, the flow periodically and sharply deflects
towards either very low flow (1-2 L/min) or even ap-
proaching 0 L/min during systole [18]. This poses a sharp
contrast in that under normal conditions, flow increases
through systole [30]. Diagnosing continuous suction
events proves more challenging due to the inability to
discriminate systole from diastole on VAD waveforms.

Cardiac dysfunction
VAD log files are surprisingly useful when it comes to

uncovering multiple examples of cardiac dysfunction. Right
HF can be diagnosed with a combination of clinical signs and
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VAD log information. Right HF can mimic severe hypovole-
mia with severely reduced pump flow.

This is due to left ventricular underfilling [30] which can
then precipitate suction. As shown in the recent study by
Consolo et al. [15], there may be a particular signature in the
analysis of log file data associated with right heart failure.
Further study is required in this area. Aortic regurgitation is
another condition that may be identified using VAD log files —
a regurgitant aortic valve is characterised by high peak and
mean trough flows combined with low pulsatility [30].

Other uses for VAD log files
Optimising volume status

Changes in volume status are common in patients with VADs.
Many reasons can affect fluid balance in this patient cohort
which includes, but is not limited to, blood loss, diuretic, fluid
infusion and medication. In hypervolemic states, left

Fig. 6 a Reduction in a
haemoglobin mirrored by

reduction in estimated pump flow.

b Corrected estimated pump flow

based on accurate haematocrit in
bleeding event compared to actual

flow

ventricular filling is increased, which results in higher diastol-
ic and systolic pressures; this in turn results in reducing pres-
sure gradients across the pump and consequently higher pump
flows. Conversely, the same holds true for a hypovolemic state
[30]. Changes in flow are apparent when reviewing VAD log
files, and they can therefore aid long-term volume monitoring.

Trends in power and flow due to gastrointestinal
bleeding

One of the important uses in log files is in the trends available
on immediate review. A useful pattern to recognise in outpa-
tient care is a gradual decrease in estimated pump flows. As
seen in Fig. 6a, despite unchanged activity, there is a decrease
in flows over a 2-3 day period. On further clinical review,
gastrointestinal bleeding was diagnosed. This may be ex-
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by recalculating the pump flows from the power and updating
the haematocrit on a daily basis (Fig. 6b).

Future direction
Studying pulsatility

Most studies that investigate the association between
pulsatility and outcomes do so through comparison of older-
generation PF-LVADs with newer CF-LVADs. In this way,
pulsatility is analysed as a binary variable; that is, flow is
either pulsatile or non-pulsatile. It has become apparent that
some level of pulsatility still exists within CF-LVAD pumps.
Therefore, consideration of pulsatility as continuous within a
spectrum may be more appropriate in adequately determining
how pulsatility affects outcomes.

We propose that log files can be utilised to better un-
derstand the degree of pulsatility as well as its impact on
patients with VADs. An example of this can include
assessing the impact of high pulsatility on mean flow,
peak flow and trough flows and its resultant impact on
pump thrombosis, stroke and gastrointestinal bleeding
events. From our experience with the HVAD, we feel that
familiarity with this pump, as well as the ability to extract
log files for flow, would be ideal for further study.

Automated pump speed modulation, such as the Lavare
cycle, serves as a washout of the pump and may enact a degree
of pseudo-pulsation. By studying the log files of VAD patients
with the Lavare cycle on and off, we would be able to make
some conclusion about whether it makes a significant impact
on pulsatility. This also requires further assessment, with early
retrospective data suggesting improved outcomes with auto-
mated pump speed modulation activated [31]. In our experi-
ence, the Lavare cycle does not induce a meaningful degree of
artificial pulsatility; however, a study will need to evaluate this
in detail before a firm conclusion can be drawn.

Machine learning and log files

The APOGEE trial, a HeartWare HVAD Destination
Product Surveillance Registry (PSR) Platform, will be a
key trial in assessing the clinical benefits of log files.
This trial will seek to further understand the impact of
implant procedure, blood pressure management and
anticoagulation therapy in patients receiving an HVAD.
The trial will be prospective and observational, and pa-
tients will be followed up for up to 12 months. At the time
of writing this paper, the Apogee trial is recruiting for the
study [32]. Collecting data prospectively may allow future
studies into automated assessment of pump function using
log file analysis in real time. This will need to be confirmed
with the appropriate outcome assessments.

Conclusion

VADs are an important staple in the treatment of patients
with refractory HF. Log files which are recorded for these
devices provide a treasure trove of information and knowl-
edge that can be utilised for clinical benefit. Specific ex-
amples of this include diagnosing problems such as pump
thrombosis, gastrointestinal bleeding and suction.
Furthermore, log files provide an excellent tool for
conducting research into device functionality. Going for-
ward, a greater emphasis on the utility of log files in clin-
ical management and ongoing research is warranted.

Compliance with ethical standards CSH is a consultant for
Medtronic and Abbott and has received research funds from Medtronic.
Informed consent, an ethical statement and human/animal rights consid-
erations were not applicable given this was a review article.
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