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Abstract. Background: The calculation of daily fluid balances is essential in
perioperative and postoperative fluid management in order to prevent severe
hypervolemia or hypovolemia in critically ill patients. In this context, modern health
information technology has the potential to reduce the workload for health care
professionals by not only automating data collection but also providing appropriate
decision support. Objectives: Within this work, current problems and barriers
regarding fluid balancing in cardiac intensive care patients are outlined and
improvement activities are specified. Methods: Literature research and qualitative
interviews with health care professionals were conducted to assess the state-of-the-
art technological setting within an intensive care unit. Results: An example case
shows that interconnecting not only devices but also wards can facilitate daily
clinical tasks. Conclusion: Smart devices and decision support systems can improve
fluid management. Several technologies, which today are sometimes still considered
to be futuristic, are in fact not that far away or already available. However, they need
proper implementation with respect to intensivists’, nurses’ and patients’ needs.
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1. Introduction

As in other areas, modern technologies find more and more their way into healthcare and
do not stop in front of hospitals. At the moment, also intensive care units (ICU) are on
move to interconnected institutions, where the Internet of Things (IoT) plays an
important role in meeting the steadily rising trend for personalization. However, despite
all advantages of digitalization, also new challenges due to e.g. novel measurement
methods or big data arise when modernizing an existing ICU by introducing smart
devices and innovative sensors for a nearly continuous monitoring of vital parameters or
biomarkers [1].

An area, where especially interconnection of devices could decrease the workload
for health care professionals (HCP) and increased data quality could enhance treatment
individualization, is intra- and postoperative fluid management. The administration of
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fluids in critically ill patients is widely discussed in terms of type, amount, timing and
outcomes [2-7]. However, recent works indicate that in cardiac intensive care the amount
of fluids rather than the type needs to be chosen with care and that the fluid balance — as
a strong indicator for the current fluid therapy’s efficacy — should closely be monitored
[8]. The fluid balance is defined as the difference between all fluid intakes and all
ongoing fluid losses [9]. Ideally, intakes and losses balance each other and the overall
fluid balance is zero. In critically ill patients, fluid dysbalances should be avoided [10]
and the presence of fluid overload might be an important clinical marker when estimating
the risk for the development of an acute kidney injury (AKI) [11]. Within ICUs, setting
targets for daily fluid balancing plays an important role in guiding removal of excess
fluids [12]. In case of a severe fluid overload, under certain circumstances the use of
renal replacement therapy may be preferable to the administration of diuretics [12].

For determining the fluid balance, administered fluids and ongoing losses have to
be recorded accurately. A study by Bashir et al. [13] showed that in addition to the
recorded fluids up to 1.5 liters of “hidden” fluids are administered to a patient each day.
In contrast to healthy adults, patients might have additional sources of water and
electrolyte losses resulting from e.g. bleedings or fever. In daily fluid balance calculation
at the ICU, at least an insensible fluid loss of 10ml/kg/day should be considered in non-
intubated patients [14]. During surgery, urinary fluid losses and losses through
perspiration sum up to approximately 0.5-1.0 ml/kg/h [15].

The objective of this work is to outline current problems and barriers in fluid
management, especially in fluid balancing of cardiac intensive care patients from a
technological point of view. Furthermore, an improved setting within a cardiac ICU is
sketched, which facilitates fluid management in critical care.

2. Methods
2.1. Knowledge base for developing an integrative ICU concept

Qualitative interviews with HCP (n=12) differing in years of experience were conducted
in order to obtain detailed information on the typical settings and workflows in critical
care. Discussions with nurses and physicians working in intensive care settings were
initiated in order to identify current obstacles and generate ideas for improvement. A
semi-structured literature research (keywords e.g. fluid management, fluid balance,
intensive care, health information technology, decision support, automation, state of the
art, trend, future) revealed how state-of-the-art as well as future technologies could
contribute to a smart and more user-friendly environment.

2.2. Fluid management: Patient-specific parameters in a current intensive care setting

Patients staying at ICUs are typically surrounded by a range of medical devices, which
are necessary for either monitoring the health status or delivering therapies. Figure 1
shows several devices, whose parameters and measurements need to be considered in
fluid balancing. Depending on the type and severity of the disease, a large number of
parameters are assessed either frequently or if necessary. Recorded data contain
numerical values such as the amount of urinary excretion or ordinal-scaled values for
defining severity levels and disease stages. An example for routinely used scales are the
RIFLE and AKIN criteria for staging AKI [16].
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Figure 1. Devices important for fluid balancing stationed around a critical care patient’s bed.

Hemodynamic vital parameters such as heart rate, blood pressure or ventilation as
well as administered fluids and medications are recorded automatically and transmitted
to a patient data management system (PDMS). Fluid losses are still entered manually
using fill level readings on fluid containers. In general, the manual calculation of fluid
balances is time-consuming but accurate documentation seems to be helpful in AKI
prevention [17]. In catheterized patients, urinary losses are usually recorded several
times a day, whereby an hourly monitoring is probably associated with less development
of fluid overload and a better detection of AKI [18]. Fluid losses such as sweating or
insensible losses via skin and lungs are often not taken into account. However, in case of
high fever an additional fluid loss of approximately 500 ml/day can be assumed [14].

To our knowledge, the preoperative fluid balance of patients undergoing elective
cardiac surgery is not assessed but might have an impact on intraoperative fluid
management. The perioperative fluid balance is often not available in the ICU caregivers’
PDMS due to a missing interface to the intraoperative documentation system. This leads
to assuming neutral balances for patients arriving at ICU. Therefore, the initiated
postoperative fluid therapy is not adequate because of a — sometimes — strongly under-
or overestimated postsurgical fluid status [15]. In general, there seems to be a need for
improving the transmission of intraoperative fluid management data from the operating
room to the ICU at patient handover in terms of information quality and availability [19].

3. Results

The basis for an efficient fluid management in intensive care are availability, correctness,
completeness and user-friendly display of relevant data. In order to achieve that, the
following aspects should be considered when moving towards the next-generation ICU.

Preoperative
care

Aftercare

Figure 2. An elective cardiac patient’s way through the hospital.
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Figure 3. Common accesses and data capture sites in cardiac intensive care patients.
3.1. Closing interface gaps and establishing sensor networks

During an elective cardiac surgery patient’s stay at the hospital, he or she passes several
units (see Figure 2). It should be ensured, that all relevant information regarding the
patient’s stay at the current ward is available to the following one at patient handover at
the latest.

Especially assistive or not routinely used devices around the patient bed such as
extracorporeal membrane oxygenation (ECMO) or dialysis machines are often not
connected to the PDMS and work as standalone systems where manual data transfer is
needed. It is important to close these interface gaps to reduce workload for caregivers
and to avoid errors due to manual data entry. Furthermore, the more data from different
sources are integrated, e.g. preoperative baseline parameters or results from blood gas
analyses, the better the basis for decision support systems (DSS) and algorithm-driven
care [20] is. For instance, real-time data from continuous renal replacement therapy
(CRRT) with interfaces to electronic health records (EHR) represent an important
feedback loop for estimating the amount of medication filtered by the dialysis machines
and could be used for an (semi-)automated adjustment of infusion rates [21].

Intensive care patients are usually equipped with a range of monitoring and

treatment accesses, depending on the disease and the standard operating procedures of
the respective hospital. Some of them are displayed in Figure 3.
Cable-bound sensors for monitoring purposes should be replaced by wireless solutions
whenever their application makes sense and contributes to a more user-friendly
environment [22]. Ad-hoc sensor networks should be established with respect to safety
and security [23]. Figure 4 shows how intelligent sensor networks can build the basis for
an individualized fluid management.

3.2. Introducing decision support systems but avoiding alarm fatigue and social silos
In critical care, HCP are faced with a range of measurements, displayed in form of either

a current measurement value or time series. Simultaneous interpretation of up to 10 vital
parameters is often necessary for assessing a patient’s current condition [24]. Therefore,
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Figure 4. Intelligent sensor networks can build the basis for individualized fluid management (IFM) by
enabling cross-departmental and user-friendly collection of vital parameter data.

it is important to reduce the amount of displayed parameters to the currently important
ones. Clinical DSS based on machine learning algorithms might aid in selecting them
and ensuring an intuitive and meaningful data representation. Additional parameters
processed by background algorithms might be used for indicating changing health
conditions and suggesting treatment options.

It is beyond debate, that acoustic alarm in case of worsening vital parameters is
important. However, an appropriate and not too sensitive adjustment of the limit values
for alarms leads to a reduction in physiologic monitor alarms [25] and therefore
contributes to avoidance of alarm fatigue and facilitation of patient recovery [26-28].
Furthermore, alarm sounds should be melodic and easy to learn [29].

Comprehensive DSS are designed with respect to the actual user group, integrating
all available data, providing prediction and giving assistance in planning next treatment
steps. Nevertheless, cross-departmental communication among HCPs is essential and
should be fostered to maintain treatment quality and avoid social silos [30].

3.3. The integrative ICU — an exemplary use case

John is 65 years old and has to undergo elective coronary artery bypass grafting (CABG).
At the day of admission, besides several intake interviews with HCP and a baseline blood
count, also a baseline fluid balance of -500 ml is determined using bioelectrical
impedance analysis [31]. The obtained parameters are automatically transmitted to a
central PDMS system. At the cardiac surgery unit, the integrated DSS suggests options
for how to best reach a neutral fluid balance until surgery — which takes place the next
morning — considering dinner, preoperative fasting and estimation of losses to be
expected during night.

At surgery initiation, an algorithm estimates John’s fluid balance based on the
administered fluids since admission, allowing the anesthetist to keep track of his actual
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fluid status. During surgery, important blood electrolytes such as sodium, potassium or
chloride are permanently monitored using a wireless inline-measurement system
reducing blood loss. Those measurements as well as the administered fluids and recorded
losses are automatically stored in the surgery protocol within the PDMS. Fluid losses
and gains through the heart-lung machine are taken into account as well.

After surgery, John is transferred to the cardiac ICU, where a bed has already been
assigned to him automatically by the bed management system being part of the PDMS.
Each bed is equipped with a tablet, which provides a clear overview of a selection of
John’s vital parameters. Besides the measurements from the inline system and
hemodynamic parameters, an estimation of the postoperative fluid balance is displayed.
John’s postoperative values are in range, accept for a slight fluid overload of +700 ml.
The flow rates of administered fluids and medications as well as those within drainages
and the urinary bag are continuously measured and automatically updated in the PDMS.

In the evening, the urinary flow rate steadily decreases and the inline-measurement
of potassium shows upward tendency. The DSS recommends the measurement of
kidney-specific laboratory parameters and suggests first countermeasures. Since the
parameters are not yet in a critical range, the responsible HCP are notified via smartphone
and smartwatch messages. Compared to baseline measurements, John’s vital parameters
worsen during the next day. At the evening of the second postoperative day, his fluid
balance increased to +4000 ml and the prediction algorithm shows a further upward trend.
Since the intravascular volume is in range, the DSS indicates an increased risk for AKI
and suggests the consultation of a nephrologist, which can directly be video-called or
messaged using John’s bedside tablet. Later in the course of his stay, a CRRT has to be
started whereby the parameters of the dialysis machine are set using the values suggested
by the DSS. All status variables of the dialysis machine are permanently monitored and
wirelessly sent to the PDMS.

In the following days John recovers, the CRRT is terminated since diuresis and
blood parameters normalized and the inline-electrolyte measurement system is removed.
With a slightly positive balance of +200 ml, John is handed over to aftercare, where HCP
already received a digital summary of John’s stay.

4. Discussion

Mobile devices and apps are important tools not only for documenting and monitoring a
patient’s health status but also for consulting guidelines or obtaining decision support
[32]. During perioperative care, DSS are already used for estimating e.g. complication
risks or severity of illness [33]. In fluid management of the near future, introducing
feedback loops using hemodynamic parameters will play an important role in prevention
of hypo- and hypervolemia [34]. First approaches for guiding fluid therapy have already
been published [35,36].

Some of the technologies described in the exemplary patient case are already
available. For instance, the inline-measurement of blood components — which has the
advantages of no blood loss and real-time data — is possible [37]. A sensor network
dedicated to the wuse within critical care has already been developed by
Shnayder et al. [23]. However, in the far future those networks might partly be replaced
by all-in-one solutions [38]. Sensors themselves will reduce in size and be available in
form of wearables [39]. Medical devices within the ICU might even be replaced by
ingestible smart pills [40].
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However, in fluid management integrative and patient-oriented systems based on
our proposed concept will gain in importance. A first essential step in tackling current
implementation barriers is the introduction of license-free and state-of-the-art interfaces
enabling devices to transmit data to the PDMS. User-friendly sensing, automated and
secure data capture, the introduction of intelligent and non-unobtrusive DSS but also the
maintenance of face-to-face discussions and collaboration will be necessary to ensure an
optimal monitoring of patients on their journey through the hospital.

Acknowledgements

"CBmed" is cooperating together with B.Braun Melsungen AG for this research project.
Work done in "CBmed" was funded by the Austrian Federal Government within the
COMET K1 Centre Program, Land Steiermark and Land Wien.

References

[1] V. Tresp, J.M. Overhage, M. Bundschus, S. Rabizadeh, P.A. Fasching, Y. Shipeng, Going digital: a
survey on digitalization and large-scale data analytics in healthcare, Proceedings of the IEEE 104(11)
(2016), 2180-2206.

[2]  J. Benes, M. Kirov, V. Kuzkov, M. Lainscak, Z. Molnar, G. Voga, X. Monnet, Fluid therapy: double-
edged sword during critical care?, BioMed Research International 2015 (2015).

[3] V.A. Bennett, M. Cecconi, Perioperative fluid management: from physiology to improving clinical
outcomes, Indian Journal of Anaesthesia 61(8) (2017), 614-621.

[4] V. Chatrath, R. Khetarpal, J. Ahuja, Fluid management in patients with trauma: restrictive versus liberal
approach, Journal of Anaesthesiology Clinical Pharmacology 31(3) (2015), 308-316.

[5] L.H. Navarro, J.A. Bloomstone, J.O. Auler Jr, M. Cannesson, G.D. Rocca, T.J. Gan, M. Kinsky, S.
Magder, T.E. Miller, M. Mythen, A. Perel, D.A. Reuter, M.R. Pinsky, G.C. Kramer, Perioperative fluid
therapy: a statement from the international fluid optimization group, Perioperative Medicine 4(3) (2015).

[6] D.A. Reuter, D. Chappell, A. Perel, The dark sides of fluid administration in the critically ill patient,
Intensive Care Medicine 2017 (2017).

[71  G.Minto, M.G. Mythen, Perioperative fluid management: science, art or random chaos?, British Journal
of Anaesthesia 114(5) (2015), 717-721.

[8] E. Bignami, M. Guarnieri, M. Gemma, Fluid management in cardiac surgery patients: pitfalls,
challenges and solutions, Minerva Anestesiologica 83(6) (2017), 638-651.

[91 D.N. Lobo, A.J. Lewington, S.P. Allison, Basic concepts of fluid and electrolyte therapy, Bibliomed-
Medizinische Verlagsgesellschaft mbH, Melsungen, 2013.

[10] V. Balakumar, R. Murugan, F.E. Sileanu, P. Palevsky, G. Clermont, J.A. Kellum, Both positive and
negative fluid balance may be associated with reduced long-term survival in the critically ill, Critical
Care Medicine 45(8) (2017), €749-e757.

[11] N. Salahuddin, M. Sammani, A. Hamdan, M. Joseph, Y. Al-Nemary, R. Alquaiz, R. Dahli, K. Maghrabi,
Fluid overload is an independent risk factor for acute kidney injury in critically ill patients: results of a
cohort study, BMC Nephrology 18(1) (2017), 45.

[12] M.E. O’Connor, S.L.Jones, N.J. Glassford, R. Bellomo, J.R. Prowle, Defining fluid removal in the
intensive care unit: a national and international survey of critical care practice, Journal of the Intensive
Care Society 18(4) (2017), 282-288.

[13] M.U. Bashir, A.Tawil, V.R. Mani, U. Farooq, M.A. DeVita, Hidden obligatory fluid intake in critical
care patients, Journal of Intensive Care Medicine 32(3) (2017), 223-227.

[14] P. Cox, Insensible water loss and its assessment in adult patients: a review, Acta Anaesthesiologica
Scandinavica 31(8) (1987), 771-776.

[15] M. Rehm, N. Hulde, T. Kammerer, A.S. Meidert, K. Hofmann-Kiefer, State of the art in fluid and
volume therapy: a user-friendly staged concept. English version., Der Anaesthesist 2017 (2017).

[16] KDIGO Work Group, KDIGO clinical practice guideline for acute kidney injury, Kidney International
Supplements 2(1) (2012).



54

[17]

[18]

(191

[20]
[21]

[22]

[23]

[24]
[25]
[26]
[27]

(28]

[29]

[30]

61

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]
[40]

K. Bergmoser et al. / Improving Fluid Management in Critical Care

A. Davies, S. Srivastava, W. Seligman, L. Motuel, V. Deogan, S. Ahmed, N. Howells, Prevention of
acute kidney injury through accurate fluid balance monitoring, BMJ Open Quality 6(2) (2017).

K. Jin, R. Murugan, F.E. Sileanu, E. Foldes, P. Priyanka, G. Clermont, J.A. Kellum, Intensive
monitoring of urine output is associated with increased detection of acute kidney injury and improved
outcomes, Chest 152(5) (2017), 972-979.

N. Segall, A.S. Bonifacio, R.A. Schroeder, A. Barbeito, D. Rogers, D.K. Thornlow, J.Emery, S. Kellum,
M.C. Wright, J.B. Mark, Can we make postoperative patient handovers safer? A systematic review of
the literature, Anesthesia & Analgesia 115(1) (2012), 102-115.

T.J. Pollard, L. A. Celi, Enabling machine learning in critical care, ICU Management & Practice 17(3)
(2017 Fall), 198-199.

W.R. Clark, M. Neri, F. Garzotto, Z. Ricci, S.L. Goldstein, X. Ding, J. Xu, C. Ronco, The future of
critical care: renal support in 2027, Critical Care 21(92) (2017).

M. Paksuniemi, H. Sorvoja, E. Alasaarela, R. Myllyld, Wireless sensor and data transmission needs and
technologies for patient monitoring in the operating room and intensive care unit, Proceedings of the
2005 IEEE Engineering in Medicine and Biology 27th Annual Conference 5 (2005), 5182-5185.

V. Shnayder, B. Chen, K. Lorincz, T. Fulford-Jones, M. Welsh, Sensor networks for medical care,
Harvard Computer Science Group Technical Report TR-08-05, http:/nrs.harvard.edu/urn-
3:HUL.InstRepos:24829604, last access: 29.01.2018.

F.A. Drews, Patient monitors in critical care: lessons for improvement, Advances in Patient Safety: New
Directions and Alternative Approaches (Vol. 3: Performance and Tools) (2008).

K.C. Graham, M. Cvach, Monitor alarm fatigue: standardizing use of physiological monitors and
decreasing nuisance alarms, American Journal of Critical Care 19(1) (2010), 28-37.

L. Johansson, 1. Bergbom, B. Lindahl, Meanings of being critically ill in a sound-intensive ICU patient
room — a phenomenological hermeneutical study, The Open Nursing Journal 6 (2012), 108-116.

J.A. Alasad, N.A. Tabar, M.M. Ahmad, Patient’s experience of being in intensive care units, Journal of
Critical Care 30(4) (2015), 859.¢7-859.¢e11.

M.A. Pisani, R.S. Friese, B.K. Gehlbach, R.J. Schwab, G.L. Weinhouse, S.F. Jones, Sleep in the
intensive care unit, American Journal of Respiratory and Critical Care Medicine 191(7) (2015), 731-
738.

AN. Wee, P.M. Sanderson, Are melodic medical equipment alarms easily learned?, Anesthesia and
Analgesia 106(2) (2008), 501-508.

M. Leslie, E. Paradis, M.A. Gropper, S. Kitto, S. Reeves, P. Pronovost, An ethnographic study of health
information technology use in three intensive care units, Health Services Research 52(4) (2017), 1330-
1348.

M.Y. Jaffrin, H. Morel, Body fluid volumes measurements by impedance: a review of bioimpedance
spectroscopy (BIS) and bioimpedance analysis (BIA) methods, Medical Engineering & Physics 30(10)
(2008), 1257-1269.

C.L. Ventola, Mobile devices and apps for health care professionals: uses and benefits, Pharmacy and
Therapeutics 39(5) (2014), 356-364.

A. Belard, T. Buchman, J. Forsberg, B. K. Potter, C. J. Dente, A. Kirk, E. Elster, Precision diagnosis: a
view of the clinical decision support systems (CDSS) landscape through the lens of critical care, Journal
of Clinical Monitoring and Computing 31(2) (2017), 261-271.

A. Joosten, B. Alexander, A. Delaporte, M. Lilot, J. Rinehart, M. Cannesson, Perioperative goal directed
therapy using automated closed-loop fluid management: the future?, Anaesthesiology Intensive Therapy
47(5), 517-523.

K. Bergmoser, L. Pflanzl-Knizacek, S. Langthaler, C. Baumgartner, Describing cardiac ICU patient’s
fluid transfer characteristics using system analysis — a proof of concept, Medical Fluids 5(1) (2017), 87-
88.

J. Rinehart, C. Lee, C. Canales, A. Kong, Z. Kain, M. Cannesson, Closed-loop fluid administration
compared to anesthesiologist management for hemodynamic optimization and resuscitation during
surgery: an in vivo study, Anesthesia & Analgesia 117(5) (2013), 1119-1129.

J.J. Fox, T.H. Clutton-Brock, Evaluation of a patient-dedicated blood gas analyser, Critical Care 2015,
19(Suppl 1) (2015), P261.

F. Michard, Innovations in monitoring: from smartphones to wearables, ICU Management & Practice
17(3) (2017), 148 -150.

F. Michard, Hemodynamic monitoring in the era of digital health, Annals of Intensive Care 6(15) (2016).
C. Ince, Intensive care medicine in 2050: the ICU in vivo, Intensive Care Medicine 43(11) (2017), 1700-
1702.



