
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Mobile Intensive Care Unit: Technical and clinical aspects of interhospital critical
care transport

van Lieshout, E.J.

Publication date
2016
Document Version
Final published version

Link to publication

Citation for published version (APA):
van Lieshout, E. J. (2016). Mobile Intensive Care Unit: Technical and clinical aspects of
interhospital critical care transport. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/mobile-intensive-care-unit-technical-and-clinical-aspects-of-interhospital-critical-care-transport(c8f1bbda-ec60-4721-ab1f-0ce0fb9e3913).html


Mobile 
intensive 
Care 
Unit

M
o

b
il

e
in

t
e

n
s

iv
e

C
a

r
e

U
n

it

Technical and clinical 
aspects of interhospital 
critical care transport

Erik Jan van Lieshout

Erik Jan
 van

 Liesh
o

u
t





Mobile Intensive Care Unit
technical and clinical aspects of interhospital critical care transport

Erik Jan van Lieshout



Mobile Intensive Care Unit
technical and clinical aspects of interhospital critical care transport

auteur: E.J. van Lieshout
omslagontwerp: Erwin Timmerman, Optima Grafische Communicatie
drukwerk: Optima Grafische Communicatie, Rotterdam
ISBN: 978-94-6169-987-9

© 2016 E.J. van Lieshout
No parts of this thesis may be produced in any form or by any means without written 
permission of the author.

Printing of this thesis was generously supported by Hamilton Medical Nederland and the 
University of Amsterdam.



Mobile Intensive Care Unit
technical and clinical aspects of interhospital critical care transport

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus

prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde commissie,

in het openbaar te verdedigen in de Aula der Universiteit
op 9 december 2016, te 13.00 uur

door 

Erik Jan van Lieshout
geboren te Amsterdam



PROMOTIECOMMISSIE

Promotores:
Prof. dr. M.B. Vroom Universiteit van Amsterdam
Prof. dr. R.J. de Haan Universiteit van Amsterdam

Co-promotores: 
Prof. dr. N.P. Juffermans Universiteit van Amsterdam
Dr. J.M. Binnekade Universiteit van Amsterdam

Overige leden: 
Prof. dr. E. de Jonge Universiteit Leiden
Prof. dr. A.H.L.C. van Kaam Universiteit van Amsterdam
Prof. dr. J. Kesecioglu Universiteit Utrecht
Prof. dr. B. Preckel Universiteit van Amsterdam
Prof. dr. W.S. Schlack Universiteit van Amsterdam
Prof. dr. J.G. Zijlstra Rijksuniversiteit Groningen

Faculteit der Geneeskunde

Paranimfen: Han van Lieshout & Peter Mens



Voor Denise, Annabel & Floor





Table of conTenTs 

Chapter 1 Introduction and outline of thesis 11

Chapter 2 Interference by new-generation mobile phones on critical care 
medical equipment

29

van Lieshout EJ, van der Veer SN, Hensbroek R, Korevaar, JC, 
Vroom MB, Schultz MJ.

Crit Care. 2007;11(5):R98.

Chapter 3 Electromagnetic interference from radio frequency identification 
inducing potentially hazardous incidents in critical care medical 
equipment

45

van der Togt R, van Lieshout EJ (co-first author), Hensbroek R, 
Beinat E, Binnekade JM, Bakker PJ.

JAMA. 2008;299(24):2884-2890.

Chapter 4 Decision making in interhospital transport of critically ill patients: 
national questionnaire survey among critical care physicians

63

van Lieshout EJ, de Vos R, Binnekade JM, de Haan RJ, Schultz MJ, 
Vroom MB.

Intensive Care Med. 2008;34(7):1269-1273.

Chapter 5 Nurses versus physician-led interhospital critical care transport:  
a randomized non inferiority trial 

77

van Lieshout EJ, Binnekade J, Reussien E, Dongelmans D, 
Juffermans NP, de Haan R J, Schultz MJ, Vroom MB.

Intensive Care Med. 2016 Jul;42(7):1146-54.

Chapter 6 Performance of new generation transport ventilators in simulated 
critical care conditions

95

van Lieshout EJ, Oomen B, Binnekade JM, Dongelmans DA,  
de Haan RJ, Juffermans NP, Vroom MB.

submitted



Chapter 7 Effects of standardized patient and equipment hand offs in 
interhospital critical care transport after Failure Mode and Effect 
Analysis

117

van Lieshout EJ, Hamming A, Oomen B, van der Sluijs S, 
Smorenburg SM, de Haan RJ , Binnekade JB, Juffermans NP, 
Vroom MB, Dongelmans DA.

submitted

Chapter 8 Summary 135

Chapter 9 Samenvatting 143

Dankwoord 151







C hapter 1

Introduction & outline of thesis





13

Introduction & outline of thesis

1

With the introduction of critical care as a specialized part of medicine in the late seven-
ties, transport between intensive care units of hospitals has become its inextricably part 
1-4. Due to regionalization of advanced care the use of interhospital transport after stabi-
lization in a regional hospital is increasing 1,3,5-8. This trend is supported by association 
between volume and improved outcome in specialties such as trauma and critical care 
9. Transplantation medicine is an example of supra-regional concentration of care, even 
among referral centers, in order to deliver high quality care with efficiency 3. Neonatal 
and pediatric care stimulated research on transport facilities for many pediatric patients 
are referred from regional hospitals 10-17. These pediatric transport services in Europe and 
the US, are hospital based or executed by regional emergency medical services, either 
public or for profit 15,18,19. These specialized transports have a tailor made approach of 
providing advanced care from departure in the sending hospital by specialized transport 
paramedics or physicians until patient hand off in the receiving referral center 17 .

THE DUTCH APPROACH

In the Netherland critical care transports between hospitals started in the late nineties 
20-22. Dutch emergency medicine by private or public services experienced great profes-
sionalism by federal regulations and the introduction of evidence or practice based 
medicine In the preceding decades 23,24. National protocols on emergency medicine 
standardized the level of care in prehospital emergency medicine 25. In the early nineties, 
this approach with broad implementation of one national multi-disciplinary protocol, cov-
ering all major prehospital emergencies, and approved by all medical societies involved 
in emergency medicine, raised the bar in Dutch evidence based emergency medicine 
23,24. One national education program and legal regulation of the special professional 
authority of paramedics supervised by medical directors of licensed emergency medical 
services turned out to be successful preconditions for high quality prehospital care.

It has stimulated prehospital research on many topics, e.g., initial treatment of out 
of hospital myocardial infarction induced ventricular fibrillation with lidocaine 26. The 
introduction of Helicopter Emergency Services (HEMS) in the Netherlands raised a politi-
cal and financial debate which might have been an explanation for the delay in the 
development of interhospital critical care transport 27. With their recent advancements in 
both education, equipment and protocols, transport of critically ill patients was executed 
by EMS in a modern but regular ambulance. Paramedics, who were often trained as criti-
cal care nurses in their past, escorted those transports 24. In a minority of cases, patients 
were accompanied by a physician of the sending hospital, many times not trained in 
critical care medicine, let alone certified to use ambulance equipment 21,24. Ambulance 
equipment was not suitable for mechanical ventilated patients on spontaneous breath-
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ing or high end-expiratory positive pressure ventilation 3. Safe and secure delivery of 
intravenous medication with ambulance syringe pumps was impossible, resulting in 
pumps from the sending hospital which could not be attached safely to the ambulance 
interior. Furthermore, equipment standards on the type of cardiovascular monitor of Dutch 
ambulances lacked invasive pressure and end-tidal CO2 monitoring 24. The combination 
of unsuitable equipment, insufficient training in critical care and lack of workspace for 
the escorting team resulted in unsafe transports 22,28. In those times, assessment by an 
intensivist considering patients’ benefit versus transport related risks eventually resulted 
in a not-fit-to-transport verdict. In 1997, two Mobile Intensive Care Units (MICU) were 
available for critical care transport in the Amsterdam and Nijmegen regions. These units 
were initiatives of intensivists and pediatricians, who reconstructed a regular ambulance 
stretcher into a mobile ICU bed to securely fit a high-end mechanical ventilator, invasive 
monitoring and syringe pumps [fig. 1 & 2]. Such a stretcher could only be transported in 
special, high-volume ambulances [fig 3]. The overall interhospital critical care transport 
was coordinated and escorted by a critical care nurse and an intensivist. But nationwide 
demand for transports could not be matched adequately by these two units.

 

 

 

 

 

 

 

 

 

Fig 1. MICU-trolley, 2001 Radboud UMC, Nijmegen, the Netherlands (© J. v.d. Wiel) 

 Fig 1. MICU-trolley, 2001 Radboud UMC, Nijmegen, the Netherlands (© J. v.d. Wiel)
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Fig 1. MICU-trolley, 2001 Radboud UMC, Nijmegen, the Netherlands (© J. v.d. Wiel) 

 

 

 

 

 

 

 

 

 

 

 

Fig 2 A & B. MICU-trolley, 1997 Academic Medical Center, Amsterdam, the Netherlands (© E.J. van Lieshout) 

 

 

 

 

 

 

 

 

 

 

Fig 3 MICU-trolley & intra-aortal balloon pump in a high volume ambulance, 1999 Academic Medical Center, Amsterdam, the 
Netherlands (© E.J. van Lieshout) 

Fig 2 A & B. MICU-trolley, 1997 Academic Medical Center, Amsterdam, the Netherlands (© E.J. van 
Lieshout)

 

Fig 1. MICU-trolley, 2001 Radboud UMC, Nijmegen, the Netherlands (© J. v.d. Wiel) 

 

Fig 2 A & B. MICU-trolley, 1997 Academic Medical Center, Amsterdam, the Netherlands (© E.J. van Lieshout) 

 

 

 

 

 

 

 

 

 

 

Fig 3 MICU-trolley & intra-aortal balloon pump in a high volume ambulance, 1999 
Netherlands (© E.J. van Lieshout) Fig 3 MICU-trolley & intra-aortal balloon pump in a high volume ambulance, 1999 Academic Medical 

Center, Amsterdam, the Netherlands (© E.J. van Lieshout)

In 1997, the IC-transport committee was initiated within the Netherlands Society of Inten-
sive Care (NVIC) by several intensivists, who recognized this clinical problem nationwide 
22. It obstructed regional cooperation between intensive care units to have critically ill 
patients being admitted in an ICU of the right level. The first Dutch guideline on critical 
care transport was published to set the bar for definitions, personnel, equipment and 
responsibilities. At the same time, there was an ongoing need for increased availability 
of ICU beds. In 2001, this became apparent after New Years’ fire disaster in Volendam 
causing over hundred casualties. Several months later, the report ”Plaats in de herberg” 
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on ICU availability in the Netherlands was published 29. Alarming results on accessibility 
of critical care resulting in a federal taskforce gathering all relevant parties, including 
the state department of health, NVIC and associations of hospitals, ambulance services 
and health insurance companies 30. One of the sub taskforces was installed to handle 
the obstacles of critical care transport. The sector organizations of ambulance services 
(Ambulancezorg Nederland), health insurance companies (Zorgverzekeraars Neder-
land), NVIC, and the state department of health initiated a regional system of Mobile 
Intensive Care Units, based in university medical centers and two teaching hospitals 31. 
A temporary regulation on MICU transport and seven licenses for regional interhospital 
transport issued by the state department were combined with reimbursement conditions 
by the Dutch Healthcare Authority 32. In 2008, after clearing all obstacles seven centers 
provided regionally executed critical care transport, almost 24/7.

EqUIPMENT AND ExPERTISE vERSUS RISkS

Interhospital transport of a critically ill patient may be indicated if additional care, whether 
technical, expertise, or procedural, is not available at the present location 1-4,18,22,33. 
The risks associated with interhospital transport should be weighed against its potential 
benefit for each individual critically ill patient 6,13,16,18,22,34-41. Many studies demonstrated 
that critical events are related to equipment, staff or logistics. The nature of critical care 
transport is that clinical deterioration is more or less expected as it might even have oc-
curred without transportation as progress of disease. Comparing critical incidents during 
a certain time frame between patients in ICU or during transport seems challenging but 
hampered by different kinds of bias, e.g. case-mix and indication of transport. Much 
focus was and is placed on the use of appropriate equipment ranging from high end 
ventilators of smaller design to cardio-respiratory monitors with multiple invasive pressure 
channels, all on batteries and with better performance. The greatest challenge in modern 
critical care transport is to keep pace with bedside organ function replacement therapy. 
Fortunately, their manufactures acknowledge the fact that critical care medicine is not 
practiced on one spot. Radiology, OR, cath-lab and other departments with advanced 
lifesaving interventions demands intrahospital transport. Therefore, devices are supplied 
with batteries and mountable for trolley’s fixed bedside enabling transportation. Extra 
Corporeal Membrane Oxygenation (ECMO) is the latest but not the last addition in 
the palette of life saving devices. The complexity and increased risks in ECMO, with 
high diameters intra-vascular cannulas, remains challenging and both time and labor 
consuming. The increased use of ECMO might be correlated with insights in ventilator as-
sociated lung injury in combination with the burden of respiratory failure, even in immune 
competent patients with H1N1 influenza pneumonia 5,42-53. Referral centers, hospital or 
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non-hospital based ground and air medical critical care transport systems should cooper-
ate closely to facilitate seamless and timely transfers 5,43,45,50,51. Mode of interhospital 
transportation, i.e. ground versus air medical by rotor or fixed wing aircrafts, seems to be 
influenced by distance and time saved (18, 106, 107). Medical technology assessment 
of the most appropriate mode to demonstrate better patient outcome and efficiency in 
terms of costs is hard to execute (108). It is assumed that ground transport is preferable, 
if the interfacility distance is within 50 km. Helicopter transport is most efficient within 
a range of 50-250 km and beyond that distance, fixed wing aircraft is considered the 
vehicle of choice (4, 18, 33, 109). But terrain and weather conditions do vary in time 
and between regions and therefore region-specific transport systems should serve their 
patient population, tuned to clinical needs in an individual case (18, 88, 106, 108, 
110-119). In the Netherlands, neonatal interhospital transport is sometimes executed by 
helicopter services but most critical care transport is by ground ambulance (3, 8, 21, 
22). The lack of certified landing sites on hospital roofs forces helicopters to land away 
from emergency rooms or ICU’s. This forces time consuming secondary transport from the 
landing site to hospital entrance by ambulance (27).

The use of specialized teams and appropriate equipment might reduce transport 
related risks. In neonatal and pediatric transport the use of retrieval teams, manned by 
dedicated professionals, is common practice in many countries. Studies demonstrated 
their additional value 16,54-56. However, different kinds of biases are troubling transport 
studies. Randomized controlled trials comparing physician versus non-physician staffed 
transport are lacking for many reasons, including differences in case mix or indications 
and difficulties in pre-transport randomization. It is, however, conceivable that if modes of 
therapy are continued during transport, they should be matched by the level of escorting 
expertise. Case control studies confirm this assumption by demonstrating a decreased 
number of critical events during transport, e.g., less cardiovascular incidents, and even 
mortality directly after transport 3,57-59.

Information and communication technology (ICT) for telemedicine has been introduced 
in critical care medicine to simultaneously deal with appropriate use of bedside intensiv-
ists and around the clock expertise with conflicting results 60-72. Its use in critical care 
transport might decrease the use of specialized retrieval teams 64,73. However, ICT in 
critical care medicine and during transport should be preceded by assessment of safety 
of the technology itself. Auto identification techniques, e.g. Radio Frequency Identifica-
tion (RFID), have potential benefits in healthcare 74-82. Automated wireless bedside patient 
identification would enhance medication safety and render barcode scanning obsolete. 
Safety of blood transfusion management is greatly influenced by RFID with active RFID 
tags capable of temperature monitoring 74. But safety issues of electromagnetic interfer-
ence of RFID antennas, which broadcast radio signals in a critical care environment, 
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remained to be elucidated 83. It could especially endanger moving objects with life-
saving equipment, like a MICU trolley.

Although guidelines have been developed to increase safety of interhospital transports 
of critically ill patients, clinical evidence is lacking on factors determining the transport-
ability of these patients 1,2,58,84-92. Despite balancing risks versus benefit in an individual 
critically ill, transportability as an optimal state before transportation is poorly defined 
93-98. Indications for transport might be related to cardiac or vascular emergencies requir-
ing advanced therapy in a referral center 1,2,4,33. In the meantime trying to stabilize 
circulatory and respiratory functions is crucial but may at times be impossible 3,22,92. The 
difference between planned and well prepared interhospital/inter-ICU or emergency 
transports, when speed is more crucial, is hard to assess from a clinical perspective 
36,92,99. The use of checklists to evaluate pre-transport conditions might improve outcome 
after transport but again, studies in this field of medicine are hampered by methodological 
obstacles 97,100-104. Despite their drawbacks, checklists have proved their effectiveness in 
hand offs in emergency medicine and surgery and therefore their applications in critical 
care transport should be welcomed. Meanwhile checking off items without focus should 
be anticipated and solved by teamwork 105,106.

FUTURE

In the Netherlands an electronic health record in all regional MICU’s is just a matter of 
time and technology. The subsequently use of transport data in the National Intensive 
Care Evaluation (NICE) would further stimulate quality improvement in Dutch critical care 
medicine 107. Regional differences in ICU availability or referral indications could be 
analyzed and bench marking of critical events during transport should stimulate quality 
improvement programs in Dutch MICU centers. Hospital Failure Mode Effect Analysis 
(HFMEA) could serve as a valuable tool in prospective risk analysis to reduce transport 
related risks 108. These analysis should give directions in the continuous search for better 
transport trolleys, which are still not standardized, not even within seven Dutch regions 
(fig 4). The same holds for critical care ambulances, which have not yet reached their 
final design 28,109,110. Risks analysis should lead to interventions as checklists or communi-
cation protocols, enhancing patient hand offs including digital information, e.g., labora-
tory results and imaging 102. The initial goals of the NVIC IC transport committee was 
to improve emergency transports by implementing definitions, protocols and resources 
for interhospital critical care transport. A clear definition of emergency vs. critical care 
MICU transport did facilitate ambulance dispatch centers in the last decade but MICU 
transports reaped more benefits. It is now up to Dutch emergency medicine, together with 
emergency medical services, to initiate protocoled interhospital emergency transport.
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Fig 4 MICU-trolley 2004 & 2009,  Academic Medical Center, Amsterdam, the Netherlands  (© E.J. van Lieshout) 

Fig 4 MICU-trolley 2004 & 2009, Academic Medical Center, Amsterdam, the Netherlands (© E.J. van 
Lieshout)

OUTlINE OF THE THESIS

In 2006 new mobile phone technology was introduced in interhospital critical care 
transport to enable telemedicine in order to support the escorting team with additional 
expertise 73. However, the electromagnetic compatibility of this technique, both GPRS & 
UMTS (3G+ technology), with critical care equipment was not assessed and studied in 
chapter two.

Although guidelines have been developed to increase the safety of interhospital 
transport of critically ill patients, clinical evidence is lacking on factors determining the 
transportability of these patients 4,6,111,112. Decision-making in interhospital transport 
involves appraisal of several determinants including patient characteristics, indication 
for transport, level of escort, and transport facilities. The process of appraisal of these 
variables by Dutch intensivist is studied in chapter three.

Applications of auto identification technologies such as radio frequency identification 
(RFID) in every day live include security access cards and electronic toll collection and 
applications in health care may have potential positive impact on patient safety and 
”track & trace” of medical products 74,75,77,83. Safety of RFID technology itself including 
potential harmful electromagnetic interference within the health care environment was 
never studied and is discussed in chapter four.

The combination of a registered critical care nurse and a paramedic as a specialized 
retrieval team in critical care transports is more common in the USA than in Europe where 
a team including a critical care physician is general practice 113. The first randomized 
controlled trial on the added value of a critical care physician as part of the transport 
team is studied in chapter five.
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Risks of transportation seem manageable using an experienced escorting team and 
adequate equipment 1,3,21,37,114. Given the impact of mechanical ventilation settings on 
outcome of patients with or without Acute Respiratory Distress Syndrome (ARDS), con-
tinuation of reliable mechanical ventilation during transport is imperative in this patient 
category. Therefore, transport ventilators should be able to ventilate critically ill patients 
with accuracy comparable to intensive care unit (ICU) ventilators, despite their compact 
design and challenging conditions during transport. An update on the performance of 
new generation, gas-driven or turbine equipped, transport ventilators, especially with 
oxygen from cylinders instead of an oxygen wall outlet, is reported in chapter six.

Despite the recognized safety issues of in-hospital patient and equipment hand offs, 
studies on a systematic, prospective analysis of those hand offs in interhospital critical 
care transports are lacking 115. The development and before-after evaluation of safety 
checklist items based on Hospital Failure Mode Effect Analysis (HFMEA), integrated in 
a re-designed transport form followed by a questionnaire guided implementation are 
described in chapter seven.
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ABSTRACT

Introduction The aim of the study was to assess and classify incidents of electromagnetic 
interference (EMI) by second and third generation mobile phones on critical care medical 
equipment.
Methods EMI was assessed with two General Packet Radio Service (GPRS) signals (900 
MHz, 2 W, two different time-slots occupations) and one Universal Mobile Telecom-
munications System (UMTS) signal (1947,2 MHz, 0.2 W), corresponding with maximal 
transmit performance of mobile phones in daily practice, generated under controlled 
conditions in the proximity of 61 medical devices. Incidents of EMI were classified 
according to an adjusted critical care event scale.
Results A total of 61 medical devices in 17 categories (27 different manufactures) were 
tested and demonstrated 48 incidents in 26 devices (43%); 16 (33%) were classified 
hazardous, 20 (42%) significant and 12 (25%) light. The GPRS-1 signal induced most 
EMI-incidents: 41%, GRPS-2: 25% and UMTS: 13% (p < 0.001). The median distance 
between antenna and medical device of EMI-incidents was 3 cm [range 0.1–500 cm]. 
One hazardous incident occurred beyond 100 cm (in a ventilator with GRPS-1 signal 
at 300 cm).
Conclusions Critical care equipment is vulnerable to EMI by new generations wireless 
telecommunication technologies with median distances around 3 cm. The policy to keep 
mobile phones ‘1-meter’ from the critical care bedside in combination with easily ac-
cessed areas of unrestricted use still seems warranted.



31

Interference by new generations mobile phones on critical care medical equipment

2

INTRODUCTION

Electromagnetic interference (EMI) by second generation mobile phones on medical 
equipment has been reported extensively and seems clinically relevant in about 10 % of 
medical devices 1-7. The growth in use and decrease in size of mobile phones intensifies 
the discussion on present hospital restrictions of mobile phone use in patient areas, 
violated by healthcare workers themselves to improve patient care by better communica-
tion 8. Critical incidents caused by mobile phones are probably rare but potentially lethal 
and most likely not recognized as such 9;10.

The first generation mobile phones are mainly used for voice whereas new genera-
tions telecommunication systems enables us to have wireless internet access to send and 
receive data even at the patient’s bedside 11. Data transmission may be more concerning 
in the context of EMI. However, these new systems entered the market however, with 
limited proof of their safety in the critical care environment 12. Unfortunately, studies 
on EMI-induced incidents are characterized by technical description of incidents only, 
whereas classification of their clinical relevance is needed to update evidence based 
policies on modern mobile phones use 3;13.

The aim of the present study is to assess and classify incidents of EMI by second and 
third generation telecommunication signals on 61 critical care devices.

METHODS

Medical equipment

A total of 61 different medical devices (27 different manufactures) in 17 categories 
was allocated for EMI tests (table 1). The details of the devices are summarized in the 
Additional file 1. All devices were tested according to an international test protocol 
during full operation and in different modes; a simulator (i.e., EKG-simulator, artificial 
lung, syringe filled with saline) was connected if relevant 14. The tests were performed 
on devices in use for patient care by two different hospitals (Academic Medical Center, 
Amsterdam and Kennemer Gasthuis, Haarlem, the Netherlands) to maximize the number 
of devices and were tested under similar test conditions.
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Table 1. Categories of medical devices, interference distances and type of incidents per signal

Type of device or incident Number of devices Distancea (cm) Type of incident per signalb

Tested Influenced GPRS-1 GPRS-2 UMTS

Intensive care unit ventilator 9 7 1.5 [0.1–300] 6H, 1L 2H, 1S, 1L 1H, 2S, 1L

Critical care monitor 13 7 3 [0.1–500] 4S, 3L 2S, 4L

Syringe pump 7 3 5 [0.1–50] 2H, 1S S S

Volumetric infusion pump 4 1 30 S S S

Intra-aortic balloon pump 2 1 0.1 L

Haemofiltration/dialysis 5 1 15 H

External pacemaker 4 1 3 H

Defibrillator 3 1 0.1 L

12-lead EKG 1 1 150 S S S

Fluid warmer 2 1 6 S S

Enteral feeding pump 2 1 30 H H

Air humidifier 1 1 5 H

EKG telemetry 1 0

Forced-air warming unit 3 0

Mobile suction unit 1 0

Critical care bed 2 0

Continuous-airflow mattress 1 0

Type of incidentb

Hazardous 3.5 [0.1–300]

Significant 25 [0.1–500]

Light 0.1 [0.1–3]

Total 61 26 (43%) 3 [0.1–500] 25 (41%) 15 (25%) 8 (13%)

GPRS, General Packet Radio Service; UMTS, Universal Mobile Telecommunications System; EKG, electro-
cardiogram.
aResults are shown as median [range]. bHazardous (H) is defined as a direct physical influence on patient 
by unintended change in equipment function; significant (S) is defined as an influence on monitoring with a 
significant level of attention needed, causing substantial distraction from patient care; light (L) is defined as 
an influence on monitoring without a significant level of attention needed.
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Signals

The General Packet Radio Service (GPRS) signals had time slot durations of 1113 ms 
and a repetition frequency of 217 Hz (GRPS-1) or 556.5 ms / 27,1 Hz (GPRS-2), 
both with 0.2 MHz channel bandwidth and a carrier frequency of 900 MHz. This 
GPRS-technology, based on Time Division Multiple Access technology and available for 
data transfer in Europe, United States, Australia and parts of Asia, was chosen for its 
upcoming use for data transmission 11 . GPRS is considered a 2.5 generation wireless 
telephony system.

The Universal Mobile Telecommunications System (UMTS) signal had a bandwidth 
of 5 MHz and a carrier frequency of 1947.2 MHz. This Wideband Code Division 
Multiple Access-Frequency Division Duplex technology is considered a third generation 
wireless telephony system. A signal generator (HP/Agilent E4433B/ESG-D Digital RF 
250 kHz-4GHz), provided with a GSM/W-CDMA module, was used in combina-
tion with external control equipment (laptop and additional pulse generator) for timing 
purposes. The signals were amplified and their power level controlled at 2W for GRPS in 
active time slots and 0.2 W for UMTS. These levels of power correspond with maximal 
transmit performance of mobile phones in daily practise and were chosen to mimic a 
worst case but at the same time realistic scenario to maximize the chance of detecting 
EMI-related incidents.

The signals were radiated towards the medical apparatus through an electrically 
balanced handheld antenna without reflecting obstacles nearby. Special attention was 
paid to poorly shielded locations in device housings (e.g., connectors, sensors, seams in 
housing). The initial distance between antenna and device was 500 cm and decreased 
until 0 cm of the device housing or until any incident occurred 14. In case of any interfer-
ence the test was repeated three times to assess reproducibility.

Classification of incidents

The observed incidents during normal operation of each device were documented in 
detail. Two board certified and experienced intensivists classified in consensus of opin-
ions the severity of the observed incidents according to an adjusted critical care adverse 
event scale 15. The scale ranges from light (influence on monitoring without significant 
level of attention needed, e.g., disturbed display), significant (influence on monitoring 
with significant level of attention needed causing substantial distraction from patient care, 
e.g., incorrect alarm or inaccurate monitoring of blood pressure) to hazardous (direct 
physical influence on patient by unintended change in equipment function, e.g., total 
stop of ventilator or syringe pump).
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Statistical analysis

Median, maximum and minimum were given if no normal distribution was established. 
Distances were expressed in centimetres (cm). The distance between the antenna and 
device was set at 0.1 cm if an incident occurred when the antenna is held against the 
housing of the device. Percentages of critical care devices disturbed by second and third 
generation telecommunication signals (GPRS-1, GPRS-2 and UMTS) were compared 
using the Cochran’s Q test. Difference between median distances between antenna and 
device at which incidents occurred were analysed using the Friedman test. A linear-by-
linear chi-square test was performed to test for a trend in the frequency of incidents in 
relation to the year of purchase of the device.

RESUlTS

Electromagnetic interference (EMI) by GPRS or UMTS signals on critical care medical 
equipment was demonstrated in 26 of the 61 device tests (43%)(table 1). A total of 48 
incidents were identified and classified as 16 (33%) hazardous, 20 (42%) significant 
and 12 (25%) light.

The GPRS-1 signal induced the highest number of incidents of EMI: 41% (25/61), 
followed by GRPS-2 = 25% (15/61) and UMTS = 13% (8/61) (p < 0.001). The same 
holds true for the hazardous incidents; GPRS-1 = 20% (12/61), GPRS-2 = 5% (3/61), 
and UMTS = 2% (1/61) (p < 0.001). The medical devices and descriptions of all 
incidents are listed in the Additional file 1.

Hazardous incidents occurred in devices for therapy due to definition. In mechanical 
ventilators 9 hazardous incidents ( in 7 ventilators out of 9 tested, median distance 3 cm, 
range [0.1-300] varied from ‘total switch off and restart’ to changes in set ventilation 
rate. In syringe pumps 2 hazardous incidents (in 2 pumps out of 7 tested, distances 0.1 
and 2 cm) demonstrated a complete stop without or an incorrect acoustic alarm. One 
hazardous incident in a renal replacement device (out of 5 machines tested, distance 15 
cm) showed a stop after an incorrect air detector alarm. One external pacemaker (out 
of 3 tested, distance 3 cm) demonstrated a hazardous incident with incorrect inhibition 
of the pacemaker.

The median distance between antenna and device at which all type of incidents 
occurred was 3 cm, range [0.1–500 cm]. Incidents occurred at greater distance with 
the GPRS-1 signal (median = 5 cm) compared to GPRS-2 (median = 3 cm) and UMTS 
(median = 1 cm), although the differences were statistically not significant (p = 0.12).
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Hazardous incidents occurred at a median distance of 3.5 cm (range 0.1 – 300 
cm). Beyond 100 cm one hazardous incident at 300 cm in a ventilator with the GRPS-1 
signal and two significant incidents at 150 cm in a 12 leads EKG device with GPRS 1, 
GPRS-2 and UMTS signals (see Additional file 1).

No relation could be demonstrated between the year of purchase of medical devices 
and the number of incidents (p = 0.67).
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DISCUSSION

The present study demonstrates two new findings in the field of interference by mobile 
phones on medical equipment.

Firstly, the 2.5 generation mobile communication network GPRS is able to induce a 
higher rate of EMI-incidents compared to what is known of the first generation network 
Global System for Mobile Communications (GSM) at comparable distances 1;3;7. Sec-
ondly, the median distance at which EMI-incidents by new generations cellular phones 
take place (3 cm) falls within the ‘1 meter rule’ as proposed to be a safe distance in 
patient areas although the range demonstrated in this study is considerable [0.1-500 
cm] 1;5;11;16.



Chapter 2

36

Studies on EMI by first generation mobile phones are based on the GSM network 
used in Europe, the United States, Australia and part of Asia or based on Code Division 
Multiple Access (CDMA), mostly used in the USA 2;3. Meanwhile GPRS and UMTS 
networks are used for their advanced properties to transmit video and data wirelessly at 
a higher speed besides regular voice telephony 12.

Our finding of EMI induced by UMTS with hazardous incidents is in contrast to what 
was demonstrated in the only study to date on UMTS by Wallin et al. recently 12. No 
critical UMTS-incidents in 76 medical devices were reported besides interference noise 
on loudspeakers of two ultrasonic Doppler devices. Their only critical incident with GPRS 
was a total stop of one infusion pump (out of twelve tested) at a distance of 50 cm. Both 
GPRS and UMTS did not demonstrate any interference on four IC-ventilators tested. Three 
of those ventilators were also tested in our study and opposite to Wallin et al., showed 
significant and hazardous GRPS-incidents and one light UMTS-incident. There may be 
two possible explanations for these differences. Firstly, Wallin e.a used a different GPRS 
signal with a frequency of 1800 MHz and an output power of 1 W instead of 900 
MHz with 2 W used in the present study. The lower carrier wave frequency of the GPRS 
signal with its corresponding

2 W in our study was chosen for its availability in many continents. GPRS is used 
worldwide with different frequency bands (900 & 1800 MHz) in different continents and 
therefore many “tri or quad bands” mobile phones are sold for their worldwide operation 
3;13. Secondly, both studies differ in their selection from worldwide available medical 
equipment. Our results apply on the tested devices only as specified including the year 
of purchase and, consequently are a limitation of the present study.

Another limitation of this study are the test conditions. The only method to obtain 
reproducible results in testing EMI by mobile phones is a standard signal generator to 
control output power as used in Wallin’s and our study 3;12. The use of commercially 
available mobile phones in its ringing mode will generate irreproducible results on a 
different location for all mobile phones (GSM, GPRS, and UMTS) regulate their output 
power depending on the nearby cell base station of the telecom provider 4;17. If such 
a station is nearby a mobile phone constantly minimize its required output power, in 
GPRS as low as 5-10% (50-100 mW) to increase its battery lifespan. In our study the 
output power was controlled and set at maximal level to mimic a worst case but at the 
same time realistic scenario. In healthcare facilities the coverage of telecommunication 
networks could be poor due to its structures and consequently induces mobile phones to 
transmit at maximal power which increases risk of EMI 1;12. Therefore, due to our worst 
case scenario it is not to be expected that in daily practise critical EMI incidents with 
GPRS or UMTS would be more frequent than reported in our study.

Health care applications of new wireless telecommunication technologies are 
reaching the bedside (i.e., intelligent pager system with smart phones, personal digital 
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assistants with internet access or telemonitoring interhospital IC-transport) with potential 
clinical benefits 2;8. On the other hand critical care equipment, with closed loop systems 
to eliminate human resources and errors, demands permanent technology assessment 
to assure its performance including electromagnetic compatibility with other devices 2.

The international standard on electromagnetic compatibility by the International Elec-
trotechnical Commission in its present form is insufficient to safeguard medical equipment 
completely from EMI by GSM mobile phones and our results show the same holds for 
GPRS and UMTS 11;18. The present industrial standard lacks stipulations to eliminate 
EMC in medical equipment. Manufactures are allowed to comply with the standard by 
reporting at which distance EMI occurs only. Reasons why even new medical devices 
still demonstrate EMI by mobile phones would be speculative such as complex medical 
industrial design, rapidly changing telecommunications signals or costs. This leads one 
to suspect that the undesirable situation of EMI in the critical care environment will not be 
eradicated in the near future.

This study piles up to the objective evidence that restrictive use in the critical care 
environment is sensible without overstressing negligible risks 11;19.

CONClUSIONS

The “1 meter rule”, as the minimal distance to keep a mobile phone away from medical 
equipment or the bedside as proposed in the past, seems safe although the rule does not 
exclude EMI by new generations mobile phones entirely. Restrictive policies should be 
facilitated by offering numerous areas that are easily accessed throughout the healthcare 
facility where the use of mobile phones is clearly permitted.

kEy MESSAGES

– The present study demonstrated incidents of electromagnetic interference by second 
and third generation mobile phones in 43% of 61 critical care medical devices of 
which 33% were classified as hazardous.

– The hazardous incidents varied from a total switch off and restart of a mechanical 
ventilator, complete stops without alarms in syringe pumps to incorrect pulsing by an 
external pacemaker.

– The median distance of all incidents was 3 cm with a considerable range up till 500 
cm.

– The policy to keep mobile phones ‘1-meter’ from the critical care bedside in combina-
tion with easily accessed areas of unrestricted use still seems warranted.
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EMI = electromagnetic interference; GPRS = General Packet Radio Service;
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additional file 1: list of medical devices and descriptions of all incidents

type of device
(year of purchase)

interference
(distance in 
cm)

signals classification
H or S or L
H = Hazardous,  
S = significant, L = light

details of interference

mechanical ventilator
Dräger Evita 4 (1996) 3 GPRS-1 & 2 H total reset with restart and return 

to normal functioning with corrects 
settings within 30 sec

Dräger Babylog 8000 
(1991)

0,1 GPRS-1 H inspiration time changed from 0,80 
s to 0,77 and interference on pistons 
(clicking rattle sound)

2 / 0,1 GPRS-2 / UMTS H single, irregular timed tidal volume 
produced

Dräger Evita 1 (1992) 5 GPRS-1 H in volume controlled testmode tidal 
volume was changed >10%, no 
interference in pressure control 
testmode

Siemens Servo 300 
(1999)

4 GPRS-1 H respiratory rate increased > 25%

0,1 GPRS-2 / UMTS S indication leds switched to service 
mode, ventilation functions not 
influenced

Siemens Servo 900C 
(1984)

3 GPRS-1 H inspiration time changed inconsistently

0,1 UMTS L interference on display, ventilation 
functions not influenced

Siemens Servo i 
(2002)

0,1 GPRS-1 & 2 L display changed to other menu, 
ventilation functions not influenced

Hamilton Galileo Gold 
(2001)

300 GPRS-1 H expiration timing incorrectly with 
changed ventilation rate in volume 
controlled ventilation test mode

10 UMTS S in display volume and flow curves 
disturbed, normal pressure curve and 
ventilation functions not influenced

Dräger Evita 2 (1995) & Hamilton Raphaël color (2004): no electromagnetic interference by GPRS or UMTS
critical care monitor
HP M1275A / 76A 
(1995)

50 / 30 GPRS-1 / 2 S spikes on EKG curve

Philips MP90 (2003) 10 GPRS-1 S value and curve of systolic pressure 
raised +10 mmHg

0,1 GPRS-2 L loudspeaker produces 217 Hz noise
Philips IntelliVue MP50 
(2004)

0,1 GPRS-1 & 2 L incorrect alarm: “Multi Parameters 
Module decoupled”

Philips IntelliVue MP30 
(2004)

0,1 GPRS-1 S at 0,1 cm from invasive pressure 
module arterial pressure curve and 
value influenced

0,1 GPRS-2 L at 0 cm from invasive pressure module 
no additional interference

Siemens SC6000P 
(2004)

0,1 GPRS-1 L horizontal lines on display without 
impeding readability
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additional file 1: list of medical devices and descriptions of all incidents (continued)
type of device
(year of purchase)

interference
(distance in 
cm)

signals classification
H or S or L
H = Hazardous, 
S = significant, L = light

details of interference

Novametrix C02 
SMO+ 8100 (2001)

500 / 30 GPRS-1 / 2 S block shaped interference on curve 
with false value

Novametrix NiC02 
7300 (2003)

3 GPRS-1 & 2 L display changed to other menu, 
cardiac output monitoring not 
influenced

Siemens SC9000 (1996), Siemens SC7000 (1999), Spacelabs Scout (1998), Philips M4 transport (M3046A-3000A) (2002), 
Datex Pulse Oximeter Oscar II (1991), Dräger Capno sensor Evita 2 (1995): no electromagnetic interference by GPRS or UMTS
syringe pump
Alaris IVAC 591 
(1993)

50 / 10 GPRS-1 / 2 S at 50 cm from pump or separate drip 
sensor: incorrect alarm (type P2), 
pump function not influenced

2 UMTS S at 2 cm from separate drip sensor: 
incorrect alarm (type P2), pump 
function not influenced

Fresenius Vial Module 
DPS (2004)

5 GPRS-1 H pump stopped without acoustic alarm

Graseby 3500 (1998) 0,1 GPRS-1 H pump stopped with incorrect acoustic 
alarm (“Clampo open”)

BBraun Perfusor secura FT (1992), BBraun Perfusor fm (1996), BBraun Perfusor Compact (1999), BBraun Secura FT+ (1994): no 
electromagnetic interference by GPRS or UMTS
volumetric infusion pump
Alaris IVAC 598 
(2002)

30 / 20 GPRS-1&2/UMT S at 30 cm for separate drip sensor: 
incorrect alarm (type P2), pump 
function not influenced

BBraun Infusomat P (2003), Fresenius Vial module MVP PT (1996), Fresenius Vial base unit A (1996): no electromagnetic 
interference by GPRS or UMTS
intra-aortic balloon pump
Arrow ACAT 1Plus 
(2000)

0,1 GPRS-1 L spikes on arterial pressure curve

Datascope 97 (1994): no electromagnetic interference by GPRS or UMTS
hemofiltration/dialysis machine
Kimal Hygieia Plus 
(1999)

15 GPRS-1 H at 15 cm from air detector incorrect 
alarm ‘air in line’ with subsequent stop 
of treatment

BBraun Diapact CRRT (1997), Fresenius 4008H (2002), Gambro AK200 Ultra S (2002), Hospal Integra Physio (2002): no 
electromagnetic interference by GPRS or UMTS
external pacemaker
Biotronik EPD 20/A 3 GPRS-1 H in VVI-mode inhibition of pacemaker
Medtronic 5388 (2004), Medtronic 5348 (2004), Medtronic 5375 (1991): no electromagnetic interference by GPRS or UMTS
defibrillator
Philips AED HeartStart 
M3860A (2004)

0,1 UMTS L noise from loudspeaker

Medtronic Lifepack 12 (2001), Medtronic Lifepack 20 (2002): no electromagnetic interference by GPRS or UMTS
EkG 12 leads
GE MAC 5000 
(2002)

150 GPRS-1 & 2 S spikes in all 12 leads
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additional file 1: list of medical devices and descriptions of all incidents (continued)
type of device
(year of purchase)

interference
(distance in 
cm)

signals classification
H or S or L
H = Hazardous, 
S = significant, L = light

details of interference

150 UMTS S shift in baseline in leads I-III
EkG telemetry
HP M1400A 
transmitter, ceiling 
antenna & monitor 
(1999): no 
electromagnetic 
interference by GPRS 
or UMTS
forced air-warmer
The Surgical Company Warm Air Hypoth. syst. (2004), Nellcor WarmTouch (2004), Augustine Medical Bair Hugger500E 
(1994): no electromagnetic interference by GPRS or UMTS
fluid warmer
Level1 System250 
FluidWarmer (1995)

10 / 2 GPRS-1 / 2 S temperature on display changed 
without apparent influence in function

Mallinckrodt Infusate Warmer FW-588 (2003): no electromagnetic interference by GPRS or UMTS
enteral feeding pump
Sherwood Med. 
Kangaroo 324 (1993)

30 GPRS-1 & 2 H when bottle was empty alarm ‘empty 
bottle’ was not given

Tyco Healthcare Kangaroo 624 (2002): no electromagnetic interference by GPRS or UMTS
air humidifier
Fisher & Paykel 
MR850AFU (2002)

5 GPRS-1 H startup routine was performed with 
return to normal function

mobile suction unit
Laerdal Suction Unit (2004): no electromagnetic interference by GPRS or UMTS
continuous airflow mattress
Hill-Rom anti-decub. Primo (2003): no electromagnetic interference by GPRS or UMTS
critical care bed
Hill-Rom Total Care (2003), Hill-Rom Avant Guard 1400 (2002): no electromagnetic interference by GPRS or UMTS

H = Hazardous: direct fysical influence on patient by unintended change in equipment function
S = Significant: influence on monitoring with significant level of attention needed causing substantial distrac-
tion from patient care
L = Light: ....without significant level
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ABSTRACT

Context Health care applications of auto-identification technologies, such as radio 
frequency identification (RFID), have been proposed to improve patient safety and also 
the tracking and tracing of medical equipment. However, electromagnetic interference 
(EMI) by RFID on medical devices has never been reported.

Objective To assess and classify incidents of EMI by RFID on critical care equipment.
Design and Setting Without a patient being connected, EMI by 2 RFID systems (active 

125 kHz and passive 868 MHz) was assessed under controlled conditions during May 
2006, in the proximity of 41 medical devices (in 17 categories, 22 different manu-
facturers) at the Academic Medical Centre, University of Amsterdam, Amsterdam, the 
Netherlands. Assessment took place according to an international test protocol. Incidents 
of EMI were classified according to a critical care adverse events scale as hazardous, 
significant, or light.

Results In 123 EMI tests (3 per medical device), RFID induced 34 EMI incidents: 22 
were classified as hazardous, 2 as significant, and 10 as light. The passive 868-MHz 
RFID signal induced a higher number of incidents (26 incidents in 41 EMI tests; 63%) 
compared with the active 125-kHz RFID signal (8 incidents in 41 EMI tests; 20%); 
difference 44% (95% confidence interval, 27%-53%; P<.001). The passive 868-MHz 
RFID signal induced EMI in 26 medical devices, including 8 that were also affected by 
the active 125-kHz RFID signal (26 in 41 devices; 63%). The median distance between 
the RFID reader and the medical device in all EMI incidents was 30 cm (range, 0.1-600 
cm).

Conclusions In a controlled nonclinical setting, RFID induced potentially hazardous 
incidents in medical devices. Implementation of RFID in the critical care environment 
should require on-site EMI tests and updates of international standards.



47

Electromagnetic Interference From Radio Frequency Identification Inducing Potentially Hazardous Incidents

3

INTRODUCTION

Applications of autoidentification technologies such as radio frequency identification 
(RFID) in everyday life include security access cards, electronic toll collection, and anti-
theft clips in retail clothing.1,2 RFID applications in health care have received increasing 
attention because of the potentially positive effect on patient safety and also on tracking 
and tracing of medical equipment and devices.2-11 The current expenditure levels on RFID 
systems within health care in the United States are estimated to be approximately $90 
million per year12 with 10-year growth projections to $2 billion. 13 Possible applications 
of RFID include drug blister packs, which could be intelligently marked to prevent drug 
counterfeiting; and the quality of blood products being monitored with temperature-
sensitive RFID tags.2,10 The decreasing size and cost of RFID tags also permits incorpora-
tion into surgical sponges, endoscopic capsules, and endotracheal tubes, as well as the 
development of a syringe-implantable glucose-sensing RFID microchip.3,8,9,14 However, 
the array of literature that promotes RFID in health care is not accompanied by research 
on the safety of RFID technology within the health care environment.15 The potential for 
harmful electromagnetic interference (EMI) by electronic antitheft surveillance systems on 
implantable pacemakers and defibrillators has already been recognized, but EMI reports 
on critical care devices are lacking.16,17 The focus of the present study was to assess and 
classify incidents of EMI by RFID on critical care equipment.

METHODS

Background

The study was part of a research project entitled “RFID in Health Care” that was initiated 
by the Dutch Ministry of Health18 in May 2006. The RFID application of interest was 
the tracking and tracing of blood products and expensive medical supplies (eg, blood 
vessel prostheses, surgical staplers) in the operation rooms, the intensive care unit (ICU), 
and the blood transfusion laboratory of the Academic Medical Centre, University of 
Amsterdam, Amsterdam, the Netherlands (1002-bed university hospital, 25 operation 
rooms, 32 intensive care beds). The selection of 2 RFID systems tested in this study was 
based on 3 characteristics: (1) the systems needed to comply with RFID standards set by 
the European Telecommunications Standards Institute19; (2) radio frequencies needed to 
fall within the most common internationally used RFID frequency bands12,20,21; and (3) 
performance needed to fulfill the operational requirements of the project including avail-
ability of temperature-sensitive RFID tags, low-cost tags suitable for disposable materials, 
contemporary integration with the local communications network, and location accuracy 
within a health care facility.



Chapter 3

48

Medical Equipment

A total of 41 medical devices (17 categories, 22 different manufacturers) were analyzed 
according to the American standard C63.18 of the Institute of Electrical and Electronics 
Engineers during full operation without a patient connected; a simulator (ie, electrocar-
diogram simulator, artificial lung, syringe filled with saline) was connected if relevant.22 
The tests were performed on all electronic medical devices for use in critical care that 
could be affected by EMI during the RFID research project.

RFID Systems

RFID technology is based on 2 components: tags and readers.2,13,20 The tags are 
manufactured as either passive or active and use radio waves to communicate their 
identity and possible other information to nearby readers. Passive RFID tags do not have 
internal power, are activated by the electromagnetic field generated by the reader, and 
transmit information back to the reader (FIGURE 1). The electromagnetic field can cover 
a distance ranging from 1 to 50 cm to 10 to 30 m. Active RFID tags are operated by 
batteries and can broadcast information, such as identity or product temperature, without 
being activated by the reader.7,20 An active tag can broadcast over a distance of 
50 to 100 m. The passive RFID system selected for this study (OBID, Feig Electronic, 
Weilburg, Germany) had an 868-MHz reader (2-4 W). The active RFID system (Eureka 
RFID, Avonwood, England) had a 125-kHz reader (68 X 10E-3 µT at 1 m) that forces 
tags to transmit in its proximity. The active RFID tag had an operational frequency of 
868 MHz at 2 µW. This tag was selected for its low use of power, longer transmission 
range compared with tags operating at lower frequencies,21 applicability in disposable 
materials, and existing use in retail and drug supply chains.23

Test Method

The test method was based on the American National Standards Institute recommenda-
tion (ANSI C63.18),22 which describes the systematic and re-producible test method for 
electromagnetic immunity of medical devices by radio frequency transmitters like RFID. In 
addition to this standard, the maximum distance at which an RFID-induced EMI incident 
occurred in a critical care medical device was determined. All tests were executed in 
a 1-bed patient room, without reflecting obstacles nearby, in the ICU of the Academic 
Medical Centre. These ICU rooms comply with the International Electro-technical Com-
mission standards on electrical safety in hospitals (IEC 60364-7-710).
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Figure 1 A, Active RFID tags contain batteries and are able to collect, store, and broadcast information 
without activation by an RFID reader. To save power, some active RFID tags are in sleep mode and can be 
awakened by a reader to start broadcasting. B, EMI indicates electromagnetic interference. The same test 
method was used for both passive and active tags.

The EMI test included 3 procedures. First, each medical device was checked for 
normal operation with a simulator connected if necessary (fi gure 2). Second, the RFID 
equipment was turned on and moved in a circle around the medical device in 3 spatial 
planes (sagittal, frontal, and transverse).22,24-26 Third, the test distance was changed 
stepwise. The initial distance was 200 cm from the medical device according to the 
American National Standard Institute recommendation.22 The minimum distance was 
reached by holding the RFID equipment against the housing of the medical device, 
defi ned as 0.1 cm. If EMI occurred at the initial distance of 200 cm, the distance was 
increased stepwise by 50 cm by moving the RFID equipment away from the medical 
device. The fi rst and second procedures were then repeated. If EMI did not occur at 
the initial distance of 200 cm the distance was decreased step-wise by 50 cm If EMI 
appeared or disappeared during a stepwise increment or decrement of 50 cm, the 
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precise distance of EMI was determined by moving the RFID equipment at a rate of 
approximately 1 cm per 3 seconds.22,24-26 EMI incidents were recorded in detail by 
2 examiners and the test was repeated twice to assess reproducibility.

Figure 2 EMI indicates electromagnetic interference. Each medical device was tested with the passive 868-
MHz RFID system (tag and reader), the active 125-kHz RFID system (tag and reader), and the active RFID 
tag from the active 125-kHz system alone.
aIf EMI incident appeared or disappeared during a stepwise increment or decrement of 50 cm, the precise 
distance of EMI was determined by moving the RFID equipment at a rate of approximately 1 cm per 3 
seconds in 3 spatial planes.

Each medical device was submitted to 3 EMI tests in a random order, one with the 
passive 868-MHz RFID system, one with the active 125-kHz RFID system, and both with 
the medical device tags attached to the reader. The third EMI test included the active 
RFID tag of the 125-kHz system tested separately without its reader.
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Classification of Incidents

The term incident in this study was defined as “every unintended change in function of 
a medical device” while the US Food and Drug Administration’s definition of EMI was 
used: “degradation of the performance of a piece of equipment, transmission channel, 
or system (such as medical devices) caused by an electromagnetic disturbance.”27-29 
Five intensivists, all European board-certified and each with more than 2 years of full-
time critical care experience, classified all incidents independently while blinded for 
the manufacturer of the medical device and the type (active or passive) or part (reader 
with tag or tag) of the RFID system. The classification was done independently of the 
incident assessment and according to a critical care adverse event scale.25,28 The scale 
ranges were hazardous incident (direct physical influence on a patient by unintended 
change in equipment function, eg, total stop of syringe pump or incorrect pacing by an 
external pacemaker); significant incident (influence on monitoring with significant level 
of attention needed causing substantial distraction from patient care, eg, incorrect alarm 
or inaccurate monitoring of blood pressure); and light incident (influence on monitoring 
without significant level of attention needed, eg, disturbed display).

Statistical Analysis

When EMI was detected, distance between the reader/tag and the device was measured 
in centimeters. Median, maximum, and minimum values were registered if normal distribu-
tion was not applicable. The distance between the reader and device was set at 0.1 
cm if an incident occurred when the reader was held against the housing of the device.

The tests of both passive 868-MHz and active 125-kHz RFID signals on the same 
medical devices were considered to be repeated measures. Therefore the numbers of 
EMI incidents by either RFID system were compared using the McNemar test as a non-
parametric test comparing 2 related dichotomous variables. The difference in distance 
between the RFID signal and device at which incidents occurred were analyzed using 
the Friedman test as a nonparametric test for 2 or more related groups with continuous 
data. The interobserver reliability of the incident scale score was analyzed using the 
weighted K between the 5 independent observers. Statistical uncertainty was expressed 
in 95% confidence intervals (CIs) if applicable. All P values were based on 2-sided tests 
with .05 considered to be significant. All analyses were completed using SPSS version 
14.0.2 (SPSS Inc, Chicago, Illinois).

RESUlTS

All 41 medical devices were submitted to 3 EMI tests (passive 868-MHz, active 125-
kHz, and active tag of the 125-kHz RFID system, respectively) resulting in 123 EMI tests. 
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A total of 34 EMI incidents were found and all were reproducible; 22 were classified as 
hazardous, 2 as significant, and 10 as light (TABLE 1).

Table 1 

number of devices a distance (cm) number of incidents per type

Device category b tested demonstrating EMI median [range] Hazardous C Significant C Light C

infusion / syringe pumps 9 8 30 [0,1-100] 6 3

external pacemakers 3 3 25 [5-30] 5

mechanical ventilators 4 2 20 [5-400] 2 1

hemofiltration/dialysis devices 2 2 15 [10-20] 2

pacemaker programmers 2 2 150 [25-600] 3 1

intra-aortic balloon pumps 3 1 50 d 1

fluid warmer 1 1 50 d 1

cardiopulmonary bypass device 1 1 10 d 1

autologous blood recovery device 1 1 5 d 1

anaesthesia workstations 4 1 325 [25-600] 2

defibrillators 3 2 303 [5-600] e 2

12 leads ECG device 1 1 138 [25-250] 2

monitors 3 1 50 1

30 [0,1-600] 22 2 10

Abbreviations: ECG, electrocardiogram; EMI, electromagnetic interference.
a Details on incident descriptions and manufacturers are provided in the enclosed additional file.
b Devices that did not demonstrate EMI by radio frequency identification are not shown (2 intensive care unit 
beds, 1 operating table, and 1 hypo/hyperthermia and vacuum pump).
c Hazardous denotes direct physical influence on patient by unintended change in equipment function; 
significant denotes influence on monitoring with significant level of attention needed causing substantial 
distraction from patient care; and light denotes without significant level of patient influence or change in 
equipment function.
d Shows only the largest distance for EMI and only 1 incident occurred; therefore, range is not applicable. 
eMean (range).

*Hazardous = direct physical influence on patient by unintended change in equipment function
**Significant = influence on monitoring with significant level of attention needed causing substantial distrac-
tion form patient care
***Light = without significant level
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The passive 868-MHz RFID signal induced a higher number of incidents (26 in 41 EMI 
tests; 63%), compared with the 125-kHz RFID signal (8 in 41 EMI tests; 20%), differ-
ence was 44% (95% CI, 27%-53%; P <.001). The same holds for the 22 hazardous 
EMI incidents: the passive 868-MHz RFID signal (17 in 41 device tests; 41%) vs the 
active 125-kHz RFID signal (5 in 41 device tests; 12%), difference was 27% (95% 
CI, 12%-41%; P =.007). The passive 868-MHz RFID signal induced EMI in 26 of the 
41 medical devices tested including 8 devices that were also affected by the active 
125-kHz RFID signal (26 in 41; 63%). The medical device details and all incident 
descriptions are available online at the Academic Medical Centre Web site (http://
www.amc.nl/?pid=5266).

Hazardous incidents occurred in treatment devices due to definition. In 2 out of 4 
mechanical ventilators tested, 2 hazardous incidents occurred: a total switch-off and 
restart at 5 cm; and changes in set ventilation rate at 400 cm. In 6 out of 9 syringe 
pumps tested, 6 hazardous incidents occurred (median distance 30 cm; range 5-100 
cm) and resulted in a complete stoppage of the equipment. In all 3 external pacemak-
ers tested, 5 hazardous incidents demonstrated incorrect inhibition of the pacemakers 
(median distance 25 cm; range 5-30 cm). In each of 2 renal replacement devices 
tested, hazardous incidents showed complete stoppage after acoustic alarms (distances 
10 and 20 cm). One hazardous incident at 25 cm occurred during 41 device tests 
with the active RFID tag of the 125-kHz RFID system. It caused interference in the atrial 
and ventricular electrogram curve read by the pacemaker programmer which could 
potentially induce inappropriate inhibition. All other tests with this active tag did not show 
any incidents of EMI on the 41 medical devices.

The relation between distance and cumulative number of hazardous, significant, and 
light incidents is depicted in figure 3. The median distance between reader and device 
at which all types of incidents occurred was 30 cm (range, 0.1-600 cm). Hazardous 
incidents occurred at a median distance of 25 cm (range, 5-400 cm; table 2). Incidents 
occurred at greater distances with the 868-MHz RFID signal compared with the 125-
kHz RFID signal (P =.06). The interobserver reliability of the incident scale score was 
substantial (K= 0.85; 95% CI, 0.77-0.91).
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Figure 3 RFID indicates radio frequency identifi cation. Tests of the relation between the RFID reader and the 
medical device showed 3 incidents at a distance of 600 cm. The cumulative number of incidents increased 
by moving the RFID system closer to the medical device. The cumulate number of incidents (n=34) was high-
est when the RFID system was held against the medical device at 0.01 cm.

Table 2 

Distance, median (range), cm

RFID signal, no. of incidents

868 Mhz 125 kHz

Hazardous incidents 25 (5-400) 17 5

Signifi cant incidents 310 (20-600) 1 1

Light incidents 45 (0.1-600) 8 2

All incidents 30 (0.1-600) 26 8

COMMENT

The median distance at which all RFID incidents occurred was 30 cm with a consider-
able range up to 600 cm. RFID with a passive 868-MHz system seemed to cause 
more EMI compared with an active 125-kHz RFID system. The absence of studies on 
the safety of RFID may be explained by the relative novelty of this autoidentifi cation 
technology in health care, although many hospitals have already implemented RFID.12,13 
The EMI incidents induced by RFID on critical care equipment could be assessed in 
comparison with those induced by mobile phones. There is considerable variation in 
reported EMI by mobile phones depending on the medical devices selected and the 
type of telecommunication signals with different levels of output power.24,25,30,31 Recently 
it was shown that even the second - and third - generation mobile phones are capable of 
inducing clinically signifi cant EMI.25 The reported hazardous incidents like switching off 
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a mechanical ventilator or syringe pump are similar to EMI incidents by RFID found in this 
study. The 30-cm median distance for all incidents found with RFID might be more critical 
compared with the median range of 3 cm with modern mobile phones.

The same limitation of studies on EMI by mobile phones, generalization of demon-
strated EMI incidents, applies to the present study on RFID. Our results apply only on 
the technology of 1 active and 1 passive RFID system from 2 specified manufacturers. 
The 2 systems were meticulously selected to study the application of RFID in the tracking 
and tracing of blood products and expensive medical supplies in an ICU and operating 
room with RFID technology. The 2 systems are comparable with those used in many other 
RFID case studies and could be considered as a representative sample of RFID equip-
ment used for applications in health care.2,12,20,21,23,32 However, testing 1 RFID system 
on EMI in a medical device does not implicate immunity or vulnerability to other RFID 
systems if based on different signal characteristics or deployments. Medical technology 
assessment of EMI should be considered as qualitative rather than quantitative research 
by its inability to test all past and future equipment, both in radio signals emitting as well 
as medical devices.33

Another limitation of this study is the use of maximal output power of both RFID systems, 
which was set to mimic a worst-case but at the same time realistic scenario. The number 
of EMI incidents increased with higher output power of transmitting RFID systems; similar 
to mobile phone technology.34 In health care facilities, coverage of RFID signals might be 
poor due to the attenuation effects of building structures. This might necessitate maximum 
power settings for adequate performance.30 Furthermore, this could be used to increase 
a signal’s coverage area to simplify installation. This study illustrates the risks of such 
practices. RFID in health care, therefore, requires additional precautions compared with 
noncritical environments such as retail.

The lack of standardization of RFID in health care permits RFID systems originally 
designed for logistics to enter the medical arena on the basis of requirements such 
as the range at which medical tagged items or individuals are to be detected.12,20,21 
However, the economic benefits of optimal health care logistics, including a supply 
chain of RFID-tagged disposables or pharmaceuticals, could face barriers in the critical 
care environment. The intensity of electronic life-supporting medical devices in this area 
requires careful management of the introduction of new wireless communications such 
as RFID.13,33

In conclusion, in a controlled non-clinical trial setting, RFID technology is capable of 
inducing potentially hazardous incidents in medical devices. Implementation of RFID in 
the ICU and other similar health care environments should require on-site EMI tests in 
addition to updated international standards.
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Additional file: Medical devices and descriptions of all incidents

type of device interference signal classification details

(distance in cm) (type)

infusion / syringe pumps

Graseby 3500 at 20 
ml / hour

100 868MHz H stops working, acoustic alarm, error messages, 
resetting not possible.

Alaris IVAC 591 50 868MHz H stops working, acoustic alarm, error messages, after 
reset pump works normal again.

Graseby 3500 at 400 
ml / hour

50 868MHz H stops working, acoustic alarm, error messages, 
resetting not possible.

B.Braun Compact(S) 40 868MHz L beap heard from loudspeaker.

B.Braun Infusomat (P) 30 868MHz L rattling noise heard from loudspeaker.

5 125kHz H stops working, acoustic alarm, error message.

Alaris IVAC 598 10 868MHz H pump stops working, acoustic alarm, error messages.
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Additional file: Medical devices and descriptions of all incidents (continued)

type of device interference signal classification details

(distance in cm) (type)

B.Braun perfusor ft 10 868MHz H stops working, acoustic alarm.

B.Braun perfusor fm 0,1 868MHz L lamp ‘battery’ switsches off.

B.Braun Infusomat Space: no electromagnetic interference

external pacemakers

Medtronic 5348 
Single chamber

30 868MHz H on demand: pace pulses are given erroneously.

30 125kHz H on demand: pace pulses are given erroneously.

Biotronik EDP20/A 
(voltage controlled)

25 868MHz H pace pulses are given erroneously.

Medtronic 5388 Dual 
chamber

10 868MHz H on demand: pace pulses are given erroneaously in 
both atrium and ventricle.

5 125kHz H on demand: pace pulses are given erroneaously in 
both atrium and ventricle.

mechanical ventilators

Hamilton Galileo (“not 
Gold”)

400 868MHz H ventilation triggers, higher ventilation rhythm/
frequency (also in real delivery to patient).

20 125kHz S interference at flow curve at display.

Drager Evita 4 5 868MHz H no ventilation, accoustic alarm, loss of settings, 
automatic restart.

Hamilton Raphael (color) & Siemens Servo 300A + screen 390: no electromagnetic interference

hemofiltration/dialysis devices

Gambro AK200 
ULTRA S

20 868MHz H stops working (recoverable from operation panel), 
acoustic alarm. can be continued. At 0 cm: stops 
working, sometimes acoustic alarm, treatment stops, 
reset.

B.Braun Diapact CRRT 10 868MHz H stops working (recoverable from operation panel), 
acoustic alarm.

pacemaker programmers

Guidant Zoom Latitude 
programming system 
3120

600 868MHz S interference (pulses) starts in the atrial and ventricular 
electrogram.

25 125kHz H the 125 kHz signal shows no influence, the 
tag transmitting at 868MHz does cause some 
interference in the atrial and ventricular electrogram.

Medtronic 2090 The 
Programmer

100 868MHz H communication with ICD disturbed, LED-bar on 
programming head disrupted.

200 125kHz H communication with ICD disturbed, LED-bar on 
programming head disrupted.

intra-aortic balloon pumps

Datascope System 97 50 868MHz H stops working, acoustic alarm, settings lost.

Arrow Acat 1 plus & Arrow AutoCat2Wave: no electromagnetic interference
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Additional file: Medical devices and descriptions of all incidents (continued)

type of device interference signal classification details

(distance in cm) (type)

Fluid warmer

Surgical company 
Fluido

50 868MHz H resets automatically and resumes operating normally 
when signal is removed.

cardiopulmonary bypass

machine

Sarns 9000 10 868MHz H cardioplegy pump goes into band skid mode, but 
shows no change in rotational speed.

Cell saver machine

Haemonetics 
HaemoLite2Plus

5 868MHz H a change of the rotational speed can be heard.

anaesthesia 
workstations

Agilent/HP CM-S 
Monitor with ECG 
module M1001A/B

600 868MHz L interference starts on ECG.

50 125kHz L influence on ECG curve starts.

GE S/5 Avance, GE Aestiva/5, Philips Airway Gases M1026B: no electromagnetic interference

defibrillators

Philips Heartstart 600 868MHz L interference can be heard from loudspeaker.

Medtronic lifepak 20 5 868MHz L noise heard from loudspeaker.

Medtronic lifepak 12: no electromagnetic interference

electrocardiogram 12 leads device

12 leads ECG 
Marquette MAC5000

250 868MHz L influence on ECG curve output.

25 125kHz L influence on ECG curve output.

intensive care monitors

Philips Intellivue MP30 
with module M3001A

50 868MHz L little beap from loudspeaker.

Philips Intellivue MP50 & Philips Intellivue MP90: no electromagnetic interference

intensive care bed

Hill-Rom Avant Guard & Hill-Rom Total Care: no electromagnetic interference

operation table

Maquet Alphamaquet: no electromagnetic interference

hyper/hypothermia machine

Sarns/Terumo TCM II: no electromagnetic interference

mobile suction unit

Laerdal LSU: no electromagnetic interference
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ABSTRACT

objective
This study assessed the relative importance of clinical and transport-related factors in 
physicians’ decision-making regarding the interhospital transport of critically ill patients.

Methods
The medical heads of all 95 ICUs in The Netherlands were surveyed with a question-
naire using 16 case vignettes to evaluate preferences for transportability; 78 physicians 
(82%) participated. The vignettes varied in eight factors with regard to severity of illness 
and transport conditions. Their relative weights were calculated for each level of the 
factors by conjoint analysis and expressed in beta. The reference value (beta = 0) was 
defined as the optimal conditions for critical care transport; a negative beta indicated 
preference against transportability.

Results
The type of escorting personnel (paramedic only: beta = -3.1) and transport facilities 
(standard ambulance beta = -1.21) had the greatest negative effect on preference for 
transportability. Determinants reflecting severity of illness were of relative minor impor-
tance (dose of noradrenaline beta = -0.6, arterial oxygenation beta = -0.8, level of 
peep beta = -0.6). Age, cardiac arrhythmia, and the indication for transport had no 
significant effect.

conclusions
Escorting personnel and transport facilities in interhospital transport were considered as 
most important by intensive care physicians in determining transportability. When these 
factors are optimal, even severely critically ill patients are considered able to undergo 
transport. Further clinical research should tailor transport conditions to optimize the use of 
expensive resources in those inevitable road trips.
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INTRODUCTION

Interhospital transport of critically ill patient may be indicated if additional care, whether 
technical, cognitive, or procedural, is not available at the existing location 1.

Regionalization of intensive care medicine in centers with high patient volumes ap-
pears to improve outcome of patients and therefore may further increase the need for these 
transports 2-4. The risks associated with interhospital transport should be weighted against 
its potential benefit for each individual critically ill patient 5-7. The use of specialized teams 
and appropriate equipment might reduce these risks 8;9. Although guidelines have been 
developed to increase the safety of interhospital transport of critically ill patients clinical 
evidence lacks on factors determining the transportability of these patients 1;4. Decision-
making in interhospital transport involves appraisal of several determinants including 
patient characteristics, indication for transport, level of escort and transport facilities. The 
process of appraisal of these variables, however, has never been studied 10.

The aim of the present study was to assess the relative importance of clinical and trans-
port related determinants influencing doctors’ decision-making in interhospital transport 
of critically ill patients.

METHODS

We sent a national questionnaire survey with paper case descriptions, so-called clinical 
vignettes, to the medical heads (intensivist or supervising consultant) of all 95 intensive 
care units (ICU) in the Netherlands. Neonatal and pediatric ICUs were excluded. Ques-
tionnaires were anonymous but coded so non-responders could be followed up with a 
postal reminder two months later. A prepaid envelope was included for its return and a 
web based version was available for digital responses.

THE qUESTIONNAIRE

The questionnaire consisted of two parts: (a) characteristics of the respondent and its 
ICU including frequency of interhospital ICU-transport from their hospital; (b) 16 clinical 
vignettes.
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ClINICAl vIGNETTES

The 16 clinical vignettes are showed in table 1. We identified eight potential deter-
minants in decision making of IC-transport which are known from clinical studies and 
critical care transport experience from the authors [1;6-9;11;12]. The determinants were 
incorporated in the clinical vignettes: (1) age (30 versus 60 versus 80 years); (2) arterial 
oxygenation pressure (7,5 versus 16,5 kPa); (3) level of positive expiratory pressure 
(PEEP) (8 versus 18 cm H2O); (4) dose of noradrenalin infusion (0,12 versus 0,60 
µg/kg/min); (5) arrhythmia (self-terminating ventricular tachycardia < 24 hours versus 
no arrhythmia within six hours); (6) transport facility (fully equipped Mobile Intensive 
Care Unit, i.e. IC-ventilator, IC-monitor including invasive blood pressure monitoring 
and capnography, sufficient number of syringe pumps) versus standard ambulance (i.e. 
transport ventilator without IC-performance, no invasive and capnography monitoring); 
(7) escorting personnel paramedic (advanced life support paramedic characterized by 
i.e. protocolised ALS with medication, CPR-intubation) versus IC-physician & paramedic 
versus IC-nurse & paramedic versus team of IC-physician & IC-nurse & paramedic; (8) 
indication for transport (shortage of ICU-beds in referring hospital versus essential inter-
vention not available in referring hospital).

As 768 case descriptions were needed to present all possible combinations of the 
8 determinants and their levels, the number of representative clinical vignettes were 
reduced to 16 using an orthogonal main-effects design 13 This approach permits the 
statistical testing by conjoint analysis of a suitable fraction of all possible combinations of 
the factors (determinants) and their levels.

Respondents were asked to rate the degree of transportability, defined as their personal 
clinical decision if they would let this patient be transported, for each of the 16 critically 
ill patients described in clinical vignettes. A seven point Likert scale was used ranging 
from 1 (“entirely not transportable”) to 7 (”definitely transportable”). It was emphasized 
that no true or false answers were sought but their clinical judgment.
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Table 1. Characteristics of responding Intensive Care physicians and their hospitals

Characteristics value

N = 78

Mean age (years) 45 (SD 6,6)

Medical specialty (%) *

Intensive Care Medicine 66 (86 %)

Anesthesiology 37 (48 %)

Internal Medicine 34 (44 %)

Surgery 1 (1%)

Other 5 (7%)

Type of hospital

academic medical center 13 (17 %)

teaching hospital, non-academic 34 (44 %)

regional public hospital 30 (38 %)

Number of beds in ICU

median [range] 8 [2-42]

Number of interhospital transport per month

median [range] 1 [0,01-12]

* multiple specialties per physician possible

STATISTICAl ANAlySIS

The means and standard deviations for continuous variables and distributions for fre-
quency of categorical variables were summarized using descriptive statistics.

Conjoint analysis was performed with transportability as dependent variable to 
calculate the relative weights for each level of the determinants [ref Aiman-Smith ea 
Organizational Research…]. This results in a utility score for each determinant level 
expressed in ß with 95% confidence interval. These utility scores, estimated through least-
squares regression analogous to regression coefficients, provide a quantitative measure 
of the preference for each determinant level, with larger values corresponding to greater 
preference.

By considering the individual respondents as random effects, it was taken into account 
that the preference score originating from 16 repeated measurements. Determinants with 
a negative ß indicated preference against transportability. The reference value, with 
by definition ß = 0, was defined as the optimal conditions for critical care transport 
(youngest age, highest Pa02, lowest dose of noradrenalin, no arrhythmia, fully equipped 
mobile ICU ambulance, escorting team of IC - and IC-nurse, intervention required not 
available in own facility). The conjoint analysis was repeated in relation to 1) type of 
hospital the respondents were working in: regional hospital versus teaching / university 
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hospital, 2) speciality of the respondent and 3) the method of data collection: paper 
versus online questionnaire.

RESUlTS

Of the 95 questionnaires 78 (=82%) were returned and all were suitable for analysis.
The mean age of the respondents was 45 (± 6.6) years (table 2). Most of them (n=66, 

86%) were registered as intensivists with either anesthesiology or internal medicine as 
their medical specialty. The median number of interhospital transport leaving from their 
ICU was one per month with a considerable range [0.01-12].

The impact of the determinants in the decision making on transportability is displayed 
in figure 1. Those with the largest negative effects on preference for transportability 
were the type of escorting personnel (paramedic only: ß= -3.1 [-3.7 – -2.5], IC-nurse 
& paramedic ß= -2.1 [-2.5 – -1.7], IC-physician & EMT ß= -1.0 [-1.2 – -0.8] and 
transport facilities (standard ambulance ß= -1.21 [-1.7 – -0.8]. Determinants reflecting 
the critically ill patients’ condition and intensity of treatment were scored to be of relative 
minor importance (dose of noradrenalin ß= -0.6 [-1.0 – -0.1], arterial oxygenation 
ß= -0.8 [-1.3 – -0.4], and level of PEEP ß= -0.6 [-1.0 – -0.1]. Age (60 years ß= 0.1 
[-0.2 – 0.3], 80 years ß= 0.1 [-0.4 – 0.7]), cardiac arrhythmia (ß= 0.1 [-0.4 – 0.5]), 
and the indication for transport (ß= -0.3 [-0.8 – 0.1]) had no significant influence on the 
preference for transportability (figure 1).

Repeated analyses did not demonstrate significant differences in relative weights of 
the determinants in relation to respondents’ working location (regional hospital versus 
large teaching hospital or academic medical center), type of medical speciality nor 
method of data collection (paper vs. online).
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Table 2. The 16 case vignettes
Basic structure of each case vignette:
Patient admitted to ICU after initial presentation in the emergency department with severe sepsis (probably 
pneumococcal), APACHE-II of 18, mean arterial pressure of 70 mmHg after adequate fluid-resuscitation, 
endotracheally intubated and mechanically ventilated with 50% FiO2 and after six hours in the ICU need 
for interhospital transport.

Case vignettes

Patients characteristics Transport conditions

age paO2 PEEP noradrenalin arrhythmia Equipment Escorting 
personnel

Indication for 
transport

nr (years) (kPa) cm H2O μg/kg/min

1 30 16.5 18 0.12 VT* < 24 
hrs

MICU** trolley IC-nurse lack of ICU beds

2 30 16.5 8 0.12 none basic ambulance IC-physician 
& IC-nurse

intervention 
elsewhere

3 30 16.5 18 0.6 none basic ambulance paramedic lack of ICU beds

4 30 7.5 8 0.6 none basic ambulance IC-physician lack of ICU beds

5 30 7.5 8 0.12 VT < 24 hrs MICU trolley IC-physician 
& IC-nurse

lack of ICU beds

6 80 7.5 8 0.6 VT < 24 hrs basic ambulance IC-nurse intervention 
elsewhere

7 80 16.5 8 0.12 VT < 24 
hrs.

basic ambulance paramedic lack of ICU beds

8 60 7.5 8 0.12 none MICU trolley paramedic intervention 
elsewhere

9 30 7.5 18 0.12 none basic ambulance IC-nurse intervention 
elsewhere

10 30 7.5 18 0.60 VT < 24 hrs MICU trolley paramedic intervention 
elsewhere

11 30 16.5 8 0.60 VT < 24 hrs MICU trolley IC-physician intervention 
elsewhere

12 60 16.5 18 0.60 VT < 24 hrs basic ambulance IC-physician 
& IC-nurse

intervention 
elsewhere

13 80 16,5 18 0.12 none MICU trolley IC-physician intervention 
elsewhere

14 60 7,5 18 0.12 VT < 24 hrs basic ambulance IC-physician lack of ICU beds

15 60 16.5 8 0.60 none MICU trolley IC-nurse lack of ICU beds

16 80 7.5 18 0.60 none MICU trolley IC-physician 
& IC-nurse

lack of ICU beds

* VT = ventricular tachycardia (self terminating)
** MICU = Mobile Intensive Care Unit
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Figure 1 Relative weight (expressed in ß, 95 % CI) of determinants influencing the decision on interhospital 
IC transport.
(ref = reference value, PEEP = positive end-expiratory pressure, ventr. = ventricular, IC = Intensive Care)

DISCUSSION

Decision-making in interhospital transport involves appraisal of several determinants such 
as patient characteristics, indication for transport, level of escort and transport facilities. 
The present study shows that the level of escorting personnel is an important determinant 
in decision-making in interhospital transport of a critically ill patient. Additionally, trans-
port facilities are perceived as most important by the majority of medical heads of Dutch 
ICUs. Neither characteristics of the patient’s condition nor the level of supportive care 
seems to be of significant importance in this process.

The large number of publications in the literature on interhospital transport reflects the 
interest in this complex part of intensive care medicine but are descriptive and mainly 
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focuses on the technical and organizational aspects of transport 1;9;12,14. The use of 
specialized transport teams and appropriate equipment may result in a decrease in 
transport associated morbidity and mortality by creating an intensive care environment in 
a vehicle – ground ambulance or aircraft 8;9;15;16-18.

Despite the growth of interhospital transport due to regionalization of intensive care 
medicine the process by which IC-physicians identify patients transportability is not well 
known 3;10. Transportability as a result of a professional analysis of the balance between 
risks and potential benefits of an individual transport is hard to define.

The accumulating literature on improved outcome associated with ICUs treating larger 
volumes of patients (e.g., with severe sepsis or mechanical ventilation) is not adequately 
accompanied by research on clinical parameters determining transportability in such 
conditions 19;20. In a study of Lee et al, a questionnaire with clinical scenarios was used 
before and after a program including a 15 minute-training in the use of interhospital 
transfer rules 10. After the start of the program clinical staff was able to make appropriate 
decisions by using these guidelines focusing on diagnosis and physiology. However, 
mimicking decision-making in interhospital transport with appraisal of several realistic 
and detailed determinants as in daily clinical practice (i.e. as those in tested in this 
conjoint analysis) by experienced intensivists who endorse such transports has, to our 
knowledge, never been studied.

Age is an important prognostic factor for mortality rates are higher in elderly than 
in younger ICU-patients 21. This has not been studied in transported IC-patients but it is 
conceivable that intensivist would weigh this determinant in their transportability decision. 
The finding of the present study that the age levels studied did not influence decision-
making for transportability is remarkable. The same holds true for the level of PEEP which 
seems representative for severity of oxygenation and is known to be a critical factor in 
transport 22. IC-physicians however, seem to appreciate factors associated with severity 
of illness (age, PEEP, noradrenaline dose, oxygenation) as less important compared 
to transport conditions. The international guidelines underlines the importance of these 
conditions but clinical transport studies and recommendations are lacking to address the 
issue of transport-related morbidity and mortality of extreme critical ill patients despite 
optimal expertise and equipment 7-9;17; 22.

One of the limitations of this study is the intrinsic shortcoming of the vignettes meth-
ods. Paper case descriptions, so-called clinical vignettes, have been recognized as a 
valid policy capturing tool to assess preferences in clinical practice 24;25. However, it is 
impossible to overcome the sentinel effect in which the physicians know they are being 
evaluated. Due to this Hawthorne effect, there might be discrepancy between doctors’ 
decisions in practice and their answers to vignettes with hypothetical patients. Another 
limitation is the choice of content of the vignettes with eight determinants of transport-
ability. The content of vignettes survey is limited to a number of determinants with their 
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corresponding levels as an intrinsic element of conjoint analysis to generate an optimal 
number of vignettes a respondent would still adequately evaluate.

The chosen set of determinants used in this study is based only on literature and critical 
care transport experience and could therefore be biased 1;7-9;22;26;27. Other unknown 
influencing determinants could not be studied as critical in transport. Those factors would 
only be revealed in clinical transport studies documenting all clinical parameters and 
relate them with clinical outcome after transport. Finally, this national questionnaire 
survey is limited by the Dutch situation where, due to geography, interhospital transport 
is executed with ground ambulance without air medical transport. It is conceivable that 
the choice of vehicle is a crucial determinant in the decision making in combination with 
the interhospital distance 28.

CONClUSIONS

This policy capturing study indicates the importance of optimal escorting and transport 
facilities in interhospital transport as appreciated by IC-physicians. These conditions are 
considered to be essential and enable even severe critically ill patients to be transported. 
Further clinical (transport) research should reveal which levels of expertise and transport 
facilities are indicated for which category of critically ill patients to tailor the use of 
expensive resources required for those inevitable road trips 9;17.

lIST OF ABBREvIATIONS

ICU = Intensive Care Unit
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ABSTRACT

Purpose

Regionalization and concentration of critical care increases the need for interhospital 
transport. However, optimal staffing of ground critical care transport has not been evalu-
ated.

Methods

In this prospective, randomized, open-label, blinded-endpoint non-inferiority trial, criti-
cally ill patients on mechanical ventilation transported by interhospital ground critical care 
transport were randomized between transport staffed by a dedicated team of critical 
care nurse and paramedic (nurses group) or a dedicated team including a critical care 
physician (nurses+physician group).

The primary outcome was the number of patients with critical events, both clinical and 
technical, during transport. Clinical events included decrease in blood pressure, oxygen 
saturation or temperature, blood loss, new cardiac arrhythmias or death. Non-inferiority 
was assumed if the upper limit of the two-sided 90% confidence interval (CI) for the 
between-group difference lies below the non-inferiority margin of 3%.

Results

Of 618 eligible transported critically ill patients, 298 could be analyzed after random-
ization and allocation to the nurses group (n = 147) or nurses+physician group (n = 
151).

The percentages of patients with critical events were16.3% (24 incidents in 147 
transports) in the nurses group and 15.2 % (23 incidents in 151 transports) in the 
nurses+physician group (difference 1.1 %, two sided 90% CI [-5.9 to 8.1]). Critical 
events occurred in both groups at a higher than the expected (0-1%) rate. In the nurses 
group consultations for physician assistance were asked in 8.2% (12 in 147 transports), 
of which all were performed prior to transport.

Conclusions

The number of patients with critical events did not markedly differ between critical care 
transports staffed by a critical care nurse and paramedic compared to a team including 
a critical care physician. However, due to an unexpected higher rate of critical events 
in both groups recorded by an electronic health record, non-inferiority of nurse-led inter-
hospital critical transport could not be established (http://www.controlled-trials.com/
ISRCTN39701540).
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INTRODUCTION

The need for interhospital critical care transport of adults is likely to increase by the 
continual regionalization of care 1-3. Regionalization is supported by the association 
between volume and improved outcome in specialties such as trauma and critical care 
4, 5. Transport of a critically ill patient between hospitals bears risks of clinical and techni-
cal events which should be outweighed against the individual benefit 6, 7. A combination 
of a registered critical care nurse and a paramedic as team in critical care transports 
is more common in the United States than in Europe where a critical care physician as 
a team member is a generally adopted practice 8-10. However, the added value of a 
critical care physician as part of the transport team has not been demonstrated 11-15. 
We conducted a randomized non-inferior trial which compared ground critical care 
transports staffed by a team of paramedic and critical care nurse or a team including a 
critical care physician. The hypothesis of the study was that interhospital ground critical 
care transports staffed by a team of critical care nurse and paramedic is non-inferior 
compared to a team including a critical care physician, as expressed in the number of 
patients with critical events during transport.

METHODS

Design and randomization

The design of the study was a prospective, randomized, open-label, blinded-endpoint 
trial (PROBE-design) to demonstrate non-inferiority of a critical care transport team staffed 
by a dedicated team of critical care nurse and paramedic (nurses group) or a dedicated 
team including a critical care physician (nurses+physician group). Patients were random-
ized between these two transport strategies. The randomization procedure was web-
based using permuted blocks with a variable block size and stratified by interhospital 
distance (≤ or > 40 km). Randomization was done immediately after the transport request 
by phone by the referring hospital. Referring hospitals were not informed about the result 
of randomization to prevent study induced bias in the pre-transport stabilization period.

The critical care nurse, registered in the Dutch Intensive Care nurse registry, had at 
least two years of additional clinical experience in an critical care unit of an academic 
medical center after registration. The paramedic was licensed in Advanced Cardiac Life 
Support including rescue endotracheal intubation according to federal regulations with 
at least five years of pre hospital experience and an active professional at the municipal 
Emergency Medical Service of Amsterdam. The critical care physician was a European 
board-certified intensivist, an anesthesiologist or a senior resident in anesthesiology with 
at least a half year of full-time critical care training in an academic medical center. Both 
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nurses and physicians completed the extended critical care transport training of the 
Academic Medical Center including certification for the use of the trolley of the Mobile 
Intensive Care Unit.

In the nurses group, the critical care nurse, assisted by the paramedic was allowed to 
adjust ventilator settings and titrate active medication dosage at their professional discre-
tion excluding new drugs or other emergency therapy. In the nurses group, a critical care 
physician accompanied every transport for safety reasons but was not physically present 
in the patient compartment of the ambulance to avoid unsolicited medical advice or 
intervention. As the physician stayed in the driver compartment, the critical care nurses 
were able to request for physician’s assistance at any time. After a request the transport 
was executed and completed by both physician and nurses.

In the nurses+physician group the physician was in charge and supervising patient 
care. The equipment used in both transport strategies was identical and included a mo-
bile intensive care trolley with an IC-ventilator (model Raphael color, Hamilton Medical, 
Switzerland), six channel vital signs monitor (model MP50, Philips Medical Systems, the 
Netherlands), eight syringe-pumps, suction unit, defibrillator, medication and disposables 
transported in a dedicated intensive care ambulance 8.

Study setting

In this singel-center trial the ground critical care transports were executed using a Mobile 
Intensive Care Unit based at the Academic Medical Center, University of Amsterdam, 
Netherlands. The interhospital transports were executed between all hospitals nationwide 
and not only those to and from the Academic Medical Center. The annual transport rate 
is approximately 350. Outside the setting of this trial a team of a critical care nurse and 
physician is used. All critical care nurses and physicians were members of the ICU staff 
in the Academic Medical Center.

Patients

All consecutive critically ill patients (> 18 years of age), to be transported by the Mobile 
Critical Care Unit between January 2006 and March 2008, were eligible.

Patients were excluded if they met one of the following criteria:
i. PaO2 (mmHg ) /FiO2 (P/F ratio)< 100 with positive end expiratory pressure (PEEP) 

> 15 cmH2O, or mean arterial pressure < 60 mmHg despite adequate fluid therapy 
and vasoactive medication (noradrenalin > 0,35 µg/kg/min, dopamine > 15 µg/
kg/min) or after cardiopulmonary resuscitation (chest compression or cardiac defibril-
lation) within 24 hours prior to transport;

ii. in need of immediate transport by local emergency medical services within 30 min-
utes, mandatory for emergency therapy in another facility according to federal rules 
and precluding study needs.
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Ethical approval and informed consent

Approval was obtained from the local Medical Ethics Committee that waived the need 
for informed consent according to Dutch Act on Research Involving Human Subjects.

Data collection

Patient characteristics were collected by the transport coordinator over the phone at time 
of the transport request including date and reason of admission, indication of transport, 
Acute Physiology and Chronic Health (APACHE) II score, actual intravenous medication, 
hemodynamic (invasive arterial blood pressures), and pulmonary status (e.g., ventila-
tion mode, PEEP, (P/F ratio)) to evaluate eligibility for randomization by the transport 
coordinator.

Transport was defined as the time frame between the departure of the Intensive Care 
unit of the sending unit and arrival in the unit of the receiving hospital including intra-
hospital transport in corridors, elevators and ambulance garage. At the start of transport 
an electronic health record (MetaVision®, iMDsoft, Israel) was initiated on a laptop 
connected to both patient monitor and IC-ventilator storing their parameters every minute 
for off-line analysis. The APACHE II scores of admissions in both sending and receiving 
hospital were calculated.

Study outcomes

The primary outcome was the number of patients with critical events, both clinical and 
technical during transport. Clinical events included decrease in transcutaneous arterial 
oxygen saturation of > 10% for > 10 minutes, rise or fall in arterial blood pressure 
(systolic, diastolic or mean, defined as > 20 mm Hg from baseline for > 10 minutes), 
temperature fall below 36 0C, hemorrhage or blood loss estimated to be > 250 ml, new 
cardiac arrhythmias with associated hemodynamic deterioration (occasional premature 
cardiac complexes were not considered significant), or death. Technical events (defined 
as related to technical aspects of critical care transport) included EKG lead disconnec-
tions, loss of battery power or any other technical equipment failure, airway loss requiring 
airway manipulation or reintubation, loss of any intravascular device, dislodgment of any 
chest tube, Foley catheter, or surgical drain 16.

The a priori defined secondary outcome parameters were the separate numbers of 
clinical events and technical events, number and type of adjustments in ventilator settings, 
number and type of adjustments in rate of infusion and bolus medication (vasoactive 
medication and sedative medication) and amount of fluid therapy during transport. All 
outcome parameters were assessed offline blinded for their allocation group by use of 
the anonymized electronic medical records. In the nurses group, the incidence of consults 
for physician assistance was registered as a process variable.
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Statistical analysis

Sample size
The incidence of critical events in ground critical care transport under supervision of both 
nurses and physician is around 0-1% 11, 17, 18. Hence, it was expected that in 1% of the 
patients, critical events would occur in the nurses+physician group (control). The same 
incidence rate of critical events was expected in the nurses group (intervention) and a 
non-inferiority margin of 3% was considered as clinically acceptable. A sample size of 
137 patients in each group (274 in total) achieves 80% power to detect a non-inferiority 
margin difference between the group proportions of 0.03. The nurses-physician (control) 
group proportion was assumed to be 0.01 and the nurses (intervention) group proportion 
0.04 under the null hypothesis of inferiority. The power was computed for the case when 
the actual nurses (intervention) group proportion is 0.01. The test statistic used is the 
one-sided Z test (pooled) with a significance level targeted at 0.05. To anticipate for 
possible dropouts a total of 307 patients were randomized.

Data analysis
Baseline characteristics of the transported patients were summarized using descriptive 
statistics. Continuous variables were expressed in medians with their 25th and 75th 
percentiles, whereas categorical variables were expressed as number and percentage 
of case. Incidence of critical events (primary outcome) and the components of the critical 
events (clinical events and technical events: secondary outcome parameters) were statisti-
cally tested for non-inferiority.

Groups were compared on the other secondary outcomes under a common superiority 
hypothesis. All analyses were based on the intention-to-treat principle, whereas the pri-
mary outcome was additionally analysed on both as-treated and per-protocol basis. The 
as-treated analysis included the transported patients who initially were randomized to 
the nurses group but were switched to the nurses+physician group after a formal request 
for assistance by the nurses. Hence, in the as-treated analysis the switched patients were 
analysed according to the treatment they received whereas in the per-protocol approach 
they were omitted from the analysis (figure 1). Multiple critical events per patient were 
analyzed as a single event as the patient was considered the unit of measurement in 
the sample size calculation. An additional sensitivity analysis was performed pooling 
all events as they occurred in each group to analyse the effects of multiple events per 
patient.
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Assessed for eligibilty
(n = 618)

Excluded (n=311)
- P/F ratio < 100 mmHg & peep > 15 cm H20
and/or excess vasopressors dose (n=197)

- insufficient data at time of inclusion (n=92)
- emergency transports (n=22) 

Randomized
(n = 307)

Allocated to nurses+ 
physician group (n = 155)

Cancelled transport after 
randomization 

(n = 4)

Analyzed in nurses+ 
physician group

(n = 151)

Discontinued intervention
(consult for physician assistance all
before start of transport (n = 12)

intention to treat analysis

per protocol analysis

Analyzed in nurses group
(n = 135)

Analyzed in nurses+ 
physician group

(n = 163)

Analyzed in nurses group
(n = 135)

Analyzed in nurses+ 
physician group

(n = 151)

as treated analysis

Allocated to nurses group
(n = 152)

Cancelled transport after 
randomization

(n = 5)

Analyzed in nurses group
(n = 147)

Figure 1 Flow diagram of randomization and analysis (according to CONSORT 2010)

Figure 1. Flow diagram of randomization and analysis (according to CONSORT 2010)

Statistical uncertainty of the between-group difference between the primary (critical events) 
and secondary outcome (clinical and technical events) proportions were expressed in 
two-sided 90% confidence intervals (CIs). If the upper-limit of the CI crosses the 3% 
margin, non-inferiority of the nurse group is not established. We also applied one-sided 
significance testing using a method based on a Chi-square analysis 19. A one-sided p 
value < 0.05 indicates non-inferiority of the nurses group. With regard to the remaining 
secondary outcomes, between-group difference of the proportions were expressed in 
two-sided 95% CIs and analysed using the X2 test (two-sided p value < 0.05 was 
considered statistically significant). Analyses were performed in SPSS (version 22.0) and 
R (version 3.2.1).
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RESUlTS

Patient assignment is shown in figure 1. Of a total of 618 eligible patients, 311 were ex-
cluded based on exclusion criteria (n=197), insufficient data at time of inclusion (n=92, 
i.e. missing P/F ratio) or emergency transport (n=22). Finally, 307 patients were random-
ized,152 were allocated to the nurses group and 155 to the nurses+physician group. 
In the nurses group 147 patients could be analyzed versus 151 in the nurses+physician 
group due to 9 transports cancelled after randomization.

The baseline characteristics of the randomized patients are summarized in table 1. The 
groups were well matched. The median [25th-75th] APACHE II score in the sending hospi-
tal was 19 [14-24] in the nurses group versus 18 [14-23] in the nurses+physician group. 
Lack of an ICU bed as indication for transport occurred in 78 patients in both groups 
(53% vs. 52%). Median [25th-75th] transport distance was 30 km [17-53 vs.16-53] and 
median (25th-75th] transport time was 66 minutes [55-81] vs. 65 minutes [50-85].

Table 1. Baseline characteristics of the transported patients

Nurses group Nurses+physician group

(n=147) (n=151)
Age - years [median & 25th-75th percentile] 60 [46-74] 65 [52-74]
Women - no. (%) 62 (42%) 66 (45%)
APACHE II score in sending hospital [median & 25th-75th percentile] 19 [14-24] 18 [14-23]
Length of stay in ICU before transport - days [median & 25th-75th percentile] 3 [1-66] 3 [1-41]
Patients
< 24 hours in sending ICU - no. (%) 86 (59%) 81 (54%)
> 24 hours in sending ICU - no. (%) 61 (41%) 70 (46%)
Reason for admission – no (%)
medical 81 (55%) 90 (60%)
surgical 45 (31%) 42 (28%)
neurological / neurosurgical 21 (14%) 19 (12%)
Indication for transport
lack of ICU beds - no (%) 78 (53%) 78 (52%)
expertise in referral center - no (%) 56 (38%) 61 (40%)
return to primary hospital - no (%) 13 (9%) 12 (8%)
Interhospital transport distance - km [median & 25th-75th percentile] 30 [17-53] 30 [16-53]
Transport time - minutes [median & 25th-75th percentile] 66 [55-81] 65 [50-85]
Transports ≤ 40 km - no 90 97
> 40 km - no 57 54
PaO2 / FiO2 ratio at inclusion - mmHg [median & 25th-75th percentile] 211 [150 - 286] 233 [158 -301]
Inotropic / vasoactive medication - no
dopamine 32 37
noradrenalin 78 70
dobutamine 16 11
nitroglycerine 12 11
phosphodiesterase inhibitors 11 9
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Table 1. Baseline characteristics of the transported patients (continued)

Nurses group Nurses+physician group

(n=147) (n=151)

others (i.e., alpha-adrenergic agonist, calcium channel blocker) 12 9
Mechanical ventilation modes - no
pressure controlled 99 102
volume controlled 7 13
assisted spontaneous breathing 41 36

The primary outcome parameter is depicted in figure 2, indicating that non-inferiority of 
the nurses group was not established. The percentages of patients with critical events 
were 16.3% (24 incidents in 147 patients) in the nurses group and 15.2 % (23 incidents 
in 151 patients) in the nurses+physician group (difference 1.1 %, 90% CI [-5.9 to 8.1], 
p=0.38 ).
Figure 2 Comparisons of primary (critical events) and secondary outcome parameters 
(clinical and technical events) by non-inferiority between nurses (intervention) and nurses+physician 
(control) group

Nursing group 
better   

0 3-10% %
Nursing group 
worse   

Nurses Nurses + Difference 90% CI for the  P value*
Physician difference between

n=147 n=151 two proportions

Primary outcome parameter

Number of patients  with critical events1 24 (16.3%) 23 (15.2%) 1.1% 0.38

Secondary outcome parameters

Number of patients  with clinical events2 20 (13.6%) 22 (14.6%) -1.8% 0.44

Number of patients  with technical events 4 (2.7%) 1 (0.7%) 2.1% 0.35

The dashed line at ∆ 3% indicates the non-inferiority margin. The grey tinted region to the left of the non-inferiority margin 
indicates the zone of non-inferiority: if the upper limit of the two-sided 90% CI lies left of the non-inferiority margin of 3%, 
non-inferiority of the nurses group is demonstrated. If the upper-limit of the CI crosses the margin of 3%, the trial has failed 
to establish non-inferiority of the nurses group. 
* one-sided significance testing;  p value < 0.05 indicates non-inferiority.
1) Multiple events per patient were analyzed as single event. In the nurses+physician group, five transports were identified 
with two critical events per patient.
2) Clinical events included decrease in arterial saturation of > 10% for > 10 minutes, rise or fall in arterial blood pressure 
(systolic, diastolic or mean, defined as > 20 mm Hg from baseline for > 10 minutes), temperature fall below 36o C, 
hemorrhage or blood loss estimated to be > 250 ml, new cardiac arrhythmias with associated hemodynamic deterioration or 
death. 

10 %

Figure 2. Comparisons of primary (critical events) and secondary outcome parameters  (clinical and techni-
cal events) by non-inferiority between nurses (intervention) and nurses+physician (control) group

The percentages of patients with clinical events as secondary outcome parameter, were 
13.6% (20/147 patients) in the nurses group and 14.6 % (22 /151 patients) in the 
nurses+physician group (difference -1.0 %, 90% CI [-5.2 to 8.7 ], p=0.44 ). Of note, 
there were no hemorrhages, arrhythmias or deaths in both groups. The percentages of 
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patients with technical events were 2.7% (4/147 patients) in the nurses group and 0.7 
% (1 /151 patients) in the physician group (difference 2.1 %, 90% CI [-0.7 to 5.3 ], 
p=0.35 ). In the nurses+physician group, five transports were identified with two critical 
events per patient.

In the nurse group 8.2% (12 in 147 patients) consultations for physician’s assistance 
were asked and all occurred before the start of the transports in the unit of the sending 
hospital without any involvement of the sending ICU-staff. All 12 consults were related to 
hemodynamic and/or respiratory instability beyond the perceived skills of the nurse in 
charge. Analyzing these switched patients according to their actual received treatment 
revealed an incidence of critical events of 17.8% (24 events in 135 patients) in the nurses 
group vs. 14.1 % (23 events in 163 patients) in the nurses+physician group (difference 
3.7 %, 90%CI [-3.3 to 10.9 ], p=0.49 ), also indicating absence of non-inferiority of the 
nurses group. This absence was also demonstrated in the per-protocol analysis, where 
the switchovers were omitted from the nurses group: 17.8% (24 events in 135 patients) 
in the nurses group vs. 15.2 % (23 events in 151 patients) in the nurses+physician group 
(difference 2.6 %, 90%CI [-4.7 to 9.9], p=0.48 ).

No between-group differences were observed concerning the other secondary out-
comes parameter, although the nurses-physician group tended to give more fluid therapy 
> 1000 ml during transport (table 2). The sensitivity analysis of the primary outcome with 
pooled events per group, resulting in 28 critical events in the nurses+physician group, 
confirmed the absence of non-inferiority: percentages of critical events were 16.3% (24 
events in 147 patients) in the nurses group and 18.5% (28 events in 151 patients) in the 
nurses+physician group (difference -2.2%, 90% CI [-9.5 to 5.1], p=0.15). The same 
applies to the as-treated (difference 0.6%, 90% CI [-6.6 to 8.04], p=0.35) and per 
protocol analysis (difference -0.7%, 90% CI [-8.3 to 6.9], p=0.25).
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Table 2. Comparisons of secondary outcome parameters between nurses (intervention) group and 
nurses+physician (control) group

Nurses group Nurses+physician 
group

% difference* p*

(n=147) (n=151) [95% CI]

Adjustments in ventilator settings 0.92

zero adjustments 90 (61.2%) 95 (62.9%) -1.7 [-12.6 to 9.3]

1 adjustment 29 (19.7%) 27 (17.9%) 1.8 [-7.1 to 10.8]

>1 adjustments 28 (19.0%) 29 (19.2%) -0.2 [-9.2 to 8.9]

Type of ventilator adjustments

PEEP 14 (9.5%) 15 (9.9%) -0.4 [-7.4 to 6.6] 1.00

fiO2 18 (12.2%) 24 (15.9%) -3.7 [-11.7 to 4/4] 0.46

pressure (Pmax or Psupport) 29 (19.7%) 29 (19.2%) 0.5 [-8.5 to 9.6] 1.00

respiratory rate 30 (20.4%) 22 (14.6%) 5.8 [-2.8 to 14.6] 0.24

Adjustments in vasoactive medication 0.86

zero adjustments 113 (76.9%) 120 (79.5%) -2.6 [-12.1 to 6.8]

1 adjustment 23 (15.6%) 21 (13.9%) 1.7 [-6.4 to 10.0]

>1 adjustments 11 (7.5%) 10 (6.6%) 0.9 [-5.3 to 7.1]

Adjustments in sedative medication 0.92

zero adjustments 111 (75.5%) 125 (82.8%) 1.6 [-7.0 to 10.1]

1 adjustment 19 (12.9%) 21 (13.9%) -1.0 [-8.9 to 6.9]

>1 adjustments 4 (2.7%) 5 (3.3%) -0.6 [-5.2 to 3.9]

Use of bolus medication 13 (8.8%) 7 (4.6%) 4.2 [-1.6 to 10.5] 0.22

Fluid therapy during transport 0.06

< 500 ml 72 (49%) 82 (54.3%) -5.3 [-16.5 to 6.0]

500-1000 ml 67 (45.6%) 52 (34.4%) 11.2 [0.0 to 22.0]

> 1000 ml 8 (5.4%) 17 (11.3%) -5.9 [-12.5 to 0.5]

* Between-group difference of the proportions were expressed in two-sided 95% CIs and using the χ2 test, 
two-sided p value < 0.05 was considered statistically significant.

DISCUSSION

The present trial failed to establish non-inferiority in interhospital ground critical care 
transports staffed by a dedicated team of critical care nurse and paramedic compared 
to a dedicated team including a critical care physician as expressed in number of critical 
events during transport.

Results of the intention-to treat analysis were confirmed in the per-protocol ,as-treated 
and in our sensitivity analyses. The risks associated with critical care transport, either 
between or within hospitals, have been widely recognized 15, 20-22. In previous studies of 
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interhospital transports with comparable cohorts of critical care patients, rates of critical 
events were high as 40-50% if a regular ambulance transport system was used and were 
thought to be as low as 0-10% with a dedicated critical care transport system 15, 16, 23-25.

Here, we found an overall critical events rate of about 16-17%. In previous stud-
ies event rates were either based on self-reported events or on pre- and post-transport 
cardiovascular and respiratory point measurements from the written chart. The use of an 
electronic health record instead of self-report critical events is conceivably more accurate 
compared to self-reporting events by the staff or pre- and post-transport point measure-
ments only. Those undetected or unreported deteriorations during transport are not taking 
into account in previous studies which might explain our higher than expected critical 
event rate 11, 16, 17, 26, 27. Our composite primary endpoint was the combination of both 
clinical (14% in the nurses vs 17% in the nurses+physician group) and technical events 
(3% vs 2%). The latter is self-reported and is indeed comparable to previous studies. An 
alternative explanation for the high event rates in the transported patients might be the 
absence of a validated checklist for the pre-transport stabilization period 10, 28. However, 
no studies have evaluated the effect of a pre-transport checklist on safety in interhospital 
transports, either nurses or physician-led 15, 28, 29. In our study the staff in both groups was 
trained and experienced in interhospital transport including pre-transport stabilization. In 
line with this, there were 12 requests for physician’s assistance in the nurses group prior 
to transport. These requests were based on the nurses’ opinion that the complexity and/
or instability of these patients exceeded the professional limits of critical care nursing and 
indicative for their careful pre-transport evaluation 30-32.

Undoubtedly our trial turned out to be too small to unequivocally establish non-inferiority 
of nurses staffed transport due to this higher than expected critical events rates in the 
transported patients. . At the same time, in order to tailor-made staffing to individual 
patient needs while avoiding overstaffing, future research should focus on definitions and 
factors influencing hemodynamic and respiratory stability prior to transport and subse-
quent transport-related observed outcome 10, 15, 29, 33. The additional role of telemedicine 
or validated pre-transport scoring systems to indicate physician attendance in limited 
cases of transport should be part of this research 34, 35.

In the PROBE design of our trial the electronic medical record during IC-transport 
enabled blinded assessment of outcome parameters and is indubitable more accurate in 
documenting clinical deteriorations otherwise undetected or unreported. The applicability 
of our results might depend on regional differences in critical transport programs includ-
ing the level of critical care nursing. The level of their education, additional transport 
programs and professional performance including self-reliance guided by nurse-driven 
protocols undoubtedly influence their critical events rates. Nevertheless, our trail suffers 
from several limitations. Firstly, the surrogate endpoint critical events in this study might 
not necessarily reflect clinical relevant outcome 27. The relationship between critical event 
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rates during transport and multi-factorial determined morbidity or mortality in critical care 
medicine has not been established yet. Definitions of critical events used in this trial reflect 
expert opinion on what might be harmful for a transported critically ill patient.

The resolution of a critical event during transport might better reflect competence of 
the escorting team rather than the incidence of events. But to our knowledge there is no 
validated and standardized way to score the quality of the team’s response to an event. 
It is conceivable that this competence is already partially measured by the absence of 
critical events for many events are either preventable (i.e. technical by proper use of 
device’s checklist ) or treatable (i.e. clinical by anticipating on a fall in blood pressure 
before it exceeds the clinical event definition’s limit of 10 minutes).

Secondly, for safety reasons the most severe critically ill patients were excluded and the 
critical care physician, although not participating actively, was present and might have 
impacted on nurses’ behavior. Nevertheless, scores of severity of illness in our trial were 
still high in both groups and comparable to other studies 7,11, 20, 23. Thirdly, the study was 
limited to patients admitted to the ICU and excluded emergency transports for immediate 
advanced care (e.g. from peripheral hospital emergency rooms to a tertiary cardiac 
cath. lab). The response time of a regional specialized retrieval team is usually longer 
compared to emergency medical services, which excludes its availability in emergency 
transports if immediate advanced treatment is warranted. In conclusion, the number of 
patients with critical events during ground critical care transport staffed by a critical care 
nurse and paramedic does not markedly differ from a team including a critical care 
physician. However, non-inferiority of nurse-led interhospital critical care transport could 
not be established. A definitive answer on the appropriate patient selection and team 
composition might arise from larger multi-center trials or meta-analysis. Until then, the 
results might not change the present policy of physicians escorting critical care transports 
in Western Europe and could fuel the discussion on critical care paramedics in the US 36.
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ABSTRACT

Background

Given the increase in transport of critically ill patients it is of vital importance that transport 
ventilators perform at the same level as ICU ventilators. The objective of this study was 
to determine their accuracy under different simulated pulmonary conditions, ventilator 
settings and modes of oxygen supply.

Methods

Six transport ventilators and two ICU ventilators were tested under different pulmonary 
conditions simulating healthy lungs, Acute Respiratory Distress Syndrome and Chronic 
Obstructive Pulmonary Disease. Accuracy of tidal volume (VT), plateau pressure (Pplat) 
and positive end expiratory pressure (PEEP) were measured by a calibrated pneumo-
tachograph. A percentage difference between actual and displayed values of more than 
±10% was defined as inaccurate.

Results

Inaccuracy in VT delivery was demonstrated in gas-driven transport ventilators Medumat 
Transport 66010 (in 8 of 10 experiments, 80%), Oxylog3000 (in 70%), Hamilton Ra-
phael 350 (in 40%) as well in turbine-equipped ventilator Elisée 350 (in 60%). Inaccuracy 
in PEEP was present mainly in Medumat Transport 66010 (in 50%) and turbine-equipped 
Hamilton C2 (in 40%). No Pplat inaccuracies were detected in any ventilator. Pulmonary 
conditions did not consistently influence inaccuracy in VT. The impact of oxygen supply 
by cylinder on VT inaccuracy was present only in gas-driven ventilators Oxylog3000 and 
Medumat Transport 66010 under ARDS-conditions.

Conclusions

Transport ventilators differ in accuracy of delivering tidal volume demonstrating better 
performance in turbine-equipped models. Oxygen supply by cylinder had impact only 
on two gas-driven ventilators. The use of gas-driven ventilators in critical care transport 
should be questioned considering their performance.
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INTRODUCTION

Transport of mechanically ventilated patients, either intra- or interhospital, has become 
an indispensable part of critical care due to advanced diagnostic or therapeutic proce-
dures outside the unit or facility 1,2. Risks of transportation seem manageable using an 
experienced escorting team and adequate equipment 3,4 However, given the impact 
of mechanical ventilation settings on outcome of patients with or without Acute Respira-
tory Distress Syndrome (ARDS), continuation of reliable mechanical ventilation during 
transport is imperative in this patient category. Indeed, even a short period of ventilation 
with injurious settings has been shown to contribute to morbidity 5. Therefore, transport 
ventilators should be able to ventilate critically ill patients with accuracy comparable 
to intensive care unit (ICU) ventilators, despite their compact design and challenging 
conditions during transport.

Differences in performances of transport ventilators, especially difference between 
preset and actually delivered tidal volume VT is clinically meaningful and differs across 
modern ICU ventilators as demonstrated in earlier studies 6-12. New generation transport 
ventilators with innovative pneumatic and software design have entered the market. New 
devices demand medical technology assessment especially when physicians incline to 
use transport ventilators also in emergency care over an extensive period of time 9,13. 
Despite innovative pneumatic techniques including turbines, even new generation trans-
port ventilators might not achieve accuracy in performance compared to ICU ventilators 
12,14. It was suggested that gas-driven instead of turbine equipped transport ventilators 
underperform when oxygen from cylinders is used instead of an oxygen wall outlet 15. 
However, data on new generation ventilators is lacking.

The hypothesis of the present study is that transport ventilators do not deliver tidal 
volumes accurately depending on pulmonary conditions, ventilator settings and mode of 
oxygen supply.

METHODS

Six transport ventilators were tested: three turbine equipped (Hamilton C1 & Hamilton 
C2 from Hamilton Medical, Switzerland, and Elisée 350 from ResMed, US) and three 
conventional gas-driven (“compressed-oxygen powered”) (Hamilton Raphael from Hamil-
ton Medical, Switzerland, Oxylog 3000 from Dräger, Germany and Medumat Transport 
66010 from Weinmann, Germany).

Two ICU ventilators (Servo-I and Hamilton G5) were tested as reference. All ventilators 
were serviced and calibrated by their manufacturers before the experiment. The char-
acteristics of each ventilator according to the manufacturers fact sheets (e.g. ranges in 
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volume, maximal plateau and end expiratory pressure, battery life) are summarized in the 
supplementary file (available at https://app.box.com/v/supplementaryfileEJvL2016).

Experimental protocol

The experimental setup is shown in fig. 1. Before every test, the pneumotachograph 
(Philips, Fluke Europe BV, The Netherlands) with dedicated software (Vent Tester for 
Windows, software version 2.01.02) was calibrated with a 500 ml air filled calibration 
syringe and internal pressure calibration. Before recordings, the internal test procedure 
of each ventilator was performed according to the manufacturer’s user manual and the 
barometric pressure at the test location was noted. The ventilator was connected via 
an endotracheal tube (size 8.0 Mallinckrodt, Ireland) and a ventilator circuit (VentSet 
Basic, MP00300 Dräger) to a double chamber test lung (Dräger lung simulator model 
LS 800) and the pneumotachograph (Fig. 1). All tests were performed under ambient 
temperature-pressure-dry gas (ATPD) conditions and possible ventilator settings for body 
temperature-pressure saturated (BTPS) were disabled to ensure equal test conditions 
among all ventilators

Each ventilator was tested in the volume controlled mode under three different test lung 
conditions with two modes of oxygen supply: wall outlet oxygen or pressurized oxygen 
cylinder (2 liter, LIV Maxiflow 3th generation pressure reducer, ISO 10524-1, peakflow 
100 l/min, full cylinder at 2900 psi). The test lung conditions were: healthy lungs (com-

Figure 1. Diagram of the experimental set up
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pliance 60 ml/cmH2O, resistance 4 cmH2O/l/s), Acute Respiratory Distress Syndrome 
(ARDS) (compliance 20 ml/cmH2O, resistance 4 cmH2O/l/s) and Chronic Obstructive 
Pulmonary Disease (COPD) (compliance 100 ml/cmH2O, resistance 32 cmH2O/l/s) 
6,14,16 (see table 1). An overview of different settings in resistance and compliance used 
in earlier bench studies have been summarized in the supplementary file. The test lung 
in healthy lung conditions was ventilated in one setting (tidal volume (VT) = 400 ml, 
positive end-expiratory pressure (PEEP)= 5 cmH2O, respiratory rate (RR) = 16 breaths/
min, inspiratory-expiratory ratio (I:E) = 1:2). The test lung in ARDS and COPD conditions 
was ventilated in different settings (ARDS mode A & B, COPD mode C & D), which are 
summarized in table 1.

Table 1. Setting of test lung and ventilation

Test lung settings Ventilation settings

Resistance Compliance TV(display) PEEP RR I:E

(cmH2O/l/s) (ml/cmH2O) (ml) (cm H2O) (breaths/min)

Healthy 4 60 400 5 16 1:2

ARDS(mode A) 4 20 400 10 25 1:2

ARDS(mode B) 4 20 400 20 35 1:1

COPD(mode C) 32 100 600 5 16 1:2

COPD(mode D) 32 100 600 10 20 1:3

ARDS: acute respiratory distress syndrome, COPD: chronic obstructive pulmonary disease, TV: tidal volume 
(ml), PEEP: positive end expiratory pressure (cm/H2O), RR: respiratory ratio (breaths/min), I:E: inspiration-
expiration ratio.

To summarize, each ventilator was subjected to 10 different experiments: healthy lungs, 
ARDS mode A, ARDS mode B, COPD mode C & COPD mode D and all five test lung/
ventilator settings with wall outlet oxygen and repeated with pressurized oxygen cylinder.

All measurements were performed using a fraction of inspired oxygen (FiO₂) of 40% 
and started after steady state was reached by at least three minutes of constant ventila-
tion in each mode. The following parameters were recorded during 10 consecutive 
breaths: from both pneumotachograph (“actual” parameter) and ventilator (“displayed” 
parameter): VT (ml), PEEP (cmH2O), plateau pressure (Pplat, cmH2O), RR (breaths/min) 
and I:E ratio.

Study outcome and statistical analysis

The percentage difference between actual tidal volume (aVT) measured by the pneumo-
tachograph and displayed tidal volume value (dVT) of the transport ventilator was deter-
mined as study outcome and calculated as ∆VT= ((aVT– dVT)/aVT) x100% . A positive 
percentage error indicates over-delivering of tidal volume. The calculation was also used 
to determine percentage differences of PEEP (∆PEEP) and Pplat (∆Pplat) Differences were 
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considered as inaccurate if > ±10%, which is clinically excepted widely . Continuous 
variables were expressed as means with 95% confidence intervals (95% CI), assessed 
over 10 consecutive breaths.

RESUlTS

Inaccuracies in vT

The percentage difference (∆VT) in each ventilator during five different ventilation strate-
gies and two different oxygen supplies in simulated healthy, ARDS and COPD lungs 
are depicted in figure 2. The numbers of inaccuracies in VT are summarized in table 
2. Medumat Transport demonstrated inaccuracy in 8 of 10 experiments (80%) in VT, 
Dräger Oxylog 3000: 70% and Hamilton Raphael: 40%, all three gas-driven transport 
ventilator. Inaccuracy in VT was demonstrated in 60% in the turbine-equipped Elisée-350 
whereas the ICU-ventilator Hamilton-G5 showed this in 10% (in COPD mode D). Two 
turbine-equipped transport ventilators (Hamilton C1 & C2) and the ICU ventilator Servo-I 
demonstrated no inaccuracy in VT in all experiments.
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Figure 2. Differences in tidal volume (VT) by transport ventilators under simulated critical care conditions.
Data depicted are means & 95% confidence intervals (CI) assessed over 10 consecutive breaths. Due to 
scaling some means with small 95%CI are depicted as a point.
For settings of test lung (Healthy, ARDS & COPD) and ventilation (mode A-D) see table 1.
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Table 2. Number of inaccuracies in tidal volume (VT) and positive end-expiratory pressure (PEEP)

Ventilator type VT PEEP

Hamilton Raphael transport, gas-driven 4 (40%) 1 (10%)

Dräger Oxylog 3000 transport, gas-driven 7 (70%) 0

Medumat Transport transport, gas-driven 8 (80%) 5 (50%)

Hamilton C1 transport, turbine equipped 0 0

Hamilton C2 transport, turbine equipped 0 4 (40%)

Elisée-350 transport, turbine equipped 6 (60%) 0

Servo-i ICU 0 1 (10%)

Hamilton-G5 ICU 1 (10%) 0

% = number of inaccuracies / 10 experiments (healthy lungs, ARDS mode A & B, COPD mode C & D, all 
with 2 modes of oxygen supply: wall outlet & cylinder) x100.
No inaccuracies in plateau pressure were demonstrated and therefore are not included in this table.

Inaccuracies in PEEP and Pplat

The numbers of inaccuracies in PEEP are also summarized in table 2. Medumat Transport 
demonstrated inaccuracies in PEEP in 5 of the 10 of the experiments (50%), Hamilton C2 
in 40% and both Hamilton Raphael and Servo-I in 10% . The 8 tested ventilators, both 
transport and ICU demonstrated accurate Pplat with variance within the ±10% limits. All 
percentage differences are provided in detail in the supplementary file.

Influences of lung conditions, ventilation settings and mode of oxygen

There was no consistent pattern of inaccuracy in VT caused by either lung condition 
(healthy, ARDS or COPD) or ventilation mode (mode A-D) (see figure 2). Cylinder as a 
mode of oxygen supply influenced inaccuracy in VT in two gas-driven ventilators (Oxy-
log-3000 & Medumat Transport) under ARDS-conditions. In Oxylog-3000 in ARDS mode 
A (10 cmH2O of PEEP, RR 25/min, I:E ratio 1:2) inaccuracy in VT changed from 11.8% 
[95% CI: 11.1 to 12.5] to -11.3 % [95%CI -29.3 to 6.7]. This impact of cylinder was 
in the opposite direction under the same ARDS-conditions in Medumat Transport (from 
-9.6% [95% CI: -11.1 to -8.2] to 10.6% [95% CI: 9.4 to 11.7]).

In all other ventilators the mode of oxygen supply did not markedly influence their 
performances (figure 2). All data per ventilator in 10 different settings are summarized 
in the supplementary file.

DISCUSSION

The present study shows that all three gas-driven and one turbine equipped transport 
ventilator demonstrated inaccuracies in VT in 40-80% of all experiments. Inaccuracies in 
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PEEP were less common whereas Pplat was accurately delivered by all ventilators. The 
influence of oxygen cylinder on VT accuracy was present in two gas-driven ventilators 
only. Pulmonary conditions as ARDS or COPD or ventilation settings with high PEEP and 
respiratory rate did not consistently influence accuracy in VT.

The use of ventilators outside the ICU for transport or in homecare setting stimulated 
research in the field of medical technology assessment to demonstrate accuracy and 
safety of smaller and less expensive models 6,7,14,16,17. Innovation in technology and 
design of transport ventilators is unceasing with the availability of many ventilation modes 
(i.e. non-invasive, closed loop ventilation) and settings of parameters, even in compact 
sizes to suit transport. Previous studies have evaluated devices which already have left 
the market and thereby cannot guide critical care physicians in their present choices 
6,18,19. Moreover there is theoretical evidence that continuation of complex ventilation 
during transport in severe lung injury on a gas-driven transport ventilator on pressurized 
oxygen by cylinder could be cumbersome 15.

The present study confirms inaccuracy in VT delivered by transport ventilators as found 
in previous studies. 6,7,12,14. In 2007, a study in 15 different type of transport ventilators 
demonstrated accurate performance in six devices under both normal and acute lung 
injury conditions 6. Only two of four turbine equipped transport ventilators showed such 
accuracy, none of which were in the present study. In 2013, a study of 8 modern 
transport ventilator inaccuracy in VT was demonstrated in all ventilators under different 
test lung conditions simulating normal, ARDS and COPD 14. Four transport ventilators 
(Oxylog3000, Eliseé350, Medumat Transport and Hamilton C1) were also tested in 
the present study. Accuracy under normal lung conditions found in the gas-driven Oxylog 
3000 was different from the results of our present study which could be explained by 
either a higher compliance in their normal test lung settings (100 versus 60 ml/cm H2O 
in our study) or unique properties from a single hardware device. Our finding of VT inac-
curacy in a turbine-equipped ventilator is in contrast to previous studies and underlines 
that use of turbine instead of gas-driven technology does not guarantee adequate VT 
delivery in a single transport ventilator. Other hardware and software components also 
play crucial roles in ventilator performance 6,7,13,14. Inaccuracies in PEEP has not received 
much detailed attention in previous studies and our data are comparable with a study in 
2007 in transport ventilators on the market at that time 6. However, given that ±10% in-
accuracy corresponds to 1-2 cm of PEEP, this inaccuracy might not be clinically relevant.

We found no impact of pulmonary conditions on accuracy of transport ventilators.
The influence of lung conditions and ventilation settings on VT delivery revealed vari-

ous results in previous studies 6,7,14,16. In 2011, a study in pediatric emergency ventilator 
showed the addition of 5 cm H20 PEEP to deteriorate accuracy of VT significantly but 
without a linear relationship when PEEP was raised to 10 and 15 cm H20 7. Lung condi-
tions with lower compliance as in ARDS or higher resistance in COPD did influence VT 
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delivery significantly in some ventilators but no consistent pattern could be distinguished 
in previous studies 6,14. In our study only two gas-driven ventilators demonstrated such 
an impact under ARDS conditions with high PEEP settings. All other ventilators including 
all turbine-equipped and two ICU-ventilators were neither markedly influenced by lung 
conditions nor ventilation settings. The influence of oxygen cylinder on performance 
of transport ventilators has not been studied systematically 15. Especially in gas-driven 
ventilators, inaccuracy was expected to be considerable. In line with this, our results 
demonstrated inaccuracy in VT in two of three gas-driven ventilators, which were the 
same ventilators that were influenced by ARDS-conditions with high PEEP settings. Our 
experimental design with a FiO2 of 40% was to focus on this issue for this setting de-
mands on blending 60% of pressurized air. Turbine ventilators generates by its turbine 
while gas-driven rely on the cylinder pressure with compensating mechanisms when fiO2 
is lower than 100% 15. The under-delivering of VT in Oxylog3000 could be explained by 
this phenomenon but VT over-delivering in Medumat Transport presumably by its specific 
hard- & software configurations. The effect of mode of oxygen supply was absent in all 
other tested ventilators. Therefore, in contrast with earlier findings in older models, the 
use of oxygen cylinder does not influence performance of modern turbine equipped 
ventilators.

Taken together, most modern turbine equipped ventilators seems to outperform older 
gas-driven models in performance under different lung conditions and ventilation settings. 
Although patients outcome was not evaluated, considering results of this study, it can 
be questioned whether some older generation gas-driven ventilators should be used for 
critical care transport. Taking transport time of several hours into account, prevention of 
ventilator induced lung injury during transport is no longer a hypothetical assumption and 
targeting VT seems of vital importance 20.

Our study has several limitations. Firstly, bench mark studies like the present try to imi-
tate critical care conditions but they might not reflect ventilator performance in patients. 
Some ventilators use algorithms to compensate for body temperature, air saturated with 
water and gas compression effects 8,14. However, no clear biophysical reason is conceiv-
able to expect better performance in patients instead of simulated lung injury by double 
chamber test lungs under equal conditions for each device. These conditions are under 
ambient temperature-pressure-dry gas (ATPD) and it is unlikely that body temperature-
pressure saturated (BTPS) conditions as in patients would improve VT accuracy in some 
gas-driven transport ventilators.

Secondly, although compliance and resistance settings to mimic various clinical sce-
narios used in our study are comparable to previous studies, no standard test procedure 
has been advocated and our choice of settings could therefore be debated 6,7,14,21. 
Caution should be exercised when comparing magnitude of inaccuracies in VT, Pplat, 
or PEEP between bench studies with a variety in experimental conditions (i.e. ventilation 
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strategy, resistance and compliance of simulated lung diseases, type of oxygen supply). 
What most bench studies have in common is the upper and lower limit of accuracy, 
10% difference from the reference (calibrated flow meter), which is clinically excepted 
widely 6,12,22. Finally, results of medical technology assessment studies on the accuracy 
of transport ventilators are not sustainable over time for newer ventilators with improved 
hardware or updated software will be marketed. Despite this limitation critical care 
physicians have a need for studies on the use of licensed technology applied on patients, 
especially in ventilation therapy which now recognized as a possible harmful intervention 
23.

In conclusion, new generation transport ventilators differ in accuracy of actual tidal 
volumes with limited influence when oxygen cylinder instead of wall outlet is used, 
demonstrating a better performance in the turbine equipped models, of which most are 
comparable to ICU ventilators. The use of gas-driven ventilators in critical care transport 
should be questioned considering their performance. These results might guide clinicians 
in choosing optimal transport equipment to meet challenging circumstances outside the 
ICU and should stimulate future medical technology research.
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ADDITIONAl FIlES:

Table A: Test lung settings in previous studies

Boussen, 
2013 1

Veelo, 
2010 2

Lyazidi, 
2010 3

Chipman, 
2007 4

Zanetta, 
2002 5

McGough, 
1992 6

Nolan, 
1992 7

Beydon, 
1991

present 
study *

Normal R:5
C:100

R:20
C:65

R:5
C:60

R:5
C:50

R:5
C:100

R:2
C:100

R:5
C:50

R:1,5
C:100

R:4
C:60

COPD R:50
C:100

R:50
C:80

R:20
C:60

R:20
-

- R: 20
C: 100

- - R:32
C:100

ARDS R:20
C:30

- R:5
C:30

-
C:20

R:20
C:30

R: 20
C: 20 &100

- - R:16
C:20

R = Resistance (cm H20/l/s) C = Compliance (ml/cm H20)

1. Boussen S, Gainnier M, Michelet P. Evaluation of ventilators used during transport of critically ill patients: 
a bench study. Respiratory care. 2013;58(11):1911-1922.
2. Veelo DP, Dongelmans DA, Binnekade JM, Paulus F, Schultz MJ. Adaptive support ventilation: a trans-
lational study evaluating the size of delivered tidal volumes. The International journal of artificial organs. 
2010;33(5):302-309.
3. Lyazidi A, Thille AW, Carteaux G, Galia F, Brochard L, Richard JC. Bench test evaluation of vol-
ume delivered by modern ICU ventilators during volume-controlled ventilation. Intensive care medicine. 
2010;36(12):2074-2080.
4. Chipman DW, Caramez MP, Miyoshi E, Kratohvil JP, Kacmarek RM. Performance comparison of 15 
transport ventilators. Vol 522007:740-751.
5. Zanetta G, Robert D, Guerin C. Evaluation of ventilators used during transport of ICU patients -- a bench 
study. Intensive care medicine. 2002;28(4):443-451.
6. McGough EK, Banner MJ, Melker RJ. Variations in tidal volume with portable transport ventilators. Respi-
ratory care. 1992;37(3):233-239.
7. Nolan JP, Baskett PJ. Gas-powered and portable ventilators: an evaluation of six models. Prehospital and 
Disaster Medicine. 1992;7(1):25-34.
* Dräger lung simulator (model LS 800) has pre-defined instead of continuous settings in resistance and 
compliance.
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Factsheet of transport ventilators tested in the study Performance of transport versus critical care ventilators in 
simulated critical care conditions

Hamilton 
Raphael

Dräger 
Oxylog 
3000

Medumat Transport Hamilton 
C1

Hamilton 
C2

Siame 
Elysee 350

Servo-I Hamilton 
G5

weight (kg) 16,8 5,4 4.4/4.6 < 5,0 9,5 4,5 20 42

vt (ml) 50 - 
2000

50 - 2000 50-2000 
[15%/20ml]*

20 - 2000 20 - 2000 50 - 2500 2 -4000 2 - 2000

RR 
(breaths/
min)

0 – 99 2 - 60 0 - 60 [1 min-1]* 1 - 80 1 - 80 2 - 80 4 - 100 1 - 150

PEEP 
(cmH2O)

0 – 35 0 - 20 0 - 30 
[10%/3mbar]*

0 - 35 0 - 35 0 - 20 0- 50 0- 50

Pinsp 
(mbar)

PEEP + 
0-50

PEEP + 3 to 
55 cmH2O

3 - 60 
[10%/3mbar]*

PEEP + 3 
-60

PEEP + 
5-60

3 - 60 0 - (120 
-PEEP)

PEEP + 
3-100

Pmax 
(mbar/
cmH2O)

85 75 90 95 95 60 120 150

FiO (%) 21 - 100 40 - 100 40 - 100 21 – 100 21 - 100 21 - 100 21 - 100 21 - 100

I:E ratio 9,9:1 to 
1:9,9

1:4 to 3:1 4:1 to 1:4 1:9 to 4:1 1:9 to 4:1 1:0,4 to 
1:9,9

1:10 - 4:1 1:9 to 
4:1

Inspiration 
time (s)

0,1 - 9,6 0,2 - 10 - 0,1 – 12 0,1 - 9,9 0,3 - 3,0 0,1 - 5 0,1 - 10

Gas supply 
range (bar)

2.0 - 6 2,7 – 6 2.7 – 6 2,8 – 6 2.8 - 6 - 2.0 - 6 2.0 - 6

Battery life 
(hours)

1 4 4,5 2 2,5 3 4 1

Source: manufacturer’s user manuals
*specified tolerance range

Table B additional file: VT inaccuracies in all experiments

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in VT

95% CI 
lower

95% CI 
upper

mean %diff 
< or > 10%

number of Vt 
inaccuracies/
ventilator

Hamilton Raphael color wall outlet ARDS: ventilationmode 1 7,1 6,5 7,7

Hamilton Raphael color cylinder ARDS: ventilationmode 1 7,6 7,2 8,0

Hamilton Raphael color wall outlet ARDS: ventilationmode 2 9,7 9,1 10,3

Hamilton Raphael color cylinder ARDS: ventilationmode 2 9,9 8,6 11,1

Hamilton Raphael color wall outlet COPD: ventilationmode 1 13,7 13,3 14,1 1

Hamilton Raphael color cylinder COPD: ventilationmode 1 11,6 11,2 12,0 1

Hamilton Raphael color wall outlet COPD:ventilationmode 2 11,7 11,3 12,2 1

Hamilton Raphael color cylinder COPD:ventilationmode 2 9,9 9,2 10,6

Hamilton Raphael color wall outlet Healthy lungs 10,1 8,5 11,7 1 4

Hamilton Raphael color cylinder Healthy lungs 7,7 5,8 9,6
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Table B additional file: VT inaccuracies in all experiments (continued)

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in VT

95% CI 
lower

95% CI 
upper

mean %diff 
< or > 10%

number of Vt 
inaccuracies/
ventilator

Dräger Oxylog 3000 wall outlet ARDS: ventilationmode 1 11,8 11,1 12,5 1

Dräger Oxylog 3000 cylinder ARDS: ventilationmode 1 -11,3 -29,3 6,7 1

Dräger Oxylog 3000 wall outlet ARDS: ventilationmode 2 -9,0 -11,4 -6,6

Dräger Oxylog 3000 cylinder ARDS: ventilationmode 2 -27,3 -38,0 -16,6 1

Dräger Oxylog 3000 wall outlet COPD: ventilationmode 1 7,9 5,5 10,3

Dräger Oxylog 3000 cylinder COPD: ventilationmode 1 9,8 8,8 10,9

Dräger Oxylog 3000 wall outlet COPD:ventilationmode 2 13,2 12,6 13,7 1

Dräger Oxylog 3000 cylinder COPD:ventilationmode 2 13,8 9,1 18,6 1

Dräger Oxylog 3000 wall outlet Healthy lungs 15,5 14,1 16,9 1

Dräger Oxylog 3000 cylinder Healthy lungs 14,5 7,4 21,7 1 7

Medumat T3000 wall outlet ARDS: ventilationmode 1 -9,6 -11,1 -8,2

Medumat T3000 cylinder ARDS: ventilationmode 1 10,6 9,4 11,7 1

Medumat T3000 wall outlet ARDS: ventilationmode 2 -11,6 -13,4 -9,9 1

Medumat T3000 cylinder ARDS: ventilationmode 2 10,1 9,3 11,0 1

Medumat T3000 wall outlet COPD: ventilationmode 1 8,9 8,5 9,4

Medumat T3000 cylinder COPD: ventilationmode 1 10,4 9,3 11,5 1

Medumat T3000 wall outlet COPD:ventilationmode 2 10,6 9,8 11,4 1

Medumat T3000 cylinder COPD:ventilationmode 2 11,6 10,9 12,2 1

Medumat T3000 wall outlet Healthy lungs 12,5 12,1 12,9 1

Medumat T3000 cylinder Healthy lungs 15,1 14,6 15,5 1 8

Hamilton C1 wall outlet ARDS: ventilationmode 1 -6,5 -6,9 -6,2

Hamilton C1 cylinder ARDS: ventilationmode 1 -3,7 -4,1 -3,2

Hamilton C1 wall outlet ARDS: ventilationmode 2 -5,9 -6,7 -5,1

Hamilton C1 cylinder ARDS: ventilationmode 2 -4,8 -5,7 -4,0

Hamilton C1 wall outlet COPD: ventilationmode 1 -9,8 -10,8 -8,8

Hamilton C1 cylinder COPD: ventilationmode 1 -7,2 -9,4 -5,0

Hamilton C1 wall outlet COPD:ventilationmode 2 -6,7 -7,3 -6,0

Hamilton C1 cylinder COPD:ventilationmode 2 -7,3 -8,2 -6,5

Hamilton C1 wall outlet Healthy lungs -9,9 -10,6 -9,2

Hamilton C1 cylinder Healthy lungs -4,0 -4,7 -3,3

Hamilton C2 wall outlet ARDS: ventilationmode 1 -2,5 -3,0 -2,0

Hamilton C2 cylinder ARDS: ventilationmode 1 -2,8 -3,4 -2,3

Hamilton C2 wall outlet ARDS: ventilationmode 2 0,3 0,1 0,6

Hamilton C2 cylinder ARDS: ventilationmode 2 -2,2 -2,7 -1,6

Hamilton C2 wall outlet COPD: ventilationmode 1 -6,4 -6,8 -6,0

Hamilton C2 cylinder COPD: ventilationmode 1 -4,2 -4,5 -3,9

Hamilton C2 wall outlet COPD:ventilationmode 2 -3,9 -4,5 -3,3
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Table B additional file: VT inaccuracies in all experiments (continued)

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in VT

95% CI 
lower

95% CI 
upper

mean %diff 
< or > 10%

number of Vt 
inaccuracies/
ventilator

Hamilton C2 cylinder COPD:ventilationmode 2 -6,1 -6,6 -5,7

Hamilton C2 wall outlet Healthy lungs -4,3 -4,8 -3,8

Hamilton C2 cylinder Healthy lungs -4,1 -4,7 -3,5

Elysée-350 wall outlet ARDS: ventilationmode 1 -10,6 -10,9 -10,3 1

Elysée-350 cylinder ARDS: ventilationmode 1 -9,3 -9,6 -9,0

Elysée-350 wall outlet ARDS: ventilationmode 2 -14,4 -14,8 -14,0 1

Elysée-350 cylinder ARDS: ventilationmode 2 -12,0 -12,5 -11,4 1

Elysée-350 wall outlet COPD: ventilationmode 1 -12,5 -12,8 -12,2 1

Elysée-350 cylinder COPD: ventilationmode 1 -13,0 -13,5 -12,5

Elysée-350 wall outlet COPD:ventilationmode 2 -8,4 -8,9 -7,8

Elysée-350 cylinder COPD:ventilationmode 2 -8,1 -8,8 -7,4

Elysée-350 wall outlet Healthy lungs -11,9 -12,3 -11,6 1

Elysée-350 cylinder Healthy lungs -11,8 -12,2 -11,4 1 6

Servio-i wall outlet ARDS: ventilationmode 1 6,0 5,5 6,4

Servio-i cylinder ARDS: ventilationmode 1 -1,5 -1,9 -1,1

Servio-i wall outlet ARDS: ventilationmode 2 6,1 5,7 6,4

Servio-i cylinder ARDS: ventilationmode 2 3,7 3,3 4,1

Servio-i wall outlet COPD: ventilationmode 1 2,2 1,6 2,7

Servio-i cylinder COPD: ventilationmode 1 -0,4 -0,7 0,0

Servio-i wall outlet COPD:ventilationmode 2 2,1 1,9 2,4

Servio-i cylinder COPD:ventilationmode 2 -1,0 -1,4 -0,7

Servio-i wall outlet Healthy lungs 3,3 2,9 3,7

Servio-i cylinder Healthy lungs -1,4 -1,6 -1,2

Hamilton G5 wall outlet ARDS: ventilationmode 1 2,4 2,0 2,7

Hamilton G5 cylinder ARDS: ventilationmode 1 1,7 1,2 2,1

Hamilton G5 wall outlet ARDS: ventilationmode 2 3,9 3,6 4,3

Hamilton G5 cylinder ARDS: ventilationmode 2 3,6 3,3 3,9

Hamilton G5 wall outlet COPD: ventilationmode 1 8,1 7,8 8,4

Hamilton G5 cylinder COPD: ventilationmode 1 7,0 6,9 7,2

Hamilton G5 wall outlet COPD:ventilationmode 2 10,4 10,1 10,7 1 1

Hamilton G5 cylinder COPD:ventilationmode 2 8,9 8,2 9,5

Hamilton G5 wall outlet Healthy lungs 3,4 2,8 3,9

Hamilton G5 cylinder Healthy lungs 4,1 3,6 4,7
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Table C additional file: PEEP inaccuracies in all experiments

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in 
PEEP

95% CI 
upper

95% CI 
lower

mean 
%diff < or 
> 10%

number of PEEP 
inaccuracies/
ventilator

Hamilton Raphael color wall outlet ARDS: ventilationmode 1 -2,7 0,4 -5,9

Hamilton Raphael color wall outlet ARDS: ventilationmode 2 4,0 4,0 4,0

Hamilton Raphael color wall outlet COPD: ventilationmode 1 0,0 0,0 0,0

Hamilton Raphael color wall outlet COPD:ventilationmode 2 7,1 7,1 7,1

Hamilton Raphael color wall outlet Healthy lungs 7,4 17,8 -2,9

Hamilton Raphael color cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Hamilton Raphael color cylinder ARDS: ventilationmode 2 0,7 2,4 -0,9

Hamilton Raphael color cylinder COPD: ventilationmode 1 0,0 0,0 0,0

Hamilton Raphael color cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Hamilton Raphael color cylinder Healthy lungs 14,3 14,3 14,3 1 1

Dräger Oxylog 3000 wall outlet ARDS: ventilationmode 1 1,7 4,2 -0,9

Dräger Oxylog 3000 wall outlet ARDS: ventilationmode 2 0,0 0,0 0,0

Dräger Oxylog 3000 wall outlet COPD: ventilationmode 1 -2,7 7,1 -12,5

Dräger Oxylog 3000 wall outlet COPD:ventilationmode 2 1,8 4,6 -0,9

Dräger Oxylog 3000 wall outlet Healthy lungs 8,3 14,6 2,1

Dräger Oxylog 3000 cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Dräger Oxylog 3000 cylinder ARDS: ventilationmode 2 -4,6 -4,6 -4,6

Dräger Oxylog 3000 cylinder COPD: ventilationmode 1 -10,0 -2,5 -17,5

Dräger Oxylog 3000 cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Dräger Oxylog 3000 cylinder Healthy lungs 0,0 0,0 0,0

Medumat T3000 wall outlet ARDS: ventilationmode 1 -11,1 -11,1 -11,1 1

Medumat T3000 wall outlet ARDS: ventilationmode 2 8,6 10,6 6,6

Medumat T3000 wall outlet COPD: ventilationmode 1 0,0 0,0 0,0

Medumat T3000 wall outlet COPD:ventilationmode 2 14,9 17,9 11,9 1

Medumat T3000 wall outlet Healthy lungs 0,0 0,0 0,0

Medumat T3000 cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Medumat T3000 cylinder ARDS: ventilationmode 2 7,2 9,8 4,5

Medumat T3000 cylinder COPD: ventilationmode 1 20,2 24,4 16,1 1

Medumat T3000 cylinder COPD:ventilationmode 2 24,3 25,9 22,8 1

Medumat T3000 cylinder Healthy lungs 16,7 16,7 16,7 1 5

Hamilton C1 wall outlet ARDS: ventilationmode 1 0,0 0,0 0,0

Hamilton C1 wall outlet ARDS: ventilationmode 2 -1,5 0,8 -3,9

Hamilton C1 wall outlet COPD: ventilationmode 1 15,0 18,8 11,2

Hamilton C1 wall outlet COPD:ventilationmode 2 0,0 0,0 0,0

Hamilton C1 wall outlet Healthy lungs 0,0 0,0 0,0

Hamilton C1 cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Hamilton C1 cylinder ARDS: ventilationmode 2 -1,6 2,0 -5,2
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Table C additional file: PEEP inaccuracies in all experiments (continued)

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in 
PEEP

95% CI 
upper

95% CI 
lower

mean 
%diff < or 
> 10%

number of PEEP 
inaccuracies/
ventilator

Hamilton C1 cylinder COPD: ventilationmode 1 -12,0 -4,6 -19,4

Hamilton C1 cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Hamilton C1 cylinder Healthy lungs 0,0 0,0 0,0

Hamilton C2 wall outlet ARDS: ventilationmode 1 -11,1 -11,1 -11,1 1

Hamilton C2 wall outlet ARDS: ventilationmode 2 -5,0 -5,0 -5,0

Hamilton C2 wall outlet COPD: ventilationmode 1 0,0 0,0 0,0

Hamilton C2 wall outlet COPD:ventilationmode 2 0,0 0,0 0,0

Hamilton C2 wall outlet Healthy lungs -17,5 -8,9 -26,1 1

Hamilton C2 cylinder ARDS: ventilationmode 1 -11,1 -11,1 -11,1 1

Hamilton C2 cylinder ARDS: ventilationmode 2 -1,2 2,4 -4,7

Hamilton C2 cylinder COPD: ventilationmode 1 0,0 0,0 0,0

Hamilton C2 cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Hamilton C2 cylinder Healthy lungs -17,5 -8,9 -26,1 1 4

Elysée-350 wall outlet ARDS: ventilationmode 1 0,0 0,0 0,0

Elysée-350 wall outlet ARDS: ventilationmode 2 0,0 0,0 0,0

Elysée-350 wall outlet COPD: ventilationmode 1 0,0 0,0 0,0

Elysée-350 wall outlet COPD:ventilationmode 2 0,0 0,0 0,0

Elysée-350 wall outlet Healthy lungs 0,0 0,0 0,0

Elysée-350 cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Elysée-350 cylinder ARDS: ventilationmode 2 0,0 0,0 0,0

Elysée-350 cylinder COPD: ventilationmode 1 0,0 0,0 0,0

Elysée-350 cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Elysée-350 cylinder Healthy lungs 0,0 0,0 0,0

Servio-i wall outlet ARDS: ventilationmode 1 0,0 0,0 0,0

Servio-i wall outlet ARDS: ventilationmode 2 0,0 0,0 0,0

Servio-i wall outlet COPD: ventilationmode 1 0,0 0,0 0,0

Servio-i wall outlet COPD:ventilationmode 2 0,0 0,0 0,0

Servio-i wall outlet Healthy lungs 0,0 0,0 0,0

Servio-i cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Servio-i cylinder ARDS: ventilationmode 2 0,0 0,0 0,0

Servio-i cylinder COPD: ventilationmode 1 -17,5 -8,9 -26,1 1 1

Servio-i cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Servio-i cylinder Healthy lungs 0,0 0,0 0,0

Hamilton G5 wall outlet ARDS: ventilationmode 1 0,0 0,0 0,0

Hamilton G5 wall outlet ARDS: ventilationmode 2 1,0 2,4 -0,5

Hamilton G5 wall outlet COPD: ventilationmode 1 -25,0 -25,0 -25,0

Hamilton G5 wall outlet COPD:ventilationmode 2 0,0 0,0 0,0
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Table C additional file: PEEP inaccuracies in all experiments (continued)

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in 
PEEP

95% CI 
upper

95% CI 
lower

mean 
%diff < or 
> 10%

number of PEEP 
inaccuracies/
ventilator

Hamilton G5 wall outlet Healthy lungs 0,0 0,0 0,0

Hamilton G5 cylinder ARDS: ventilationmode 1 0,0 0,0 0,0

Hamilton G5 cylinder ARDS: ventilationmode 2 0,0 0,0 0,0

Hamilton G5 cylinder COPD: ventilationmode 1 0,0 0,0 0,0

Hamilton G5 cylinder COPD:ventilationmode 2 0,0 0,0 0,0

Hamilton G5 cylinder Healthy lungs 0,0 0,0 0,0

Table D additional file: Pplat inaccuracies in all experiments

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in 
Pplat

95% CI 
lower

95% CI 
upper

mean %diff 
< or > 
10%

number 
of Pplat 
inaccuracies/
ventilator

Servio-i muur ARDS: ventilationmode 1 -0,27 -0,88 0,34

Servio-i muur ARDS: ventilationmode 2 0,64 -0,1 1,38

Servio-i muur COPD: ventilationmode 1 0 0 0

Servio-i muur COPD:ventilationmode 2 1,18 1,18 1,18

Servio-i muur Healthy lungs 0 0 0

Servio-i fles ARDS: ventilationmode 1 2,7 2,7 2,7

Servio-i fles ARDS: ventilationmode 2 0 0 0

Servio-i fles COPD: ventilationmode 1 0 0 0

Servio-i fles COPD:ventilationmode 2 1,52 0,83 2,2

Servio-i fles Healthy lungs 0 0 0

Hamilton C1 muur ARDS: ventilationmode 1 0,32 -0,41 1,05

Hamilton C1 muur ARDS: ventilationmode 2 2,38 2,38 2,38

Hamilton C1 muur COPD: ventilationmode 1 -0,91 -2,28 0,46

Hamilton C1 muur COPD:ventilationmode 2 0 0 0

Hamilton C1 muur Healthy lungs 0,71 -0,9 2,33

Hamilton C1 fles ARDS: ventilationmode 1 2,26 1,14 3,38

Hamilton C1 fles ARDS: ventilationmode 2 2,38 2,38 2,38

Hamilton C1 fles COPD: ventilationmode 1 3,48 2,17 4,79

Hamilton C1 fles COPD:ventilationmode 2 1,51 0,94 2,08

Hamilton C1 fles Healthy lungs 0 0 0

Hamilton C2 muur ARDS: ventilationmode 1 0 0 0

Hamilton C2 muur ARDS: ventilationmode 2 2,33 2,33 2,33

Hamilton C2 muur COPD: ventilationmode 1 0 0 0

Hamilton C2 muur COPD:ventilationmode 2 0 0 0

Hamilton C2 muur Healthy lungs 0 0 0

Hamilton C2 fles ARDS: ventilationmode 1 0 0 0
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Table D additional file: Pplat inaccuracies in all experiments (continued)

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in 
Pplat

95% CI 
lower

95% CI 
upper

mean %diff 
< or > 
10%

number 
of Pplat 
inaccuracies/
ventilator

Hamilton C2 fles ARDS: ventilationmode 2 0 0 0

Hamilton C2 fles COPD: ventilationmode 1 0 0 0

Hamilton C2 fles COPD:ventilationmode 2 0 0 0

Hamilton C2 fles Healthy lungs 0 0 0

Hamilton G5 muur ARDS: ventilationmode 1 0 0 0

Hamilton G5 muur ARDS: ventilationmode 2 0 0 0

Hamilton G5 muur COPD: ventilationmode 1 -2,43 -3,04 -1,82

Hamilton G5 muur COPD:ventilationmode 2 -0,8 -1,41 -0,2

Hamilton G5 muur Healthy lungs -7,14 -7,14 -7,14

Hamilton G5 fles ARDS: ventilationmode 1 0 0 0

Hamilton G5 fles ARDS: ventilationmode 2 0 0 0

Hamilton G5 fles COPD: ventilationmode 1 -2,5 -3,13 -1,87

Hamilton G5 fles COPD:ventilationmode 2 -0,99 -1,82 -0,16

Hamilton G5 fles Healthy lungs -7,14 -7,14 -7,14

Medumat Weinmann muur ARDS: ventilationmode 1 -0,31 -1,02 0,39

Medumat Weinmann muur ARDS: ventilationmode 2 6,98 6,98 6,98

Medumat Weinmann muur COPD: ventilationmode 1 -3,46 -4,34 -2,59

Medumat Weinmann muur COPD:ventilationmode 2 7,43 6,15 8,7

Medumat Weinmann muur Healthy lungs -0,71 -2,33 0,9

Medumat Weinmann fles ARDS: ventilationmode 1 -0,9 -1,94 0,14

Medumat Weinmann fles ARDS: ventilationmode 2 0 0 0

Medumat Weinmann fles COPD: ventilationmode 1 -3,82 -6,11 -1,53

Medumat Weinmann fles COPD:ventilationmode 2 -3,63 -4,51 -2,76

Medumat Weinmann fles Healthy lungs 0 0 0

Hamilton Raphael color muur ARDS: ventilationmode 1 0 0 0

Hamilton Raphael color muur ARDS: ventilationmode 2 0,73 0,06 1,4

Hamilton Raphael color muur COPD: ventilationmode 1 -0,01 -0,84 0,81

Hamilton Raphael color muur COPD:ventilationmode 2 1,37 1,37 1,37

Hamilton Raphael color muur Healthy lungs 0 0 0

Hamilton Raphael color fles ARDS: ventilationmode 1 1,11 0,27 1,95

Hamilton Raphael color fles ARDS: ventilationmode 2 1,68 1,12 2,25

Hamilton Raphael color fles COPD: ventilationmode 1 0 0 0

Hamilton Raphael color fles COPD:ventilationmode 2 2,43 2,03 2,84

Hamilton Raphael color fles Healthy lungs 3,89 1,97 5,81

DrÃ¤ger oxylog 3000 muur ARDS: ventilationmode 1 1,21 0,09 2,33

DrÃ¤ger oxylog 3000 muur ARDS: ventilationmode 2 1,33 0,51 2,15
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Table D additional file: Pplat inaccuracies in all experiments (continued)

brand mode 
oxygen 
supply

lung/ventilations mode mean % 
diff in 
Pplat

95% CI 
lower

95% CI 
upper

mean %diff 
< or > 
10%

number 
of Pplat 
inaccuracies/
ventilator

DrÃ¤ger oxylog 3000 muur COPD: ventilationmode 1 0 0 0

DrÃ¤ger oxylog 3000 muur COPD:ventilationmode 2 1,12 -0,19 2,44

DrÃ¤ger oxylog 3000 muur Healthy lungs -1,43 -3,58 0,73

DrÃ¤ger oxylog 3000 fles ARDS: ventilationmode 1 0 0 0

DrÃ¤ger oxylog 3000 fles ARDS: ventilationmode 2 -4,76 -4,76 -4,76

DrÃ¤ger oxylog 3000 fles COPD: ventilationmode 1 -9,09 -9,09 -9,09

DrÃ¤ger oxylog 3000 fles COPD:ventilationmode 2 -0,2 -0,99 0,58

DrÃ¤ger oxylog 3000 fles Healthy lungs 0 0 0

Siame Elysee muur ARDS: ventilationmode 1 0 0 0

Siame Elysee muur ARDS: ventilationmode 2 -0,71 -1,54 0,11

Siame Elysee muur COPD: ventilationmode 1 -4,35 -4,35 -4,35

Siame Elysee muur COPD:ventilationmode 2 -3,53 -4,45 -2,61

Siame Elysee muur Healthy lungs 0 0 0

Siame Elysee fles ARDS: ventilationmode 1 2,86 2,86 2,86

Siame Elysee fles ARDS: ventilationmode 2 0 0 0

Siame Elysee fles COPD: ventilationmode 1 -3,91 -4,9 -2,93

Siame Elysee fles COPD:ventilationmode 2 -1,92 -1,92 -1,92

Siame Elysee fles Healthy lungs 0 0 0
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ABSTRACT

Background

Regionalization and concentration of critical care increases the need for interhospital 
transport. Despite the recognized safety issues of in-hospital patient and equipment hand 
offs, studies on a systematic, prospective analysis of those hand offs in interhospital 
critical care transports are lacking.

Rationale

The hypothesis of the present study was that safety checklist items based on Hospital 
Failure Mode Effect Analysis (HFMEA) with questionnaire guided implementation results 
in improved patient and equipment hand offs in interhospital critical care transport.

Methods

HFMEA was executed by a team of experts of the Mobile Intensive Care Unit, Academic 
Medical Center in Amsterdam. Risk Priority Numbers (RPN) using the 10-points scales 
were calculated. A pre-intervention questionnaire among critical care transport nurses 
and physicians was used to evaluate safety issues perceptions. Protocol adherence was 
observed before and after the introduction of a redesigned transport form including new 
patient and equipment hand off checklist items based on RPN’s. A pre-intervention work-
shop to refine the redesigned form was part of the implementation phase. An observed 
improvement of protocol adherence > 5 % was considered clinically significant.

Results

HFMEA identified 19 hand off items, six with RPN’s > 300. Seventeen out of 29 critical 
care transport nurses (59%) and 17 out of 17 intensivists (100%) completed the ques-
tionnaire. The verbal handover of the sending ICU was evaluated as incomplete by 12 
respondents out of 34 (35%), in the receiving ICU by 3 out of 34 (9%). Twenty nine out of 
34 respondents (85%) agreed on checklists would improve quality of critical care transports 
and 30 (88%) agreed on checklists making transports more structured. Twenty five interhos-
pital critical transports could be observed before and after the intervention (n=50 in total).

Ten out of nineteen items (53%) demonstrated an improvement in hand offs after the 
intervention whereas three items already showed the maximal positive scores before in-
tervention. Five out of six hand off items with RPN > 300 improved after the intervention.

Conclusions

The combination of HFMEA as a prospective risk analysis tool generating essential checklist 
items, a questionnaire guided implementation and a workflow supporting transport form 
results in improved patient and equipment hand offs in interhospital critical care transport.
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INTRODUCTION

Transport of critically ill patients is increasing most likely due to regionalization of intensive 
care in referral centers both in the US & Europe 1,2. Regionalization is supported by the 
association between volume and improved outcome in specialties such as critical care 
3. Interhospital critical care transport bears risks of clinical and technical events which 
should be outweighed against the individual benefit 4,5. Critically ill patients depends on 
invasive mechanical ventilation and vasopressive or inotropic medication which should 
be continued during transport. The risks associated with interhospital transports have 
been studied extensively and despite optimal escorting professionals and dedicated 
equipment i.e. Mobile Intensive Care Unit, the majority of events seems to be preventable 
6-8. Incidence rates of critical events during transport varies from 3 to 75% due to different 
definitions.Incidents due to deterioration of the clinical condition of a critical ill patient 
during transport are anticipated and weighted against its benefits. However, incidents 
due to equipment failure or incomplete patient hand off are considered preventable 9-12. 
Patient hand offs have been recognized to induce loss of information with substantial 
risk of patient harm. Numerous interventions to improve patient hand offs have been 
studied 13,14. Studies on safety tools (i.e. checklists) in order to prevent transport incidents 
focus on overall protocol compliance 15,16. However, effectiveness of checklist remains 
debated, especially if risk analysis and checklist fatigue are overlooked 17,18. Prospective 
risk analyses such as the Healthcare Failure Mode and Effect Analysis (HFMEA) have 
become an essential part in improving high risks health care environments. Such an 
analysis identifies key factors or process steps where focus on safety would realize the 
most effective results 19-21.

The hypothesis of the present study was that thoroughly implemented safety checklist 
items based on HFMEA results in improved patient and equipment hand offs in interhos-
pital critical care transport.

METHODS

Context

This before-after study was executed in the Mobile Intensive Care Unit (MICU) based at 
the Academic Medical Center, University of Amsterdam, Netherlands. The interhospital 
transports were executed in a ground critical care ambulance in combination with a 
MICU-trolley for mechanically ventilated patients with or without circulatory support (fig 
1.)22. All transports between Intensive Care Units (ICU) of hospitals nationwide were 
included. Emergency transports defined as interhospital transport from emergency depart-
ments for rescue therapy elsewhere were excluded. The annual number of transports is 



Chapter 7

120

approximately 350 and the escorting team comprises a critical care nurse and physician. 
All critical care transport nurses and physicians were members of the ICU staff in the 
Academic Medical Center. The staff of the MICU (32 critical care nurses, 13 intensivists) 
was informed about the study on improvement patient safety with focus on hand off 
during critical care transports.

Figure 1. The Mobile Intensive Care Unit (MICU, trolley and ambulance) & escorting team, Academic 
Medical Center, University of Amsterdam.
An online videoclip illustrates the process of interhospital MICU transport: http://tinyurl.com/MICU-video

Interventions

HFMEA
The prospective risk analysis team consisted of three intensivists and a critical nurse, all 
with at least 5 year experience in critical care transport. The team defined patient and 
equipment hand offs as the topic of HFMEA which were depicted in a flow chart includ-
ing all identified patient and equipment hand offs during the entire transport process. 
The pre-initial step of accepting an interhospital transport request by the sending hospital 
was ignored in the HFMEA. The HFMEA was executed using the 10-point scales to 
assign scores and calculate the risk priority number (RPN) as the product of the scores of 
frequency x severity x safeguard21. The severity scale from ranged from 1 (near miss, no 
harm) to 10 (catastrophic event, death or serious injury), frequency scale from 1 (failure 
rate 1:10.000) to 10 (failure rate 1:10), and safeguard scale from 1 (almost certain to 
detect) to 10 (absolute uncertainty to detect in time for intervention) 21.
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questionnaire
At baseline before the checklist intervention the escorting team of a critical care nurse 
and intensivist were asked to fill out the MICU Patient Safety System (MICU-PASS) 
questionnaire to evaluate their perceived safety after each transport and their opinion 
on introducing a checklist to improve this. The questionnaire was developed based on 
Hospital Survey on Patient Safety Culture and included 4 sections: safety perception 
of the specific critical care transport, teamwork, handoffs, opinion on checklist and 
background information (i.e. experience in critical care transports)23. Both closed and 
scoring questions were used, the latter with a five-point Likert scale (ranging from strongly 
disagree to strongly agree).

Checklist items
Based upon RPN’s, checklist items were defined by the FMEA team in order to improve 
patient and equipment hand offs. The original critical care transport form including 
registration items (i.e. vital signs, ventilator settings) was redesigned and enriched with 
checklist items based on calculated RPN’s to avoid multiple forms. After analysis the re-
sults of the MICU-PASS questionnaire a one hour team workshop for critical care transport 
nurses was organized to fine tune the new form including new checklist items and was 
followed up by email communication to implement the redesigned final transport form 24.

Study of the intervention

Observations of correct execution of check list items at baseline and after introduction of 
the redesigned transport form was chosen as surrogate endpoints. Observations were 
performed by a trained observer and each check list item, covering a critical hand off 
step in the entire transport process, was scored yes if executed accordingly or no if not. 
Two observers, medical research students, were trained as member of the FMEA-team 
and during three supervised transports in observing the entire MICU-process and scoring 
all hand off items, from preparation including trolley check, equipment checks during 
ambulance ride, hand offs in sending and receiving hospitals until final documentation 
after disinfection / replenishing the MICU-trolley at home base. The observer was present 
during the entire transport and not part of the escorting team. At baseline the observers 
collected and evaluated the questionnaires results before the intervention. Results of the 
questionnaires were used to adjust the implementation workshop.

Analysis

The RPN’s as results of the HFMEA were analyzed and included as checklist items in the 
work flow of the redesigned transport form by the FMEA team.

A kappa value was determined to assess agreement between nurses and intensivists’ 
responses to the MICU-PASS questionnaire to allow for pooled analysis and > 0.7 
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was defined as acceptable. Baseline characteristics of the transported patients and the 
scored observations at base line and after intervention were summarized using descrip-
tive statistics. A positive observation was “yes” scored after correct execution of a check 
list item. All yes/no observations before and after the intervention were analysed and 
percentage difference (number of positive observations after intervention minus number 
before intervention / number before intervention x 100) > 5% was considered clinically 
significant.

Continuous variables were expressed as median with their 25th and 75th percentiles, 
whereas categorical variables were expressed as number and their percentage differ-
ences (number after minus number before / number before). Reporting was according to 
SQUIRE (Standards for Quality Improvement Reporting Excellence) 25

Ethical considerations
The local Medical Ethics Committee waived the need for informed consent according to 
Dutch Act on Research Involving Human Subjects. The observations of incomplete hand 
offs were not discussed with the transport team nor the teams in the sending or receiving 
hospital.

RESUlTS

HFMEA

The HFMEA proces map of all patients and equipment hand offs is depicted in figure 2. 
Fourteen hand off items could be identified, RPN’s were calculated and summarized in 
table 1. Six items were identified with RPN’s above 300. Five of those were equipement 
hand offs before departure of the base station and after transport and one was the 
patient information hand off concerning the intravascular lines.
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Critical care transport 
request by sending ICU 
granded by MobileICU

Medical and nursing 
handoffs in sending 
hospital

Interhospital 
critical care transport 

Ambulance check

MobileICU
equipment check

- IC-trolley disposables & emergency drugs complete
- Electric equipment fully charged
- Mechanical ventilator & cardiovascular monitor functional
- Oxygen and pressurized air supply on trolley sufficient

- Ambulance electrical power and gas supply sufficient

- Continuous iv medication complete (sending ICU to team)
- Intravascular lines complete (sending ICU to team)
- Ventilator settings complete (sending ICU to team)
- Feeding information complete (sending ICU to team)
- Discharge letter & digital imaging present (sending ICU to team)

Medical and nursing 
handoffs in receiving
hospital

End of transport 
equipment check

- IC-trolley disinfected 
- IC-trolley disposables & emergency 
- drugs replenished
- IC-trolley on 220 V wall-outlet
- Gas supply replenished

- Same items as in sending ICU:   
team to receiving ICU

Figure 2. HFMEA process of hand off steps in interhospital critical care transport

questionnaire

Seventeen out of 29 critical care transport nurses (59%) and 17 out of 17 intensivists 
(100%) completed the questionnaire after their interhopsital transport, resulting in 34 
questionnaires. With a kappa of .81 the agreement between nurses and intensivists was 
considered acceptable to report overall results. No critical incidents were reported in 
34 questionnaires. Twenty two out of 34 respondents (65%) have executed > 50 critical 
care transports, 8 respondents (24%) < 25 transports. Nineteen of 34 respondents (56%) 
agreed and 8 respondents (24%) totally agreed with the transport being optimal, 4 
respondents (12%) disagreed. The verbal handover of the sending ICU was evaluated as 
incomplete by 12 respondents out of 34 (35%), in the receiving ICU by 3 out of 34 (9%). 
Cooperation with sending and receiving ICU was evaluated as optimal by 25 (74%) and 
26 out of 34 respondents (77%) respectively. Twenty nine out of 34 respondents (85%) 
agreed or totally agreed that checklists would improve quality of critical care transports 
and 30 (88%) agreed or totally agreed on checklists making critical care transports more 
structured. After analysis the questionnaires results did not induced adjustments in the 
implementation workshop.

Checklist items

Fourteen hand off items identified by FMEA were included in the redesigned transport 
form (electronic supplementary file). Five hand off items were executed twice, both in the 
sending and receiving hospital (from the sending ICU to transport team & from transport 
team to receiving ICU) resulting in a total of nineteen hand off items per transport.
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Before / after intervention

Twenty five interhospital critical transports could be observed before and after implementa-
tion of the redesigned transport (n=50 in total). Observation time took aproximately 175 
h (mean transport time of 3.5 h including preperation, replenishment and documentation).

The median [25th–75th] age of the transported patients was 63.5 years [50.5-72.0]. 
Reasons for admission were medical (n=31), surgical (n=13) or neurological (n=6). The 
indications of transport were expertise in referal center (n=33), return to primary hospital 
(n=11) or lack of ICU-beds (n=6). The median length of transport distance was 30.0 km 
[16.0-50.5] and the median transport time 70.0 min [60.0-90.0].

Table 1. Risk Priority Numbers of process items in patients and equipment hand offs

Severity 1 Likelihood 2 Detection 3 Risk Priority 
Number (RPN)

Equipment check before departure base station
1 IC-trolley disposables & emergency drugs incomplete 10 6 10 600
2 Electric equipment not fully charged 10 6 8 480
3 Mechanical ventilator or cardiovascular monitor out of order 10 6 8 480
4 Oxygen and pressurized air supply on trolley insufficient 10 2 4 80

Equipment check in ambulance before departure
5 Ambulance electrical power and gas supply out of order 4 4 4 64

verbal handover inhospital (in addition to transport form)
6 Continuous iv medication incomplete, in sending hospital 2 10 4 80
7 same, in receving hospital
8 Intravascular lines incomplete, in sending hospital 8 4 10 320
9 same, in receving hospital
10 Mechanical ventilation settings (type, FiO2, VT/Pmax, PEEP, RR) 

incomplete, in sending hospital
2 10 4 80

11 same, in receving hospital
12 Feeding settings incomplete, in sending hospital 4 8 2 64
13 same, in receving hospital

written handover in sending and receiving hospital
14 Discharge letter (medical, nursing) & digital images absent, in 

sending hospital
6 6 2 72

15 same, in receving hospital
Equipment check after transport

16 IC-trolley not disinfected 8 4 10 320
17 IC-trolley disposables & emergency drugs left incomplete 10 6 2 120
18 IC-trolley not on 220 V wall-outlet 10 6 2 120
19 Gas supply not replenished 10 6 2 120
1 severity scale from ranged from 1 (near miss, no harm) to 10 (catastrophic event, death or serious injury)
2 frequency 10-points scale ranged from score 1 (failure rate 1:10.000) to 10 (failure rate 1:10)
3 safeguards scale from 1 (almost certain to detect) to 10 (absolute uncertainty to detect in time for interven-
tion)
red numberd items: patient information hand offs / blue: equipment hand offs
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The scored positive observations of hand off items (n=19) are summarized in figure 
3. Ten out of nineteen items (53%) demonstrated an improvement in hand offs after the 
intervention whereas three items already showed the maximal positive scores before 
intervention. Five out of six hand off items with RPN > 300 demonstrated improvement 
after intervention and one item (“IC-trolley disinfected after transport”, RPN 320) showed 
positive score in 25 transports before the intervention. One out of nineteen items (“ventila-
tor settings complete, sending ICU to team”) demonstrated a detorioration of -20% in 
positive observations.

Gas supply replenished (RPN = 120)  

IC-trolley on 220 V wall-outlet (RPN = 120)  

IC-trolley disposables & emergency drugs replenished (RPN = 120)  

IC-trolley disinfected after transport (RPNP = 320)  

Discharge letter & digital imaging present (team to receivingICU) (RPN = 72)   

Discharge letter & digital imaging present (sending ICU to team) (RPN = 72)   

Feeding information complete (team to receiving ICU) (RPN = 64)  

Feeding information complete (sending ICU to team) RPN = 64)  

Ventilator settings complete (team to receiving ICU) (RPN = 80)  

Ventilator settings complete (sending ICU to team) (RPN = 80)  

Intravascular lines complete (team to receiving ICU) (RPN = 320)  

Intravascular lines complete (sending ICU to team) (RPN = 320)  

Continuous iv medication complete (team to receiving ICU) (RPN = 80)  

Continuous iv medication complete (sending ICU to team) (RPN = 80)  

Ambulance electrical power and gas supply sufficient (RPN = 64)  

Oxygen and pressurized air supply on trolley sufficient (RPN = 80)  

Mechanical ventilator & cardiovascular monitor functional (RPN = 480) 

Electric equipment fully charged (RPN = 480)  

IC-trolley disposables & emergency drugs complete (RPN = 600 **)  

after
before

Observations of patients and equipment hand off's during critical care transports
before and after check list implementation

+40% *

+60% *

+16% *

+32% *

+24% *

+64% *

-20% *

+16% *

+8% *

+8% *

+16% *

10 20

number of positive observations

Figure 3. Observations were made during n=25 transports before and during n=25 transports after check 
list implementation. A positive observation was “yes” scored after correct execution of a check list item, 
depicted on Y-axis.
* > +/- 5% = clinically significant
** RPN = Risk Priority Number (product of the scores of frequency x severity x safeguard. The severity scale 
from ranged from 1 (near miss, no harm) to 10 (catastrophic event, death or serious injury), frequency scale 
from 1 (failure rate 1:10.000) to 10 (failure rate 1:10), and safeguard scale from 1 (almost certain to 
detect) to 10 (absolute uncertainty to detect in time for intervention)

DISCUSSION

The present study demonstrates four major findings: i) HFMEA is supportive in clarifying 
and quantifying critical hand offs of interhospital critical care transport, ii) incorrect equip-
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ment hand offs might endanger patient safety significantly in respect to patient hand offs, 
iii) a questionnaire on quality improvement measures is helpful in the pre-implementation 
phase of introducing another checklist in the critical care environment and iii) essential 
checklist items within a designed form supporting workflow results in improved protocol 
adherence.

The demand for interhospital critical care transports is increasing due to regional-
ization in healthcare driven by expected or established improved outcome 2,3. These 
transports bares essential risks for critical events due to the high complex and changing 
environment in combination with vulnerable, critically ill patients 4,6. Studies on reducing 
these risks focused on specialized retrieval teams and equipment like a Mobile Intensive 
Care Unit in combination with a dedicated ICU-ambulance, as used in the present study 
1,5,9,11,22,26. But even with the use of dedicated teams and equipment these risks are 
not eliminated 2,22,26. Although patient hand offs are well recognized high risk process 
steps, research on how to improve these scientifically seems to be limited to hospitals. In 
a Dutch multicenter study among low risks surgical patients the introduction of a system 
of checklists decreased mortality from 1.5% to 0.8% 13. These results initiate checklists 
implementation in many departments with conflicting results on its effectivity 18,27. A study 
on the effect of a checklist on hand offs from operating room to ICU demonstrated a 
significant increased attention on critical items in hand offs 14. Improving critical care 
transports with checklist focused mainly on intrahospital transports. Checklist items are 
integrated with vital signs & ventilator settings documentation to fit the flow of work as 
was done in the present study 15,16,24. A study by Brunsveld e.a. described a method 
how to develop such a transport checklist 16. A prominent difference with the present 
study is their absence of the double patient hand offs (sending hospital to team and 
team to receiving hospital) for their ICU-nurses and physicians were also escorting the 
intrahospital transport.

Development of check lists items in literature lack a systemic approach of a standard-
ized prospective risk analysis. Their methods rely on review of published intrahospital 
checklists in combination with a modified retrospective analysis of documented incidents. 
A clear disadvantage of such a retrospective approach is observation time which could 
have been too limited to encounter a catastrophic but preventable incident. The use of 
HFMEA is growing slowly including its application in acute care departments (19, 20, 
27). Although time consuming and requiring in-depth multidisciplinary expertise of the 
process of interest, the classical RPN calculation within HFMEA has demonstrated to 
identify critical risks in hand offs more accurately compared to more simplified method 21.

Another prominent feature of interhospital transport is the high RPN’s in equipment 
handoffs. It is obvious that dependency on critical care equipment during an ambulance 
ride is significant higher compared to intrahospital transport. Critical events could then 
be solved with more easily with timely supplied backup equipment.
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Our study shows that a prospective risk analysis as HFMEA could serve as a system-
atic and essential first step to develop check lists items, demonstrated in interhospital 
critical care transport. This analysis should be followed by a thorough implementation 
process of checklist items incorporated in a workflow driven, preferably one-sided single 
sheet transport form 24. And finally, its proper use should be evaluated demonstrating 
improved protocol adherence. Another aspect of checklists is not merely adherence 
to certain protocol items by simple not forgetting things. The overall team focus on the 
process itself might be a crucial factor to enhance patient safety 28. Despite the growth in 
checklists in the critical care environment our results demonstrate that a multidisciplinary 
team approach to hand offs might overcome the problem of checklist fatigue 29.

Nevertheless, our study suffers from several limitations. Firstly, executing all checklist 
items in the form as the outcome of the intervention in our study is a surrogate endpoint. 
Decrease in critical events during transport or outcome after transport might reflect the true 
effects of checklist and protocols. However, due to low incidence of near fatal incidence 
this seems unfeasible in practice. To overcome this issue in safety management is to 
combine prospective with retrospective risk analyses 19.

Secondly, the Hawthorne effect of the intervention, either the new checklists itself 
including its implementation focus or the observer during transports might have influenced 
the results. The impracticability of studying protocol adherence in interhospital transport 
without direct observation of recordings is clear. Effort should be made to guarantee that 
positive results of quality improvements will become part of intrinsic standard operational 
procedures. Thirdly, no time-interrupted measurements were performed to demonstrate 
such a sustainable effect on protocol adherence. The time consuming nature of observa-
tions combined with unpredictable time frames of critical care transports prohibits simple 
secondary or even tertiary evaluations of the intervention. Timely quality checks as part 
of a broader quality management system should solve this issue of sustainable improve-
ments in interhospital transport besides patient and equipment hand offs.

Checklists are just one of many quality and safety improvements with its recognized 
short comings including checklist fatigue and perceived loss of professionalism 17. After 
evaluating RPN’s our FMEA-team thoroughly analysed possible new technical innovations 
to improve patient or equipment hand offs but concluded that technical options have 
run out. Multiple technical updates of the MICU-trolley already were implemented in the 
past. The use of sealed compartments, for example, containing disposable material and 
medication, improved quality and simultaneously reduced time of the routine equipment 
check by the team before and after transport. Additionally, part of standard operational 
procedure scheduled became a weekly, thorough cleaning and check of the entire trolley 
including a visible date stamp of this check to the trolley for double check by the next 
user. Consequently, equipment check by the team before departure could focus on hand 
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offs with the highest RPN, i.e. equipment compartments sealed and electric equipment 
fully charged and operational.

In conclusion, the combination of HFMEA as a prospective risk analysis tool generat-
ing essential checklist items and a workflow supporting transport form results in improved 
hand offs in interhospital critical care transport.

In transport, HFMEA revealed that special focus should be put on equipment besides 
patient hand offs. The effects of these improved hand offs should be monitored regularly 
by retrospective risk analyses. Future research should focus on integrating HFMEA in 
critical care risk management.
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SUPPlEMENTARy FIlE:

1. MICU PASS Questionnaire En version
2. critical care transport form Mobile ICU, AMC Amsterdam (including new checklist 

items) copyright 2016 MICU

MICU- PAtient Safety System (PASS) Questionnaire

Date of transport:

A. Quality of MICU-transport Strongly disagree Disagree Neutral Agree Strongly agree

1.a The quality of my last MICU-transport was optimal. ₂ ₂ ₂ ₂ ₂

b. If answered 1, 2 of 3, what might have been the reason?

2. Was there any critical incident during transport? yes / No

B. Teamwork and patient-info hand off: Strongly disagree Disagree Neutral Agree Strongly agree

1. Teamwork with sending hospital crew was optimal. ₂ ₂ ₂ ₂ ₂

2. Verbal hand off by sending hospital crew was complete. ₂ ₂ ₂ ₂ ₂

3. Written/digital hand off by sending hospital crew was 
complete.

₂ ₂ ₂ ₂ ₂

4. Teamwork with receiving hospital crew was optimal. ₂ ₂ ₂ ₂ ₂

5. Ik beoordeel de mondelinge overdracht in het ontvangend 
ziekenhuis als compleet.

₂ ₂ ₂ ₂ ₂

C. Checklist Strongly disagree Disagree Neutral Agree Strongly agree

1. Vital clinical information is frequently lost by hand offs from 
hospital to hospital.

₂ ₂ ₂ ₂ ₂

2. Use of checklist items will improve patient and equipment 
hand offs.

₂ ₂ ₂ ₂ ₂

3. A checklist will optimize the structure of the critical care 
transport

₂ ₂ ₂ ₂ ₂

D. Background

1. What is your ICU position? ₂ ICU-nurse ₂ intensivist

2. Number of MICU-transports you escorted? ₂ 0-25 transport ₂ 25- 50 ₂ > 50
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The increased use of interhospital critical care transports from regional to referral hospi-
tals is considered to be caused by regionalization of care. Risks associated with critical 
care transports are significant and reduced by using expertise and dedicated equipment. 
In the Netherlands, such transports were professionalized by a nationwide system of 
Mobile Intensive Care Units (MICU) with special retrieval teams, advanced mobile equip-
ment and the use of dedicated IC-ambulances in the last decade.

This thesis comprises studies on technical and clinical aspects of interhospital critical 
care transport by a Mobile Intensive Care Unit.

New technology including ICT have been introduced in critical care transport to 
improve its quality and efficiency. Mobile phone technology enables telemedicine in criti-
cal care including remote monitoring by additional expertise to support clinical decision 
making. Introduction of new ICT in the field of critical care medicine and interhospital 
transport is scarcely accompanied by studies on safety of the technology itself.

In chapter two, electromagnetic interference (EMI) by second- and third-generation 
mobile phones on critical care medical equipment was assessed. Two type of signals 
(General Packet Radio Service (GPRS) and Universal Mobile Telecommunications System 
(UMTS) were investigated using maximal transmittance power as might happen in daily 
practice. Those signals were generated under controlled conditions in the proximity of 
61 medical devices. A new clinical classification of events was defined to evaluate EMI 
with focus on patient safety instead of technical definitions. A total of 61 medical devices 
in 17 categories were investigated ranging from infusion pumps and mechanical ventila-
tors to hospital beds and external pacemakers. Twenty six devices (43%) demonstrated 
48 incidents. These were classified as light (25%), significant (42%) or hazardous (33%). 
Hazardous was defined as “direct physical influence on the patient by an unintended 
change in equipment function”, e.g. total stopping of a mechanical ventilator or syringe 
pump. In 2007, the GPRS signal was used for data transfer in GSM networks and 
induced the most EMI incidents (41%). 3G technology like the UMTS signal induced 
13% of the incidents. The median distance between antenna and medical device for 
EMI incidents was 3 cm but ranged from 0.1 to 500 cm. One hazardous incident 
occurred in a mechanical ventilator at 300 cm. Critical care equipment appeared to be 
still vulnerable to EMI by new-generation wireless telecommunication technologies but 
most incidents occurred around 3 cm. The policy to keep mobile phones 1 meter from 
the critical care bedside in combination with easily accessed areas of unrestricted use 
still seems warranted.

Auto identification techniques, e.g. Radio Frequency Identification (RFID) have many 
applications in everyday life including security access cards, electronic toll collection and 
antitheft clips in retail clothing. Automated wireless bedside patient identification would 
enhance patient safety, i.e. medication or blood transfusion management, and render 
barcode scanning obsolete. A RFID antenna (e.g., anti-theft posts at shop entrances) is 
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continuously transmitting radio signals which creates an electromagnetic field. If a cor-
responding RFID tag enters this field, it is activated and able to identify itself. Difference 
between passive and active tags is that the latter is battery-driven. This enables it, apart 
from self-identification, to collect data like temperature or humidity outside the electro-
magnetic field of the corresponding antenna. However, electromagnetic interference 
of this field could especially endanger a moving object. A MICU trolley with lifesaving 
equipment might enter such a RFID-field.

In chapter three, electromagnetic interference (EMI) by RFID on medical devices was 
studied for the first time. A new clinical classification of events with focus on patient 
safety was used. Two different RFID systems transmitted at maximal output were tested 
according to an international test protocol in the proximity of 41 medical devices in 17 
categories. The passive 868-MHz RFID signal induced a higher number of incidents (63%) 
compared with the active 125-kHz RFID signal (20%). The median distance between the 
RFID antenna and the medical device was 30 cm, ranging from 0.1 to 600 cm. It was 
demonstrated that RFID could induce potentially hazardous incidents in medical devices. 
Therefore, implementation of RFID in the critical care environment should require on-site 
EMI tests and updates of international standards of medical devices.

The use of specialized retrieval teams and dedicated equipment are thought to reduce 
the risks related to interhospital critical care transport. Clinicians weigh those risks against 
its potential benefit for each individual critically ill patient. Assessment of the patient’s 
clinical condition by an intensivist includes the degree of , for example, dependence 
on invasive mechanical ventilation or supportive cardiovascular medication. This finally 
leads to a “fit or not fit” to transport verdict. The decision process is executed without 
clear guidelines or definitions on clinical stability. In chapter four, the relative importance 
of clinical and transport-related factors in this physicians’ decision process were as-
sessed. The medical heads of all 95 ICUs in the Netherlands were surveyed with a 
questionnaire using 16 case vignettes to evaluate preferences for transportability; 78 
intensivists (82%) participated. The vignettes were descriptions of critically ill patients. 
Within those 16 vignettes, eight factors with regard to severity of illness and transport 
conditions varied. By use of conjoint analysis, the relative weights of those factors in the 
decision process could be objectified. The type of escorting personnel (e.g., paramedic 
only) and transport facilities (e.g., standard ambulance) had the most negative effect on 
preference for transportability. Determinants reflecting severity of illness turned out to be of 
relative minor importance (e.g., dose of vasopressor medication, arterial oxygenation). 
Age, cardiac arrhythmia, and the indication for transport had no significant effect. When 
escorting personnel and transport facilities are optimal, even severely critically ill patients 
are considered able to undergo interhospital transport. Further clinical research should 
tailor transport conditions to optimize the use of expensive resources in those inevitable 
road trips.
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Despite circumstantial evidence of the beneficial effect of specialized retrieval teams, 
optimal staffing of ground critical care transport has not been evaluated. In chapter five, 
the results are reported of the first prospective, randomized, open-label, blinded-endpoint 
non-inferiority trial in interhospital ground critical care. Transported patients were random-
ized between transport staffed by a dedicated team comprising a critical care nurse and 
paramedic (nurses group) or a dedicated team including a critical care physician (nurses 
+ physician group). The primary outcome was the number of patients with critical events, 
both clinical and technical, during transport. Clinical events included decrease in blood 
pressure, oxygen saturation, or temperature, blood loss, new cardiac arrhythmias, or 
death. Those events were recorded by an electronic health record in addition to written 
documentation to include those events who might have been overlooked. Patients were 
randomized and allocated to the nurses group (n = 147) or nurses + physician group 
(n = 151). In the nurses group, a critical care physician accompanied every transport 
for safety reasons but was not physically present in the patient compartment of the 
ambulance to avoid unsolicited medical advice or intervention.

The percentages of patients with critical events were 16.3 % (24 incidents in 147 
transports) in the nurses group and 15.2 % (23 incidents in 151 transports) in the nurses 
+ physician group, not statistically significant for non-inferiority. Critical events occurred 
in both groups at a higher than the expected (0–1 %) rate. In the nurses group consulta-
tions for physician assistance were requested in 8.2 % (12 in 147 transports), all of 
which were performed prior to transport. It was concluded that the number of patients 
with critical events did not markedly differ between critical care transports staffed by a 
critical care nurse and paramedic compared to a team including a critical care physi-
cian. However, as a result of an unexpected higher rate of critical events in both groups 
recorded by an electronic health record, non-inferiority of nurse-led interhospital critical 
transport could not be established.

A definitive answer on the appropriate patient selection and team composition might 
arise from larger multi-center trials or meta-analysis. Until then, the results might not change 
the present policy of physicians escorting critical care transports in Western Europe and 
could fuel the discussion on critical care paramedics in the US.

Given the dependency of critically ill patients on mechanical ventilation, it is of vital 
importance that transport ventilators perform at the same level as ICU ventilators. In 
chapter six, accuracy of six new generation transport ventilators were assessed under 
different simulated pulmonary conditions, ventilator settings and modes of oxygen sup-
ply. Two ICU ventilators were tested as references. The pulmonary conditions simulated 
healthy lungs, Acute Respiratory Distress Syndrome (ARDS) and Chronic Obstructive 
Pulmonary Disease (COPD). Accuracy of tidal volume (VT) was measured by a calibrated 
pneumotachograph.
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Inaccuracy in VT delivery was demonstrated mainly in gas-driven transport ventila-
tors (Medumat Transport 66010 in 8 of 10 experiments, 80%, Oxylog3000 in 70%, 
Hamilton Raphael 350 in 40%) as well in one turbine-equipped ventilator (Elisée 350 
in 60%). Pulmonary conditions (healthy, ARDS or COPD) did not consistently influence 
inaccuracy in VT. The impact of oxygen supply by cylinder on VT inaccuracy was present 
only in two gas-driven ventilators under ARDS-conditions. It was concluded that transport 
ventilators differ in accuracy of delivering tidal volume demonstrating better performance 
in turbine-equipped models. The use of gas-driven ventilators in critical care transport 
should be questioned considering their performance even though its present use in some 
MICU’s in the Netherlands.

Despite the recognized safety issues of in-hospital patient and equipment hand offs, 
studies in interhospital critical care transports of those hand offs are lacking. In chapter 
seven, Hospital Failure Mode Effect Analysis (H-FMEA) with a questionnaire guided 
implementation to improve patient and equipment hand offs in interhospital critical care 
transport are studied. H-FMEA of all hand offs in the MICU process was performed by 
a multidisciplinary team of experts. They assigned scores and calculated risk priority 
numbers (RPN) of hand offs: scores of frequency times severity times safeguard. The 
severity scale, for example, from ranged from 1 (near miss, no harm) to 10 (catastrophic 
event, serious injury or death). A pre-intervention questionnaire among critical care 
transport nurses and physicians was used to evaluate safety issues perceptions. Protocol 
adherence was observed before and after the introduction of a redesigned transport 
form including new patient and equipment hand off checklist items. A majority of the 
questionnaire respondents (85%) agreed on the statement that checklists would improve 
quality of critical care transports. Twenty five interhospital critical transports could be 
observed before and after the intervention (n=50 in total). Ten out of nineteen items 
(53%) demonstrated an improvement in hand offs after the intervention, whereas three 
items already showed maximal positive scores before intervention. Five out of six hand 
off items with high RPN scores (> 300, considered as clinically most important) improved 
after intervention.

It is appreciated that the combination of H-FMEA, a questionnaire guided implementa-
tion and a transport form which supports workflow, resulted in improved patient and 
equipment hand offs in interhospital critical care transport.
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Het toegenomen gebruik van interklinisch Intensive Care (IC) transport tussen regionale en 
verwijsziekenhuizen (topklinische en academische centra) lijkt veroorzaakt door region-
alisatie van zorg. Risico’s die gepaard gaan met IC-transport zijn aanzienlijk en worden 
verminderd door het gebruik van expertise en specifieke apparatuur. In Nederland is 
dit transport het afgelopen decennium geprofessionaliseerd met een landelijk dekkend 
netwerk van Mobiele Intensive Care Units (MICU) met speciale begeleidingsteams, 
mobiele apparatuur en het gebruik van speciale IC-ambulances. Dit proefschrift omvat 
studies naar technische en klinische aspecten van interklinisch IC-transport met een MICU.

Nieuwe technologie, waaronder ICT, wordt geïntroduceerd binnen IC-transport om 
daarmee de kwaliteit en efficiëntie te verbeteren. Mobiele telefonie technologie maakt 
telemedicine binnen IC geneeskunde mogelijk, het op afstand bewaken door aanvul-
lende expertise om zo klinische besluitvorming te ondersteunen. Introductie van nieuwe 
ICT binnen IC geneeskunde en transport wordt echter nauwelijks vergezeld door studies 
over de veiligheid van deze techniek zelf. In hoofdstuk twee wordt de elektromag-
netische interferentie (EMI) van tweede en derde generatie mobiele telefonie op IC 
apparatuur onderzocht. Twee soorten signalen (General Packet Radio Service (GPRS) en 
Universal Mobile Telecommunications System (UMTS) werden onderzocht met maximaal 
stralingsvermogen zoals dat in de dagelijkse praktijk zou kunnen plaatsvinden. Deze 
signalen werden onder gecontroleerde omstandigheden gegenereerd in de nabijheid 
van 61 medische apparaten. Er werd een nieuwe klinische classificering van incidenten 
opgesteld om EMI te evalueren met het oog op patiëntveiligheid in plaats van technische 
definities. In totaal werden er 61 medische apparaten in 17 categorieën onderzocht, 
variërend van infuuspompen en beademingsapparatuur tot ziekenhuisbedden en externe 
pacemakers.

Zesentwintig apparaten (43%) toonden 48 incidenten. Deze weren geclassificeerd als 
ongevaarlijk (25%), significant (42%) of gevaarlijk (33%). Gevaarlijk werd gedefinieerd 
als “directe fysieke invloed op patiënt door een onbedoelde verandering in het functio-
neren van apparatuur” zoals het stoppen van beademingsapparaat of infuuspomp. In 
2007 werd het GPRS-signaal gebruikt binnen het GSM-netwerk voor data-overdracht en 
veroorzaakte de meeste EMI-incidenten (41%). 3G technologie zoals het UMTS signaal 
veroorzaakte 13% van de incidenten. De mediane afstand tussen antenne en medisch 
apparaat tijdens EMI incidenten was 3 cm maar varieerde tussen 0.1 tot 500 cm. Een 
gevaarlijk incident trad op in een beademingsapparaat op 300 cm afstand. IC-appa-
ratuur bleek storingsgevoelig voor EMI door nieuwe generatie mobiele telecommunicatie 
technologie maar de meeste incidenten traden op rond de 3 cm. Het beleid om mobiele 
telefoons op ten minste 1 meter van het IC-bed weg te houden blijkt nog steeds geldig in 
combinatie met makkelijk toegankelijke gebieden zonder telefonieverbod.

Automatische identificatie technieken zoals Radio Frequency Identification (RFID) 
kennen vele toepassingen in het dagelijks leven zoals toegangsbadges, elektronische 
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tolpoorten en anti-diefstal clips in kleding. Mobiele automatische patiënten identificatie 
aan het bed zou patientveiligheid sterk kunnen verbeteren, b.v. tijdens medicatie- en 
bloedtransfusietoediening, en maakt het barcodes scannen overbodig. Een RFID antenne 
(zoals de anti-diefstalpalen bij winkelingangen) zendt continu een radiosignaal uit, 
dat een elektromagnetisch veld creëert. Als een bijbehorend RFID tag binnen dit veld 
komt, wordt het geactiveerd en in staat gesteld zich te identificeren. Het verschil tussen 
passieve en actieve RFID tags is, dat de laatste op een batterij werkt. Dit stelt het in staat 
om, naast auto-identificatie, ook data op te slaan zoals temperatuur en luchtvochtigheid 
buiten het elektromagnetische veld van de bijbehorende antenne. Daarentegen kan de 
elektromagnetische interferentie van zo’n veld een bewegend object in gevaar brengen. 
Een MICU trolley met levensreddende apparatuur kan zo’n veld binnenrijden.

In hoofdstuk drie is voor de eerste keer de elektromagnetische interferentie door RFID 
op medische apparatuur onderzocht. Een nieuwe klinische classificering van incidenten 
met het oog op patientveiligheid werd gebruikt. Twee verschillende RFID systemen, 
stralend op maximaal vermogen werden getest volgens een internationaal protocol in de 
nabijheid van 41 medische apparaten in 17 categorieën. Het passieve 868-Mhz RFID 
signaal veroorzaakte het hoogste aantal incidenten (63%) in vergelijking met het actieve 
125-kHz RFID signaal (20%). De mediane afstand tussen de RFID-antenne en het medisch 
apparaat bedroeg 30 cm variërend van 0,1 tot 600 cm. Hiermee werd aangetoond 
dat RFID in staat was gevaarlijke incidenten in medische apparatuur te veroorzaken. 
Daarom maakt de introductie van RIFD in de IC omgeving het testen van EMI ter plaatse 
noodzakelijk en dienen internationale standaarden van medische apparatuur te worden 
vernieuwd.

Het gebruik van speciale teams en apparatuur wordt geacht de risico’s van interk-
linisch IC-transport te verminderen. Dokters wegen de risico’s af tegen het mogelijke 
voordeel in elke individuele patiënt. Vaststellen van de klinische conditie van een patiënt 
door een intensivist omvat onder anderen de mate van afhankelijkheid van beademing 
of vasoactieve medicatie. Dit moet uiteindelijk leiden tot een “wel of niet vervoerbaar” 
oordeel. De besluitvorming vindt plaats zonder duidelijke richtlijnen over definities over 
klinische stabiliteit. In hoofdstuk vier wordt het relatieve aandeel van diverse factoren bin-
nen deze besluitvorming van dokters onderzocht. De hoofden van alle 95 IC- afdelingen 
in Nederland werden aangeschreven met een vragenlijst waarin 16 klinische vignetten 
werden gebruikt om voorkeuren voor vervoerbaarheid te evalueren; 78 intensivisten 
(82%) namen deel. De vignetten bestonden uit klinische beschrijvingen van IC patiënten. 
Binnen deze 16 vignetten werden 8 factoren samenhangend met ernst van ziekte en 
transportonderdelen gevarieerd. Met behulp van conjoint analyse werd het relatieve 
gewicht van die factoren geobjectiveerd. Het soort begeleidend personeel (b.v. am-
bulanceverpleegkundige) en transportfaciliteiten (b.v. standaard ambulance) hadden 
het grootste, negatieve effect op voorkeur voor vervoerbaarheid. Determinanten die 
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ernst van ziekte weergaven, bleken van relatief minder belang (b.v. dosis vasoactieve 
medicatie of arteriële oxygenatie). Leeftijd, hartritmestoornissen en indicatie van transport 
hadden geen invloed significante invloed. Indien begeleidend personeel en transport 
faciliteiten optimaal zijn, worden zelfs de meest zieke IC-patiënten voor interklinisch 
transport vervoerbaar geacht. Verder onderzoek is nodig om transportfaciliteiten af 
te stemmen om daarmee het gebruik van dure middelen te optimaliseren tijdens deze 
onvermijdbare ritten.

Ondanks indirect bewijs van het positieve effect van speciale transportteams is het 
optimale niveau van bemensing van IC-transport nooit onderzocht. In hoofdstuk vijf 
worden de resultaten van het eerste prospectieve, gerandomiseerde, open label, op 
eindpunten geblindeerde , non-inferiority onderzoek bij interklinisch IC-transport gepre-
senteerd. Vervoerde patiënten werden gerandomiseerd tussen transport bemand door 
een gespecialiseerd team van IC- en ambulanceverpleegkundige (groep met verpleeg-
kundige) of een team aangevuld met een IC-arts (groep met verpleegkundige & arts). 
Het primaire eindpunt was het aantal patiënten met een kritisch incident tijdens transport, 
zowel klinisch als technisch. Klinische incidenten omvatten o.a. daling in bloeddruk, 
zuurstofsaturatie of temperatuur, bloedverlies, nieuwe ritmestoornissen of overlijden. 
De incidenten werden opgeslagen m.b.v. een elektronisch patiëntendossier (EPD) ter 
aanvulling op de schriftelijke documentatie voor evt. gemiste incidenten. Patiënten 
werden gerandomiseerd en toegewezen aan de verpleegkundige groep (n=147) of de 
verpleegkundige & arts groep (n=151). In de verpleegkundige groep werd elk transport 
vanwege patientveiligheid begeleid door een IC-arts, die alleen niet aanwezig was 
in het patiëntgedeelte van de ambulance om ongevraagde adviezen of ingrepen te 
vermijden.

De percentages patiënten met een kritisch incident waren 16.3 % (24 incidenten 
in 147 transporten) in de verpleegkundige groep en 15.2 % (23 incidenten in 151 
transporten) in de verpleegkundige & arts groep, niet statistisch significant voor non-
inferiority. Kritische incidenten kwamen in beide groepen vaker voor dan verwacht 
(0-1%). In de verpleegkundige groep, consulten voor medisch advies kwamen in 8.2 
% (12 in 147 transporten) voor, allen voor start van het transport. Concluderend was 
het aantal patiënten met kritische incidenten niet duidelijk verschillend in transporten 
uitgevoerd door een team van IC- met ambulanceverpleegkundige of door een team 
aangevuld met een IC-arts. Maar door een onverwacht hoger aantal incidenten in 
beide groepen, gedocumenteerd door een EPD, kon non-inferiority van verpleegkundig 
begeleid interklinisch IC-transport niet worden vastgesteld. Een definitief antwoord over 
patiëntenselectie en teamsamenstelling zou dus moeten komen van groter multicenter 
onderzoek of meta-analyses. Tot die tijd zullen de resultaten het huidig beleid in West-
Europa van artsen, die IC-transporten begeleiden niet veranderen en stof opleveren voor 
de discussie in de VS over IC-ambulanceverpleegkundigen.
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Gezien de afhankelijkheid van ernstig zieke patiënten van beademing is het van 
vitaal belang dat transport beademingsapparaten op hetzelfde niveau als die van 
de IC-afdeling presteren. In hoofdstuk zes wordt de nauwkeurigheid van zes nieuwe 
generatie transport beademingsmachines vastgesteld onder diverse gesimuleerde long-
condities, machine-instellingen en type zuurstofaanvoer. Twee IC-beademingsapparaten 
werden getest als referenties. De gesimuleerde longcondities waren gezonde longen, 
Acute Respiratory Distress Syndrome (ARDS) en chronisch obstructief longlijden(COPD). 
Nauwkeurigheid van teugvolume (VT) werd gemeten m.b.v. een gekalibreerde pneu-
motachograaf. Onnauwkeurige VT levering werd voornamelijk aangetoond in gas-
aangedreven transport beademingsapparaten (Medumat Transport 66010 in 8 van de 
10 experimenten, 80%, Oxylog3000 in 70%, Hamilton Raphael 350 in 40%, alsmede 
in een met turbine uitgerust beademingsapparaat (Elisée 350 in 60%). Longcondities 
(gezond, ARDS or COPD) hadden geen invloed op VT onnauwkeurigheid. De invloed 
van zuurstofaanvoer met een cilinder op VT was alleen in twee gas-aangedreven be-
ademingsapparaten onder ARDS-condities aanwezig. De conclusie luidde dat transport 
beademingsapparaten verschilden in nauwkeurigheid van teugvolume, waarbij turbine 
uitgeruste modellen beter presteerden. Het gebruik van gas-aangedreven beademing-
sapparaten tijdens IC-transporten moet betwijfeld worden gezien hun prestaties, hoewel 
ze in sommige MICU’s in Nederland gebruikt worden.

Ondanks de bekende veiligheidsaspecten van de overdracht van patiënt- en ap-
paratuur gegevens binnen het ziekenhuis, bestaan hierover geen studies binnen IC-
transport. In hoofdstuk zeven is de Hospital Failure Mode Effect Analysis (H-FMEA), met 
een vragenlijst-geleide implementatie ter verbetering van de overdracht van patiënt- en 
apparatuurgegevens, onderzocht. H-FMEA werd uitgevoerd op alle overdrachten binnen 
het MICU proces door een multidisciplinair team van experts. Zij kenden scores toe en 
berekenden risk priority numbers (RPN) van overdrachten: scores van frequentie maal 
ernst maal barrières. De schaal van ernst, bijvoorbeeld, was van 1 (bijna ongeluk, geen 
schade) tot 10 (zeer ernstig incident, ernstige schade of overlijden). Voor de interventie 
werd een vragenlijst onder MICU-verpleegkundigen en –artsen verspreid om hun opvat-
tingen over de veiligheidsaspecten te evalueren. Navolgen van protocollen werd onder-
zocht voor en na de introductie van een herontworpen ritformulier met nieuwe checklist 
items over patiënt- & appratuuroverdracht. Een meerderheid van de respondenten op 
de vragenlijst waren het eens met de stelling dat checklists IC-transport zou kunnen ver-
beteren. Vijfentwintig transporten konden voor en na de interventie worden onderzocht 
(in totaal n=50). Tien van de 19 items (53%) toonden een verbetering in overdracht na 
de interventie, waarbij 3 items al de maximale score kenden voor interventie. Vijf van de 
zes overdrachtsitems met een hoog RPN (>300, klinisch van groot belang) verbeterden 
na interventie. De conclusie luidde dat de combinatie van HFMEA met een vragenlijst 
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gestuurde implementatie en een ritformulier dat het werkproces ondersteunt, resulteerde 
in betere patiënt- en apparatuuroverdracht bij interklinisch IC-transport.
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Promoveren is een teamprestatie, waarvan iedereen een beetje meegeniet, in de breed-
ste zin van het woord, en de promovendus het meeste. Op latere leeftijd promoveren 
lijkt soms ingewikkelder omdat veel dingen je afleiden van het eindresultaat als proeve 
van bekwaamheid.  Ik ben een groot aantal mensen dankbaar, die me direct en indirect 
hebben gesteund om het lange traject ook daadwerkelijk af te maken. Op het gevaar af 
mensen te vergeten in dit dankwoord, op afstand het meest gelezen en inzicht gevende 
onderdeel van een proefschrift, wil ik enkelen met name bedanken.

Mijn promotor Prof. M.B. Vroom, beste Margreeth. Zonder jou was dit proefschrift er 
niet gekomen. Jouw niet aflatende steun en prikkelende stimulans maar ook begrip voor 
de vele vertragingen in het traject waren essentieel. Jouw EQ & IQ op grote hoogte 
en de manier waarop je gecompliceerde zaken vlot trekt zijn voor mij een inspirerend 
voorbeeld.  Daarnaast is jouw niet-aflatende drijfveer om mensen op de juiste plek te 
laten floreren bewonderingswaardig. Ik hoop oprecht nog lang met je te mogen werken.

Mijn promotor prof. R.J. de Haan, beste Rob. Jouw steun is voor mij van onschatbare 
waarde geweest in het afronden van dit lange traject. Jouw optimisme, scherpe, nauw-
keurige en analytische blik maar vooral jouw authentieke stijl zijn mij tot voorbeeld.

Prof. M.J. Schultz, beste Marcus. Gedurende lange tijd was jij mijn mede-promotor en 
heb je samen met Margreeth en Rob mij gestimuleerd het traject af te ronden ondanks al 
mijn uitstappen naar medische directie en ambulancezorg, dank daarvoor.

Mijn co-promotor prof. N. P. Juffermans, beste Nicole. Al sinds jouw terugkeer naar het 
AMC zijn wij kamergenoten. De manier waarop jij mij ging ondersteunen als co-promotor 
is zoals wij elkaar room mates zijn: elkaar proberen te lezen en er zijn als het nodig is. 
Intussen hebben we samen veel lief en leed meegemaakt en hopelijk nog veel langer.

Mijn co-promotor dr. J. M. Binnekade, beste Jan. Jouw statistische en analytische steun 
die jij voor mij bent geweest in dit traject heb ik nooit los gezien van onze tijd samen 
aan het IC-bed. Daarin ligt jouw kracht, het combineren van abstractie, rust en kennis 
van de IC-praktijk en hoop daar nog lang van te genieten.

Prof. dr. E. de Jonge, lid van de promotiecommissie, beste Evert. Wij kennen elkaar als 
sinds onze eerste tijd binnen de Interne Geneeskunde, jij als vervangend dienstplichtig 
arts en ik als medisch student in mijn wetenschappelijke onderzoeksstage bij Han en 
Wouter. Als intensivist heb je me het klinisch redeneren geleerd en waren jouw kernach-
tige samenvattingen in de status voor mij een voorbeeld om hoofd- en bijzaken te leren 
onderscheiden. Dank voor het zitting nemen in mijn commissie.
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Prof. dr. A.H.L.C. van Kaam, lid van de promotiecommissie, beste Anton. Een van onze 
gezamenlijke klinische interesses is IC-transport en ik waardeer onze samenwerking zeer 
om NICU, PICU & MICU-transport in onze regio te verbeteren. Dank voor het zitting 
nemen in mijn commissie.

Prof. dr. J. Kesecioglu, lid van de promotiecommissie, beste Jozef. Jouw steun in het 
verleden als mijn opleider IC en later als afdelingshoofd heeft veel voor mij betekend. Ik 
ben daarom trots en dankbaar dat je zitting hebt willen nemen in mijn commissie.

Prof. dr. B. Preckel, lid van de promotiecommissie, beste Benedict. Onze samenwerking 
op de werkvloer geeft mij altijd veel plezier naast onze gesprekken voor, tijdens of na 
een hardloopwedstrijd. Dank voor het zitting nemen in mijn commissie.

Prof. dr. W.S. Schlack, lid van de promotiecommissie, beste Wolfgang. Ik hoop nog lang 
van jouw klinische ervaring, bestuurstijl en onze samenwerking te mogen te genieten. 
Dank voor het zitting nemen in mijn commissie.

Prof. dr. J.G. Zijlstra, lid van de promotiecommissie, beste Jan. Bijna 20 jaar geleden 
toogde ik naar het AZG om samen met Jack Ligtenberg en jou te onderzoeken hoe 
MICU-transport in Nederland zou moeten worden geprofessionaliseerd. Daarna is het 
snel gegaan en zijn Joep's en mijn manuscript uiting van de Nederlandse bijdrage in 
de wetenschappelijke onderbouwing. Dank voor het zitting nemen in mijn commissie.

Prof. J.J. van Lieshout, Han, paranimf, lieve broer. Jij hebt me op het pad van geneeskunde 
geleid, al heel erg lang geleden toen ik op mijn fietsje naar de Prins Hendrikkade toogde 
en met m’n grote broer een dag uit het leven van een student meemaakte. Als snel werd 
duidelijk dat ik jouw voetsporen volgde en niet toevallig naast interne geneeskunde ook 
genetisch belast bleek met liefde voor de IC. Ooit was het plan dat jij mijn (co-)promotor 
zou worden maar dat liep anders. Ik ben apetrots dat jij voor deze dag je toga wilde 
omruilen voor een rokkostuum.

Peter Mens, paranimf en grote vriend. Jouw ondernemersgeest, inlevingsvermogen, gast-
vrijheid en vriendschap maakt dat ik blij en trots ben dat jij me als paranimf wil steunen 
zoals je dat altijd voor mij en voor onze gezinnen doet. En daar is Sandra onlosmakelijk 
mee verbonden. Onze vriendschap is sinds de WSV-poppenkast alleen maar hechter 
geworden en hoop nog heel lang onze levensmomenten te mogen delen.

Alle MICU-verpleegkundigen en coördinatoren in het AMC en met name die vanaf het 
eerste uur: Mario van Zalingen, Hans van Lokhorst, Petra Vriens en Wouter van der 



155

Dankwoord

9

Streek. Jullie zijn essentieel geweest en nog steeds voor iets wat we met z’n allen in 
IC-Nederland nu heel normaal zijn gaan vinden, nl. MICU. Dat de JCI tijdens hun eerste 
AMC-accreditatie de MICU van het AMC als “world standard” classificeerde, is een 
enorm compliment en een erkenning van jullie werk. 
Jullie humor, creativiteit maar vooral tomeloze inzet om goed voor een patiënt te zorgen, 
blijven voor mij zowel inspirerend als zingevend.

Mijn collega MICU-intensivisten Han Meeder, Jeroen Verwiel, Koos van der Wetering, 
Joep Droogh, Uli Strauch & Marjel van Dam. Han & Jeroen, onze tijd om in de IC 
Taskforce eindelijk het IC-transport aan te pakken herinner ik me heel goed. Onze 
persoonlijke overtuiging dat goede IC-zorg ook veilig transport nodig had, was voor 
velen buiten ons vak inspirerend en maakte dat beleidsmakers ons wilde helpen dit 
goed te gaan regelen. Dat we als IC-transport commissie binnen de NVIC vervolgens 
zo plezierig samenwerken mag voor velen binnen ons vak als voorbeeld dienen. Dank 
daarvoor.

Jan Haeck, jij bent de geestelijke vader van MICU in Nederland. Jouw inspanningen 
destijds binnen de stichting International Center of Medical Air Transport, samen met 
Robert de Jong en onder goedkeuring van Cees Duvekot, zijn de bron geweest van 
IC-transport in Nederland. Jouw vraag of ik jou wilde opvolgen en daarmee de MICU 
wilde voorzetten is voor mij richtingbepalend geweest. Veel IC-patiënten zijn jullie onbe-
wust dankbaar voor jullie initiatief en moed.

Ruud Hopstaken, Jan Veenstra, Gert Jan Schurink, Paul van Laar, Jaap Frank Ponstein, 
Jasper Matena, Joris Smid, Jan Pierik en alle MICU-chauffeurs van Ambulance Amster-
dam, dank voor jullie steun in de ontwikkeling van MICU in Noordwest Nederland.

Het ministerie van VWS zag na de Volendam ramp in, dat IC-zorg in Nederland ver-
der verbeterd kon worden. Leo, William, Maaike, Nadia & Tineke, jullie inzet was 
essentieel om vanuit de Taskforce de randvoorwaarden te scheppen die dokters en 
verpleegkundigen nodig hebben om IC-patiënten zo goed mogelijk te vervoeren en 
daarmee de best mogelijke zorg te kunnen leveren. Ik ben jullie daar, en indirect namens 
duizenden IC-patiënten, zeer dankbaar voor.

Mijn collega's Robert, Catherine, Marcus, Dave, Sander, Janneke, Wim, Nicole, 
Thomas, Alexander & Marcella (en tot voor kort A.C. & Jos). Ik realiseer me voortdurend 
hoe leuk onze ploeg met dagelijkse humor onder cappuccino fortes met koek volgens 
rooster als een van de pijlers. Jullie hebben mij door uitstappen naar medische directie 
en ambulancezorg soms onregelmatig op de werkvloer gezien maar met het afronden 
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van mijn proefschrift merkte ik weer hoe prettig het is om goede, lieve en hardwerkende 
collega’s te hebben die voor elkaar klaar staan als het erop aankomt. Dat we stuk voor 
stuk ambitieuze perfectionisten bij elkaar zijn in een stressvolle omgeving maakt het ook 
niet altijd makkelijk. Ik voel me bevoorrecht en ben dankbaar voor onze samenwerking. 

Alle IC-verpleegkundigen van het AMC, ondersteund door o.a. Cynthilia, Roy & Vincent 
en secretarieel door Sandra, Erica en Jose. Dank voor jullie samenwerking al zoveel 
jaren en mede door jullie is het zo prettig werken op onze IC. En Mary-Anne, ik mis je 
als moeder van de afdeling nog steeds!
IC-onderzoekers, jullie inspanningen om goed IC-onderzoek te doen zijn bewonderens-
waardig en wij zijn als afdeling jullie daar dankbaar voor. Jullie lijken soms op te kijken 
naar stafleden maar weet dat dit ook wederzijds is. Ik hoop dat jullie je dromen als arts 
na het promoveren mogen verwezenlijken. Frederique, net als Jan ken ik je ook sinds 
onze eerste IC-tijd en ben al heel lang blij met onze samenwerking.

Mijn kookvrienden Joop, Paul, Fred, Kees, Wim, Richard, Rob, Peter, Jeroen, Bart, Edwin, 
Victor, Nico, Boaz, Eric, Rogier, Roland, Miko & Johan. Eens per maand proberen we 
de sterren van de hemel te koken en daarnaast onder het genot van spijzen en drank het 
leven te beschouwen. Ik hoop dat nog heel lang met jullie te mogen doen.

Mijn fietsmaten uit de Watergraafsmeer en omstreken: Jurr, Marcel W, Peter, John, Anne 
Jaap, Dietrik, Maarten, Eric, Martijn e.a. Dank voor jullie gezelschap, kopwerk en 
bovenal fietsplezier en nu toch maar eens richting bergen. 

Mijn vriendenclub van het eerste uur, Mieke, Freek, Sas, Jacky, kleine Sas & Marco†, Ing 
& Os, Ab & Yvonne, Swanhilde. Jullie vriendschap voelt als familie, zo lang, intensief 
en hecht in voor- en tegenspoed en een proefschrift is eindelijk eens een plek om jullie 
daarvoor te bedanken. En dat geldt ook voor Steven, Nathalie & Caspar, ondanks onze 
fysieke afstand.

Mijn familie, Marjolein, Rob, Martine, Menno, Marieke en al mijn lieve neefjes en nicht-
jes met aanhang (Max als nieuwste telg krijgt bij deze een speciale vermelding), wat 
blijven onze familiefeestjes incl. Sinterklaas, Kerst en Angus Beef nights (en binnenkort 
zelfs skiën) een heerlijke traditie. Lieve Marjolein, je bent mijn liefste zus en wat ben ik 
blij en gelukkig met jou.
Jan, Ank, Tibart, Cathelijne, Marjolein & Wubbo, ik ben blij en bevoorrecht met zo’n 
lieve schoonfamilie.
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Mijn ouders dank ik voor hun liefde en steun, om me te laten studeren waarbij de 
vraag was niet of maar wat. Ma, je invloed op mijn en Han’s keuze om dokter te 
worden is evident en als ik foto’s terugkijk straalt de trots er steeds van af. Jouw ziekbed 
heeft me veranderd als mens en daarmee als dokter. Pa, jouw doorzettingsvermogen is 
bewonderenswaardig en zie ik in vele van Lieshouten terug. Jouw terugkerende vraag of 
mijn boekje nu eindelijk eens af was en dat je het echt nog wel mee wilde maken, heeft 
zeker bijgedragen aan dit eindresultaat.

Annabel & Floor, wat ben ik samen met mamma trots op jullie. Hoe jullie in het leven 
staan met zoveel talenten, zoveel vriendschappen om jullie heen, als zusjes samenwo-
nend en dol op elkaar, met zoveel toekomstplannen hardwerkend maar ook genietend, 
maakt me diep gelukkig. Dit proefschrift draag ik aan jullie op.

Denise, liefde van mijn leven vanaf mijn prille begin, alles samen al zolang en zoveel, 
jij bent mijn bron. 

mean impact factor of the published papers in this thesis: 15,7 [5 - 37,7]



The Mobile Intensive Care Unit (MICU) is a combination of i) a team 
of critical care nurse, physician and ambulance driver, ii) a MICU-trolley 
(i.e. equipped with cardiovascular monitor, mechanical ventilator, sy-
ringe pumps etc. indispensable for safe transport and iii) an Intensive 
Care ambulance. This thesis comprises of research on technical and 
clinical aspects of interhospital critical care transport executed by the 
MICU of the Academic Medical Centre in Amsterdam. 

Are new mobile phones and wireless auto-identification techniques 
(Radio Frequency Identification, RFID) really safe in the critical care en-
vironment? When do Dutch intensivists consider critical ill patients suit-
able for transport and under which conditions? Which new generation 
transport ventilators are accurate enough to replace an ICU-ventilator 
during ground critical care transport? Could a critical care nurses as-
sisted by a paramedic safely escort such a transport or is presence of a 
critical care physician imperative? Finally, a failure mode effect analysis 
was performed on the process of interhospital critical care transport 
with subsequent recommendations.




