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Growing understanding of importance of high res data collection 

 ‘Undersampling’ of the medical record systems 

 Analysis like: HRV, BRS, CrCP, ICP pulse morphology, Non-invasive ICP and Cerebral Autoregulation 

requiring high fidelity waveform recording 

 Lack of standards of data export from bed-side monitors, no unifying solution available 

 Increase interest in multimodal clinical research  

 215 publications on PubMed (180 over the last 10 years) 

Multicentre multimodality data collection projects  

 eg CENTER-TBI, TRACK-TBI, ADAPT 
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How did we get here ? 

ICM+ 

1 July 2004 

Cambridge 2019 

Pangea 

Clinical trials 

PANGEA 
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ICM+ Users’ group meetings 

2nd ICM+  
users’ meeting 
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ICM+ powered workshops 

 

NCS 2017, Hawaii  Applied Neuromonitoring workshop, NCS 2018, Florida  

AO Neuro autoregulation course, Hong-Kong 2017 
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A dedicated ICM+ Workshop, September 2018 

USER TESTIMONIES 
 
‘Congrats on a great conference!  We really enjoyed our time in Cambridge and learned a lot. ‘ 
Dr Charles Brown, John Hopkins, USA 
 
‘.. thank you for the great workshop this week in Cambridge, learned a lot! 
Dr Uud van Kaam, Radboud University medical center, the Netherlands 
 
‘Thanks again for the course: very pleasant and certainly useful for me.’ 
Prof  Bart Depreitere, Leuven University Hospital, Belgium 
 
‘Big congratulations for this well-organized workshop, very interesting and very ambitioned and very 
instructive!!!' 
Dr Bernhard Schmidt, Chemnitz Medical Centre, Germany 
‘ 
Thanks again for the organization of the workshop, it was exactly what we needed in order to improve 
our use of the software and all the discussions that we could have with the other users were very 
invaluable for our next researchs.’ 
Dr Nicolas Joram, Nantes Cedex 
 
‘I am more than satisfied by unique ICM+ event.’ 
Prof Arminas Ragauskas, Kaunas University, Lithuenia 
  
‘The workshop was fantastic -- thank you again for inviting me’ 
Dr Jennifer Lee, Johns Hopkins, USA 
 
‘Congratulations on the successful ICM+ workshop. I really enjoyed learning about how to exploit it 
better.’ 
Dr Hari Krishnan, Birmingham Children's Hospital, UK 
 
 
‘I really wanted thank you for an excellent ICM+ workshop last week. I really learned a lot and have a 
great deal I can bring my back to my institution. I look forward to using ICM+ in more robust ways at 
Phoenix Children's Hospital to delivery better neurocritical care at my hospital.’ 
Dr Brian Appavu, Phoenix Children's Hospital, Philadelphia 
 
‘Still enjoying the taste of the workshop, I had a great time in absolutely every way. Congratulations again 
Erta and Peter!’ 
Dr Nico De Riva, Hospital Clinic of Barcelona  
 
‘Thank you for putting together the ICM+ workshop. It was excellent.’  
Dr Nils Petersen, Yale University School of Medicine.’ 
 
Thank you for the excellent workshop at Homerton College!  
Marc Baroncini, MD PhD, Neurosurgery, Lille University Hospital, France 
 
…… 
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We’ll be back soon ! 

 



Brain Physics Lab 

So what is ICM+ ? 

Off-line data analysis 
explorations 

ICM+ Analysis 
Configuration 

Real time application at 
the bed side 

Other tools: Matlab, 
C-Code, Python 

Batch analysis and 
statistical validation 

Σ 

MMM data acquisition 
Annotations & 
Clinical Trials 

Archiving 
Single and Multi-centre 



Brain Physics Lab 

So what is ICM+ ? 

Off-line data analysis 
explorations 

ICM+ Analysis 
Configuration 

Real time application at 
the bed side 

Other tools: Matlab, 
C-Code, Python 

Batch analysis and 
statistical validation 

Σ 

MMM data acquisition 
Annotations & 
Clinical Trials 

Archiving 
Single and Multi-centre 

Its a thriving and growing community 

ICM+ Workshop, Cambridge 2018 



Brain Physics Lab 

ICM+ Impact 

Key facts 

 Many 1000s of high resolution datasets from TBI, SAH, NPH and 
interoperative monitoring distributed across centres 

 Over 300 ICM+ based publications on PubMed 

 Prx, Optimal CPP, RAP, Closing Diastolic Margins and more 

 Multicentre data collection projects 

• CENTER-TBI  (22 centres using ICM+ as a data collection platform, 256 
patients collected) 

• Cerebral Oxygenation Monitoring during Cardiac Surgery 
(Multicentre, randomised trial, over 600 participants) 

• Optimal CPP projects (ICM+ core users group) 

• COGiTATE CPPopt feasibility and safety Phase II randomised trial 

• STARSHIP – autoregulation monitoring in Paediatric TBI (10 UK centres) 

• PANGEA – multicentre neuroprotective drug trial by Pressura-Neuro 

• Continually growing network of like-minded friends  in research! 

ICM+ Installations map (Sept 2019) 
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 CSF dynamics investigations 

 Monitoring of cerebral autoregulation in TBI (PRx)  

emerging  - autoregulation guided management of CPP  

 Monitoring of cerebrovascular properties (TCD) – including cerebral autoregulation but 

also critical closing pressure, non-invasive estimation of CPP and ICP 

 Intraoperative monitoring of autoregulation (NIRS) – guided management of ABP 

 Emerging – autonomic system monitoring 
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So what are the typical uses of ICM+ ?      For clinical researchers 
 

 Integrated high resolution data collection 

 Multicentre data collection – emerging intervention trial assistants 

 Data browsing and extraction using basic stats tools 

 Analysis or raw data using simply time based correlation concepts 

or dedicated functions, like Heart Rate Variability 

 Processed trends data export to csv for further processing in Excel 

or Matlab 
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Software Configuration 

ICM+ data collection 
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Network connector 
On Benevision monitors 
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ICU monitoring devices and their modes of data export 

Network connector 
On Benevision monitors 

At Brain Physics Lab , Cambridge, UK, we 
have experience with data collection from 
over 50 medical devices – there are no 
two with the same specification for data 
export (hardware and software) ! 
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Data collection: supported monitors (Sept 2019) 

• ASPECT BIS monitor, A2000 & Vista 

• CMA Microdialysis monitor 

• CNAP non-invasive ABP monitor 

• Data Translation A/D Converter 

• Delica TCD 

• Draeger Medibus module 

• Draeger MedibusX Module 

• Draeger WinAccess Module 

• DWL TCD monitors 

• Edwards Vigileo monitor 

• Foresight CASMED NIRS monitor 

• Finapress non-invasive ABP monitor 

• GE Carescape monitor 

• GE Dash monitors 

• GE Datex-Ohmda monitor 

• GE Solar monitors 

• Hemedex CBF monitor 

• Hamamatsu NIRO monitors 

• ICON Cardiac Output monitors 

• Integra Camino ICP monitor 

• Integra Licox 2 PbtO2 monitor 

• Integra Licox PbtO2 monitor 

• Integra Cere-Link 

• IntelliVue MP and MX monitors 

• Neural Analytics Lucid TCD  

• Maquet Servo-i ventilator 

• Masimo Root/Radical monitors 

• Medtronic INVOS NIRS monitor 

• Mennen monitor 

• Mindray Benevision monitors 

• Moberg CNS Monitor 

• Nexfin non-invasive ABP monitor 

• Nonin RespSense monitor 

• Nonin SenSmart monitor 

• Oridion Capnostream monitor 

• Ornim CerOx monitor 

• PiCCO2 monitor 

• Portalite NIRS 

• Puritan Bennett 840 Ventilator 

• Raumedic Datalogger monitors 

• Rimmed TCD monitor 

• Spacelab Ultraview monitor 

• Sophysa Pressio ICP monitor 

• Sophysa Pressio 2 ICP monitor 

• Spencer TCD monitor 

• Spiegelberg monitor 

 

• Any monitor with an analogue 
output 
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The true essense of ICM+ : the real time calculation engine 
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Calculation pipeline allows putting together complex analysis in a simple way 
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Brain  
Compliance 

Optimal Arterial And 
Cerebral Perfusion  
pressure 

CPPopt 
Entropy 

Complexity of  
Homeostatic Regulation 

Mx PRx ORx COx 

ARI 

MSE 

RAP 

Ca 

Ci 

Tau HRV 

CrCP 

CM 

Σ Σ Σ Σ 
Σ 

Σ 

Σ 

Σ 

Σ Σ Σ Σ Σ 

Σ 

Σ 

Σ 

Cerebral Autoregulation 

Cerebrovascular  
Compliance Autonomic system 

Arterial walls  
properties 

BRS 

The more established secondary indices based on waveforms analysis 

PAx 

Σ 

Σ 
Non-invasive ICP 

nICP 

nCPP Σ 

ABPopt 
Σ 
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Monitoring of cerebral autoregulation in TBI 
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Monitoring cerebral autoregulation is easily disturbed in TBI 

CPP 

• “Minor head injury”: 28% impaired  
 Jünger EC et al.: J Neurosurg 1997;86:425-32 

 
• “Severe head injury”: 87% impaired  
 Hlatky R et al.: J Neurosurg 2002;97:1054-61 

• Upper limit shifted to the left 
Hauerberg J, et al. J Neurosurg Anesthesiol 
1998;10(2):106-12 
 

• Lower limit shifted to the right 
Cremer OL, et al. Anesth Analg 2004;99(4):1211-7 

CPP 
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Pressure reactivity index PRx 
 

Poor pressure reactivity Good pressure reactivity 
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PRx publications by year (total 152) 



Brain Physics Lab 

PRx and the IMPACT model – CENTER-TBI data (N=185, 22 centres) 
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+ ICP  
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IMPACT model 
+ ICP  
+ (% PRx > 0.35) 

Thanks to Fred Zeiler 

Age,  
GCS Motor,  
pupillary response 

* Model for outcome 
prediction based on 
parsimony, N = 10,000  
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TBI guidelines 2016 

How to incorporate autoregulation into the 
clinical management protocol of TBI patients ? 

 

• ICP < 22 mmHg 

• CPP 60-70 mmHg 

• Autoregulation status 
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Individualising Cerebral Perfusion Pressure Management 
 

CPP 

ICP 

PRx 

CPP 



Brain Physics Lab 

Individualising Cerebral Perfusion Pressure Management 
 

CPP 

ICP 

PRx 

CPP 

CPPopt 



Brain Physics Lab 

Individualising Cerebral Perfusion Pressure Management 
 

CPP 

CPPopt 

PRxopt 

PRx range 

Curve Type 

9 hours 

CPP 

ICP 

PRx 

CPP 

CPPopt 



Brain Physics Lab 

Individualising Cerebral Perfusion Pressure Management 
 

CPP 

CPPopt 

PRxopt 

PRx range 

Curve Type 

9 hours 

-15 -10 -5 5 10 15
0

25

50

75

100

CPP-CPPOPT

Mortality (%)

Severe Disability (%)

CPP 

ICP 

PRx 

CPP 

CPPopt 



Brain Physics Lab 

Individualising Cerebral Perfusion Pressure Management 
 

CPP 

CPPopt 

PRxopt 

PRx range 

Curve Type 

9 hours 

-15 -10 -5 5 10 15
0

25

50

75

100

CPP-CPPOPT

Mortality (%)

Severe Disability (%)

CPP 

ICP 

PRx 

CPP 

CPPopt 



Brain Physics Lab 

Individualising Cerebral Perfusion Pressure Management 
 

CPP 

CPPopt 

PRxopt 

PRx range 

Curve Type 

9 hours 

-15 -10 -5 5 10 15
0

25

50

75

100

CPP-CPPOPT

Mortality (%)

Severe Disability (%)

CPP 

ICP 

PRx 

CPP 

CPPopt 

0

2

4

6

8

10

12

14

2002 2003 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Optimal CPP publications by year (total 93) 



Brain Physics Lab 

Individualising Cerebral Perfusion Pressure Management 
 

CPP 

CPPopt 

PRxopt 

PRx range 

Curve Type 

9 hours 

-15 -10 -5 5 10 15
0

25

50

75

100

CPP-CPPOPT

Mortality (%)

Severe Disability (%)

CPP 

ICP 

PRx 

CPP 

CPPopt 

0

2

4

6

8

10

12

14

2002 2003 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Optimal CPP publications by year (total 93) 



Brain Physics Lab 

Optimising Arterial Blood Pressure 
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Optimising Arterial Blood Pressure 
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Many approaches for monitoring of Cerebral Autoregulation – surrogates of CBF or CBV 

ABP/CPP 

IC
P

 

B
lo

o
d

 V
o

lu
m

e
 

Pressure-volume curve 

CBFx CFIx LDFx Mx Sx ARI 

Blood flow measures 

COx ORx 

Blood flow surrogates 

THx 

Blood volume 

PRx 

Blood volume 
surrogate 



Brain Physics Lab 

Problems with PRx 

• Uses Volume, NOT Flow surrogate 
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Problems with PRx 

• Uses Volume, NOT Flow surrogate 

• Relies on adequate transmission of volume change into 
intracranial pressure (may not work very well in 
circumstance of high compliance, eg after decompressive 
craniectomy) 
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Problems with PRx 

• Uses Volume, NOT Flow surrogate 

• Relies on adequate transmission of volume change into 
intracranial pressure (may not work very well in 
circumstance of high compliance, eg after decompressive 
craniectomy) 

• Relies on the assumption that variability of ICP is purely 
due to extracranial sources (reflected in MAP changes) 
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Problems with PRx 

• Uses Volume, NOT Flow surrogate 

• Relies on adequate transmission of volume change into 
intracranial pressure (may not work very well in 
circumstance of high compliance, eg after decompressive 
craniectomy) 

• Relies on the assumption that variability of ICP is purely 
due to extracranial sources (reflected in MAP changes) 

• Thus values PRx close to 0 may reflect either working 
autoregulation OR incoherent variability in ICP and ABP 
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Wavelet analysis of ABP – ICP relationship - wPRx 
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1.25 Fourier decomposition 
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Continuous Wavelet Transform 

Frequency: 0.0067 – 0.05 HZ 

Liu X et al. J Physiol. 2018  
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RAC – correlation between amplitude of ICP pulse (AMP) and CPP 

Fourier Transformed ICP 

A1 = AMP 
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PRx 

RAC – correlation between amplitude of ICP pulse (AMP) and CPP 

Fourier Transformed ICP 

A1 = AMP 

RAC 
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PRx and RAC in non-DC TBI patients (N = 358) 

Mortality Favourable Outcome 

P
R

x 
R

A
C
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Advanced data browsing and interrogation tools 
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ICM+ advanced features 

Icp – Polyfit(icp,21) 

Signals calculator 

ScriptLab 

Advanced Stats tool ASCII format import 

Event analysis 3rd party extensions 

Batch Analysis tools 
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ICM+ ScriptLab tool 



Brain Physics Lab 

Available  
series/variables 

Commands, 
functions, etc 

History of activities 

Display box 

Write functions/commands HERE 

Edit/save analyses 
Make macros 

ICM+ ScriptLab tool 
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Definition of Dose of high ICP ( using in this case 25 mmHg Threshold ) 
 
 

0 

25 

ICP 

t 

ICP – 25 

ICP threshold = 25 mmHg 

t = 1/Fs 

Doseicp = (icphyperå × Dt) = Dt × icphyper =å
1

Fs
× icphyperå

Fs= SamplingFrequency(icp)

icphyper = (icp- icpthreshold )icp>icp_ threshold

Δ 
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Dose configuration for ICP > 25 
 
 

5 - Now put all the steps 
into one line expression 
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How to create a macro for Dose calculation with generic parameters input 
and threshold 
 

1 – Add a new macro 
function 

2 - Name the macro 3 – Define the generic 
parameters 

4 - Type the formula for 
the dose 

5 - Save the macro 
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Advanced statistics tool 

Dose(input,25) 

icp 
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A typical ICM+ enabled pipeline for analysis involving multimodal monitoring data  
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A typical ICM+ enabled pipeline for analysis involving multimodal monitoring data  
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Batch export tool 

The DateTime variable 

is expressed in days 

from ictus Processing folder: 
C:\Users\ps100\Dropbox (Cambridge University)\ICM+\Data\CENTER-TBI\INCF 
PT1_r1.icmp 
PT2_r1.icmp 
PT3_r1.icmp 
PT4_r1.icmp 
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ICM+ Event oriented analysis 
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Time anchoring for batch analysis 

Negative time Positive time 
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Batch summary calculation, linking with the clinical database 
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Batch summary calculation, linking with the clinical database 
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DLL library 
Implementing 
DSP interface 

DLL library 
Implementing 
Stats interface 

 

DSP 
(Signal Calculator) 

Stats functions 
(Real-time analysis) 

Charts 
 

Tools 
(Intervention tests) 

DLL library 
Implementing 
Chart interface 
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ICM+ 

ICM+ functionality can be extended using 3rd party plugins 
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Real ICP 

Non-invasive ICP 

Schmidt B at al: Adaptive non-invasive 
assessment of cerebral autoregulation and ICP. 
Stroke 34:84-89; 2003  

Real ICP 

Non-invasive ICP 

DE 19600983 

nICP plugin for ICM+ 
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Writing plugins for ICM+ requires some fundamental programming skills 

• Hi performance code  – important for complex functions 

• The code is distributed as a binary - protected, allowing 3rd party licensing 
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Writing plugins for ICM+ requires some fundamental programming skills 

• Hi performance code  – important for complex functions 

• The code is distributed as a binary - protected, allowing 3rd party licensing 

• Needs a full C/C++ development environment – eg Visual C++ 
or gcc for Windows and a good understanding of building dll 
libraries 

• Every little change in the code, requires rebuilding the library 

• The debugging process is tedious 

• Small mistakes in memory handling may bring the whole parent 
application, ICM+, crashing down – not idea in real time 
analysis scenario 

                                  

 



Brain Physics Lab 

Writing plugins for ICM+ requires some fundamental programming skills 

• Hi performance code  – important for complex functions 

• The code is distributed as a binary - protected, allowing 3rd party licensing 

• Needs a full C/C++ development environment – eg Visual C++ 
or gcc for Windows and a good understanding of building dll 
libraries 

• Every little change in the code, requires rebuilding the library 

• The debugging process is tedious 

• Small mistakes in memory handling may bring the whole parent 
application, ICM+, crashing down – not idea in real time 
analysis scenario 

• In short,  it needs a true coder 
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Enter new age clinical researcher … 

• New generation of clinicians are very used to scripting languages 

• This is clear by the observed global shift away from GUI based statistical 
packages like SPSS to command line /script based environments like R, 
Matlab, or Python 

 

 



Brain Physics Lab 

If statistics programs were cars … 



Brain Physics Lab 

If statistics programs were cars … 



Brain Physics Lab 

If statistics programs were cars … 



Brain Physics Lab 

Algorithmic thinking and scripting is becoming a second nature to our youngsters 
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What is Python 

• It is a fully Object Oriented scripting language, with easy, intuitive syntax, 
and a huge library base, including many complex maths, signal processing 
and stats libraries, also machine learning support.  Easy to install, easy to 
use (for the modern clinical researcher). 
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Extending ICM+ with Python 
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Extending ICM+ with Python 
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And if you are feeling particularly playful …. 

Virtual workstations with ICM+ and Python installed 
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Lunch will be served at 12:30  in Alma (the student restaurant) 

Lunch sponsored by 

• Virtual servers set up for you to play 

 
• 51.140.158.41 

• 51.145.54.187 

• 51.145.54.65 

 

 

• User: icmpugm 

• Pass: leuven2019 


