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Injured satellite cells, epigenetic differences and hormonal and 
mitochondrial disturbances may be involved in sustained ICU-AW.
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Interactions between critical 
illness and metabolism
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Failing organ systems in sepsis

And the muscles?
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In-hospital mortality in septic shock patients in USA

Si-Huei Lee et al. Crit Care Med 2018
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LBM: CT-scan and mortality

8 Weijs et al. Critical Care 2014 18:R12This content may not be amended, modified or commercially exploited without prior written consent

• The Obesity 
paradox

• Patients with a 
high BMI have 
better survival 
odds in the ICU: 
“obesity paradox”

• BMI is not an 
independent 
predictor of 
mortality when 
muscle area is 
accounted for. 

Low LBM

Normal LBM

Survival

Sarcopenic obesity

Skeletal muscle

Adipose tissue

Length of hospital stay
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Why do we lose the muscles?

9

Immobilization Inflammation Loss of Muscle Mass



Our survivors have to learn walking

Swallowing is very difficult after prolonged intubation 

Progressive loss of body weight and LBM is imminent

Concentration disturbances, decline of cognitive functions and  Anxiety, 

Depression and Post-traumatic stress disorder do not help nutrition intake

Prolonged Nutrition Therapy combined with Exercise rehabilitation is crucial

Despite the improvements in ICU outcome, data indicating we have reduced sepsis in-hospital mortality 

by half in the last 10 years, reveal ‘we have tripled the number of patients going to rehabilitation settings’
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Sepsis: Survivors or Victims

11 Prescott HC, Angus DC. JAMA. 2018;319(1):62–75.

50% recover

33% die during first year

17% persistent impairments

1 to 2 new functional limitations 
(eg, inability to bathe or dress independently)
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Sepsis: long-term consequences

Prescott HC, Angus DC. JAMA. 2018;319(1):62–75.

40% of patients 

are rehospitalized 

within 90 days of 

discharge. 
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Sepsis: long-term consequences

Prescott HC, Angus DC. JAMA. 2018;319(1):62–75.

29%

anxiety 32%
44%

MCI from 6.1% before 
hospitalization to 16.7% 

after
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Ferrante LE et al. Chest. 2018 Jun;153(6):1378-1386.

Increase in disabilities and long-term mortality in frailty

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrante%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=29559308
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Functional independence is the #1 health priority for older adults

Risk for poor functional outcomes is conferred by vulnerability 

factors not by chronological age

Baseline frailty increases risk for disabilities by 3-4 times, almost 

doubles 9-month mortality risk

The patient (usually) cannot recover beyond their functional 

baseline

What is essential for the (elderly) ICU patient?

15

Ferrante LE et al. Chest. 2018 Jun;153(6):1378-1386.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrante%20LE%5BAuthor%5D&cauthor=true&cauthor_uid=29559308
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Severity of illness in ICU

Charlson comorbidity index

Frailty scale

Stroke as reason for admission

Factors associated with performance at 1 year

Heyland et al. Crit Care Med 2016

Baseline performance

Female

Being married

Urgent heart surgery as reason for admission

Baseline characteristics

Better performance Worse performance
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MODS: Muscle mass loss 1 kg per day

18 Puthucheary ZA et al., JAMA 2013

Muscle wasting % loss day 7 versus day 1 (n=28)Rectus femoris Cross Sectional Area % change

Time from admission (days)

RF CSA Fibre CSA Ratio of protein 
to DNA



Puthucheary ZA.  SIGNA VITAE. 2017;13(3): 30-31. 
Puthucheary ZA, Rawal J, McPhail M, et al. JAMA. 2013; 310:1591-1600.

Demling RH. Journal of Plastic Surgery. 2009;9(e9):65-94.
19

Muscle wasting:
Most common complication of critical illness

The impact of loss of lean body mass can lead to significant effects:

-10% -20% -30% -40%
Impaired Immunity,
increased infection

Decreased healing
and weakness

Spontaneous 
development
of wounds, pressure 
ulcers

Mortality

This loss of muscle has a major impact on
a patients ability to survive and recover

per day in first 10 days 
in MODS patients

up to 50% of patients
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Consequences of ICU Acquired Weakness y/n

20

Weaning from ventilation Alive discharge ICU Alive discharge hospital

Hermans G et al. Am J Resp Crit Care Med 2014;190:410-420
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Consequences of ICU Acquired Weakness and survival

21 Hermans G et al. Am J Resp Crit Care Med 2014;190:410-420

Strong association of ICU discharge 
weakness and 1 year mortality 

Last MRC sum score recorded in the ICU
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Post-Acute COVID Syndrome 
(PACS)

Post-Intensive Care Syndrome 
(PICS)
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Functional recovery after pneumonia and COVID-19

24 Boelens Y, Melchers M, Van Zanten AR. Curr Opinion Crit Care 2022 accepted.



5 years after ARDS ICU treatment: 
ICU acquired weakness persists for years…..

25
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Herridge MS et al NEJM 2011

Muscles renew every 3-4 
months

What is wrong? Muscle 
mass? Muscle function? 
Innervation?

Can we improve the 
outcome?
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Long-term consequences of ICU treatment

26

Personal burden

Family burden

Healthcare burden

Societal burden

Economic burden
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Mitochondria
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ATP stores 0.2% of daily need

507.2 g/mol

ATP 50-100 g

Actual storage Daily demand

100-150 mol

50,720 - 76,080 g

50-75 kg

adapted from M. Hiesmayr ISICEM 2021
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Myonecrosis and inflammation: Myositis
Low ATP content

Protein synthesis measured by the 
muscle protein fractional synthetic rate 
was depressed in patients on day 1
(0.035%/hour; 95% CI, 0.023% to 
0.047%/hour) compared with rates 
observed in fasted healthy controls 
(0.039%/hour; 95% CI, 0.029% to 
0.048%/hour) (P = .57) and increased 
by day 7 (0.076% [95% CI, 0.032%-
0.120%/hour]; P = .03) to rates 
associated with fed controls 
(0.065%/hour [95% CI, 0.049% to 
0.080%/hour]; P = .30), independent of 
nutritional load.

Unexpectedly, higher protein delivery 
in the first week was associated with 
greater muscle wasting. 

d1-d7

Puthucheary ZA et al., JAMA 2013
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Potential role in sepsis associated MODS

Preau, S., Vodovar, D., Jung, B. et al. Ann. Intensive Care 11, 104 (2021).
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Study logistics in the Netherlands

Ede

Wageningen

5,2 km
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The concept of adaptive mitochondrial 
metabolic-bio-energetic downregulation
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Mitochondria work slower than they can! Adaptation?

Preliminary results
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What is wrong with the mitochondria?

Compared to healthy controls, in ICU patients this group demonstrated a ~50 
% reduction of the ability of skeletal muscle to synthetize ATP in mitochondria 

and found a depletion of complex III and IV concentrations

Biopsy day: d28 (9) after ICU admission
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Inflammation, hypoxia, and ischemia increase NO and ROS 
production associated with mitochondrial dysfunction and 

ATP depletion in nerve axons
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Glucose regulation: stress hyperglycemia in critical illness

37
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39 Boelens Y, Melchers M, Van Zanten AR. Curr Opinion Crit Care 2022



Metabolic alterations are common in ICU patients: 

Stress hyperglycemia (insulin resistance)

Persistent catabolism

Muscle mass loss

Mitochondrial dysfunction

Autophagy deficiency

Thyroid hormone abnormalities

Refeeding syndrome40

What we have learned?

Long-term consequences
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ESPEN ICU guidelines 2018

• Statement 1

• Every critically ill patient staying for more than 48 h in the ICU should be considered at risk for malnutrition.

• Strong consensus (96 % agreement)
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Early ICU nutrition a metabolic challenge

This content may not be amended, modified or commercially exploited without prior written consent 42

Overfeeding

Refeeding syndrome
Autophagy deficiency

Mitochondrial dysfunction

Optimum 
70%

Glucose

Protein

HR (CI) per 10% of target 
increase in glucose intake 

(28 g/day)

HR (CI) per 10% of target 
increase in protein intake (7 

g/day)

Hyperglycemia

Calories Calories

Proteins?Calories and Proteins?
Calories?
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Mitochondria: hubs that integrate metabolic and 
proteostatic fluxes to modulate stress responses to various insults

Andreasson A et al. EMBO Rep (2019)20:e47865
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44 Boelens Y, Melchers M, Van Zanten AR. Curr Opinion Crit Care 2022



Effect of high protein intake on lean body mass (LBM)

45
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-1.8 kg of proteins reflects 9 kg of muscle mass

in vivo neutron activation

Ishibashi N et al. Crit Care Med 1998
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Role of timing protein intake: PROTINVENT study

This content may not be amended, modified or commercially exploited without prior written consent Koekkoek WA, Van Setten C, Van Zanten AR. Clin Nutr. 2018 Feb 1746
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PROTINVENT study:
Role of timing protein intake and 6-month mortality

47

PROTein INtake and clinical outcome in adult critically ill patients on prolonged mechanical VENTilation: 
n=456; 2011-2015, Mechanical Ventilation > 7 days; Primary endpoint 6 month mortality

Early (< 3 days) high protein intake associated with higher mortality, after day 3 high intake is better. 
Is low to high intake after 3 days better?

This content may not be amended, modified or commercially exploited without prior written consent
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Koekkoek WA, Van Setten C, Van Zanten AR. Clin Nutr. 2018 Feb 17
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Effect on protein intake (day 1-3) and (day 4-7)  
6-month mortality

This content may not be amended, modified or commercially exploited without prior written consent Koekkoek WA, Van Setten C, Van Zanten AR. Clin Nutr. 2018 Feb 17

Time-dependent effect of protein 
intake. 

Gradual increase from low protein 
intake during first 2 days of ICU stay 
to intermediate on day 3-5 and high 
protein intake from day 6 is 
associated with lower 6-month 
mortality. 

Overall low protein intake associated 
with e highest 6-month, ICU and 
hospital mortality.

<0.8kg/day week

>0.8kg/day week

<0.8kg/day day 1-3 and > 0.8 kg/day 4-7

48



High protein intake

Days after ICU admission

1 2 3 4 5 6 7



0.48 g/kg higher protein delivery (with similar energy delivery 
between groups) started within 3 days of ICU admission and 
lasting for 3 - 28 days in the ICU was not associated with a 
significant effect on:

50

This content may not be amended, modified or commercially exploited without prior written consent

Meta-analysis high protein in ICU

Lee, ZY., Yap, C.S.L., Hasan, M.S. Heyland, DK et al. Crit Care 25, 260 (2021).

overall mortality

mortality at any time point

duration of ventilation

ICU LOS

hospital LOS

infectious complications
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ESPEN ICU guideline recommendation: proteins

As enteral nutrition delivery is 80-85% in most patients 
for practical reasons we use 1.5 g/kg/day as a target



Proteins and Autophagy

AMK Choi et al NEJM 2013;368:651

• Method eukaryotic cells dispose 
damaged organelles or protein 
aggregates too large for proteasome 
ubiquitin system

• Involves lysosomal system for 
removing unfolded proteins, virus, 
bacteria, fat/carb, organelles

• Autophagy role in immunity, 
inflammation, infection, cancer,  aging, 
pulmonary diseases (COPD), metabolic 
and neurodegenerative diseases52

This content may not be amended, modified or commercially exploited without prior written consent

Created with BioRender.com
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53 Tardif N, Rooijackers O et al. Nature Science Report 2019 45:1283–1287

block was related to an accumulation of autophagosomes/autolysosomes, which 
indicates an impairment in the last steps of the autophagy process.

Divergent autophagy response in critical illness



54

Koekkoek WAC, Van Zanten AR. Curr Opin Anesthesiol 2018, 31:136–14354
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55 Moonen HPFX, Strookappe B, Van Zanten ARH. JPEN J Parenter Enteral Nutr. 2021;1–7
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COVID-19 vs pneumosepsis non-COVID-19 ICU patients

56

COVID-19 patients more severe ICU acquired weakness, 
however recover faster during post-ICU hospitalization

Moonen HPFX, Strookappe B, Van Zanten ARH. JPEN J Parenter Enteral Nutr. 2021;1–7
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CPET

In patients with PACS 

The transition from FATox to 
CHOox occurs prematurely, 
suggesting metabolic 
reprogramming and 
dysfunctional mitochondria

Dysregulated lipid oxidation and 
decreased mitochondrial 
biogenesis have been reported in 
acute critically ill patients 
admitted to the ICU

Decreased Fatty Acid Oxidation and Altered Lactate Production       
during Exercise in Patients with Post-acute COVID-19 Syndrome

57 Post-acute COVID-19 syndrome Controls de Boer E, et al. Am J Respir Crit Care Med. 2022 Jan 1;205(1):126-129
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At 6 months after COVID-19 survivors: 

Fatigue or muscle weakness, sleep difficulties, and anxiety or depression 

More severely ill had more severe impaired pulmonary diffusion capacities

58

Huang L et al. Lancet 2021; 397: 220–32
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86% fatigue

14% mobility 
disorders

41% pain or 
discomfort

32% anxiety or 
depression

6-min walking 29% 
less than lower limit

45% eGFR< 90 
mL/min/1,73 m2

59

ICU population

Huang L et al. Lancet 2021; 397: 220–32



60

60

Heesakkers H, et al. JAMA. 2022;327(6):559–565.

MONITOR Study



61

61 Heesakkers H, et al. JAMA. 2022;327(6):559–565.
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New physical problems after COVID-19 ICU admission

62 Heesakkers H, et al. JAMA. 2022;327(6):559–565.
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Mean weight: 75 kg
Target: 75*25= 1875 kcal/day

less than 25% meet 
target in first 2 

weeks of ICU stay
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This content may not be amended, modified or commercially exploited without prior written consent Bendavid I et al. Clin Nutr 2017;36:1122-1129

9777 patients 
46 countries 
880 ICUs
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Early mobilization in the ICU
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Antioxidant Network: Vitamins and trace elements

This content may not be amended, modified or commercially exploited without prior written consent
Koekkoek WA, van Zanten AR. Nutr Clin Pract. 2016;31(4):457-74.
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Electron 
Transport

Chain Complex 
I

Electron Transport 
Chain Complex II

Electron 
Transport 

Chain 
Complex III

Electron 
Transport 

Chain Complex 
IV

Mitochondrial Inner 
Membrane

Mitochondrial 
Intermembrane SpaceH+ H+ H+

Vitamin B2

Selenium

Caffeine

Cofactor Q10

Vitamin E

Taurine

Melatonin

Cofactor Q10

Vitamin E

Selenium

Taurine

Nitrate

Caffeine

Melatonin

Selenium

Vitamin E

Cytochrome C

Mitochondrial matrix

Mitochondrial Outer Membrane

Cytosol

Vitamin B2

Selenium Cofactor Q10

Vitamin E

H+ H+ H+

H+

H+

Complex V

Phosphocreatine Creatine

ATPADP

Creatine Phosphokinase

Free 
Fatty Acids

carnitine acyltransferase I

Carnitine 
acyl-

transferase II

Carnitine

Free 
Fatty Acids

Carnitine Pyruvate
LDH

Lactate

Vitamin B1

Vitamin B5

PDH+

+
AcetylCoA

beta-oxidatio
n

Vitamin B2

Vitamin C

Vitamin B7 -
+
+

NADH NAD + H+

Vitamin B3+

TCA CycleNADH, H+ +CO2NAD+ + CoA

Vitamin B12

alpha-KGDH

Zinc

Vitamin B1Vitamin B5

Succinyl CoA
+

+ +

-

ATP

Pyruvate

IMS

MOM

MIM

glucose

ADP + Pi

Wesselink E, Koekkoek K, 
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2018
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Sepsis induces long-term metabolic and mitochondrial 
muscle stem cell dysfunction amenable by mesenchymal 
stem cell therapy

Rocheteau P, et al.  Nat Commun. 2015 Dec 15;6:10145.
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Mitochondrial Transplantation Therapy

Yamada Y, et al. Int. J. Mol. Sci. 2020, 21(17), 6365
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How much food is necessary to recover from starvation?

Wischmeyer Critical Care 2017, 21(Suppl 3):316 

Starvation period:
1800 kcal/dag
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Proteins
During 1 year:

2-2.5 g/kg/day (3x normal)

Minnesota starvation project vs. ICU and hospital starvation

Wischmeyer Critical Care 2017, 21(Suppl 3):316 

Minnesota starvation 
regimen: 1800 kcal/day 

for several months

Energy:
During 1 year:

4000-4500 kcal/day (2-3x normal)

Refeeding program

Most ICU 
patient get 

less!



Weijs PJM, et al. J Clin Med. 2019;8(1):E43.
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Cohort Study (n=801) 
ICU survivors 
(2004-2012)

90-day post-discharge mortality was 13.9%.

Mean nutrition delivery days 15 days.

The 90-day post-discharge mortality rate was 
17% lower (95% CI: 6 26) for each 1 g/kg 
increase in daily protein delivery (OR = 0.83 
(95% CI 0.74–0.94; p = 0.002)).

*Oral, enteral and parenteral sources 

0,5 0,75
Survival Mortality

1,51

90-day post-discharge mortality

90-day post-discharge mortalitya

180-day post-discharge mortality

365-day post-discharge mortality

720-day post-discharge mortality

a Restricted to patients diagnosed with Malnutrition

Discharge mortality associated for each 1g/kg/day increase in protein delivery. 

Current status of patients after ICU discharge
Higher daily protein delivery during hospitalization is associated 

with decreased mortality following hospital discharge
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Post-ICU nutrition: percentage of target achieved
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44.1% lower energy intake

50.9% lower protein intake

We should continue the tube 
feeding longer post-ICU

Removal feeding tube post-ICU

In preparation: Slingerland-Boot R,  van der Heiden I, de Vries J, van Zanten AR.

PROSPECT I study
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9 reasons for low food intake in post ICU patients

74

Early NG tube removal

Loss of Taste & Loss of Smell

More E and P

Ordered is not eaten

PTSS/Depression



75

Exercise in ICU patients: bed cycling and electrostimulation

75
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NMES and exercise-based interventions may preserve muscle mass and function in patients 
with critical illness. There is a lack of consistency seen in the effects of these interventions. 

Further, large, high quality RCTs are required.
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Grunow JJ et al. Crit Care 2019; 23:308 

Differential contractile response to NMES in ICU patients

77
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Grunow JJ et al. Crit Care 2019; 23:308 

Differential contractile response to NMES in ICU patients

78

Not all muscles are equal Higher SOFA lower contractile response
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Unable to determine an overall effect on 
functional exercise capacity or health-
related quality of life of interventions 
initiated after ICU discharge for survivors 
of critical illness. Findings from ongoing 
studies are awaited.
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Nourish study: ONS after hospital discharge

This content may not be amended, 
modified or commercially exploited without prior written consent

Older (≥65 years), malnourished (Subjective Global Assessment [SGA] class B or C) adults hospitalized for congestive 
heart failure, acute myocardial infarction, pneumonia, or chronic obstructive pulmonary disease. Standard-of-care plus 
HP-HMB (n = 328) or a placebo supplement (n = 324), 2 servings/day.

Deutz N et al. Clin Nutr 2016;35:18-26
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Multimodal Intervention

Nutrition
Anticatabolic/

Anti-inflammatory 
Therapies

Exercise

Metabolic Mitochondrial Muscle Resuscitation
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Muscles protein synthesis and exercise

High-protein diet alone 
is not enough



Quality of Life
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Survival is improving

Disabilities more frequent in survivors

PICS, long COVID is common: Physical, mental and cognitive problems

Many do not return to work

Pathophysiology poorly understood

Muscle may be more important than the lungs

Limited therapy options: 

Nutrition, physiotherapy, exercise, psychological support, drugs?

Conclusions

84
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