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Th e con text

Sepsis is a  life-th reaten in g com plication  of in fection  w ith  a  reported crude m ortality 

between  20% and 60% [1,2]. The in fection  itself and a com plex reaction  of the body even tually 

leads to mult iple organ  failu re, often  despite adequate an tibiotic treatm ent an d (surgical) 

con trol of the in fection  site. By de�n ition , sepsis in  com bination  w ith  organ  dysfun ction  is 

called severe sepsis, arisin g the need for in tensive treatm ent to preven t death . Mortality 

progressively in creases w ith  the num ber of organ s that  fail [3]. It  is est im ated that  over 

9000 patien ts w ith  severe sepsis are annually adm itted to an  In tensive Care Un it  in  the 

Netherlan ds, which  accounts for 11% of all ICU-adm ittan ces in  the Netherlan ds [4]. Apart  

from  h igh  m ortality rates, severe sepsis and its in tensive treatm ent also lead to substan tial 

m orbidity: physical an d psychological effects for patien ts are con siderable an d m ay be lon g-

last in g [5]. With  an  average cost  of € 19.500 per treatm ent the overall an nual direct  m edical 

costs of € 168 m illion  represen t 0.5% of all health -care costs an d 1,7% of the an nual hospital 

budget in  the Netherlan ds [6]. In  sum m ary, (severe) sepsis represen ts a  large healthcare 

burden , both  in  costs an d hum an  sufferin g.

In  order to reduce m orbidity an d m ortality, for m any decades exten sive efforts have been  

exerted to correct  the circu latory shock that  accom pan ies organ  failu re in  severe sepsis [7]. 

Th is con dit ion  occurs when  oxygen  supply can not m eet the n eeds of the t issue cells [8], an d, 

if not  corrected in  t im e, m ay resu lt  in  organ  dysfun ction . As opposed to other form s of shock, 

septic shock resu lts from  distributive alterat ion s in  t issue perfusion , caused by abn orm al 

con trol of m icrovascu latu re w ith  an  abn orm al distribution  of a  norm al or in creased cardiac 

output [9]. Many years ago, Weil an d Shubin  proposed a classi�cation  of shock w ith  special 

referen ce to its distributive form  [10]. The distributive defect  in  septic shock has been  

classically de�n ed as a  redistribution  of volum es an d re�ects a  defect  in  vascu lar regu lation  

in  the presen ce of norm al or even  supran orm al oxygen  supply. The com plex natu re of the 

pathophysiology of th is syn drom e has led to con siderable con troversy regardin g patien t  

m anagem ent. Despite an  in crease in  cardiac output an d oxygen  delivery to t issue, seem in gly 

paradoxical regional dysoxia is eviden t, as indicated by h igh  lactate levels, distu rbed acid 

base balan ce, an d en han ced levels of gastric CO
2 

[11,12]. Th is situation  is described as a  

de�cit  in  oxygen  extraction  by peripheral t issues. Un der condit ion s of distributive shock, 

the concept of heterogen eity of blood �ow  w ith in  the m icrocircu lat ion  cou ld explain  

dysoxia, despite adequate upstream  an d dow n stream  param eters of oxygen  delivery [13,14]. 

Microcircu latory weak un its are shun ted at  the regional level causing patchy hypoxic areas, 

whereas at  the sam e t im e both  arterial and venu lar p0
2
 m ay appear n orm al.

However, un til 1999 sepsis-speci�c an im al m odels, such  as direct  in -vivo m icroscopy of the 

m icrocircu lat ion  after speci�c t issue preparation , cou ld n ot  be tran slated in to hum an  sepsis 

studies for practical reasons. In  that  year, orthogonal polarization  spectral (OPS) im agin g 

was in troduced [15]. The OPS techn ique con sists of a  han dheld device that  illum inates an  
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area of in terest  w ith  polarized light , wh ile im aging the rem itted light  th rough  a secon d 

polarizer (analyzer), orien ted in  a  plan e precisely orthogonal to the plan e of illum ination . 

If a  wavelen gth  w ith in  the haem oglobin  absorption  spectrum  (e.g., 548 n m ) is chosen , 

eryth rocytes w ill appear dark an d leukocytes m ay be visible as refrin gen t bodies. The vessel 

walls itself are n ot  visualized directly, although  fain t  con tours can  be iden ti�ed depen din g 

on  the presen ce of in travascu lar eryth rocytes. Visualization  of the m icrocircu lat ion  by 

the techn ical successor of OPS im agin g, sidestream  dark�eld (SDF) im aging, is essen tially 

based on  the sam e physical prin ciples [16]. As a resu lt  of direct  in -vivo observation  of 

the m icrocircu lat ion  in  septic patien ts, m icrocircu latory abnorm alit ies, an d in  part icu lar 

heterogen eity of �ow, are n ow  being recogn ized as key characterist ics in  the pathogen esis 

of organ  dysfunction  durin g sepsis [17-19]. Presence an d persisten ce of such  abn orm alit ies 

were foun d to be associated w ith  progn osis of m orbidity an d m ortality, in  con trast  to all the 

available system ic hem odynam ic variables [17-19]. Com bin in g OPS/ SDF im agin g w ith  other 

techn iques such  as sublin gual an d buccal capnom etry, has added to the un derstandin g of the 

relat ion  between  m icrocircu latory abn orm alit ies an d m etabolic t issue variables [20,21]. 

Th esis

If heterogeneity of m icrocircu latory blood �ow  is a  prom inen t characterist ic in  septic shock, 

not  sensed by conven tional system ic hem odynam ic param eters, what are the con sequen ces 

for the way doctors m on itor the state an d progression  of the disease itself, as well as their 

therapeutic in terven tion s? In  chapter 1 a  general in troduction  to th is question  is applied to 

the gut  in  sepsis. 

Before scien ti�c com parison  between  observations of the m icrocircu lat ion  under speci�c 

experim ental con dit ion s can  be perform ed, quan ti�cation  of observed m icrocircu latory 

alterat ion s is n eeded. Apart  from  the techn ical com plexity to tran sform  visual im ages in to 

con crete num bers, the proposed system  of quan ti�cation  shou ld speci�cally be sen sit ive to 

detect  m icrocircu latory alterat ion s under these heterogeneous �ow  con dit ion s. In  chapter 2 

we describe a study that  aim s to validate both  in tra- and in terobserver variability of a  sem i-

quan titat ive way for assessm ent of m icrocircu latory alterat ion s in  sepsis, in  organs w ith  

differen t  m icrovascu lar arch itectu re.

In  chapter 3 the discordance between  system ic hem odynam ic param eters an d (sublingual) 

m icrocircu latory alterat ion s is illustrated w ith  a  case report , in  which  the blood pressure 

of a  patien t  w ith  a  septic shock is successfu lly restored w ith  the poten t  vasopressive agen t 

terlipressin , at  the ‘expen se’ of a  com plete shutdow n  of the m icrocircu lat ion .
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Given  the fact  that  heterogeneity of blood �ow  can  be observed w ith in  the m icrocircu lat ion  

durin g sepsis, what does th is im ply for heterogen eity of �ow  between  differen t  organs 

an d between  differen t  vascu lar com partm ents? In  other words, is it  con ceivable that  

m icrocircu latory alterat ion s in  on e part icu lar organ  m ay be differen t  in  a  second organ  at  

the sam e t im e? And w ill th is relat ion  be con stan t  over t im e? 

In  chapter 4 an  observational study is described, in  which  m icrocircu latory alterat ion s in  

hum an  sepsis are observed in  two organ s, the ton gue an d the in test inal tract , at  2 differen t  

t im e poin ts. In  chapter 5 the resu lts of a  com parable study are reported; un der hum an  septic 

con dit ions the relat ion  between  param eters of the peripheral vascu lar com partm ent and 

the m icrocircu latory com partm ent is elaborated.

An  im portan t  issue up-to-date rem ain s the speci�c m ean in g of the num erous observation s 

that  m icrocircu latory alterat ion s occur un der con dit ion s of distributive- and other form s of 

shock. The absen ce of such  alterat ion s in  several healthy con trol groups, its progn ostic value 

in  term s of m orbidity an d m ortality in  sepsis, as well as the relat ion  w ith  the occurren ce of 

in tracellu lar hypoxia an d acidosis are stron gly in dicative for its relevan ce. However, th is 

does n ot  n ecessarily im plicate that  in terven tions to im prove m icrovascu lar blood �ow  are 

ben e�cial to outcom e of patien ts. The proof of the pudding is in  the eating. In  chapter 6 we 

describe the design  an d the resu lts of a  large single-cen tre double-blind random ised placebo 

con trolled clin ical trial, that  aim ed to im prove m icrocircu latory �ow  in  severe hum an  

sepsis w ith  the organ ic n itrate n itroglycerin , in  the set t in g of an  in it ial strict ly protocolised 

resuscitat ion . 

Distributive shock is n ot  restricted to sepsis, but  m ay also occur un der other condit ion s such  

as ischem ia-reperfusion , system ic in �am m atory respon se syndrom e an d CABG-procedures 

[13, 22]. Durin g on -pum p cardiac su rgery patien ts are subject  to a  num ber of hem odynam ic 

changes, associated w ith  in test inal hypoperfusion  [23]. In  an  observational study (chapter 

7) we com bined postoperative direct  observation  of the rectal m icrocircu lat ion  by m ean s 

of SDF-im agin g w ith  rectal tonom etry, to test  the hypothesis that  splan chn ic ischem ia is 

associated w ith  (persistan t) splan chn ic m icrocircu latory alterat ions.

Chapter 8 aim s to provide a ‘state of the un ion ’ w ith  regard to developm ent of the 

m icrocircu lat ion  as a  clin ical con cept an d gives an  overview  over recen t literatu re. The 

thesis en ds w ith  a  sum m ary in  English  an d Dutch .
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In trodu ction  

For m any decades the speci�c vascu lar arch itectu re of the gut  an d its horm onal respon se to 

shock has been  studied. The discovery of extensive in test inal m icrovascu lar reactions in  the 

absence of chan ges in  system ic pressure variables [1,2] was a trigger to a  long list  of both  

preclin ical and clin ical research  in  th is �eld. Today, m icrocircu latory distress in  the gut  is 

believed to be an  early stage in  the developm ent of Multiple Organ  Dysfun ction  Syndrom e 

an d has been  hypothesised to be an  im portan t  con tributin g factor in  its developm ent 

[3]. Dysregu lation  of the in test inal m icrocircu lat ion  by sepsis related m ediators and 

in�am m atory cells m ay lead to loss of barrier fun ction , en dothelial cell dysfun ction  and 

enhan ce clott in g, red blood cell rigidity an d leukocyte activation  [4] and �nally prom otes 

cell death  . However, the role of m icrocircu latory shutdow n  an d con com itan t  im pairm ent 

of oxygen  delivery as a  pathophysiologic en tity in  the developm ent of cell dysoxia is 

st ill un der debate. A num ber of differen t  biochem ical m echan ism s, includin g reversible 

inh ibit ion  of cytochrom e aa
3
 by n itric oxide, de-en ergization  of the redox couple of 

m itochon drial n icotinam ide aden in e dinucleotide (NAD+/ NADH) and irreversible in h i-

bit ion  of m itochon drial respiratory com plexes by peroxyn itrite have been  described [5]. 

Whether th is ‘cytopath ic hypoxia’ in  vivo m ay develop in depen den tly of in suf�cien t  oxygen  

supply, or must  be seen  as a  cellu lar respon se to dysoxia, n eeds to be illum inated.

In  th is art icle we w ill focus on  m icrovascu lar blood �ow  alterat ion s in  the gut  during sepsis, 

an d discuss recen tly published techn iques w ith  a  prom isin g poten cy to un ravel exist in g 

con troversies in  septic shock and its treatm ent.

Tissu e oxygen ation

Clin ical observations on  im pairm ent of regional perfusion  (e.g. big toe tem peratu re) an d 

its progn ostic value have been  m ade for m any years [6,7]. However, bedside decisions were 

m ain ly m ade on  the basis of gross system ic hem odynam ic param eters. Moreover, in  sepsis, 

where the alterat ions of m icrocircu latory blood �ow  have been  described extensively, the 

use of vasopressors is st ill con sidered to be an  im portan t  clin ical tool [8]. On  on e han d, the 

in troduction  of regional m easurem ent techn iques has h igh lighted the inadequacy of global 

hem odynam ic m on itoring in  regard to possible failu re of m icrocircu latory oxygenation , 

but  on  the other han d it  has also con tributed to the con troversy on  what level of t issue 

oxygenation  is con sidered ‘adequate’. Ideally, ‘adequate’ shou ld be de�n ed on  the level of 

cell fun ction  and en ergy u tilisat ion . However, such  param eters are not  easily available and 

m ight n ot  always re�ect a  situation  of adequate oxygen  supply. For exam ple, retu rn ing 

blood pressure to norm al levels, after tubu lar n ecrosis has happen ed, w ill n ot  be followed by 

(im m ediate) retu rn  of renal fun ction . If h ibernation  of the cell, due to a  biochem ical shutdow n  

of en ergy u tilisat ion  w ith in  the m itochon drial respiratory chain  exists [9], restoration  of 
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oxygen  supply by m eans of m icrovascu lar ‘repair’ after a  long period of inadequate supply, 

w ill n ot  au tom atically lead to revitalisat ion  of such  biochem ical m echan ism s. Whether 

m itochon drial failu re is the cu lprit  or not , en surin g ‘adequate’ oxygen  supply to the 

m icrocircu lat ion  is an  essen tial (�rst) step in  the resuscitat ion  of vital cell fun ctions.

Region al tech n iqu es

Many techn iques have been  advocated to m easure in test inal �ow  an d adequacy of t issue 

oxygenation . In test inal �ow  m easurem ents in clude laser-Doppler an d in docyan ine green  

in fusion  [10], whereas assessm ent of the presen ce of dysoxia has been  carried out  by lactate 

m easurem ents, gastric tonom etry an d oxygen  electrodes. A rise in  blood lactate is con sidered 

to re�ect anaerobic cellu lar m etabolism  associated w ith  t issue dysoxia, but  direct  sepsis 

m ediated lactate production  and chan ges in  lactate clearan ce com plicate the in terpretat ion  

[11]. Gastric ton om etry is a  m in im al invasive techn ique that  detects in tracellu lar dysoxia 

by m easurin g in tralum inal pCO
2
 in  relat ion  to system ic pCO

2
; an  in crem ent in  pCO

2
 gap 

re�ects in tracellu lar acidosis as a  resu lt  of dysoxia. Reliable in terpretat ion  is possible after 

elim ination  of m ethodical errors like prepyloric feeding an d lack of gastric suppression  

[12]. 

Direct  m easurem ent of t issue oxygen  pressure w ith  the use of polarograph ic oxygen  

electrodes has also been  perform ed in  the gut  [13]. With  a pen etrat ion  depth  of aroun d 

15 μm  the electrodes m easure an  average pO
2
 of t issue cells, capillaries an d larger blood 

vessels aroun d the probe. Con �ictin g resu lts m ay be due to h idden  hypoxic m icrocircu latory 

un its n ext  to well-perfused norm oxic or hyperoxic un its, sin ce a pathologic heterogen eity of 

blood �ow  w ith in  on e organ  seem s to be an  im portan t  characterist ic of the m icrocircu lat ion  

durin g sepsis [14,15]. High  t issue pO
2 

can  be a resu lt  of cell death , m itochondrial in ju ry, 

in creased O
2
 delivery or m icrovascu lar arteriole-to-venu le convective shun tin g. To 

address th is problem , optical spectroscopy has been  developed [16,17]. In  these n on -

invasive techn iques phosphorescence spectroscopy is used to m easure oxygen  pressures 

in  the m icrocircu lat ion , re�ectance an d absorbance spectrophotom etry for haem oglobin  

satu ration  in  m icrocircu latory blood, and �uorescence spectroscopy to m easure cellu lar 

m itochon dria energy state [18].

Oxygen ation  of th e m icrocircu lat ion

Oxygen  tran sport  to the t issue is ach ieved by a com bination  of a  heterogen eous convective 

m echan ism  (e.g. blood �ow ) an d by diffusion , either directly from  arterioles to align ing 

cells [19] or at  the capillary in terface, thus creatin g hom ogeneous oxygenation  [20]. There is 
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eviden ce however, that  durin g hypoxia the oxygenation  m ight becom e m ore heterogen eous 

[21]; well-oxygenated m icrocircu latory un its exist  n ext  to hypoxic un its. In  vitro NADH 

�uorescence im agin g of the heart  revealed persisten ce of dysoxic areas after a  period of 

ischem ia. These were called m icrocircu latory weak un its, because they were also the �rst  to 

becom e dysoxic durin g episodes of ischem ia an d were iden ti�ed as com posed of capillary 

vessels [21]. In  a  subsequen t study [22], these vu ln erable un its were foun d to becom e as �rst  

dysoxic durin g n itric oxide (NO) in h ibit ion  or vasopressin  adm in istrat ion  in  en dotoxem ic rat  

hearts, an  effect  n ot  found in  con trol hearts. The mucosal vascu lar arch itectu re, w ith  close 

proxim ity of the feedin g arteriole to ef�uent venu le at  the base of the villi, m ight also be 

con sidered m icrocircu latory weak un its, sin ce they are pron e to diffusional shun tin g from  

arteriole to venu le, thereby bypassing villi m icrocircu lat ion  [3], although  in  other studies 

the serosal muscu laris has been  iden ti�ed as being the com partm ent to rem ain  shun ted 

in  resuscitated sepsis. In  muscle t issue, however, n o m icrocircu latory subun its cou ld be 

iden ti�ed [23], explain in g the relat ive resistance of muscle to dysoxia [13].

Microcircu latory shu n tin g 

If shun tin g m echan ism s w ith in  the m icrocircu lat ion  exist  during sepsis, one would expect  

to �n d h igher venous pO
2
 values than  pO

2
 values in  the m icrocircu lat ion  itself, sin ce venous 

blood is m ixed w ith  oxygen -rich  arteriolar blood, leavin g the m icrocircu lat ion  dysoxic 

beh in d. Th is pO
2 

gap cou ld indeed be dem on strated in  the in test in e during hem orrhagic 

shock in  a  pig m odel [24]. Durin g shock, venous pO
2
 decreased to a  plateau  level, whereas 

m icrocircu latory pO
2
 con tinued to decrease, causing a pO

2
 disparity. Resuscitat ion  w ith  

crystalloid solu tions or au tologous blood was able to restore th is gap. In terest in gly, in  the 

ileum  a large differen ce in  t issue pO
2 

of the serosa com pared w ith  the mucosa has been  

observed; mucosal pO
2 
levels were much  lower than  serosal pO

2 
[13,24,25]. Boh len  [25] also 

dem on strated that  t issue pO
2
 at  the t ip of the villi was about half the value com pared to pO

2
 

levels at  the base of the villi. Furtherm ore, pO
2
 levels as established by oxygen  electrodes 

were sign i�can tly h igher than  those obtain ed by Pd-porphyrin  phosphorescen ce, suggestin g 

m easurem ent of differen t  m icrocircu latory com partm ents as a  resu lt  of differen ce in  

pen etrat ion  depth  [26,27]

During sepsis the sam e w iden ing of the pO
2 
gap was dem onstrated in  a  porcine endotoxin  

in fusion  m odel [3,28]. The pO
2 
gap was m ore pron oun ced during en dotoxem ia as com pared 

to haem orrhage w ith  an  equal depression  of m icrocircu latory pO
2
, suggestin g a larger shun t 

fraction  during endotoxem ia than  during haem orrhage. 

There are four prin cipal m echan ism s that  cou ld cause shun tin g of the m icrocircu lat ion . 

The �rst  is convective arterioven ous shun tin g, by which  blood �ows directly from  arterioles 

to venu les th rough  anatom ical anastom osis. The existen ce of such  shun ts has been  
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dem on strated in  previous studies [29,30]. The secon d m echan ism  is by direct  diffusion  of 

oxygen  from  arterioles to venu les lyin g in  close proxim ity to each  other, as described in  the 

heart  at  low  coronary �ows [31]. The th ird m echan ism  has been  referred to as ‘vascu lar steal’, 

whereby certain  m icrocircu latory un its steal �ow  from  disadvan taged m icrocircu latory un its 

by selective vasodilatat ion  [32]. Durin g sepsis th is heterogen eity of the m icrocircu lat ion  

cou ld be aggravated by a blockade of disadvan tageous m icrocircu latory un its th rough  m icro 

em boli, an  in crease in  red blood cell rigidity, oedem a form ation  an d adherence of activated 

leukocytes to the vascu lar wall. A fourth  theoretical m echan ism  of shun tin g involves the 

inability of haem oglobin  to off-load oxygen  fast  enough  to t issues as it  passes th rough  the 

m icrocircu lat ion . Kin etics of oxygen  release from  eryth rocytes to the serum  are described 

by Gutierrez [33]. Especially at  low  satu ration  levels the oxygen  off-load t im e can  exceed 

the m icrocircu lat ion  tran sit  t im e for the eryth rocyte. When  the off-load subsequen tly takes 

place in  the venous pool, venous pO
2 
would increase above m icrocircu latory t issue levels. 

Under these circum stan ces haem oglobin  satu ration  would be expected to be lower in  the 

venous blood than  haem oglobin  satu ration  in  the m icrocircu latory blood. Indeed, Lash  and 

Bohlen  [34] foun d a con tradictory in crease in  m icrocircu latory haem oglobin  satu ration  

durin g muscle st imulation , whereas a  previous study [35] had show n  a depression  of t issue 

pO
2
 un der the sam e circum stan ces, suggesting oxygen  off-load restrict ion  as possible 

explanation .

Orth ogon al polarisat ion  spectroscopy

Recen t clin ical publication s [36,37], in  which  the m icrocircu lat ion  was studied in  vivo by 

m ean s of orthogonal polarisat ion  spectral (OPS) im aging, have open ed challenging new  

perspectives. OPS im agin g, in troduced by Slaaf and co-workers [38], uses green  polarised light  

to observe the m icrocircu lat ion  in  vivo. The techn ique, as described in  detail elsewhere [39], 

con sists of a  han d-held m icroscope that  illum inates an  area of in terest  w ith  polarised light , 

wh ile im aging the rem itted light  th rough  a second polarizer (analyser) orien ted in  a  plan e 

precisely orthogonal to that  of the illum ination . If a  wavelen gth  w ith in  the haem oglobin  

absorption  spectrum  (e.g., 548 n m ) is chosen , red blood cells w ill appear dark an d white 

blood cell m ay be visible as refringen t bodies. The vessel walls are not  visible directly an d its 

im aging therefore depends on  the presen ce of red blood cells. We validated OPS im agin g by 

com parison  w ith  in travital m icroscopy in  hum an  volun teers, an d in troduced th is techn ique 

clin ically for the �rst  t im e observation s of the m icrocircu lat ion  of in ternal hum an  organ s 

[40-43]. 

De Backer an d co-workers [37] used sublin gual OPS im agin g to ‘peep’ at  the m icrocircu lat ion  

in  patien ts w ith  sepsis in  com parison  to non -septic in ten sive care patien ts. In  a  sem i-

quan titat ive analyses of the video-stored im ages, �ow  was de�ned as con tinuous, 
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in term itten t  or absen t; vessels were divided in to sm all an d large, usin g a diam eter cu t-

off value of 20 μm . Den sity of all blood vessels an d perfusion  of sm all blood vessels was 

alm ost  reduced by half durin g sepsis com pared to healthy volun teers and other ICU con trol 

subjects. Reduction  of vessel diam eter an d �ow  were correlated w ith  an  in crease in  blood 

lactate levels, severity of illn ess an d non -survivors, despite overall correction  of system ic 

hem odynam ic an d oxygen  delivery param eters. Topical application  of acetylcholine totally 

reversed the observed alterat ion s. Spron k et  al. [36] resuscitated 8 sepsis patien ts w ith  

�uids, dopam in e an d ketan serin  un til pre-set  system ic hem odynam ic goals were ach ieved. 

After resuscitat ion , all patien ts had severely im paired sublin gual m icrocircu latory �ow, 

especially in  the sm all m icro vessels. Observation  of no �ow  in  the sm all vessels n ext to 

�ow  in  the larger vessels con �rm  the shun tin g theory of sepsis [3,47] With in  two m inutes 

after a  loading dose of 0.5 m g n itroglycerin  and subsequen t con tinuous in fusion  a m arked 

increase in  m icrovascu lar �ow  in  all generation  m icro vessels was observed, con�rm in g the 

hypothesis obtained from  an im al data [44, 45], that  vasodilator therapy is able to recru it  

shun ted m icro vessels in  sepsis. 

Fu tu re perspect ives

Although  the in troduction  of OPS open s prom isin g new  ways to study the m icrocircu lat ion  

in  vivo durin g sepsis in  a  m in im al invasive way, m any question s rem ain  to be an swered. Is 

the sublin gual m icrocircu lat ion  a m irror of equally vu ln erable m icrocircu latory un its in  the 

gut  an d other organs? The in troduction  of sublingual ton om etry [46] and the dem on strat ion  

that  sublin gual capn ography [47] is correlated w ith  gastric ton om etry in  septic patien ts 

suggest  possibilit ies for the fu tu re, but  fu rther research  is n eeded to clear th is pictu re. 

De Backer an d co-workers dem onstrated a relat ion  between  a shutdow n  of m icro vessels 

an d severity of illn ess [37] an d both  topical and system ic vasodilators were able to open  

up previously shutdow n  sm all m icrocircu latory vessels [36,37]. But w ill pharm acological 

in terferen ce w ith  th is com plex m icrovascu lar heterogeneity u lt im ately lead to better 

outcom e? The sam e question  from  a differen t  perspective also n eeds to be an swered; cou ld 

the use of vasopressors be detrim ental in  sepsis an d septic shock? To solve th is dilem m a 

the m eticu lous search  for understan din g the pathogen esis of dysoxia must  be con tinued. If 

h ibernation  of the cell during sepsis exists [5], due to a  biochem ical shut dow n  of the en ergy 

supply by the respiratory chain , open in g up the m icrocircu lat ion  alon e w ill n ot  be enough  to 

restore cellu lar fun ction . On  the other han d, start in g up cellu lar en ergy production  w ithout 

proper oxygen  delivery seem s illogical and has a  poten cy to aggravate dysoxia.
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Th erapeu tic opt ion s 

If reopen in g of the m icrocircu lat ion  in  sepsis proves to be im portan t , what pharm acological 

tools do we have to ach ieve th is? Many vasodilators have been  used in  sepsis [48], but  its 

application  in  sepsis treatm ent is con troversial. Sodium  n itroprusside an d n itroglycerin  

are poten t  n itric oxide (NO) donors. Un der physiologic circum stan ces, release of NO is 

t ightly con trolled by shear stress of �ow in g blood actin g on  arterial en dothelial cells 

[49]. Un responsive hypoten sion  in  sepsis is believed to occur from  NO overproduction  by 

inducible NO syn thase (iNOS) [50], but  experim ental blockin g of NO production  has been  

associated w ith  m any deleterious effects on  regional perfusion  [51-54]. A clin ical sepsis 

trial w ith  the NO syn thase in h ibitor L-NMA was halt  due to in crease in  m ortality [55], 

despite earlier reports of im provem ent of global hem odynam ic param eters [56]. Recen tly, 

selective iNOS in h ibit ion  was reported to blun t  detrim ental m icrocircu latory effects in  

porcin e en dotoxem ia [51,57]. From  a shun ting poin t  of view, providin g addit ional NO m ay 

have bene�cial effects; apart  from  its vasodilatory effect  [36], it  a lso dim in ishes leukocyte 

adhesion  [58], im proves eryth rocyte deform ity [59] an d reduces oedem a form ation  [60,61]

Prostacyclin  (PGI
2
) also plays a  physiological role in  the regu lation  of local blood �ow. 

Follow in g vascu lar en dothelial in su lts such  as haem orrhage, reperfusion , hypoxia and 

sepsis the en dogenous PGI
2 
production  is enhanced [62]. In  addit ion  to vasodilatat ion  PGI

2
 

a lso in h ibits leukocyte adhesion  [63] an d platelet  aggregation . Am elioration  of the decrease 

in  arteriolar blood �ow  and an  in crem ent of arteriolar an d venu lar diam eters as well as 

perfused capillary density have been  reported [64,65].

Other possible in terven tion s in clude N-Acetyl-L-cystein e [66], pen toxifyllin e [67], 

dexam ethason  [68], selective gut  m icrocircu latory con trol by topical vasodilators [69], 

phosphodiesterase inh ibitors [70,71] an d the use of blood substitu tes [72,73]. Discussion  of 

these possible therapeutic strategies is beyon d the scope of th is m anuscript .
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Abstract

In troduction . 

The in troduction  of orthogonal polarization  spectral (OPS) im aging in  clin ical research  

has elucidated n ew  perspectives in  the role of m icrocircu latory �ow  abnorm alit ies in  the 

pathogen esis of sepsis. Essen tial to the process of understan din g and reproducin g these 

abn orm alit ies is the m ethod of quan ti�cation  of �ow  scores.

Method. 

In  a  consen sus m eetin g w ith  collaboraters from  6 research  cen tres in  differen t  �elds of 

experien ce w ith  m icrocircu latory OPS im aging, prem editated quali�cation s for a  sim ple, 

t ran slucen t an d reproducible way of �ow  scoring were de�n ed. Consecutively, a  sin gle-cen tre 

prospective observational validation  study was perform ed in  a  group of 12 patien ts w ith  an  

abdom inal sepsis an d a new  stom a. Flow  im ages of the m icrocircu lat ion  in  vascu lar beds of 

the sublin gual an d stom a region  were obtain ed, processed and analysed in  a  stan dardised 

way. We validated in tra-observer and in ter-observer reproducibility w ith  kappa cross-tables 

for both  types of m icrovascu lar beds.

Resu lts. 

Agreem ent an d kappa coef�cien ts were > 85% an d > 0.75 respectively for in terrater and 

in trarater variability in  quan ti�cation  of �ow  abn orm alit ies durin g sepsis, in  differen t  

subsets of m icrovascu lar arch itectu re.

Con clusion . 

Sem i-quan titat ive analysis of m icrocircu latory �ow, as described, provides a  reproducible 

an d tran sparan t  tool in  clin ical research  to m on itor an d evaluate the m icrocircu lat ion  

durin g sepsis. 
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In trodu ction  

Recen t clin ical investigation s have iden ti�ed m icrocircu latory abnorm alit ies as a  key 

com ponent of the pathogen esis of sepsis [1,2]. These n ew  in sights have been  m ain ly due to 

the in troduction  of orthogonal polarization  spectral (OPS) im aging by Slaaf and co-workers 

[3], wh ich  uses green  polarized light  to observe the m icrocircu lat ion  in  vivo. Im plem enting 

OPS im aging in  a  hand-held type of tool allowed us to observe the m icrocircu lat ion  

of in ternal hum an  organ s for the �rst  t im e [4,5]. The cen tral role of m icrocircu latory 

abn orm alit ies in  sepsis was elucidated when  OPS im aging was applied in  crit ically ill 

patien ts. Microcircu latory abn orm alit ies were foun d in  septic patien ts by direct  observation  

of the sublin gual m icrocircu lat ion  by m ean s of OPS im aging [6,7], an d such  abnorm alit ies 

were found to be predict ive in  outcom e [1]. 

An  im portan t  issue in  these investigations con cerns the m ethod of quan tifyin g the OPS 

m ovies of m icrovascu lar structu res, to iden tify �ow  abnorm alit ies associated w ith  sepsis, 

an d evaluate its resu lts. De Backer an d co-workers in troduced a sem i-quan titat ive m ethod, 

based on  the num ber of perfused vessels crossing th ree equ idistan t  horizon tal an d vert ical 

lin es [7,8]. We also developed a score, based on  a slightly differen t  principle [6]. Both  m ethods 

requ ire subjective assessm ent of �ow  to iden tify redistribution  between  differen t  sized 

m icro vessels, especially the capillaries. Although  these m ethods have proven  their worth  in  

practice in  iden tifying the natu re of m icrocircu latory dysfunction  in  sepsis, n either m ethod 

has yet  been  validated in  term s of reproducibility. Furtherm ore there is a  n eed for a  m ore 

gen eral m ethod of analysis, applicable to other m icrovascu lar structu res w ith  differen t  

arch itectu re than  the usually investigated sublin gual vascu lar bed. 

In  th is study we presen t  a  con sen sus m ethod of sem i-quan titat ive analysis of OPS im agin g 

that  is su itable to quan tify m icrocircu latory abnorm alit ies in  crit ically ill patien ts in  

differen t  subsets of vascu lar beds, i.e. the sublin gual region , villi of the sm all bowel an d 

crypts of the colon . We validated th is m ethod for its in terrater and in trarater variability and 

w ill discuss its potency for fu tu re autom ated analysis by m ean s of software application .

Materia ls an d m eth ods

Speci�cation s of the procedure. 

We called together 6 collaborative cen tres involved in  clin ical m icrocircu lat ion  research  in  

paediatric an d adu lt  in ten sive care un its in  the Netherlands, to com e to a  con sensus about 

quan ti�cation  of m icrocircu latory abn orm alit ies in  direct  observation s by m eans of OPS 

im aging. The 6 cen tres are involved in  OPS studies in  various hum an  organ  t issue such  as 

the sublin gual region , gut  villi, rectal mucosa, skin , conjun ctiva, gin gival and brain  t issue. 

Th is was im portan t  because we w ished to reach  a con sen sus regardin g a m ethod that  is 
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applicable to the various m icrocircu latory beds. The aim  of the process was to im plem ent a  

system atic approach  to the analysis of OPS derived m icrocircu latory �ow  im aging that  would 

allow  iden ti�cation  an d quan ti�cation  of m icrocircu latory abn orm alit ies during crit ical 

illn ess. Preferably, the designed m ethod shou ld be �t to analyse differen t  m icrovascu lar 

structu res that  have variable vascu lar anatomy so as to avoid mult iple scorin g system s 

for the evaluation  of �ow  im agin g in  speci�c organ  orien ted research . The scorin g system  

shou ld have clear de�n ition s that  are easy to teach  an d have acceptable in terrater an d 

in trarater variability. Storage of �ow  im ages shou ld be possible at  all t im es and perform ed 

in  a  structu red way so that  resu lts can  be discussed an d (re)evaluated. Finally, its application  

shou ld avoid t im e-consum in g processing an d its concept must  be su itable for software 

analysis.

De�n it ion s. 

In  order to m eet these prem editated quali�cations we design ed a sim ple sem i-quan titat ive 

judgem ent of m icrovascu lar �ow, which  dist in gu ishes n o �ow  (0), in term itten t  �ow  

(1), sluggish  �ow  (2) an d con tinuous �ow  (3). In  case a m icrovascu lar subun it  con tain s 

differen t  types of vessels w ith  differen t  diam eters, e.g. the sublin gual vascu lar bed, these 

quan ti�cation s of �ow  can  be m ade per cohort  of vessel diam eter; sm all: 10-25 μm , m edium  

26-50 μm  an d large 51-100 μm  (�g. 1 and 2). 

Figu re 1. OPS im aging of a  microvascular network, i.e. sublingua l microvascular architecture. The im age is 

divided in  4 quadrants (A,B,C,D) with examples of vessel cla ssi�ca tion : s sm a ll (10-25μm ), m  m edium (26-

50μm ), l la rge(51-100μm ). Objective 5x, on  screen  325x.
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Figu re 2. OPS im aging of a  repea ting va scular structure, i.e. villi of the sm a ll intestine. Objective 5x, on  

screen  325x.

Im agin g tech n ique. 

The OPS techn ique, as described in  detail elsewhere [9,10], con sists of a  han d-held device 

that  illum inates an  area of in terest  w ith  polarized light , wh ile im agin g the rem itted light  

th rough  a second polarizer (analyser), orien ted in  a  plan e precisely orthogonal to the plan e 

of illum ination . If a  wavelen gth  w ith in  the haem oglobin  absorption  spectrum  (e.g. 548 nm ) 

is chosen , red blood cells w ill appear dark an d white blood cells m ay be visible as refrin gen t 

bodies. The vessel walls itself are n ot  visualized directly an d its im agin g therefore depen ds 

on  the presen ce of red blood cells. 

Im agin g an d an alysis procedure. 

After gen tle rem oval of saliva/ faeces by an  isoton ic-saline-drenched gauze, steady im ages of 

at  least  20 secon ds are obtain ed an d stored on  digital videotape (SONY video walkm an  GV-D 

1000E®), avoidin g pressure artefacts. Subsequen tly the im ages are captured in  5-10-second 

represen tative video clips in  avi form at (sonyDVgate®). Video clips are analyzed blin dly and 

at  random  to preven t couplin g between  im ages. Sin ce heterogen eity of �ow  seem s to be 

an  im portan t  characterist ic of m icrovascu lar alterat ions durin g sepsis [11], OPS im ages are 

obtained from  th ree differen t  regions w ith in  the site of in terest  an d each  im age is divided 

in to 4 equal quadran ts (A,B,C an d D). Quan ti�cation  of �ow  is scored per quadran t , for each  

cohort  of vessel diam eter if applicable. The overall score, called m icrovascu lar �ow  in dex 

(MFI), is the sum  of each  quadran t-score, divided by the num ber of quadran ts in  which  the 

vessel type is visible (Table 1 and 2). 
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Table 1. Exam ple of Microvascu lar Flow  In dex (MFI) calcu lat ion  for a  (sublin gual) m icrovascu lar 

n etwork.

Quadran t A Quadran t B Quadran t C Quadran t D MFI

Flow, sm all 2 3 3 2 10/ 4= 2.5

Flow, m edium 1 3 3 3 10/ 4= 2.5

Flow, large - 3 3 - 6/ 2= 3

Table 2. Exam ple of Microvascu lar Flow  In dex calcu lat ion  for a  repeatin g m icrovascu lar structu re (gut  

villi). 

Quadran t A Quadran t B Quadran t C Quadran t D MFI

Flow  villi 2 3 3 2 10/ 4= 2.5

Sett in g an d patien t  select ion . 

To validate the above process of quan ti�cation  we perform ed a sin gle cen tre prospective 

observational validation  study in  a  tert iary teach in g-hospital w ith  a  23 bed m ixed ICU. 

During an  8-m onth  period patien ts w ith  a  new  stom a in  the course of abdom inal sepsis 

were in cluded. Overt  clin ical n ecrosis of the stom a was a con train dication  for OPS im agin g. 

Th is part icu lar m odel was chosen  sin ce a com plete spectrum  of m icrovascu lar �ow  

abn orm alit ies, ran ging from  n o �ow  (0) to n orm al �ow  (3) was expected to be visualized 

in  poten tially 3 differen t  m icrovascu lar subsets: the sublingual region , gut  villi in  an  

ileostomy an d crypts in  a  colostomy. A local eth ical an d scien ti�c com m ittee waived the 

need for in form ed con sen t sin ce the observation s were considered non -invasive and n o 

in terven tions were m ade. 

Stat ist ical an alysis. 

In terrater an d in trarater variability was calcu lated by kappa (κ) cross tables for ordinal 

variables in  Analyse-it® (Analyse-It  Software, Leeds, Un ited Kin gdom ), an d presen ted w ith  

95%-con �dence in tervals (CI). The advan tage of κ-coef�cien t  calcu lat ion  above establish in g 

agreem ent alon e, lies in  the fact  that  the κ-coef�cien t  also takes in to account the ru le of 

chan ce [12,13]. The chance of agreem ent was est im ated to be considerable w ith  such  

a lim ited num ber of ordinal variables. A κ-coef�cien t  > 0.6 was considered good [13]. 

Weighted κ-coef�cien ts (κ
w
) were addit ionally calcu lated in  order to take in to account the 

level of disagreem ent, givin g weights to disagreem ent accordin g to the m agn itude of the 

discrepancy [14].
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Resu lts 

In  an  8-m onth  period 12 patien ts were in cluded w ith  a  new  stom a as part  of treatm ent 

of an  abdom inal sepsis. OPS im agin g was perform ed both  in  the sublingual region  an d in  

a  stom a during the ICU stay on  day 1, 3 and 7 after the su rgical procedure. In  5 patien ts 

an  ileostomy, and in  7 patien ts a  colostomy was constructed. Mean  APACHE II score of the 

included patien ts was 19.7 (SD ± 7.97) w ith  an  observed 45% ICU- an d hospital m ortality. All 

patien ts were ven tilated.

For assessm ent of interra ter variability each  of 2 blin ded investigators scored the �ow  in  

each  sam ple in depen den tly. For the sublin gual region  there were 224 sam ples available. 

In  202 (90%) sam ples there was com plete agreem ent; a  scorin g-difference of -1/ +1 was 

found in  22(10%) cases (Table 3A). Κ-coef�cien t  for in terrater variability in  the sublingual 

region  was 0.85 (0.79-0.91; Table 4). Sin ce agreem ent in  th is sam ple size appeared to be th is 

good, fu rther analysis was done in  a  reduced sam ple size (arbitrarily a  50% reduction  of all 

available data was chosen ). Stom a �ow  in terrater agreem ent was com plete in  85/ 96 (89%) 

cases; a  -1/ +1 difference con sisted in  11/ 96 (11%) cases (Table 3B) w ith  a  κ-coef�cien t  for the 

com bined stom a site of 0.84 (95% CI 0.75-0.93; Table 4).

In  order to assess intrara ter variability, �ow  was scored 2 t im es in depen den tly by the sam e 

investigator. For sublin gual �ow  com plete in trarater agreem ent was foun d in  86/ 100 (86%) 

sam ples, a  -1/ +1 difference in  12/ 100 (12%) an d a -2/ +2 difference in  2 (2%) cases (Table 3C). 

In trarater variability κ-coef�cien t  was calcu lated to be 0.78 (0.67-0.89) for the sublingual 

region  (Table 4). Stom a �ow  in trarater agreem ent was com plete in  64/ 72 (89%), a  -1/ +1 

difference consisted in  8/ 72 (11%) cases (Table 3D). Κ-coef�cien t  for in trarater variability 

for the com bin ed stom a sites was 0.83 (0.71-0.94) (Table 4). 

Table 3A. In ter-observer agreem ent for �ow  score in  the sublin gual region .

Observer 1

Observer 2 Flow  0 Flow  1 Flow  2 Flow  3

Flow  0 16 2 0 0

Flow  1 2 22 3 0

Flow  2 0 4 65 8

Flow  3 0 0 3 99

total 224
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Table 3B. In ter-observer agreem ent for �ow  score in  the com bin ed stom a sites.

Observa tion  1

Observa tion  2 Flow  0 Flow  1 Flow  2 Flow  3

Flow  0 9 3 0 0

Flow  1 0 21 1 0

Flow  2 0 6 29 1

Flow  3 0 0 0 26

total 96

Table 3C. In tra-observer agreem ent for �ow  score in  the sublin gual region .

Observa tion  1

Observa tion  2 Flow  0 Flow  1 Flow  2 Flow  3

Flow  0 4 0 0 0

Flow  1 0 10 2 2

Flow  2 0 1 30 7

Flow  3 0 0 2 42

total 100

Table 3D. In tra-observer agreem ent for �ow  score in  the com bin ed stom a sites.

Observa tion 1

Observa tion  2 Flow  0 Flow  1 Flow  2 Flow  3

Flow  0 9 0 0 0

Flow  1 1 3 1 0

Flow  2 0 1 32 1

Flow  3 0 0 4 20

total 72

Table 4. Stat ist ical data for sem i-quan titat ive �ow  scorin g in  the sublin gual region  an d in  com bin ed 

stom a sites. * kappa plus 95% con�den ce in tervals between  brackets, κ
w  

= weighted kappa coef�cien t .

Reliability agreem ent chance kappa* κ
w

In terrater, sublin gual 0.90 0.35 0.85 (0.79-0.91) 0.90

In trarater, sublingual 0.86 0.37 0.78 (0.67-0.89) 0.81

In terrater, stom a 0.89 0.28 0.84 (0.75-0.93) 0.89

In trarater, stom a 0.89 0.36 0.83 (0.71-0.94) 0.89

Discu ssion

We have show n  that  in ter- an d in trarater agreem ent an d κ-coef�cien t  for our m ethod of 

sem i-quan titat ive analysis of OPS im aging of the m icrocircu lat ion  is h igh . Th is appears 

to be true for differen t  m icrovascu lar structu res. These resu lts are im portan t  sin ce the 

in troduction  of OPS �ow  im agin g in  the �eld of clin ical research  has gained n ew  perspectives, 

un ravellin g the com plex pathophysiology of m icrovacu lar dysfunction  durin g sepsis. 



Quanti�ca tion  of microcircula tory a ltera tions in  sepsis

39

ed 

t .

 of 

ars 

the 

es, 

sis. 

For the �rst  t im e alterat ions of hum an  m icrocircu latory �ow  cou ld be visualized in  vivo 

[4,5]. In  com bination  w ith  sublingual capnom etry [15,16] or near in frared spectroscopy, 

for m easurin g m icrocircu latory haem oglobin  satu ration  [17,18], OPS im agin g can  be used 

to investigate the relat ion sh ip between  the m icrocircu lat ion  an d m etabolic state during 

sepsis. Persisten t  m icrovascu lar distu rban ces in  the sublin gual vascu lar bed durin g sepsis 

were associated w ith  poor outcom e, providin g a tool for detecting distributive defects in  

sepsis, n ot  ach ieved by conven tional m on itorin g of system ic hem odynam ic- or oxygen -

derived variables [1]. Furtherm ore, therapeutic in terven tion s, such  as the use of volum e 

resuscitat ion , vasopressors an d vasodilators [6,19] can  be m on itored at  their poten tial level 

of im pact, in  casu  the m icrocircu lat ion . However, these prom ises can  on ly becom e true 

when  obtain ed im ages are in terpreted un iform ly an d quan ti�cation  of m icrocircu latory 

�ow  abn orm alit ies is reproducible.

To com pare an d evaluate OPS-derived �ow  im aging, it  is essen tial to quan tify the 

com plete spectrum  of �ow  distu rban ces during sepsis and other shock m odels. Although  

direct  m easurem ent of red blood cell velocity in  a  separate vessel is very well feasible, its 

application  does n ot  do just ice to the com plex m icrocircu latory �ow  pattern s durin g sepsis, 

in  which  heterogen eity of �ow  seem s to be a key characterist ic [11]. It  is therefore im portan t  

to quan tify a  com plete �ow -pattern  in  a  speci�c organ  site, preferably in  m ore than  on e 

location . Hence the choice n ot  on ly to derive OPS im ages from  3 differen t  locations w ith in  

the organ  site, but  also to divide the im age itself in to four quadran ts. The de�n itions of 

differen t  �ow  pattern s were kept sim ple (n o �ow  (0), in term itten t  �ow  (1), sluggish  �ow  

(2) an d con tinues �ow  (3)) to avoid m iscon struction . The overall good agreem ent in  the 

quan ti�cation  of �ow, per group of vessel diam eter if applicable, validates its t ran sparen cy 

an d reproducibility. Im portan t  for fu tu re im plem entation  of th is sem i-quan titat ive �ow  

score in  clin ical research  or even  clin ical practice, is the fact  that  disagreem ent of �ow  

quan ti�cation  greater than  +1/ -1 was virtually absen t, as expressed by the weighted 

κ-coef�cien ts, thus elim inatin g the possibility of in terchan gin g n orm al �ow  pattern s w ith  

clearly pathologic �ow  pattern s.

During sepsis a  characterist ic of m icrocircu latory �ow  m ight not  on ly be a standstill, 

in terruption  or decrease of red blood cell velocity, but  also hyperdynam ic m icrocircu latory 

�ow  pattern s have been  observed. Sin ce an  in crease in  red blood cell velocity m ay also lead 

to shun tin g, by m eans of the inability of haem oglobin  to off-load oxygen  fast  enough  to 

t issues as it  passes th rough  the m icrocircu lat ion  [20], it  seem s im portan t  to dist in gu ish  

norm al �ow  from  hyperdynam ic �ow  as well. However, w ith  the curren t  OPS techn ique 

using 25 fram es per secon d, it  is not  possible to detect  these differen ces in  �ow  adequately. 

In  the fu tu re, these lim itat ion s m ight be overcom e by a n ew  im aging techn ique w ith  a  

con siderable better resolu tion : Sidestream  Dark-Field (SDF) im agin g [21]. Un der these 

con dit ions a  category 4 m ight be added to the �ow  variables.
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The described type of analysis is especially su ited for im ages derived from  n on -�xed 

posit ion s of a  hand-held device. Un der these circum stances the exact  length  of the vessel 

can  n ot be determ in ed, preven tin g the exact  quan ti�cation  of red cell velocity and vessel 

diam eter. However, the largely im proved im age quality of SDF im agin g has n ow  m ade it  

possible to apply process algorithm s much  m ore effectively. To date we develop im age-

processin g software, design ed for vessel iden ti�cation  in  vascu lar im ages w ith  a  process 

kn ow n  as segm entation . Velocity is determ in ed sem i-autom atically after con structing 

space-t im e diagram s from  the cen trelin e in tensity of vessels in  subsequen t video fram es. 

It  a llows the user to query len gth , w idth  and blood velocity of in dividual vessel segm ents, 

thus creating a detailed stat ist ical report  con tain ing vascu lar param eters.

To avoid a com plex set  of n on -com parable quan ti�cation  system s for in dividual organ  sites, 

the presen ted way of sem i-quan titat ive analyses was not  on ly design ed for the evaluation  

of the behaviour of m icrocircu latory networks such  as the sublingual region  an d the 

brain  [6], but  also for repeatin g vascu lar structu res like those in  the sm all in test in e (villi), 

colon  (crypts), rectum  (crypts), liver (sinuses) an d gingival t issue [22]. In tra- and in terrater 

agreem ent an d κ-coef�cien t  for sem i-quan titat ive �ow  analysis in  stom as of the sm all 

in test ine and colon  were as good as for sublingual m icrocircu latory structu res. Th is way of 

�ow  quan ti�cation  seem s therefore poten tially applicable for the analysis of OPS im agin g 

in  m any m ore m icrovascu lar structu res n ot  yet  described in  the literatu re.

Con clu sion s

Sem i-quan titat ive analysis of OPS derived �ow  im agin g, as described, has a  good in trarater 

an d in terrater reproducibility for the evaluation  of m icrocircu latory �ow  pattern s during 

sepsis, both  for m icrocircu latory n etworks an d for repeatin g m icrovascu lar structu res. It  

provides a  tran sparen t  an d clin ical applicable n on -invasive tool to m on itor an d evaluate the 

m icrocircu lat ion  bedside. 

Key m essages

• Sem i-quan titat ive analysis of OPS derived �ow  im agin g, as presen ted, has good 

in terrater an d in trarater reproducibility.

• The described way of analysis is applicable both  for m icrocircu latory n etworks an d 

for repeatin g m icrovascu lar structu res. 

• It  provides a  tran sparen t , easy-to-use, clin ical, n on -invasive tool to m on itor and 

evaluate the m icrocircu lat ion  bed-side.
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Abstract

For m any decades arterial blood pressure regu lation  has been  an  im portan t  issue in  the 

treatm ent of septic shock. The pathogenesis of th is persisten t  hypotension  is com plex 

an d multifactorial, but  inability of vascu lar sm ooth  muscle to con tract  in  the presen ce of 

vasocon strict ive agen ts, seem s to be a key factor. Many m echan ism s have been  proposed 

to account for th is failu re, in cluding n itric oxide (NO) overproduction  an d vasopressin  

de�ciency (1). However, im provem ent of outcom e due to in terven tion  in  these m echan ism s 

fails to be reported, despite restoration  of blood pressure. 

Recen t studies of the m icrocircu lat ion  in  hum ans by m ean s of orthogonal polarization  spectral 

(OPS) im aging have opened challengin g n ew  perspectives to study the m icrocircu lat ion  (2,3). 

We report  a  case in  which  sublin gual OPS im aging was perform ed upon  adm in istrat ion  of 

terlipressin  in  a  patien t  w ith  catecholam ine-resistan t  septic shock. It  indicates that  much  

caution  shou ld be taken  when  considerin g such  poten t  vasocon strictor when  correctin g 

blood pressure durin g shock.
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Case report

An 80-year old wom an  was presen ted w ith  fever (40,7oC), a  declin in g level of con sciousn ess 

an d a few  petech iae, all developin g w ith in  a few  hours. Posit ive cu ltu res w ith  Neisseria  

m en in git ides of both  spinal �uid and blood con �rm ed the diagn osis m en in gococcal 

m en in git is/ sepsis. Prom pt an tibiotic treatm ent an d dexam ethason  10 m g iv 4 t im es daily 

was started.

With in  the �rst  hour of adm ittan ce m echan ical ven tilat ion , aggressive �uid resuscitat ion  

an d the use of catecholam ines was n eeded. No overt  purpura fu lm inans developed. A 

decreased P/ F rat io (37 kPa), an  elevated creatin in e level (132 μm ol/ L) an d th rom bocytopen ia 

(81.109) in dicated mult iple organ  dysfun ction . Despite in creasin g doses of n orepinephrin e 

a m ean  arterial pressure of 60 m m  Hg cou ld n ot  be m ain tain ed an d the patien t  becam e 

oliguric. Sublin gual OPS im agin g was perform ed and analyzed sem i-quan titat ively as 

described elsewhere (3).

At baselin e overall m icrocircu latory �ow  was well preserved, w ithout eviden ce of 

heterogeneity. The light  gu ide of the OPS device was �xed in  a  steady posit ion , avoidin g 

pressure artefacts, an d a sin gle bolus of 1 m g terlipressin  was given  in traven ously. Over a  

60-m inute period OPS im agin g was perform ed real-t im e an d recorded at  20 m inute in tervals. 

Hem odynam ic param eters were m easured at  the sam e t im e poin ts, exten ded w ith  t  = 2 an d 

3 hours (Table). 

With in  10 m inutes a  rise in  m ean  arterial pressure and u rinary output occurred. The patien t  

developed an  in tense pallor and the peripheral perfusion  in dex (PFI), derived from  the pu lse 

oxym etry signal (In tellivue MP70, Ph illips Medical System s), fell to an  un detectable low  

ran ge w ith  a stron g rise of the cen tral-to-toe tem peratu re differen ce (ΔT). OPS-im agin g 

sam ples after th ree con secutive periods of twen ty m inutes each  showed a dram atic decrease 

in  sm all-vessel (10-25μm ) num bers an d even tually a  com plete stand-st ill of �ow  (�g.1 and 

2). 

Six hours after the adm in istrat ion  of terlipressin  the blood pressure declin ed again  and the 

patien t  died w ith in  24 hours as a  resu lt  of irreversible shock.
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Fig. 1 Proportion  of perfused capillaries using orthogona l polariza tion  spectra l im aging 

before (ba se) and 20, 40, 60 minutes respectively a fter a  bolus of 1 m g terlipressin  iv.

Fig. 2 Representa tive orthogona l spectra l im ages obta ined before (upper panel) and 60 minutes 

a fter (lower panel) administra tion  of 1 m g terlipressin  iv. (objective 5x, on  screen  325x)
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Discu ssion

Vasopressin  is a  vasoactive horm on e w ith  a  range of vasom odulatory activit ies. The 

vasopressin  analogue terlipressin  has a  h igher V1a/ V2 receptor rat io an d is long-acting as 

com pared to vasopressin  (4,5). The com plexity of its physiologic effects cou ld be explain ed 

by four know n  m echan ism s of action : activation  of V1 vascu lar receptors, m odulation  

of ATP-dependen t K+ chann els, m odulation  of NO and poten tiat ion  of adrenergic agen ts. 

Whether vasopressin  causes vasodilat ion  or vasocon strict ion  depen ds on  the vascu lar bed, 

m odel, dose, an d duration  of exposure (4).

Up to date the role of vasopressin  on  survival in  patien ts w ith  septic shock rem ain s to be 

established. No ran dom ised con trolled trials in  hum an s w ith  m ortality as prim ary endpoin t  

were perform ed. In  two studies w ith  differen t  endpoin ts, m ortality was reported (6,7). A 

recen t Cochran e review  calcu lated a relat ive risk on  survival of vasopressin  versus placebo 

in  these 2 studies (N=58) to be 1.04 (95% CI 0.06-19.33) (8).

Data on  the effects of vasopressin  adm in istrat ion  on  splan chn ic m icrovascu latu re seem  to 

be con �icting. Low -dose vasopressin  in  a  sepsis m odel lim ited the increase in  ileal pCO2-

gap, as com pared to n orepinephrine  (9). In  hum an s low -dose vasopressin  was dem on strated 

to im prove m acrohem odynam ics w ith  preservation  of the gastric ton om etry Pr-aco
2
 gap  (6), 

but  the sam e group reported h igh  in ciden ces of ischem ic skin  an d ton gue lesion s. High-dose 

vasopressin  in  n orepinephrin e-dependen t patien ts w ith  septic shock caused a sign i�can t 

rise in  gastric pCO2-gap, in dicatin g splanchn ic hypo perfusion  (10). Low -dose terlipressin  

increased ileal m icrocircu lat ion  in  en dotoxic rats (4). However, h igh-dose terlipressin  has 

been  reported to in crease portal hyperten sion , to reduce splan chn ic blood �ow  in  several 

an im al m odels (4) an d to increase L-lactate con cen trat ion s in  the hum an  rectal mucosa 

(11).

Th is case report  outlines the poten tial con tradict ive effects of a  vasopressin -analogue w ith in  

a patien t  w ith  septic shock. On  on e han d m ean  arterial blood pressure, w ith  an  expected rise 

in  cerebral perfusion  pressure (12), is restored. We also observed a rise in  u rin e production . 

Th is m ight be the resu lt  of an  indirect  effect  via rise of perfusion  pressure, or a  possible 

direct  effect  of vasopressin , either due to in creased water perm eability in  the collectin g 

duct  by st imulation  of V2 receptors, or by coun ter-acting sepsis-induced V2-receptor and 

aquaporin -2 con ten t  dow n -regu lation  in  the kidney (13). On  the other han d the perfusion  of 

the skin  is m arkedly reduced, base de�cit  con tinues to rise an d sublin gual m icrocircu latory 

�ow  com es to a  stan d st ill (table, �g.1). Thus, OPS im agin g m ight provide a substrate for 

earlier observations of skin  n ecrosis (14) and a decline of gut  mucosal circu lat ion  (11,15).
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Table Hem odynam ic, t issue perfusion  and acid-base param eters (MAP m ean  arterial 

pressure, HR heart  rate, CVP cen tral ven ous pressure, ΔT cen tral-to-toe tem peratu re 

difference, PFI peripheral perfusion  index, BE base excess)

Baselin e 20 m in 40 m in 1 hour 2 hours 3 hours

MAP (m m Hg) 58 78 80 80 100 105

HR (beats/ m in ) 98 96 96 98 108 119

CVP (m m Hg) 13 14 13 12 11 8

ΔT (0C) 1,7 2.3 8 12,5 12,8 13,4

PFI 6,3 4.8 <0.3 <0,3 <0,3 <0,3

Urine output (m l/ h ) 20 - - 110 165 500

Dopam in e (μg/ kg/ m in ) 17 17 17 17 17 17

Noradrenalin e (μg/ kg/ m in ) 4 4 4 3,7 2,3 1,7

Flu id balan ce (m l) +6149 - - +6284 +6390 +6145

BE (m m ol/ L) -11,8 - - -12,7 - -15,9

With  the sam e techn ique Dubois et  al reported lit t le or no effect  of low  dose vasopressin  

on  sublin gual m icrocircu lat ion  in  a  patien t  w ith  distributive shock (3). That  differen t  

effects on  the m icrocircu lat ion  w ith  the sam e class of vasopressor agen ts can  be observed 

is an  im portan t  observation , especially in  the light  of the �n din g that  persisten t  depressed 

sublin gual m icrocircu lat ion  predicts n on -survival (16). Associated w ith  the m arked decrease 

of capillary perfusion  an  increm ent of ΔT and drop in  PFI was found. Both  in dicators of 

m icrocircu latory im pairm ent are associated w ith  poor clin ical outcom e (17,18). It  is 

therefore im portan t  to n otice that  in  our patien t  considerable doses of the vasoconstrictor 

norepin ephrin e were used to m ain tain  a  m in imum  level of m ean  arterial pressure. Although  

equ ivalen t  to doses in  other OPS-studies (2,3) we observed in  th is set t ing n o ham perin g of 

�ow  in  the absen ce of terlipressin .

From  our and Dubois’ study  (3) it  is clear that  gen eralized con clusion s about the action  of 

vasopressin  on  the m icrocircu lat ion  shou ld be m ade w ith  caution . Dosage, the vasopressin -

analogue used, circu lat ing volum e, severity of illness an d gen etic repertoire con tribute 

to its effects. With  all its lim itat ion s, in cludin g the absen ce of cardiac output- an d SvO2 

m easurem ents, our study shows that , a lthough  effective in  correctin g severe hypoten sion , 

terlipressin  can  be deleterious to m icrocircu latory perfusion . Mon itoring the m icrocircu lat ion  

m ay provide a usefu l tool to t it rate vasopressin  in  crit ically ill septic patien ts.
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Abstract

Objective: 

To evaluate the relat ion  between  sublin gual and in test inal m icrocircu latory alterat ions in  

patien ts w ith  an  abdom inal sepsis.

Design : 

Prospective observational study

Sett in g: 

A 23-bed m ixed in tensive care un it  of a  tert iary teach in g hospital

Patien ts: 

Twenty-th ree patien ts w ith  an  abdom inal sepsis an d a n ewly con structed in test inal stom a 

in  the study group. Nin eteen  outpatien t  healthy in dividuals w ith  an  in test inal stom a and 

10 n on -sepsis patien ts w ith  a-less-than -24-hours-old in test inal stom a were in cluded as 

con trols.

In terven tion s: 

non e

Measurem en ts an d Main  Resu lts: 

Orthogonal polarization  spectral im aging of the sublin gual an d in test inal m icrocircu lat ion  

was perform ed on  day 1 and 3. In  addit ion , param eters of system ic hem odynam ics, such  as 

cardiac in dex, heart  rate, blood pressure, cen tral ven ous pressure and dosages of vasopressor 

an d in otropic agen ts were obtain ed. On  day 1 there was no correlat ion  of the m icrovascu lar 

�ow  in dex (MFI) between  the sublin gual and in test inal m icrocircu latory beds (Spearm an’s 

rho (r
s
) = 0.12, 95% CI -0.51-0.31, p =0.59). Furtherm ore, there was no sign i�can t correlat ion  

between  m icrocircu latory alterat ion s and param eters of system ic circu lat ion  ( r
s
 ≤ 0.25). 

On  day 3 however, a  correlat ion  between  sublin gual an d in test inal m icrocircu latory �ow  

appears to be restored (r
s
 = 0.74, 95% CI 0.28-0.92, p = 0.006), m ain ly due to a  n orm alisat ion  

of �ow  in  both  region s.

Con clusion s: 

On day 1 of an  abdom inal sepsis there is a  com plete dispersion  of �ow, not  on ly between  

hem odynam ic com partm ents of a  differen t  order, but  also between  the sublingual and 

in test inal m icrocircu lat ion . Over t im e, both  sublin gual an d in test inal MFI ten ded to n orm al 

values.
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In trodu ction

Many years ago Weil an d Shubin  proposed a classi�cation  of shock w ith  special reference to 

its distributive form s (1). The distributive defect  in  septic shock has been  classically de�n ed 

as a  redistribution  of volum es an d re�ects a  defect  in  vascu lar regu lation  in  the presence of 

norm al or even  supern orm al oxygen  delivery. However, the precise natu re of these distributive 

alterat ion s has been  largely unkn ow n  for m any decades. In  the previous years, research , 

using Orthogonal Polarization  Spectral (OPS) im agin g, has revealed that  m icrocircu latory 

alterat ion s m ay explain  the distributive defects seen  in  sepsis. Application  of th is techn ique 

(2) in  a  han d-held device m ade direct  observation  of the hum an  m icrocircu lat ion  durin g 

sepsis possible. Th is techn ique is not  on ly applicable in  the sublin gual region , but  also in  

other organ s like the in test inal tract , for in stan ce when  a stom a is available. Microcircu latory 

abn orm alit ies, an d in  part icu lar, heterogen eity of �ow, are n ow  bein g recogn ized as key 

characterist ics in  the pathogenesis of organ  dysfun ction  durin g sepsis (3,4). Com bin in g OPS 

im aging w ith  other techn iques such  as sublin gual capn om etry added to the un derstandin g of 

the relat ion  between  m icrocircu latory abn orm alit ies an d m etabolic t issue param eters (5,6). 

Persisten ce of such  abn orm alit ies were found to be associated w ith  prognosis, in  con trast  

to all the available system ic hem odynam ic param eters (7). An  im portan t  question  to be 

addressed in  th is approach  is to what exten t  the sublin gual region  re�ects m icrocircu latory 

abn orm alit ies in  other organ s. Th is is of part icu lar im portan ce, sin ce an  inability to extract  

oxygen  as a  resu lt  of local t issue factors, is con sidered to be a dist in ctive quality of septic 

shock in  com parison  to other shock m odels (8,9). In  other words, durin g sepsis there is a  

local inability to regu late oxygen  delivery despite adequate oxygen  supply, resu lt in g 

in  t issue hypoxia. Sin ce local, rather than  system ic factors seem  to determ ine oxygen  

con sum ption , it  is im aginable that  sublin gual m icrocircu latory abnorm alit ies during septic 

shock do n ot re�ect alterat ion s in  other m icrovascu lar beds, n or w ill it  be likely that  these 

m icrocircu latory abnorm alit ies are correlated w ith  system ic hem odynam ic param eters.

In  th is study we tested the hypothesis that  septic shock in  hum ans is characterized by a 

dissociat ion  not on ly between  the m icrocircu lat ion  an d the system ic circu lat ion , but  also 

that  each  m icrocircu latory organ  system  starts to behave in dividually as loss of in tegrative 

con trol by the system ic circu lat ion  an d local factors start  to dom inate (m icro)circu latory 

defects. We tested th is hypothesis in  patien ts w ith  an  abdom inal septic shock and, apart  

from  the sublingual region , a  su rgical in test inal stom a as a  secon d organ  site accessible for 

OPS m icrocircu latory im agin g.
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Materia ls an d m eth ods

Sett in g an d patien t  select ion . 

A single cen ter prospective observational study was perform ed in  a  tert iary teach in g-

hospital w ith  a  23-bed m ixed ICU. Between  January an d Septem ber 2004 patien ts w ith  a  

new  in test inal stom a in  the course of abdom inal sepsis were in cluded. Patien ts were on ly 

included when  the source of the sepsis was con�rm ed by faecal spill in  the abdom inal 

cavity, as observed durin g the su rgical procedure. Cultu res of abdom inal �uid sam ples were 

perform ed for con�rm ation . Overt  clin ical necrosis of the stom a and an  age <18 years were 

con train dications for en rolm ent. 

Furtherm ore, 2 subsets of patien ts were in cluded as con trols for com parison  w ith  the study 

group on  day one. One group consisted of healthy individuals from  the su rgical outpatien t  

departm ent, w ith  a  stom a of at  least  3 m onths old. The other group was form ed by n on -ICU 

patien ts w ith  a  less-than -24-hours-old in test inal stom a in  the absen ce of sepsis, according 

to the Bon e criteria  (10).

A local eth ical an d scien ti�c com m ittee approved the study protocol an d w rit ten  in form ed 

con sen t was obtained from  the patien ts or their n ext  of kin , accordin g to Dutch  and European  

legislat ion .

Protocol an d data  collect ion . 

After the in it ial su rgical procedure w ith  the construction  of an  in test inal stom a, patien ts 

were adm itted to the ICU. By protocol, non e of the patien ts received vasodilatory therapy 

or steroids before the �rst  OPS im ages were obtained; hereafter such  therapy was to the 

discretion  of the at ten din g physician , who was blin ded for the OPS-im agin g resu lts. Non e of 

the patien ts received activated protein  C during the protocol. Before baselin e m easurem ents, 

hypovolem ia was excluded by repeated volum e challenges up to the poin t  where stroke 

volum e (SV) did n ot  increase any fu rther, or when  cen tral venous pressure (CVP) reached 

15 m m  Hg. Mean  arterial pressure (MAP) was m ain tain ed at  a  m in imum  level of 65 m m  

Hg w ith  dopam ine up to 15 μg/ kg · m in , in  case peak �ow  velocity in  the descen ding 

aorta  was below  70 cm / s. In  case peak �ow  velocity exceeded 70 cm / s, together w ith  a  

MAP < 65 m m  Hg, n orepinepherine was added. Hereafter, routine m acro-hem odynam ic 

param eters. Cardiac index (CI), SV an d peak �ow  velocity were m easured by oesophageal 

Doppler technology (CardioQ®, Deltex Medical, West  Sussex, UK) w ith in  ten  m inutes from  

the t im e of OPS im agin g. Age, gender, length  of stay (LOS), Acute Physiology An d Chron ic 

Health  Evaluation  (APACHE) II an d Sequen tial Organ  Failu re Assessm ent (SOFA) scores were 

docum ented (11,12). During the ICU stay sequen tial OPS im agin g was perform ed on  day 1 

an d day 3, w ith  a  lag t im e between  sublingual an d stom a region  of less than  10 m inutes.
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Im agin g tech n ique. 

The OPS techn ique, as described in  detail elsewhere (2,13), con sists of a  han d-held device 

that  illum inates an  area of in terest  w ith  polarized light , wh ile im agin g the rem itted light  

th rough  a secon d polarizer (analyser), orien ted in  a  plan e precisely orthogonal to the plan e 

of illum ination . If a  wavelen gth  w ith in  the haem oglobin  absorption  spectrum  (e.g. 548 nm ) 

is chosen , eryth rocytes w ill appear dark an d leukocytes m ay be visible as refrin gen t bodies. 

The vessel 

walls itself are n ot  visualized directly, although  fain t  con tours can  be iden ti�ed depen din g 

on  the presen ce of in travascu lar eryth rocytes.

OPS im agin g an d an alysis procedure. 

OPS im aging an d sem i-quan titat ive analysis, was perform ed as described in  detail 

elsewhere (14). The in ter-observer an d in tra-observer agreem ent for in dividual �ow  scores 

was validated both  for m icrocircu latory networks and repeatin g vascu lar structu res (14). 

In  short , steady im ages of at  least  20 seconds were obtain ed after gen tle rem oval of saliva/

faeces by an  isoton ic-salin e-dren ched gauze, avoiding pressure artefacts, an d stored on  

digital videotape (SONY video walkm an  GV-D 1000E®, Sony, Tokyo, Japan ). In test inal stom as 

were pen etrated w ith  the OPS device 5-10 cm , beyond the abdom inal wall. Subsequen tly, the 

im ages were captured in  5-10-secon d represen tative video clips in  avi form at (sonyDVgate®, 

Sony, Tokyo, Japan ). Video clips were analyzed blin dly by an  investigator n ot  involved in  

data collection  an d in  ran dom  order to preven t couplin g between  im ages.,

OPS im ages were obtained from  th ree differen t  region s w ith in  the site of in terest  and each  

im age is divided in to 4 equal quadran ts. Quan ti�cation  of �ow  (n o �ow : 0, in term itten t  

�ow : 1, sluggish  �ow : 2 an d con tinuous �ow : 3) is scored per quadran t , for each  cohort  of 

vessel diam eter (sm all: 10-25 μm , m edium  26-50 μm  and large 51-100 μm ), if applicable. 

The overall score, called m icrovascu lar �ow  index (MFI), is the sum  of each  quadran t-score, 

divided by the num ber of quadran ts in  which  the vessel type is visible. The n et  resu lt  (MFI) 

is an  average score over 12 quadran ts (3 region s t im es 4 quadran ts per region ) derived from  

the overall �ow  im pression  of all vessels w ith  a  part icu lar ran ge of diam eter in  a  given  

quadran t. Anatom ically, m icrovascu lar beds of villi (sm all in test in e) an d crypts (colon ) on ly 

con sist  of sm all vessels. 

Stat ist ical an alysis. 

Data are presen ted in  m edians an d in terquart ile ranges (IQR). For com parison  of groups 

non -param etrical tests are used; for com parison  of two groups a Mann -Whitney test  is 

applied an d for com parison  of m ore than  2 groups a Kruskal-Wallis test . Evolu tion  over t im e 

was assessed by a n on  param etric test  (Wlilcoxon  sign ed-rank test) for paired data. Non -

param etric ran k correlat ion  is expressed as Spearm an ’s rho (r
s
). A two-sided p value of < 0.05 

is con sidered stat ist ically sign i�can t.
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Resu lts

Patien ts, day 1. 

Twenty-th ree ICU patien ts w ith  a  m edian  APACHE II score of 20 (14-24) were en rolled in  the 

study. All of them  fu l�lled the en try-criteria; cu ltu res of the abdom inal cavity revealed a 

m ixed in test inal �ora in  all patien ts. Baselin e characterist ics an d hem odynam ic param eters 

are sum m arized in  Table 1. ICU an d in -hospital m ortality was 26.1 and 34.7% respectively, 

w ith  an  ICU LOS of 15.3 (IQR 3-14.5) days an d an  in -hospital LOS of 29.8 (IQR 11.5-47) days. 

The �rst  con trol group consisted of 19 healthy outpatien t  individuals w ith  a  m edian  age 

of 59 (IQR 51-74) an d a m ale:fem ale rat io of 12:7; 9 patien ts had an  ileostomy, 10 patien ts 

a  colostomy. In  the secon d con trol groups 10 n on -sepsis patien ts w ith  a  less-than -24-

hours-old in test inal stom a were in cluded. Their m edian  age was 61 (IQR 55-75) an d their 

m ale:fem ale rat io 6:4; 5 patien ts had an  ileostomy, 5 patien ts a  colostomy. It  was possible 

to obtain  good OPS im ages of both  m icrovascu lar beds in  all patien ts an d n o adverse even ts, 

such  as bleedin g or perforation  of the stom a site, were reported. No re-operation s for stom a 

necrosis or abdom inal com partm ent syn drom e had to be perform ed during the study.

Table 1. Characterist ics study population  day 1 (n  = 23)

Gen der, m ale/ fem ale, n 17/ 6

Age, years 70 (56-77)

APACHE II score 20 (14-24)

SOFA score 7 (5-10)

Ventilator, use of, n 22

CVVH, use of, n 4

Norepin epherin e, n  (dose in  μg/ kg · m in ) 3; 0 (0-0)

Dopam in e, n  (dose in  μg/ kg · m in ) 23; 7 (4-14)

Stom a site, n

sm all in test in e

colon

5

18

Surgical diagn osis, n

ischem ia, vascu lar

ischem ia, m echan ical (stran gu lation )

blow  out (carcin om a)

blow  out (Ogilvie)

divert icu lit is

anastom otic leakage

1

4

2

4

6

6

APACHE, acute physiology and chronic hea lth eva lua tion ; SOFA, sepsis-rela ted organ  fa ilure a ssessm ent; 

CVVH, continuous veno venous hem o�ltra tion . Data  are presented a s m edians (25th-75th percentiles), 

un less sta ted otherwise. 
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Patien ts, day 3. 

Twelve patien ts were evaluable; 7 were discharged an d 2 died before day 3. Follow  up was 

not  available for 2 other patien ts. Evolu tion  of system ic hem odynam ic param eters, dosages 

of inotropic and vasopressor agen ts, lactate an d pH, haem oglobin , PEEP sett ings an d SOFA 

scores from  day 1 to day 3 is show n  in  Table 2. In terest in gly, th ree patien ts w ith  persisten t  

reduction  in  m icrocircu latory �ow  (sublin gual MFI 1.92, 2.0 an d 2.08 respectively) on  day 3 

su rvived to hospital discharge, whereas 2 patien ts w ith  a  norm al �ow  (sublingual MFI 2.66 

an d 3.0 respectively) on  day 3 died.

Table 2. Evolu tion  over t im e of system ic hem odynam ic param eters, PEEP sett in gs an d m etabolic 

variables in  the study population  

Day 1 (n =23) Day 3 (n =12) P Value

Heart  rate, beats/ m in 97 (78-114) 98 (87-103) 0.03

Mean  arterial pressure, m m  Hg 70 (66-87) 79 (68-90) 0.33

Central ven ous pressure, m m  Hg 9 (7-14) 12 (9-16) 0.15

Cardiac in dex, L/ m in  · m 2 4.5 (3.5-5.1) 4.8 (3.6-6) 0.06

Dopam in e dose, μg/ kg · m in 7 (4-14) 5 (2-8) 0.04

PEEP, cm  H
2
O 12 (8-14) 11 (10-15) 0.48

Lactate, m m ol/ L 2.9 (1.4-5) 3.0 (2.1-3.8) 0.18

pH 7.37 (7.34-7.39) 7.38 (7.35-7.4) 0.69

Haem oglobin , m m ol/ L 5.2 (5-5.9) 5.3 (4.5-5.5) 0.25

PEEP, posit ive end-expira tory pressure. Data  are presented a s m edians (25th-75th percentiles). P va lues 

are ca lcula ted for paired da ta  (n=12) by a  non-param etric Wlilcoxon  signed-rank test .

Microcircu latory �ow  in dex day 1. 

In test in al stom a versus con trols. 

On day 1, MFI at  the stom a site was sign i�can tly lower in  the sepsis group (n  = 23) as 

com pared to the n on -sepsis con trol group (n  = 10) (m edian  2.08, IQR 1.25-2.42 an d 3, IQR 3-3 

respectively, p = 0.001). At the sam e t im e MFI at  the stom a site of the n on -sepsis group did 

not  differ from  the outpatien t  group (n  = 19) (m edian  3, IQR 3-3 an d 3, IQR 3-3 respectively, 

p = 0.29, �g.1). 

Sublin gual versus in test in al stom a. 

On day 1, MFI of sm all vessels in  the sublin gual region  did n ot  show  a sign i�can t correlat ion  

w ith  MFI at  the stom a site (r
s
 = 0.12, 95% CI -0.51-0.31, p = 0.59), in  which , by anatomy, on ly 

vessels from  the sm all type are presen t  (�g. 2A).

Sublin gual versus system ic h em odyn am ic param eters. 

Correlat ion  coef�cien ts between  MFI sublingual an d m acro-hem odynam ic param eters 

such  as heart  rate (HR), CI, MAP, CVP, lactate an d use of inotropic and vasopressors agen ts 
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were all in sign i�can t (Table 3). All correlat ion  coef�cien ts between  MFI sublin gual site and 

param eters of m orbidity (SOFA, LOS) were in sign i�can t (r
s
 = 0.27  and 0.28 respectively).

In test in al stom a versus system ic h em odyn am ic param eters. 

Sim ilar non -sign i�can t correlat ion  coef�cien ts were foun d for MFI in test inal stom a an d 

m acro-hem odynam ic param eters (Table 3), as well as for correlat ion  coef�cien ts between  MFI 

in test inal stom a an d param eters of m orbidity (SOFA, LOS) (r
s
  = 0.33 and -0.12 respectively).

Table 3. Correlat ion  between  m icrovascu lar �ow  in dex an d system ic hem odynam ic param eters in  

study population , day 1 (n  = 23)

MFI sl MFI stom a

Heart  rate 0.004 -0.04

Mean  arterial pressure 0.10 -0.08

Cardiac in dex 0.07 -0.02

Central ven ous pressure 0.25 -0.32

Norepinepherin e dose 0.21 0.11

Dopam ine dose 0.06 -0.21

Lactate 0.04 -0.23

MFI sublin gual - 0.12

MFI in test inal stom a 0.12 -

MFI, microvascular �ow index (sm a ll vessels; < 20 μm ); sl, sublingua l. Data  are presented a s Spearm an  

rank correla tion  (r
s
). 

Figu re 1. Boxplot of microvascular �ow index (MFI) of sm a ll vessels (< 20 μm ) a t the intestina l stom a  site 

of the outpa tient group, non-sepsis group (day 1) and sepsis group day 1. * p < 0.05.
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Microcircu latory �ow  in dex day 3.

In test in al stom a in  relat ion  to day 1. 

In test inal stom a MFI in creased from  day 1 to day 3 sign i�can tly (m edian  1.83, IQR 1.33-2.46 

an d 2.66, IQR 2.34-2.83 respectively, p = 0.02) (�g. 3). 

Sublin gual in  relat ion  to day 1. 

In  com parison  to day 1, sublin gual MFI on  day 3 also in creased sign i�can tly (m edian  2.08, 

IQR 1.25-2.42 an d 2.66, IQR 2.5-2.92 respectively, p = 0.01 (�g.3). MFI-chan ges over t im e from  

day 1 to day 3 for in dividuals are depicted in  �g. 2C. 

Sublin gual versus in test in al stom a. 

In  con trast  to the situation  on  day 1, there was a sign i�can t correlat ion  between  MFI of the 

stom a and sublingual region  (r
s 
= 0.74, 95% CI 0.28-0.92, p = 0.006) (�g.2B, Table 4) on  day 3.

Sublin gual versus system ic h em odyn am ic param eters. 

On day 3 MFI sublin gual showed a sign i�can t correlat ion  w ith  CI (r
s
 = 0.65, p < 0.05), whereas 

correlat ion s w ith  HR, MAP, CVP, lactate and use of in otropic an d vasopressors agen ts 

rem ain ed in sign i�can t (Table 4). Correlat ion  coef�cien ts between  MFI sublin gual an d 

param eters of m orbidity (SOFA, LOS) were in sign i�can t (r
s
 = 0.28 an d -0.26  respectively).

In test in al stom a versus system ic h em odyn am ic param eters. 

On day 3 MFI stom a showed a sign i�can t correlat ion  w ith  HR (r
s
 = 0.79, p < 0.01). Correlat ion s 

w ith  CI, MAP, CVP, lactate and use of in otropic an d vasopressors agen ts rem ained in sign i�can t 

(Table 4). Correlat ion  coef�cien ts between  MFI in test inal stom a and param eters of m orbidity 

(SOFA, LOS) were in sign i�can t (r
s
 = -0.13 an d -0.46  respectively).

Table 4. Correlat ion  between  m icrovascu lar �ow  in dex an d system ic hem odynam ic param eters in  

study population , day 3 (n  = 12).

MFI sl MFI stom a

Heart  rate 0.57 0.79**

Mean  arterial pressure -0.07 0.13

Cardiac in dex 0.65* 0.51

Central ven ous pressure -0.37 -0.37

Norepinepherin e dose 0.13 0.36

Dopam ine dose 0.46 0.13

Lactate NA NA

MFI sublin gual - 0.74**

MFI in test inal stom a 0.74** -

MFI, microvascular �ow index (sm a ll vessels; < 20 μm ); sl, sublingua l; NA, not available. Data  are presented 

a s Spearm an  rank correla tion  (r
s
). ** p < 0.01, * p < 0.05 
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Figu re 2. Sca tter of microvascular �ow index (MFI) of sm a ll vessels (< 20 μm ) in  the sublingua l region  

versus the MFI in  the intestina l stom a  region . On  day 1 each individua l is represented by a  circle (�  

colostomy, �  ileostomy); r
s
 day 1 = 0.12 (Fig.2A). On  day 3 individua ls are represented by a  triangle (▲ ); r

s
 

day 3 = 0.74 (Fig.2B). Arrows depict  the m ovem ent over t im e from  MFI day 1 to day 3 for each individua l 

in  rela tion  to the identity line ( - - -) (Fig.2C).

A

C

B
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Figu re 3. Boxplot of microvascular �ow index (MFI) of sm a ll vessels (< 20 μm ) of the study popula tion  on  

day 1 and day 3 in  the sublingua l (sl) region  and a t  the intestina l stom a  site. * p < 0.05.

Discu ssion

The resu lts in  the presen ted study are consisten t  w ith  the hypothesis that  m icrocircu latory 

abn orm alit ies rather than  system ic hem odynam ic param eters are the predom inan t factor 

durin g sepsis an d septic shock (15,16). In  accordan ce w ith  earlier reports (3,17), we cou ld n ot  

�n d a sign i�can t correlat ion  on  day 1 between  the com m on ly used system ic hem odynam ic 

param eters (HR, MAP CVP an d CI) on  the one hand, and abn orm alit ies in  m icrocircu latory 

blood �ow, as established w ith  OPS im agin g, on  the other hand. A recen t report  about 

the effect  of dobutam in e in  septic shock on  m icrocircu latory alterat ion s, in depen den t of 

system ic hem odynam ic chan ges (18) seem s to be in  accordan ce w ith  our presen ted data. 

On  day 3 the correlat ion  between  m icrocircu latory blood �ow  an d system ic hem odynam ics 

seem s, in  part , to be restored. Whether th is is an  true effect  due to the evolu tion  over t im e 

of sepsis itself, or a  net  resu lt  of a  com plex of therapeutic in terven tion s, rem ains to be 

established. 

The m ost  dow n stream  ‘hem odynam ic com partm ent’ con sists of m icrocircu latory un its. 

During sepsis, heterogeneity of �ow  between  an d w ith in  these m icrocircu latory un its 

seem s to be a characterist ic �n ding, thus creatin g the con cept of m icrocircu latory weak un its 

(15). In  th is study, at  a  speci�c t im e poin t  day 1, no correlat ion  between  the m icrovascu lar 

�ow  of two differen t  m icrovascu lar beds (sublin gual an d in test inal region ) cou ld be 

established. In  other words: if on e looks at  OPS im ages of the sublin gual m icrovascu lar bed 

durin g sepsis, it  is im possible to predict  what these im ages w ill be at  the sam e t im e in  an  
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in test inal m icrovascu lar bed and vice versa. The com plete absence of correlat ion  on  day 

1 between  hem odynam ic param eters of system ic and m icrocircu latory com partm ents, as 

well as between  equal types of com partm ents, en han ces the idea of a  dispersive natu re of 

�ow  during the in it ial phase of sepsis. A com bination  of local m icrocircu latory factors, such  

as activated coagu lation , sheddin g of the glycocalyx durin g en dothelial cell act ivation  (19), 

reduced red blood cell deform ability (9), iNOS expression  (20) an d loss of au toregu lation  (8) 

is likely to in �uence m icrocircu latory �ow, rather than  system ic hem odynam ic param eters. 

On  day 3 th is dispersive natu re of m icrocircu latory �ow  has ceased an d a correlat ion  

between  MFI sublin gual an d in test inal stom a cou ld be established, m ain ly by an  overall 

m ovem ent of MFI in  both  region s towards n orm al values aroun d the iden tity lin e (�g. 2). 

Once again  the evolvem ent over t im e of sepsis itself and in�uen ces of therapeutic strategies 

m ay play a role, as expressed in  the m odel of m icrocircu latory and m itochondrial distress 

syn drom e (MMDS) (16).It  seem s therefore im portan t  to take these t im e depen den t relat ions 

in to account by the design  of fu rther sepsis studies.

Tim e-depen dency m ight explain  why, in  con trast  to our presen t  data, an  earlier pilot  study 

reported a correlat ion  between  m icrovascu lar �ow  in  stom as an d the sublingual region  (21). 

In  th is study of Spron k et  al. t im e of in clusion  was not  de�n ed an d alm ost  all patien ts were 

included a fter the �rst  24 hours of sepsis, thus poten tially elim inatin g the in it ial dispersion  

of �ow  in  both  m icrocircu latory beds.

Recen tly, others dem on strated a good correlat ion  between  sublin gual m icrocircu latory 

perfusion  and gastric mucosal PCO
2 

(6,22), suggestin g a good correlat ion  between  

sublin gual/ buccal an d gastric perfusion . However, in  hum an  studies no direct  observation s 

of the stom ach  m icrocircu lat ion  are m ade an d in  the an im al study of Fries et  al. direct  

m icrocircu latory OPS observation s are m ade of the serosa of the stom ach  as opposed to the 

mucosa of the sm all an d large in test ine in  th is study. Furtherm ore, like in  all an im al cecal-

ligation -an d-pun cture sepsis-m odels, observation s were m ade a few  hours before death . 

The possibility that  such  term inal m odel of sepsis cou ld lead to a  �nal com m on  pathway of 

m icrocircu latory failu re, an d therefore to a  correlat ion  between  differen t  m icrocircu latory 

beds, can n ot be ru led out.

It  is of note that  in  th is study all 3 patien ts w ith  persisten t  reduction  in  m icrocircu latory 

�ow  (sublingual MFI 1.92, 2.0 an d 2.08 respectively) on  day 3 su rvived to hospital discharge, 

whereas 2 out  of 9 patien ts w ith  a  n orm al �ow  (sublin gual MFI 2.66 an d 3.0 respectively) on  

day 3 died. However, th is observational study was not  design ed to detect  differen ces between  

survivors and non -survivors. To address the issue of relat ion  between  m icrocircu latory 

alterat ions an d param eters of m orbidity an d m ortality, Sakr et  al. (7) perform ed a study, in  

which  was dem on strated that  persisten ce of m icrocircu latory alterat ion s durin g sepsis was 

associated w ith  organ  dysfun ction  an d n on -survival. In  a  paper of De Backer an d co-workers 

the proportion  of perfused sm all vessels was h igher in  su rvivors than  in  n on -survivors, but  

there was n o correlat ion  between  m icrocircu latory alterat ion s and MAP, CI an d m ixed-

ven ous oxygen  satu ration  (3). 
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With  regard to the use of OPS im agin g in  in test inal stom as, as a  m odel of in test inal 

m icrocircu lat ion , several lim itat ion s of the study have to be taken  in to account. Sin ce the 

su rgical procedure itself m ight in �uence the m icrocircu lat ion  of the in test inal mucosa, we 

included a secon d con trol group of n on -sepsis patien ts w ith  a  n ewly con structed stom a. MFI 

of th is non -sepsis group differed sign i�can tly from  the sepsis group durin g the in it ial phase 

of the abdom inal sepsis (�g.1), whereas com parison  of MFI between  the n on -sepsis group 

an d the outpatien t  group showed n o differen ces. Typical heterogen eity of �ow  on ly was 

observed during sepsis, both  in  the sublin gual an d in test inal m icrovascu lar beds an d was 

absen t in  both  con trol groups. Th is suggests that  sepsis, an d not the su rgical procedure, is 

the m ain  determ inan t for the observed m icrocircu latory �ow  alterat ion s. 

A secon d con foun ding factor on  in test inal stom a m icrocircu lat ion  cou ld have been  the 

in�uen ce of the in tra-abdom inal pressure. Routin e m easurem ent of in tra-abdom inal 

pressure was n ot  part  of the protocol, but  on ly perform ed in  case of clin ical suspicion  

of an  abdom inal com partm ent syndrom e. However, non e of the patien ts un derwent a  

relaparotomy to relieve abdom inal pressure durin g the protocol and an  expected left-sh ift  

of the relat ion  between  MFI stom a an d MFI sublin gual (sin ce elevated in tra-abdom inal 

pressure would theoretically dim in ish  on ly in test inal �ow  an d n ot sublin gual �ow ) (�g.2) 

was n ot  observed.

Th irdly, not  on ly the in �uen ce of local in �am m ation  w ith  con com itan t  vasocon strict ion  

an d vasodilat ion  as a  resu lt  of generalized periton it is m ight have been  of in�uen ce, but  

it  is also well kn ow n  that  the release of system ic pro- an d an ti-in�am m atory m ediators 

differs stron gly between  the various sepsis m odels (23). Furtherm ore, variat ion  in  local 

iNOS expression  m ay in�uen ce m icrocircu latory blood �ow  (20).

Finally, the approach  used, to score m icrocircu latory �ow  in  a sem i-quan titat ive way has 

its lim itat ions. Although  the m ethod was speci�cally design ed to differen tiate between  

heterogen eous �ow  pattern s during sepsis, it  is st ill possible to un derscore subtle 

m icrocircu latory abn orm alit ies of in dividual vessels, since the score is derived from  an  

overall im pression  of a  speci�c vessel type in  a  part icu lar quadran t . Using other scores or 

direct  m easurem ent of �ow  in  each  individual vessel m ay have yielded differen t  resu lts.

Con clu sion s

In  conclusion , no correlat ion  between  the m icrovascu lar �ow  in  the sublingual region  and 

the mucosa of an  in test inal stom a cou ld be found during day 1 of an  abdom inal sepsis 

in  hum ans. Together w ith  the absen ce of correlat ion  between  system ic hem odynam ic 

param eters an d m icrocircu latory �ow, these data suggest  a  com plete dispersion  of blood 

�ow  in  the differen t  hem odynam ic com partm ents during abdom inal sepsis. The observed 

m icrocircu latory abn orm alit ies during sepsis in  an  in test inal stom a seem  to be determ in ed 

by the sepsis itself, rather than  by the su rgical procedure. On  day 3 however, correlat ion  
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between  sublin gual an d in test inal m icrocircu latory �ow  appears to be restored, m ain ly 

due to a  norm alization  of �ow  in  both  region s. It  seem s im portan t  to take th is t im e-related 

dispersion  between  differen t  m icrocircu latory beds in to account for the design  of fu tu re 

sepsis studies an d to exten d the research  on  correlat ion  between  sublin gual and in test inal 

m icrocircu latory abnorm alit ies to other hum an  m odels of sepsis.
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Abstract

Objective. 

Measurem ent of cen tral-to-toe tem peratu re differen ce has been  advocated as an  in dex of 

severity of shock an d as a  gu ide for circu latory therapy in  crit ically ill patien ts. However, 

septic shock, in  con trast  to other form s of shock, is associated w ith  a  distributive m alfun ction  

resu lt ing in  a  disparity between  vascu lar com partm ents. Although  th is disparity has been  

established between  system ic and m icrocircu latory param eters, it  is unclear whether such  

disparity exists between  skin  perfusion  and m icrocircu lat ion . To test  th is hypothesis of 

disparity, we simultan eously m easured param eters of the two vascu lar com partm ents, in  

the early phase of sepsis. 

Design . 

Prospective observational study in  patien ts w ith  severe sepsis/ septic shock in  the �rst  6 hours 

of ICU adm ittance. Simultan ious m easurem ents of cen tral-to-toe tem peratu re difference 

an d sublin gual m icrocircu latory orthogonal polarisat ion  spectral im aging, together w ith  

param eters of system ic hem odynam ics.

Set t in g. 22 bed m ixed-ICU in  a tert iary teach in g hospital

Pat ien ts. 35 con secutive patien ts in  a  12-m onth  period

In terven tion s: n one

Measurem en ts an d resu lts. 

In  35 septic patien ts an d a m edian  APACHE II score of 20, n o correlat ion  between  cen tral-to-

toe tem peratu re gradien t  an d m icrovascu lar �ow  in dex was observed (r
s 
= -0.08, p = 0.65). 

Also n o sign i�can t correlat ion  between  tem peratu re gradien t/ m icrovascu lar �ow  in dex 

an d system ic hem odynam ic param eters cou ld be dem onstrated.

Con clusion . 

During the early phase of resuscitated severe sepsis and septic shock there appears to be 

no correlat ion  between  sublingual m icrocircu latory alterat ion s and the cen tral-to-toe 

tem peratu re differen ce. Th is �n ding adds to the concept of a  dispersive natu re of blood �ow  

un der condit ion s of sepsis between  m icrocircu latory and system ic hem odynam ics. 

Keywords: Orthogonal Polarization  Spectral (OPS) im aging, m icrocircu lat ion , peripheral 

circu lat ion , tem peratu re gradien t , skin  perfusion , sepsis.
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In trodu ction  

Over the last  decades it  has becom e clear, that  despite correction  of system ic hem odynam ics, 

the inciden ce of organ  dysfun ction  and m ortality rem ains h igh  in  sepsis. Already in  1969 

Joly and Weil iden ti�ed the cold toe as a  n ew  an d easily accessible param eter of severity of 

circu latory shock [1]. The authors observed a correlat ion  between  an  increm ent in  cen tral-

to-toe tem peratu re differen ce (ΔT) and adverse outcom e in  a  m ixed ICU population . 30 

years later th is was con�rm ed w ith  a subjective assessm ent of skin  tem peratu re [2]. In  a  

m ixed surgical popu lation  cool skin  tem peratu re was associated w ith  lower cardiac output 

an d cen tral ven ous oxygen  satu ration  and h igher lactate levels as opposed to warm  skin  

tem peratu re, thus usin g skin  perfusion  as a  m arker for system ic hypoperfusion .

However, Weil had earlier reclassi�ed circu latory shock to iden tify distributive shock, 

includin g septic shock, as a  differen t  en tity, in  which  there is an  inability of blood to reach  

the exchange sites [3]. Th is concept was con�rm ed by m icrocircu latory m easurem ents m ade 

in  septic patien ts after the in troduction  of sublin gual Orthogonal Polarization  Spectral 

(OPS) im agin g [4]. It  has becom e clear that  the discordan ce between  system ic hem odynam ic 

param eters an d the m icrocircu latory alterat ion s is m ost  prom inen t durin g sepsis [5], as 

opposed to other form s of shock. These alterat ion s have also been  iden ti�ed as m arkers for 

m orbidity an d m ortality [6] whereas system ic hem odynam ic param eters failed to do so 

un der septic con dit ion s [7]. 

However, n o investigations exist  as to what extend skin  perfusion  correlates w ith  

m icrocircu latory abn orm alit ies durin g sepsis. Since ΔT is easily obtainable in  the clin ical 

set t in g, we conducted an  observational study [8] in  hum an  sepsis to an swer the question : 

is there a  relat ion sh ip between  ΔT and m icrocircu latory alterat ion s during sepsis? Based 

on  our understan din g of distributive shock we expected a disparity between  these two 

param eters.

Materia ls an d m eth ods

Im agin g tech n ique. 

The OPS techn ique, as described in  detail elsewhere [4], con sists of a  han d-held device 

that  illum inates an  area of in terest  w ith  polarized light , wh ile im agin g the rem itted light  

th rough  a secon d polarizer. If a  wavelen gth  w ith in  the haem oglobin  absorption  spectrum  

(e.g. 548 n m ) is chosen , red blood cells w ill appear dark. 

Im agin g an d an alysis procedure. 

OPS im aging an d sem i-quan titat ive analysis was perform ed as described in  detail elsewhere 

[9]. The overall m icrovascu lar �ow  in dex (MFI) is an  average score over a  m aximum  of 12 

quadran ts (3 region s t im es 4 quadran ts per region ) derived from  the overall �ow  im pression  

of all vessels w ith  a  part icu lar range of diam eter in  a  given  quadran t. 
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Sett in g an d patien t  select ion . 

We perform ed a single cen tre prospective observational study in  a  tert iary teach in g-hospital 

w ith  a  22 bed m ixed ICU. During a 12-m onth  period, patien ts w ith  severe sepsis/ septic shock, 

accordin g to in ternational criteria  [10], were included. Patien ts were included on ly when  the 

source of the sepsis was suspected or con �rm ed (e.g. in �ltrate on  chest  X-ray plus posit ive 

sputum  gram  stain / cu ltu re, faecal spill in  the abdom inal cavity observed durin g surgical 

procedure). Age <18 years, (diabetic) peripheral vascu lar disease and a body m ass index > 

35 were con train dication s for en rolm ent. A local eth ical and scien ti�c com m ittee approved 

of the study protocol an d w rit ten  in form ed con sen t was obtained from  the patien ts or their 

su rrogate decision  m akers, accordin g to applicable laws. 

Protocol an d data  collect ion . 

Patien ts were adm itted to the ICU directly from  the em ergen cy departm ent or operation  

room . All patien ts were ven tilated an d sedated w ith  m orph ine/ m idazolam . By protocol, 

non e of the patien ts received vasodilatory therapy, steroids or activated protein  C before 

the OPS im ages were obtain ed. Before m easurem ent, �uid resuscitat ion  was applied un til 

repeated volum e challen ges did n ot  increase stroke volum e (SV)10% or m ore, or when  cen tral 

venous pressure (CVP) reached 15 m m  Hg. Mean  arterial pressure (MAP) was m ain tain ed 

at  a  m in imum  level of 60 m m  Hg w ith  dopam in e up to 10 μg/ kg · m in  and addit ional 

norepin epherin e. Cardiac in dex (CI) and SV were m easured by oesophageal Doppler 

techn ology (CardioQ®, Deltex Medical, West  Sussex, UK). ΔT was calcu lated as the differen ce 

between  rectal- and skin  tem peratu re; skin  tem peratu re was m easured by a probe on  the 

dorsum  of the foot  (Ph ilips Medical System s 21078A, Ein dhoven , the Netherlan ds) un der 

con stan t  room  tem peratu re. SvO
2
 was not  m easured routin ely. Age, gen der, len gth  of stay 

(LOS), Acute Physiology And Chron ic Health  Evaluation  (APACHE) II an d Sequen tial Organ  

Failu re Assessm ent (SOFA) scores were calcu lated after 24 hours [11,12]. 

Stat ist ical an alysis. 

The stat ist ical package for the social sciences (SPSS 12.0.1 for Win dows, Ch icago Illin ois, USA) 

was used for stat ist ical analysis. Data are presen ted in  m edian s and in terquart ile ranges 

(IQR). Non-param etric ran k correlat ion  is expressed as Spearm an ’s rho (r
s
). For subgroup 

analysis a  Bon ferron i correction  was applied. A two-sided p value of < 0.05 is considered 

stat ist ically sign i�can t.

Resu lts 

Thirty-�ve ICU sepsis patien ts w ith  a  m edian  APACHE II score of 20 (14-23) were en rolled; 

20 patien ts also engaged in  a  previous reported study [13]. All patien ts fu l�lled the en try-

criteria; cu ltu res con �rm ed the source of sepsis in  all cases. Baselin e characterist ics an d 
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hem odynam ic param eters are sum m arized in  Table 1. ICU an d in -hospital m ortality were 

25.7% an d 32.4% respectively, w ith  an  ICU LOS of 7 (IQR 3-13) days and an  in -hospital LOS 

of 20 (IQR 11.8-35.3) days. All m easurem ents were obtain ed in  the �rst  6 hours of ICU 

adm ittance. 

Prim ary outcom e of the study, the relat ion  between  MFI an d ΔT, appeared to be absen t; n on -

param etric ran k correlat ion  (r
s
) was -0.08 (p = 0.65, �g. 1). After subgroup analysis r

s 
in  severe 

sepsis was -0.04 (n =16, p= 0.87) an d in  septic shock -0.23 (n =19, p 0.35).

Secon dary outcom e was the relat ion sh ip between  MFI and ΔT on  the on e hand and 

system ic hem odynam ic param eters an d param eters of m orbidity/ m ortality on  the other 

han d. Correlat ion  coef�cien ts between  MFI/ΔT an d m acro-hem odynam ic param eters such  

as heart  rate (HR), CI, MAP, CVP, lactate an d use of inotropic and vasopressors agen ts or 

param eters of m orbidity (APACHE II and SOFA) were all stat ist ically in sign i�can t (Table 2). 

There was no differences between  m edian  MFI/ΔT of su rvivors and n on -survivors (2.42 an d 

2.42; 3.3 an d 3 respectively)

Table 1. Characterist ics study population  (n  = 35)

Gen der, m ale/ fem ale, n 21/ 14

Age, years 65 (56-77)

APACHE II score 17 (14-23)

SOFA score 7 (6-9)

Ventilator, use of, n 35

PEEP level, cm  H
2
O 12 (10-15)

CVVH, use of, n 2

Norepinepherin e, n  (dose in  μg/ kg · m in ) 8; 0.02 (0-0.17)

Dopam ine, n  (dose in  μg/ kg · m in ) 23; 6 (4-10)

Source of sepsis, n

• Abdom inal 28

• Pn eum on ia 7

Heart  rate, beats/ m in 107 (92-119)

Mean  blood pressure, m m Hg 71 (66-81)

Central ven ous pressure, m m Hg 11 (8-14)

Cardiac in dex, L/ m in  · M 4.5 (3.5-5.3)

Central-to-toe tem peratu re differen ce, ˚C 3.2 (2.2-6)

Lactate, m m ol/ L 2.5 (1.3-3.4)

APACHE, acute physiology and chronic hea lth eva lua tion ; SOFA, sepsis-rela ted organ  fa ilure a ssessm ent; 

CVVH, continuous veno venous hem o�ltra tion . Data  are presented a s m edians (25th-75th percentiles), 

un less sta ted otherwise. 
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Figure 1. Sca tter of microvascular �ow index (MFI) of sm a ll vessels (< 20 μm ) in  the sublingua l region  

versus the centra l-to-toe tempera ture gradient (ΔT). Spearm an  rank correla tion  = -0.08, p 0.65. (�  severe 

sepsis, �  septic shock)

Table 2. Correlat ion  between  m icrovascu lar �ow  in dex, ΔT an d system ic hem odynam ic param eters /  

param eters of m orbidity in  study population  (n  = 35)

MFI ΔT

Heart  rate 0.12 p=0.50 0.03 p=0.85

Mean  arterial pressure 0.17 p=0.33 0.38 p=0.18

Cardiac index -0.06 p=0.74 -0.15 p=0.39

Central ven ous pressure 0.13 p=0.49 0.1 p=0.59

Norepin epherin e dose 0.17 p=0.34 0.04 p=0.82

Dopam in e dose 0.10 p=0.58 0.10 p=0.58

Lactate -0.17 p=0.37 0.1 p=0.59

SOFA 0.18 p=0.29 -0.08 p=0.64

APACHE II -0.2 p=0.24 0.05 p=0.76

MFI, microvascular �ow index (sm a ll vessels; < 20 μm ); ΔT, centra l-to-toe tempera ture difference; SOFA, 

sepsis-rela ted organ  fa ilure a ssessm ent; APACHE, acute physiology and chronic hea lth eva lua tion . Data  

are presented a s Spearm an  rank correla tion  (r
s
).
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Discu ssion

The presen ted study dem on strates a  lack of correlat ion  between  ΔT an d OPS-derived 

sublin gual m icrocircu latory alterat ions during sepsis, after in it ial resuscitat ion . Although  

on e m ay consider ΔT as an  in dex of skin  perfusion , th is gradien t  has also been  associated 

w ith  system ic hem odynam ic variables [14]. Previous studies dem onstrated a good 

relat ion sh ip between  cen tral-to-toe tem peratu re differen ce an d severity of shock [1,2]. In  

patien ts w ith  circu latory shock ΔT durin g therapy was associated w ith  outcom e, predicted 

�uid respon siven ess in  correlat ion  w ith  plasm a argin in e vasopressin  con cen trat ion s in  

preterm  in fan ts, and discrim inated between  circu latory an d n on -circu latory causes of 

dyspn oea [14]. 

However, durin g sepsis and septic shock, m icrocircu latory abnorm alit ies rather than  

system ic hem odynam ic param eters seem  to be the predom inan t factor [5] an d heterogen eity 

of �ow  between  an d w ith in  m icrocircu latory un its seem s to be a characterist ic �n din g. In  

the previous years, research , usin g OPS im agin g, has added to the understan din g of the 

patho-physiologic role of m icrocircu latory alterat ion s in  the distributive defects seen  in  

sepsis. Persisten ce of OPS derived m icrocircu latory abn orm alit ies was foun d to be associated 

w ith  progn osis, in  con trast  to all available system ic hem odynam ic param eters [6]. The 

observed lack of correlat ion  between  ΔT an d MFI therefore adds to these previous data on  

the dispersion  between  system ic an d m icrocircu latory alterat ion s in  sepsis, after in it ial 

resuscitat ion . Alternatively, skin  perfusion  itself m ight n ot  re�ect system ic hem odynam ics 

in  sepsis, as suggested by in sign i�can t correlat ions between  ΔT and system ic hem odynam ics 

in  our study (table 2). In terest in gly, Vin cen t an d co-workers also reported a poor correlat ion  

between  ΔT and cardiac output durin g septic shock, as opposed to other form s of shock 

[15]. 

Lim itat ion s of the study are en closed in  the m ethod of sem i/ quan titat ive analysis used. 

Whether or n ot  the �ow  score from  0 to 3 is linear or non -lin ear rem ain s to be established; 

up t ill now  it  is techn ically im possible to m easure exact  red blood cell �ow  velocit ies in  

individual vessels in  OPS-derived im ages. In  case of a  com plete n on -linear relat ionsh ip 

between  the sem i-quan titat ive �ow  score an d exact  �ow  speed the observed relat ionsh ip 

between  MFI and ΔT would be in �uenced con siderably.

Using ΔT as the sin gle param eter of skin  perfusion  is an other lim itat ion  of the study. Laser-

Doppler has the ability to detect  altered vascu lar reactivity, especially in  con dit ions of 

ischem ia-reperfusion . Under n on -septic con dit ion s laser-Doppler im aging of the dorsum  of 

the foot  showed a lin ear relat ion sh ip w ith  skin  tem peratu re [16]. Recen tly, t ran scutan eous 

pO
2
 m easurem ent of the skin  w ith  n ear in frared spectroscopy has becom e available. 

However, up t ill n ow  its use is poorly validated in  the ICU sett in g. 

Finally, therm oregu latory effects of opioids in  general can  n ot be ru led out, whereas the 

in �uence of m idazolam  has been  reported to be fu tile [17]. 
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Con clu sion s

During the early phase of resuscitated severe sepsis and septic shock there appears to be 

no correlat ion  between  sublingual m icrocircu latory alterat ion s and the cen tral-to-toe 

tem peratu re differen ce. Th is �n ding adds to the concept of a  dispersive natu re of blood �ow  

un der condit ion s of sepsis between  m icrocircu latory and system ic hem odynam ics. 
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Abstract

Objective. 

The persistence of sublin gual m icrocircu latory alterat ion s has been  associated w ith  

m orbidity an d m ortality in  hum an  sepsis. Such  alterat ion s occur despite pressure-gu ided 

resuscitat ion  from  severe sepsis/ septic shock. Earlier data suggested that  such  im paired 

m icrocircu latory blood �ow  cou ld be corrected w ith  in traven ous n itroglycerin  in  these 

patien ts. We tested th is concept in  the set t in g of early goal-directed therapy an d dynam ic 

exclusion  of �uid-respon siven ess.

Design . Prospective, single cen tre, ran dom ised, placebo-con trolled, double-blin d clin ical 

trial.

Set t in g. Closed-form at 22-bed m ixed ICU in  a tert iary teach in g-hospital.

Patien ts. 

All patien ts of at  least  18 years of age w ith  sepsis, accordin g to in ternational criteria , an d at  

least  on e sign  of organ  dysfun ction  last ing less than  48 hours, as the principal reason  for ICU 

adm ission  were eligible for en rolm ent. 

In terven tion s. 

Patien ts were ran dom ly assign ed to receive n itroglycerin  (n =35) or placebo (n =35) after 

fu l�lm ent of resuscitat ion  en dpoin ts, as con �rm ed by strict  protocolised treatm ent. Th is 

trial is registered w ith  Clin icalTrials.gov, num ber NCT00493415.

Measurem en ts an d m ain  resu lts. 

The prim ary outcom e was sublingual m icrocircu latory blood �ow, as assessed by 

direct  observation  usin g side-stream  dark �eld im agin g. After 24 hours of protocolised 

resuscitat ion , we observed the recru itm ent of sublin gual m icrocircu lat ion  in  both  groups, 

as indicated by a sign i�can t im provem ent in  the m icrocircu latory �ow  index as com pared 

w ith  baselin e. However, n o differen ce in  the sublingual m icrovascu lar �ow  index was 

observed between  groups. The m edian  m icrovascu lar �ow  in dex in  sublingual sm all-sized 

vessels was 2.71(1.85-3) in  the n itroglycerin  group an d 2.71(1.27-3), p = 0.80 in  the placebo 

group. In  m edium -sized vessels, the respective values were 3(2.75-3) versus 2.86(2.19-3), p = 

0.21; and in  large-sized vessels, 3(3-3) versus 3(2.89-3), p = 0.06. 

Con clusion s. 

In  the con text  of early goal-directed therapy and dynam ic exclusion  of �uid-respon siven ess 

in  patien ts w ith  severe sepsis or septic shock, we conclude that  in traven ous n itroglycerin  

does n ot  prom ote sublin gual m icrocircu latory blood �ow.
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In trodu ction

For m any decades, sepsis has been  classi�ed as a  distributive form  of shock (1). As opposed 

to all other form s of shock, it  is not  characterised by a reduction  in  cardiac output, but  by 

a distributive inability of blood to effectively reach  the m ain  exchange site, nam ely the 

m icrocircu lat ion . Th is view  of distributive shock was con�rm ed by direct  m icrocircu latory 

observation s in  septic patien ts after the in troduction  of sublin gual Orthogonal Polarization  

Spectral im agin g (2) and its techn ical successor Sidestream  Dark Field (SDF) im aging (3). 

It  has becom e clear that  the discordan ce between  system ic haem odynam ic param eters 

an d m icrocircu latory alterat ion s is m ost  prom inen t durin g sepsis, in  con trast  to other 

form s of shock (4). Un der septic con dit ion s, these alterat ion s have also been  iden ti�ed 

as m arkers for m orbidity an d m ortality (5,6) , irrespective of the correction  of system ic 

haem odynam ic param eters an d oxygen -derived variables (5-7). The view  that  resuscitated 

sepsis is persisten tly un respon sive to im provem ent led to the direction  of therapeutic 

m odalit ies toward im provem ent of m icrocircu latory function . It  was w ith in  th is con text  

that  the paper by Spron k et  al. (8) gave credence to a  n ew  concept: the in stan t  im provem ent 

of m icrocircu latory �ow  by a bolus of the vasodilatory substance n itroglycerin  (NTG). NTG 

was indicated follow ing persistence of im paired m icrocircu latory �ow  despite fu l�lm ent 

of the tradit ional resuscitat ion  endpoin ts. However, th is study failed to adequately assess 

the in �uence of other factors, such  as the evolvem ent of m icrocircu latory alterat ion s over 

t im e. Speci�cally, an  early goal-directed therapy (EGDT) approach  to sepsis resuscitat ion  (9) 

was outside the scope of their effort . We therefore design ed a clin ical trial in  patien ts w ith  

severe sepsis or septic shock, an d in corporated a strict  EGDT-based resuscitat ion  protocol 

and carefu l exclusion  of �uid-respon siven ess. Our goal was to com pare: 1. Sublin gual SDF-

derived m icrocircu latory effects of NTG w ith  those of placebo over t im e, an d 2. The effects of 

NTG on  system ic haem odynam ic param eters w ith  those of placebo over t im e.

Materia ls an d Meth ods

Patien ts

The study was perform ed between  January 2007 an d Jun e 2008 in  a  closed-form at 22-

bed m ixed ICU in  a tert iary teach in g-hospital. It  was designed as a  phase III prospective, 

single cen tre, random ised, placebo-con trolled, double-blin d clin ical trial an d is registered 

w ith  Clin icalTrials.gov, num ber NCT00493415 an d w ith  EudraCT, num ber 2006-004298-

88. All patien ts of at  least  18 years of age w ith  suspected sepsis as the prin cipal reason  for 

ICU adm ission  at  the study site were eligible for assessm ent. Inclusion  criteria  were the 

presen ce of sepsis, accordin g to in ternational criteria  (10), and at  least  one sign  of organ  

dysfun ction  last in g less than  48 hours, as sum m arised in  Table 1. Reasons for exclusion  were 

pregnan cy, use of n itrate-derivatives w ith in  24 hours prior to adm ission , strict  indication  
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for in travenous n itroglycerin  (in stable coronary syndrom e) or therapeutic restrict ion s (do 

not resuscitate orders excluded). A local eth ical and scien ti�c com m ittee approved the study 

protocol, an d w rit ten  in form ed consen t was obtained from  the patien ts or their su rrogate 

decision  m akers, con sisten t  w ith  applicable laws. 

Table 1. In clusion  criteria: fu l�lm ent of at  least  on e item  in  each  list  is needed for en rolm ent in  the 

study

Suspected source of in fection :

New  in�ltrate on  X-ray plus posit ive gram  stain  or cu ltu re

Posit ive blood cu ltu re

Con �rm ed bowel perforation

Posit ive u rin e gram  stain  or cu ltu re

Posit ive spinal �uid gram  stain  or cu ltu re

Necrotisin g fasciit is plus posit ive gram  stain  or cu ltu re

Arth rit is plus posit ive gram  stain  or cu ltu re

Mediast in it is plus posit ive gram  stain  or cu ltu re

Pan creatit is plus posit ive �n e n eedle aspirat ion

Sign s of organ  failu re:

Oliguria: u rin e output < 0.5 m g/ kg/ h  for at  least  2 con secutive hours after adequate volum e re-

suscitat ion , or serum  creatin in e > 177 m m ol/ l in  the absence of ch ron ic renal failu re (creatin in e 

> 177 m m ol/ l or haem odialysis)

Metabolic acidosis: pH < 7.35 an d lactate > 2.5 m m ol/ L

Respiratory failu re: PaO
2
/ FiO

2
 < 26.6 kPa

Coagulation  disorders: platelet  coun t < 100 x 109/ l or PT INR > 1.5 in  the absen ce of coum arine 

derivatives

Cardiovascu lar failu re: persisten t  hypotension  (RR systolic < 90 m m  Hg) despite adequate 

volum e supply, resu lt in g in  the use of vasopressors (dopam in e > 5 m cg/ kg/ m in , n orepin ephrin e 

any dose)

Protocol

Prior to random isation , all patien ts followed a strict  protocol to optim ise system ic 

haem odynam ic param eters in  accordance w ith  the basic principles of early goal-directed 

therapy (9). System ic haem odynam ic assessm ent was ach ieved th rough  con tinuous invasive 

m on itorin g of arterial blood pressure and right  heart  catheterisat ion  w ith  con tinuous 

cardiac output and cen tral venous oxygen  satu ration  (Vigilan ce®, Edwards Lifescien ces, 

Sain t-Prex, Sw itzerland). Until a  pu lm onary artery catheter was in  place, the use of �uids 

an d vasoactive agen ts was at  the discretion  of the at ten ding physician , whose goal was to 

m ain tain  a  m in im al m ean  arterial pressure (MAP) of 60 m m  Hg. After calibration , treatm ent 

of circu latory failu re was perform ed usin g the follow ing strict  h ierarch ical order: 1. 

Establishm ent of �uid-respon siven ess by repeated in fusion s of at  least  250 m l crystalloids, 

colloids or blood products, un til the in crease in  left  ven tricu lar stroke volum e was less than  

10%, or un til the pu lm onary artery wedge pressure exceeded 18 m m Hg. 2. Treatm ent of heart  
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failu re, de�n ed as a  cardiac index < 2.5 l/ m 2/ m in  or cen tral ven ous oxygen  satu ration  < 70%, 

w ith  dopam in e adm in istered at  up to 10 μg/ kg/ m in  an d addit ional en oxim one in  the even t 

of an  inadequate respon se to dopam in e. 3. Reversal of hypotension  w ith  n orepin epherin e 

in  case of MAP < 60 m m Hg despite the aforem ention ed steps. 

Durin g the 24-hour study m edication  in fusion  period, these therapeutic goals rem ain ed 

un chan ged. The use of hydrocort ison e up to a  m aximum  of 100 m g iv 3 q.d. was perm itted 

for shock reversal in  case of vasopressor depen dency; the gen eral red blood cell t ran sfusion  

trigger was haem atocrit  < 25%. After fu l�lm ent of all system ic haem odynam ic endpoin ts, 

and addit ional repeat  exclusion  of �uid-responsiven ess, we recorded the baselin e system ic 

and m icrocircu latory param eters. Treatm ent w ith  NTG (1 m g/ m l) or placebo (isoton ic salin e) 

was ran dom ly assign ed. The drug and placebo were prepared in  iden tical syrin ges and were 

then  delivered for use by the pharm acist . Durin g the �rst  30 m inutes of adm in istrat ion , a  

fron t  load of 2 m l was given  con tinuously (4 m l/ h ); during the next 23.5 hours, the in fusion  

rate was kept constan t  at  2 m l/ h . In  cases of patien t  body weight < 50 kg, in fusion  rates were 

reduced by 50%. For safety reasons, a  sustained MAP < 60 m m Hg durin g in fusion  despite 

protocolised treatm ent con stitu ted a reason  to im m ediately an d perm an en tly stop the 

in fusion  therapy. 

Im agin g an d an alysis

SDF im aging is a  stroboscopic light  em itt in g diode ring-based im aging m odality that  is 

incorporated in  a  han d-held device. The device illum inates an  area of in terest  for clin ical 

observation  of the m icrocircu lat ion . It  has been  successfu lly validated again st  its techn ical 

predecessor, nam ely orthogonal polarization  spectral im agin g (3). If a  wavelen gth  w ith in  the 

haem oglobin  absorption  spectrum  (e.g. 530 n m ) is chosen , red blood cells w ill appear dark 

an d white blood cells m ay be visible as refringen t bodies. The vessel walls are n ot  visualised 

directly and im aging therefore depends on  the presen ce of red blood cells. Sem i-quan titat ive 

analysis was perform ed as described in  detail elsewhere (11). In  short , a  m in imum  of 3 

steady im ages of at  least  20 secon ds in  duration  were obtained from  the sublingual region  

by a research  investigator other than  the at tendin g physician . A specially train ed group of 

4 in dividuals was available during the study period on  a 24/ 7 basis, w ith  the exception  of 

a  total of 7 days. After gen tle rem oval of saliva by an  isoton ic-salin e-dren ched gauze an d 

avoiding pressure artefacts, im ages were acqu ired and stored on  a digital videotape (SONY 

Video Walkm an  GV-D 1000E®, Sony, Tokyo, Japan ). Subsequen tly, the im ages were captured 

in  5-10 second represen tative AVI form at video clips (sonyDVgate®, Sony, Tokyo, Japan ). 

Video clips were blin dly analysed of�in e by an  investigator who had n o involvem ent in  the 

data collection . The im ages were presen ted in  ran dom  order so as to preven t in ter-im age 

coupling. SDF im ages were obtained from  th ree differen t  location s w ith in  the sublin gual 

region , an d each  im age was divided in to 4 equal quadran ts. Quan ti�cation  of �ow  (n o �ow : 0, 

in term itten t  �ow : 1, sluggish  �ow : 2 and con tinuous �ow : 3) was scored per quadran t , for 
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each  vessel diam eter cohort  (sm all: 10-25 μm , m edium  26-50 μm  and large 51-100 μm ). The 

m icrovascu lar �ow  index (MFI) was calcu lated as the sum  of each  quadran t-score divided by 

the num ber of quadran ts in  which  the vessel type was visible. The �nal MFI was averaged 

over a  m aximum  of 12 quadran ts (3 region s, 4 quadran ts per region ) derived from  the overall 

�ow  im pressions of all vessels w ith  a  part icu lar ran ge of diam eter in  a  given  quadran t. The 

heterogen eity in dex was calcu lated, follow ing the m ethod of Trzeciak and colleagues (6), as 

the differen ce between  the h ighest  and lowest  MFI, divided by the m ean  MFI of all sublin gual 

sites at  a  sin gle t im e poin t . Calcu lat ion  of total (sm all) vessel den sity (TVD) was perform ed 

w ith  the AVA 3.0® software package (MicroVision  Medical, Am sterdam , The Netherlan ds), 

as described an d validated recen tly (12) using a cu t-off diam eter for sm all vessels of < 20 

μm . After stabilisat ion  of the im ages usin g the AVA 3.0 software, we de�ned the perfused 

(sm all) vessel density (PVD) an d the proportion  of perfused (sm all) vessels (PPV) in  term s 

of the num ber and percen tage of crossings w ith  perfused (sm all) vessels per total length  of 

3 equ idistan t  horizon tal an d 3 equ idistan t  vert ical lines. Th is m ethod has been  described 

elsewhere by de Backer et  al. and is in  accordan ce w ith  reports of a  roun d table con ference 

(13).

Data collect ion

The follow in g data were recorded at  baselin e: general characterist ics; severity of illness and 

predicted m ortality con sisten t  w ith  APACHE IV (14), SOFA (15) (calcu lated over the �rst  24 

hours follow in g ICU adm ission ) an d RIFLE (16) scores; system ic haem odynam ic param eters; 

sublingual SDF im ages; and resu lts of standard laboratory tests, in cluding blood gases an d 

arterial lactate concen trat ions, blood cu ltu res an d cu ltu res of specim en s sam pled from  

each  presum ed site of in fection . System ic haem odynam ics, SDF im ages, arterial lactate 

concen trat ion s and blood gases were recorded at  30 m inutes, an d 2, 12 an d 24 hours after 

the start  of the study m edication  an d the SOFA plus RIFLE score was calcu lated daily durin g 

each  patien t’s ICU stay. Survival status was con �rm ed for each  subject  at  the en d of their 

hospitalisat ion . The prim ary endpoin t  was MFI w ith in  the 24-hour study m edication  period. 

Secon dary endpoin ts were the SOFA score, system ic haem odynam ics, dose of dopam ine/

n orepinepherine and survival distribution  from  random isation  to hospital discharge.

Stat ist ical an alysis

We an ticipated a m ean  MFI at  baseline of 1.6 w ith  a  standard deviation  (SD) of 0.83, based 

on  earlier observations (17). We calcu lated a sam ple size of 70 patien ts to detect  an  absolu te 

difference in  MFI of 0.6 in  a  two-sided test  w ith  a  0.05 type I error an d an  80% probability. 

The Stat ist ical Package for Social Scien ces (SPSS 15.1 for Windows, Ch icago Illin ois, USA) 

was used for stat ist ical analyses. For con tinuous variables, all data are presen ted as m ean  

± SD, or as m edians an d in terquart ile ran ges (IQR) in  case of non -n orm al distribution s. The 

effects of treatm ent on  system ic an d m icrocircu latory param eters were com pared between  

groups using an  in depen den t sam ple t-test . The effects on  n on -norm ally distributed 

param eters (MFI, TVD, PPV, PVD, LOS, cumulative SOFA’s an d m aximum  RIFLE score) were 
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com pared using the non -param etric Mann -Whitney test . Com parison  of m ortality rates 

across differen t  treatm ent strategies was perform ed using the χ2 test . Cumulative even t 

curves (censored endpoin t  at  day 60) were est im ated w ith  the Kaplan -Meier procedure an d 

the effect  of treatm ent on  survival probability was com pared between  groups w ith  a  log 

ran k-test . Com parison  again st  baselin e of system ic and m icrocircu latory haem odynam ic 

param eters after 24 hours was perform ed w ith  a paired t-test , or w ith  a  Wilcoxon  sign ed 

ran k test  in  case of variables that  were n ot  n orm ally distributed. A two-sided p value of < 

0.05 was con sidered stat ist ically sign i�can t.

Resu lts

Out of 133 patien ts who were screen ed for eligibility, 70 patien ts were ran dom ly assign ed 

to receive treatm ent (Figure 1). Baselin e characterist ics were well balanced between  the 

groups (Table 2). Exception s were an  in sign i�can tly h igher age an d RIFLE score in  the placebo 

group and m ore prom inen t abdom inal sepsis in  the NTG group. Causative pathogen s were 

iden ti�ed in  60 (86%) patien ts an d blood cu ltu res were posit ive for 16 (22.8%) patien ts. Nin e 

patien ts in  the NTG group and seven  patien ts in  the placebo group received enoxim on e 

durin g the study period; two patien ts in  the placebo group received activated Protein  C. 

Three patien ts in  the NTG group an d one patien t  in  the placebo group died w ith in  24 hours 

of adm ission  due to progressive cardiac failu re or cardiac arrest . Withdrawal from  the study 

because of sustain ed hypotension  was n ot  reported. 

In  both  groups, MFI in  sm all vessels sign i�can tly in creased over a  24-hour period of 

protocolised resuscitat ion , in  com parison  to baselin e. In  the NTG group, the chan ge was 

from  1.67(0.67-2.42) to 2.71 (1.85-3), p < 0.0001 an d in  the placebo group from  1.42(0.83-2.63) 

to 2.71(1.27-3), p = 0.006 (Table 3, Figure 2). MFI in  m edium  an d large-sized vessels in creased 

in  a  sm all but  sign i�can t way in  the NTG group, an d not in  the placebo group (Table 3).

Despite th is overall in crem ent in  sm all vessel MFI over t im e, there was n o sign i�can t 

difference in  prim ary outcom e between  the NTG an d placebo groups at  24 hours after the 

adm in istrat ion  of study m edication  (Table 3). Median  MFI in  sublin gual sm all vessels was 

2.71 (1.85-3) versus 2.71 (1.27-3), p = 0.80; in  m edium -sized vessels 3 (2.75-3) versus 2.86 

(2.19-3), p = 0.21; an d in  large-sized vessels 3 (3-3) versus 3 (2.89-3), p = 0.06 (Table 3, Figure 

2). The num ber of respon ders, de�ned as any MFI in crem ent for sm all vessels between  

baseline and 24 hours was sim ilar in  both  the NTG an d placebo groups: 24 (68.5%) versus 20 

(57.1%), p = 0.46. The heterogen eity in dex an d param eters of (perfused) vessel den sity (TVD, 

PPV an d PVD) did not  differ between  groups, except for a  sign i�can t but  sm all differen ce in  

PPV after 30 m inutes an d after 24 hours (Table 3). 

The heterogen eity index decreased sign i�can tly over t im e in  both  groups, but  param eters of 

(perfused) vessel density rem ained unaltered.
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Figu re 1. Tria l pro�le

63 excluded:63 excluded:

8 no confirmation source of sepsis8 no confirmation source of sepsis

17 no organ dysfunction 17 no organ dysfunction 

2 organ dysfunction > 48 hours2 organ dysfunction > 48 hours

6 no full consent therapy (DNR excluded)6 no full consent therapy (DNR excluded)

15 use of nitrates within 24 hours15 use of nitrates within 24 hours

3 no research team available3 no research team available

1 pregnancy1 pregnancy

11 no informed consent11 no informed consent
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Table 2. Baselin e characterist ics

Variables Nitroglycerin (n =35) Placebo(n =35) p Value

Men 21(60) 22(62.9) 0.81

Age 64±15.8 59(15.4) 0.2

APACHE IV 88±24 94±62 0.59

Predicted m ortality APACHE IV (%) 43±21 39±16 0.36

SOFA 9±3 10±3 0.66

Source of in fection

  Lun g 12(34) 12(34)

  Abdom inal 19(54) 12(34)

  Urinary tract 2(6) 2(6)

  Other 2(6) 9(26)

Mean  arterial pressure, m m Hg 72±11.5 71±12.0 0.97

Heart  rate, beats/ m in 109±16.7 112±17.8 0.52

Central ven ous pressure, m m  Hg 12±4.0 13±5.5 0.26

Cardiac in dex, l/ m in  . m 2 4.1±1.3 4.3±1.3 0.63

Pulm onary artery wedge pressure, m m  Hg 15±6.0 16±5.9 0.51

Mixed ven ous oxygen  satu ration , % 71±8.4 71±6.3 0.87

Oxygen  con sum ption , m l/ m in . m 2 153±46 165±75 0.41

Oxygen  delivery, m l/ m in . m 2 581±168 608±214 0.55

Oxygen  extraction , % 28±8.8 27±7.1 0.78

Dopam in e dose, n , μg/ kg . m in

Norepin ephrin e dose, n , μg/ kg . m in

30, 5.4±3.8

11, 0.37±0.52

30, 6.0±3.5

12, 0.27±0.43

0.53

0.37

Central-to-toe tem peratu re gradien t , °C 5.5±2.6 5.4±2.5 0.87

Ventilat ion -perfusion  rat io, % 30±10 32±10 0.31

Ventilator, use of 34(97.1) 35(100) 0.32

PEEP, cm  H
2
O 12±3 13±3 0.28

Lactate, baselin e, m m ol/ l 2.8±2.3 2.4±2.1 0.5

Lactate, h ighest  before baselin e, m m ol/ l 3.5±2.4 3.2±2.9 0.63

pH 7.31±0.9 7.31±1.0 0.96

Base excess, m m ol/ l -5.8±5.3 -6.2±6.0 0.26

Haem atocrit , % 31±4 32±6 0.80

ARF RIFLE score on  adm ission 0.51±0.98 0.89±1.08 0.14

APACHE Acute Physiology And Chronic Hea lth Eva lua tion , SOFA Sequentia l Organ  Failure Assessm ent, 

MFI Microvascular Flow Index, PEEP Positive End Expira tory Pressure, ARF Acute Rena l Failure, RIFLE Risk 

Injury Failure Loss and Endstage. All da ta  are presented a s m ean±SD or a s num bers (%).
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Table 3. Microvascu lar variables over t im e

Variables Baselin e 30 m inutes

NTG(n =35) Placebo(n =35)NTG(n =35) Placebo(n =35)

MFI sm all vessels 1.67 (0.67-2.42) 1.42 (0.83-2.63) 1.83 (1.08-2.75) 1.83 (0.83-2.83)

MFI m edium  vessels 2.33 (1.83-2.83) 2.33 (2-2.83) 2.67 (2.25-2.83) 2.42 (2.17-2.92)

MFI large vessels 2.92 (2.75-3) 2. 92 (2.75-3) 3 (2.83-3) 3 (2.75-3)

TVD , m m / m m 2 14 (12.8-15.6) 15 (12.3-16.1) 13.9 (12.2-15) 14.1 (12.8-15.9)

PPV , % 98 (93-100) 97 (89-100) 100 (96-100) 97 (90-99) *

PVD, 1/ m m 9.1 (8.3-10.5) 9.8 (8.4-10.8) 9.7 (8.7-10.5) 9.7 (8-10.5)

Heterogen eity in dex 1.76 (0.88-2.84) 1.96 (0.66-3) 1.71 (0.36-2.17) 1.53 (0.36-2.75)

MFI microcircula tory �ow index, NTG nitroglycerin , TVD tota l vessel density of (sm a ll) vessels, PPV 

proportion  of perfused (sm a ll) vessels, PVD perfused (sm a ll) vessel density. Cut-off va lue for sm a ll vessels 

< 20 μm . All da ta  are presented a s m edians (IQR). *P Va lue < 0.05 between  groups, non-param etric test  for 

independent samples. † P va lue < 0.05, ‡ < 0.0001 a fter 24 hours in  comparison  to ba seline, non-param etric 

test  for dependent samples.
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(Table 3. Microvascu lar variables over t im e)

2 hours 12 hours 24 hours

NTG(n =35) Placebo(n =35) NTG(n =34) Placebo(n =35) NTG(n =32) Placebo(n =34)

2.25 (1.42-2.75) 2.25 (1.25-2.92) 2.34 (0.83-3) 2.08 (1.5-2.83) 2.71 (1.85-3) ‡ 2.71 (1.27-3)†

2.83 (2.42-3) 2.75 (2.33-3) 2.79 (2.08-3) 2.67 (2.5-2.92) 3 (2.75-3) ‡ 2.86 (2.19-3)

3 (3-3) 3 (3-3) 3 (2.81-3) 3 (2.92-3) 3 (3-3) † 2.89 (3-3)

14.3 (13.2-15.1) 14 (12.9-16) 14 (13.1-15.7) 13.9 (13.2-15.5) 13.9 (12.5-15.7) 14.7 (13.1-16.1)

99 (96-100) 98 (93-100) 99 (93-100) 99 (93-100) 100 (98-100) 98 (86-100)*

9.7 (8.4-10.7) 9.5 (8.7-11.3) 10 (8.3-10.8) 9.1 (8.2-10.5) 10.2 (8.7-11.2) 10.1 (8.5-10.7)

0.82 (0.26-2.11) 1.24 (0.34-2.4) 1.22 (0-2.89) 1.44 (0.35-2) 0.74 (0-1.62) ‡ 0.54 (0-1.76) † 
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Table 4. System ic haem odynam ic variables over t im e

Variables Baselin e 30 m inutes

NTG(n =35) Placebo(n =35)NTG(n =35) Placebo(n =35)

Mean  arterial pressure, m m Hg 72±11.5 71±12.0 66±14.7 70±11.8

Heart  rate, beats/ m in 109±16.7 112±17.8 109±18.1 111±20.3

Central ven ous pressure, m m  Hg 12±4 13±5.5 11±4 12±4.7

Cardiac in dex, l/ m in  . m 2 4.1±1.3 4.3±1.3 4.1±1.3 4.1±1.2

Pulm onary artery wedge pressure, m m  Hg 15±6 16±6 15±6 16±6

Mixed ven ous oxygen  satu ration , % 71±8.4 71±6.3 69±8.6 71±8.2

Oxygen  con sum ption , m l/ m in . m 2 153±46 165±75 147±49 160±173

Oxygen  delivery, m l/ m in . m 2 581±168 608±214 554±160 588±173

Oxygen  extraction , % 28±8.8 27±7.1 28±8.9 28±7.3

Dopam in e dose, n , μg/ kg . m in 30, 5.4±3.8 30, 6.0±3.5 31, 5.6±3.9 30, 5.8±3.3

Norepin ephrin e dose, n , μg/ kg . m in 11, 0.07±0.1 12, 0.05±0.09 17, 0.07±0.1 18, 0.07±0.7

Central-to-toe tem peratu re gradien t , °C 5.5±2.6 5.4±2.5 5.2±2.3 5.2±3

Ventilat ion -perfusion  rat io, % 30±10 32±10 33±11 32±10

Lactate, m m ol/ l 2.8±2.3 2.4±2.1 2.8±2.5 2.3±2

Haem atocrit , % 31±4.2 32±6.0 30±4.1 32±5.7

Flu id balan ce, l - - - -

NTG nitroglycerin . All da ta  are presented a s m ean±SD. *P va lue < 0.05, non-param etric test  for independent 

samples between  trea tm ent groups. 
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o(n =35)

11.8

20.3

4.7

±1.2

±6

8.2

±173

±173

7.3

.8±3.3

07±0.7

±3

±10

±2

5.7

-

2 hours 12 hours 24 hours

NTG(n =35) Placebo(n =35) NTG(n =34) Placebo(n =35) NTG(n =32) Placebo(n =34)

66±12.2 67±8.9 64±11.7 66±10.8 69±10.7 67±10.7

108±19.7 106±17.3 108±17.4 105±18.9 109±20.0 108±17.2

11±4.3 12±4.3 11±4 12±5.5 12±4 12±5.1

4.1±1.3 3.9±1 4.0±1.2 3.7±0.8 4.2±1.0 4.1±0.87

14±5 16±5 15±5 16±5 14±6 15±6

70±8.6 69±7.7 71±10.4 72±5.9 73±7.1 75±6.1

145±50 151±38 141±37 142±43 147±43 135±33

542±155 563±158 544±161 540±117 588±159 583±140

29±9.4 29±7.5 28±11.1 26±6.2 26±6.9 24±7.0

31, 6.1±3.9 32, 6.3±3.2 32, 6.7±4.0 32, 7.0±3.3 31, 6.0±4.2 30, 7.1±3.6

18, 0.08±0.1 20, 0.08±0.2 25, 0.12±0.09 25, 0.09±0.11 17, 0.12±0.12 18, 0.12±0.20

4.9±2.9 6.5±6.1 4.4±1.9* 6.6±3.8 4.3±2.1 5.4±2.5

29±8 30±8 28±8 28±10 27±8 30±10

2.6±2.2 2.1±1.7 2.0±1.9 1.8±.2.0 1.9±1.6 2.69±4.2

30±3.8 32±5.3 30±3.9 33±4.8 30±3.9 31±3.8

- - - - 5.8±2.7 6.5±2.3

(Table 4. System ic haem odynam ic variables over t im e)
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Figu re 2. Box plots of sublingua l microvascular �ow index (MFI) in  sm a ll vessels (< 20 μm ) during the 

24-hour study period

Figu re 3. Kaplan-Meier plot of surviva l from  randomiza tion  to day 60
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Table 5. Morbidity an d m ortality outcom e variables

Variables Nitroglycerin (n =35) Placebo(n =35) P Value

ICU m ortality, n (%) 11(31.4) 4(11.4) 0.08

Hospital m ortality, n (%) 12(34.3) 5(14.2) 0.09

LOS ICU, m edian  (IQR) 8(4-12) 12(7-16) 0.03

LOS hospital, m edian  (IQR) 21(8-35) 29(17-48) 0.04

Cumulative SOFA day 1-5 30(22-41) 46(32-53) 0.003

Cumulative SOFA ICU 46(28-80) 66(49-121) 0.02

ARF RIFLE score m aximum , m edian  (IQR) 3(0-3) 1(0-3) 0.37

CVVH, use of, n (%) 12(34.3) 11(31.4) 0.87

LOS Length of Stay, SOFA Sequentia l Organ  Failure Assessm ent, MFI Microvascular Flow Index, ARF Acute 

Rena l Failure, RIFLE Risk Injury Failure Loss and Endstage. 

In  term s of secon dary outcom es, there was no differen ce in  system ic haem odynam ic variables 

between  treatm ent groups, w ith  the exception  of a  lower cen tral-to-toe tem peratu re gradien t  

in  the NTG group in  com parison  to placebo (4.4±1.9 and 6.6±3.8 respectively, p=0.004) after 

12 hours (Table 4). Mean  blood pressure, oxygen  con sum ption  an d arterial lactate levels 

did n ot  differ at  any t im e. Both  groups were adm in istered equ ivalen t  doses of dopam in e/

norepin ephrin e and no sign i�can t differen ce was recorded in  term s of �uid balan ce after 

24 hours (Table 4).

Both  for ICU an d hospital LOS, as well as for cumulative SOFA scores over the �rst  5 days of 

ICU adm ission , there was a sign i�can t reduction  in  favour of the NTG group (Table 5). It  is 

im portan t  to n ote that  the NTG group presen ted a substan tially h igher ICU m ortality rate, 

although  the difference between  the groups rem ained in sign i�can t (31.4% in  the NTG group 

an d 11.4% in  the placebo group, p=0.08). In  addit ion , the NTG group displayed a h igher in -

hospital m ortality rate, although  the differen ce was in sign i�can t (34.3% in  the NTG group 

an d 14.2% in  the placebo group, p=0.09) (Table 5, Figure 3).

Discu ssion

In  the presen t  study, we foun d that  protocolised resuscitat ion  resu lted in  recru itm ent of 

sublin gual m icrocircu lat ion , as indicated by a sign i�can t im provem ent in  the MFI in  

com parison  to baselin e. However, we did not  �n d any addit ional MFI im provem ent as a  resu lt  

of treatm ent w ith  NTG in  com parison  to placebo in  term s of sublingual m icrocircu latory 

alterat ion s in  patien ts w ith  severe sepsis or septic shock, w ith  the exception  of a  very sm all 

but  sign i�can t in crem ent in  the proportion  of perfused sm all vessels in  the NTG group. In  

addit ion , we did not  detect  any sign i�can t differen ces in  system ic haem odynam ic param eters 

between  the two treatm ent strategies, w ith  the exception  of a  tran sien t  sign i�can tly lower 

cen tral-to-toe tem peratu re gradien t  evidenced in  the NTG group.
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Our �ndin gs are n ot  con sisten t  w ith  a  previous report  in  which  8 patien ts responded 

prom ptly to a  in traven ous bolus of 0.5 m g NTG after pressure-gu ided resuscitat ion  w ith  

a  sign i�can t in crease in  sublin gual MFI (8). However, despite use of an  equ ivalen t  NTG 

dose, there are m arked differen ces in  respect  to the study design s. To our kn owledge, the 

presen t  study is the �rst  ran dom ized placebo-con trolled trial that  has aim ed to im prove 

m icrocircu latory blood �ow  in  patien ts w ith  severe sepsis/ septic shock, after a  rigorous 

resuscitat ion  protocol based upon  the prin ciples of early goal-directed therapy and repetit ive 

dynam ic test in g of �uid-responsiven ess. Resuscitat ion  endpoin ts (m in im al m ean  blood 

pressure of > 60 m m Hg, cen tral ven ous pressure > 12 m m Hg at  the lowest  dopam in e dose) 

in  the previous study did n ot  ru le out  �uid-responsiveness, n or persisten ce of heart  failu re. 

The fact  that  MFI of large vessels in  the study by Spronk et  al. was below  2.5 in  the m ajority 

of patien ts an d that  it  respon ded to NTG to the sam e exten t  as in  sm all vessels is con sisten t  

w ith  persisten t  �uid-respon siveness. Speci�cally, �ow  in  large vessels is m ain tain ed despite 

gross �ow  alterat ions in  sm all vessels (13), as was the case in  our study. In  a  recen t report , 

septic patien ts who had been  characterized as respon ders to �uid expan sion  in  term s of 

classical system ic haem odynam ic param eters dem onstrated con com itan t  im provem ent 

of sublingual m icrocircu latory blood �ow  (18). Furtherm ore, treatm ent of (relat ive) heart  

failu re by targetin g a cen tral venous oxygen  satu ration  ≥ 70% has been  proven  to lead to 

im proved outcom es (9). However, despite a  reported relat ion  between  im provem ent of the 

SOFA score and sublin gual m icrocircu latory blood �ow  (19), a  causative relat ion  between  

optim ization  of ven ous oxygen  satu ration  an d m icrocircu latory blood �ow  rem ain s to 

be established. Besides these differen ces in  resuscitat ion  endpoin ts, other factors, such  

as t im ing an d con com itan t  m edication , m ay have played a role. The previously reported 

im m ediate response to NTG after 5 m inutes was outside the scope of our observations 

an d use of the s
2 

–seroton ergic receptor blocker ketan serin  was n ot  part  of our protocol. 

In deed, un der con dit ions of local hypoxia, red blood cell scavenging of n itric oxide has 

been  dem on strated to evoke a situation -depen den t vasocon strict ive effect  in  the con text  of 

seroton in  adm in istrat ion  (20).

An  im portan t  assum ption  that  un derpin ned our study design  was the n otion  that  NTG would 

act  as a  n itric oxide (NO) don or. NTG and other organ ic n itrates are believed to use the sam e 

signallin g pathway as NO generated by NO syn thases (NOS, 21). In  th is m an ner, NO-related 

prom otion  of vascu lar sm ooth  muscle relaxation , at tenuation  of leukocyte-en dothelium  

an d leukocyte-platelet  in teraction  (22) an d reduction  of oedem a form ation  (23) were all 

con sidered poten tial m echan ism s to prom ote m icrocircu latory blood �ow. However, in  

con trast  to isosorbide din itrate, NTG showed a strikin g dissociat ion  of its vascu lar activity 

and NO-don or propert ies (24). Th is dissociat ion  together w ith  a  dim in ished suppression  of 

activity by the NO-scaven ger carboxy-PTIO (25) challen ges the w idely accepted NTG/ NO 

hypothesis. 



Nitroglycerin  in  sepsis

95

Apart  from  the discussed m echan ism  of action , the net  effect  of NTG on  the delicate balance 

between  vasodilatat ion  an d vasocon strict ion  also depen ds on  m echan ism s referred to as 

tolerance an d pseudotolerance. Pseudotoleran ce involves the dose-dependen t, non -NTG 

speci�c n eurohorm onal coun ter-regu lation  due to the use of vasodilatory substances an d 

has been  reported to occur w ith in  48 hours of adm in istrat ion  (23). It  in cludes in creases in  

plasm a catecholam ine, vasopressin  and aldosteron e levels, as well as enhanced plasm a ren in  

activity (25). NTG-speci�c hypercon tractile respon ses to an gioten sin  II and phenylephrine as 

a  resu lt  of NTG-in duced en dothelial dysfun ction  follow in g chron ic NTG exposure is term ed 

n itrate tolerance (26), and is believed to be elicited by oxidative stress (21).NTG treatm ent 

has previously been  show n  to st imulate vascu lar peroxyn itrite form ation  as a  reaction  

product of NO an d superoxide (27,28). In suf�cien t  con cen trat ions of the NOS III cofactor 

tetrahydrobiopterin  m ay lead to fu rther un coupling of NOS III, w ith  subsequen t superoxide 

release (29). It  is conceivable that , due to previous en dothelial dysfun ction  an d a relat ive 

lack of substrates in  sepsis, situation -dependen t form ation  of peroxyn itrite an d superoxide 

in stead of NO m ay occur, even  w ith in  the t im efram e of the presen t  study. The observed 

absen ce of differences in  both  m icrocircu latory an d system ic param eters between  NTG 

an d placebo treatm ent does not  disallow  the poten tial absen ce of NO-m ediated vascu lar 

relaxation  an d warran ts fu rther study.

Although  n ot design ed to detect  differen ces in  su rvival between  the NTG an d placebo 

groups, th is study revealed an  in sign i�can t but  substan tial differen ce in  absolu te num bers 

w ith  regard to ICU an d in -hospital m ortality, in  favor of the placebo group. However, the 

observed lower cumulative SOFA scores in  the NTG group, do n ot create an  unequ ivocal 

pictu re. Due to our relat ively sm all sam ple size, an  im balan ce between  the two groups can n ot 

be ru led out. We observed n o differences in  circu latory param eters that  cou ld explain  the 

differen ce in  m ortality. The overall in -hospital m ortality in  both  groups was lower than  that  

predicted by the APACHE IV scores: we observed an  in -hospital m ortality rate of 34.1% in  

the NTG group, as com pared w ith  a predicted 43±21% rate. In  the placebo group, the 14.2% 

predicted value was lower than  the 39±16% observed m etric. Nevertheless, the poten tial 

deleterious m echan ism  of peroxyn itrite and superoxide form ation  due to NTG treatm ent 

in  these septic patien ts raises question s about its use. Further scien ti�c exam ination  of th is 

�n din g is exigen t.

Lim itat ion s of the presen t  study are largely related to the trial design . Speci�cally, the 

com plete blin ding between  the at ten din g physician  and the investigator involved the 

in clusion  of all eligible patien ts, regardless of the exten t  of their baselin e sublin gual 

m icrocircu latory alterat ion s. Although  the MFI at  baselin e was con sisten t  w ith  our power 

calcu lat ion s across both  groups, we n ote our study’s consequen t loss of discrim inative ability 

due to the in clusion  of patien ts w ithout a  sign i�can t decrease in  baseline MFI. Furtherm ore, 

the (predom inan tly) sem i-quan titat ive m ethodology used in  our analysis of �ow  an d 



Chapter 6

96

capillary density m ay have resu lted in  the loss of detailed in form ation  that  was beyon d the 

recording range of our in strum ents. In  th is respect , we note that  both  MFI an d heterogeneity 

index evolved over t im e, con sisten t  w ith  other reports in  the literatu re (6,17), whereas PPV 

rem ain ed unaltered over t im e an d was con siderably h igher than  that  in  previous reports 

(4,5). This discrepancy m ight be due to differences in  resuscitat ion  en dpoin ts. The use of 

software in  th is study to accurately m easure vessel diam eter, in stead of discrim inating 

sm all from  large vessels by eye, m ight also lead to the in clusion  of gen erally better perfused 

larger vessels in  PPV. 

In  con clusion , our presen ted data do n ot support  the hypothesis that  treatm ent of patien ts 

w ith  severe sepsis or septic shock w ith  in travenous n itroglycerin  prom otes sublingual 

m icrocircu latory blood �ow  and perfusion . Our resu lts are of note in  the con text  of rigorous 

resuscitat ion  based on  EGDT-derived prin ciples an d the dynam ic exclusion  of �uid-

responsiven ess.
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Abstract

In troduction . 

Hem odynam ic changes, related to on -pum p cardiac su rgery, have been  reported to im pair 

in test inal perfusion . In test inal ton om etry has been  the on ly clin ical available m on itoring 

reported to detect  splan chn ic ischem ia. We tested the hypothesis that  splanchn ic ischem ia 

m ay be associated w ith  splan chn ic m icrocircu latory alterat ion s. To th is en d we used 

Sidestream  Dark Field (SDF) im agin g in  com bination  w ith  rectal ton om etry at  the sam e t im e-

poin t  to investigate if rectal m icrocircu latory alterat ion s occur w ith  splan chn ic ischem ia as 

detected by rectal ton om etry follow in g elective cardiac su rgery.

Methods. 

A sin gle-cen tre prospective observational study was conducted in  postoperative elective 

cardiac su rgery patien ts, w ith in  30 m inutes after ICU adm ittan ce. In  group 1(n =28) 

simultaneously SDF im agin g and autom ated gas tonom etry was perform ed in  the rectal 

pouch . In  group 2 (n =10) sublingual SDF was perform ed.

Resu lts. 

In  the rectal pouch  m edian  Microvascu lar Flow  Index (MFI) was 3(3-3) an d proportion  of 

perfused vessels (PPV) 85% (72-93). Median  rectal-to-arterial part ial carbon  dioxide pressure 

difference was 0.2 (-0.2-1.1) kPa; 6 (21%) patien ts had a ΔP
CO2

 > 1.1 kPa, am on g them  2 (7%) > 

1.4 kPa. In  the sublingual region  m edian  MFI was 3(3-3); m edian  PPV was 99% (97-100) an d 

h igher in  com parison  to rectal PPV, p = 0.001.

Con clusion s. 

Simultan eous SDF-im agin g an d autom ated gas ton om etry in  the rectal pouch  seem s 

feasible in  postoperative sedated patien ts. Despite m any hem odynam ic chan ges during 

elective on -pum p cardiac su rgery, the observed inciden ce of SDF-derived m icrocircu latory 

alterat ion s in  com bination  w ith  elevated rectal-to-arterial pCO
2 
gap, was foun d to be low  in  

the early postoperative ICU-period in  th is patien t  group. Exten ding m icrocircu latory in -vivo 

observation  to the sublin gual region  did not  disclose m arked discordan ce of m icrocircu latory 

blood �ow  between  the differen t  m icrovascu lar beds.

Trial registrat ion . 

Clin icalTrials.gov NCT00547859
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In trodu ction  

During on -pum p cardiac su rgery patien ts are subject  to a  num ber of hem odynam ic chan ges, 

associated w ith  in test inal hypoperfusion  [1]. With  the exception  of con trolled hypotension  

[2], hem odilu tion  [3], hypotherm ia [4], sh ifts from  pu lsatile to con tinuous blood �ow  [5], 

system ic in �am m ation  [6,7] an d use of vasopressors [8] have all been  reported to im pair 

in test inal perfusion , as a  resu lt  of distributive �ow  alterat ion s. Until recen tly, in test inal 

ton om etry was the on ly clin ical available m on itoring device to detect  splan chn ic ischem ia. 

Application  of th is techn ique in  stom ach  an d rectal pouch  [9,10] an d com bination  w ith  

in test inal en dolum inal m icrodialysis [11] appeared to be feasible. Although  the presence of 

splan chn ic ischem ia is of predict ive value for postoperative com plication s in  cardiac su rgery 

[12-14], practical drawbacks as well as the n eed for a  m ore fun dam ental un derstan ding 

of gastro-in test inal pathophysiology, have ham pered the use of tonom etry as routin e 

m on itorin g tool [15]. 

Over the last  year’s direct  in -vivo observation  of the m icrocircu lat ion , by m eans of Orthogonal 

Polarization  Spectral im agin g an d its techn ical successor Sidestream  Dark Field (SDF) 

im aging, has becom e available at  the bedside [16,17]. Application  of these techn iques in  

rectal pouch  [18] an d surgical in test inal stom a’s [19], as well as com bination  w ith  gastric and 

in test inal capn om etry [20,21] has been  described. SDF-derived detection  of heterogen eous 

m icrocircu latory blood �ow  abn orm alit ies, as a  resu lt  of distributive �ow  alterat ion s 

in  sepsis, is n ow  well established [22]. However, lit t le is kn ow n  about the in ciden ce of 

such  in test inal �ow  alterat ion s in  relat ion  to cardiac su rgery. Several reports in dicate the 

(tran sien t) presen ce of sublin gual m icrocircu latory alterat ions durin g cardiopu lm onary 

bypass [23-25]. Whether these data also apply for the in test inal tract  is unknow n .

We tested the hypothesis that  splan chn ic ischem ia m ay be associated w ith  splan chn ic 

m icrocircu latory alterat ion s after cardiopu lm onary bypass. To th is en d we used rectal 

Sidestream  Dark Field (SDF) im agin g in  com bination  w ith  rectal tonom etry at  the sam e 

t im e-poin t  to investigate if rectal m icrocircu latory alterat ions occurs w ith  splan chn ic 

ischem ia as detected by rectal ton om etry follow in g elective on -pum p cardiac su rgery.

Materia l an d m eth ods
 

Sett in g an d patien t  select ion . 

The study was perform ed between  Novem ber 2007 an d April 2008 in  a  closed-form at 22-

bed m ixed ICU in  a tert iary teach in g-hospital. It  was design ed as a  prospective, single 

cen tre, observational, clin ical trial an d registered w ith  Clin icalTrials.gov NCT00547859. 

Group 1 con sisted of patien ts of at  least  18 years of age schedu led for coronary artery bypass 

graft in g and/ or cardiac valve su rgery w ith  cardiopu lm onary bypass (CPB). Patien ts w ith  

a  m edical h istory of poten tial in�uen ce on  the vascu larisat ion  of the recto-sigm oid area 

(operation , local radiotherapy, in �am m ation ) were excluded. Patien ts w ith  con siderable 



Chapter 7

104

fecal con tam ination  of the rectal pouch  at  the t im e of m easurem ent were also excluded. 

After analysis of the in it ial resu lts group 2 was added to the study, in  order to com pare rectal 

SDF im aging w ith  the m ore com m on ly reported sublin gual SDF im aging. For th is secon d, 

post-hoc group, the sam e in clusion  criteria  were applicable, w ith  the exception  of the rectal-

pouch-speci�c con traindication s. Availability of a  m em ber of a  group of 2 investigators, 

t rained in  SDF im aging an d ton om etry, was a leading prem ise durin g the study period. A 

local eth ical an d scien ti�c com m ittee approved of the study protocol an d w rit ten  in form ed 

con sen t was obtain ed from  patien ts preoperatively, according to applicable laws. 

An esthesia , CPB an d peri-operat ive m an agem en t. 

Anesthesia was in traven ously induced w ith  su fen tan il 1-2 μg/ kg, m idazolam  0.1 m g/ kg 

an d rocuron ium  0.1-0.5 m g/ kg. In  case of poor left  ven tricle function  en oxim on e 0.25 m g/ kg 

was added. Dexam ethasone 1 m g/ kg was adm in istered to all patien ts. An  8.5 Fr four-lum en  

lum en  cen tral venous catheter ( BD Care�ow, BD m edical System s, Sin gapore, Sin gapore) 

was in serted in to the right  in ternal jugu lar vein . In  case of a  poor right  or left  ven tricle 

fun ction  or cardiac valve operation  a pu lm onary artery catheter (Vigilan ce®, Edwards 

Lifesciences, Sain t-Prex, Sw itzerland) was in serted. During the operation  in tranasal, rectal 

an d skin  tem peratu re was m on itored. Main tenan ce of an esthesia during the operation  

was ach ieved w ith  su fen tan il 1ug/ kg, sevo�uran e (1.5-3%) during pre-bypass period and 

propofol durin g CPB period. After stan dard m edian  stern otomy, aort ic root  an d right  

atrial cannu lation , n on -pu lsatile CPB w ith  a heart-lun g m ach in e (HL-30, Maquet Jostra 

Medizin techn ik AG, Hirrlin gen , Germ any) was established at  a  target  system ic blood 

�ow  of 2.7 lit re m in -1 m -2 an d adjusted at  a  m in imum  cen tral ven ous satu ration  of 65% . 

Surgery was perform ed under m ild hypotherm ia (32-34 °C). After aort ic cross-clam pin g 

crystalloid or blood cardioplegia was adm in istered dependin g on  the at tendin g surgeon . 

Arterial perfusion  pressure was kept between  50 an d 70 m m Hg, usin g phenylephrine if 

n ecessary. Anticoagu lation  was established w ith  heparin  (300-400 IE/  kg) in traven ously, 10 

m inutes before in it iat ion  of CPB. Target  activated clott ing t im e was 450 sec. At the en d of 

CPB, an ticoagu lation  was an tagon ized w ith  protam ine in traven ously (1.33 x in it ial heparin  

dose). Hem atocrit  was kept above 0.20. Postoperative patien ts received routin e in st itu t ional 

ICU-treatm ent in cluding t ight  glucose con trol an d low  tidal volum e durin g in it ial pressure 

con trol ven tilat ion , aim in g at  early extubation  un less clin ically unwarran ted. 

Ton om etry. 

With in  30 m inutes after ICU adm ittance data were obtain ed. For m easurem ent of regional 

carbon  dioxide production  in  the in test inal wall an  18F ton om etric catheter (Ton om etrics®, 

Datex-Ohm eda, Helsin ki, Fin lan d) was placed in to the rectal pouch  blin dly, after m anual 

exclusion  of con siderable fecal con tam ination . Use of en em a and lubricatin g gel was avoided. 

Follow in g in sert ion  of the catheter in to the rectal pouch  a sam plin g lin e was con nected to 

the autom ated air tonom etry system  (Ton ocap®, Datex-Ohm eda, Helsinki, Fin lan d). After 10 
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m inutes air-�lled equ ilibration , rectal pCO
2
 (Pr

CO2 
) was sam pled an d analyzed autom atically, 

usin g in frared spectroscopy. At the sam e t im e arterial blood gas analysis was perform ed for 

arterial pCO
2 
(Pa

CO2
) m easurem ent. CO

2 
gap (ΔP

CO2
) was calcu lated as Pr

CO2 
- Pa

CO2
.

SDF-im agin g an d an alysis procedure. 

Directly after m easurem ent of Pr
CO2

 SDF im agin g was perform ed. SDF is a  stroboscopic 

light  em itt ing diode rin g-based im agin g m odality, in corporated in  a  hand-held device, that  

illum inates an  area of in terest  for the clin ical observation  of the m icrocircu lat ion  and is 

validated in  com parison  w ith  its techn ical predecessor orthogonal polarization  spectral 

im aging [17]. If a  wavelength  w ith in  the haem oglobin  absorption  spectrum  (e.g. 530 n m ) is 

chosen , red blood cells w ill appear dark and white blood cells m ay be visible as refrin gen t 

bodies. The vessel walls are not  visualized directly and its im aging therefore depends on  the 

presence of red blood cells. Sem i-quan titat ive analysis was perform ed as described in  detail 

elsewhere [26]. In  short , a  m in imum  of 3 steady im ages of at  least  20 seconds were obtain ed 

from  the sublin gual region  by a separate research  investigator, other than  the at tendin g 

physician . After gen tle rem oval of saliva/ faeces by irrigation  w ith  isoton ic saline an d 

avoidin g pressure artefacts, im ages were obtain ed an d stored on  digital videotape (SONY 

video walkm an  GV-D 1000E®, Sony, Tokyo, Japan ). Subsequen tly, im ages were captured in  

5-10 second represen tative video clips in  avi form at (sonyDVgate®, Sony, Tokyo, Japan ). Video 

clips were analyzed off-line blin dly by an  investigator not  involved in  data collection  and in  

ran dom  order to preven t coupling between  im ages. SDF im ages were obtain ed from  th ree 

differen t  location s w ith in  the region  of in terest , an d each  im age is divided in to 4 equal 

quadran ts. Quan ti�cation  of �ow  (no �ow : 0, in term itten t  �ow : 1, sluggish  �ow : 2 and 

con tinuous �ow : 3) was scored per quadran t . In  the sublingual region  th is was perform ed 

for sm all vessels ( < 20 μm ); due to its anatomy (crypts), the m icrovascu lar bed in  the rectal 

pouch  on ly con sists of sm all vessels. The score, called m icrovascu lar �ow  in dex (MFI), is the 

sum  of each  quadran t-score, divided by the num ber of quadran ts in  which  the vessel type 

is visible. The overall MFI is an  average score over a  m aximum  of 12 quadran ts (3 regions 

t im es 4 quadran ts per region ) derived from  the overall �ow  im pression  of all vessels w ith  a  

part icu lar range of diam eter in  a  given  quadran t. Proportion  of perfused sm all vessels (PPV) 

in  the sublin gual region  was de�n ed as percen tage of crossin gs w ith  perfused sm all vessels 

per total len gth  of 3 equ idistan t  horizon tal an d 3 equ idistan t  vert ical lin es, in  accordan ce 

w ith  reports of a  roun d table con feren ce [27]. Sin ce crypts are well de�ned m icrovascu lar 

un its, as opposed to a  m icrocircu latory n etwork in  the sublin gual region , PPV in  the rectal 

pouch  was adapted as the percen tage of perfused crypts, divided by the total num ber of 

crypts x 100%. Vessels density param eters were considered inapplicable to the rectal 

m icrovascu latu re.
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Protocol an d data  collect ion . 

Dem ograph ic data, CPB and aort ic cross-clam p duration , lowest  hem atocrit  and use of 

vasopressor/ inotropic agen ts durin g operation  were docum ented. In  hospital m ortality was 

predicted usin g the European  System  for Cardiac Operative Risk Evaluation  (Euro SCORE) 

[28]. System ic hem odynam ic assessm ent was obtain ed by con tinuous invasive m on itoring 

of arterial blood pressure an d cen tral venous catheterisat ion . During the t im e of tonom etry 

an d SDF-im agin g blood for stan dard laboratory tests, in cludin g blood gases, arterial lactate 

con cen trat ion s an d cen tral venous oxygen  satu ration  was sam pled. Num ber of days of 

m echan ical ven tilat ion , ICU- an d hospital len gth  of stay as well as in -hospital m ortality 

were docum ented.

Stat ist ical an alysis. 

Data are presen ted as m edian  an d in terquart ile ranges (IQR). The stat ist ical package 

for social scien ces (SPSS 15.1 for Windows, Ch icago Illin ois, USA) was used for stat ist ical 

analysis. For com parison  between  groups a n on -param etrical test  (Man n-Whitn ey) was 

used because of a  sm all num ber of patien ts. A two-sided p value of < 0.05 was con sidered 

stat ist ically sign i�can t. 

Resu lts

In  group 1 (rectal SDF/ ton om etry, n =28) 50 patien ts were screen ed for eligibility; 3 patien ts 

w ithheld in form ed consen t, 2 patien ts had a h istory of rectocolit is and 17 were excluded, 

due to faecal con tam ination  of the rectal pouch . In  group 2 (sublin gual SDF, n =10) all 

eligible patien ts were en rolled. Baselin e characterist ics an d clin ical data of both  groups 

are sum m arized in  table 1. In  group 1 six patien ts were m echan ically ven tilated for m ore 

than  1 day; 4 because of prim ary respiratory failu re, 2 as a  con sequence of heart  failu re. 

In  group 2 one patien t  developed multiple organ  failu re after restern otomy for cardiac 

tam ponade. Abdom inal com plication s were n ot  reported and all patien ts su rvived to 

hospital discharge. 

Resu lts are sum m arized in  table 2. In  the rectal pouch  inciden ce of m icrocircu latory �ow  

alterat ion s was alm ost  absen t: m edian  MFI was 3(3-3). Median  PPV, as param eter of 

m icrocircu latory perfusion , was 85% (72-93). Rectal ton om etry detected elevated in test inal 

CO
2 
production  in  a  m inority of patien ts. Median  ΔP

CO2 
was 0.2 (-0.2-1.1) kPa; 6 (21%) patien ts 

had a ΔP
CO2

 > 1.1 kPa, am on g them  2 (7%) > 1.4 kPa.

In  the sublingual region  SDF-im aging did n ot  detect  m icrocircu latory �ow  alterat ion s: 

m edian  MFI 3(3-3). Median  PPV in  the sublingual region  was 99% (97-100); th is was 

sign i�can tly h igher in  com parison  to m edian  rectal PPV, p = 0.001.
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Table 1. Baselin e characterist ics an d clin ical data.

Variables Group 1(n =28) Group 2(n =10) p Value

Men , n (%) 25(89) 8(80) 0.46

Age 64(59-72) 71(64-71) 0.14

EuroSCORE 3.5(2-5) 5(2-8) 0.42

APACHE II 12(10-16) 12(9-14) 0.51

SOFA 4(3-5) 4(3-4) 0.49

CPB duration , m in 122(87-142) 103(72-123) 0.25

Aorta cross-clam p t im e, m in 81(58-90) 77(53-85) 0.59

Lowest  hem atocrit  durin g CPB, % 25(23-27) 23(22-26) 0.33

Type of operation , n (%)

CABG alon e

Heart  valve su rgery

CABG + heart  valve su rgery 

25(89)

2(7)

1(4)

7(70)

1(10)

2(20)

-

-

-

Mechan ical ven tilat ion , days 1(1-1) 1(1-1) 0.66

ICU stay, days 1(1-2) 1(1-1) 0.42

Postoperative in -hospital stay, days 6(5-9) 7(4-14) 0.68

Hospital m ortality, n (%) 0(0) 0(0) -

EuroSCORE, European  System  for Cardiac Opera tive Risk Eva lua tion ; APACHE, Acute Physiology And 

Chronic Hea lth Eva lua tion ; SOFA, Sequentia l Organ  Failure Assessm ent; CPB, CardioPulm onary Bypass; 

CABG, Coronary Arteria l Bypass Gra fting. Data  are presented a s m edian  (IQR) un less sta ted otherwise. 

Group 1, recta l SDF/ tonom etry; group 2, sublingua l SDF. 

Table 2. SDF im agin g/ ton om etric param eters an d simultan eous hem odynam ic variables.

Variables Group 1(n =28) Group 2(n =10) p Value

Mean  arterial pressure, m m Hg 82(75-90) 79(70-90) 0.33

Heart  rate, beats/ m in 90(90-93) 98(90-104) 0.02

Central ven ous pressure, m m  Hg 10(7-12) 7(6-10) 0.04

Central ven ous oxygen  satu ration , % 72(66-75) 71(61-74) 0.73

Use of in otropes, n (%) 4(14) 1(10) -

Use of vasopressors, n (%) 7(25) 1(10) -

Use of in traven ous n itroglycerin , n (%) 16(57) 8(80) -

Central (oesophagus) tem peratu re, °C 36(35-36) 36(36-37) 0.002

Hem atocrit , % 28(26-29) 29(25-33) 1.0

Arterial lactate con cen trat ion , m m ol/ L 2.4(1.7-3.2) 2.2(17-3.9) 0.69

Microvascu lar Flow  In dex 3(3-3) 3(3-3) 0.37

Proportion  of Perfused Vessels, % 85(72-93) 99(97-100) 0.001

ΔP
CO2

, kPa 0.2(-0.2+1.1) - -

SDF, Sidestream  Dark Field; ΔP
CO2

, recta l - a rteria l carbon  dioxide partia l pressure. Data  are presented a s 

m edian  (IQR) un less sta ted otherwise. Group 1, recta l SDF/ tonom etry; Group 2, sublingua l SDF. 
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Discu ssion

The in ciden ce of m icrocircu latory �ow  alterat ion s in  the rectal pouch  of on -pum p 

postoperative cardiac su rgery patien ts was very low. The observed MFI is in  line w ith  

previously reported in test inal m icrocircu latory blood �ow  in  healthy con trols [19]. Rectal 

PPV, as param eter of perfusion , was sign i�can tly lower in  com parison  to sublingual PPV. 

Previously reported sublin gual PPV for healthy con trols was w ith in  the sam e ran ge as in  

th is study [29]. Th is m ight in dicate that , after CPB-supported cardiac su rgery, in test inal 

m icrocircu latory perfusion  is m ore susceptible to alterat ion s than  m icrocircu latory blood 

�ow. However, the observed absence of elevated ΔP
CO2 

seem s to in dicate that  crit ical perfusion  

de�cits, leadin g to t issue dysoxia, are un likely to persist  in  the postoperative period. Post-

hoc addit ion  of group 2, in  which  sublin gual SDF-derived m icrocircu latory alterat ion s were 

alm ost  absen t as well, m akes gross heterogen eity between  differen t  m icrovascu lar beds, as 

observed in  sepsis [19], less probable. 

The observed rectal ton om etry resu lts seem  to be in  agreem ent w ith  an  earlier report . Fisher 

et  al. observed a m ean  rectal-to-arterial pCO
2 

gap of 2 kPa w ith in  a 4 hour postoperative 

period in  cardiac su rgery patien ts [10]. In  a  com parable patien t  group the m edian  

postoperative gastric-to-arterial pCO
2 

gap was 0.8 (0.13-1.46) kPa [14]. Th is seem s to be in  

discordan ce w ith  an  earlier reported 70% inciden ce of elevated ΔP
CO2 

(> 1.1 kPa), detected 

by gastric ton om etry in  postoperative elective cardiac su rgery, w ith  a  predict ive value for 

postoperative com plication s [13]. However, direct  com parison  between  rectal an d gastric 

ton om etry revealed poor agreem ent, both  in  cardiac [10] an d gen eral pediatric su rgery [9]. 

Local elevated pCO
2 
levels, as a  resu lt  of en teral lum inal gas production  have been  suggested 

as a  m ajor source for th is disagreem ent. In  the presen ted study, perform ance of simultan eous 

rectal ton om etry and direct  in -vivo observation  of the m icrocircu lat ion  w ith  SDF in  the 

sam e vascu lar com partm ent, appeared to be feasible an d adds to the un derstan din g that  

the observed low  inciden ce of in creased ΔP
CO2

 t ru ly re�ects adequate rectal m icrocircu latory 

blood �ow. It  is of n ote that  th is does n ot  ru le out  in test inal organ  failu re as a  resu lt  of 

hypoxic hypoxia, as both  ton om etry [30] an d SDF-im agin g m ay fail to detect  th is. Hypoxic 

hypoxia, as a  resu lt  of hem odilu tion , m ay therefore explain  a previously observed increase 

of rectal endolum inal lactate levels durin g and after routin e cardiac su rgery [11], rather 

than  m icrocircu latory �ow  alterat ions. 

There are several lim itat ion s to the study. Sem i-quan titat ive assessm ent of m icrocircu latory 

blood �ow  an d perfusion  en tails the risk of losing delicate details. Furtherm ore, 

m easurem ent of SDF-derived param eters related to capillary den sity, as suggested for 

optim al m icrocircu latory assessm ent [27], has n ot  yet  been  validated for rectal mucosa. We 

speci�cally designed the study to perform  SDF-im aging an d ton om etry simultaneously in  

the sam e com partm ent, but  th is also lim its the scope of the data, both  in  space and t im e. 

We tried to exten d th is by sublin gual SDF-im aging in  a  secon d group, w ith  the risk of 

in troducin g im balances between  groups. However, simultaneous data acqu isit ion  in  both  
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com partm ents is practically im possible an d devices for clin ical sublin gual tonom etry are 

not  com m ercially available. Rectal SDF-im aging durin g CPB was considered practically 

in feasible. Due to lack of extrem es, both  in  SDF an d tonom etry param eters, correlat ions 

between  the two techn iques an d/ or clin ical outcom e cou ld n ot  be determ in ed.

Con clu sion s

Despite m any hem odynam ic changes durin g elective on -pum p cardiac su rgery, the observed 

inciden ce of SDF-derived m icrocircu latory alterat ion s in  com bination  w ith  elevated rectal-

to-arterial pCO
2 

gap, appeared to be low  in  the early postoperative ICU-period in  th is 

patien t  group. Exten ding m icrocircu latory in -vivo observation  to the sublin gual region  

did not  disclose m arked discordan ce of m icrocircu latory blood �ow  between  the differen t  

m icrovascu lar beds. Simultaneous SDF-im agin g and autom ated air ton om etry in  the rectal 

pouch  seem s feasible in  postoperative sedated patien ts.

Key m essages

• Inciden ce of in test inal m icrocvascu lar alterat ions, as detected by com bined rectal  

 SDF-im agin g and -ton om etry, is low  in  postoperative elective on -pum p cardiac  

 su rgery patien ts

• Under these speci�c circum stan ces, supplem entary direct  observation  of the  

 sublin gual m icrocircu lat ion  did n ot  reveal m arked heterogen eity between  the  

 in test inal and sublingual m icrovascu lar com partm ent 

• Simultan eous perform ance of SDF-im agin g and ton om etry in  the rectal pouch  is  

 feasible 

List  of abbreviat ion s

SDF   Sidestream  Dark Field

CPB   CardioPulm onary Bypass 

Pr
CO2   

rectal part ial carbon  dioxide pressure 

Pa
CO2   

arterial part ial carbon  dioxide pressure

ΔP
CO2  

rectal-to-arterial part ial carbon  dioxide pressure differen ce

MFI  Microvascu lar Flow  In dex 

PPV  Proportion  of Perfused Vessels

Euro SCORE European  System  for Cardiac Operative Risk Evaluation  

IQR  In terQuartile Range

APACHE Acute Physiology An d Chron ic Health  Evaluation

SOFA  Sequen tial Organ  Failu re Assessm ent

CABG  Coronary Arterial Bypass Graft ing
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Abstract

Purpose of review. 

The presen t  review  discusses the evolu tion  of the m icrocircu lat ion  from  a theoretical idea to 

a  clin ical concept, as a  resu lt  of the in troduction  of direct  in -vivo observation  techn iques.

Recen t  �n din gs. 

Techn ical proceedin gs in  the acqu isit ion  an d assessm ent of m icrocircu latory im agin g are 

described, as well as the �rst  report  of in -vivo m itochon drial pO
2 
m easurem ents. Experim ental 

data on  im mun e-toleran ce, leukocyte dynam ics, vascu lar perm eability and regional 

hypoxia have con tributed to un ravel the com plex origin  of m icrocircu latory alterat ion s. 

Several reports have h igh lighted the con cept of heterogen eity of m icrocircu latory blood 

�ow, observed w ith in  an d between  differen t  m icrovascu lar beds. The previously reported 

progn ostic value of m icrocircu latory alterat ions has now  been  expan ded to the early phase 

of sepsis an d in  postoperative patien ts. Finally, a  list  of in terven tions in  experim ental and 

clin ical set t in gs is discussed w ith  regard to their poten cy to in�uen ce m icrocircu latory 

changes in  shock. 

Sum m ary. 

Direct  in -vivo observation  of the m icrocircu lat ion  has enabled the con struction  of 

m icrocircu latory failu re as a  clin ical con cept in  the crit ically ill. Aim ing for pro-

m icrocircu latory recru itm ent strategies in  order to im prove outcom e w ill be the challenge 

for the n ear fu tu re.

Keywords. 

Microcircu lat ion , side-stream  dark�eld, sepsis, heterogeneity. 
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Th e m icrocircu lat ion  as a  clin ical con cept; work in  progress

In trodu ction

The Platon ist ic idea of the m icrocircu lat ion  as a  physiological com partm ent, in  which  

life-condit ional processes such  as the exchan ge of gasses, nutrien ts and waste products 

take place, exists from  the days of Harvey an d Malpigh i. In  clin ical practice however, 

the m icrocircu lat ion  rem ain ed a black box, which  physiologic activit ies at  best  cou ld be 

est im ated from  m ore easily accessible upstream  an d dow n stream  circu latory param eters. 

Th is chan ged after the in troduction  of the Orthogonal Polarization  Spectral (OPS) im agin g 

techn ique, that  enabled direct  in -vivo observation  of the m icrocircu lat ion  in  clin ical 

research  [1]. Under differen t  con dit ion s, m icrocircu latory alterat ions cou ld n ow  be observed 

in  crit ically ill patien ts [2,3] an d the persisten ce of such  alterat ion s appeared to be predict ive 

for m orbidity an d m ortality, irrespective of system ic hem odynam ics [4,5]. Furtherm ore, 

OPS-derived m icrocircu latory perfusion  abn orm alit ies cou ld be lin ked to hypoxic m etabolic 

responses an d therapeutic in terven tion s [6], thus providing a powerfu l tool to un ravel the 

poten tial pathophysiological role of the m icrocircu lat ion  in  shock. The presen t  review  w ill 

focus on  recen t proceedings in  m icrocircu latory research  as a  clin ical concept and discuss its 

poten tial in�uen ce in  fu tu re m anagem ent of the crit ically ill.  

Techn iques an d quan ti�cation  of im ages

A h igh  level of sensibility to poten tial m ethodological errors in  the acqu isit ion  and 

assessm ent of m icrocircu latory im ages is of u tm ost  im portan ce, as touched upon  in  an  

an im al study, com parin g laser-Doppler and OPS to detect  m esen teric hypoperfusion  [7]. It  

was w ith  th is in ten tion  that  a  round table con feren ce was held to discuss a  whole array of 

practical and theoretical issues that  n eed to be addressed adequately before conclusion s can  

be draw n  from  OPS-derived data [8]. Am ong m any topics avoidance of pressure-artefacts 

seem ed param ount to all part icipan ts and recom m en dation s were provided. Furtherm ore, 

drawbacks from  sem i-quan titat ive assessm ent of both  param eters of convexity and diffusion  

were discussed. At that  t im e, the ideal quan ti�cation  of m icrocircu latory perfusion  by a 

param eter, equal to the classically used fun ctional capillary den sity, was st ill ham pered 

by lack of reliable autom ated software analysis in  com bination  w ith  the need for fu rther 

hardware developm ent. Sin ce then  several developm ents seem  to m eet these drawbacks in  

part ial. Side stream  dark-�eld (SDF) has becom e the techn ical successor of OPS and is n ow  

validated again st  it  [9]. It  con sists of a  stroboscopic LED rin g-based im agin g m odality, based 

upon  the sam e physical prin ciple as OPS: the absorption  of green  light  by the hem oglobin  

con ten t  of red blood cells. Overall m easurem ent of diam eter dem onstrated excellen t  

correlat ion  between  the two techn iques; at  the sam e t im e SDF-im agin g im proved capillary 

sharpness and con trast  in  com parison  to OPS, allow ing better density m easurem ents in  
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the m ost  crucial part  of the m icrocircu lat ion . Secon dly, a  software package has becom e 

available, that  enables autom ated m easurem ent of functional m icrocircu latory geom etry 

an d velocity distribution s [10]. Although  st ill t im e-con sum ing, exact  pixel-by-pixel den sity 

quan ti�cation  an d red blood cell velocity m easurem ents by m ean s of space-t im e diagram s 

have n ow  com e w ith in  reach . 

Apart  from  the aforem ention ed m ethodological lim itat ion s, practical applicability of sem i-

quan titat ive m icrocircu latory blood �ow  assessm ent, expressed as m icrocircu latory �ow  

index (MFI), was subject  to two papers. Com parison  in  149 paired sam ples in  11 ICU patien ts 

between  real-t im e poin t-of-care assessm ent of MFI an d conven tional off-line analysis 

showed good agreem ent; sen sit ivity was 90% an d speci�city 91%for the detection  of a  MFI 

< 2.5 [11]. Th is ability to discrim inate between  norm al and abn orm al m icrocircu latory 

blood �ow  at  the bedside has poten tial practical im plication s for fu tu re trials. Dubin  an d 

co-workers perform ed a com parative study in  a  sheep m odel of hem orrhagic shock [12]. Red 

blood cell velocity was m easured con tinuously over a  w ide ran ge during step-by-step blood 

�ow  reduction  an d appeared to correlate well w ith  the sem i-quan titat ive MFI. 

Over the last  years there has been  a debate about the causal role of the observed 

m icrocircu latory alterat ion s; are they cu lprit  or bystan der? Apart  from  the idea that  im paired 

m icrocircu latory blood �ow  is the prim ary even t that  leads to cellu lar dysfunction , there is 

also an  adaptive theory, in  which  shut dow n  of m icrocircu latory blood �ow  is explain ed as 

a  resu lt  of reduced oxygen  dem an d in  m itochondrial dysfunction . Although  th is im portan t  

issue is beyon d the scope of th is art icle, the developm ent of a  novel techn ology has the 

poten tial for a  breakth rough  in  th is respect  [13]. Microcircu latory pO
2 

m easurem ents 

have been  perform ed w ith  Pd-porphyrin  phosphorescence quen ch ing. Th is techn ique 

is based upon  the principle that , once struck by light , the t im e-con stan t  of the excited 

phosphorescence decay-curve of th is exogen ous com poun d, is pO
2 

depen den t, allow in g 

quan titat ive m easurem ents of m icrocircu latory pO
2 
in -vivo in  experim ental m odels. Mik an d 

co-workers exten ded th is prin ciple to m easure m itochondrial pO
2 
usin g delayed �uorescence 

of m itochon drial en dogenous protoporphyrin  IX. They were the �rst  to m easure in  th is way 

in -vivo m itochondrial pO
2
 in  rat  liver, w ithout affectin g m itochon drial respirat ion [14]. 

Sin ce the reported technology is scalable and relies on  an  endogen ous com pound, it  has 

prom isin g poten tial to link the �eld of m icrocircu latory and m itochon drial clin ical research  

in  circu latory failu re.

Path ophysiology 

Sepsis is a  syndrom e that  lacks strict  de�n ition s, based on  speci�c aetiology. As a resu lt , 

m any in su lts m ay con tribute to m icrocircu latory �ow  alterat ions, w ithout the ability 

to discrim inate between  each  cause-effect  relat ion  separately. One of the crucial factors 

seem s to be t im in g. In  a  m odel of hum an  endotoxem ia, a  single dose of LPS (2ng/ kg) for 5 

con secutive days in  healthy volun teers, provoked clin ical sign s of system ic in �am m ation , 

as well as a  sign i�can t rise in  cytokines on  day on e [15]. At the sam e t im e SDF-derived 
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m icrocircu latory blood �ow  decreased sign i�can tly after 2 hours, w ith  a  con com itan t  

decrease of the recovery slope in  n ear-in frared spectroscopy of forearm  blood �ow, after a  

stan dardized occlusion  procedure. On  day 5 however, clin ical sym ptom s, cytokin e respon se, 

m icrocircu latory alterat ion s an d vascu lar reactivity rem ain ed unaltered after LPS in fusion , 

indicatin g that  im mun e-toleran ce m ay play an  im portan t  aetiological role in  differences of 

m icrocircu latory alterat ion s over t im e. 

In creased vascu lar perm eability m ay be an other cu lprit  in  the developm ent of 

m icrocircu latory alterat ion s in  sepsis. In  an  an im al sepsis m odel Hollenberg an d co-workers 

tested the hypothesis that  abrogation  of in ducible n itric oxide syn thase (iNOS) would 

decrease leukocyte rollin g, leukocyte adhesion  an d vascu lar perm eability [16]. However, 

observation s w ith  �uorescen ce in travital m icroscopy revealed that  neither gen etic delet ion , 

nor pharm acologic blockade of iNOS affected the sepsis-related aggravation  of leukocyte 

rollin g and adhesion , whereas iNOS in h ibit ion  at tenuated m icrovascu lar perm eability. 

The authors con clude that  iNOS-in duced vascu lar perm eability durin g sepsis seem s to be 

independen t of its action  on  leukocytes.

The im pact of local hypoxia on  organ  failu re was studied in  an  experim ental m odel of 

sepsis-induced acute renal failu re [17]. LPS-in duced reduction  of renal blood �ow  was 

associated w ith  a  sign i�can t decrease in  cort ical m icrocircu latory pO
2 
an d anuria, whereas 

the equ ivalen t  m echan ical reduction  in  renal blood �ow  did n ot  provoke a decrease in  

cort ical m icrocircu latory pO2, w ith  part ial preservation  of creatin in  clearance, despite 

im paired global renal oxygen  uptake capacity. An  overview  art icle places oxygen  pathways’ 

alterat ion s as a  poten tial cen tral player in  the pathogen esis of acute kidney in ju ry, w ith  

a  pivotal role for n itric oxide [18]. Furtherm ore, persisten t  t issue hypoxia is believed to 

con tribute to the developm ent of ch ron ic renal dysfun ction  follow in g acute ischem ic renal 

in ju ry.

Heterogen eity

In  distributive shock, such  as in  sepsis, the concept of m icrocircu latory weak un its and 

heterogen eity of m icrocircu latory blood �ow  has been  in troduced [19]. The increase of 

the pO2 gap between  m icrocircu latory an d ven ous pO
2
 in  sepsis, as opposed to other 

form s of shock, was hypothesized to be com patible w ith  enhanced shun tin g as a  resu lt  

of an  inhom ogen eous blood �ow  distribution . Direct  observation  of the m icrocircu lat ion  

w ith  OPS-im aging con�rm ed the relat ion sh ip between  heterogen eity of m icrocircu latory 

blood �ow  and severity of sepsis, expressed as a  stepw ise in crease in  heterogeneity in dex 

for each  cohort  of severity of illn ess [5]. In  several papers the idea of heterogeneity w ith in  

and between  various vascu lar com partm ents was tested. In  hum an  abdom inal sepsis there 

was com plete dispersion  between  OPS-derived sublin gual an d in test inal m icrocircu latory 

alterat ion s on  day on e [20]. On  day 3 however, m icrocircu latory blood �ow  alm ost n orm alized 

and dem on strated a m ovem ent towards the iden tity line in  both  vascu lar beds, un derlin in g 

the t im e-dependen cy of m icrocircu latory alterat ions an d heterogen eity in  sepsis. The 
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sam e group investigated in  sepsis the correlat ion  between  sublin gual m icrocircu latory 

alterat ion s an d the cen tral-to-toe tem peratu re gradien t , as an  easily accessible param eter 

of com bined peripheral an d cen tral circu lat ion  [21]. Again , a  sign i�can t correlat ion  cou ld 

not  be dem on strated, illustrat in g the speci�c role of the m icrocircu lat ion  in  sepsis.

In  an  experim ental m odel of endotoxic shock, blood �ow  dim in ished con com itan tly in  th ree 

m icrovascu lar beds (sublingual, in test inal mucosa and in test inal serosa) in  com bination  

w ith  a  rise in  tonom etry-derived pCO
2 
gap [22]. However, after �uid resuscitat ion , sublingual 

an d serosal m icrovascu lar blood �ow  as well as the pCO
2 
gap restored to baselin e, whereas 

mucosal blood �ow  and -pCO
2 

gap rem ain ed m arkedly altered in  com parison  to con trols. 

Furtherm ore, in tramucosal pCO
2 

gap was inversely related to the percen tage of perfused 

villi, bu t  n ot  to global in test inal blood �ow. These observations add to the un derstan ding 

of the heterogen eous character of m icrocircu latory blood �ow  an d its respon se to in su lts 

an d therapy in  sepsis. As a consequen ce, extrapolating data from  observation s in  on e 

m icrovascu lar bed to an other shou ld be don e w ith  great  restrain t , in  general, but  especially 

un der heterogen ic septic condit ion s.

Progn osis

Microcircu latory alterat ion s have previously been  dem on strated to con tain  in depen den t 

progn ostic value w ith  respect  to m orbidity an d m ortality in  sepsis [4,5]. Th is sam e 

progn ostic value was tested w ith in  the speci�c sett in g of early goal-directed therapy 

for patien ts w ith  sepsis, in  a  t im e-depen den t m an n er [23]. After in it ial protocolized 

resuscitat ion , sequen tial organ  failu re assessm ent (SOFA) was perform ed in  com bination  

w ith  sublin gual SDF-im agin g. A secon d set  of SDF im ages was obtain ed w ith in  3-6 hours 

after the �rst  assessm ent whilst  m ain tain ing the sam e m acrohem odynam ic resuscitat ion  

endpoin ts. An  a priori set  decrease of SOFA score ≥ 2 (respon ders)between  baseline an d 24 

hours was associated w ith  a  sm all, but  sign i�can t posit ive change in  m edian  MFI. In  case of 

a  decrease in  SOFA score < 2 poin ts (non -respon ders) after 24 hours, m edian  chan ge in  MFI 

was negative. Although  absolu te differen ce in  chan ge of MFI over t im e between  respon ders 

an d n on -respon ders were very sm all, it  sign i�can tly discrim inated in  severity of mult i-

organ  failu re. The con clusion  of the authors, that  these data support  the hypothesis that  

targetin g the m icrocircu lat ion  in  addit ion  to the m acrocircu latory resuscitat ion  en dpoin ts, 

warran ts fu rther study.

The progn ostic value of m icrocircu latory alterat ion s has also been  subject  to investigation  

in  the postoperative set t in g [24]. In  a  group of patien ts follow in g m ajor abdom inal su rgery, 

sublin gual m icrovascu lar blood �ow  abn orm alit ies were m ore frequen t in  patien ts who 

developed com plication s in  com parison  to a  group w ithout com plication s, resu lt in g in  a  

sign i�can t increase in  hospital len gth  of stay. The observed m icrovascu lar alterat ions were 

m ild an d tran sien t  w ith in  8 hours after su rgery; cu taneous laser-Doppler �ow m etry at  the 

abdom inal wall cou ld not  discrim inate between  groups. 
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In  sepsis, m easurem ents of muscle t issue oxygenation  by m eans of n ear-in frared spectroscopy 

were also investigated on  its ability to predict  outcom e [25]. In  th ree cohorts of severity 

of illn ess, altered recovery of t issue oxygenation
 
after a  stan dardized ischem ic occlusion  

period, occurred m ore frequen tly in  sepsis patien ts as com pared to hem odynam ically stable 

ICU patien ts an d healthy volun teers. With in  the sepsis group the presence an d persisten ce 

of th is altered vascu lar reactivity after 24 an d 48 hours, was associated w ith  n on -survival. 

In terven tion s

Over the last  years the in �uence of m any (therapeutic) in terven tion s on  m icrocircu latory 

alterat ion s have becom e a topic of research . Many of these in terven tions are used in  

practical crit ical care on  a routine bases. In  an  open  label study the short  –term  in fusion  of 

propofol in  otherw ise healthy surgery patien ts was associated w ith  a  reversible reduction  

in  sublin gual perfused sm all vessel den sity [26]. Red blood cell t ran sfusion  in  septic patien ts 

did n ot  m arkedly alter overall sublingual m icrocircu latory perfusion  [27]. In  patien ts w ith  

a  reduced capillary perfusion  at  baseline however, red blood cell t ran sfusion  was associated 

w ith  im proved m icrovascu lar perfusion . 

Recen t reports have h igh lighted the topic of �uid resuscitat ion  from  the perspective of 

the m icrocircu lat ion . Pottecher and co-workers dem on strated in  septic patien ts a  relat ion  

between  system ic �uid respon siveness and the m icrocircu latory respon se [28]. In  case of a  

respiratory variat ion  in  arterial pu lse pressure above 13%, both  passive leg-raising and �uid 

in fusion  increased the proportion  of perfused sublingual vessels sign i�can tly. In  addit ion  to 

these observation s, Luengo dem on strated, also in  septic patien ts, a  fu rther im provem ent of 

sublin gual m icrocircu latory blood �ow, irrespective of system ic hem odynam ics, in cluding 

cardiac output [29]. At �rst  glan ce these data m ay seem  con �icting. However, from  the 

perspective of the clin ical con cept of the m icrocircu lat ion , these observation s add to the 

un derstandin g, that  in  sepsis in tact  system ic hem odynam ics rem ain  the �rst  essen tial step 

to provide adequate m icrocircu latory perfusion . On  top of that , m icrocircu latory perfusion  

m ay be im paired by local factors, due to the addit ional distributive natu re of m icrocircu latory 

�ow  alterat ion s. Ideally, fu tu re trials that  focus on  m icrocircu latory recru itm ent strategies 

shou ld in corporate both  perspectives.

In  an  experim ental sepsis m odel the effect  of the calcium  sen sit izer levosim endan  on  

m icrocircu latory perfusion  and oxygenation  was tested [30]. Microvascu lar oxygenation , 

assessed by oxygen -depen den t Pd-porphyrin  phosphorescence quen ch in g, im proved 

sign i�can tly in  com parison  to �uid and/ or norepin ephrin e resuscitat ion . Microcircu latory 

blood �ow  rem ain ed unaltered between  groups, suggestin g a m echan ism  for im provem ent 

of m icrocircu latory oxygenation , in depen den t from  m icrocircu latory perfusion . In  an  

an im al m odel of endotoxem ia, iNOS blockade by low -dose dexam ethason , in  addit ion  to 

�uid resuscitat ion , was reported to preven t the appearance of renal cort ical m icrovascu lar 
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hypoxia [31]. In  a  pig-m odel of endotoxem ia, the use of the n itric oxide don or SIN-1, added 

to �uid resuscitat ion , was associated w ith  an  in crease in  ileal serosal m icrovascu lar pO
2
 an d 

a con com itan t  decrease in  ileal-arterial pCO
2 
gap [32]. These data seem ed to be con �icting 

w ith  a  previous report , in  which  an  iNOS-in h ibitor W1400 in  the sam e an im al m odel was 

also reported to blun t  the otherw ise progressive rise in  ileal-arterial pCO
2 
gap [33]. However, 

th is apparen t  con tradict ion  is explained by a selective mucosal expression  of iNOS. In  case of 

iNOS inh ibit ion  preferen tial mucosal blood �ow  is redirected towards the serosa; if a  n itric 

oxide don or is adm in istered, the serosal m icrocircu lat ion  is enabled to open  up as a  resu lt  

of an  exogenous vasodilatory com pound [34]. Direct  observation  of m icrocircu latory blood 

�ow  in  serosa and mucosa, in  com bination  w ith  ton om etry, helped to solve the puzzle.

Con clu sion s

As a resu lt  of the ability to observe m icrocircu latory blood �ow  w ith  OPS or SDF-im agin g, 

in  a  direct  and clin ically applicable m ann er, the con cept of m icrocircu latory dysfunction  in  

the evolvem ent from  shock to mult i-organ  failu re can  n ow  be tested. Many recen t reports 

have added to the un derstan ding of the heterogen eous character of m icrocircu latory blood 

�ow  in  sepsis. Pathophysiological in su lts, as well as routin ely used in terven tions in  the 

m anagem ent of crit ically ill patien ts, appear to be associated w ith  a  chan ge in  m icrovascu lar 

perfusion . Aim ing for pro-m icrocircu latory recru itm ent strategies in  order to im prove 

outcom e w ill be the challen ge for the n ear fu tu re.
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Treatm ent of sepsis and its life-th reaten in g com plication s as a  resu lt  of shock an d multiple 

organ  failu re rem ain  a persist in g challen ge for m any healthcare workers, w ith  con siderable 

(long-last ing) m orbidity and m ortality for patien ts, despite strenuous efforts. Sin ce sepsis 

is a  syndrom e, that  is ill-de�n ed on  the basis of frequen tly observed clin ical sym ptom s that  

overlap num erous other disease states, an d n ot delim itated as a  clear patho-physiological 

en tity, im provem ent of clin ical outcom e is con ceived to be in �uenced by m any factors. In  

that  respect , the in fection  itself, the com plex reaction  of the body an d the set  of therapeutic 

in terven tions are all subject  to fu rther investigation . On  top of that , the distributive natu re 

of circu latory failu re durin g sepsis has clear dist in ct  characterist ics in  com parison  to other 

form s of shock. Hypovolem ic, cardiogen ic an d obstructive shock occur as a  resu lt  of an  

inadequate cardiac output in  relat ion  to t issue dem an d, whereas septic shock is the resu lt  

of distributive alterat ion s in  t issue perfusion , even  in  the presen ce of a  n orm al or elevated 

cardiac output. Microcircu latory weak un its becom e shun ted, explain in g patchy cellu lar 

dysoxia in  the presen ce of apparen tly adequate upstream  and dow nstream  param eters of 

oxygen  delivery. The con cept of heterogen eity of blood �ow  under con dit ions of distributive 

shock, as in  sepsis, is subject  to research  in  th is thesis. The clin ical im plication  of th is con cept 

is clear: despite aggressive m on itorin g of m any param eters of system ic hem odynam ics in  

the in ten sive care un it , the poten tial cu lprit  lesion  in  sepsis rem ain s un revealed. 

In  chapter 1 the concept of heterogen eity of blood �ow  in  sepsis is elaborated in  m ore detail 

w ith  a  focus on  the gut . Due to the speci�c vascu lar arch itectu re of the sm all in test ine, the 

t ip of the villus is m ore susceptible to hypoxia as a  resu lt  of convexional an d diffusional 

form s of shun tin g, thus becom in g a m icrocircu latory weak un it . The ability to observe the 

m icrocircu lat ion  in -vivo w ith  the n ew  techn ique orthogonal polarization  spectral (OPS) 

im aging, in corporated in  a  han d-held device, is discussed. 

Before structu red research  w ith  in -vivo im agin g of the m icrocircu lat ion  is possible, the 

problem  of quan ti�cation  of the observed m icrocircu latory alterat ion s has to be dealt  

w ith . Apart  from  the techn ical problem  to convert  com plex visual im ages in to num bers, 

the m ethod must part icu larly be sensit ive to detect  heterogeneity of �ow  w ith in  the 

m icrocircu lat ion . Sin ce an  autom ated analysis, based on  software con tour analysis of vessels 

an d subsequen t m easurem ent of su rface area an d red blood cell velocity, was n ot  feasible at  

the t im e, we proposed a sem i-quan titat ive assessm ent of m icrocircu latory �ow  in  chapter 

2. After dividin g the im age in to quadran ts, �ow  can  be expressed as a  num ber between  

0 an d 3, ran gin g from  com plete stan d-st ill to con tinuous. Although  expressin g data in  a  

non -con tinuous way is a  con siderable disadvan tage, scorin g a m in imum  of 12 quadran ts 

enables us to detect  heterogen eity of �ow. The overall m icrovascu lar �ow  in dex, an  average 

of all the in dividual quadran t  scores, can  be obtained w ith in  a reasonable t im efram e and 

processin g th is variable as (pseudo)con tinuous m ay be perform ed, accordin g to stat ist ical 

laws. In ter- an d in traobserver variability appeared to be good for differen t  vessels sizes in  

both  capillary networks an d repeatin g vascu lar structu res, w ith  poten tial applicability for 

the assessm ent of m icrocircu latory alterat ion s in  differen t  organ s.
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In  chapter 3 the dilem m a of the apparen t  discordan ce between  system ic hem odynam ic 

variables an d m icrovascu lar blood �ow  is illustrated w ith  a  clin ical case-report . A patien t  

w ith  m en in gococcal m en in git is an d –sepsis rem ained persisten tly hypotensive, despite 

aggressive volum e therapy, inotropes an d the use of the vasopressor n orepinepherine. 

Despite low  blood pressure an d oliguria , OPS-derived sublin gual m icrocircu latory blood 

�ow  appeared to be norm al. After a  sin gle bolus of terlipressin , a  poten t  vasopressor, blood 

pressure an d u rine production  were successfu lly restored. However, a  com plete shutdow n  

of the m icrocircu lat ion  was observed, an d the patien t  died w ith  progressive m etabolic 

acidosis.

In  chapter 4 the concept of heterogen eity of blood �ow, as observed w ith in  the 

m icrocircu lat ion , is expan ded to the relat ion  between  2 m icrovascu lar beds in  differen t  

organ s, at  differen t  t im e poin ts. In  23 patien ts w ith  an  abdom inal sepsis and a su rgical stom a 

the m icrocircu lat ion  is simultan eously observed w ith  OPS im agin g, both  in  the sublingual 

region  an d the in test inal region  (via the stom a). With in  24 hours after the in it ial su rgical 

procedure a com plete discordance of �ow  between  the 2 vascu lar beds was observed. After 

48 hours however, a  n orm alisat ion  of m icrocircu latory �ow  in  both  m icrovascu lar beds 

‘restored’ the correlat ion . These observations un derline the idea that , especially un der 

con dit ions of distributive shock, observed abn orm alit ies in  one organ , can n ot be tran slated 

on e-on -on e to an other organ . Even  m ore, such  correlat ion  m ight be t im e-dependen t.

If heterogen eity of �ow  w ith in  an d between  m icrovascu lar beds exists, what does th is 

im plicate for the relat ion  between  2 differen t  vascu lar com partm ents. In  previous chapters 

the discordance between  system ic an d m icrocircu latory hem odynam ic param eters was 

already subject  of research . In  chapter 5 the relat ion  between  a param eter of peripheral 

circu lat ion , the ‘big-toe-tem peratu re’, situated between  the system ic circu lat ion  and 

the m icrocircu lat ion , an d sublin gual m icrocircu latory perfusion  is elaborated in  35 ICU-

patien ts w ith  severe sepsis. Again , a  discordan ce between  the 2 vascu lar com partm ents 

was observed. Although  un der con dit ions of other form s of shock a decrease in  ‘big-toe-

tem peratu re’ is reported to be associated w ith  severity of shock, the distributive failu re in  

sepsis seem s to blun t such  correlat ion . Un der these condit ion s an  in tegrative approach  of 

param eters to in form ation  from  all relevan t vascu lar com partm ents seem  n ecessary to 

un ravel the com plete pictu re.

In  con trast  to m any other param eters, m icrocircu latory alterat ion s in  sepsis are associated 

w ith  m orbidity and m ortality. However, th is does n ot  au tom atically im plicate that  pro-

m icrocircu latory strategies w ill lead to better patien t  outcom e. In  chapter 6 resu lts of a  

prospective single cen tre double-blind ran dom ised placebo con trolled trial are discussed. 

Aim  of the study was to add a speci�c pro-m icrocircu latory strategy on  top of a  sepsis 

resuscitat ion  protocol, that  in corporates reported ben e�cial hem odynam ic in terven tion s, 
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such  as earl goal-directed therapy an d dynam ic exclusion  of �uid-responsiven ess. Based 

on  earlier reports we used n itroglycerin  to prom ote m icrocircu latory blood �ow. Seven ty 

patien ts w ith  organ  failu re as a  resu lt  of sepsis were included. Despite fu l�lm ent of preset  

system ic hem odynam ic resuscitat ion  en dpoin ts, sublingual m icrocircu latory blood �ow  was 

con siderably altered at  the start  of the study m edication . With in  24 hours m icrocircu latory 

blood �ow  im proved sign i�can tly. However, n o sign i�can t differen ce between  placebo and 

n itroglycerin  was observed. These un expected �n din gs warran t  fu rther studies that  focus 

on  situation -dependen t differences in  effects of n itroglycerin  in  sepsis an d even  question  

the presum ed m echan ism  of action  as a  n itric oxide donor. 

In  chapter 7 another clin ical m odel of distributive failu re was explored. During 

cardiopu lm onary bypass patien ts are subject  to a  con siderable num ber of hem odynam ic 

changes, associated w ith  sublin gual distributive alterat ions. Our aim  was to investigate the 

relat ion  between  in test inal m icrocircu latory alterat ion s an d cellu lar dysoxia. To th is exten t  

direct  observation  of the rectal m icrocircu lat ion  in  com bination  w ith  rectal tonom etry was 

perform ed in  26 low -risk on -pum p cardiac su rgery patien ts. In  previous reports splan chn ic 

ischem ia, as detected w ith  ton om etry, was iden ti�ed as a  risk factor for postoperative 

com plication s in  these patien ts. In  the speci�c sett in g of th is sin gle-cen tre study the observed 

inciden ce of postoperative in test inal m icrocircu latory alterat ion s, as well as splan chn ic 

ischem ia, was low. Exten ding m icrocircu latory in -vivo observation s to the sublingual area 

did n ot  disclose m arked discordan ce of m icrocircu latory blood �ow  between  the differen t  

m icrovascu lar beds.

To en d th is thesis chapter 8 provides an  overview  of the recen t literatu re that  has added to 

the understan din g of the m icrocircu lat ion  as a  clin ical con cept.
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De behandelin g van  ern stige in fecties (sepsis), de daarm ee gepaard gaande leven sbe-

dreigen de com plicaties als gevolg van  orgaan  falen  en  het  n iet  in  stan d kun n en  houden  

van  een  adequate bloedsom loop (shock), zijn  een  blijven de u itdagin g voor gezon dheidszorg 

m edewerkers, m et aan zien lijke (lan gdurige) schade en  sterfte voor patiën ten , on danks 

n iet  a�aten de in spann ingen  van  alle betrokken en . Sepsis is een  slecht  om schreven  

syn droom  , waarvan  de de�n ities gebaseerd zijn  op veel voorkom en de algem ene klin ische 

versch ijn selen , die overlap verton en  m et an dere ziekten , en  is n iet  du idelijk afgebakend 

als een  ziektebeeld m et een  eenduidig oorzakelijk m echan ism e. Verbeterin g van  klin ische 

u itkom st is dan  ook een  multifactorieel proces; de in fectie zelf, de com plexe reactie van  het  

lichaam  h ierop en  de set  van  therapeutische in terven ties zijn  wat dat  betreft  alle onderwerp 

van  verdere studie. 

Boven dien  heeft  de aard van  het  onderliggende falen  van  de bloedsom loop bij sepsis du idelijk 

on derscheiden de ken m erken  ten  opzichte van  andere vorm en  van  shock. Hypovolem ische 

shock (verbloedin g), cardiogen e shock (hartfalen ) en  obstructieve shock (blokkade in  de 

bloedsom loop) zijn  alle het  gevolg van  een  te laag hart  m inuutvolum e in  relat ie tot  de 

weefsel behoefte, m aar septische shock is het  gevolg van  veran deringen  in  de verdelin g van  

weefsel doorbloedin g (distributieve shock), in  de aanwezigheid van  een  n orm aal of zelfs 

verhoogd hart  m inuutvolum e. De bloeddoorstrom in g van  kwetsbare plaatsen  (‘weak un its’) 

in  de haarvaatjes (m icrocircu lat ie) wordt  kortgesloten  (geshunt) m et een  on regelm atige 

verdelin g van  cellen  m et zuurstofschu ld tot  gevolg, bij sch ijnbaar n orm ale waarden  van  

zuurstofaan bod stroom opwaarts en  stroom afwaarts. Het con cept van  een  heterogen e 

verdelin g van  de bloedstroom  bij een  distributieve shock, zoals in  sepsis, is on derwerp van  het  

on derzoek voor deze thesis. De klin ische im plicaties van  dit  con cept zijn  du idelijk: on danks 

agressieve bewakin g en  bijstelling van  allerlei param eters van  de globale bloedsom loop op 

de in ten sive care, blijft  de plaats waar de m ogelijk veran twoordelijke afw ijkingen  plaats 

vin den  aan  het  oog on ttrokken .

In  hoofdstuk 1 wordt  het  concept van  een  heterogen e verdelin g van  de bloedstroom  verder 

u itgewerkt  aan  de hand van  het  voorbeeld van  de darm . Als gevolg van  de speci�eke 

vaatarch itectuur in  de dunn e darm  is het  u itein de van  een  darmvlok (villus) gevoelig voor 

zuurstof tekort ; het  wordt  gem akkelijk gepasseerd door de bloedstroom  zon der con tact  te 

m aken  (geshunt) en  is zo een  con creet  voorbeeld van  zo’n  ‘weak un it’ in  de m icrocircu lat ie. 

De m ogelijkheid om  de m icrocircu lat ie direct  te observeren  in  leven de m en sen  en  dieren  

(in -vivo) door m iddel van  een  n ieuwe techn iek die is ingebouwd in  een  kleine cam era, 

orthogonal polarization  spectral (OPS) im agin g genaam d, wordt  toegelicht .

Voordat  gestructu reerd onderzoek gedaan  kan  worden  m et het  visualiseren  van  de 

m icrocircu lat ie m oet er eerst  een  belan grijk probleem  opgelost  worden : het  u itdrukken  

in  m aat en  getal van  de zichtbare afw ijkingen  in  de m icrocircu lat ie. Naast  het  feit  dat  dit  
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kwanti�ceren  van  com plexe visuele in form atie een  techn isch  last ig probleem  is, m oet 

zo’n  m ethode ook recht  doen  aan  het  feit  dat  bloedstroom  sn elheid van  de m icrocircu lat ie 

on regelm atig verdeeld kan  zijn . Om dat au tom atische analyse m et behu lp van  software 

on dersteunde con tourherken n in g van  de bloedvaten  en  het  daarna bereken en  van  

vaatoppervlak en  bloedstroom  snelheid op dat  m om ent nog n iet  m ogelijk was, beschrijven  

w ij in  hoofdstuk 2 een  door on s voorgestelde m ethode, waarbij de doorstrom in g van  de 

m icrocircu lat ie kan  worden  u itgedrukt in  versch illen de categorieën . Het beeld wordt  in  

kwadran ten  verdeeld en  de bloedstroom  krijgt  een  heel getal toegeken d tussen  0 en  3, 

variëren d van  com plete st ilstan d tot  een  con tinue bewegin g. Alhoewel het  kwanti�ceren  m et 

hele getallen  per categorie du idelijke nadelen  in  zich  bergt , stelt  het  scoren  van  ten m inste 

12 kwadran ten  on s in  staat  het  heterogen e karakter van  de doorbloeding te detecteren . De 

totaal score, als gem iddelde van  alle individuele kwadran t scores, kan  worden  vastgesteld 

bin n en  een  redelijke t ijdspan ne en  m ag volgens de wetten  van  de stat ist iek verrekend 

worden  als een  con tinue variabele. De reproduceerbaarheid van  de m ethode bleek goed te 

zijn  voor vaten  van  versch illende grootte en  was toepasbaar voor zowel vaatnetwerken  als 

repeteren de vaatstructu ren  in  versch illen de organ en .

In  hoofdstuk 3 wordt  de ogen sch ijn lijke tegen stelling tussen  param eters van  de globale 

bloedsom loop en  de m icrocircu lat ie geïllustreerd aan  de han d van  een  case report . Een  

patiën t  m et een  (m en ingococcen ) hersenvlieson tstekin g en  – sepsis h ield een  te lage 

bloeddruk, ook na toedien ing van  veel vocht, m iddelen  die de pom pkracht van  het  hart  

bevorderen  (in otropica) en  het  bloeddruk verhogende m edicijn  n oradrenaline. Ondanks deze 

lage bloeddruk en  een  verm in derde u rin eproductie bleek de, m et de OPS cam era bekeken , 

bloedstroom  in  de m icrocircu lat ie onder de tong on gestoord te zijn . Na het  toedien en  van  

een  krachtige bloeddruk verhogen d m edicijn , terlipressin e, herstelden  de bloeddruk en  

de u rin eproductie zich , m aar de m icrocircu lat ie kwam  geheel tot  st ilstan d en  de patiën t  

overleed on der het  beeld van  een  voortschrijdende verzurin g (m etabole acidose). 

In  hoofdstuk 4 wordt  het  con cept van  een  heterogen e verdelin g van  de bloedstroom  nader 

u itgewerkt  m et de vraag wat dit  beteken t voor de relat ie tussen  de m icrocircu lat ie van  2 

versch illen de organ en , en  op versch illen de t ijdst ippen . Bij 23 patiën ten  m et een  ern stige 

sepsis vanu it  de bu ik en  de n oodzaak voor het  aan leggen  van  een  kun stm atige darmuitgang 

(stom a) werd gelijkt ijdig m et de OPS cam era on der de ton g en  in  de darm  (stom a) gekeken . 

Bin nen  24 uur na de ch iru rgische in greep was er geen  relat ie aan toon baar tussen  de 2 

vaatbedden . Na 48 uur echter herstelde de bloedstroom  zich  in  de m icrocircu lat ie van  beide 

‘organ en ’ , waarm ee ogen sch ijn lijk de relat ie ‘hersteld’ werd. Deze observaties benadrukken  

de gedachte dat  waarn em in gen  in  het  en e orgaan  n iet  zom aar geprojecteerd m ogen  worden  

op het  an dere orgaan , m et nam e on der om stan digheden  van  een  heterogen e verdeling van  

de bloedstroom . Boven dien  kan  zo’n  relat ie veran deren  in  de t ijd. 
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Als er een  versch il van  doorstrom in g tussen  de m icrocircu lat ie van  2 organen  kan  

worden  waargen om en , wat voor im plicaties heeft  dit  dan  voor de relat ie tussen  2 

versch illen de vaatcom partim enten . In  eerdere hoofdstukken  waren  de versch illen  

tussen  de globale bloedsom loop en  de m icrocircu lat ie al onderwerp van  on derzoek. In  

hoofdstuk 5 wordt in  35 patiën ten  m et ern stige sepsis de relat ie nader u itgewerkt  tussen  

de m icrocircu lat ie en  de tem peratuur van  de grote teen , als m aat voor de doorbloedin g van  

het  perifere vaatcom partim ent, dat  gelegen  is tussen  het  cen trale vaatcom partim ent en  

de m icrocircu lat ie. Opn ieuw  kon  een  n iet  overeenkom en  van  de doorbloedin g tussen  de 

versch illen de com partim enten  worden  waargen om en . Alhoewel in  het  verleden  een  relat ie 

tussen  de ern st  van  shock en  de tem peratuur van  de grote teen  was beschreven  bij an dere 

vorm en  van  shock, lijkt  het  distributieve karakter zo’n  relat ie m inder du idelijk te m aken  bij 

sepsis. On der deze om stan digheden  lijkt  een  geïn tegreerde benaderin g van  de in form atie 

u it  alle vaatcom partim enten  n oodzakelijk om  het  com plete beeld te on trafelen .

In  tegen stellin g tot  veel param eters van  de globale bloedsom loop zijn  de gevon den  

afw ijkin gen  in  de m icrocircu lat ie gerelateerd aan  (orgaan )schade en  sterfte. Dit  beteken t 

echter n iet  dat  in grepen  ter verbeterin g van  de doorstrom ing van  de m icrocircu lat ie ook 

autom atisch  tot  verbeterin g van  de patiën t  leiden . In  hoofdstuk 6 worden  de resu ltaten  

van  een  prospectieve dubbelblin d placebo gecon troleerde klin ische studie beschreven . 

Doel van  de studie was het  toevoegen  van  een  pro-m icrocircu latoire strategie, boven op een  

behandelin gsprotocol, dat  reeds als gunstig bekend staan de m aatregelen  bevat  (o.a . ‘early 

goal-directed therapie’ en  het  dynam isch  vaststellen  van  een  gunstige respon s van  het  hart  op 

vloeistof toedien in g). Afgaande op eerdere studies viel onze keuze op n itroglycerin e als pro-

m icrocircu latoir m iddel. Zeven tig patiën ten  m et orgaan  falen  als gevolg van  sepsis werden  

in  de studie geïn cludeerd. Ondan ks het  succesvol bereiken  van  de gestelde einddoelen  van  

het  behandelin gsprotocol beston den  er n og aanzien lijke afw ijkin gen  van  de doorstrom ing 

van  de m icrocircu lat ie on der de ton g voor het  starten  van  de studiem edicatie. Binn en  24 

uur verbeterde deze doorstrom ing sign i�can t. Er was echter geen  versch il waarn eem baar 

tussen  patiën ten  die n itroglycerin e toegedien d hadden  gekregen  en  patiën ten  m et een  

placebo (fopm edicijn ). Deze onverwachte bevin din gen  m aken  verdere studies naar de 

effecten  van  n itroglycerine on der versch illen de om stan digheden  in  sepsis n oodzakelijk; 

zelfs het  veronderstelde werkingsm echan ism e van  n itroglycerine als n itricoxide donor 

kom t h ierm ee in  een  an der daglicht  te staan .

In  hoofdstuk 7 kom t een  ander m odel van  shock ten  gevolge van  een  abnorm ale verdelin g 

van  de bloedstroom  aan  de orde. Tijden s een  operatie m et on dersteun ing van  een  hart-

lon gm ach in e on dergaan  patiën ten  aan zien lijke veran deringen  in  hun  bloedsom loop, die 

geassocieerd zijn  m et distributieve veran dering van  de m icrocircu lat ie onder de ton g. 

Boven dien  is beschreven  dat  m et nam e de doorbloedin g van  de darm  kwetsbaar is on der die 

om standigheden . Ons doel was na te gaan  of er een  relat ie bestond tussen  het  vóórkom en  
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van  m icrocircu latoire doorbloedingsstoorn issen  in  de darm  en  het  optreden  van  zuurstof- 

schu ld in  darm cellen . Daartoe voerden  we een  studie u it  bij 26 laag-risico hartch iru rgie 

patiën ten , die geopereerd waren  m et on dersteun in g van  een  hart-longm ach ine; directe 

observatie van  de m icrocircu lat ie en  ‘tonom etrie’ werden  gelijkt ijdig verricht  in  de 

endeldarm . In  eerdere studies werd er in  een  vergelijkbare patiën tencategorie een  

relat ie beschreven  tussen  het  optreden  van  postoperatieve com plicaties en  teken en  van  

verm in derde darm doorbloedin g, gem eten  m et behu lp van  deze ton om etrie. On der de 

speci�eke om stan digheden  waarin  deze studie werd u itgevoerd bleek het  optreden  van  

postoperatieve teken en  van  een  verm in derde darm doorbloedin g en  zuurstofschu ld n iet  

veel voorkom en d. Een  u itbreiding van  de studie naar de m icrocircu lat ie onder de tong 

bracht geen  grote versch illen  tussen  de 2 vaatbedden  aan  het  lich t .

Aan  het  ein de van  deze thesis wordt  in  hoofdstuk 8 getracht  een  overzicht  te geven  van  de 

recen te literatuur op het  gebied van  de m icrocircu lat ie als een  klin isch  con cept.
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Prom overen  is een  bijzondere gebeurten is in  het  leven  van  een  eenvoudig in tensivist . Meer 

precies: de weg naar dit  proefschrift  heeft  voor m ij n ieuwe dim ensies geopen d. Naast  de 

verdiepin g in  ken n is leidde deze zoektocht tot  een  krit ische zelfre�ectie en  het  loslaten  van  

zoveel zekerheden , die van  dokter tot  dokter worden  overgedragen ; alle even  n oodzakelijk 

als beperken d.

De in bren g van  m ijn  prom otor, prof. In ce, was h ierbij cruciaal. Beste Can , het  is een  groot 

voorrecht te kun n en  delen  in  je scherpe analyses van  fun dam entele fysiologische processen . 

Daarnaast  heb je m e ru im hartig deelgen oot gem aakt van  je vrije, kosm opolit ische, 

weten schappelijke wereld. Wie kon  bij on ze eerste on tm oetin g verm oeden  dat  het  door jou  

gecreëerde veld zo’n  vlucht zou  n em en ? Ik hoop dat  on ze sam enwerking zich  zal voortzetten  

tot  ver na deze prom otie.

Peter van  der Voort  en  Michael Kuiper hebben  als coprom otor ieder hun  eigen  rol gespeeld. 

Beste Peter, je zag het  eerder dan  ikzelf: het  verrichten  van  wetenschappelijk on derzoek is 

m ij op het  lijf geschreven , hartelijk dan k voor je vertrouwen . Beste Michael, je in tellectuele 

bon dgen ootschap in  de beschouw ing van  on s m erkwaardig bestaan  als dokter is voor m ij 

van  grote waarde.

De leden  van  de prom otiecom m issie dan k ik voor hun  krit ische beoordeling van  dit  

proefschrift  en  hun  bereidheid m et m ij h ierover van  gedachten  te w isselen .

De collega’s van  de vakgroep In ten sive Care van  het  Medisch  Cen trum  Leeuwarden  ben  

ik dan kbaar voor hun  collectief vertrouwen  in  dit  project . Het is een  gen oegen  te kunn en  

groeien  binn en  een  groep m en sen , die ondan ks de n ooit  a�aten de werkdruk, het  collectieve 

streven  naar verbeterin g laten  prevaleren  boven  kortzichtig eigen belan g. 

Beste Matty Koopm an s. Als research  verpleegkun dige ben  jij m ijn  grote steun  en  toeverlaat  

bij de u itvoering van  al m ijn  wetenschappelijke ideeën . Het is een  groot plezier te zien  dat  

jou  persoon lijke on tw ikkeling h ieraan  parallel zo posit ief verloopt. 

Arjan  Kon ijn  en  Katja  Kaiferova dank ik voor hun  belangrijke bijdrage in  het  verzam elen  

van  de SDF beelden , in  en  bu iten  hun  regu liere werktijd.

De verpleegkun digen  van  de In ten sive Care en  de stom a-poli dan k ik, dat  hun  n ieuws-

gierigheid alt ijd groter was dan  de klein e ongem akken , die het  doen  van  onderzoek bij zieke 

m ensen  m et zich  m eebrengt. 
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Graag w il ik st ilstaan  bij de fam ilies van  IC patiën ten . Onder voor hen  m oeilijke 

om standigheden  werden  zij door m ij en  m ijn  collega’s last ig gevallen  m et de vraag of zij 

toestem m in g w ilden  verlen en  voor deelnam e aan  één  van  de in  dit  proefschrift  beschreven  

studies. Alhoewel de u it leg over het  waarom  en  de risico’s van  het  on derzoek alt ijd zo eerlijk, 

m aar ook em path isch  m ogelijk is gebeurd, blijft  de relat ie tussen  arts en  fam ilie/ patiën t  

on der die om stan digheden  er toch  een  van  on gelijke orde. Ik dan k hen  dan  ook u it  de grond 

van  m ijn  hart  voor het  aan  ons geschon ken  vertrouwen .

Naast  de IC afdelin g zelf, zijn  er n og talloze dwarsverban den  m et aanpalende specialism en  en  

on dersteunen de afdelin gen  tot  stan d gekom en  bij het  verrichten  van  dit  on derzoek. Zon der 

iem an d tekort  te w illen  doen  dan k ik m et nam e An dries Bakker, als vertegenwoordiger van  

het  klin isch-chem isch  laboratorium  in  on s ziekenhuis, voor de voortreffelijke logist ieke 

on dersteun in g. Eric van  Roon , n iet  alleen  als apotheker, m aar ook als weten schappelijk 

denker ben  je van  grootte waarde geweest  voor het  welslagen  van  dit  project . De leden  

van  de Toetsingscom m issie Patiën tgebon den  Onderzoek dan k ik voor hun  t ijd en  in zet  om  

goed en  veran twoord wetenschappelijk onderzoek m ogelijk te m aken  binn en  het  Medisch  

Cen trum  Leeuwarden . De leden  van  weten schapcom m issie in  on s zieken huis dan k ik voor 

hun  waarderin g in  de vorm  van  een  ‘un restricted gran t’.

Peter Spronk dan k ik voor de waardevolle com m entaren , n iet  alleen  bij onze gem een -

schappelijke art ikelen , m aar ook bij het  u itden ken  van  n ieuwe on derzoeks-plan nen .

Meneer Hilwerda m ag h ier n iet  on tbreken . Niet  zelden  is in  de weten schap een  an dere 

invalshoek nodig om  tot  verder in zicht  te kom en . Dat geldt  ook voor de zielen roerselen  van  

de m ens. ‘Twee am bachten ’ van  Rutger Koplan d verschafte m ij zo’n  inzicht .

Ik begon  dit  dan kwoord m et de opm erking dat  prom overen  voor m ij een  ingrijpen de 

gebeurten is is. Dat is natuurlijk n iet  ongem erkt voorbij gegaan  aan  allen  die m ij dierbaar 

zijn . Lieve papa en  m am a, alhoewel m ijn  dokterswereld som s ver van  ju llie verw ijderd lijkt , 

is de basis van  dit  proefschrift  toch  echt  door ju llie gelegd in  ju llie toew ijding m ij het  best  

m ogelijke m ee te geven . Ik voel m ij zeer bevoorrecht. Lieve Samuel en  Jeroen , als zonen  van  

een  MD (m affe dokter) zijn  ju llie wel wat gewend. Som s staat  er in  het  dan kwoord van  zo’n  

proefschrift  dat  de geprom oveerde nu  toch  echt  wat m eer t ijd zal besteden  aan  zijn  kin deren . 

Daar doe ik n iet  aan  m ee. Als trotse vader heb ik nam elijk de afgelopen  jaren  al heel wat 

�jne m om enten  m et ju llie gedeeld, en  n iets kan  m e weerhouden  dat  zo te houden  in  de 

toekom st. Lieve Ruth , elke dag gen iet  ik van  jouw  aanwezigheid in  m ijn  leven . De ru im te en  

het  vertrouwen  om  te groeien  die jij m e geeft  m aken  m ij in ten s gelukkig. 

Grou , 18 Maart  2009






