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NO and partial liquid ventilation 3

Introduction

Acute lung injury (ALI) and the acute respiratory dis-
tress syndrome (ARDS) are characterised by the pres-
ence of alveolar collapse due to impairment of the pul-

monary surfactant system (1), a mismatch of ventila-
tion to perfusion, intrapulmonary right-to-left shunt-
ing, and pulmonary arterial hypertension, consecutive-
ly resulting in a deterioration of arterial oxygenation.
Therapeutic concepts, aimed at an improvement of ar-
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Abstract

Objective: To determine the effects of inhaled NO (iNO) and partial liquid ventilation (PLV) on pulmonary gas
exchange and hemodynamics in an experimental model of acute lung injury (ALI) in juvenile pigs.
Design: Prospective, randomised, controlled study.
Methods: 22 anaesthetised, tracheotomised and mechanically ventilated (FIO2 1.0) pigs underwent induction of
ALI by repeated saline washout of surfactant. Animals were randomly assigned to receive either a continuously
inhalation of 20 ppm NO (NO-group, n = 7), to receive PLV (PLV-group, n = 7) using 30 ml⋅kg-1 of perfluorocar-
bons (PF 5080, 3M, Germany), or to receive no further intervention (Controls, n = 8).
Measurements and Results: Measurements of pulmonary gas exchange and hemodynamics were performed
hourly for a four hours period. Induction of ALI reduced PaO2 from 546 ± 19 to 61 ± 4 mmHg (mean ± SEM) in
all animals. In the NO-group inhalation of NO induced an increase in PaO2 to 107 ± 12 mmHg that remained sta-
ble throughout the experiment (p<0.05 compared to Controls) and intrapulmonary shunt (        ) decreased to 37
± 4 %. In the PLV-group, PaO2 increased to 318 ± 41 mmHg four hours after intervention (p<0.05 vs. Controls
and vs. NO) and          decreased to 26 ± 4 % (p<0.05 vs. Controls, two hours after induction of ALI). 
Inhalation of NO induced a significant and sustained reduction in mean pulmonary artery pressure (MPAP) (-4 ± 
4 % p<0.05 vs. Controls and vs. PLV). In the PLV-group, treatment induced an increase in MPAP (+30 ± 9 %
p<0.05 compared to NO). Cardiac output remained stable in the NO-group, whereas it was significantly decreased
in Controls (p < 0.05).
Conclusion: In this surfactant washout model of ALI, full dose PLV was superior to improve oxygenation and to
decrease intrapulmonary right-to-left shunt compared to inhalation of 20 ppm NO. However, inhalation of NO was
effective to reduce mean pulmonary artery pressure.
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terial oxygenation, produce their effects generally
through two different strategies: One is alveolar re-
cruitment and stabilisation of alveoli by means of ade-
quate mechanical ventilation, and another is redistrib-
ution of pulmonary blood flow towards regions with
normal  matching, thereby decreasing           .

In ARDS, inhalation of nitric oxide (iNO) has been
demonstrated to improve matching of ventilation to
perfusion by a selective vasodilation of pulmonary
vessels in ventilated lung regions (2). However, a
number of patients with ARDS do not respond well to
inhaled NO (3). It has been assumed that this might in
part be due to inhibition of hypoxic pulmonary vaso-
constriction in non-ventilated lung areas (4).  Accord-
ingly, it has been demonstrated that NO-induced im-
provements in arterial oxygenation were significantly
related to baseline levels of pulmonary vascular resist-
ance (5).

A different experimental strategy to treat
ALI/ARDS is partial liquid ventilation (PLV), aimed
at lung recruitment. Here, the lung is partially filled
with perfluorocarbons (PFCs) and then conventional
ventilation is resumed (6-9). PFCs are liquid compo-
nents with a high density, a low surface tension, and an
excellent solubility for oxygen and carbon dioxide.
Due to their physico-chemical properties, intra-pul-
monary applied PFCs induce a recruitment mainly in
dependent lung regions providing improvements in
gas exchange in ALI (10). 

Recently, investigators addressed the question
whether a combination of both treatments could en-
hance the effects on gas exchange and pulmonary he-
modynamics (11-16). These studies, mainly done in
premature animals with experimental acute lung in-
jury, revealed positive results for the combined treat-
ment. Since an exclusively, controlled comparison of
both treatments has not been performed, the present
study aims at a comparison of iNO versus PLV and
their effects on hemodynamics and gas exchange in an
experimental model of acute lung injury in pigs.

Methods

This study was approved by the Berlin Animal Protec-
tion Committee in accordance with German Animal
Protection Law, and conforms with the Guide for the
Care and Use of Laboratory Animals (DHHS, PHS,
NIH Publication No. 85-23).

General experimental procedures

Twenty-two piglets with a body weight of 26 ± 2 kg
were studied. Anaesthesia was induced with thiopental
(10 mg⋅kg-1 i.v.) and fentanyl (10 µg⋅kg-1 i.v.) followed
by an infusion of thiopental (0.13 mg⋅kg-1) and fen-
tanyl (0.05-0.08 µg⋅kg-1⋅min-1). Muscle relaxation was
obtained with pancuronium bromide (0.15 mg⋅kg-1 i.v.
bolus, followed by a continuous infusion of 2.5
µg⋅kg-1⋅min-1). Immediately after induction, piglets
were tracheotomized and intubated with a 9.0 mm out-
er diameter tracheal tube, fitted with a heat moisture
exchanger.

During the baseline and the induction of ALI, ani-
mals were placed in supine position and ventilated vol-
ume controlled (tidal volume 12±2 ml⋅kg-1, respiratory
rate 16 min-1, FIO2 1.0, inspiratory - expiratory ratio
1:1, PEEP 5 cm H2O) using a Servo 300 ventilator
(Siemens-Elema, Solna, Sweden). The core tempera-
ture of the animals was maintained within ±0.5 °C of
the pre-study value using a heating pad. Throughout
the experiments no cardiotonic or vasoactive drugs
were administered.

In each pig we percutaneously placed a pulmonary
artery catheter (model 93A-431-7.5Fr, Baxter Health-
care Corporation, Irvine, CA, USA) via the femoral
vein, and an arterial line (18 G; Vygon, Ecouen,
France) was inserted into the femoral artery, for blood
sampling and hemodynamic measurements. Heart rate
(HR), central venous pressure (CVP), mean arterial
pressure (MAP), mean pulmonary artery pressure
(MPAP) and pulmonary capillary wedge pressure
(PCWP) were recorded using a Hewlett-Packard mon-
itoring system (Model 66 S, Böblingen, Germany).
Measurements were taken with pigs in the supine po-
sition with a zero reference level at the midaxilla lev-
el. Vascular pressures were the average taken at end-
expiration of three successive respiratory cycles. Car-
diac output (CO) was determined with thermodilution
technique and is expressed as the mean of four meas-
urements using injections of saline (10 ml at 1-5 °C)
arbitrarily performed during different phases of the
respiratory cycle. Intrapulmonary shunt (       ), sys-
temic vascular resistance (SVR), and pulmonary vas-
cular resistance (PVR) were calculated using standard
formula.

All blood samples were collected anaerobically,
and analysed within 5 min (ABL 520, Radiometer,
Copenhagen, DK). Arterial oxygen saturation (SaO2)
and mixed venous oxygen saturation (SvO2) were

TS Q/Q
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measured by spectrophotometry (OSM 3 Hemoxime-
ter, Radiometer). 

Induction of acute lung injury

A repeated lung lavage with isotonic saline was per-
formed to produce lung surfactant depletion as report-
ed and described in detail elsewhere (17). A PaO2/FIO2
ratio persistently below 13 kPa (100 mmHg) for one
hour was considered to be the onset of ALI.

Experimental protocol

After induction of ALI, animals were randomly as-
signed to receive either a continuous inhalation of 20
ppm NO (NO-group, n = 7), to receive PLV with 30
ml⋅kg-1 of perfluorocarbons (PF 5080, 3M, Germany)
(PLV-group, n = 7), or no further intervention (Con-
trols, n = 8). Evaporative losses of PF 5080 were re-
placed at a dose of 4±3 ml kg-1 every hour according
to data obtained by our group previously (18). PF 5080
(C8F18) is a non-ozone-depleting PFC with boiling
point 102 °C, density 1.76 g ml-1 (at 25 °C), viscosity
1.4 cp (at 25 °C), vapour pressure 6.8 kPa (at 37 °C),
solubility of oxygen 49 ml 100 ml-1 (at 37 °C), solubil-
ity of carbon dioxide 176 ml 100 ml-1 (at 37 °C) and
surface tension of 15 dynes cm-1 (at 25 °C) (3M data
sheet). 

NO was mixed to the inspired gas within a com-
mercially available ventilator (Servo 300 A/NO,

Siemens-Elema, Solna, Sweden) from a stock of 1000
ppm NO in nitrogen (AGA, Bottrop, Germany). A
CLD 700 AL rapid responding chemiluminometer
(ECO Physics, Duernten, Switzerland) was used for
determination of the NO concentration applied in the
inspiratory gas.

Statistical analysis

Results are expressed as mean ± SEM. The data were
obtained at baseline (pre-lavage), immediately after
the induction of ALI (post-lavage) and at hourly inter-
vals during four hours thereafter. Statistical analysis
was performed using SPSS for Windows 8.0 (SPSS
Inc., Chicago Illinois, USA). Differences between
groups were evaluated with Kruskal-Wallis ANOVA
followed by post-hoc comparisons using Mann Whit-
ney U-test with Bonferroni correction. Statistical sig-
nificance was assumed at p < 0.05.

Results

All animals were comparable with regard to body
weight and pre-study conditions. Pre-lavage data of
pulmonary gas exchange and hemodynamics did not
differ significantly between groups (Table 1, Table 2).

In all groups, induction of ALI resulted in an in-
crease of          concomitant with a decrease in PaO2.
Cardiac output (CO), mean arterial blood pressure
(MAP), central venous pressure (CVP), and pul-

TS Q/Q

Gas exchange parameters during the protocol. Baseline denotes pre-study conditions (not used for statistical comparison), ALI acute lung in-
jury (post-lavage, prior to intervention), (* denotes p<0.05 compared to Controls, § p<0.05 compared to PLV)
PaO2: arterial oxygen tension; SaO2: arterial oxygen saturation; AaDO2: alveolar-arterial oxygen difference, QS/QT: intrapulmonary right-to-
left shunt

Group Baseline ALI 1h 2h 3h 4h
PaO2 [mmHg] NO

PLV
Controls

512 ± 22
572 ± 21
555 ± 15

65 ± 5
53 ± 4
64 ± 4

107 ± 12*
142 ± 50
66 ±   5

108 ± 9*
233 ± 54*
56 ±   5

109 ± 10*§
301 ± 36*
57 ±   7

114 ± 15§
318 ± 41*
64 ±   9

SaO2 [%] NO
PLV
Controls

98 ± 0
98± 0
98 ± 0

78 ± 5
75 ± 4
82 ± 5

92 ± 2
91 ± 2
82 ± 5

92 ± 2*
97 ± 1*
78 ± 4

92 ± 2
98 ± 0*
76 ± 6

92 ± 3
98 ± 0*
82 ± 7

AaDO2[mmHg] NO
PLV
Controls

150 ± 22
93 ± 22
112 ± 12

550 ± 13§
599 ±   8
588 ±   7

519 ±   9*
508 ± 50
576 ±   9

511 ±   7*
421 ± 53*
589 ±   8

503 ±   8*§
347 ± 34*
577 ± 13

499 ± 15*§
362 ± 39*
580 ±   9

QS/QT [%] NO
PLV
Controls

14 ± 2
10 ± 1
12 ± 2

51 ± 6
57 ± 3
47 ± 4

35 ± 3
42 ± 5
47 ± 5

36 ± 4
32 ± 4*
50 ± 5

38 ± 4
29± 3
49 ± 6

37 ± 4
26 ± 4
44 ± 7

Table 1. Gas exchange parameters
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monary capillary wedge pressure (PCWP) remained
stable, and the mean pulmonary artery pressure
(MPAP) was increased in all animals (Table 1, Table
2).

Gas exchange

In the NO-group an improvement in PaO2 from 65±5
mmHg after induction of ALI to 114±15 mmHg after
4 hours of treatment was found (p<0.05 vs. Controls at
1-3 h; Figure 1, Table 1). In the PLV-group PaO2 in-
creased from 53±4 mmHg after ALI to 318±41 mmHg
four hours after instillation of perfluorocarbons
(p<0.05 vs. Controls and vs. NO; Figure 1, Table 1). In
the NO-group           decreased from 51±6 % after in-

duction of ALI to 37±4 % after four hours of treatment
(Table 1). Decreases in shunt calculated as differences
from the onset of ALI were significant at 1-2 h (p <
0.05 vs. controls, Figure 2). In the PLV-group changes
in           were significant when compared to Controls
(p < 0.05 vs. Controls at 2-4 h after onset of ALI; Fig-
ure 2, Table 1).

Hemodynamics 

During the experiment no significant changes between
groups were noted for HR, MAP, CVP, and PCWP
(Table 2). In the NO-group MPAP was significantly re-
duced (p<0.05 vs. Controls and vs. PLV,) (Fig. 3). Car-
diac output remained stable in the NO-group, whereas

Table 2. Hemodynamics, oxygen delivery, an oxygen consumption

Group Baseline ALI 1h 2h 3h 4h

HR [bpm] NO
PLV
Controls

83 ± 4
99 ± 4
91 ± 5

132 ± 12
103 ± 11
100 ± 13

121± 11
100 ± 10
106 ± 14

122 ± 13
94 ± 8

109 ± 15

124 ± 14
88 ± 6

110 ± 17

123 ± 17
82 ± 6
88 ± 9

MAP [mmHg] NO
PLV
Controls

103 ± 7
93 ±  5
91 ±  4

87 ± 4
89 ± 4
88 ± 5

90 ± 4
93 ± 7
79 ± 4

89 ± 5
95 ± 6
80 ± 4

85 ± 6
97 ± 7
85 ± 7

83 ± 6
91 ± 7
84 ± 8

MPAP
[mmHg]

NO
PLV
Controls

20 ± 2
24 ± 1
18 ± 2

36 ± 3
28 ± 2
31 ± 2

32 ± 3
27 ± 2
34 ± 2

34 ± 3
31 ± 1
36 ± 1

35 ± 4
35 ± 1
40 ± 3

35 ± 4
35 ± 1
39 ± 3

CVP [mmHg] NO
PLV
Controls

9 ± 2
10 ± 1
8 ± 1

10 ± 2
14 ± 1
10 ± 1

11± 2
13 ± 1
10 ± 1

11 ± 2
14 ± 1
10 ± 2

12 ± 2
13 ± 1
11 ± 2

11 ± 2
13 ± 1
8 ± 1

PCWP
[mmHg]

NO
PLV
Controls

10 ± 1
13 ± 1
8 ± 2

10 ± 1
14 ± 1
10 ± 2

11 ± 2
16 ± 1
9 ± 2

11 ± 2
15 ± 0
10 ± 2

10 ± 2
14 ± 1
9 ± 2

11 ± 2
14 ± 1
7 ± 2

CO [l/min] NO
PLV
Controls

4.1 ± 0.4
3.7 ± 0.5
3.7 ± 0.6

5.1 ± 0.4
4.8 ± 0.8
4.2 ± 0.8

4.6 ± 0.5
4.4 ± 0.6
4.4 ± 1

4.6 ± 0.5
4.0 ± 0.4
4.4 ± 0.9

5.1 ± 0.8
3.8 ± 0.5
3.8 ± 0.9

4.8 ± 0.7*
3.2 ± 0.4
2.7 ± 0.1

PVR 
[dyn sec/cm5]

NO
PLV
Controls

204 ± 14
278 ± 67
263 ± 43

418 ± 47
279 ± 64
484 ± 99

408 ± 64
238 ± 43
576 ± 114

436 ± 70
335 ± 43
621 ± 104

438 ± 67
486 ± 51
774 ± 138

439 ± 61*
590 ± 74
959 ± 90

DO2 [ml/min] NO
PLV
Controls

513 ± 34
409 ± 61
424 ± 50

553 ± 83
316 ± 49
336 ± 73

588 ± 93*
357 ± 49
358 ± 71

594 ± 91*
368 ± 47
359 ± 85

634 ± 102*
363 ± 38
304 ± 42

617 ± 99*§
311 ± 32
262 ± 23

VO2 [ml/min] NO
PLV
Controls

162 ± 22
136 ± 15
138 ± 13

212 ± 28
130 ± 14
148 ± 18

214 ± 29§
128 ± 10
156 ± 18

202 ± 26
127 ± 11
153 ± 10

213 ± 28§
116 ± 6

151 ± 15

210 ± 38§
108 ± 6
128 ± 10

Hemodynamic parameters during the protocol. Baseline denotes pre-study conditions (not used for statistical comparison), ALI acute lung in-
jury (post-lavage, prior to intervention),. MAP :mean arterial pressure, MPAP: mean pulmonary artery pressure, HR: heart rate, CVP: central
venous pressure, PCWP: pulmonary capillary wedge pressure, CO: cardiac output, PVR: pulmonary vascular resistance, DO2: systemic oxy-
gen delivery, VO2: oxygen uptake. (* denotes p<0.05 compared to Controls, § p<0.05 compared to PLV)

TS Q/Q

TS Q/Q
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it was significantly decreased in Controls at
4 h (p<0.05, Table 2). 

Survival

In the PLV-group all animals survived until the end of
the protocol. In the NO-group one animal died be-
tween the third and the forth hour after ALI and in the
control-group, n = 4 animals died of acute hypoxemia
during the study protocol, two between the second and

third hour, and two between the third and fourth hour
after induction of ALI, therefore n=4 controls were
alive at the end of the protocol.

Discussion

In this study, we compared the effects of a continuous
inhalation of 20 ppm nitric oxide with PLV on gas ex-
change and hemodynamics in a model of ALI in juve-
nile pigs. PLV was superior to iNO in improving gas

Figure 1. Values
(mean  SEM) of
PaO2 during the
protocol. ALI de-
notes acute lung
injury (post-
lavage, prior to in-
tervention). 
(* denotes p<0.05
compared to Con-
trols, § p<0.05
compared to PLV).

Figure 2. Changes
in intrapulmonary
right-to-left shunt
(Qs/Qt) (mean
SEM) from onset
of ALI during the
protocol. ALI de-
notes acute lung
injury (post-
lavage, prior to
intervention). 
(* denotes p<0.05
compared to Con-
trols).
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exchange by reducing intrapulmonary right-to-left
shunt. However, only iNO was effective in reducing
mean pulmonary artery pressure and in maintaining
cardiac output after induction of ALI.

Inhaled NO and PLV have been evaluated com-
bined or alone in different models of acute lung injury.
Studies have been performed in surfactant deficient
preterm animals (14, 15), and in new-born animals
with ALI induced by surfactant wash-out (13, 16),
meconium aspiration (12), and oleic acid induced lung
injury (11). Criteria for onset of ALI after surfactant
washout were only in two studies comparable to our
protocol (13,16). The duration of PaO2/FIO2 < 100
mmHg for one hour to indicate the induction of ALI
was specified only in the study by Houmes et al. (13). 

Inhaled nitric oxide

Inhaled NO induces redistribution of pulmonary blood
flow due to a selective vasodilation of constricted pul-
monary vessels in ventilated lung areas, thereby reduc-
ing right-to-left shunt in experimental and human
ARDS (19,20). Using MIGET in patients with severe
ARDS, Rossaint and co-workers demonstrated that
improvement in arterial oxygenation is accompanied
by a reduction of blood flow in shunt regions during
inhalation of 18 ppm NO (19). Up to now, it remains
unclear which factors determine the NO response in
acute lung injury. It has been speculated that oxygena-
tion is improved by iNO merely if a certain vasocon-

striction is present in small arteries or veins of normal-
ly ventilated lung areas (2). Recent investigations have
demonstrated that in early ARDS, the beneficial ef-
fects of iNO on gas exchange are not sustained (21),
and that a substantial number of patients do not re-
spond favourably to inhaled NO (5). 

During treatment relative changes in MPAP were
significantly higher in the NO-group when compared
with Controls and with the PLV-group. This finding is
in accordance with clinical data (19). The decrease in
MPAP in the NO-group was not accompanied by a de-
crease in systemic blood pressure. This is explained by
the rapid inactivation of iNO by binding to hemoglo-
bina (20). 

Partial liquid ventilation with perfluorocarbons

The main mechanism by which PLV contributes to an
increase in PaO2 in ALI is alveolar recruitment and sta-
bilisation of dependent lung regions (9). Furthermore,
PLV might have vascular effects. The high density
PFCs, once filled into the lungs, might cause mechan-
ical compression of shunt vessels, thereby causing a
redistribution of blood flow away of dependent lung
areas, towards better ventilated, non-dependent areas,
as was suggested by Docter and colleagues (22). This
might contribute to the increase in MPAP during PLV.
In experimental studies from Curtis et al. in pigs (23)
and from Hernan et al. in sheeps (24), an increase in
MPAP and PVR was found during PLV.

Figure 3. Relative
changes in mean
pulmonary artery
pressure (MPAP)
(mean  SEM) from
onset of ALI dur-
ing the protocol.
ALI denotes acute
lung injury (post-
lavage, prior to
intervention) (*
denotes p<0.05
compared to Con-
trols, § p<0.05
compared to PLV).
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Morris et al. investigated PLV in healthy pigs with
40 ml kg-1 of perfluorocarbons (25). They observed
that pulmonary blood flow was diverted from the de-
pendent regions of the lung, associated with an in-
crease in MPAP. The authors suggested that a greater
hydrostatic pressure gradient in PFC-filled alveoli,
compared with the gradient in the blood vessels, could
cause these effects. In accordance to their findings, we
found a significant increase in oxygenation and a sig-
nificant decrease in           when compared to iNO and
to Controls, concomitantly with an increase in MPAP. 

Comparison of iNO and PLV

Barrington et al. (12) compared iNO and PLV alone
and combined in an experimental model of ALI with
meconium aspiration in newborn piglets. Inhalation of
40 ppm NO alone was as effective as the combined
treatment of PLV and NO in improving arterial oxy-
genation during the first 120 minutes after induction of
ALI. The treatment with PLV alone resulted in an im-
provement in arterial oxygenation but this effect was
not superior to iNO alone or the combined treatment.
Regarding MPAP, no significant differences were
found between groups. The findings of Barrington et
al. are difficult to interpret, since the iNO group and
the control group were ventilated with an FIO2 of 0.9,
but for the other study groups no FIO2 was mentioned.
Furthermore, in the PLV group and in the combined
treatment group the PEEP levels were reduced from 4
to 2 cmH2O.

Kinsella et al. (14) compared PLV (10 ml kg-1) and
iNO (5 ppm), and conventional ventilation versus high
frequency oscillatory ventilation (HFOV) in surfactant
deficient premature lambs with ALI. The combined
treatment was most effective to improve oxygenation.
Comparing iNO and PLV, both treatments were effec-
tive in improving arterial oxygenation when compared
with the control group. However, between treatment
groups no significant differences were found by the
authors (14). 

In an oleic acid induced model of ALI, in rabbits,
Uchida et al. (11), found no effect of 10 ppm iNO
alone on oxygenation, even though pulmonary vascu-
lar resistance was significantly decreased. During PLV
a significant improvement in oxygenation was found,
which significantly enhanced when combined with
iNO. Therefore, in this specific animal model, a pre-
conditioning for iNO might be neccessary to produce
beneficial effects on arterial oxygenation. Houmes et

al. studied the effects of a combined treatment of iNO
and PLV on gas exchange and hemodynamics in ex-
perimental ALI (13). Animals received 5ml kg-1 PFC
followed by incremental doses of 10 to 40 ppm iNO
over 10 minutes. After receiving the maximum dose
iNO, the gas was discontinued and animals received
an additional bolus of 5 ml kg-1 PFC, after which iNO
was resumed. This procedure was repeated up to cu-
mulative dosis of 20 ml kg-1 PFC. The authors found
that a combination of 20 ml kg-1 PFC and 20 to 40 ppm
iNO were most effective to increase oxygenation and
to decrease MPAP. The lack of a control group and the
short time between interventions in this study provides
no conclusive information whether a combination of
both treatments might be more effective than either
treatment alone. 

In conclusion, using this experimental model of
ALI in surfactant depleted juvenile pigs, we found that
treatment with PLV alone was more effective to im-
prove oxygenation and to reduce            when com-
pared to 20 ppm inhaled NO. However, iNO reduced
MPAP and stabilised cardiac output. In view of the lit-
erature, in particular the fact that either treatment
failed to demonstrate improvements in mortality (21,
26), it remains to be answered wether a combination of
both treatments might improve clinical outcome.
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Das Buch beinhaltet neben intensivmedizinischen
Grundlagen eine Ansammlung operationsspezifisch-
er Behandlungspläne, die zu einem besseren Ver-
ständnis und zur Vereinheitlichung der postoperativ-
en Therapie führen sollen. Es richtet sich vor allem an
Neuankömmlinge auf der Intensivstation, um die er-
sten Tage und Wochen klarer und hoffentlich stress-
freier zu erleben. So ist das Buch in drei Abschnitte
gegliedert. Im ersten Teil soll grundlegendes inten-
sivmedizinisches Verständnis vermittelt werden,
wohingegen im zweiten Teil besonderes Augenmerk
auf die chirurgischen Besonderheiten und postopera-
tiven Implikationen der einzelen Operationen gelegt
wird. Im dritten Abschnitt werden die wichtigsten
Notfälle beschrieben.
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Introduction

Respiratory dysfunction can be measured in virtually
all patients undergoing cardiopulmonary bypass
[CPB] [1]. Although usally mild [2], it accounts for se-
vere postoperative morbidity in a significant number
of patients [3]. The etiology of post-CPB respiratory
dysfunction is multifactorial [4], but ischemia of the
lungs appears to contribute to its development [5].

Hypothermia decreases oxygen consumption, and
is therefore an effective way to protect organs against
ischemic damage. Likewise, lung hypothermia may
ameliorate post-CPB lung function [6,7]. Hypothermic

CPB itself may be hypothesized to result in lung hy-
pothermia because of the dense vascularisation of the
lung, but no data are available on the characteristics of
the lung temperature during CPB. However, these da-
ta are needed to properly target interventions aimed at
either the induction or maintenance of lung hypother-
mia. We have performed the following study firstly in
order to study the characteristics of the lung tempera-
ture during systemic hypothermia; secondly we aimed
to evaluate whether additional hypothermic ventilation
shows any effect on the lung temperature.

Lung temperature during cardiopulmonary bypass and the effect of 
hypothermic ventilation
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Abstract

Background: Lung hypothermia may be hypothesized to ameliorate lung function following cardiopulmonary by-
pass [CPB]. Little is known about the characteristics of lung temperature during CPB. We therefore studied lung
temperature during hypothermic CPB. In addition, we investigated whether hypothermic ventilation has any in-
fluence on the lung temperature
Methods: Pigs were submitted to moderate systemic hypothermia induced by cardiopulmonary bypass. During
cardiac arrest (45 minutes), CPB-circuit temperature was gradually increased. During CPB, 5 pigs had hypother-
mic ventilation with 80/20 helium/oxygen whereas 6 pigs had normothermic ventilation.
Results: Lung temperature dropped to its nadir (normothermic ventilation group: 28.5 ± 0.9; hypothermic venti-
lation group: 27.9 ± 0.9) in parallel to the decline of the CPB-circuit temperature. Rectal temperature decreased
significantly less than lung temperature (p = 0.001). Rewarming of the CPB-circuit induced almost immediate re-
warming of the lungs. Hypothermic ventilation showed no effect on either lung or rectal temperature.
Conclusions: The course of lung temperature during total cardiopulmonary bypass closely mirrors the tempera-
ture in the CPB-circuit. These data might be helpful for future studies planning to evaluate the effect of hypother-
mia on post-CPB lung function.

Abbreviations
ACT: activated clotting time; bw: body-weight; CPB: cardiopulmonary bypass; NIH: National Institute of Health
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Methods

The experimental protocols used in the present study
were approved by the department for environment, na-
ture, and forestry of the land Schleswig-Holstein, Ger-
many. All animals received humane care in compli-
ance with the „Guide for the Care and Use of Labora-
tory Animals“ published by the National Institutes of
Health [NIH publication 85-23, revised 1985].

The device for cooling of the inspired gas is shown
in figure 1. In brief, a non-Fluor-Chlor-hydrocarbon
coolant circulates through the device. Contact with the
inspiration gas is maximized by helix-figuration of the
gas mains. A Y-connector between the cooling device
and the intratracheal tube separates in- and expired
gas. The ability of the cooling device to effectively
cool the gas was demonstrated by in vitro eperiments
(data not shown). A 80% helium /20% oxygen mixture
[Helox; Messer-Griesheim, Frankfurt/Mn., Germany]
was chosen for hypothermic ventilation because it fea-
tures an approximately 5 times higher thermal conduc-
tivity than air [8].

Female pigs were used in a model of hypothermic
CPB. In the control group, normothermic ventilation
was applied (n=6, 73.8 ± 14.1 kg). In the other group,
hypothermic ventilation with Helox was used (n=5,
76.2 ± 8.6 kg; p=ns). Premedication consisted of intra-
muscular ketamine (15 mg/kg body-weight [bw]), 2
mg/kg bw xylazine, and 0.5 mg atropine. General
anesthesia was induced by an intravenous bolus injec-
tion of sufentanil (0.3 µg/kg bw) plus propofol (3
mg/kg bw) plus pancuronium (0.1 mg/kg bw), and was
later maintained with intravenous sufentanil (1 µg/kg
bw/h) and propofol (3-5 mg/kg bw/h). The pigs were
intubated with an endotracheal tube through a tra-
cheostomy. Tracheostomy was chosen in order to min-
imize the length of the ventilation tubes. Mechanical
ventilation [Dräger, Lübeck, Germany] was initiated
(20 % oxygen, PEEP 5-7 mmHg), and the ventilation
parameters (tidal volume 10 ml/kg bw; ventilation rate
10-15 /min) were adapted to maintain physiologic pH
and pCO2. Arterial blood gases were monitored peri-
odically. A median thoracotomy was performed. The
pleurae were opened, and a temperature probe [My-
ocardial temperature needle 15 mm; Medtronic, En-
glewood, CO, USA] was inserted into the middle lobe
of the right lung. Rectal temperature was measured.
Heparin was given, initially 300 IU/kg bw, and the ac-
tivated clotting time [ACT] was monitored periodical-
ly. Cardiopulmonary bypass was initiated [membrane
oxygenator: Cobe Laboratories, Planegg-Martinsried,
Germany; roller pump: Stöckert, München, Germany]
and conducted as follows: The temperature of the CPB
heat-exchanger [System S3; Stöckert, München, Ger-
many] initially was 30°C and lowered to 20°C after
full pump flow was achieved (“cooling phase”). On
the occurrence of cardiac fibrillation, cardiac arrest
was induced by use of cristalloid cardioplegia (St.-
Thomas solution). After aortic clamping, the tempera-
ture of the CPB heat exchanger was raised to approxi-
mately 32°C and – in a stepwise fashion – further
raised to 40°C shortly before declamping (“warming
phase”). Cardioplegia was repeated at 25 minutes.
Pump flow was 2.0 - 2.5 l/min/m2. At the time of the
initiation of CPB, tidal volume was reduced to one
third in the normothermic ventilation group, whereas
hypothermic ventilation (5°C) with Helox was initiat-
ed in the other group without change of other ventila-
tion parameters. After 45 minutes aortic clamping was
released; CPB was discontinued after reperfusion, and
the pigs were sacrified shortly thereafter.

Figure 1. The cooling device is connected to the intra-
tracheal tube. A non-Fluor-Chlor-hydrocarbon
coolant circulates through the device and the heat ex-
changer (not shown). Contact with the inspira-tion gas
is maximized by helix-figuration of the gas mains. A Y-
connector between the cooling device and the intratra-
cheal tube separates in- and expired gas.
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Statistical analysis

Continuous data are reported as mean ± standard devi-
ation. Independent, not-normally distributed continu-
ous data were compared using the Mann-Whitney U
rank-sum test. Analysis of variance for repeated meas-
ures was used to analyze the effect of group and time
on temperature. Post hoc analysis within groups was
performed by paired t-test (temperature) or Wilcoxon
test (time). A two-sided p < 0.05 was considered statis-
tically significant. Statistical analysis was performed
with SPSS for Windows [Chicago, Il., USA].

Results

The animals in both groups did not differ significantly
in either initial lung (36.4 ± 1.0 vs. 35.8 ± 0.6 °C) or
rectal (37.5 ± 0.8 vs. 36.8 ± 1.1 °C) temperature.

Lung temperature, effect of hypothermic ventilation

Figure 2 shows the change of the lung temperature
over time. There was no significant effect of hypother-
mic ventilation (p = 0.97) on the pulmonary tempera-
ture. 

Lung temperature, effect of time

The lung temperature was significantly dependent on
time (p = 0.001). During the cooling phase a signifi-
cant decline (p < 0.001) of the lung temperature was
observed. Within 5 minutes (median 5 minutes) after
clamping of the aorta (i.e. end of the cooling phase)
the lowest lung temperature (normothermic ventilation
group, 28.5 ± 2.2; hypothermic ventilation group, 27.9
± 2.0 °C) was measured. The lung temperature after 45
minutes of CPB was significantly higher (normother-
mic ventilation group, 32.5 ± 2.2; hypothermic venti-
lation group, 31.7 ± 0.6 °C) than the temperature at the
time of aortic clamping (p < 0.001) and the lowest ob-
served temperature (p < 0.001). The temperature in the
arterial line of the CPB was recorded and is also de-
picted in figure 2. The decline of the lung temperature
is strictly parallel to the decline of the perfusion tem-
perature. Lung rewarming starts almost immediately
after raising of the CPB temperature.

Rectal temperature, effect of hypothermic ventilation

The rectal temperature is shown in figure 3. There was
no significant overall effect of hypothermic ventilation
(p = 0.44) on the rectal temperature. 

Rectal temperature, effect of time

A highly significant effect of time (p < 0.001) on the
rectal temperature was observed. The lowest rectal
temperature (normothermic ventilation group, 31.4 ±
0.6; hypothermic ventilation group, 31.1 ± 0.8 °C) was
reached 5 to 30 (median 15) minutes after aortic
clamping, which is significantly longer than the time
to the lowest lung temperature (p < 0.01). The rectal
temperature dropped significantly less than the lung
temperature (p = 0.001).

Figure 3 shows the CPB temperature, too. As with
the lung temperature, the decline of the rectal temper-
ature is parallel to the decline of the perfusion temper-
ature. However, rewarming of the rectal temperature
occurs with a significant delay (p=0.003) as compared
to the CPB and the lung temperature.

Figure 2. Lung temperature in control animals [ ]
and following hypothermic ventilation with Helox [ ],
and CPB temperature [ ]. Hypothermic ventilation
started with the induction of CPB and ended at t=45.
A significant effect of time (p < .001) but not of hy-
pothermic ventilation on the lung temperature is ob-
served.
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Discussion

Our study provides the first systematic description of
the characteristics of the lung temperature during hy-
pothermic CPB. It shows that the lung temperature is
closely linked to the perfusion temperature during both
cooling and rewarming. Therefore, lung temperature
starts to rewarm as soon as the temperature of the CPB
heat exchanger is raised in order to avoid excessive
systemic cooling. In addition, we failed to demonstrate
an effect of hypothermic ventilation on the lung tem-
perature.

Lung dysfunction following CPB remains an im-
portant clinical problem [3,9]. Its pathogenesis is mul-
tifactorial [4] and includes reduced cardiac function
[2], the inflammatory response caused by exposure of
the blood to the artificial surface of the CPB circuit
[10,11], the oxygen concentration used [12], as well as
ischemia-reperfusion injury [5,13]. 

Hypothermia, by decreasing oxygen consumption,
is an effective way to protect organs against ischemic
damage. Hypothermia may also be advantagous
against the inflammatory component of post-CPB lung
dysfunction, because neutrophil sequestration was
shown to be involved in the pathogenesis of post-CPB

pulmonary dysfunction [7,14]. Our data, however,
suggest that the lungs are not sufficiently cooled and
maintained cold during standard hypothermic CPB be-
cause rewarming of the partly ischemic lungs starts
immediately after the temperature of the CPB heat ex-
changer is raised. If one aims at lung hypothermia in
order to evaluate its effects on postoperative lung
function, additional cooling seems therefore warrant-
ed.

Due to the unique anatomy of the lung, hypother-
mia can be applicated by either the airway or vessel
system or by immersion in cold saline. The last, how-
ever, cannot be expected to induce homogenous cool-
ing of the lung and may cause phrenic nerve injury
[15]. Selective pulmonary artery perfusion, as done by
some groups [6], has several disadvantages: it can on-
ly be used intermittently, makes a rather small opera-
tive field even smaller (due to the additional cannula-
tion and tubing) and will hardly work with minimally
invasive strategies. Induction or maintenance of pul-
monary hypothermia via the airways is therefore of in-
terest. However, the potential use of the respiratory
tract as a heat exchanger is severely limited by power-
ful physiologic mechanisms that maintain temperature
and moisture of the lung within narrow margins. The
inspired air is warmed and enriched with water, where-
as the expired air is cooled, and water is withdrawn
[16]. This mechanism can theoretically be influenced
at different levels, e.g.: change of specific heat, ther-
mal conductivity or water content of the inspired gas,
change of the minute-ventilation and lowering of the
inspiration temperature, or separation of in- and ex-
pired gas.

Prior attempts of hypothermic ventilation have
been largely disappointing. Harrison et al. and
Dougherty et al. demonstrated that lethal pulmonary
edema might develop following ventilation with cold,
dry gases [17,18]. Whether direct thermal injury or de-
hydration with consecutive cellular damage [19] or
impairment of surfactant [20] caused the pulmonary
damage was not determined. Zikria and co-workers
[21], on the other hand, were able to induce a signifi-
cant decline of the rectal temperature by means of hy-
pothermic ventilation, but found it to be very ineffi-
cient. The lungs did not suffer thermal injury, but lung
temperature was not reported.

Besides the systematic description of the lung tem-
perature, the aim of our study was not induction of sys-
temic hypothermia by hypothermic ventilation but
cooling of the lung. We tried to overcome the physio-
logic mechanisms that protect the lung from becoming

Figure 3: Rectal temperature in control animals [ ]
and following hypothermic ventilation with Helox [ ],
and CPB temperature [ ]. Hypothermic ventilation
started prior with the induction of CPB and ended at
t=45. A significant effect of time (p < .001) but not of
hypothermic ventilation on the rectal temperature is
observed.



Lung temperature during CPB 15

hypothermic by altering specific heat and thermal con-
ductivity of the inspired gas. We could not demon-
strate a significant effect of hypothermic ventilation
with Helox on the lung temperature. However, further
modifications, e.g. exchanging gas for liquids [22,23],
which feature a much higher thermal conductivity,
might allow efficient maintenance of pulmonary hy-
pothermia during systemic rewarming. 

Limitations of the study

Lung temperature was measured by a single tempera-
ture probe. The underlying assumption of homogenous
cooling/rewarming may not be adequate, but even
multiple probes could not have exterminated this prob-
lem completely. 

The reduction of the tidal volume in the control
group might have reduced the comparability of the two
groups since a recent paper suggests that bronchial ar-
tery flow is decreased with decreased lung volumes
[13]. However, the decision to decrease the tidal vol-
ume in the control group was based on the fact that this
is commonly done in clinical practice. Because we
aimed to compare “standard practice” to a potential in-
tervention (hypothermic ventilation), we also had cho-
sen not to administer Helox to the animals of the con-
trol group.

No studies on lung function were performed. We
decided to concentrate on the feasibility of lung cool-
ing rather than its effect on lung function because of
the known difficulties associated with performing hy-
pothermic ventilation [17,18,21]. The cooling device
was highly effective in an ex vivo model of lung cool-
ing. We are unaware of studies showing a protective
effect of Helox on lung function. Given our negative
findings about maintaining lung hypothermia by hy-
pothermic ventilation with Helox, an effect on lung
function is highly unlikely.

In conclusion, we have shown that any change of
the temperature of the CPB-circuit is closely mirrored
by the lung temperature and that hypothermic ventila-
tion with Helox had no significant effect on the lung
temperature. Our finding that rewarming of the lungs
started immediately after the temperature of the CPB
heat exchanger was raised may be helpful in targeting
and evaluating strategies for the use of hypothermia
for lung protection during operations with CPB.

Perspective

Post-CPB lung dysfunction is a multifactorial prob-
lem, and we believe that evidence is accumulating that
lung ischemia is contributing to its pathophysiology.
Hypothermia has worked so well in protecting is-
chemic organs that it is tentative to speculate that hy-
pothermia might also protect the lungs. Unfortunately,
almost nothing is known about the lung temperature
during standard, mildly hypothermic CPB. Because of
the dense vascularization of the lungs, some cooling of
the lungs has to be expected during hypothermic CPB.
However, without exact knowledge about the lung
temperature during CPB, targeting interventions
aimed at either induction or maintainance of lung hy-
pothermia is impossible.

We hope that our manuscript promotes further re-
search on the pathophysiology and prevention of post-
CPB lung dysfunction. We believe that interventions
designed to target lung ischemia should aim at main-
taining lung hypothermia during systemic rewarming.
We did not observe any cooling of the lungs although
we were able to increase the thermal conductivity of
the inspired air severalfold. We therefore speculate
that hypothermic ventilation with gases is no suitable
method for lung cooling. However, we believe that the
airways are an attractive candidate for interventions
because all local measures (e.g. selective hypothermic
perfusion) increase the total perfusion time and de-
crease the surgeon’s overview over the operative field.
We speculate that liquid hypothermic ventilation will
easily induce and maintain lung hypothermia and look
forward to studies on its effect on post-CPB lung func-
tion.
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therapy. More than 1000 different types of dialy-
sers are currently available on the market. How
are these characterised and how do they differ?
What are their special features and how do they
contribute to acute and chronic effects in the pa-
tient? Is there a link between morbidity and mor-
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This book addresses these questions and attempts
answers based on current scientific knowledge. In
this context, dialyser development and the basics
of filter performance and biocompatibility assess-
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Background

In the last couple of years the importance of saving
costs and using existing resources to achieve the best
possible effectiveness has increased drastically and
has led to new therapeutic concepts in all clinical dis-
ciplines. Especially in cardiac surgery this develop-
ment can be observed, since these procedures have al-
ways been associated with high costs (1-4). 

In the seventies anesthesia in cardiac surgery was
mainly performed as inhalative anesthesia. This would

principally have made an early extubation possible,
but since saving costs was not a priority goal, early ex-
tubation was rarely performed.

During the eighties a more opioid-based anesthesia
was practiced in cardiac surgery, since this concept led
to better hemodynamic stability, even in patients with
poor cardiac conditions (5, 6). However, this regime
required postoperative assisted ventilation of 12 to 24
h which led to an increased need for ICU beds. The
higher costs that were associated with this strategy
were not questioned, though there have been huge de-
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Abstract

Background and Goal of Study: This feasibility-study was performed to test the hypotheses that a fast-tracking
protocol including high thoracic epidural analgesia speeds discharge from ICU in patients undergoing aortic coro-
nary bypass surgery (CABG).
Materials and Methods: 38 patients treated according to a fast-tracking protocol were compared with 41 matched
control patients. The latter received general anaesthesia with propofol, sufentanil and postoperative opioid anal-
gesia on demand. The fast-tracking protocol includes a thoracic epidural catheter inserted at levels of Th1-Th4 the
day before surgery. Anaesthesia was induced and maintained with propofol. Analgesia was provided by continu-
ous epidural infusion of ropivacaine and sufentanil. Postoperative care was provided by the cardiac surgeons on a
specialized ICU. Times until tracheal extubation and discharge from ICU were defined as surrogate markers for
fast-tracking eligibility.
Results: Due to a strict matched pair’s technique, patients in both groups did not differ significantly with respect
to any biometric or clinical variables. Times until tracheal extubation (6 hours for the fast-tracking group, 20 hours
for the control group) was significantly shorter in patients receiving the fast-tracking protocol (p=0.0002; U-test).
However, discharge from ICU was not faster in these patients (67 hours for the fast-tracking group, 85 hours for
the control group) (p=0.64). All data are shown as median and 25th-75th percentile (in brackets).
Conclusion: A fast-tracking protocol including high thoracic epidural anaesthesia allows early tracheal extuba-
tion. This advantage was well accepted by the attending cardiac surgeons but not transferred into faster discharge
from ICU since the treatment pathways weren’t also changed. 
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velopments in the areas of drugs, anesthetic techniques
and postoperative analgetic regimes. 

During the last years different fasttrack-concepts
for cardiac surgery have been developed, which aim at
decreasing the duration of endotracheal intubation and
speeding the discharge from the ICU. Those new
regimes have been created to save costs and at the
same time lower the rate of nosocomial infections and
ventilator-associated pneumonias. 

During the nineties epidural catheters became part
for analgesia during surgery and the postoperative pe-
riod. This technique makes use of the advantageous ef-
fects on coronary blood flow (7, 8), left ventricular
function (9), relief of angina (10,11) hemodynamic
stability (12,13), attenuation of stress response hor-
mones (14-16), and surrogate markers of respiratory
function (17-19).

There has been a widespread trend toward more
rapid recovery after CABG, with earlier extubation
and shorter stays in intensive care and in the hospital
(fast-track cardiac anesthesia and surgery), but only
lately concepts have been reviewed, that use epidural
analgesia as a part of a fasttrack-concept. 

Since then, several studies have established that
patients who received an epidural catheter for cardiac
surgery could in many cases be extubated on the table
or at least an early extubation on ICU was possible
(20-22). 

However the general perioperative management of
most studies did not attempt to fast-track patients. 

Goal of this study

Our aim in this study was to determine the effect of
cervico-thoracic epidural analgesia not only on extu-
bation time but also time until discharge from ICU us-
ing a currently accepted fasttrack-concept for anesthe-
sia for cardiac surgery.

Methods

38 patients treated according to a fast-tracking proto-
col were compared with 41 historical control patients
undergoing surgery the year before the introduction of
the fast-tracking protocol that were matched for bio-
metric data, risk factors, preoperative health status,
and type and duration of surgery, and the cardiac sur-
geon performing the procedure . The fast-tracking pro-
tocol includes a thoracic epidural catheter inserted at

levels of Th1-Th4 the day before surgery. The insertion
was performed by an experienced senior staff member
after the appropriate amount of time since anticoagu-
lation was stopped. The test dose was administered
right after catheter placement to rule out an intravascu-
lar location of the catheter. In both groups general
anaesthesia was induced with etomidate and main-
tained with propofol and sufentanil. Following the in-
duction of anaesthesia a bolus of 10 ml ropivacaine
0.375 % and 25 µg of sufentanil were administered via
the epidural catheter. The 41 patients in the control
group received postoperative opioid analgesia on de-
mand (bolus injections of 3.75-7.5 mg piritramide un-
til pain was lower than 5 on a numeric verbal rating
scale 0-11). Analgesia in the fasttrack-group of 38 pa-
tients was provided by continuous epidural infusion of
ropivacain 0.2 %  and sufentanil 0.5 µg/ml in a dose of
4 to 6 ml per hour.

Postoperative care was provided by the cardiac
surgeons on a specialized ICU. Times until tracheal
extubation and discharge from the ICU (both decisions
were based on the clinical judgement of the attending
surgeon not involved in this study) were defined as
surrogate markers for fasttracking eligibility.

Results

Due to a strict matched pair’s technique, patients in
both groups did not differ significantly with respect to
any biometric or clinical variables. Times until tra-
cheal extubation was significantly shorter in patients
receiving the fasttracking protocol (p=0.0002; U-test)
then in the control-patients who were treated accord-
ing to standard procedure. However, this did not result
in an earlier discharge from ICU for the fasttrack-pa-
tients (p=0.64) (see table 1). There were no differences
concerning surgical complications between both
groups. Major complications related to the epidural
technique were not observed.

time [hours] to fasttrack (n=38) control (n=41)

extubation

discharge from ICU

6 (1-14)

67 (45-135)

20 (11-18)

85 (45-122)

Table 1. All data are shown as median and 25th-75th percentile (in
brackets).
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Conclusions

Our findings support the theory that a fasttracking pro-
tocol for coronary artery bypass grafts (CABG) in-
cluding high thoracic epidural anaesthesia allows ear-
ly tracheal extubation. This advantage was recognized
and well accepted by the attending cardiac surgeons.
The successful early extubation however was not
transferred into faster discharge from ICU. Of course
this may be due to the patients being deemed too unfit
for discharge or hospital logistics. Indeed, since the
cardiac surgeons have 10 ICU beds for approximately
three ACBG procedures per day there is rarely any
pressure to transfer a patient more quickly to another
ward. However what seems most likely to be the main
cause for the failure of the fasttracking protocol to re-
sult in a faster ICU discharge is probably the fact that
the involved ICU is managed by cardiac surgeons,
who stuck to their customary postoperative routines
and showed a too inflexible approach to this new con-
cept. Instead of considering the earlier extubation in
the patients with an epidural catheter as a chance for a
more aggressive postoperative mobilisation they con-
tinued to follow their usual clinical schemes. Habitual
clinical pathways seemed to hinder early postoperative
transfer of patients to the ward before the third postop-
erative day.

Priestly et al. (23) reached a similar conclusion in
their 2002 study. They analysed two groups of pa-
tients, who underwent CABG surgery with one group
following a fasttrack-protocol which employed an
epidural catheter. Earlier extubation was achieved here
as well but time until hospital discharge stayed the
same as before.  

Whether a thoracic epidural anaesthesia is really
needed for the implementation of a fasttrack concept is
a question that has been discussed in several studies
without reaching a definite conclusion (24). Several
studies demonstrated that a fasttrack concept using
high thoracic epidural anaesthesia for intraoperative
and postoperative analgesia can be successful (19, 22,
23, 26). At the same time several studies could show
that fasttrack concepts can be just as successful with-
out the use of an epidural anaesthesia (1-3). There is
still a reluctance concerning the technique of high tho-
racic epidural anaesthesia for cardiac surgery due to
the possible risks it presents such as intra- and postop-
erative high dose anticoagulation and the consecutive
fear of complications such as spinal or epidural
haematoma. A recent survey in Germany concerning
the practice of high thoracic epidural anesthesia for

cardiac surgery showed that only 4 of the partaking 48
anesthetic departments employed high thoracic
epidural anesthesia for cardiac surgery on a regular ba-
sis and has treated approximately 2500 patients with
this technique (25). None of these centers though has
encountered any severe neurologic or other complica-
tions during this time. Pastor et al. analysed the data of
714 patients with high thoracic epidural anaesthesia
for cardiac surgery over a course of seven years with-
out the occurrence of any severe neurological compli-
cations (26).

As a consequence of these results clinical imple-
mentation of a fasttracking protocol must include
binding instructions for postoperative care. The per-
sonnel involved (doctors and nurses) should be made
familiar with the meaning and components of the fast-
track concept and should receive schooling in the prac-
tical management of such a regime. Physiotherapeutic
personnel should receive special training on how to
mobilise these patients if such a concept is to be suc-
cessful. Only if all of these professional groups work
seamlessly together can a fasttrack concept really lead
to the desired success (20). Any fasttrack concept can
only be successful if the treatment pathways in the
hospital are also changed.
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One of the most serious complications of the coronary
intervention is the thromboembolism. It may be
caused by the detachment of thrombi, either from the
vascular wall or from the catheter or the guide wire.
Whereas a lot of these thrombi are inevitable at the
moment, the inflated PTCA-balloon is a source of
small thrombogenic particles, which are – in our opin-
ion – avoidable today.

All types of balloons are covered by a gliding lay-
er, in order to pass also narrow stenoses. Figure 1
shows as example a scanning electron microscopic
photograph (Zeiss DSM962) of this gliding layer on a
noninflated brand-new balloon (type “RXELIPSE
?014”, Guidant, Advanced Cardiovascular Systems,
Temecula, Ca, USA). The gliding layer covered the
whole balloon continuously and evenly.

The average element composition of the balloon
surfaces was assessed by means of a backscatter elec-
tron detector - in a scanning electron microscope at a
magnification of 1:500 (EDAX 9800). The balloons

were unpacked from the original packings in a clean-
roomworkbench. Afterwards the balloons were mount-
ed with conductive tape on SEM sample holders. The
samples were then covered with a thin carbon layer to
increase the conductivity. The carbon layer was ap-
proximately 4 nm thick and it did not adhere very
strongly on the balloon surface.

On the new noninflated balloon a relative amount
of oxygen of 8,48 percentage by weight and of silicon
of 5,69 percentage by weight were detectable. 

Obviously due to the different expansion coeffi-
cients of the balloon material and the gliding layer, the
gliding layer was damaged and became discontinuous
in the course of the expansion of the balloon. Figure 2
shows the balloon surface after 5 times inflation (pres-
sure: 9 bar, duration: 1 minute each) against ambient
air pressure under laminar-flow-conditions.

It is easy to observe, that the gliding layer on the
balloon’s surface was discontinuous showing big
holes. It is possible, that parts of this gliding layer
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Abstract

A serious complication of coronary interventions is thromboembolism which might be caused by the detachment
of platelet aggregates. One possible cause are small thrombogenic particles from the inflated balloon surface. 
The gliding layer of a balloon catheter was analyzed by means of a back scatter electron detector in a scanning
electron microscope. The average element composition of the gliding layer was assessed of a non-inflated and a
inflated balloon. 
It could be shown that there was a continuous layer of silicon at the surface of the non-inflated balloon. After in-
flation of a new balloon, however, there was only a very thin and discontinuous silicon layer showing big holes.
It seems to be possible that parts of the gliding layer flaked off the balloon surface leaving only “plaques of sili-
con” on the balloon surface.
Detached silicon plaques surely would be thrombogenic and have therefore the potential to obstruct small myocar-
dial arterioles and capillaries.
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flaked off the surface leaving only ”plaques” on the
balloon. Figure 3 shows such a “plaque” on the surface
of the balloon. It turned out, that there were a lot of
small crevices in the remaining plaques. This might
lead in the end to the peeling of the gliding layer.

The gliding layer consisted substantially of silicon,
but it contained also a great amount of oxygen. Com-

paring noninflated and inflated balloons, there were
greater amounts of oxygen (O: 8,48 w.- %) and of sili-
con (Si: 5,69 w.- %) at the surfaces of the noninflated
balloons. The amount of these elements was substan-
tially less at the surfaces of the repeatedly inflated bal-
loons, where the oxygen amounted to 1,88 w.- % and
silicon to 0,20 w.- %. 

The ratios of atomic weight percentages of oxygen
to silicon at noninflated balloon surfaces amounted to
O/Si=2,6 and at 5 times inflated surfaces to O/Si=15,7.
The data describing the average composition of the el-
ements at the surfaces and the atomic weight ratios are
compatible with the hypothesis, that there was a con-
tinuous layer of silicon at the surfaces of the noninflat-
ed balloons. After 5 times inflating of a new balloon,
however there was only a very thin and discontinuous
silicon layer.

In order to get more information about the thick-
ness of the gliding layer, the element distribution was
locally assessed with the help of the energy dispersive
x-ray analysis at a noninflated balloon surface.

To get this information the acceleration voltage of
the electron beam was varied between 5 and 20 kV, so
that the penetration of the electron beam into the bal-
loon surface increased from approximately 0,4 µm
(5kV acceleration voltage) to about 2,8µm (20kV ac-
celeration voltage) (table 1).

In the course of this the silicon-signal decreased
from 2,98 to 1,81 percentage by weight. This revealed,

Figure 1. Surface of a noninflated balloon (primary
magnification of 1:1000)

Figure 2. The middle section of the balloon after 5
times inflation (primary magnification 1:9)

Figure 3. A section of the balloon surface, on which
the gliding layer still adhered (magnification 1:100)
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that the volume fraction containing silicon decreased
with an increase in  the  totally  evaluated  sample  vol-
ume. It can be assumed, that the thickness of the glid-
ing layer was probably less than 3 µm. However, it
must be acknowledged, that the method used here to
quantify the layer thickness needs intensive calibration
in order to evaluate the layer thickness more precisely.
It would be necessary to make the same examination
on thin layers of the same material of defined thick-
ness.

The size of the particles, which probably detached
from the balloon is not easy to determine. The forma-
tion of crevices in the gliding layer as shown in fig. 3
could be limited to the carbon layer and is typical of
such layers after deposition on polymeric substrates.
The crevices in these carbon layers – however – usu-
ally look different. In the case shown here the crevices
were deeper and revealed an upbulging quality, which
seems to be a hint, that the crevices continued into or
started from the underlying silicon layer.

Detached silicon plaques surely would be throm-
bogenic [3, 4, 5]. Plaque induced thrombi have the po-
tential to obstruct small myocardial arterioles and cap-
illaries and to start an ongoing thrombotic process at
these places.

Now, the dilating balloon catheters available today
have considerably smaller diameters (starting from 1,5
mm) and profiles and enable the passage of very small
stenoses. It is even possible to predilate stenotic re-
gions with these catheters first and then to place the
stent.

The gliding layer was necessary for the formerly
used balloon catheters with a bigger diameter in order
to pass narrow stenoses. From this point of view it
seems to be unnecessary to use a gliding layer with the
latest developed balloon catheters equipped with a
minute diameter. This can also be deduced from recent
studies, where resterilised balloon catheters were used.
The gliding layer on these balloon catheters was re-
moved by a thorough mechanical cleaning process be-
fore the resterilisation. These catheters without the
gliding layer revealed no deterioration neither in the
handling nor in the rate of success [1]. Catheters with
a bigger diameter are of disadvantage economically,
because for the passage of narrow stenoses the ad-
vanced new balloon catheters with a narrow lumen
have not seldom to be used additionally [6].

From this point of view the gliding layer on the PT-
CA-balloons isn’t necessary any longer. On the con-
trary, the gliding layer constitutes a source for mi-
crovascular obstructions - which are correlated with
the deterioration of the ventricular function [2, 7] - and
should therefore be applied no longer in order to avoid
unnecessary risks for the patient. 
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Table 1. Results of the voltage dependent EDX- Analy-
sis of the gliding layer

V
[kV]

C
[w %]

O
[w %]

Si
[w %]

Al
[w %]

5 86,6 10,4 2,98 0,00

7 89,4 8,0 2,61 0,00

9 91,4 6,1 2,50 0,00

11 92,1 5,5 2,32 0,00

13 93,1 4,7 2,20 0,00

15 93,8 4,2 1,99 0,00

17 93,6 4,4 1,97 0,00

19 94,2 3,6 1,88 0,26

20 94,3 3,7 1,81 0,23
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Introduction

At the forefront of clinical wound treatment and re-
search into bone tissue healing lies the goal of achiev-
ing complete restoration of function and structure (9-
12). Bioengineering opens up new opportunities in this
field, where substitute bone tissue is created from the
body’s own cells. Its matrix contains messenger sub-

stances, and a pool of differently differentiated cells
(1, 2).

Our investigations focus on osteoneogenesis in
bone fracture healing (8, 19, 20, 21, 26, 33, 34). The
different control mechanisms involved with osteoneo-
genesis are the subject of much discussion, and numer-
ous other factors also exist which influence the osteo-
neogenesis process, including impaired fragment vital-
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Abstract

The primary goal of scientific investigations into fracture healing is to achieve a complete structural and function-
al restoration with research into control mechanisms and early biomechanical influences on the orientation of pre-
cursor cell immigration pathways. Primary fibrin networks can exhibit isotropy or anisotropy as a result of retrac-
tion triggered by messenger substances and energy carriers. This suggests the existence of a primary biomechan-
ical component that is used in the immigration of precursor cells.
The morphometry of fibrin structures gives a mean value of 1.12 ± 0.007 (mean ± SEM), which differs markedly
from the hypothetical value of zero, thus demonstrating anisotropy or alignment of the fibrin structures. The mor-
phometric test of precursor cell counts to analyze the dynamics of precursor cell immigration, carried out in the
bone marrow between the l0th and 25th days, reveals significant differences between the cell count in the marrow
and the osteotomy gap. The greatest movement of mononuclear cells in the marrow takes place on the 15th day,
with 4.9 ± 0.2 cells per counting field. In the osteotomy gap, the levels found on the 15th day were 3.1 ± 0.1, and
remained the same until the 25th day, whereupon a figure of 2.9 ± 0.1 was returned.
We interpret the alignment of the fibrin network as an early morphological correlate of a biomechanical compo-
nent. The administration of platelet-rich plasma (PRP) in human patients seems sensible, and the industry already
offers PRP methods for use on human patients (Curasan AG, Kleinostheim, Germany). Thrombocytic factors can
be obtained which boost the retraction process and pre-form network structures for precursor cell immigration.
Nondifferentiated mononuclear cells migrate along both fine and thick fibrin structures. Growth factors, gene ther-
apy and cell therapy may in future have a positive influence on the complex process of bone healing. Tissue en-
gineering also offers other ways of restoring the original structure of bones in a short space of time.
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ity, cortisone treatment, hyperglycemia and infection
(23, 24). Bone induction is based on the immigration
of precursor cells and the differentiation of these
pluripotent cells, while the opposite of this is bone
conduction, which is based on vital fragments at the
edge of the fracture. The processes of bone induction
and bone conduction are essential for bone healing.
There are however a large number of unanswered
questions with regard to precursor cell immigration
and how it works, and the answers to these questions
may provide a pathway for developing early clinical
influences on fracture healing.

The question to be asked relates to the earliest bio-
mechanical influences on the immigration of precursor
cells (5). Our attention focuses on structures in the ear-
ly stages, such as the role of fibrin septa as messengers
for biomechanical stimuli. Fibrin networks can exhib-
it isotropic or anisotropic properties (27, 32), which in-
dicates an early biomechanical function. Questions al-
so need to be asked regarding potential messenger sub-
stances or energy carriers, e.g. from disintegrating
thrombocytes and their effects on the early stage of
fracture healing. Today, the industry is already offering
sets for PRP (platelet-rich plasma) methods (Curasan
AG, Kleinostheim, Germany). More precise morpho-
logical and experimental studies may provide addi-
tional information on processes that have a positive in-
fluence on bone healing.

Besides clarifying the morphological structure of
the immigration paths, the quantity and quality of cell
migration also need to be examined. Previously, the
periosteum was believed to be the primary origin of
migratory precursor cells, and the marrow was either
disregarded or declared insignificant. Detailed mor-
phological pictures of the marrow adjacent to the frac-
ture are not available for the early stage of fracture
healing. We must assume that an immense number of
migrant precursor cells are subject to other control
mechanisms. In cell therapy, mesenchymal stem cells
are used that can differentiate into fibroblasts, en-
dothelial cells, osteoblasts and adipocytes. These cells
synthesize - in different ways and according to their
differentiation - collagens, proteoglycans and cyto-
kines. 

Methods

Animals and surgery

White New Zealand female rabbits (2.2 - 2.5 kg body
weight) were used. Surgical and animal preparation
were performed according to the NIH guidelines gov-
erning the use of experimental laboratory animals. The
rabbits were initially anesthetized with 0.4 mg/kg Ke-
tamine HCL (Ketavet, Pharmacia Upjohn, Erlangen,
Germany) and 5 mg/kg 5,6 Dihydro-2(2,6-xylidino)-
4H-1,3-thiazine (Rompun, Bayer, Leverkusen, Ger-
many), both administered intra-muscularly. Anesthesia
was maintained with intravenously administered Di-
hydroxyxylidino-thiazine HCI, at 16 mg/hour (Nar-
coren Rhone Merieux, Laubheim, Germany). A slow
infusion of Ringer lactate solution was injected into
the ear vein. At the end of surgery, the animals were al-
lowed to wake up from anesthesia. They were kept in-
dividually in their cages and had free access to tap wa-
ter and standard rabbit chow.

Osteotomy model

Operative access was obtained between the M. tibialis
anterior (peroneal and Tibialis anterior) and M. gas-
trocnemius caput laterale. The tibia was exposed and a
3 mm-thick ring was removed from its central section
using an oscillation saw. Osteosynthesis was per-
formed with a 7-hole, 65 mm AO reconstruction DC
plate (Synthes, Umkirch, Germany). Particular care
was taken to maintain the 3 mm distance. The wound
was sutured by layers.

Protocol

Following surgery, the animals were sacrificed by an
overdose of Narcoren on the 5th, l0th, 15th, 20th and 25th

post-operative days respectively. Each group consisted
of seven rabbits. The plate was removed from the tib-
ia. Tissue samples (Figure 1) were taken (50 mm3)
from the fracture gap (site C) and also from two adja-
cent sites (site A and site B). A thin, sharp scalpel was
used to remove pieces of marrow. Sampling site A was
10 mm proximal from site C, and site B was in the
transition zone between the intact bone marrow and
the granulation tissue of the healing bone wound.
Bone marrow samples were also collected from 7 un-
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operated animals without osteotomy. These served as
control studies.

Histological analyses

The samples were put into Zamboni’s solution
(buffered formaldehyde 4%, containing picric acid)
and prepared as described by Bjurholm (4). Following
normal processing (paraffin embedding, SP 56 °C,
Histosec, Merck, Darmstadt, Germany), 8 micrometer-
thick sections were cut (traversing microtome, Jung,
Heidelberg, Germany) and methylene blue staining
was applied. For cell counts, the sections were ana-
lyzed with light microscopy (Leitz, Wetzlar, Germany)
with a magnification power of 400x, 600x and 1000x.

Microscopy of Histology

The histological sections of the standard histology
were analyzed using a light microscope (Leitz, Wet-
zlar, Germany) and a polarization device. For analysis
of the fibrin structures, a 9 x 9 eye grid was used with
a counting ring in the ocular of the microscope. For
precursor cell counting, a 10 x 10 reticule was used in

the ocular. The micrometer was calibrated using a
stage micrometer (Leitz, Wetzlar, Germany). 

Analysis of orientation of fibrin structures

In our present studies, we applied Oberholzer’s
method (17) to detect whether there are structural reg-
ularities of fibrin structures in the healing bone in the
early phase of callus formation. Oberholzer’s formula
for calculating the orientation factor K* (32) was used
to analyze the direction of the fibrin structures. The K*
factor is an expression of the isotropy or anisotropy of
structures whose alignment or non-alignment is
recorded morphometrically. Fibrin structures of the
hematoma in the gap were analyzed using polarization
microscopy. The numbers of crossing points per length
of the vertical test lines, and the numbers of crossing
points per length of the horizontal test lines, were in-
cluded in the formula.

IL(x/B)1: Number of crossing points per length of verti-
cal test lines

IL(x,B) 2: Number of crossing points per length of hori-
zontal test lines

Figure 1. Model of dis-
tance osteosynthesis.
Localizations of the sam-
pling sites for histologi-
cal analyses. P = Os-
teosynthesis plate, CB =
Cortical Bone, BS =
Bone screw, BM = Bone
marrow
A = Region (distal to the
osteotomy) of precursor
cell counting
B = Region (proximal to
the osteotomy) of precur-
sor cell counting
C = Osteotomy gap of
the distance osteosynthe-
sis model and region of
precursor cell counting
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Formula for calculating IL(x/B)

I(x): Crossing points
P(B): Hits in the structure area
m: Magnification
d: Distance of test lines
K1: Linear constant of screen = 2 (Oberholzer

1983)

Cell count of mononuclear cells
Cell count of mononuclear cells

Only mononuclear cells (MNCs) were taken into con-
sideration. The number of cells was assessed by using
100 fields in three different sections (300 fields in to-
tal). Cell counts were performed in the marrow in Re-
gion A (distal to the osteotomy) and Region B (pro-
ximal to the osteotomy), and in the interfragmentary
gap. Different post-operative days were taken into ac-
count (5th, 10th, 15th, 20th and 25th post-operative day).

Statistics

The extent of anisotropy of the fibrin structure was an-
alyzed. Values of the K* factor were compared to a
theoretically isotropic group having a K* of 0. If the
value of K* is less than 0.5, there is isotropy - mean-
ing that the analyzed structures are not oriented. If its
value is one or higher, there is anisotropy, and the
structures are oriented. The higher the value of K*, the
greater the probability of anisotropy. The orientation
factor K* was determined in the 5 day group because
it was used for analyzing the very early stage of bone
healing.

For statistical evaluations of the numbers of pre-
cursor cells, mean values were calculated, specifying
the standard error of mean (SEM). A control group
(samples taken from the marrow of rabbits which were
not operated on) was recorded and analyzed. Signifi-

cance calculations were performed using the t-test as
described by Student in comparison with the chrono-
logical development in the different probe sample re-
gions. The level of significance was set at p < 0.05.
The SPSS computer program was used (SPSS-Corpo-
ration, Chicago, USA).

Results

Histological evaluation of the osteotomy gap

In the initial stage of fracture healing, the morphology
demonstrated numerous erythrocytes (Fig. 2a) on the
5th post-operative day. Granulocytes were isolated, and
thrombocytes were also visible. In some places, in ad-
dition to the uniform distribution of erythrocytes, a
transition was noted towards a networked arrangement
(Fig. 2b). Areas of greater or lesser development were
seen to lie close together. In between was a clear fluid,
serum, containing defibrinated plasma. Disintegrating
thrombocytes promoted the retraction process (Fig.
2c) and caused the fibrin strands to nestle closer and
more densely together. Advancement of the retraction
process caused the formation of fixed fibrin columns
as a result of shortening and folding (Fig. 2d). Blood
platelets were visible in the middle of one of the
processes involved in the retraction. At greater magni-
fication, thick fibrin columns were seen in the histo-
logical preparation (Fig. 2e). In this phase, there were
still no precursor cells, nor did the network-like struc-
tures contain any mononuclear cells in the spaces be-
tween them. It was only in the next phase (Fig. 2f) that
the mesh structure was populated by precursor cells. In
the serum between the mesh structure too, the matura-
tion process led to the immigration of precursor cells
into lacunar areas. Further development led to the net-
work structures appearing packed with mononuclear
cells. Examination at higher magnification (Fig. 2h)
confirmed this. Fibroblasts had differentiated into fi-
brocytes at this stage. Non-differentiated cells were al-
so seen in large numbers.

Precursor cells differentiated themselves into an-
gioblasts (Fig. 3a). Thick capillaries formed from
closely-lying angioblasts (Fig. 3b). The accumulation
of precursor cells was also seen in lacunar structures
(Fig. 3c). Capillaries were also visible even in less ma-
ture lacunar areas (Fig. 3d). Mononuclear precursor
cells were now present in abundance, although serum-
filled lacunae were still visible in this stage. The cap-
illaries (Fig. 3e) appeared intertwined with rows of an-

                  Σ I(x)                   m 
I L(X/B)  =                    •  
                  Σ P(B)               d • K1 
 

                  IL(x/B)l 
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Figure 2a. Uniform distribution of erythrocytes with arrangement into a network-like configuration (*). Isolated
granulocytes (↑), also includ-ing thrombocytes (↑↑). Magnification 630x, Hemalum stain.
Figure 2b. Mesh structure of fibrin strands (↑) visible between the erythrocytes (retraction). Differently-developed
areas lying close together. Between the erythrocytes is a clear fluid, the serum. Magnification l000x, Hemalum
stain.
Figure 2c. Granulocytes (↑) and blood platelets (↑↑) in the middle of a retraction process. Fixed fibrin columns
(↑↑↑) as a result of shortening and folding Enlargement l000x, Hemalum stain.
Figure 2d. Formation and densification of thick fibrin columns (↑). Magnification 400x, Hemalum stain.
Figure 2e. Lacunar structures with defibrinated serum (↑), free of precursor cells. Fibrin column (↑↑) Magnifi-
cation l000x, Hemalum stain.
Figure 2f. Packing of mesh structure (↑) with mononuclear precursor cells (↑↑). Magnification 630x, Hemalum
stain.
Figure 2g. Mature tissue on the left-hand side of the image (*). Right-hand side of the image showing precursor
cell packing of the lacunar structures (*). Magnification 100x, Hemalum stain.
Figure 2h. Higher magnification of Figure 2g. Differentiation and proliferation of precursor cells. Fibroblasts (↑)
between mononuclear cells (↑↑). Magnification l000x, Hemalum stain.
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Figure 3a. Precursor cells (↑) differentiate into angioblasts (↑↑). Circular formation. Magnification 1000x,
Hemalum stain.
Figure 3b. Advancement of tissue maturation, capillaries (↑) among densely-packed precursor cells (↑↑) Magni-
fication 630x, Hemalum stain.
Figure 3c. Lacunar structures with tightly-packed precursor cells (↑). Magnification 630x, Hemalum stain.
Figure 3d. Even less-mature lacunar areas contain capillaries (↑). Mononuclear precursor cells (↑↑) are present
in abundance, alongside serum-filled lacunae (↑↑↑). Magnification 630x, Hemalum stain.
Figure 3e. Intertwined capillaries with rows of angioblasts (↑), surrounded by pericytes (↑↑) Magnification 630x,
Hemalum stain.
Figure 3f. Increase in precursor cell density in the tissue (*), Hemalum stain.
Figure 3g. Wave-like immigration of precursor cells (↑). Magnification 40x, Hemalum stain.
Figure 3h. Circular, dense waves of immigrant precursor cells (↑). Magnification 40x, Hemalum stain.
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gioblasts, surrounded by pericytes. There were no
longer any lacunar structures in the mature tissue.
There were areas of tissue with a large accumulation
of precursor cells, which surrounded tightly-packed
capillaries. The immigration of precursor cells can be
described as a type of wave form (Fig. 3g). Corre-
sponding sections, rotated around 90 degrees (Fig. 3h),
showed circular, dense waves of immigrating precur-
sor cells.

Orientation of the fibrin network

On the 5th post-operative day, the fibrin networks
could be clearly seen within the cell debris. The fibrin
strands had become more dense in the osteotomy gap.
The mean value for the K* factor was significantly dif-
ferent from the hypothetical value of zero, returning a
mean value of 1.12 ± 0.007 (mean ± SEM) (anisotropy
of fibrin structures). If the value had been zero, this
would have indicated complete isotropy of the fibrin
networks (spherical form of fibrin structures). The
mean value of 1.12, as a morphometric value, corre-
sponded to anisotropy (alignment) of the fibrin net-
works. Figure 4 shows the distribution of the K* fac-
tor. The majority of values were found in the analyti-
cal range between 0.5 and 1.99, corresponding to a
proportion of 78 %. In the analytical range < 0.49,
there were only 9 values for the K* factor, which cor-
responded to 13%. In the analytical range 0.5 to 0.99,

there were 16 K* values, equating to 23 %. In the an-
alytical range 1.00 to 1.49, there were 24 K* values,
equating to 34 %. The analytical range 1.50 to 1.99 en-
compassed 15 K* values, this equating to 21%. In the
analytical range > 2.00, there were 6 K* values, corre-
sponding to a proportion of 9%.

We cannot define in which way these fibers are di-
rected in the gap, however, there is strong evidence
that they are oriented. These fibers would lead the pre-
cursor cells into the gap where the differentiating cells
produce collagen fibers to replace those of fibrin. It is
possible that the orientation of the fibers is regulated
by biomechanical forces similar to those in the soft tis-
sue (25). The rabbits were able to move freely and use
their operated-on legs in their cages immediately after
the operation, and the physiological load could be ap-
plied to the leg in this way.

Counts of mononuclear cells (MNCs)

The counter results from the precursor cell counts in
the preparations taken from the 5th postoperative day
are shown in Figure 5. For Region A, distal to the os-
teotomy, the mean value was found to be 3.1 ± 0.1
(mean ± SEM) cells per counter field. Region B, prox-
imal to the osteotomy, returned a counter result of 4.1
± 0.1 (mean ± SEM) cells per field. The difference be-
tween the regions distal and proximal to the osteotomy
was not statistically significant. At this stage, no evi-

Figure 4. Test of
anisotropy or isotropy,
Factor K*
70 individual values were
grouped and presented in
their frequencies of occur-
rence. The cut-off value
for isotropy was < 0.49
(K*). The cut-off value for
anisotropy was higher
than 0.5 (K*). 70 meas-
urements, taken on the 5th

post-operative day.
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dence could be found of any precursor cells in the gap
of the distance osteosynthesis model. On the l0th post-
operative day, a slightly lower mean value of 3.4 ± 0.1
(mean ± SEM) cells per counter field was found in Re-
gion A, distal to the osteotomy. Region B, proximal to
the osteotomy, returned a counter result of 3.1 ± 0.2
(mean ± SEM) cells per counter field. The difference
between the regions distal and proximal to the osteoto-
my was not statistically significant. In the gap, 0.9 ±
0.0 (mean ± SEM) mononuclear cells were seen per
counter field on the 10th post-operative day. The statis-
tical test revealed significant differences between Re-
gion A (distal to the osteotomy) and Region B (proxi-
mal to the osteotomy) compared to the osteotomy gap
in Region C. The counter results for the 15th post-op-
erative day (Figure 5) returned a value for Region A
(distal to the osteotomy) of 4.8 ± 0.2 (mean ± SEM)
cells per counter field. Region B (proximal to the os-
teotomy) returned a result for mononuclear cells of 4.9
± 0.2 (mean ± SEM) cells per counter field. The differ-
ence between Region A and Region B was not regard-
ed as statistically significant. In the osteotomy gap, a
mean value of 3.1 ± 0.1 (mean ± SEM) cells per count-
er field was returned. The statistical mean comparison,
when comparing Region A (distal to the osteotomy)
and Region B (proximal to the osteotomy) with the os-
teotomy gap Region C, revealed a statistically signifi-
cant difference (Figure 5).

Region A and Region B are shown in Figure 6 as a
single mean value, for standardization purposes (no
statistical difference). Following on from Figure 5,
Figure 6 shows the long-term course of events. Com-
bining the values described above for Region A (distal
to the osteotomy) and Region B (proximal to the os-
teotomy) resulted in a value of 3.6 ± 0.1 precursor
cells per counter field on the 5th post-operative day
(Figure 6). For the 10th post-operative day, the com-
bined value (Region A, distal to the osteotomy and Re-
gion B, proximal to the osteotomy) was 3.3 ± 0.2 pre-
cursor cells (mean ± SEM). On the 15th post-operative
day, the value rose outside the osteotomy zone to 4.9 ±
0.2 precursor cells per counter field (mean ± SEM).
On the 20th post-operative day, the value outside the
osteotomy fell to 2.4 ± 0.1 (mean ± SEM) precursor
cells per counter field. Further on, on the 20th day, a
value of 2.5 ± 0.1 (mean ± SEM) was returned for the
osteotomy gap - a value similar to that of regions A/B
which stood at 2.4±0.1 (mean ± SEM) cells per count-
er field. On the 25th day, there was a further rise in the
osteotomy gap, to 2.9 ± 0.1 (mean ± SEM) cells per
counter field. The counter value in Regions A/B was
lower, at 2.1 ± 0.1 cells per counter field.

Figure 5. Cell counts in
bone marrow and osteoto-
my site
Changes in cell counts at
sampling site A and site B
(bone marrow) and site C
(interfragmental gap) as a
function of the healing
time. 

significant changes
compared to the value of
day 5. 
+ significant differences
between A/B and C.

Region A, distal
to osteotomy
Region B, proxi-
mal to osteoto-
my
Region C
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Discussion

Morphology of fibrin structures in granulation tissue

The initial description and definition of the granulation
tissue, as the first physiological response after a frac-
ture, comes from Billroth (3). In spite of many inves-
tigations, the early stage of bone tissue healing in the
initial hours and days after trauma has remained for
the most part a mystery (15, 16, 18). We interpret the
transformation into network structures, as we see them
in our histological preparations, as a morphological
correlate of the retraction process triggered by fibrin.
This retraction leads to the organization of fine fibrin
pillars and thick fibrin columns, and these are believed
to pre-form the immigration paths for precursor cells.
This is a previously unaccounted for metamorphosis in
the hematoma associated with the fracture. The defib-
rinated plasma collects between the fibrin network
structures (22). The retraction process for the fibrin
strands starts within just a few hours in the fracture
hematoma, and changes the gelatinous mass into semi-
solid blood clots. This finding tallies with what is
known about the underlying physiology. The stages
leading to the blood clotting process were first de-
scribed by Morawitz in the year 1915 (22). The plas-
ma protein prothrombin is converted to thrombin by
thrombokinase released on the disintegration of
thrombocytes - in the presence of ionized calcium.
Thrombin causes the dissolved plasma protein fibrino-

gen to become fibrin, which gives rise to the threadlike
basic structure of a blood clot. Under the influence of
electrostatic forces, the fibrin monomers then lay
themselves lengthwise in parallel to each other to form
fibrin polymers. Only through the effects of fibrin-sta-
bilizing Factor XIII, activated by thrombin in the pres-
ence of Ca++, can covalent links be formed between
the fibrin monomers. These are what give the fibrin
strands their final chemico-physic properties.

The disintegrating thrombocytes release retrac-
tozyme and thrombosthenin factors. These factors
cause the fibrin strands to nestle closer together and
bind more tightly, and to shorten after folding. The
blood clot shrinks, and quantities of ATP from disinte-
grating thrombocyte fragments provide the energy for
this process. Retraction fixes the blood clot in place
mechanically, the wound edges are brought together
and this creates more favorable conditions for the for-
mation of blood vessels.

The familiar phenomena of blood clotting, e.g. re-
traction, are today exploited in the clinical use of PRP
methods (platelet-rich plasma). Thrombocytes are cen-
trifuged out of the patient’s own blood and applied to
the bony defect in conjunction with substitute bone
material. This enables thrombocyte factors to be used
that trigger and boost the retraction process, so as to
pre-form the fibrin network structures for the migra-
tion of precursor cells. The PRP method is already of-
fered for clinical use by the industry (Curasan AG,
Kleinostheim, Germany).

Figure 6. Cell counts during
healing time
Changes of cell counts at
sampling sites A/B, and C
as a function of the healing
time.
* significant changes com-

pared to the control value. 
+ significant differences be-

tween sites A/B and C
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Isotropy or anisotropy of fibrin structures

The question relating to the aligned migration of pre-
cursor cells is inextricably linked with the alignment
(anisotropy or isotropy) of guiding structures. The
morphometric analysis of fibrin structures using an
alignment screen in the ocular of the microscope can
help objectivize this. The result of the morphometric
analysis - isotropy or anisotropy (= K* factor as an ex-
pression of the alignment of fibrin structures) - is
shown in Figure 4. It shows clearly - with a figure of
87% of all K* factor values above the significance
threshold (> 0.49) - an alignment (anisotropy) of the
structures, some of which are round, some of which
are oval. What we find most important is the finding
that the osteotomy gap features extremely dense fibrin
structures. We interpret this on the assumption that re-
traction is being increased here, and supporting or
strengthening this mechanism, e.g. through the admin-
istration of PRP at this point, would seem sensible. In
the clinical use of the PRP method (platelet-rich plas-
ma), the release of thrombocyte fragments must take
place for the most part in the early stage (hours to ap-
prox. 5 days after trauma), since this is when most of
the retraction process occurs and ATP is available as an
energy donor. The retractozyme and thrombosthenin
factors, released from the thrombocyte fragments, sup-
port this process.

The fibrin retraction process in the fracture has so
far not been described. Papers by Sedlarik (25) are par-
ticularly interesting in this regard. Sedlarik postulates
that a biomechanical component exerts an influence on
the fibrin structures and the network-like arrangement
of erythrocytes in the hematoma during soft tissue
wound healing. Our experiments have confirmed, for
the first time, that this phenomenon is also true for the
granulation tissue of the osteotomy gap. The question
regarding a biometrically-triggered alignment of the
hematoma in the fracture model, in the sense of de-
fined micro-movement, can be answered with a clear
affirmative. The anisotropy discovered shows that
there is alignment of the fibrin septa and columns. Mi-
cro-movement is known to have a positive effect on
subsequent osteoneogenesis. Clinically-applied meth-
ods of immobilization, be they conservative through
splinting or invasive through osteosynthesis, take ac-
count of this fact.

Morphology of precursor cells and osteoneogenesis

The bone marrow of long bones is filled up mostly
with adipose tissue, which is relatively poor in cells
(14). In addition to the adipocytes, there are some un-
differentiated cells and also representatives of the im-
mune system. However, if the marrow is stimulated
through the increased need for hematopoesis follow-
ing bone trauma, there is a rapid change in its cellular
composition. The stimulus to produce undifferentiated
precursor cells is very strong, and this is likely to be
mediated by humoral pathways. This is supported by
our earlier experimental results in which we analyzed
the cellular composition of the contralateral tibia (un-
published results). There was a higher average number
of precursor cells compared to the non-operated con-
trols, even on the 25’h post-operative day, indicating
that the marrow is still being stimulated. The mole-
cules bearing the humoral marker of this stimulation
have not been identified completely (28-31).

Undifferentiated mononuclear cells travel along
both the fine and thick fibrin structures. The embryon-
ic phases of tissue formation demonstrate a wave-like
influx of cells. This phenomenon was also found in our
histological preparations (Fig. 3g and 3h). These mi-
gratory waves are associated with phase- and localiza-
tion-oriented tissue maturation.

The intensive cellular immigration into the devel-
oping callus is supported by the increased output of the
adjacent marrow, and it levels off at the 15th post-oper-
ative day. A one-way migration of the precursor cells
is suggested, and this is demonstrated in Figure 6. The
highest cell number was found in the intermediary
zone on day 5 when we had the biggest difference be-
tween the marrow and the gap. Later, this intermediary
part showed a homogenous structure together with the
rest of the marrow more proximal to the wound. Al-
though we have emphasized the role of the bone mar-
row in producing precursor cells, the surrounding con-
nective tissue around the osteotomy site also has un-
differentiated cells, such as endothelial cells and peri-
cytes, which increase in population and transform into
mesenchymal cells (7) mainly fibroblasts - and these
are also attracted to the site of the bone wound. 

The 15th post-operative day, the time at which the
cell counts of undifferentiated cells in the marrow start
to decline, coincides very well with the start of cellu-
lar maturation and differentiation in the callus site.
This might indicate that the newly formed tissue in the
fracture gap has achieved a certain degree of self-
maintenance. Brighton and Krebs (6) found an in-
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crease in the oxygen tension of the developing callus,
starting in the third week of the healing process. This
process was also paralleled by the maturation of the
healing bone. These results have shown that there is an
increased generation of undifferentiated precursor
cells in the intact bone marrow, and that these cells
move into the hematoma of the bone wound along the
fibrin network present during the very early stages of
the developing interfragmental tissue.

Current scientific opinion holds that the transfu-
sion of stem cells is only clinically indicated in a few
cases of disease. It can also only be performed in spe-
cial centers which fulfill the necessary staffing and
technical criteria. The harvesting of stem cells through
bone marrow aspiration yields a mixture of indetermi-
nate or already determined stem cells and cells with a
clear differentiation. These latter represent the majori-
ty of the cells harvested. Suitable separation methods
can be used to concentrate the stem cells. Blood cell
separation from peripheral blood also enables stem
cells to be obtained in sufficient quantities. They are
found in the fraction of mononuclear blood cells.

Further thoughts

In addition to growth factors, gene and cell therapy
(13) may well be of interest for exerting a positive in-
fluence on the complex process of fracture healing.
Tissue engineering harnesses these opportunities to re-
store the original bone structure in a short space of
time, and is used as an adjunct to traditional treatment
methods. The latest concepts involve bioactive con-
structs based on a cell-packed, three-dimensional ma-
trix used for bridging bone defects. They comprise
various components including collagen, b-tricalcium
phosphate, fibronectin or synthetic, biodegradable
polymers (polylactides and polyglycolic acid de-
rivates). The kinetics of the constructs’ contraction de-
pends on the initial cell density. If, for example, a col-
lagen matrix is packed with a high density of autolo-
gous cells, more aligned cells with an elongated nucle-
us are found after 72 hours than with a low cell densi-
ty.

The importance of mechanical stimuli for control-
ling cell differentiation and matrix synthesis is also
growing. Future studies must demonstrate what influ-
ence physiological stimuli such as cyclic stretching
and / or growth factors have on cell differentiation and
proliferation. In this context, it is not just the origin of
the cells and the matrix that matter, but also the initial

biomechanical properties of the construct, the rate of
matrix degradation, the cell survival rate and their
ability to respond adequately to physiological forces.
Current research focuses on the influence of the three-
dimensional structures of synthetic materials on cell
orientation, cell proliferation and cell phenotypes.
Clinically-oriented studies must in future investigate
whether biodegradable, synthetic polymers, packed
with autologous cells, can provide an adequate substi-
tute for bone tissue. 
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Foreword

We think it is important to mention that all our inves-
tigations into processes and substances which would
accelerate healing emanated from a profound concern
and interest regarding the healing in bone. The starting
point of all this research was an indepth discussion be-
tween surgeons, a physiologist and a natural scientist.

Our collective research efforts constitute numerous
hours of concentrated work which took place over a
period of many years. This research paper was first
written in the German language and later for purposes
of publication translated by the author into English.

Morphometric analyses of the kinetics of vascular and neural ingrowth into
the interfragmental gap following osteotomy
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Abstract

The  transmitters and/or modulators Calcitonin gene-related peptide (CGRP), Substance P (SP), Neuropeptide Y
(NPY) and Vasointestinal polypeptide (VIP) we posit are involved in bone growth, fracture healing and internal
remodelling. We  have immunohistochemical proof that neuropeptide positive fibers exist in normal bone and this
finding convinced us that these substances affect the early phase of fracture healing. The exact timing of the ap-
pearance of neuropeptide positive fibers, localisation in bone, chemospecifity and mode of genesis is, thus far, un-
known.
Extensive research was carried out on a model of distance osteosynthesis in the rabbit tibia. The osteotomy was
located at the synostosis between the fibula and tibia. The periost and the surrounding soft tissue were removed
simultaneously. Primary and secondary antibodies were then used as an indirect immunohistochemical technique.
Our findings are based on concrete stereological calculations of the length of nerve fibers rather than on conven-
tional statistical evaluations.
A 3 mm interfragmental gap was filled with vital granulation tissue, after distance osteosynthesis, with a plate. Af-
ter histological preparation of tissue specimens from the interfragmental gap and the bone marrow beside the gap,
the neuropeptides CGRP, Substance P and NPY, with the exception of VIP, were immunohistochemically ex-
pressed. Evidence of CGRP, SP and NPY positive nerve fibers first appeared in the interfragmental gap on the 15th
day postoperatively. At that point in time the length of CGRP positive nerve fibers measured 54 mm/mm3 in the
gap with an increased growth in the bone marrow of 124 mm/mm3. Substance P also showed interfragmental ev-
idence indicating the length of nerve fibers to be 48 mm/mm3 without having reached the length of nerve fibers
in the bone marrow of 82 mm/mm3. 
Our findings indicate that the sprouting of CGRP- and SP-positive nerve fibers originates in bone marrow. A vas-
cularisation in the early stage of osteoneogenesis, after fracture, appears to be unattainable without nerval pep-
tidergic influence and transmission.
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Introduction and problems

The osteoneogenesis in the skeletal system of man is a
process without interruption, from the embryonic
phase to the death of an individual, and has its own
momentum which cannot be influenced externally. In
spite of the numerous probabilities to have a lesion in
a bone by old-age, disease, trauma or an operation, the
regenerative process of osteoneogenesis occurs each
time the bone is modelled. At the present time the in-
fluence of the nervous system on vascularity and on
osteoneogenesis is in question. In our summary of fac-
tors which can influence fracture healing, the term in-
nervation, is missing. A disturbed fracture healing
within patients with severe problems allows us to pre-
sume that the nerval factor will influence the course of
healing significantly (2, 5, 22).

According to recent definitions innervation will al-
so find consideration beside vascularity and biome-
chanics (20, 21). Various factors were considered re-
lating to the condition of  primary and/or secondary
bone healing: for example, wound infections, milieu of
tissue and the effects of medications and hormones.
These multifactorial components work in a supporting
or inhibiting manner on the regulation mechanism and
determine the result, which is osteoneogenesis. Frost
(11, 12) described a multicellular mechanism on tissue
level for the bone. He postulated that important „sup-
porting“ cells exist together with effector cells (differ-
enciated osteoblasts, osteoclasts, fibroblasts) even
with ones own local blood supply and innervation (10,
16). 

Some questions and problems about innervation
relating to morphology, mediators and effects in the
multicellular mechanism in tissue level have not been
resolved at the present time. Although much is still un-
known concerning organotypical innervation of the
skeletal system, we have proven that the supply of
bone and, in particular, the periost, definitely contain
sensorial and autonomous nerves. Alongside of the
adrenergic components when all immunocytochemical
investigations were completed, we found evidence of
different neuropeptides such as CGRP, Substance P,
VIP and NPY. Transmitter and/or modulator sub-
stances CGRP, SP, NPY and VIP are referenced by dif-
ferent authors (6,7,14).

It is logical to assume that an effect in the early
stage of fracture healing occurs since we have im-
munohistochemical proof of neuropeptide positive
fibers in normal bone. The question then arises as to
the point in time of their appearance, localisation,

chemospecification and mode of creation, as all named
neuropeptides are known to have vasoactive effects in
various organ systems (6,7,10).

A model of distance osteosynthesis from the rabbit
tibia was developed in the course of investigating the
impact of the nerval factor in these processes and, in
particular, the clinical aspects. This model produced a
sufficient analysable quantity of vital granulation tis-
sue without having any negative influence on fracture
healing (25).

We are of the opinion that immunohistochemical
and morphometrical methods should first be tried in
order to validate the existence of peptidergic nerve
fibers, with special attention on the role of the marrow
space in bone. 

Material and methods

Animals

These investigations were carried out with thirty fe-
male rabbits (Fa. Thomae GmbH, Biberach, Ger-
many), with ages ranging from 3.5 to 4 months, and
with bodyweight of 3.9 ± 0.4 kg. During the entire
span of time necessary for our experiments the animals
were kept in single cages. „Principles of laboratory an-
imal care“ were stringently followed (NIH publication
No. 86-23, revised 1988). 

Premedication and anaesthesia

Intragluteal mixed solutions comprising 0.4 mg/kg
Ketamin-HCl (Ketavet®, Pharmacia Upjohn GmbH,
Erlangen, Germany), 5 mg/kg 5,6-Dihydro-2-(2,6-xy-
lidino)-4H-1,3-Thiazin (Rompun®, Bayer, Lev-
erkusen, Germany) and 16 mg Pentobarbital-Natrium
(Narcoren®, Rhone Merieux GmbH, Laubheim, Ger-
many) were injected as an initial dose into an ear vein
per catheter (G22/24).

Distance osteosynthesis and operation technique

The operative approach was chosen between the ante-
rior lodge of the tibia and the gastrocnemius caput lat-
erale muscle. Muscles with periost were then pushed
aside at the middle of the tibia and a seven-hole DCP
plate (Maxillofacial product, 6 x 52 mm, Synthes,
Umkirch, Germany) with 6 drill holes for AO cortical
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screws was used for this procedure (2.7 mm, Synthes,
Umkirch, Germany). With the help of an oscillating
saw a 3 mm gap was produced by double osteotomy
up to the height of the synostosis of both fibula and
tibia. Deperiostation followed with the removal of
connective tissue. The homicide of each group of rab-
bits occurred on the 5th, 10th and 15th day postopera-
tively (Narcoren®, 31.25 mg/kg).

Specimen taking and fixation for histology and 
immunohistochemistry

After removing the musculature and the plate, the
granulation tissue specimens were carefully taken out
with a scalpel, and directions were marked to identify
the borders of the interfragmental gap and the marrow
space. The fixation of specimens was performed with
a buffered solution from Zamboni (26) for a duration
of 48 hours at room temperature.

Embedding and histological cut

Specimens were taken in PBS and prepared with Di-
methyl-Sulfoxid (Sigma-Aldrich Chemie GmbH, Mu-
nich, Germany) in sacharose and aqua dest, and then
embedded in paraffin (SP 56 °C; Histosec, Merck,
Darmstadt, Germany). Following these procedures the
specimens were placed into a graduated alcohol solu-
tion. After these processes were completed 8 mm thick
slides of paraffin were produced with a microtome
(Jung, Heidelberg, Germany).

Indirect immunohistochemical techniques

Primary and secondary antibodies were specified for
origin and concentration. The secondary antibodies
showed a definite diaminobenzidin reaction (9). The
conterstaining was prepared partially with hemalum
and when the alcohol content reached its maximum
level the specimens were embedded in Entellan® (Mer-
ck, Darmstadt, Germany).

Morphometry and stereology

To produce density maps quantification of immunore-
active structures was performed with the Overlap-
Technique of Agnati (1) (density of immunoreactive

structures per unit volume). The method of Under-
wood (23) called for calculating  nerve length per vol-
ume („length of line per unit volume - Lv“).

Statistics

Mean values per counting field were calculated for sta-
tistical evaluation of all nerve fibers. A second control
group (specimens of rabbits without operation) was al-
so evaluated. With the help of the known Students t-
test additional significant calculations were made
which we subsequently compared with both control
groups at different postoperative points in time (day 5,
day 10 and day 15 postoperatively). Different qualities
of nerve fibers (CGRP, SP, VIP and NPY) were then
separated. The test for connected random samples (17,
19) was made by using the SPSS computer program
(SPSS-Corporation, Chicago, USA). The three-dimen-
sional calculation of nerve fiber length (mm/mm3) is
based on morphometrical and stereological formulas.
Prevailing rules prevented statistical tests from being
performed.

Applied devices

A lightmicroscope DIAPLAN (Leitz, Wetzlar, Ger-
many) and an investigation microscope MICRO-
PHOT-SA (Nikon,  Düsseldorf, Germany) in combina-
tion with a videocamera PROGRESSIVE 3 CCD
(Sony, Tokyo, Japan) with the true color analysis sys-
tem known as LUCIA G (Nikon, Düsseldorf, Ger-
many) were used in our investigations. Photographs
were produced by using the Stylos Photoprinter and
photo quality glossy film (Epson, Tokyo, Japan)

Results

Histology, model of distance osteosynthesis of the
rabbit tibia

The 3 mm wide gap was filled with vital granulation
tissue, after osteosynthesis, with a plate. We studied
the process of narrowly associated neuroneogenesis
and osteoneogenesis, which are dependent upon the
postoperative space of time in the granulation tissue
and in the marrow space  near the osteotomy and pri-
marily in the distal end of the tibia. After histological
preparation of these tissue specimens, as well as the
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preparations of specimens from the interfragmental
gap of the distal marrow, it was possible to demon-
strate CGRP, SP and NPY by using the indirect im-
munohistochemical technique. The neuropeptide VIP
could not be demonstrated. The immunoreactive struc-
tures were identified positively as nerve fibers, and
were partly visible as typical „string of pearl“-fibers
(Fig. 1). These nerves were identified as having vessel
connections. Reactive structures and the immunoreac-
tivity, as well as the quantity examined, proved to be
dependent upon the point of postoperative time space.
The first evidence of CGRP, SP and NPY appeared in
the interfragmental gap on the 15th postoperative day.
In the control group all three qualities of nerve fibers
were definitely observed to exist in the tissue speci-
mens obtained from the marrow space, while NPY im-
munoreactive nerve fibers were found only in the mar-
row space near osteotomy.  

Statistical evaluation of neuropeptide positive fibers
in the central blood vessel 

The CGRP positive fibers of the marrow space in the
control group indicated a mean value of  0.14 ±  0.08
SEM per vessel counting area (Tab. 1). A comparison
of the control group with the counting results of the
marrow space produced from CGRP per counting field
on the 5th postoperative day showed an adjusted mean
value of 0.14 ±  0.10 SEM (p < 1.00). On the 10th
postoperative day the control group with CGRP posi-

tive nerve fibers indicated a significant increase of the
mean value (0.62 ±  0.16 SEM, p < 0.002). On the 15th
postoperative day another significant increase in the
marrow space of the control group was evident (4.29 ±
2.35 SEM, p < 0.09). On the same day (15th) we ob-
served that the counting results (fibers per counting
field) of the interfragmental callus, when compared
with the counting results of the marrow space, indicat-
ed no significant difference (1.62 ±  0.37 SEM / 4.29
±  2.34 SEM, p > 0.27, t-test for connected random
samples) (Tab 1).

A mean value of  0.05 ±  0.03 SEM was established
for SP positive nerve fibers in the marrow space of the
control group (Tab 1). In a comparison with the con-
trol group the countings indicated that Substance P
(5th postoperative day) had no significant elevation in
the mean value (0.09 ±  0.06 SEM, p < 0.33). Howev-
er, an impressive increase in the mean value appeared
in the marrow space per counting field on the 10th
postoperative day (0.43 ±  0.15 SEM, p < 0.01). Equal-
ly relevant, a significant elevation in the mean value
(1.95 ±  0.45 SEM, p < 0.0001) was visible on the 15th
postoperative day. Within the interfragmental callus in
the marrow space on that same day no significant dif-
ference at the vessel site per counting field was evident
(1.62 ±  0.42 SEM /1.95 ±  0.42 SEM, p > 0.54, t-test
for the connected random samples) when compared
with the neuropeptide positive fibers (Tab. 1).

In the marrow space of the control group, NPY
positive fibers reflected a mean value of 0.05 ±  0.03
SEM per counting field. Countings from the control

Figure 1. Typical "string of
pearl"-fibers (↑)  at a vessel
(↑↑) in the interfragmental
gap on the 15th  postopera-
tive day. Magnification 630
times, CGRP immunostain-
ing, back dye with Hemalum



40 K. Wolf, J. Hamar, E. Höcherl, T. Farkas, C. Pfister

group showed no significant increase of the mean val-
ue in the marrow space per counting field for NPY
when taken on the 5th postoperative day (0.29 ±  0.17
SEM, p < 0.20). On the 10th postoperative day we did
not see any significant increase in the mean value
(0.19 ±  0.08 SEM, p < 0.08). Again, on the 15th post-
operative day no significant increase was visible (0.24
±  0.12 SEM, p < 0.10). When we compared the inter-
fragmental callus with the marrow space on this day
no significant difference per counting area at the ves-
sel site was seen (0.00 ±  0.00 SEM / 0.24 ±  0.12
SEM, p > 0.056, t-test for connected random sample)
(Tab. 1).

Stereological Calculation for Nerve Fiber Length

Data representing different fiber specifications was
posted on the density maps by using the overlap tech-
nique (1). Our primary focus was directed to the ves-
sel site in the counting area. The positive results of
three ocular fields in specimens, which in every case
included seven animals, were added to the total roster.
By using this particular method a numerical registra-
tion of neuropeptide positive fibre calculations was
made at different postoperative points in time. Mark-
ings were made on the density maps to indicate the po-
sition and number of CGRP positive nerve fibers. The
marrow space in the control group represented 3
CGRP positive nerve fibers, and on the 15th postoper-
ative day the number of CGRP positive nerves in-
creased to 44 in the marrow space near the osteotomy.
As previously stated, on the 5th postoperative day, no
neuropeptide positive structures were found. However,
we noticed that in the interfragmental gap the positive
CGRP fibers registered at 19. Regarding the immuno-
histochemical specified nerve fibers, the development

in the postoperative course was measured with the
help of stereological calculations of length in the vol-
ume from Underwood (23). In the distal marrow space
the nerve fibers on the 15th postoperative day showed
a tangible increase in length when compared with the
first control group (Fig. 2). It was observed that the
length of CGRP positive nerve fibers increased to 30
(CGRP control group 4 mm per mm3, CGRP 15th
postoperative day 124 mm per mm3 marrow space).
Substance P positive nerve fibers in the control group
had a low starting value (1 mm per mm3 marrow
space),  however, sometime later we noticed an in-
crease in length measuring 80 (82 mm per mm3 mar-
row space) (Fig. 2). The highest increase in length oc-
curred in the interval between the 10th and 15th post-
operative day (Fig. 2), at which time  we noticed that
the CGRP positive nerve fibers had impressively
lengthened from 19 to 124 mm per mm3. 

Substance P positive nerve fibers increased from
11 to 124 mm per mm3.. Only NPY (Fig. 2) showed a
dynamic which, by a decrease in value on the 10th
postoperative day (6 mm per mm3) revealed equal
length on the 5th as well as on the 15th day (17 mm per
mm3). Observation of the length of CGRP positive
nerve fibers on the 15th postoperative day in the inter-
fragmental gap with the marrow space (Fig. 3) also
showed an increase in the length of nerve fibers in the
gap (54 mm/mm3) and a definite growth in the marrow
space (124 mm pro mm3) (Fig. 3). At the same time we
noticed that Substance P increased in nerve fiber
length (48 mm pro mm3), however, Substance P did
not reach the values in the marrow space  (82 mm per
mm3). Only NPY did not show any neuropeptide pos-
itive fiber growth in the interfragmental gap. The mar-
row space tissue at that point in time measured 17 mm
nerve fibers per mm3.granulation tissue.

Table 1. Number of neuropeptide positive fibers in the bone marrow per counting field of the eye piece. Control
group and postoperative periods of time on the 5th to the 15th postoperative day. Mean values with standard er-
ror of mean (SEM).

Group 1
CGRP

2 
Subst.P

3 
NPY

1/2
p-value

1/3 
p-value

2/3 
p-value

Control 0.14 ± 0.08 0.05 ± 0.01 0.05 ± 0.01 p<0.33 p<0.16 p<1.00

Day 5 0.14 ± 0.10 0.10 ± 0.07 0.29 ± 0.17 p<0.58 p<0.09 p<0.21

Day 10 0.62 ± 0.16 0.43 ± 0.15 0.19 ± 0.09 p<0.36 p<0.009 p<0.17

Day 15 4.29 ± 1.35 1.95 ± 0.45 0.24 ± 0.12 p<0.31 p<0.10 p<0.002
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Discussion

Our model of distance osteosynthesis (25) is essential-
ly different from other animal models which study
fracture healing processes. We found that the healing

of bone fractures exists without foremost participation
of the periost up to the 25th postoperative day. As was
evident, 40 mm3 of granulation tissue grew and this
fact enabled us to continue with our investigations of
histological, osteoneogenetic and immunocytochemi-
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cal processes. We are convinced that the vitality of
bone tissue from the fracture gap has been impressive-
ly demonstrated by our research (24,25).

Further, we observed that the vessel sproutings in
the interfragmental gap, consistently and fundamental-
ly were accompanied by a peptidergic nerve as seen in
our histological photographs. We affirm that CGRP
and Substance P positive nerve fibers are of primary
relevance (10) and we are convinced that the nerval in-
fluence in processes of fracture healing is vessel asso-
ciated.

All our research efforts demonstrate that nerve
fibers emanating from the marrow space are of differ-
ent chemospecifities. CGRP and Substance P in-
creased, as indicated in Figure 2, from the 5th up to the
15th postoperative day. This result provided us with
convincing and documented proof that CGRP im-
munoreactive nerve fibers do most certainly increase
and that they are an inherent process in the fracture
gap. We differ with Hukkanen et al. (14) that the es-
sential origin of peripheral nerves can only be ob-
served in the periost. In distinct contrast, our research
has proven that immunocytochemical results are veri-
fiable and this fact is validated by our findings that
CGRP and Substance P are processes of osteo- and
vasculoneogenesis which have been demonstrated in
the evolution of our research. We restate our convic-
tion that CGRP is one of the most powerful vasodilata-
tory substances: CGRP stimulates the proliferation of
endothelial cells  (13) and the osteogenic bone forma-
tion in vitro (7), CGRP increases the bone mineralisa-
tion in vivo (3,4) and it increases the capillary perme-
ability (8) which is induced from the Bradykinin and
Platelet Activating Factors, CGRP also increases the
forming of c-AMP as well as the formation of os-
teoblasts in certain species (15). A similiar but weaker
development of Substance P positive nerve fibers cor-
responds with the established point of view: that this
octapeptide plays a major and profound role in angio-
genesis (27).

Morphometrical analyses of our immunohisto-
chemical specimens were performed to indicate, ob-
jectively, the increase of peptidergic structures in the
postoperative sequence. Results charted on the density
maps will illustrate the time-dependent distribution of
CGRP positive fibers, which show a progressive
sprouting of nerve fibers from the osteotomy near the
marrow space into the granulation tissue. With the
help of the existing overlay techniques, Agnati and
colleagues (1) have led the way to the still unsolved
problems of how to quantify immunocytochemical re-

actions with mathematical verification of structures in
the area per unit. Agnati developed this method prima-
rily to analyse neuronal tissue in the brain. His work
inspired and helped us to solve various problems in
our research particularly because of the fact that, in the
centre of any region of interest, a vessel diameter ex-
ists. Our findings indicate that nerve association to a
vessel site is an inherent as well as an essential factor
in osteoneogenesis after any bone fracture. 

The establishing of Hukkanen (14) allows us to
agree that: „CGRP is most probably continuously and
increasingly released from stimulated nerve terminals
at the site of the trauma and inflammation. Therefore,
we are of the opinion that this peptide will have direct
effects on bone derived and other surrounding cells“.
And it is evident from our extensive research that bone
marrow is a most important area for the sprouting of
vasculo- and osteoneogenetic processes. 

We wish to point out that our investigations with
Laser-Doppler-Flowmetry (characterization of vari-
ables of microcirculation) revealed the influence of ex-
ogen supplied neuropeptides. CGRP and Substance P
produced measurable effects in the vessels exactly on
the 10th and 15th postoperative days. All results from
our research prove the existence of immunoreactive
structures. Our findings indicate a progressive influ-
ence in fracture healing when CGRP is applied local-
ly, and above all, to patients who have critical bone
conditions. These findings consistently prove that a
measurable vascular effect is attainable when using
extremely low concentrations of neuropeptides (18). 

At the present time we cannot verify that VIP im-
munoreactive structures exist in the postoperative
course. It is a well known fact however that VIP posi-
tive nerve fibers exist in the periost and in the neigh-
boring connective tissue, and we know that NPY im-
munoreactivity can only be demonstrated up to the
25th postoperative day, and only in the marrow space
near osteotomy. As we did not find any fibers in the
tissue of the interfragmental gap, we concluded that
the known osteotrophic effect of NPY after osteosyn-
thesis will only be effective at the level of remodelling
of the de novo created bone.

We arrived at the following conclusions:
a) The „sprouting out“ of CGRP and SP positive nerve

fibers definitely emanates from bone marrow, and
that specific care is essential and should be given to
the marrow space during surgical interventions after
fracture.
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b) In the early phase of osteoneogenesis the role of
vascularisation after fracture is unlikely without
nerval peptidergic influence or procurement.

c) We recommend that further clinical investigations
and basic research into innervation and fracture
healing be carried out in the not too distant future.
All our research findings strongly indicate that
CGRP and Substance P have major significance in
processes of fracture healing. We have proven that
these substances most clearly affect cellular com-
partments of bone and/or granulation tissue.
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Abstract

Our actual surgical experience with the transposed groin flap provides valid proof that an autonomous blood cir-
culation is derived from the recipient site before disconnection of the pedicle of the flap. The tangible benefits ob-
tained from the use of Laser-Doppler-Flowmetry (LDF) and the Absorption-Tissue-Spectrometry (ATS) were ap-
parent during two operations as outlined in this report. Case reports have been published which claim that an au-
tonomous blood supply from the recipient site failed to appear. We think, therefore, that the autonomy of blood
vessels, from the groin flap pedicle, can safely be excluded so that surgeons can determine the exact point in time
for a disconnection of the groin flap when using guidelines from numerical values. Standardized procedures and
rules need to be established for the application of LDF and ATS as we are convinced that these systems can be the
basis for training broad groups of potential users worldwide. These methods have been used on two patients and
we documented the preoperative conditions of the pedicle disconnections. The LDF system represents a physio-
logical term which is synonymous with „microcirculation“. The numerical values represent the conditions of the
existing blood volume in the capillaries as well as the velocity of blood particles which float throughout the ves-
sel system. The ATS system measures the oxygen (O2) saturation of the hemoglobin in the analysed tissue volume
as well as in the local concentration. While studying the groin flap transposition to the upper extremity of the in-
jured hand we made a comparison with the contralateral hand as well as with the contralateral groin region. On
the day prior to the operative separation we analysed the clamping of the pedicle during a two hour period. We
were faced with specific demands which were strictly followed prior to the operative disconnection of the pedicle
of the flap. We recognised the importance that there be a continuous flow of blood in the flap without any decrease
of counts after the clamping procedure ends. The tolerable decrease of oxygen saturation of the hemoglobin meas-
ured slightly below 25 % of the starting value. We realized that for this procedure to be successful the hemoglo-
bin concentration should not decrease once the clamping procedure begins and that this procedure requires an in-
terface with granulation tissue.  After  a period of three weeks we discovered that the transposed groin flap
matched the tissue proportionality of the upper extremities. The LDF and the ATS systems are excellent  methods
which have helped us to resolve the question of how to monitor a sufficient blood supply flowing out of the re-
cipient site. Having utilized these methods we have proven that the retrograde blood supply after clamping of the
flap pedicle from the upper extremity is measurable. Also by using the channel system of the flexible Laser
Doppler Opto Flow it was possible for us to obtain a full spectrum of safety. These results confirmed and rein-
forced our decision to proceed with the pedicle disconnection.
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Foreword

A group of surgeons, technicians and natural scientists
shared ideas, experiences and observations concerning
microcirculation, hence the origin of this report. 

Numerous indepth, yet informal discussions
brought an awareness that these experiences and ob-
servations would be helpful to other investigators. The
information contained in our report delineates the ben-
efits obtained when the Laser-Doppler-Flowmetry sys-
tem is used in combination with conventional opera-
tive procedures. 

The LDF system with all its components was de-
veloped and manufactured in Germany. This remark-
able system provides accurate measurements during
complex operative procedures thus allowing surgeons
to monitor bodily processes while patients undergo se-
rious operations following catastrophic accidents
which, of course, necessitate skillful surgical interven-
tion.

We are convinced that the LDF system can and
should be widely used and as we have seen, in the long
run, patients can reenter their daily lives with an abili-
ty to resume activities and duties. 

As a collective effort, this report was written in the
German language and translated by Dr. K. Wolf into
English for publication.

Introduction

The operative treatment of a traumatised hand can be
characterized as the most important challenge for the
surgical community today. The acute situation as well
as the reconstructive phase require transposed flaps or
free flaps (26). Although these operative procedures
require careful monitoring of the microcirculation no
standardised procedures have been established for this
new and innovative technology (2,3,11,19,23). More
recent experimental research into the field of Laser-
Doppler-Flowmetry (27) provides promising and tan-
gible applications. We have seen that by using Laser-
Doppler-Flowmetry (LDF) and the Absorption-Tissue-
Spectrometry (ATS) a unique and unparalled service is
available to patients who suffer from serious trauma.
Unfortunately, prescriptions and formulas for this LDF
system which accurately measures index values for pa-
tients who suffer catastrophic accidents to the hand
and who require immediate surgery as well as tissue
flaps are not available at this time. Our experience has
convinced us that there is need for further research!

Problems

As is generally known the primary autonomy of the
blood supply is present in the vessel anastomoses of
free flaps as well as in the vessels of the pedicle of a
transposed flap. This autonomy can be lost as a result
of the angio and vasculoneogenesis in the granulation
tissue in the recipient site. Case reports have been pub-
lished which state that there is a persistent autonomy
of the primary blood supply. We have a conflicting ob-
servation: operative damage to the pedicle of the flap
can, and often does, lead to necrosis of the flap (11).

The primary objective for a transposition of the
groin flap is to cover tissue defects in the hand. Dis-
connection of the vessel pedicle occurs approximately
three weeks later. A retrograde blood supply at this
juncture flows through the de novo growing granula-
tion tissue which can be explained by angioneogenesis
and vasculoneogenesis (1).

A transposition of the groin flap is generally per-
formed when there are serious injuries to the hand and
replantation is essential. Surgeons are often obliged to
operate on damaged and underperfused tissue. Today
surgeons are faced with a huge challenge: how to find
the exact point in time for the disconnection of the
pedicle. The importance of the time factor is vastly dif-
ferent from other recommendations which encourage
disconnection of the pedicle of the flap after three
weeks. We recognise therefore that  a sufficient retro-
grade blood supply between the transponated flap and
the surface of the recipient site is of major importance
for transponate survival. An unrecognised demarcation
from the necrotic tissue layer can become a serious
risk factor and this could delude even the most experi-
enced investigator and thus lead to the flap being loos-
ened. 

The primary existing autonomy of a vessel supply
coming out from out of the groin site generally  dis-
solves after this point in time when the disconnection
of the flap pedicle occurs. For the purpose of continu-
ity of the blood flow two procedures at two different
points in time are necessary. During our first operation
when the disconnection of the main vessels in the
pedicle of the flap took place (26), a thin skin and tis-
sue bridge remained. During the second operation the
pedicle of the flap was totally cut out.

The successful use of standardized LDF was
demonstrated in our analysis of microcirculation by
our two patients. It is important to mention that during
these operations a misjudgement would have resulted
in a loss of the flap for both patients, culminating in
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the loss of some segments of the hand. Our surgical
task was to exclude a persistent primary autonomy of
the supplying vessels in the pedicle of the groin flap,
and then to prove that a newly growing angioneogen-
esis with vasculoneogenesis is possible in the recipient
site. We restate our opinion that guidelines need to be
assembled which relate to all applications of LDF and
ATS. When industrially produced equipment is made
available to a broad group of investigators we are con-
vinced that this will be of invaluable help in demon-
strating the benefits derived from obtaining patho-
physiological numerical values which will assist sur-
geons during operative procedures.

Patients and methods

Casuistry

Case Report 1

A 20 year old man sustained multiple injuries when as
a passenger in the front seat of a car an accident thrust
him out of the vehicle which turned over. The young
man struggled to release himself, however his right
hand was caught in parts of the car and in the ground.

Ninety five minutes later he was flown to our hos-
pital by helicopter. The intraoperative situation re-
vealed a subtotal amputation of the right hand with a
glove like avulsion injury and dismemberment at four
different levels to his upper extremity.

The skin and the soft tissue layer was glove like
avulsed (Fig. 1a) outward from the carpus. The hand
was axial devided in two parts: the thumb with the
thenar eminence and the palm with four long fingers.
Fractures were sustained in numerous parts of the ex-
tremity. There was a fracture of the first metacarpal
bone as well as fractures in the palm of metacarpal III,
IV and V (level 1). Additionally, a fracture of the
scaphoid (level 2) and a fracture of the ulna 7 cm prox-
imal of the wrist (level 3), and a supracondylar fracture
(level 4). The radial artery with the superficial palmar
arch was totally torn out. The ulnar artery of the fore-
arm was disconnected. The tendons of the extensor
pollicis longus muscle, abductor pollicis longus mus-
cle and flexor pollicis longus muscle were pulled
away. At the dorsal site the extensor tendons of long
fingers in the forearm were also pulled out. Our surgi-
cal sequence began with the pin osteosynthesis of
metacarpal bones I, III, IV und V for fixation of the
partially amputated hand (Fig 1b). The next step began

with the revascularisation of the midhand and the long
fingers with the suture of the ulnar artery. We contin-
ued with a preparation of the pulled out vessels of the
superficial palmar arch and the radial artery for the
revascularisation of the thumb and the thenar emi-
nence. Additionally we prepared the proximal stumps
of the medianus nerve which had segmental defects. A
splitting of the lodges was performed at the forearm
and when this procedure ended we used superficial
skin to cover the damaged skin.

Three days later necrosectomie of the thumb mus-
cles was performed. A venous bypass was given to the
thumb to improve the blood circulation of the thumb
eminence. Two venous anastomoses followed. While
performing the operation on the ulnar shaft fracture we
inserted a low contact DC plate (Synthes, Umkirch,
Germany). A supracondylar fracture of the same ex-
tremity was prepared with cannulated screws. Six days
later (day 9 posttrauma) the major step was taken for
the transposition of a groin flap (Fig. 1c, 1d) for tissue
covering in the palm and on the dorsum of the hand.
We first performed a radical debridement with resec-
tion of the differentiated thumb. Additionally we per-
formed a skin graft transplantation at the forearm. Af-
ter a continuous training time, which started at the be-
ginning of the second week and continued until the
end of the third week, the retrograde vascularisation
proved to be successful again with the support of the
LDF technology. The disconnection took place on the
following day. An analysis followed with the help of
LDF before cutting through the pedicle of the flap
(Fig. 1e, 1f). Disconnection of the flap occured on the
27th day after the transposition.

Case report 2

While working a night shift at a newsprint company a
38 year old woman inadvertently placed her left hand
under a moving mechanical assembly drive. Complete
amputation resulted and a glove like avulsion injury
occured in the soft tissue cover of the thumb. Only the
skeletal and tendon parts were sustained (Fig. 2a). The
amputated part of the thumb was totally disturbed and
only soft tissue in one third of the circumference could
be seen. All the arteries and nerves were pulled out.
We determined that an immediate operation was es-
sential in order to help this patient (Fig. 2b). One week
after the postoperative training began, we clamped the
pedicle of the groin flap. Until the end of the third
postoperative week the clamping training increased to
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Figure 1. Case Report 1. The 20 year old patient sustained multiple injuries when as a passenger in the front seat
of a car an accident thrust him out of the car which turned over.
Figure 1a. Intraoperative findings of a patient with glove like avulsed soft tissue. The hand was axial devided in
two parts: the thumb and the palm with the four long fingers.
Figure 1b. Pin osteosynthesis of the metacarpal bones for fixation of the partially amputated hand.
Figure 1c. Transposition of a groin flap to the hand, nine days posttraumatic.
Figure 1d. Tissue covering in the palm and on the dorsum of the hand. Radical debridement with resection of the
damaged thumb.
Figure 1e. Analysis with the help of Laser-Doppler-Flowmetry.
Figure 1f. Retrograde vascularisation proved to be successful. LDF numeric values without decrease of the meas-
uring level after clamping.
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Figure 2. Case report 2. A 38 year old women inadvertently placed her left hand under a moving mechanical as-
sembly drive.
Figure 2a. Complete amputation with glove like avulsion injury. Destruction of the amputated thumb with soft tis-
sue in several levels.
Figure 2b. Immediate operation and covering with a transponated groin flap for transposition to the left thumb.
Figure 2c. Measuring system at the groin flap transponate. 
Figure 2d. Retrograde blood supply was secured with help of Laser-Doppler-Flowmetry and Absorption-Tissue-
Spectrometry
Figure 2e. Radial sight after modified Wrap-around-transfer of the ipsilateral big toe to the hand.
Figure 2f. Wrap-around-Transfer, palmar sight of the hand.
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two hours. With help from the LDF (Fig. 2c) and the
ATS systems the retrograde blood supply flowing
through the forearm was secured before cutting the
groin flap (Fig.2d). We disconnected the pedicle of the
groin flap one  day later. The operative result showed
a vital groin flap. A wrap around flap from the ipsilat-
eral big toe was transplanted after 9 months (Fig. 2e,
2f).

Laser-Doppler-Flowmetry

The LDF system demonstrates and validates the neces-
sity for accurate measurements of blood movement
during operative procedures which measure the in-
creasing and/or decreasing effects of procedures and
the accurate measurements of microcirculation (7).
Laser-Doppler-Flowmetry reveals, in special cases,
the relevance of blood flow in a noninvasive and re-
producible manner and these systems assist surgeons
by evaluating the effects of procedures, and at the
same time numeric values of increased and/or de-
creased microcirculation. The physiological term „cir-
culation“ is valid and determines two important pa-
rameters: first the volume of blood in the capillaries
and second, the velocity of the blood flow within the
blood vessels. 

The LDF system produces an output signal which
is proportional to the blood cell perfusion. This is very
important as microcirculation measures the product of
the mean flow velocity as well as the mean count of
blood cells in the defined tissue volume which is
measured by the laser beam. 

Formula:

Microcirculation                number of           mean
(Blood cell perfusion)   =   blood cells    x   velocity

circulating        of the cells
in the tissue specimens

The LDF system provides a highly sensitive
method by which measuring values can be correlated
with real values of bloodperfusion. It searches out the
measured numeric counts which are relative values. It
is essential to consider the fact that in different tissue
qualities the factor of proportionality varies. The LDF
system allows a continuous measurement without in-
fluencing the circulation of blood cells. Not to be over-
looked is the fact that the blood perfusion units repre-
sent relative values of a motility standard.

Utilisation of the LDF equipment (Opto Flow,
LEA, Gießen, Germany) scans and measures the sur-
face of the skin down into a tissue depth of 14 mm.
The relative blood flow can be measured in a real time
procedure. The time factor allows a concomitant ob-
servation: first, the changes of blood flow in different
tissue depths and second, at different measuring points
such as extremities, the groin, the abdomen, etc. The
blood flow measurement is not restricted to the total
volume alone but parallels a deep selective real time
analysis of the blood flow in different tissue layers. 

The measuring volume can be calculated up to
3,600 mm3. The laser beam frequently shifts and fo-
cuses on the streaming blood particles. The LDF sys-
tem analyses the optical doppler frequency with Fast
Fourier Transformation in real time. The higher the
speed of the doppler shift the  more erythrocytes can
be seen in the tissue.

Absorption-Tissue-Spectrometry

The Opto Flow of ATS provides a parallel benefit. The
ATS system is suitable for a non invasive determina-
tion of the oxygen supply in the blood circulation of
the tissue. Serious scientific questions arise: for exam-
ple, analyses of angiogenesis. With precision one ob-
tains the value of oxygen saturation in the hemoglobin.
At a parallel point in time the local concentration of
hemoglobin will be evaluated in the tissue being inves-
tigated. Hemoglobin of the arterial circulation contains
100 % oxygen. In the peripheral tissue the oxygen will
remain alongside the capillaries in the cells. There is
an adequately low saturation of the hemoglobin in the
tissue parts at the venous ends of the capillaries which
keeps on flowing into the „venules“ and veins.

The equipment is a two channel system. It straight-
ens and allows a determination of the oxygenation of
hemoglobin (SO2 %) as well as in the hemoglobin con-
centration (HB conc) into two tissue depths. 

The laser light of the ATS system penetrates tissue
and displays the colour of blood. The system also
analyses the visible light and evaluates the oxygen sat-
uration via a colour spectrum. Whenever white light
enters tissue a spectral change occurs. The saturation
of hemoglobin obtained from a red coloured dye in the
blood produces different colours: the saturated arterial
blood appears as light-red, while the venous blood ap-
pears as a dark-red or violet colour.

With the help of the ATS system the local concen-
tration of hemoglobin can be calculated. The mecha-
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nism operates with minimal sound while the absorp-
tion values of the hemoglobin are extracted from the
total wave length area. The level of hemoglobin values
correlates exponentially with the calculated integral
values. The basic scatter spectrum can evaluate the
norm of the tissue spectrum with the help of the ATS
system. This system allows one to quantify the local
tissue value of hemoglobin concentration in a repro-
ducible and verifiable manner.

The measurement procedure can be used with a
sonde measurement in combination with the LDF sys-
tem. Thus the energetic cell metabolism which is con-
nected to the receptivity of oxygen can be evaluated.
The level of the oxygen saturation correlates exponen-
tially with all calculated integral values.

Measurement table

The counts of LDF were measured, as were the oxy-
gen and hemoglobin concentrations. Measurements
were taken at the same locations parallel to the on line
procedure and in real time. 
The measurement table included three parts:
1. The LDF and ATS values were compared with those

of the contralateral thumb as well as with the con-
tralateral region of the groin. 

2. A clamping of the groin flap was analysed over a
time space of 2 hours (Abb. 1e, 1f), and between
each measurement there was an interval of 15 min-
utes. 

3. The development of a transposed groin flap was
recorded: at rest, at a clamping phase, and at the
time when the clamp was opened. 

Statistics

For a statistical evaluation changes in oxygen satura-
tion were calculated in mean values with Standard Er-
ror of Mean (SEM). In the control group various meas-
urements were taken: at the contralateral thumb and in
the region of the contralateral groin. Additional and
significant calculations were also taken with the help
of the Students t-test for purposes of comparison. The
test for connected tissue samples (15, 17) from the
computer program SPSS was used (SPSS-Corpora-
tion, Chicago, USA).

We required specific proof of reactions concerning
the comparability with all contralateral body areas.
This necessitated an indepth investigation of the non-

operated dorsum of the hand at the contralateral side,
as well as in the forearm of the operated side. 

We chose two levels of tissue for measurement out
of all possible depths. The first was at a level of 2 mm
which corresponded with the microcirculation of the
skin. The second level corresponded with a depth of 8
mm from the subcutaneous tissue of the groin flap.

Results

Groin flap in comparison with thumb and groin flap
region of the contralateral side

Different depths of measurement indicated diverse re-
sults in measurement of the microcirculation (Fig.3a).
From the first measurement level (2 mm depth) the
groin flap measured a value of 1.1 Counts. The meas-
urement level of the second depth (8 mm depth) indi-
cated 2.3 Counts  (Fig. 3a). In the deeper tissue layer
we noticed that the microcirculation revealed a higher
count value, and at the contralateral thumb the meas-
urements were 0.8 Counts (level 1) and 2.4 Counts
(level 2). It was remarkable that the value from the
contralateral thumb of 2.4 Counts was similar to the
transposed groin flap which measured 2.3 Counts. We
were truly astonished when the microcirculation of the
contralateral groin area in the measuring level 2
showed a decreased value from one third to 1.4
Counts. 

The ATS system indicated a high oxygen saturation
in the transposed groin flap (Fig. 3b) with 93.1 ± 1.4
%. This value was statistically significantly higher in
comparison with the mean value of the contralateral
thumb (60.6 ± 0.6 % oxygen saturation; p < 0.000) and
the contralateral groin region  (55.3 ± 0.4 % oxygen
saturation; p < 0.000). In the transposed groin flap the
ATS system showed a hemoglobin content of 64.5 ±
0.3 (Fig. 3c). A comparison with the measuring values
of the thumb of the contralateral side revealed a signif-
icantly lower need for hemoglobin (47.3 ± 0.2; p <
0.000), and the reaction from the contralateral groin
area registered lower (34.4 ± 0.6, p < 0.000).

Clamping procedure at the groin flap and progress
during 2 hours

The clamping procedure at the base of the transposed
groin flap (Fig. 4a) showed a decrease in the microcir-
culation with a low count value. During the clamping
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Figure 3. Development of Microcirculation, O2-Saturation of Hemoglobin, Concentration of Hemoglobin.
Figure 3a. Microcirculation. Different depths of measurement indicated diverse results of the microcirculation.
Figure 3b. O2-Saturation of Hemoglobin.
(*) = statistical significant difference of the groin flap numeric values to the contralateral thumb and to the con-
tralateral groin region.
(#)(+)(0) = statistical significant difference of the groin flap numeric values. Comparison of the measured numer-
ic values with the starting value. 
Figure 3c. Concentration of Hemoglobin.
(*) = statistical significant difference of the groin flap numeric values to the contralateral thumb and the con-
tralateral groin region.
(+)(0) = statistical significant difference of the groin flap numeric values. Comparison of the measured numeric
values from the clamping procedure with the starting value.
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Figure 4. Development of Microcirculation, O2-Saturation of Hemoglobin, Concentration of Hemoglobin over a
time period of 2 hours.
Figure 4a. Microcirculation. Time point 0 (min) shows the measured numeric value of the groin flap before the be-
ginning and at the start of the clamping procedure.
o       o  =  Level 1  =  Level 2
Figure 4b. O2-Saturation of Hemoglobin.
(*) = significant decrease of O2-saturation during the clamping procedure compared to the numeric value of the
starting point.
Figure 4c. Concentration of Hemoglobin.
(*) = significant difference to the measured numeric value of the starting point. Slight but significant increase of
hemoglobin concentration
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procedure, which lasted two hours, the microcircula-
tion in the measuring level 2 at the groin flap was rel-
atively constant with values ranging from 2.3 to 2.5
Counts (Fig. 3a). In measuring level 1 a temporary and
staggered decrease of microcirculation from 1.1
Counts to 0.5 Counts was visible. The measurement of
oxygen saturation during the clamping procedure (Fig.
3b) showed a base value of 93.1 ± 1.4 %. After a 15
minute delay there was a significant statistical de-
crease to 76.8 ± 0.2 % of oxygen saturation (p <
0,000).  An evaluation of the hemoglobin concentra-
tion followed (Fig. 3c) and in a comparison with the
starting point of 64.5 ± 0.3, we found no significant
difference in value (63.0 ± 0.0; p < 0.51). After remov-
ing the clamp the numeric value increased significant-
ly (66.6 ± 0.2). Fifteen minutes later we revealed a sig-
nificant increase to 71.0 ± 0.1 Counts.

General view of tissue reactions from the groin flap

In  general the LDF results (Fig. 4a) obtained from the
clamping procedure (level 1) of the transposed groin
flap indicated a flow of 1.1 Counts. The microcircula-
tion increased during the clamping procedure to a val-
ue of 1.2 Counts and decreased during a period of two
hours to 0.8. Towards the end of the measuring proce-
dure we observed a further decrease to 0.5 Counts. 

A totally different situation occurred when we
measured level 2. Prior to the clamping procedure the
microcirculation in the measuring level 2 began with a
point value of 2.3 Counts. Fifteen minutes later we no-
ticed a slight increase to 2.4 Counts. This elevated lev-
el remained  constant for a duration of 2 hours. We re-
moved the clamp 15 minutes later at which point the
count value registered 2.3. 

The ATS system (Fig. 4b) showed, in comparison
with the starting point (93.1 ± 1.14 % oxygen satura-
tion), a slight nonsignificant increase (96.0 ± 1,1) and
then a significant decrease to 76.8 ± 0.2 % oxygen sat-
uration and this decrease occurred 30 minutes after the
clamping procedure (p < 0.000). At the end of the
clamping procedure the oxygen saturation measured
was 79.2 ± 0.3 %. This was significantly lower in com-
parison with the starting point level (93.1 ± 1.4; p <
0,000). Once the clamping procedure ended we ob-
served a significant increase (80.8 ± 0.6 % O2-satura-
tion) in comparison with the end value of the clamping
procedure (79.2 ± 0,3; p < 0.02). 

The measurement of the hemoglobin concentration
(Fig. 4c; after 15 minutes clamping time) showed no

significant change (64.3 ± 0.2; p < 0.51) in comparison
with the situation at the starting point (64.5 ± 0.3). Af-
ter 30 minutes a significant increase (64,3 ± 0.2) was
revealed. A two hour clamping time was necessary.
When it ended we observed a slight but significant in-
crease of hemoglobin concentration to 66.6 ± 0.2 % (p
<0,000). The final removal of the clamp led to a sig-
nificant increase in the hemoglobin concentration with
a value of 71.0 ± 0.1 % (p  0.000).

Discussion

The Laser-Doppler-Flowmetry is a preferable method
to all other systems because this system enables one to
effectively answer a vital question: whether or not
there is sufficient blood supply in a recipient site. By
using this method we have proven that a retrograde
blood flow from the flap of the upper extremity does
occur. An equal niveau of the microcirculation (Fig.
3a-c) was present and hence measurable. We have
proven that there is a retrograde autonomy in the mi-
crocirculation. 

It was remarkable that once the clamping of the
pedicle occured the oxygen saturation of hemoglobin
reached a plateau and remained constant with all other
values. This is clear evidence that a retrograde auton-
omy of the oxygen saturation of hemoglobin from the
upper extremity takes place. Measurements indicated a
constant value of 80 % oxygen saturation and this pre-
sented percentage validated  our opinion that there is
sufficient hemoglobin in the groin flap.

A new and recognisable factor arose when we
measured the value of hemoglobin concentration in the
investigated groin flap. We observed that no decrease
occurred once the clamping procedure ended. At the
time of clamping an increased concentration of hemo-
globin was observed. We found this to be phenominal.
We conducted statistical analyses which indicated sig-
nificant differences. And the increase of hemoglobin
concentration prooves that there is a transfer of a spe-
cific tissue proportionality from the recipient site.

Before clamping the pedicle, the transposed groin
flap measurement remained at the same level in the ip-
silateral hand. The flow was 40 % lower than on the
contralateral side. This fact is a hint to all researchers
suggesting that there is a need to adopt different and
specific tissue proportionalities. We have observed
that the groin flap transponate possesses an increased
oxygen saturation of hemoglobin (Fig. 1b), which is
similar to the contralateral upper extremity (93.1%).
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This mechanism needs to be established as a require-
ment which can function as an interface for granula-
tion tissue. The newly formed layer of granulation tis-
sue with its numerous capillaries decreases the veloci-
ty of erythrocytes and forms a strongly filled network
with new capillaries having oxygen saturated hemo-
globin. The LDF values of the transposed groin flap
and the hand of the contralateral side revealed a bal-
anced level of counting values. We have included this
formula in our report on microcirculation. 

A dimensional shift occurs in the count value of
microcirculation because there are two impacting fac-
tors: the number of blood cells and the velocity of
blood cells. The number of blood cells increases and
the velocity decreases. The stimuli for new formations
of granulation tissue is related to the development of
minute capillaries and the release of mediators. The
oxygen saturation of hemoglobin is based on erythro-
cytes increasing in the groin flap and when this occurs
the measured value is significantly higher than in the
contralateral groin area. 

We also found that the measuring values of the Op-
to Flow system (LEA, Gießen, Germany) contains re-
markable prognostic parameters. Our recommenda-
tions for assessment of prognosis are listed in Table 1.
The flow from the flap indicates a constant value with-
out any decrease in the curve of the measuring values.
The microcirculation in the measurement level of the
skin can decrease by 20 % in comparison with the
starting value. The change in oxygen saturation of the
hemoglobin should remain below 25 % as it is very
important that the concentration of hemoglobin re-
mains constant. 

On the tenth postoperative day a training of the
groin flap began for autonomisation in the circulation
of the flap. The pedicle was compressed with a rubber
covered clamp. The lengthening of compression time
(3 x 5 minutes to two hours a day) led to an increased
support of the flap from the upper extremity. After
clamping the pedicle a continuous capillary pulse was
a manifestation indicating increased vascularisation
out of the upper extremities. The cutting through of the
flap pedicle followed after three weeks. Vital questions
arise: Is  the  pedicle  needed  for  covering  the  donor
site? Is it possible for the artery to be ligated and cut
on the 21th day? Does the skin flap totally cover the
defect? Should the flap remain and the skin be
stemmed for more than three weeks?

Although flap transplantation is connected with the
fixed parts of surgical reconstructive covering of tissue
defects, it is unclear whether or not the muscle flap

will be postoperative over a long span of time
(months, years) and remain autonomously perfused
over a vessel site from the microsurgical reconstructed
vessel pedicle. Also we question whether or not the
pedicle will be independent from the process of neo-
vascularisation which emanates from out of the recip-
ient site (autonomous flap perfusion by the recipient
site). In various publications case studies have includ-
ed statements verifying the fact that a flap necrosis ap-
peared after a disconnection and/or injury thus damag-
ing the vessel pedicle even after eight years (16, 18,
22). 

A truly new spectrum of safety and confidence ap-
pears when the Laser-Doppler-Flowmetry Opto Flow
is utilised. This system is a valuable tool which can be
relied upon as it allows surgeons, scientists and techni-
cians to accurately decide when there is sufficient mi-
crocirculation. 
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Introduction

Asthma is an obstructive lung disease characterized
with eosinophilic bronchial inflammation and related
bronchial hyperreactivity. Although bronchial inflam-
mation still remains, airway obstruction may improve
with drugs or spontaneously. This feature differenti-
ates asthma from chronic obstructive pulmonary dis-
ease (1).

Apart from patients with chronic obstructive pul-
monary disease (COPD), in asthma patients 15-20
minutes after 200 microgram salbutamol inhalation,
12% or more increase in forced expiratory volume in
one second (FEV1) or 200 ml or more increase in ini-
tial value is a reliable marker of reversible airway ob-
struction (reversibility test). 

It is known that inflammation and related hyperre-
activity still continue even if obstruction cannot be de-
termined. Thus 20 % or more decrease in initial FEV1
value is also a characteristic feature for asthma (non-
specific bronchoprovocation test) (NSBPT) (1-5). 

NSBPT, which is performed to show hyperreactiv-
ity in cases with normal pulmonary function tests, re-
quires fresh solution and dosimeter. All the equip-
ments are used for standardizing tests and it takes
more time than reversibility. Stability of the solutions
that are used for tests does not last long. NSBPT, dis-
tinct from the reversibility test that could be done in
every centre that performs pulmonary function test,
cannot be performed in every centre easily (6-9).

In this study, we compared NSBPT and reversibil-
ity test and reversibility test’s diagnostic value in the
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Abstract

Asthma is a reversible obstructive lung disease, which can be symptom free spontaneously or with the treatment.
Thus, no obstruction can be determined in pulmonary function tests though patients are admitted to the physician
with clinical symptoms. For the diagnosis of asthma, reversibility and bronchoprovocation tests are used. Howev-
er patients have symptoms but not physical findings or obstruction in pulmonary function tests, they get better
with medication. So, it is thought that there may be reversibility in these cases. In this study 5% or more increase
in the initial value of FEV1 following salbutamol inhalation in pulmonary function tests of asthma patients with
no obstruction but with clinical findings was considered positive reversibility test (modified reversibility test).
Modified reversibility test’s specificity and sensitivity was 54% and 55% respectively. 
As a result, it was concluded that modified reversibility test is not as useful as a diagnostic test as bronchoprovo-
cation in this group of patients.

Abbreviations:
COPD: chronic obstructive pulmonary disease; NSBPT: non-specific bronchoprovocation test; PD20: provocative
dose; FEV1: forced expiratory volume in one second; FVC: forced vital capacity; FEF25-75%: forced expiratory
flow rate; PEF: peak expiratory flow
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patient population with normal pulmonary function
tests but with pulmonary complaints and in a healthy
control group. 

Material and methods

Flow and volume measurements were performed 3
times with Sensormedics Vmax 229 spirometry in all
cases that had been admitted to the outpatient clinic of
Istanbul Faculty of Medicine with recurrent shortness
of breath and wheezing. Forced vital capacity (FVC),
FEV1, FEV1/FVC, forced expiratory flow rate
(FEF25-75%), peak expiratory flow (PEF) measure-
ments were evaluated. The biggest sum of FEV1 and
FVC was recorded. Forty-five NSBPT positive cases
(group A), which had 85% or more in predicted value
of FEV1, FVC, FEV1/FVC, 75% or more in FEF25-
75% and PEF value and diagnosed asthma clinically,
were enrolled to the study. Smoker cases stopped
smoking at least 48 hours before the tests.

Eleven healthy volunteers who didn’t have any up-
per or lower respiratory tract infection for 6 months
and symptoms related to the respiratory system, were
chosen as the control group (Group C). 

Any patient who has another condition that results
with bronchial hyperreactivity was excluded.

Performed tests and followed approaches are
shown in Figure 1 for all cases. 200 microgram salbu-

tamol metered dose inhaler was used for reversibility
test. Test was repeated 20 minutes after salbutamol in-
halation. FVC, FEV1, FEV1/FVC, isoFEF25-75%,
PEF were measured on the basis of reversibility initial
value and absolute value, FEV1, FEV1/FVC,
isoFEF25-75% were measured on the basis of predict-
ed value. 

Non-specific bronchoprovocation test was done 24
hours after reversibility test. Histamine was given in
increasing doses with dosimeter in NSBPT. Test was
stopped when 20% or more decrease (PD20) in initial
FEV1 was determined or cumulative histamine dose
was more than 8 mg/ml. PD20 value was calculated
with Sensormedics Vmax 229spirometry and “Bron-
cho Challenge” database programme. 

Results

45 asthma patients (group A) and 11 voluntary cases
(group C) were enrolled to the study. The distribution
of cases in A and C groups according to the gender (fe-
male/male and respectively) were 39/6 and 6/5 and the
mean age was 33 ± 12 and 26 ± 8 respectively. 2 cas-
es (18%) in group C and 10 cases (22%) in group A
were smokers. 

FVC, FEV1, FEF25-75%, PEF and FEV1/FVC
values of the control group were 4368 ± 932, 3868 ±
957, 4556 ± 1537, 7242 ± 2682 ml and 88 ± 1% re-

                Suspicion of 
Patients     Anamnesis/Physical Examination  Asthma?            Chest X-ray 
(Group A) 

 
         Suspicion of  

Asthma    
 

          Another Disease 
Pulmonary Function Tests  FEV1-FVC-FEV1/FVC < %85 

    FEF25-75%, PEF < % 75     
 

No           Yes  

                                Exclude 
 

Reversibility 
 
 
 Following Day 
 
 
Nonspecific 

 Bronchoprovocation Test 
 
        No 
          Yes 
Control Cases 
     Group C         Diagnosed Pulmonary Disease History   

      and/or 
     Respiratory tract infection last 6 months Figure 1. Inclusion criteria
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spectively. The measured values of asthma patients
were 3578 ± 886, 2900 ± 651, 3918 ± 719, 5487 ±
1562ml and 81 ± 0.7% respectively (Table 1). 

NSBPT with histamine was performed to all cases.
NSBPT ’s cumulative dose threshold value (8 mg/ml)
was exceeded in group C. When FEV1 value dropped
less than 20% or the threshold value was exceeded the
test was considered negative. PD20 value determined
in Group A was positive (1.24 ± 1.52 mg/ml) (Table 2).
This value was significantly less in asthma group than
control group (p<0.05).

Baseline reversibility results in group C were 2% ±
2 for FVC, 3% ± 3 for FEV1/FVC, 17%±10 for
isoFEF25-75% and 13% ± 17 for PEF. In group A
these results were 3% ± 5, 3% ± 4, 19% ± 15, 6% ± 14
respectively. There wasn’t any statistically significant
difference among these values (p>0.05). Initial FEV1
reversibility was 5% ± 2 and predicted reversibility
was 6% ± 4. When 5% reversibility value was consid-
ered threshold value in initial reversibility the differ-

ence was found significant. But specificity and sensi-
tivity were 54% and 55% respectively (p<0.05). 

Predicted reversibility results in group C were 2%
± 2 for FVC, 5% ± 3 for FEV1, 18% ± 12 for
isoFEF25-75% and 11% ± 11 for PEF. In group A
these results were 3% ± 5, 6% ± 3, 14% ± 11 and 4%
± 11 respectively. The differences between groups
were not statistically significant (p>0.05).

Absolute reversibility results in group C were
91 ± 117ml for FVC, 188 ± 111ml. for FEV1, 850 ±
656ml for isoFEF25-75% and 880 ± 999ml PEF. In
group A these results were 101 ± 180ml, 181 ± 112ml,
542 ± 417ml and 299 ± 854ml respectively. The differ-
ences between groups were not statistically significant
(p>0.05). The reversibility values of both groups are
shown in Table 3.

Table 2. Bronchoprovocation Test Results (PD20) (mg/ml)

Minimum Maximum Mean ± SD

Group C 8.11 10.20 9.89 ± 0.71

Group A 0.30 5.75 1.24 ± 1.52

Table 1. Initial Pulmonary Function Tests

FVC(ml) FEV1(ml) FEV1/FVC(%) isoFEF25-75%(ml) PEF(ml)

Group C 4368 ± 932 3868 ± 957 88±1 4556 ± 1537 7242 ± 2682

Group A 3578 ± 886 2900 ± 651 81±0,7 3918 ± 719 5487 ± 1562

Table 3: Reversibility Results in Groups
C

FVC FEV1 FEV1/FVC IsoFEF
25-75% PEF

A

I (%)
2 ± 2 5 ± 2 3 ± 3 17 ± 10 13 ± 17

3 ± 5 6 ± 4 3 ± 4 19 ± 15 6 ± 14

II (%)
2 ± 2 5 ± 3 18 ± 12 11 ±11 2 ± 2

3 ± 5 6 ± 3 14 ± 11 4 ±11 3 ± 5

III (ml)
91 ± 117 188 ± 111 850 ± 656 880 ± 999 91 ± 117

101 ± 180 181 ± 112 542 ± 417 299 ± 854 101 ± 180

C: Healthy Volunteers; A: Asthma Cases; I: Initial Reversibility (%); II: Predicted Reversibility (%); III: Absolute Reversibility (ml)
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Discussion

Reversibility used in the diagnosis of obstructive lung
diseases is related to the degree of obstruction. The
more obstruction means the more reversibility and the
less obstruction means the less reversibility (10).
There are no detailed studies on the degree of re-
versibility in asthma patients with normal pulmonary
function tests.

Spontaneous daily variability in FEV1 may occur
in asthma patients. This variability is not a marker for
reversibility (11).

In the present study no significant differences were
determined in predicted and absolute reversibility in
FEV1 and FVC. There was no significant initial re-
versibility in FVC, baseline and predicted reversibility
in FEV1/FVC.

In baseline FEV1 reversibility, statistically signifi-
cant 5% increment was found in 27 (60%) of asthma
patients. But we didn’t diagnose 18 (40%) asthma pa-
tients with the criteria. On the other hand it also caused
6 cases (54%) to have false positive diagnosis. Five
percent in baseline FEV1 reversibility’s specificity
and sensitivity were 54% and 55% respectively.

We concluded that reversibility in baseline FEV1
5% increase is not as sufficient as NSBPT test. And
NSBPT is the necessary method for diagnosis of asth-
ma patients when obstruction is not proved.

Speculations

Diagnostic tools improved lastly however diagnosis of
asthma still has some controversies. Especially this
problem arose in patients with symptomatic but with
normal pulmonary function tests. In this group of pa-
tients NSBPT is necessary. But it needs special equip-
ments, time, drugs (methacholine, provacholine, hista-
mine etc.) and trained technicians. Drug stability is al-
so an additional problems. If special precautions don’t
have been taken, drugs pH decrease and become acidic
solution. And it causes cough related threshold instead
of PD20. Problems as listed previously must be
solved. 

When searched Medline we didn’t find any article
which compares NSBPT and reversibility. We see in
clinical practice some asthma patients with sympto-
matic but normal pulmonary function tests. If any an-
ti- asthmatic treatment is given to them, they get better
and become symptom free. In some of these patients
reversibility tests are positive too. 

We thought whether this procedure should be used
for diagnosis of asthma or not. We didn’t approve it. 

We used histamine for NSBPT. Methacholine or
provocholine may be used instead of histamine.

When planned new studies;
1. Additional study with methacholine or provocholine

is necessary.
2. Late reversibility and daily peak expiratory flow

measurement may be included.
3. A greater number than our cases may be enrolled to

the study.
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Introduction

The acute respiratory distress syndrome (ARDS) is a
severe pathological condition with a high mortality
rate of more than 30% (15). Therefore, extensive re-
search is performed on various animal models of acute
lung injury (ALI) and ARDS. The four common ways
of inducing ALI are repeated bronchioalveolar lavage
with saline, intrabronchial instillation of hydrochloric
acid, intravenous infusion of endotoxin and the intra-
venous infusion of oleic acid. All techniques are easi-
ly achieved since they are well described in the litera-
ture (10,11,16). A comparison of these ALI models re-
vealed that none is superior to the other because it is
difficult to compare them (19). Each one has a differ-
ent impact on hemodynamics and oxygenation: i.e.
saline bronchioalveolar lavage and hydrochloric acid
instillation models produce acute hypoxemia in a he-
modynamically stable animal, while a brief intra-

venous endotoxin infusion produces a hemodynamic
instable animal with pulmonary hypertension but fails
to produce profound hypoxemia. Last but not least ole-
ic acid infusion produces a hemodynamically compro-
mised animal with pulmonary hypertension and pro-
found hypoxemia (19).

We wanted to establish a hypoxemic and hemody-
namically compromised but stable and reproducible
model of ALI in pigs for an investigation period of five
hours. Because the effects described in the literature
came nearest to our needs we have chosen to use ole-
ic acid as induction agent. Oleic acid induced ALI re-
sembles to a great extent the pathological features of
ARDS, which are summarized in an excellent review
by Schuster (23). But unfortunately the majority of au-
thors does not specify how and in which form oleic
acid is infused. Hence we tested different approaches
of ALI-induction. However, the injection of pure oleic
acid is followed by an unfavorable hemodynamic col-
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Abstract

The acute respiratory distress syndrome (ARDS) is still associated with a high mortality rate. Therefore, extensive
research is performed in various animal models of acute lung injury (ALI) and ARDS. Our aim was to establish a
hypoxemic and hemodynamically compromised, but stable and reproducible model of ALI in pigs over an inves-
tigation period of five hours. Among the four common ways of inducing an ALI, we decided to use oleic acid due
to its special effects on hemodynamic variables and gas exchange. Screening the literature we found no entire
method of ALI-induction by oleic acid. Therefore, we performed the two most frequently described methods of
pure bolus application of oleic acid and the application of oleic acid dissolved in isotonic saline. Both methods
failed to induce the required pathological, but stable condition. We describe a new detailed procedure to induce an
ALI by oleic acid with impaired pulmonary function and compromised, but stable hemodynamics over an inves-
tigation period of 5 hours. All previously described experimental models provide lack of at least one desirable
property.
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lapse due to right heart failure. Dilution of oleic acid
in watery solutions is almost inhomogeneous and dif-
ficult, while solving oleic acid in ethanol seemed to be
disadvantageous because of the known modulatory ef-
fects of alcohol on immune responses occurring even
under small amounts of alcohol intake (26,27).

Because all previously described experimental
models provide lack of at least one desirable property,
we describe a new procedure to induce an ALI by ole-
ic acid with impaired pulmonary function and compro-
mised hemodynamics (hypoxemia, increased static
pulmonary compliance, pulmonary hypertension, re-
duced cardiac output and only mild alterations in mean
arterial pressure), which is stable for at least  5 hours.

Materials and Methods

Anesthesia

After approval by the local Ethics Committee on Ani-
mal Research and in concordance with the Helsinki
convention for the care and use of animals, 5 female
German domestic pigs with a median body weight of
35.0 kg were premedicated i.m. with flunitrazepam 0.2
mg kg-1 body weight (bw) (Rohypnol®, Hoffmann-La
Roche, Grenzach-Wyhlen, Germany) and ketamine 15
mg kg-1 bw (Ketanest®, Parke-Davis, Freiburg, Ger-
many) after overnight fasting and receiving water ad
libitum. Anesthesia was induced i.v. via an ear vein
with ketamine 2.0 mg kg-1 bw and fentanyl 3 µg kg-1

bw (Fentanyl-Janssen®, Janssen-Cilag, Neuss, Ger-
many). The trachea was intubated after injection of ve-
curonium 0.3 mg kg-1 bw (Norcuron®, Organon Tekni-
ka, Eppelheim, Germany). Anesthesia was maintained
by continuous i.v. infusion of flunitrazepam 0.1 
mg kg-1 h-1, ketamine 8.0 mg kg-1 h-1 and vecuronium
0.7 mg kg-1 h-1. Pressure-controlled mechanical venti-
lation was provided with a Servo900® ventilator
(Siemens Erlangen, Germany).

Respiratory rate and pressure were adjusted to
maintain arterial carbon dioxide tension (PaCO2) be-
tween 4.8 and 5.6 kPa. Inspired oxygen fraction was
adjusted to maintain arterial oxygen partial pressure
(PaO2) of 12-15 kPa. A positive end expiratory pres-
sure (PEEP) of 5 cmH2O was applied. 

Instrumentation

After induction of anesthesia, the animals were placed
in supine position on a heating pad to keep body tem-
perature constant.

A double-lumen catheter (7 F Two-Lumen Central
Catheterization Set; Arrow, Reading, PA, USA) and an
8.5 F introducer (Arrow Percutaneous Sheath Intro-
ducer Set; Arrow) were inserted into the right internal
jugular vein. Both catheters were advanced 11-13 cm
to guarantee correct position of the tip in the superior
vena cava. A Swan-Ganz thermodilution catheter
(model 93A-131-7F; 7 F Swan-Ganz Thermodilutions
Catheter; American Edwards Laboratories, Irvine, CA,
USA), was introduced into the pulmonary artery. Body
temperature was monitored continuously with a ther-
mistor in this flow-directed catheter. The right femoral
artery was cannulated with an arterial catheter
(Leader-Cath, 18 G, Vygon, Aachen, Germany). 

For maintenance of normovolemia, all animals re-
ceived full-electrolyte solution 12 ml kg-1 h-1 i.v.
(Jonosteril®; Fresenius-Klinik, Bad Homburg, Ger-
many) to maintain blood pressure, central venous pres-
sure, and hematocrit values at the level measured
shortly after insertion of the femoral artery and central
venous catheters. 

Measurements and calculations

Arterial blood gas values were taken to adjust inspired
oxygen concentration and ventilation to maintain pre-
determined PaO2 and PaCO2 values, and to measure
initial hematocrit values. Blood gases, and serum elec-
trolytes were measured using an ABL615 Autoanalyz-
er (Radiometer, Copenhagen, Denmark). 

Hemodynamics

All intravascular catheters were connected to pressure
transducers. Arterial blood pressure, central venous
pressure and pulmonary artery pressure were recorded
by a digital data acquisition device (PO-NE-MAH
(Digital Acquisition analysis and Archive Systems,
Simsbury, USA)). Heart rate was derived from the
spike-interval of the continuous arterial blood pressure
measurement. 

Cardiac output was determined by thermodilution
technique (Baxter Explorer CO-computer, Unter-
schleissheim, Germany). The mean value of three in-
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jections of 10 ml ice-cold saline was considered to es-
timate actual cardiac output if the measurements were
within a range of ±10% of the calculated mean.

Static compliance of the respiratory system

The static compliance of the respiratory system (Cstat)
and the static inspiratory (Pin) and expiratory pressures
(PEEP) were measured using the airway occlusion
technique described by Sly (1987) as Cstat = Vt * (Pin -
PEEP)-1 (22).

Experimental protocol

Before intravenous injection of oleic acid we increased
the fractional inspiratory oxygen concentration to 50
% and applied a positive end-expiratory positive air-
way pressure (PEEP) of 8 cm H2O to minimize the for-
mation of atelectasis with regard to the stability of the
model. 

According to the literature, we initially performed
two different methods of oleic acid application:
1. Dissolving oleic acid in isotonic saline: We dis-

solved 0.08 ml*kg-1 oleic acid in 20 ml isotonic
saline and infused the suspension over 10 minutes. 

2. Bolus application of oleic acid: We injected the ole-
ic acid with a dosage of 0.08 ml*kg-1 with a syringe
into the central venous catheter and flushed the
catheter with saline afterwards. 

After observing the frustrating results of both
methods, we tried out a third, novel and simple method
of application: 

3. Mixing oleic acid in glucose 5 % by aid of two sy-
ringes:
Two 5 cc syringes (Luer-Lock, Braun®) were con-
nected to a three-way valve linked to the central ve-
nous catheter, thus, allowing intensive mixing of
oleic acid (0.08ml*kg-1) and 3 ml of glucose 5 %
between the two syringes. After emulsification
repetitive injections of 0.5-1 ml of the mixture, ac-
cording to PAP and PaO2 were feasible. 

All measurements were performed at baseline, 2, 3,
4 and 5 hours after the induction of ALI. At the end of
the observation period of 5 hours all animals were
killed in deep anesthesia with a potassium chloride

overdose, according to German laws for animal stud-
ies.

CT-Scan:
5 hours after the induction of ALI one anesthetized

pig was transported to the CT-Scan of our university
hospital and scans of the thorax were performed dur-
ing halted inspiration.

Statistical analysis

Statistical analysis was carried out with JMP® software
package (SAS, Cary, NC, USA). Medians are given
throughout with interquartile range (25th-75th per-
centiles) (5,2). Differences between experimental peri-
ods were analyzed using Friedman rank-sum analysis
followed by the Tukey-Kramer HSD test. The level of
significance was set at p<0.05. All results were in-
dexed to compensate for differences in body weight.

Results

Dissolving oleic acid in isotonic saline:
The attempt to dissolve oleic acid in isotonic saline
failed, because oleic acid precipitated and clotted
within the syringe and the line of the central venous
catheter and the infusion lines.

Bolus application of oleic acid: 
The injection of a bolus lead to a dramatic decrease in
blood pressure and an increase in the pulmonary artery
pressure (PAP) with systolic values being higher than
systolic arterial blood pressure (Figure 1). This in-
duced a instable and life threatening condition.

Mixing oleic acid in glucose 5 % using two syringes:
Two 5 cc syringes (Luer-Lock, Braun®) were connect-
ed to a three-way valve linked to the central venous
catheter, thus allowing intensive mixing of oleic acid
(0.08 ml*kg-1) and 3 ml glucose 5 % between the two
syringes. After emulsification of the mixture repetitive
injections of 0.5 - 1 ml, according to PAP and paO2
were feasible and induced an ALI as defined by a
PaO2/FiO2-ratio < 300 mmHg after 30 min. With addi-
tional small injections up to the total throughout the
following 90 minutes, we achieved a hypoxic and he-
modynamically compromised but stable ALI for a fur-
ther observational period of three hours. This patho-
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logical, but stable condition was characterized by the
following physiological and morphological changes:

Pulmonary function
Our oleic acid induced ALI model fulfilled the cri-

teria of ALI (PaO2/FiO2 < 300 mmHg) and even of
ARDS with (PaO2/FiO2 < 200 mmHg) after initiation
of lung injury according to the definition of the Amer-
ican-European Consensus Conference in 1994 (3). The
extent of ALI remained unchanged for 5 hours without
spontaneous improvement or deterioration (Figure 2).

Static Compliance
After induction of ALI the static compliance of the

respiratory system decreased significantly by 25%
from 21 to 16 ml*cm H2O-1 and remained compro-
mised until the end of the observation period (Table 1). 

Hemodynamics
After induction of ALI we observed a moderate de-

crease of MAP to 78 mmHg, which recovered slowly
during the observational period to 90 mmHg reaching
baseline values (Table1). Mean PAP increased dramat-
ically from 18 mmHg to 35 mmHg and remained ele-
vated at this level throughout the observation period
(Figure 3). 

Cardiac output decreased from a baseline value of
139 ml*min-1*kg-1 by almost 50 % to 72 ml*min-1*
kg-1. After ALI was induced cardiac output remained
depressed at this level until the end of the observation-
al period (Table 1).

CT-Scan
Even though pigs were ventilated in a pressure-

controlled mode with positive end-expiratory airway
pressure bilateral atelectasis, infiltrations and a dra-
matic reduction in normal, aerolized lung area were
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Figure 1. Hemodynamic effects of bolus application of
oleic acid, mean arterial pressure (MAP) and mean
pulmonary artery pressure (MPAP) in mmHg.
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Figure 2. PaO2-FiO2-ratio (mmHg), # p<0.05 for 2,3,4
and 5 hours versus baseline.

Table 1: Hemodynamic and pulmonary variables, # p<0.05 versus baseline.

0h 2h 3h 4h 5h

MAP
(mmHg)

102 
(92-111)

78 # 
(68-104)

88 
(76-104)

86 
(78-101)

93 
(81-106)

CO_i 
(ml/kg-1*min-1)

138 
(113-145)

72 # 
(67-85)

71 # 
(64-86)

75 # 
(62-84)

79 # 
(74-88)

Static Compliance 
(ml/cmH2O)

21 
(19-24)

16 # 
(14-17)

16 # 
(13-17)

14 # 
(13-16)

14 # 
(12-16)
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visible on the CT-scan (Figure 4) five hours after ALI-
induction.

Discussion

Screening the literature the following approaches to
induce an ALI by oleic acid have been described: 
1. ALI-induction in pigs: “Oleic acid 0.1 ml*kg-1 sus-

pended in 20 ml isotonic saline was slowly injected
via the central venous catheter.” (14)

2. ALI-induction in pigs: “After a baseline determina-
tion, 10 ml of saline solution containing 0.1 ml*
kg-1 of oleic acid was infused into the right atrium
via the internal jugular catheter for a period of 10
min.” (6)

3. ALI-induction in adult mongrel dogs: “In group
“Oleic acid only” the only intervention was 0.08
ml*kg-1 oleic acid given into the central venous
catheter.” (8)

4. ALI-induction in mongrel dogs: “After control data
were recorded, a bolus of 0.08 ml*kg-1 of oleic acid
was administered through the proximal port of the
pulmonary artery catheter.” (21)

5. ALI-induction in sheep: “Lung injury was induced
by injecting 0.12 ml oleic acid per kg body weight
emulsified in 15-20 ml of previously extracted
blood over 30 min into the right atrium.”(17)

6. ALI-induction in pigs: “Oleic acid (dissolved in
96% alcohol) was administered in a series of 0.1 ml
until paO2 was lower than 8 kPa.” (7)

7. ALI-induction in rats: “Acute lung injury was in-
duced by intravenous administration of 100 mg*
kg-1 of oleic acid. Oleic acid was initially diluted in
ethanol ...” (9)

8. ALI-induction in ex vivo perfused New Zealand
white rabbits heart lung blocks: “Oleic acid (OA)
injury was induced with 0.4 cc of 50% solution of
OA and 95% ethanol infused over 20 min directly
into the perfusion circuit.” (30)

As expected by its physico-chemical properties
oleic acid cannot be dissolved in watery solutions.
This attempt was followed by precipitation and oc-
cluding lines and catheters. Intensive stirring and
shaking improved solubility but precipitation occurred
after terminating the mixing process. Additionally,
once clot-formation had occurred, the lines were im-
mediately congested and could not be cleared after-
wards by flushing them with saline or any other fluid.

The bolus injection caused – at least in pigs – a dra-
matic increase in PAP despite normoxia. The increase
in PAP could not be ameliorated by increasing the in-
spiratory oxygen fraction and PEEP. Therefore, we as-
sume that the increase in PAP must be due to a conges-
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Figure 3. Mean pulmonary arterial pressure (mmHg),
# p<0.05 for 2,3,4 and 5 hours versus baseline. 

Figure 4. CT-scan 5 hours after ALI-induction.  Lower
Lobes are non-aerated with extensive atelectasis for-
mation.
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tion of pulmonary microvessels similar to pulmonary
embolism leading to right heart failure, which is the
syndrome the model originally was adopted for (23).

The use of ethanol (96 %) as a solvent seems prom-
ising (7,9,21) but we did not favor this method since
ethanol is known to modulate immune responses, i.e.
alterations in cytokine pattern, inhibition of leukocyte
recruitment and endothelial cell activation and inhibi-
tion of transcriptional factors such as NF-kappa B
(13,26,27). This effect is not only seen in chronic alco-
hol abuse but in acute moderate alcohol dosages in vi-
vo (4,13,20,26) and in vitro (12,13,20,26), too. ALI is
considered to be a pathological condition associated
with multiple inflammatory pathways and therefore,
any interaction with immunological responses should
be excluded. Because the application of oleic acid
solved in ethanol via a central venous or pulmonary
catheter is very close to the organ to be affected, there
might be a good chance of having disturbing interac-
tions as mentioned above.

In our model of oleic acid induced ALI we
achieved an impaired pulmonary function measured
by a PaO2/FiO2-Ratio < 200 mmHg which fulfils the
criteria for ALI and ARDS according to the American-
European Consensus Conference (AECC) in 1994 (3).
The pulmonary and circulatory alterations were
achieved after 30 minutes but another 90 minutes with
occasional injections (2-4 x 0.2 ml) according to the
PaO2 were necessary to maintain stability. Afterwards
the impaired pulmonary function was unaltered and
did not show any improvement over the observational
period of 5 hours even though a moderate PEEP was
applied.

We decided to apply a moderate PEEP in compari-
son to other investigators (7,8,19) to gather normoxia
without application of high inspiratory oxygen con-
centrations, which further lead to the formation of at-
electasis (18). In order to prevent other causes of pul-
monary deterioration from mechanically ventilation
we used a pressure-controlled mode according to the
evidence-based criteria’s (1).

Hemodynamic stability

Our goal was to achieve a hemodynamically compro-
mised animal that did not show changes such as im-
provement or deterioration during the observational
period. The MAP decreased to a moderate extent,
guaranteeing a sufficient perfusion pressure, thus not
contributing to multiple organ failure. The mild in-

crease of MAP after 5 h is not due to an increase in
cardiac function since cardiac output stayed depressed
by roughly 50 % until the end of the observation peri-
od. This is consistent with the data of other research
groups (21,24,25). However, the mechanism by which
oleic acid affects the myocardium remains unclear. An
interference with the anesthetics being used can be ex-
cluded, since we have proven the hemodynamic stabil-
ity of our model in the past (28,29).

Conclusion

In order to establish a hypoxemic and hemodynamical-
ly compromised but stable porcine model of ALI we
used oleic acid to induce lung injury. However, screen-
ing the literature we realized that there is obviously no
standardized method of inducing ALI with oleic acid.
The only feasible way of injecting oleic acid is by dis-
solving it in ethanol, thus hazarding the consequences
of having any alcohol-induced modulation of immune
responses. Therefore, we established a simple method
of mixing oleic acid in glucose 5 % in order to receive
an injectable emulsion causing an ALI that fulfilled
our goal criteria of being hypoxemic and hemodynam-
ically compromised but stable throughout an observa-
tion period of 5 hours.
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