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Abstract Objective: To assess the
use of hyperventilation and the
adherence to Brain Trauma
Foundation-Guidelines (BTF-G) after
traumatic brain injury (TBI).

Setting: Twenty-two European
centers are participating in the
BrainlT initiative. Design:
Retrospective analysis of monitoring
data. Patients and participants: One
hundred and fifty-one patients with a
known time of trauma and at least one
recorded arterial blood—gas (ABG)
analysis. Measurements and results:
A total number of 7,703 ABGs, rep-
resenting 2,269 ventilation episodes
(VE) were included in the analysis.
Related minute-by-minute ICP data

were taken from a 30 min time
window around each ABG collection.
Data are given as mean with standard
deviation. (1) Patients without ele-
vated intracranial pressure (ICP)
(<20 mmHg) manifested a statisti-
cally significant higher P,CO,

(36 = 5.7 mmHg) in comparison to
patients with elevated ICP

(=20 mmHg; P,CO,:

34 £ 5.4 mmHg, P < 0.001). (2)
Intensified forced hyperventilation
(P,CO, < 25 mmHg) in the absence
of elevated ICP was found in only 49
VE (2%). (3) Early prophylactic
hyperventilation (<24 h after TBI;
P,CO, < 35 mmHg,

ICP < 20 mmHg) was used in 1,224
VE (54%). (4) During forced hyper-
ventilation (P,CO, < 30 mmHg),
simultaneous monitoring of brain tis-
sue pO, or S;,0, was used in only
204 VE (9%). Conclusion: While
overall adherence to current BTF-G
seems to be the rule, its recommen-
dations on early prophylactic
hyperventilation as well as the use of
additional cerebral oxygenation
monitoring during forced hyperventi-
lation are not followed in this sample
of European TBI centers.
Descriptor: Neurotrauma
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Introduction

Moderate (P,CO, 31-35 mmHg) and forced (P,CO, <
30 mmHg) hyperventilations have been widely used in
the past for the treatment of elevated intracranial pressure
(ICP) [1-5]. While cerebral vasoconstriction induced by
hypocarbia can effectively lower ICP by reducing cere-
bral blood volume, the risk of reducing cerebral
blood flow below its critical limit has always been a focus
of clinical concern and scientific investigation. As a result
of experimental and advanced clinical studies using
multimodal cerebral monitoring technology, it was
hypothesized that hyperventilation in traumatic brain
injury (TBI) has potentially more deleterious than bene-
ficial effects [2, 6-11].

Consequently, the second edition (2000) [12] of the
Brain Trauma Foundation-Guidelines (BTF-G) restricted
the use of hyperventilation for the treatment of TBI.'
Hyperventilation down to a P,CO, < 25 mmHg in the
absence of elevated ICP was strongly discouraged (level I
evidence). Due to the already markedly reduced CBF in
the first 24 h after trauma [13], moderate prophylactic
hyperventilation (P,CO, 31-35 mmHg) should not be
applied (level II evidence). Furthermore, if forced
hyperventilation (P,CO, < 30 mmHg) is inevitable to
control the ICP, careful monitoring of tissue perfusion
and oxygenation is recommended to avoid induction of
cerebral hypoxia or even ischemia (level III evidence).
The recently published third edition (2007) of the BTF-G
[14] maintains these recommendations with a reduced
evidence level class and acknowledges the lack of ran-
domized clinical trials that directly link hyperventilation
to patient outcome. As a result, uncertainty remains about
optimal ventilation treatment in TBI. Considering the
long tradition of hyperventilation as a measure to treat
elevated ICP, it is of interest to assess its current use in
TBI and whether or not current ventilation treatment is in
line with BTF-G.

The TBI database from the BrainIT initiative [15] is an
excellent tool to investigate this topic. The BrainIT ini-
tiative (http://www.brainit.org), a collaboration of 38
European centers, has developed a core data set including
intensive care minute-by-minute monitoring data [16]. It
has set up a validated database of 202 TBI patients drawn
from 22 data contributing centers that is open for mem-
bers as a tool for retrospective analysis, hypothesis

Standard, class I evidence: no hyperventilation (P,CO, <
25 mmHg) when ICP is not increased; Guideline, class II
evidence: no  prophylactic  hyperventilation  with a
P,CO, < 35 mmHg within the first 24 h post trauma; Option,
class Il evidence: hyperventilation may be necessary for short
periods with acute neurologic deterioration or for longer periods as
second tier therapy, P;O, or S;yO, monitoring is necessary at
P,CO, < 30 mmHg [11]

generation and the development, testing, and validation of
new data analysis methodologies.

In this retrospective multi-center database study, we
analyzed more than 7,000 arterial blood—gas analyses
(ABG) to determine whether hyperventilation practice
after TBI in Europe is in accordance with the BTF-G
(second edition 2000) to be in effect during the time of
data collection.

Materials and methods
TBI data

In this retrospective database study, demographic,
physiological and clinical data from 202 patients in the
current BrainlT database collected from 22 European
centers were analyzed. Data were collected in a time
frame between July 2003 and June 2005. Data valida-
tion was accomplished using a stepwise multi-level
process [17]. For all data entered into the common
database, four levels of data validation were progres-
sively applied. After ensuring that the data conversion
stage functioned correctly (validation level I), all non-
numeric categorical core data were scrutinized for
transcribing the errors (validation level II). Level three
validation involved the conversion of units to BrainIT
units, if required. Finally, level four validation was
performed by human data validators who checked the
accuracy of a random subset of 20% of the initial data
against source documents.

Data were visualized and post-processed using a cus-
tom-made software library (BrainITLib) written in JAVA
programming language. All datasets with a known time of
trauma and at least one ABG were included into the final
analysis. Data exchange was facilitated by a structured
query language (SQL) database running on an industrial
standard PC.

Analysis of P,CO, and concomitant ICP values

Arterial blood-gas collection was performed according
to local clinical practice under the modalities (analyzers
and pharmaceuticals) and regulations (calibration inter-
vals) in effect at each contributing center. For each ABG
in our dataset, the time interval between trauma and
probe collection was calculated. Next, to compensate for
the lack of continuous P,CO, data, a descriptive statis-
tical analysis of minute-by-minute ICP values within a
30 min interval around the time of each ABG collection
(15 min prior- and 15 min post-ABG, respectively) was
performed with calculation of mean, standard deviation,
and outliers for each 30 min interval. If the mean ICP
during the interval was 20 mmHg or above, the ABG
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Table 1 Definition of ventilation type by P,CO,

P.CO, Ventilation type

<26 mmHg (<3.5 kPa)
26-30 mmHg (3.5-3.9 kPa)
31-35 mmHg (4.0-4.7 kPa)
3645 mmHg (4.8-6.0 kPa)
>45 mmHg (>6.0 kPa)

Intensified forced hyperventilation
Forced hyperventilation

Moderate hyperventilation
Normoventilation
Hypoventilation

was classified by our software as being taken at a time
of elevated ICP.

Definition of ventilation types classified by P,CO,

Normoventilation was defined as a CO, partial pressure
between 36 and 45 mmHg (4.8-6.0 kPa). To further dif-
ferentiate the intensity of the hyperventilation performed,
we introduced the terms “moderate, forced, and intensi-
fied forced” hyperventilation and set the ranges at 35-31,
30-26, and <26 mmHg (4.7-4.0, 3.9-3.5, and <3.5 kPa),
respectively (Table 1).

Analysis of presumptive ventilation performed

Consecutive ABGs having a P,CO, within the same
predefined P,CO, range (Table 1) were automatically
consolidated into a ‘ventilation episode’ (VE) and ana-
lyzed conjointly. Consequently, by definition, a VE
comprises a series of one or more serial ABGs within the
same P,CO, class. In total 2,269 VE were documented.
For each VE, time, length, and ICP statistics were
recorded and subsequently analyzed.

Statistical analysis

Data were analyzed using SPSS® Version 14.0.1 (SPSS
Inc., Chicago, IL, USA). Interval data are given as means
with standard deviation. Box-and-whiskers plots were
used to represent the distribution of continuous data. In
these graphs, boxes represent the interquartile range, the
median is given as a solid line and the mean is shown as a
dashed line. Whisker caps mark the 10th and 90th per-
centiles, whereas solid diamonds indicate the 5th and 95th
percentiles. The normal distribution of quantitative data
was tested with the Kolmogorov—Smirnov test. When
comparing results between individual groups, non-para-
metric tests (Wilcoxon—Rank—Sum, Kruskal-Wallis H)
were applied with alpha set at the 0.05 level. In case of
multiple statistical testing, P values were adjusted
according to the Bonferroni correction.

Results

Patient demographics

Exactly 151 out of 202 patients met the inclusion criteria
of a known time of trauma and at least one recorded P,CO,
value. The final dataset contained data from 124 male and
27 female individuals treated in 17 European trauma
centers. Patients aged from 1 to 83 (median 34) years.
Classified by the initial Glasgow Coma Scale (GCS) score,
90 (60%) patients suffered severe (GCS 3-8), 23 (15%)
moderate (GCS 9-12), and 18 (12%) mild (GCS 13-15)
TBIs. Those patients with moderate or mild TBI deterio-
rated later on and required intubation and ventilation. For
20 patients (13%), no initial GCS was available.

Distribution of recorded P,CO, values

The median interval between consecutive ABGs was
2.8 h with an interquartile range of 1.2—4.5 h. The mean
P.CO, value of all 7,703 ABGs was 35.8 £ 5.6 mmHg.

The histogram of all recorded blood—gas analyses
(Fig. 1) demonstrated a skewed (P < 0.001) distribution
of P,CO, values with a maximum in the range between 30
and 35 mmHg. At the border between moderate and
forced hyperventilation (30 mmHg), a sharp decline in
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Fig. 1 P,CO, histogram of 7,703 blood—gas analyses; frequency
bars are drawn as dotted (hypoventilation), streaked (normoven-
tilation) or in shades of grey (moderate, forced or intensified forced
hyperventilation) according to the P,CO, ranges defined in Table 1.
The distribution of P,CO, values is skewed with a maximum in the
range between 30 and 35 mmHg (moderate hyperventilation). At
the border between moderate and forced hyperventilation
(30 mmHg), a sharp decline in P,CO, value frequency is noted.
In contrast, the decline between P,CO, values representing
moderate hyperventilation and normoventilation is less steep



P,CO, value frequency was noted. In contrast, the tran-
sition between P,CO, values representing moderate
hyperventilation and normoventilation showed a less
steep decline.

P,CO, values and ICPs following TBI

Simultaneous ICP data were available for 4,691 out of
7,703 ABGs. The average number of minute-by-minute
ICP data points available for each patient was 7,762.
Patients without elevated ICP (<20 mmHg) presented a
small but statistically significant higher P,CO,
(36 £ 5.7 mmHg) in comparison to patients with ele-
vated ICP (=20, 34 £ 5.4 mmHg; P < 0.001).

Early after TBI (<24 h), mean P,CO, was
36 & 5.6 mmHg and was unchanged (mean 36 =+
6.3 mmHg) after 24 h. Figure 2 demonstrates the distri-
bution of P,CO, (mmHg) data within and after 24 h
following TBI. The data are further subdivided for ABGs
taken at the time of normal (<20 mmHg) or elevated ICP
(=20 mmHg). In the first 24 h, the P,CO, in patients
without elevated ICP was 36 £ 6.2 mmHg. In patients
with elevated ICP, the P,CO, was lower at
34 + 6.7 mmHg (P < 0.017). The mean P,CO, within
24 h post-trauma in patients with normal ICP
(ICP < 20 mmHg) was 36 &+ 5.6 mmHg and higher
(P < 0.001) than compared to those with elevated ICP
(>20 mmHg) 34 + 5.2 mmHg.

Ventilation of TBI patients by analysis of ventilation
episodes

We further evaluated the use of hyperventilation by
aggregating the relative time of ventilation within each

Fig. 2 P,CO, after traumatic
brain injury in 151 patients; the

ventilation type as defined in Table 1. Figure 3 visualizes
the distribution of ventilation time in patients per center
among the participating BrainlIT centers. Individual cen-
ters contributed an unequal number of patients; the top
five centers made up for 70% of the total ventilation time
and for 72% of all patients. To compensate for differences
in individual ventilation time per patient, the relative time
shares were calculated for each patient and then averaged
for each center.

In summary, all centers hyperventilated their patients
(P,CO, < 35 mmHg) approximately half of the total
ventilation time (mean 55 &+ 22.6%). Forced and inten-
sified forced hyperventilations (P,CO, < 30 mmHg)
were used in 18 4 17.8% of the time. During VE without
elevated ICP, prophylactic moderate hyperventilation was
performed in some 40% of VE, with no significant dif-
ference in respect to time since trauma. Forced or
intensified forced hyperventilation was used for the time
period early after trauma (<24 h) in 15% and later on
(>24 h) in 20% of VE. During episodes of elevated ICP
(ICP > 20 mmHg), hyperventilation was found in 83% of
VE early (<24 h) and in 67% of VE late after trauma
(>24 h).

Concomitant ICP therapy and cerebral monitoring
during (intensified) forced hyperventilation

During forced hyperventilation (331 VE), mannitol was
the most widely utilized concomitant ICP therapy (25% of
331 VE). Barbiturates and CSF drainage were employed
in only 4% (13 VE). Additional cerebral monitoring
during forced hyperventilation (P,CO, < 30 mmHg), as
suggested by the BTF-G, was applied only rarely, e.g.,
monitoring of brain tissue pO, in 5% (17 VE) and jugular
vein oxygen saturation measurement in 4% (13 VE).

P,CO5 after Traumatic Brain Injury in 151 patients

left half of the graph illustrates 50
blood—gas analyses (ABG) ]
taken within 24 h after trauma,
the right half (streaked
boxplots) represents ABGs
taken at a later time. In episodes
of elevated ICP (>20 mmHg)
P,CO, was significantly lower
compared to periods of normal
ICP (<20 mmHg)
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Fig. 3 Ventilation types in
patients among 17 centers;
centers are represented by the
number of contributed patients
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Discussion

This study attempted to elucidate the adherence to BTF-G
concerning hyperventilation [12] (second edition 2000) in
European trauma centers. We retrospectively analyzed the
BrainlT database containing the clinical data of 202 TBI
patients.

The BTF-G advise that prophylactic hyperventilation
must not be used within the first 24 h after trauma. This
class II recommendation is based on clinical data dem-
onstrating an already markedly decreased CBF within the
first 24 h after trauma [13] which could be aggravated by
applying hyperventilation. Although statistically signifi-
cant differences in P,CO, with regard to ICP and time
since trauma (within 24 h or later) were found in our
study, these differences were very small and of limited
clinical relevance.

When analyzing the pooled data, the P,CO, was dis-
tributed predominantly in the ranges of normoventilation
and moderate hyperventilation (Fig. 1). The sharp decline
in P,CO, frequency at the threshold of forced hyperven-
tilation (30 mmHg) points to the fact that avoiding
hyperventilation below this value seems to be an issue of
major concern for treating physicians. Whether this
threshold represents the amount of hyperventilation that is
still considered “safe” by physicians cannot be answered.
Additional studies to explore physicians’ attitude toward
hyperventilation and the BTF-G are needed. Furthermore,
individual differences between centers existed, but the
trend towards liberal use of hyperventilation was noted

2 3 383 5 5 6 6 8 10 17 19 27 35
Number of patients contributed by center

for all centers. One center, did not apply normoventilation
at all. Due to the blinding policy used by the BrainIT
initiative, identification of this specific center to elucidate
the reason for this practice is not applicable. Additionally,
there was considerable variation between centers in the
number of patients contributed to the study. Five out of 17
centers contributed 70% of the total data points. Due to
general BrainIT policy, each center was allowed to con-
tribute an arbitrary number of patients to the database.
Varying intervals between BGA collections and differ-
ences in total ventilation time caused an inevitable
heterogeneity in the number of data points provided by
each patient. An attempt to attenuate this problem was
done by analyzing the ventilation episodes and not
single BGAs and by calculating ‘relative ventilation
times’ for each P,CO, class and patient. The rationale
for this approach was the fact that the VE acts as a
compensation for possible biases due to changing
intervals between individual ABG collections. These
factors as well as local differences in hyperventilation
practice may have had a non-negligible influence on
our results and constitute an inherent limitation in the
design of the study.

Nonetheless, in our subsequent analysis of VE,
hyperventilation treatment (P,CO, < 35 mmHg) has
been confirmed as a common therapy regimen accounting
for more than half of the total VE. As seen from our
analysis, moderate and even forced hyperventilation was
often applied in the absence of elevated ICP. This ‘pro-
phylactic’ use of hyperventilation clearly deviates from



the BTF-G. In summary, it has to be concluded that
hyperventilation is still a common practice in the treat-
ment of TBI patients in Europe.

Our findings are in line with prior studies. In a 1997
survey among North American neurosurgeons, more than
one-third of the participants stated that they still use
prophylactic hyperventilation in the management of their
patients [18]. Although Wilkins et al. [19] reported an
increasing awareness of the potentially negative conse-
quences of hyperventilation in a survey among
neurosurgical centers in the UK and Ireland, Thomas
et al. [20] found inappropriately high assisted-ventilation
rates and low end-tidal CO, (etCO,) below 30 mmHg in
60-70% of thirty-seven patients transferred by helicopter
to an US urban level I trauma center. Furthermore,
Warner et al. [21] reported a distribution of P,CO, values
of 492 intubated TBI patients referred to an US level I
trauma center similar to our histogram (Fig. 1). Approx-
imately 16% of these patients revealed P,CO, levels
below 30 mmHg, while in 30% P,CO, stretched from 30
to 35 mmHg.

The use of forced hyperventilation has been accepted
as second tier therapy in the year 2000 BTF-G as a
treatment option if conventional therapy (sedation,
paralysis, osmotherapy, CSF drainage, and moderate
hyperventilation) has failed. Our analysis of concomitant
ICP therapy revealed that forced hyperventilation is often
used without prior mannitol therapy and thus against the
year 2000 BTF-G ICP treatment algorithm.

The lack of concomitant standard ICP therapy and the
high incidence of prophylactic hyperventilation have to
raise questions whether the induction of hypocarbia may
have been non-intentional in some cases. In our study, all
patients were ventilated according to individual institution
policy. Mechanical as well as metabolic factors necessi-
tate a constant adjustment of ventilation parameters to the
current physiologic demand of the patient. Long intervals
between BGA collections give rise to the possibility of
‘accidental’ hyperventilation. Although etCO, monitoring
can provide continuous data, it has its own problems and
pitfalls [22]. Elevated alveolar dead space can lead to a
significant gradient between P,CO, and etCO,. Reliance
on etCO, monitoring without frequent calibration by
ABG may thus lead to inadvertent hypoventilation. Only
63 out of 151 patients in the study received continuous
recording of etCO, and merely 34 of these within the first
24 h post-trauma. Speculating that ventilator settings
often aim at the lower threshold of normoventilation
points to another possible cause of ‘accidental’
hyperventilation.

In summary, we conclude that hyperventilation is used
extensively, intentionally or otherwise, in the treatment of
severe TBI in Europe, while the overall adherence to cur-
rent BTF-G seems to be the rule, their reccommendations on
early prophylactic hyperventilation (P,CO, < 35 mmHg)
and additional cerebral oxygenation monitoring during

forced hyperventilation are not followed in the majority of
European TBI centers.

No conclusions can be drawn on the question whether
hyperventilation has benefited or harmed the patients
included in our study. This would require a separate
investigation in a dedicated clinical trial which has not yet
been performed.

In a more recent animal study using a multimodal
cerebral monitoring setup, Clausen et al. found very
variable individual response to hyperventilation with a
marked effect on cerebral blood flow and metabolism.
They conclude that any degree of hyperventilation with-
out advanced neuromonitoring cannot be considered as a
safe practice and should either be avoided or used with
extreme caution [11]. In a recent prospective interven-
tional study Coles et al. [8] showed that levels of
hypocarbia of 30 mmHg may result in significant regional
ischemia within 10 days of head injury. Therefore,
without a proven benefit of hyperventilation on outcome
and serious doubts about the safety of this procedure, we
advocate that, in the absence of elevated ICP, the prin-
ciple of ‘primum nil nocere’ should be obeyed. Thus, on
current evidence and acknowledging the lack of sufficient
prospective randomized clinical trials, P,CO, should
probably not be intentionally reduced below 35 mmHg.
In contrast, our study conversely demonstrates that
hyperventilation is widespread in European neurointen-
sive care units.
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