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Abstract Progress in the management of aneurysmal
subarachnoid hemorrhage (SAH) is reflected most clearly
in a continuously decreasing case fatality rate over the last
decades. The purpose of the present review is to identify
the relevant factors responsible for this progress and to out-
line future possibilities of improvement. Although data on
intracerebral hemorrhage and ischemic stroke are less homo-
geneous, the respective data suggest that reduction of case
fatalities could also be achieved with these types of stroke.
Therefore, advances of general neurocritical care may be the
common denominator responsible for the decreasing case
fatality rates. Additionally, a change in practice with regard
to treatment of elderly patients that is more active may also
be a factor. Regarding SAH, the majority of unfavorable
outcomes is still related to early or delayed cerebral injury.
Therefore, efforts to pharmacologically prevent secondary
neuronal damage are likely to play a certain role in achiev-
ing improvement in overall outcome. However, the data from
previous randomized clinical trials conducted during the last
three decades does not strongly support this. A clear ben-
efit has only been proven for oral nimodipine, whereas other
calcium antagonists and the rho-kinase inhibitors were not
conclusively shown to have a significant effect on functional
outcome, and all other tested substances disappointed in
clinical trials. Regarding ischemic stroke and traumatic brain
injury, intensive clinical research has also been conducted
during the last 30 years to improve outcome and to mini-
mize secondary neuronal injury. For ischemic stroke, treat-
ment focusing on reversal of the primary pathomechanism,
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such as thrombolysis, proved effective, but none of the
pharmacological neuroprotective concepts resulted in any
benefit. To date, decompressive hemicraniectomy has been
the only effective effort focused at reducing secondary dam-
age that resulted in a clear reduction of mortality. In the
case of traumatic brain injury, none of the pharmacological
or other efforts to limit secondary damage met our hopes.
In summary, although limited, pharmacotherapy to limit
delayed neuronal injury is more effective for SAH than for
ischemic stroke and traumatic brain injury. The disappointing
results of most trials addressing secondary damage force one
to question the general concept of mechanisms of second-
ary damage that do not also have a positive side in the natu-
ral course of the disease. For example, in the case of SAH,
the data from the Cooperative Study from the 1960s showed
that vasospasm to some degree protects against rerupture of
unsecured aneurysms. Thus, one could argue from an evo-
lutionary standpoint that the purpose of vasospasm was not
exclusively a detrimental or suicide pathomechanism, but
an attempt to protect against life-threating aneurysm rerup-
ture. Because of the above-discussed arguments, SAH may
indeed differ from ischemic stroke and traumatic brain injury
with regard to the usefulness of blocking secondary mecha-
nisms pharmacologically. Further efforts to limit vasospasm
should therefore be made, and the most promising drugs,
calcium antagonists, deserve further development. Because,
with various drugs, systemic side effects counteracted the
local beneficial effect, future efforts should focus on topical
administration of drugs instead of systemic administration.
Furthermore, efforts for a better understanding of the varia-
tions of the calcium channels and the interplay between the
different types of calcium channels should be made.
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Fig. 1 Decreasing case fatality rates with aneurysmal SAH over the
last 3 decades (according to Lovelock et. al. [18]). Over the last 3
decades, case fatality rates continuously decreased in these population-
based studies

What Has Perioperative “Management”
of Subarachnoid Hemorrhage Achieved?

The most apparent progress in the treatment of aneurysmal
subarachnoid hemorrhage (SAH) is reflected in the distinct
reduction of the mortality [18]. Although data from 1980
indicated an overall case fatality rate of around 55 %, extrap-
olation suggests that it decreased to approximately 30 %
around 2010 (Fig. 1). The reasons for this improvement are
not obvious. Is the progress caused by better management of
the specific complications of SAH or by better general inten-
sive care unit (ICU) care? A recent analysis of our own cases
treated during the last decade showed that at least 50 % of the
case fatality rate with SAH is related to early or delayed
brain injury [3]. Therefore, we concluded that changing
fatality rates reflect, to a substantial degree, but not entirely,
improved quality in the management of specific cerebral
complications of SAH.

Comparison with Other Stroke Entities

To gain a better feeling for the significance of prevention and
correction of vasospasm for improved prognosis, it appears
reasonable to look at other stroke entities with regard to the
evolution of case fatality rates [4]. Here, we looked at the
major population-based surveys on intracerebral hemorrhage
and ischemic stroke (Figs. 2 and 3). In the case of intracere-
bral hemorrhage, the situation is confounded by massively
changing demographics of this patient group [1, 2, 5, 17, 19,
20, 32]. The proportion of younger patients decreased in the
Western countries clearly during the last three decades, prob-
ably mainly because of better control of arterial hyperten-
sion. Simultaneously, the proportion of older patients
increased. The data found in the different surveys appear

Fig.2 Inhomogeneously decreasing case fatality rates for spontaneous
intracerebral hemorrhage. Overall, a similar trend is seen as with SAH,
i.e., a decreasing case fatality rate. The trends at the different locations
vary considerably. The low fatality rate in the STICH trials compared
with population-based data is noteworthy
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Fig. 3 Inhomogeneously decreasing case fatality rates for ischemic
stroke. Population-based evaluations also show a general trend toward
decreasing cases fatality rates after ischemic stroke

somewhat inhomogeneous. While, for example, in Dijon, a
decrease of case fatalities of around 50 % was observed, no
significant improvement was found in the United States or in
Scotland [1, 2, 5]. For illustrative purposes, we also included
the STICH data in the analysis, although the STICH cohort
does not represent the population of a specific region [19,
20]. The STICH case fatality rates were substantially lower
than those of the population-based surveys from the same
time frame. Interestingly, the case fatality rates decreased by
almost 50 % between the first and the second STICH trial,
regardless of the different inclusion criteria in both trials
(deep vs. lobar intracerebral hemorrhage, respectively). The
relatively low case fatalities in the STICH trials, compared
with other patient cohorts, confirm the assumption of a sub-
stantial selection bias in the STICH cohorts.

For ischemic stroke, there is also some heterogeneity with
respect to geographical or demographical data [2, 27, 30,
31]. In general, as with cerebral hemorrhage, a trend toward
decreasing case fatality rates is apparent. Persistent high case
fatality rates were reported from Copenhagen and from
Oxford, whereas overall data from the UK, Dijon, and
Minnesota show steeply decreasing mortality rates.
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Experimental Control Risk ratio Risk ratio
Study or subgroup Events  Total Events Total Weight M -H, Fixed, 95 % CI M - H, Fixed, 95 % CI
Allen 1983 3 56 5 26 1.0% 0.28[0.07,1.08]
Assano 1996 8 80 16 82 22% 0.51[0.23,1.13] i
Chou 2008 0 19 3 20 05% 0.15[0.01, 2.72]
Findlay 1995 8 51 11 49 1.6% 0.70[0.31, 1.59] e
Haley 1993 81 438 83 448 115% 1.00[0.76, 1.32] T
Haley 1995 24 184 8 61 1.7% 0.99[0.47,2.10] —_—
Haley 1997 86 597 48 300 8.9% 0.90[0.65, 1.25] =
Hop 2000 1 24 2 26 0.3%  0.54[0.05, 5.60]
Kassel 1996 143 762 52 253 109% 0.91[0.69, 1.21] -
Lanzino 1999a 72 398 74 409 109% 1.00[0.75, 1.34] -
Lanzino 1999b 52 399 62 398 8.7%  0.84[0.59, 1.18] -
Lynch 2005 0 19 3 20 05% 0.15[0.01, 2.72]
Macdonald 2008 20 313 4 96 09%  1.53[0.54, 4.38] -1
Mendelow 1982 5 27 5 26 0.7%  0.96 [0.32, 2.94]
Mell-Dwyer 1987 4 38 10 37 1.4% 0.39[0.13, 1.13] T
Ohta 1986 24 102 16 106 22% 1.56[0.88, 2.76] T
Ono 1984 3 65 9 68 1.2% 0.35[0.10, 1.23] e
Petruk 1988 34 72 32 82 42% 1.21[0.84,1.74] T
Pickard 1989 43 278 60 276 8.4% 0.71[0.50, 1.01] -
Saito 1998 12 145 15 141 21% 0.78[0.38, 1.60] —_—
Shaw 2000 32 207 33 213 4.6 % 1.00 [0.64, 1.56] ——
Shibuya 1992 7 131 9 136 1.2% 0.81[0.31,2.10] e
Siironen 2003 7 85 4 85 0.6%  1.75[0.53, 5.76] N e
Springborg 2007 4 24 2 30 0.2% 2.50[0.50, 12.51] -1
Suzuki 1989 21 170 8 86 1.5% 1.33[0.61,2.87] -1T—
Tseng 2005 2 40 8 40 1.1% 0.25[0.06, 1.11] e —
Tseng 2009 6 40 7 40 1.0% 0.86[0.32, 2.33] e
Vajkoczy 2005 3 15 3 17 0.4 % 1.13[0.27, 4.79] e —
Vam den bergh 2006 9 87 7 74 1.1% 1.09[0.43, 2.79] i
Van den bergh 2005 27 139 31 144 43% 0.90[0.57,1.43] —=—
Vergeuwen 2009 2 16 2 16 0.3% 1.00[0.16, 6.25] e E—
Wong 2010 17 169 19 159 2.7% 0.84[0.45, 1.56] —=—
Ohman 1988 10 104 15 109 20% 0.74[0.33, 1.48] e
Total (95 % Cl) 5294 4073 100.0 % 0.90 [0.82, 0.99] ()
Total events , 770 6266
Heterogeneity; chic = 30.63, df =32 (P = 0.54): =0 % 5ot o o 00"

Test for overall effect: Z =2.08 (P = 0.04)

Fig. 4 Summary of prospective randomized trials with aim to limit
secondary damage after SAH (work in progress). In this analysis, all
prospective, randomized, placebo-controlled trials addressing secondary

Although the overall trends cannot be simplified and local
factors may play a certain role, it is clear that progress with SAH
may be comparable with other types of stroke. Here, improve-
ment of neurocritical care may be the common denominator. On
the other hand, it appears likely that changing attitudes accom-
panying aging populations are also a significant factor, e.g.,
treatment that is more invasive in patients older than 70-80 years
or acceptance of functional deficits in elderly patients.

The Benefit of Neuroprotective
Intervention in General

As highlighted, at least 50 % of the case fatality rate with
SAH is related to early or delayed brain injury. Thus, a focus
on the respective improvements of prevention and therapy

Favours experimental Favours control

mechanisms after SAH were included. The analysis was restricted to
case fatality rate. Overall, a number of drugs proved to provide a favor-
able trend or clear-cut benefit, e.g., oral nimodipine and fasudil

should also result in beneficial effects on outcome. A review
of the various prospective and randomized clinical trials of
the last 30 years illustrates that only oral nimodipine has
been definitely proven to improve outcome (Fig. 4). For
other pharmacological interventions, a distinct but nonsig-
nificant trend is seen, e.g., the rho kinase inhibitor, fasudil.
Howeyver, the current smaller trials on statins seem to be
promising in this respect, but larger trials are required to
explore the potential of this drug type.

Intensive preclinical and clinical research has been con-
ducted during the last 30 years in the field of neuroprotection
following ischemic stroke. Although efforts to reverse the ini-
tial injury, e.g., by thrombolysis, proved to be very effective,
none of the pharmacologic concepts or other interventional
concepts, such as hypothermia, for neuroprotection resulted
in any beneficial effect on functional outcome. To date,
decompressive craniotomy remains the only intervention
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Dexamethasone Placebo Risk ratio Risk ratio
Study or subgroup Events Total Events Total Weight M - H, Fixed, 95 % CI M - H, Fixed, 95 % CI
De Gans 2002 11 157 21 144 8.4%  0.48[0.24, 0.96] j
Molyneux 2002 96 307 91 295 357 % 1.01[0.80, 1.29]
Nguyen 2007 22 217 26 218 10.0% 0.85][0.50, 1.45] —
Odio 1991 1 52 1 49 0.4 % 0.94[0.06, 14.65]
Quazi 1996 12 48 5 41 21% 2.05[0.79, 5.33] -+
Thwaites 2004 87 274 112 271 43.4% 0.77[0.61, 0.96] L
Total (95 % ClI) 1055 1018 100.0% 0.87[0.75, 1.01] 4
Total events 229 256
Heterogeneity; Chi = 8.68, df = 5 (P=0.12): > = 42 % 501 o o700

Test for overall effect: Z=1.86 (P = 0.06)

Fig.5 Summary of prospective randomized trials on corticosteroids for
meningitis (work in progress). Case fatality rate was used as the out-
come parameter. In general, adding dexamethasone to antibiotic treat-
ment reduces secondary complications. It is important to stress the

focusing on limiting secondary brain damage that resulted in
a clear reduction of mortality [11, 15].

Regarding traumatic brain injury, the data on the effect of
neuroprotective strategies to limit secondary brain damage
remain disappointing. To date, none of the larger clinical tri-
als on pharmacological or interventional (hypothermia or
decompressive craniectomy) treatments were able to demon-
strate a beneficial effect on neurological outcome [6-8].

Common Denominators and Explanation

Looking at the clinical trials on corticosteroid therapy for
meningitis may provide an explanation for the differences in
benefit of neuroprotective measures (Fig. 5). Most of the few
trials evaluating corticosteroids in addition to antibiotics for
bacterial meningitis demonstrated a reduction of poor out-
come and mortality [9, 10, 16, 21-26, 28]. It appears clear
that steroids are only beneficial under concomitant treatment
with antibiotics. Therefore, experimental treatment does not
compare with the “natural” course for this entity, because
corticosteroid treatment without antibiotic treatment would
inevitably result in poor outcome or death in patients with
bacterial meningitis.

There is a similar scenario in the case of SAH. Blocking
secondary negative reactions by nimodipine has only been
proven beneficial in the case of secured aneurysms, which
means that the control group was not exposed to the true
natural course of the disease. If we assume that evolution
or nature has not developed “suicide pathomechanisms,”
why would patients develop vasospasm during the course
of this disease? For obvious reasons, there is no recent data
on the natural course after aneurysmal SAH to underline
this assumption, but the data from the Cooperative Study
from the 1960s might provide some insight in this respect

Favours experimental Favours control

point that dexamethasone is only beneficial under the protection of
antibiotics. Therefore, experimental treatment does not compare with
the “natural” course

[14]. The registry dates back to the time before the intro-
duction of early aneurysm surgery and can therefore pro-
vide information on the natural course after SAH. Although
the data show a clear association between the occurrence
of vasospasm and poor outcome, the data also show a clear
negative association between the occurrence of vasospasm
and aneurysm rerupture during the unsecured phase.
Therefore, it appears that, in the natural course after SAH,
macrovascular spasm might have been evolutionarily
meant to protect patients against aneurysm rerupture. The
protective effect of vasospasm was not readily evident in
clinical practice, because risk factors to develop macrovas-
cular spasm parallel those for rehemorrhage, i.e., severe
SAH [29]. The protective effect of vasospasm against
rerupture could only be distilled by multifactorial statisti-
cal correlation analysis. Thus, one could argue from an
evolutionary standpoint that the purpose of macrovascular
spasm was not exclusively a detrimental or suicide
pathomechanism, but an attempt to protect against life-
threating aneurysm rerupture.

The models of meningitis and SAH suggest that the con-
cepts of secondary brain damage must be revised. For the
natural course, nature does not appear to have developed sui-
cide mechanisms that need to be fought, i.e., blocked phar-
macologically. In contrast, nature has to limit resources for
repair, and therefore also mechanisms of compensation fol-
lowing brain injury. Insufficient potential for repair and com-
pensation need to be supported by medical intervention. On
the other hand, current data do not indicate that blocking bio-
chemical reactions after brain injury and stroke makes much
sense. The pharmaceutical industry has realized that there is
not much to gain and has largely withdrawn from drug devel-
opment and clinical studies. Because of the above-discussed
arguments, the situation may be different with SAH, and the
most effective drugs, calcium antagonists, deserve further
development.
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Conclusions and Consequences

Nimodipine was introduced into clinical practice in the
1980s. Although we have a much more detailed under-
standing of the various types of calcium channels compared
with 30 years ago, many open questions remain regarding
calcium channels and their function following SAH. In par-
ticular, a variable response is seen after local application of
nimodipine or intraarterial delivery. In a monocentric pro-
spective trial at our department on intraarterial application
of nimodipine for severe vasospasm, no response was seen
in one of three patients [12]. The question of these nonre-
sponders to calcium antagonists needs to be addressed. Are
there substantial genetic variations of the calcium chan-
nels? How important is the balance between different types
of calcium channels and how are they upregulated or
downregulated?

Furthermore, in some clinical and experimental settings,
the antispastic effect of nimodipine appears to decrease with
increasing dose. We observed this effect in a study on the
dose-related efficacy of continuous intracisternal nimodipine
treatment for cerebral vasospasm in the rat double-SAH
model [13]. The question of decreasing effect with increas-
ing dose remains enigmatic and further research is needed to
elucidate the underlying cause of the decreasing nimodipine
effect at higher dosage. Differential effects on the individual
types of calcium channels might play a role.

Last but not least, the concepts of systems theory defining
the general principles governing the hierarchy and interac-
tions between genes, cells, organs, the organism, and society
should be considered more seriously by physicians and neu-
roscientists. A better understanding of systems theory would
have made it clear that the assumption of suicide mecha-
nisms in the brain rests on shaky grounds [8].
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