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Cerebral vasospasm (CV) and the resulting delayed cerebral ische-
mia (DCI) significantly contribute to poor outcomes following
aneurysmal subarachnoid hemorrhage (aSAH). Free hemoglobin
(Hb) within the subarachnoid space has been implicated in the
pathogenesis of CV. Haptoglobin (Hp) binds free pro-oxidant Hb,
thereby modulating its harmful effects. Humans can be of three
Hp phenotypes: Hp1-1, Hp2-1, or Hp2-2. In several disease states,
the Hp2-2 protein has been associated with reduced ability to
protect against toxic free Hb. We hypothesized that individuals
with the Hp2-2 phenotype would have more CV, DCl, mortality,
and worse functional outcomes after aSAH. In a sample of 74 aSAH
patients, Hp2-2 phenotype was significantly associated with in-
creased focal moderate (P = 0.014) and severe (P = 0.008) CV and
more global CV (P = 0.014) after controlling for covariates. Strong
trends toward increased mortality (P = 0.079) and worse func-
tional outcomes were seen for the Hp2-2 patients with modified
Rankin scale at 6 wk (P = 0.076) and at 1y (P = 0.051) and with
Glasgow Outcome Scale Extended at discharge (P = 0.091) and at
1y (P = 0.055). In conclusion, Hp2-2 phenotype is an independent
risk factor for the development of both focal and global CV and
also predicts poor functional outcomes and mortality after aSAH.
Hp phenotyping may serve as a clinically useful tool in the critical
care management of aSAH patients by allowing for early predic-
tion of those patients who require increased vigilance due to their
inherent genetic risk for the development of CV and resulting DCI
and poor outcomes.
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Aneurysmal subarachnoid hemorrhage (aSAH) affects ~30,000
people per year in the United States, with 30-d mortality
rates as high as 50% (1, 2). Only 20-25% of survivors regain their
original functional capacity due to chronic cognitive impairments
and physical disabilities (3). Cerebral vasospasm (CV) is a frequent
complication, and this prolonged vasoconstriction may lead to
delayed cerebral ischemia (DCI), a known contributor to poor
functional outcomes following aSAH (2).

Although various hypotheses have been put forward to explain
the development of aSAH-related CV, the presence of red blood
cells, hemoglobin (Hb), and Hb breakdown products within close
proximity to major cerebral vessels have been strongly implicated
in the pathogenesis (4-7). Haptoglobin (Hp) is an acute-phase
protein with a primary function of binding free Hb (8). Forma-
tion of this Hp—Hb complex directly detoxifies Hb and mediates
its safe clearance (9-11). There are two Hp alleles in the human
population, Hpl and Hp2, which allow for three possible Hp
genotypes: Hpl-1, Hp2-1, and Hp2-2. The Hp2-2 protein has
been reported to have a reduced ability to bind and detoxify free
Hb and impairs the safe clearance of the Hp—Hb complex (12).
Therefore, we hypothesized that the Hp2-2 phenotype may
negatively contribute to aSAH outcomes by mediating a greater
degree of Hb-mediated oxidative and inflammatory brain injury.
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Previous clinical studies aimed at correlating Hp phenotype
with the incidence of CV and aSAH outcomes have demonstrated
different results, likely resulting from methodological variations,
diverse patient populations, and limited data (3, 13, 14). Despite
this past research investigating whether Hp genotype is predictive
of CV and aSAH outcomes, several issues remain unaddressed.
The purpose of this study was to comprehensively evaluate whether
Hp phenotype is an independent risk factor for CV, clinical de-
terioration as a result of CV-induced DCI, poor functional out-
comes, and mortality after aSAH.

Results

Of the 74 aSAH patients in this study, 11 were found to be Hp1-1
(14.9%), 39 Hp2-1 (52.7%), and 24 Hp2-2 (32.4%), which is in
agreement with previously reported Hp allele frequencies in this
geographic region (12). Fig. 1 shows an example of the Hp
typing. Demographics, patient characteristics, and the severity of
aSAH for each of the Hp phenotype groups are listed in Table 1.
Overall, this cohort was predominately female (73.0%) and Cau-
casian (77.0%), with a mean age (+SD) of 54.7 + 15.3 (range 20—
88 y). The Hp phenotype groups did not show any significant
differences between age, sex, race, Glasgow Coma Scale (GCS),
World Federation of Neurological Surgeons (WFNS), Fisher
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Subarachnoid hemorrhage (SAH) is a devastating stroke sub-
type associated with an early age at onset and significant
morbidity and mortality. Cerebral vasospasm (CV) is a common
complication of SAH and a key contributor to poor outcomes
due to the resulting brain ischemia and/or infarction. Blood
bioproducts have been implicated in the development of CV,
and haptoglobin (Hp), the hemoglobin-binding protein, may
aid in attenuating this cascade of toxic effects. Here, we
demonstrate that Hp phenotype is an independent risk factor
for focal CV, and importantly, for global CV. We also show that
Hp phenotype predicts mortality and poor outcomes. Although
this work focuses on SAH, we expect that these findings will
also apply to other acute neurological conditions.
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Fig. 1. Demonstration of the Hp typing methods used, showing examples

of both the aSAH patients and longitudinal controls of known Hp type that
were incorporated in all Hp typing of patients. (A) Hp genotyping of control
DNA samples. Lanes 1 and 12 show DNA ladders; lanes 3, 5, 7, 8, and 11 show
the Hp1-1 genotype; lanes 2, 6, and 9 show the Hp2-1 genotype; and lanes 4
and 10 show the Hp2-2 genotype. The bands corresponding to Hp1 and Hp2
were subsequently confirmed to be specific by restriction enzyme analysis.
(B) Hp phenotyping of serum samples from controls and aSAH patients. Lane
1 shows a molecular weight marker; lanes 3, 5, 6, and 8 show the Hp 1-1
phenotype; lanes 2 and 9 show Hp 2-1 individuals; and lanes 4 and 7 show
the Hp2-2 phenotype. The controls in lanes 2-4 correspond to the same
controls in lanes 2-4 in A, demonstrating the matching Hp types between
the two methods.

grade, Hunt-Hess grade, or aneurysm size (Table 1). Hp2-2 patients
did tend to receive clipping more often than Hpl-1/2-1 patients
(70.8% vs. 48%, respectively, P = 0.083). Fig. 2 provides a typical
case example of a 34-y-old female patient included in this study,
who developed moderate and severe CV bilaterally in multiple
vessels, DCI, and poor outcome.

Radiographic Vasospasm. For the 17 cerebral arteries evaluated,
the mean number of vessels (+SD) with mild, moderate, and
severe CV was 5.1 + 3.3, 2.8 + 2.4, and 1.5 + 2.6, respectively.
Hp2-2 phenotype was associated with 1.8 [confidence interval
(CI) = (1.12, 2.98), P = 0.014] and 3.7 [CI = (1.33, 11.5),

P = 0.008] times the number of vessels with moderate and severe
CV, respectively (Table 2). We did not find a significant relation-
ship between Hp2-2 phenotype and the number of vessels with
mild CV [CI = (0.536, 1.38), P = 0.531; Table 2]. The overall
global CV, corresponding to the sum of the individual CV values
for each of the 17 arteries (+SD), was 15.2 + 9.6. Hp2-2 phe-
notype was significantly associated with increased global CV, with
a 6.5 higher total CV value [CI = (1.39, 11.9), P = 0.014; Table 2].

As part of these analyses, we also found that age, aneurysm
size, and treatment type were associated with focal and global
CV. It is estimated that the number of vessels with moderate or
severe CV decreases by 2% [CI = (0.80%, 3.8%), P = 0.003] and
8% [CI = (4.6%, 11.3%), P < 0.0001], respectively, for each
additional year of age (Table S1). Similarly, older age was also
associated with less global CV, with a 0.41 lower total CV value
for each additional year [CI = (—0.535, —0.215), P < 0.0001;
Table S1]. Larger aneurysms tended to be correlated with less
severe [CI = (1.10%, 24.6%), P = 0.062; Table S1] and global CV
[CI = (-1.66, 0.033), P = 0.043; Table S1]. Likewise, patients
who received coiling had more vessels with severe [CI = (2.13,
18.0), P = 0.001; Table S1] and global CV [CI = (0.953, 11.3);
P = 0.047; Table S1]. We did not find a significant association
between radiographic CV and aSAH severity identified by GCS,
WENS, Fisher grade, or Hunt-Hess grade (Table S1).

Delayed Cerebral Ischemia. CV-induced DCI occurred in 22 of 74
(29.7%) aSAH patients in this study. We found that 10 of 24
(41.7%) Hp2-2 individuals developed DCI, compared with 12 of
50 (24.0%) Hpl-1/2-1 patients. Logistic regression controlling
for age did not show a significant association between Hp2-2
phenotype and DCI [odds ratio (OR) = 2.1, CI = (0.706, 6.00),
P =0.180; Table 2]. Age was not associated with the incidence of
DCI (Table S1).

Functional Outcomes. The overall mean (+SD) modified Rankin
Scale (mRS) scores at discharge, 6 wk, and 1y after aSAH were
39 + 13,3.1 = 1.7, and 2.5 £ 2.0, respectively. Likewise, the
overall mean (+SD) Glasgow Outcome Scale Extended (GOSE)
scores at discharge, 6 wk, and 1y post-aSAH were 3.1 + 1.5,3.9 +
2.0, and 5.2 + 2.5, respectively. A multivariate analysis of Hp
phenotype and functional outcomes (identified by the mRS
and GOSE) controlling for age, GCS, WFNS, Fisher grade,

Table 1. Demographics, patient characteristics, and subarachnoid hemorrhage severity stratified by Hp phenotype
Variable Overall (n = 74) Hp1-1 (n = 11) Hp2-1 (n = 39) Hp2-2 (n = 24) Hp1-1/2-1 (n = 50) P value*
Age, mean + SD 54.7 + 15.3 54.7 + 18.0 56.6 + 14.0 51.6 + 16.3 56.2 + 14.7 0.254
Sex, n (%)
Female 54 (73.0) 9 (81.8) 28 (71.8) 17 (70.8) 37 (74.0) 0.785
Male 20 (27.0) 2 (18.2) 11 (28.2) 7 (29.2) 13 (26.0)
Race, n (%)
Black 14 (18.9) 3(27.3) 9 (23.1) 2 (8.3) 12 (24.0) 0.223
White 57 (77.0) 7 (63.6) 29 (74.4) 21 (87.5) 36 (72.0)
Hispanic 3(4.1) 1(9.1) 1(2.6) 1(4.2) 2 (4.0)
GCS, mean + SD 12.0 + 3.3 9.4 + 4.1 12.3 +£ 3.1 12.8 £+ 2.7 11.7 + 3.5 0.169
WENS, mean + SD 25+ 13 35+12 24 +1.2 23+13 2613 0.363
Fisher grade, n (%)
2 7 (9.5) 0 (0.0) 3(7.7) 4 (16.7) 3 (6.0) 0.256
3 24 (32.4) 4 (36.4) 14 (35.9) 6 (25.0) 18 (36.0)
3+4 43 (58.1) 7 (63.6) 22 (56.4) 14 (58.3) 29 (58.0)
Hunt-Hess grade, mean + SD 28+ 09 3.5+ 09 2.7 +0.9 26 +09 29+1.0 0.197
Aneurysm size (mm), mean + SD 6.3 + 3.1 54+ 26 6.4 + 2.8 6.7 + 3.9 6.2 + 2.7 0.903
Treatment, n (%)
Clipping 41 (55.4) 8(72.7) 16 (41.0) 17 (70.8) 24 (48.0) 0.083
Coiling 33 (44.6) 3(27.3) 23 (59.0) 7 (29.2) 26 (52.0)
*For comparison between Hp2-2 and Hp1-1/2-1.
1156 | www.pnas.org/cgi/doi/10.1073/pnas.1412833112 Leclerc et al.
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Fig. 2. A prototypical example of a 34-y-old female with aSAH. (A) Noncontrast head CT showing diffuse Fisher 3+4 SAH and layering intraventricular
hemorrhage. (B) Initial cerebral angiography of the right internal carotid artery (ICA) demonstrates a right posterior communicating artery aneurysm. (C)
Repeat cerebral angiography posttreatment by coiling. (D) At day 6 postcoiling, the patient developed progressive confusion and stupor with a left
hemiparesis. Cerebral angiography demonstrates severe right M1 and moderate right M2 and A2 CV. (E) Following intra-arterial infusion of verapamil,
there is minimal change in the degree of CV. (F) Angioplasty is performed. A balloon is inflated in the right M1. (G) There is significant improvement of the
right M1 CV following angioplasty. (H) Angiography of the left ICA shows moderate left A1, A2, and M2 CV, which was treated with intra-arterial verapamil

infusion only.

Hunt-Hess grade, aneurysm size, and treatment type (clipping
vs. coiling) demonstrated a strong trend toward Hp2-2 phenotype
and worse functional outcomes (Table 3). Hp2-2 individuals had
mRS scores 0.84 and 1.20 higher at 6 wk [CI = (-0.090, 1.78), P =
0.076] and 1 y [CI = (-0.006, 2.38), P = 0.051], respectively.
Similarly, Hp2-2 individuals had GOSE scores 0.74 and 1.45 lower
at discharge [CI = (-1.60, 0.121), P = 0.091] and 1 y [CI = (-2.92,
0.030), P = 0.055], respectively. For each unit increase on GCS,
mRS and GOSE scores at 1 y were 0.25 lower [CI = (—0.538,
0.034), P = 0.082; Table S2] and 0.39 higher [CI = (0.033, 0.746),
P = 0.033; Table S2], respectively. We did not find any other
significant predictors of functional outcomes at discharge, 6 wk, or
1y (Table S2).

Mortality. The overall mortality rate was 11 of 74 (14.9%). We
found that 6 of 24 (25.0%) Hp2-2 individuals died, compared
with only 5 of 50 (10.0%) Hp1-1/2-1 patients. Logistic regression
controlling for age showed a trend toward increased mortality for

the Hp2-2 individuals [OR = 3.3, CI = (0.871, 13.3), P = 0.079;
Table 3]. Age was not associated with mortality (Table S2).

Discussion

CV has long been regarded as a key contributor to poor out-
comes after aSAH, mainly due to the resulting DCI and cerebral
infarction that may occur (15). The purpose of this study was to
determine whether individuals with the Hp2-2 phenotype had
increased risk for CV, DCI, mortality, and poor outcomes fol-
lowing aSAH. We found that Hp2-2 individuals had significantly
more vessels with moderate and severe focal radiographic CV,
and given the design of this study, we are, to our knowledge, the
first to show that Hp2-2 phenotype is predictive of global CV.
We also observed strong trends toward Hp2-2 phenotype and
poor outcomes as identified by both the mRS and GOSE at
discharge, 6 wk, and 1y postbleed. Additionally, we found a sig-
nificant relationship between Hp2-2 phenotype and increased in-
cidence of mortality.

Table 2. Multivariate analysis of radiographic vasospasm and delayed cerebral ischemia

Outcome Overall (n =74) Hp1-1(n=11) Hp2-1(n=39) Hp2-2 (n=24) Hp1-1/2-1(n=50) 95% CI* P value*

No. of vessels with mild CV, 5.1+33 56 +3.4 51+ 3.6 49 + 3.0 53+35 0.536-1.38 0.531
mean + SD

No. of vessels with moderate CV, 28+24 21 +£1.7 19+26 29+24 24 +24 1.12-2.98 0.014
mean + SD

No. of vessels with severe CV, 1.5+ 26 1.4 + 3.2 1.1+22 23+3.0 1.2+24 1.33-11.5 0.008
mean + SD

Global CV, mean + SD 15.2 + 9.6 15.9 + 10.6 12.8 + 9.0 19.1 £+ 9.3 13.6 + 9.4 1.39-11.9 0.014

CV-induced DCl, n (%) 22 (29.7) 3(27.3) 9 (23.1) 10 (41.7) 12 (24.0) 0.706-6.00"  0.180"

*For comparison between Hp2-2 and Hp1-1/2-1 controlling for age, GCS, WFNS, Fisher grade, Hunt-Hess grade, aneurysm size, and treatment type.

TOR = 2.1 for comparison between Hp2-2 and Hp1-1/2-1 controlling for age.

Leclerc et al.

PNAS | January 27,2015 | vol. 112 | no.4 | 1157

MEDICAL SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412833112/-/DCSupplemental/pnas.201412833SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412833112/-/DCSupplemental/pnas.201412833SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412833112/-/DCSupplemental/pnas.201412833SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412833112/-/DCSupplemental/pnas.201412833SI.pdf?targetid=nameddest=ST2

L T

/

1\

=y

Table 3. Multivariate analysis of functional outcomes and mortality

Outcome Overall (n =74) Hp1-1(n=11) Hp2-1(n=39) Hp2-2 (n=24) Hp1-1/2-1 (n = 50) 95% CI* P value*
GOSE at discharge, mean + SD 3.1+ 15 33+ 1.3 34+ 15 27+ 15 34+ 15 -1.60-0.121 0.091
GOSE at 6 wk, mean + SD 39+20 45+19 39+18 3.6 +2.2 41+18 -1.86-0.507 0.256
GOSE at 12 mo, mean + SD 52+25 54 + 27 55+ 23 46 +2.8 55+23 —2.92-0.030 0.055
mRS at discharge, mean + SD 39+13 41 +1.2 37+13 40+14 38+1.3 -0.141-1.25 0.114
mRS at 6 wk, mean + SD 31+ 17 34+18 28+ 1.6 35+ 18 29+ 1.7 —0.090-1.78 0.076
mRS at 12 mo, mean + SD 25+20 25+23 22+ 1.7 29+23 22+ 19 —0.006-2.38 0.051
Mortality, n (%) 11 (14.9) 1(9.1) 4 (10.3) 6 (25.0) 5 (10.0) 0.871-13.3"  0.079"

*For comparison between Hp2-2 and Hp1-1/2-1 controlling for age, GCS, WFNS, Fisher grade, Hunt-Hess grade, aneurysm size, and treatment type.

TOR = 3.3, for comparison between Hp2-2 and Hp1-1/2-1 controlling for age.

After aSAH, hemolysis within the subarachnoid space releases
massive amounts of Hb, a molecule that we believe has strongly
pro-oxidative and proinflammatory properties when not con-
fined within a red blood cell. We and others have speculated that
free Hb would be the major instigator of CV through a multi-
factorial mechanism involving the generation of reactive inter-
mediates that cause endothelial cell damage, depletion of the
vasodilator nitric oxide, and proliferation of smooth muscle cells,
a combination that ultimately leads to sustained vasoconstriction
and DCI (5-7, 16). In a phenotype-dependent manner, the redox
potential and clearance of Hb is directly reduced and improved
by Hp, respectively, where the Hp2-2 protein has been suggested
to have less overall protective abilities (9-11, 17-19).

Although there have been previous studies investigating the
role of Hp phenotype in aSAH (3, 13, 14), there are a few critical
differences between these studies, compared with the one de-
scribed here, which could possibly explain the varied results: (i)
subjects of different ethnicity, (ii) different clinical management
approaches, and (jii) variations in study methodologies. This study
forms a bridge between the previous ones, filling in some gaps and
also providing previously unidentified findings aimed at a better
understanding of the role of Hp phenotype in predicting CV, DCI,
mortality, and poor outcomes after aSAH.

Indeed, previous studies have varied in the methods used for
CV determination, including the type of imaging modality used,
number of arteries evaluated, and criteria used for determination
of CV. Here, we evaluated a large number of vessels for each
patient and graded the CV as mild, moderate, or severe instead of
dichotomizing to “yes” or “no.” In this way, we obtained a com-
prehensive view of CV in each of the patients, including an
analysis of both the distribution and the severity. This approach
also allowed us to evaluate CV from a global standpoint. In the
minority of patients, these determinations were done using
computed tomography angiography (CTA) imaging, rather than
the gold standard cerebral angiography. However, previous stud-
ies have shown good correlation between CTA and angiography
measurement of arterial diameters (20-22). If there was a dis-
crepancy between CTA and angiography, CTA tended to over-
estimate the degree of CV. Here, the majority of patients with
CTA imaging were Hpl-1 or Hp2-1, and thus overestimation in
this case would lead to less observed differences although Hp2-2
individuals still had significantly more focal moderate (P = 0.017)
and severe (P = 0.009) CV and more global CV (P = 0.014).
Furthermore, these findings suggest that there is less of a clinical
need to do invasive imaging studies in Hpl1-1/2-1 patients, in-
directly substantiating our findings of Hp2-2 phenotype and in-
creased risk for CV. In the two previous studies that looked at Hp
phenotype and CV after aSAH, Ohnishi et al. (13) found an as-
sociation between Hp2-2 phenotype and increased risk for
angiographical CV, whereas Borsody et al. (14) found no such
link. The latter study included 32 patients with aSAH, and
angiography data were not available for all subjects. However,
with their more abundant transcranial Doppler ultrasonography
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data, Borsody et al. did find an association between the presence of
the Hp2 allele and increased incidence of CV.

Our results showing that Hp2-2 phenotype is an independent
risk factor for global CV is of particular interest because patients
who develop CV and DCI requiring endovascular treatment may
later develop CV and DCI in a different arterial distribution that
was not affected or treated in the first episode (23, 24). As Tekle
et al. (24) proposed, these events suggest that some patients may
have a greater overall propensity for developing CV and DCI
after aSAH. We have shown that Hp2-2 phenotype is predictive
of global CV, although it is important to note that while a greater
percentage of Hp2-2 patients experienced DCI (41.7% vs. 24%),
this trend did not reach statistical significance (P = 0.180). This
finding is likely due to our small sample size: if the difference
between groups is truly 17.7 percentage points, our study had
only 24% power to detect it. Ohnishi et al. (13) were essentially
the only other group to analyze the incidence DCI in the context
of Hp phenotype, and they similarly found the Hp2-2 group
trending toward increased risk.

As part of our multivariate analysis, we also found that other
factors were independent predictors of CV. Younger age was
associated with more focal moderate (P = 0.003) and severe CV
(P < 0.0001) and with more global CV (P < 0.0001), which
correlates well with previous studies (25-27). Fisher grade is
a classification of the amount and distribution of subarachnoid
blood on admission CT scans after aneurysm rupture and is
a well-known predictor of CV (28-30). Our current study was
underpowered to evaluate Fisher grade as a risk factor for CV, as
only two of the seven Fisher 2 patients had imaging available to
evaluate vasospasm. Although we were not able to reliably draw
statistical conclusions, two other factors suggest less CV risk for
the Fisher 2 patients in this cohort: (i) none of the seven Fisher 2
patients had DCI and (i) the lack of CV diagnostic imaging
studies performed in these patients imply that there was no
clinical need. With respect to aneurysm size and treatment
modality, previous studies have shown conflicting evidence re-
garding the risk for CV (31-36). Here, we found a correlation
between coiling and increased CV, which is in contradiction to
larger studies that demonstrate no difference between groups or
favor coiling for lower risk (31, 32, 35, 36). We are uncertain of
why coiled patients in this study tended to have more CV, al-
though we cannot exclude that those patients less prone to CV
were more often surgically clipped.

Individuals with the Hp2-2 phenotype had increased mortality
and poor aSAH outcomes, as identified by both the GOSE and
mRS on a continuous basis at discharge, 6 wk, and 1 y. No
previous studies have correlated Hp phenotype and long-term
(1y) functional outcomes after aSAH or provided outcome data on
a continuum. Furthermore, the observed differences in outcomes
between the Hp phenotype groups become more exaggerated
with increased time postbleed, suggesting that Hp phenotype
may be a valuable marker for predicting long-term neurologic
disability. In a recent study by Kantor et al. (3), Hp2-2 genotype
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was associated with poor outcome identified by dichotomized
mRS at 3 mo postbleed although no significant differences were
seen with mortality or dichotomized Glasgow Outcome Scale. In
contrast, Ohnishi et al. (13) found no association between Hp
phenotype and the 3-mo dichotomized mRS score. As they pointed
out, the results of their study are not directly applicable to other
populations, given the racial differences and marked variation in
Hp genotype frequencies depending on geographic location.

The combination of these previous studies and the current one
suggests that racial background is not an important confounding
variable when evaluating Hp phenotype and the risk for de-
veloping CV, although it may be important when evaluating its
role in predicting outcomes. The former is likely indicative of the
inherent biological roles of Hb and Hp, where Hb is a primary
instigator of CV and Hp is important in mediating clearance of
toxic-free Hb from the body, which is Hp phenotype-dependent.
The latter point may suggest that other genetic factors may also
be responsible for poor outcomes after aSAH, given that positive
correlations between Hp phenotype and outcomes have been
shown in Western populations and that no such association was
found in an Asian population. In support of this hypothesis, it
was recently suggested in a cross-sectional study of hospital dis-
charges in the United States that individuals of Asian/Pacific
Islander descent had worse outcomes after SAH compared with
other racial/ethnic groups (37). Alternatively, different clinical
management approaches could also explain the conflicting results
of these studies regarding the predictive potential of Hp pheno-
type and poor aSAH outcomes.

Study Limitations. A main limitation of this study is its retro-
spective nature, particularly with regard to determining DCIL
Accurate determination of DCI, even in the prospective setting,
remains difficult due to the complex clinical course of aSAH
patients. It can be challenging to discern CV-induced DCI from
other causes of neurologic change including metabolic derange-
ments, fever, infection, hydrocephalus, seizure, and respiratory
complications. In this study, we performed a thorough chart review
to look for these other possible causes of clinical deterioration, and
when possible, we confirmed true CV-induced DCI by brain im-
aging demonstrating ischemia/infarction and/or clinical improve-
ment following CV treatment (balloon angioplasty, intra-arterial
infusion of verapamil). In contrast to DCI, the retrospective nature
of this study does not affect our evaluation of aSAH outcomes or
CV because these determinations were performed prospectively or
by review of imaging collected as part of routine care, respectively.

Other limitations of this study stem from our methodology
used for evaluation of CV. A single expert reviewed imaging, and
thus the interreader variability is unclear, although to reduce po-
tential bias, the reader was blinded to Hp phenotype and aSAH
clinical course. In addition, there is no validated methodology for
assessing CV or a standard way of reporting these data. Many
groups dichotomize this outcome to “yes” or “no” CV, which likely
reduces the variability, but provides less information regarding the
location and severity. Other groups present the data with a grading
of CV although these methods also vary in terms of the grading
system (number of groups) and criteria for each grouping (% re-
duction in vessel diameter). Here, we have used two methods to
evaluate CV: an individual comparison of the number of vessels
with a particular degree of CV and an approach that we termed
“global CV.” Although such techniques have not been extensively
validated, we have used these methods to obtain a comprehensive
view of CV. A study using similar methods for determining the
degree of CV in each vessel has shown good interobserver vari-
ability (20).

Conclusions. These results demonstrate that Hp2-2 phenotype is

an independent risk factor for the development of focal and
global CV and may also predict mortality and poor outcomes

Leclerc et al.

after aSAH. We are actively collaborating with several groups to
continue enrolling patients in the sample biorepository to con-
firm and extend the results presented here, because some of
these analyses were limited by the sample size. The availability of
such a genetic marker to predict CV, DCI, mortality, and poor
outcomes would aid in the critical care management of aSAH
patients, which continues to pose a considerable challenge to
clinicians. Genotyping for the various Hp polymorphisms could be
performed upon admission and has the potential for use in risk
stratification by allowing for the identification of those patients
requiring increased vigilance due to their inherent genetic risk for
developing CV, DCI, and poor outcomes.

Methods

Following approval by the University of Florida institutional review board and
informed consent, 74 patients with aSAH were enrolled at the University of
Florida between November 2006 and December 2013. Patients over the age
of 18 with a ruptured intracranial aneurysm were included. Patients with
nonaneurysmal SAH were excluded.

Clinical Data and Biospecimen Collection. Biospecimens were collected as part
of two separate protocols: 62 patients were from a previous prospective study
for identifying biomarkers in SAH, and an additional 12 patients were from
our ongoing sample biorepository for studying brain injuries. Blood was
obtained from an arterial line or by i.v. puncture and processed for storage of
serum. Patient demographics, including age, sex, and race, were collected as
part of enrollment for both protocols. For the prospective study, treatment
type (clipping, coiling), aneurysm size and location, and inpatient notes were
collected as part of the study. For the biorepository patients, these data were
abstracted through a retrospective chart review.

The initial clinical presentation and severity of aSAH were determined by
the following scales: WFNS, GCS, Fisher grade, and Hunt-Hess grade. For the
majority of patients, WFNS, GCS, and Hunt-Hess grade were collected pro-
spectively by the treating physician. An endovascular neurosurgeon, blinded
to Hp phenotyping results, reviewed charts and imaging to fill in any missing
data and to determine Fisher grades (28).

Outcomes were assessed using the mRS and GOSE. For the prospective
study, these data were collected at discharge, 6 wk, and 1 y. For the bio-
repository, mRS scores were recorded at discharge and last clinic follow-up.

Radiographic Vasospasm. To assess for radiographic CV, CTA and cerebral
angiography imaging were reviewed by an endovascular neurosurgeon
blinded to Hp phenotype and aSAH clinical course. Cerebral angiography was
used to grade the degree of CV when available, and CTA was used when
angiography was not performed. Imaging performed closest to postbleed
day 7 was used to grade CV as mild (<33% narrowing), moderate (33-66%
narrowing), or severe (>66% narrowing). A CV grade was assigned bi-
laterally to the supraclinoid carotid artery, proximal middle cerebral artery
(MCA) (M1), distal MCA (M2), proximal anterior cerebral artery (ACA) (A1),
distal ACA (A2), vertebral artery, proximal posterior cerebral artery (PCA)
(P1), distal PCA (P2), and for the basilar artery. Each of these arteries were
assigned a score of 0, 1, 2, or 3 corresponding to absent, mild, moderate, or
severe CV, respectively. We defined the term “global CV" as corresponding
to the sum of the CV values for the 17 cerebral arteries evaluated for
each patient.

Clinical Deterioration from Delayed Cerebral Ischemia. Clinical deterioration as
a result of CV-induced DCI was defined on the basis of acute mental status
changes after excluding for other causes (metabolic, hydrocephalus, fever,
infection, seizure). Clinical improvement after initiation of hypertensive
therapy, intra-arterial treatment of CV with verapamil, balloon angioplasty,
or brain imaging demonstrating ischemia was used for confirmation of DCI.

Hp Typing. The Hp type of aSAH patients was determined using a modified
previously described method based on detecting the a1- and a2-chain size
differences of the denatured Hp protein (38). A serum sample from each
patient was diluted 75-fold, mixed with an equal volume of 2x sample buffer
(Bio-Rad), and boiled at 95 °C for 5 min. Ten microliters was loaded onto a 12%
polyacrylamide gel and electrophoresed at 100 V for 10 min, followed by 150 V
for 50 min. Samples were transferred to polyvinylidene fluoride membranes,
which were blocked for 1 h at room temperature with 0.5% casein in Tris-
buffered saline containing 0.01% Tween-20 (TBST). Membranes were incubated
overnight at 4 °C with polyclonal rabbit anti-human Hp (Dako) diluted 1:7,500
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in blocking buffer supplemented with 0.2% Tween-20. After four washes in
TBST, the membranes were incubated for 1 h at room temperature with per-
oxidase-labeled goat anti-rabbit IgG (Vector Labs) diluted 1:10,000 in blocking
buffer supplemented with 0.2% Tween-20 and 0.01% SDS. Following four
washes in TBST, chemiluminescence was visualized using SuperSignal West Pico
substrate (Thermo Scientific) with a FluorChem E detection system (Pro-
teinSimple). Hp phenotyping was performed without knowledge of aSAH
clinical course. Serum samples from controls of known Hp type were in-
corporated in all analyses. The type for these controls was determined by two
separate methods, including the one described above, with 100% match. Fig. 1
provides a representative example of the Hp typing methods developed here,
showing both these controls and examples of aSAH patients of all Hp types.

Statistical Analyses. All statistical analyses were performed by a biostatistician
using the R statistical software package (V.3.0.2). To compare outcomes across
the Hp phenotype groups, logistic regression was used for the dichotomous
outcomes (DCI and mortality), linear regression for the continuous scale out-
comes (global CV, GOSE, and mRS), and negative binomial regression for the
count outcomes (number of vessels with a specific CV value). The logistic
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regression models included only age as a covariate due to a limited number of
patients with DCI and mortality in each of the Hp phenotype groups. For the
linear regression and negative binomial regression multivariate models, age,
GCS, WENS, Fisher grade, Hunt-Hess grade, aneurysm size, and treatment type
were included as covariates. The Hp2-2 group was compared with the Hp1-1/
2-1 group because of a relatively small number of patients in the Hp1-1
group (n = 11) and a similar functional profile for Hp1-1 and Hp2-1 (12).
A two-sided P value less than 0.05 was considered significant for all
analyses.
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