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Background and Purpose An elevated intracellular calcium level is known to be a major
initiator and activator of ischemic cell death pathway; however, in recent studies, elevated
serum calcium levels have been associated with better clinical outcomes and smaller cere-
bral infarct volumes. The pathophysiological role played by calcium in ischemic stroke is
largely unknown.

Methods Acute stroke patients from a prospective stroke registry, consecutively admitted
during October 2002-September 2008, were included. Significant associations between the
modified Rankin scale distribution at discharge and serum calcium or albumin-corrected
calcium were identified using ordinal logistic regression analysis. Cox proportional hazard
models were used for survival analysis.

Results Mean serum calcium and albumin-corrected calcium levels of the 1,915 partici-
pants on admission were 8.97 +0.58 mg/dL and 9.07 + 0.49 mg/dL, respectively. Second [ad-
justed odds ratio 1.32 (95% confidence interval 1.07-1.61)] and third [1.24 (1.01-1.53)] ter-
tiles of serum calcium level and the third [1.24 (1.01-1.53)] tertile of albumin-corrected cal-
cium level were found to be independent risk factors for a poor discharge outcome. Signifi-
cant relationships were observed with serum calcium [1.19 (1.03-1.38)] and albumin-cor-
rected calcium [1.21(1.01-1.44)] as linear variables. However, only albumin-corrected calci-
um was associated with long-term mortality, third tertile [adjusted hazard ratio 1.40 (1.07-
1.83)], and increase by 1 mg/dL [1.46 (1.16-1.84)].

Conclusions Elevated albumin-corrected serum calcium levels are associated with a poorer
short-term outcome and greater risk of long-term mortality after acute ischemic stroke.
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injury.! Under ischemic conditions, release of glutamate from

the neurons and glia activates the N-methyl-D-aspartate (NMDA)

The calcium ion (Ca®) is a ubiquitous intracellular messen-
ger during and immediately after an ischemic period, and it in-

fluences the cascade of events that lead to subsequent neuronal

receptor and triggers the rapid translocation of Ca* from extra-
cellular to intracellular spaces in cerebral tissues.”* Experimental

results indicate that Ca** can have a harmful effect on neurons

Copyright © 2015 Korean Stroke Society

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which

permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

54  http://j-stroke.org

pISSN: 2287-6391 e elSSN: 2287-6405



Vol. 17 [ No. 1 [ January 2015

under acute ischemic conditions.

The harmful effects of Ca** have been studied in regard to its
relationship with prevention of neuronal injury in acute isch-
emia. One small-scale study showed a significant reduction in
mortality and neurological impairment after the administration
of nimodipine (a calcium antagonist).* Furthermore, collective
results suggest that early therapy with oral nimodipine favorably
influences the course of acute ischemic stroke.’

In contrast to a previously held belief,*” recent studies suggest
that elevated serum calcium levels within 24 hours of stroke on-
set are associated with smaller infarction volumes and better clin-
ical outcomes after hospital discharge.”” Interestingly, Appel et al.
reported that serum calcium levels at both extremes are associat-
ed with greater mortality, and noted optimal long-term survival
for a distinct range of serum calcium levels."

In this study, based on the physiologic character of Ca*" in
ischemic conditions, we hypothesized that elevated levels of se-
rum calcium and albumin-corrected calcium may be associated
with a poor outcome after stroke in terms of neurologic severity

at discharge and mortality.

Methods
Study population

Acute stroke patients admitted to Seoul National University
Hospital between October 2002 and September 2008 within 7
days of symptom onset were identified from a prospective stroke
registry database, and analyzed for this study. The information
collected from each patient included stroke subtype as classified
by the Trial of Org 10172 in Acute Stroke Treatment (TOAST)
criteria,"! the National Institutes of Health Stroke Scale (NTHSS)
score at the time of admission, thrombolytic treatment during
the hyperacute period, and the modified Rankin Scale (mRS)
score at discharge (the latter was used as a measure of early func-
tional outcome after stroke). The institutional review board ap-
proved the study despite the absence of patient consent due to
its retrospective nature and minimal risk to participants [IRB
No. H-1011-004-337].

Demographic characteristics and laboratory data
Baseline demographic and clinical characteristics of all study
participants were collected. This included gender, age, height,
body weight, and vascular risk factors such as hypertension (pre-
vious use of antihypertensive medication and systolic blood
pressure > 140 mmHg or diastolic blood pressure >90 mmHg
at discharge), diabetes (previous use of a glucose-lowering medi-
cation and fasting blood glucose >7 mmol/L or postprandial
blood glucose after 2 hours > 11.1 mmol/L at discharge), hyper-
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lipidemia (previous use of a lipid-lowering medication and total
cholesterol > 6.0 mmol/L or low-density lipoprotein cholesterol
> 4.14 mmol/L at discharge), and current smoking."”"* We also
collated patient laboratory data, which included serum levels of
glucose, hemoglobin Alc, total cholesterol, high-density lipo-
protein cholesterol, triglycerides, low-density lipoprotein, albu-
min, and calcium. Albumin-corrected calcium levels were calcu-
lated using the formula: albumin corrected calcium (mg/dL) =

serum calcium (mg/dL) + 0.8 [4-serum albumin (g/dL)]."*

Mortality information

The vital status of the participants was ascertained using data
obtained from Statistics Korea, a governmental statistical office
that manages demographic statistics in Korea, which has been

used and considered as reliable data in previous studies.'®"’

Statistical analysis

Differences between the groups were analyzed using the x*
test for categorical variables and the Student t-test or the Mann-
Whitney U test for continuous variables. To test for significant
associations between mRS distribution at discharge and serum
levels of calcium or albumin-corrected calcium, ordinal logistic
regression analyses was used, taking the 6 categorized mRS
score (i.e, mRS scores S and 6 combined) as a dependent vari-
able under the assumption of proportional odds. In addition,
Cox proportional hazard models were constructed to test the ef-
fects of serum calcium or albumin-corrected calcium levels on
mortality after stroke. For ordinal logistic regression models and
Cox proportional hazard models, adjusted variables with P val-
ues <0.05 were selected by univariate analysis. Serum calcium
and albumin-corrected calcium levels were entered into multi-
variable models separately. To detect the threshold effect of cal-
cium or albumin-corrected calcium levels on outcomes in model
1, these two variables were classified by tertiles (T1 <8.9; T2
8.9-9.2; T3 >9.2 for calcium and T1 < 8.90; T2 8.90-9.28; T3
>9.28 for albumin-corrected calcium), and the tertiles were
chosen based on sample size. Serum calcium and albumin-cor-
rected calcium levels were analyzed as continuous data in model
2. Significance was set at a two-tailed P level of <0.05. Values
have been presented as frequencies (percentages), means
standard deviations, or medians [interquartile ranges (IQR)], as
appropriate. All statistical analyses were performed using the
SPSS 21.0 (IBM Inc., Armonk, NY, USA).

Results

Our acute stroke registry comprised 2,313 patients. However,
we excluded patients with history of an intracranial hemorrhage
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(n=232), transient ischemic attack (n=124), and those without
information on important clinical variables (n = 15) or functional
outcomes (n=27). As a result, 1,918 stroke patients were en-
rolled in this study. Of these, 1,184 were men and 731 were wom-
en. Patients’ age ranged from 16 to 98 years (mean 65.7+12.2
years). The mean serum calcium and albumin-corrected calcium
levels on admission were 8.97 £ 0.58 mg/dL and 9.07 + 0.49 mg/
dL respectively, and the median initial NTHSS score was 4 [2, 7
(IQR)]. The mean follow-up period was 917 + 609 days (range
1-2,248 days). The mortality rate was 1.6% (31 patients) at 1

Patient baseline characteristics according to vital status

Chung, etal. Elevated Calcium in Acute Ischemic Stroke

month post-admission, and the overall mortality rate was 17.3%
(332 patients). Patient baseline characteristics by vital status are
shown in Table 1.

Table 2 presents the results of multivariable ordinal logistic re-
gression analyses of the effects of serum calcium and albumin-
corrected calcium levels on discharge mRS scores. Model 1 iden-
tified the second [adjusted odds ratio (OR) 1.32 (95% confi-
dence interval [CI] 1.07-1.61); P<0.01] and third [OR 1.24
(95% CI 1.01-1.53); P=0.04] tertiles of the serum calcium level
and the third [OR 1.24 (95% CI 1.01-1.53); P=0.04] tertile of

Multivariable ordinal logistic regression analyses of the relations be-
tween serum calcium and albumin-corrected calcium levels and discharge

All patients Alive Deceased
(=1915  (n=1583)  (n=332) mRS scores
Demographic variables Serum calcium (mg/dL) Albumin-corrected calcium (mg/dL)
Male gender, n (%) 1,184(618)  973(615) 221(636) Multivariable OR[CI] Pfortrend Multivariable OR[CI] Pfor trend

Age (years, mean+SD) 65.7+£122 645+121 716+109
Cardiovascular risk factors

Hypertension, n (%) 1,292 (675) 1,067(67.4) 225(67.8)

Diabetes, n (%) 650(339)  530(335) 120(36.1)
Dyslipidemia, n (%) 431(22.5) 384(243)  47(14.2)
Habitual smoking, n (%) 660 (345  543(343) 117(35.2)
Body-mass index (kg/m? mean+SD) ~ 238+42  241+30 229+7.7

Laboratory variables

Systolic blood pressure,
mmHg (mean+ SD)

Diastolic blood pressure, mmHg
(mean=+SD)

Serum glucose, mg/dL, mean+SD  115.29+415 11384397 1222+490

Hb Alc, % (mean+SD) 642+13 64+1.3 64+13

Total cholesterol, mg/dL, mean+SD  179.46+39.6 181.1+39.7 1719+384

High-density lipoprotein, mg/dL A411+124 440122 444134
(mean+SD)

Triglycerides, mg/dL (mean+SD)

Low-density lipoprotein, mg/dL
(mean+SD)

152.25+26.9 1526+270 1504+26.4

86.60+159 869+159 851+157

12762+75.7 131.8+784 107.8+57.0
109.82+334 1106+33.7 106.1+31.8

Albumin, g/dL (mean + SD) 389+04 39+04 36+05
Calcium, mg/dL (mean+SD) 8.97+06 90+05 8.8+07
Albumin-corrected calcium, mg/dL 9.07+05 907+04 9.07+06
(mean+SD)
Stroke characteristics
Stroke subtype, n (%)
Large artery atherosclerosis 558(29.1)  470(29.7)  88(26.5)
Small vessel occlusion 518(27.0)  465(294)  53(16.0)
Cardioembolism 375(196)  281(17.8)  94(28.3)
Other determined etiology 43(2.2) 33(2.1) 10(3.0)
Undetermined etiology 421(22.0) 334(21.1)  87(26.2)
NIHSS scores on admission, points 4(2,7) 3(1,6) 6(3,14)
(IOR)
Treatment received
Thrombolytic treatment, n (%) 90(4.7) 74(47) 16(4.8)

Anticoagulation in acute period, n (%) 541(283)  427(27.0) 114(343)
Vascular intervention in acute period, ~ 54(2.8) 37(2.3) 17(5.1)
n (%)

Model 1*

Second vs. first  1.32[1.07-1.61] <0.01
Third vs. first 1.24[1.01-1.53] 0.04
Model 2' 1.19[1.03-1.38] 0.02

1.13[0.92-1.39] 0.24
1.24[1.01-1.53] 0.04
1.21[1.01-1.44] 0.03

*Model 1: Serum calcium and albumin-corrected calcium levels as tertiles, adjust-
ed for gender, age, hypertension, diabetes, habitual smoking, body-mass index,
systolic blood pressure, serum glucose, albumin, triglycerides, stroke subtype, NI-
HSS scores on admission, and thrombolytic treatment (P< 0.05 by univariate ordinal
logistic regression analysis). "Model 2: Serum calcium and albumin-corrected calci-
um levels as continuous data (mg/dL), adjusted for gender, age, hypertension, dia-
betes, habitual smoking, body-mass index, systolic blood pressure, serum glucose,
albumin, triglycerides, stroke subtype, NIHSS scores on admission, and thrombolyt-
ic treatment (P< 0.05 by univariate ordinal logistic regression analysis).

mRS, modified Rankin Scale; OR, odds ratio; Cl, confidence interval.

Multivariable ordinal logistic regression analyses of the relations be-
tween clinical covariates and discharge mRS scores

Multivariable OR [CI]  Pfor trend

Male gender 0.91[0.74-1.11] 0.34
Age 1.02(1.01-1.02] <0.001
Hypertension 1.23[1.01-1.49] 0.04
Diabetes 1.32(1.07-1.63] 0.01

Habitual smoking 0.96[0.78-1.17] 0.68
Body-mass index 0.97[0.95-0.99] 0.01
Systolic blood pressure, by 10 point increase  1.02 [0.99-1.06] 022
Serum glucose, by 10 point increase 1.03(1.01-1.06] 0.01
Triglycerides, by 10 point increase 0.99[0.98-1.00] 0.19
Albumin 0.79[0.63-0.98] 0.03
Albumin-corrected calcium 1.21[1.01-1.44] 0.03
Stroke subtype (vs. small vessel occlusion)
Large artery atherosclerosis
Cardioembolism
Other determined etiology
Undetermined etiology
NIHSS scores on admission
Thrombolytic treatment

0.97[0.77-1.22] 0.79
0.69(0.52-0.90] 0.01
1.75[0.96-3.18] 0.07
0.99(0.78-1.27] 097
1.44[1.41-1.48] <0.001
0.43[0.31-0.62] <0.001

SD, standard deviation; NIHSS, National Institutes of Health Stroke Scale; IQR, in-
terquartile range.
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the albumin-corrected calcium level as independent risk factors
for a poor discharge outcome. Among the confounders, vari-
ables with P values <0.0S in univariate analyses were selected
for adjustment in the analysis. A significant relationship was also
observed in model 2 using serum calcium [OR 1.19 (95% CI
1.03-1.38); P=0.02] and albumin-corrected calcium levels [OR
1.21 (95% CI 1.01-1.44); P=0.03] as linear variables. Details of
multivariable ordinal logistic regression analysis results are sum-
marized in Table 3. In terms of mortality, multivariable analysis
was performed using Cox proportional hazard regression analy-
sis models (Table 4). Model 1 identified the third tertile [adjust-
ed hazard ratio (HR) 1.40 (95% CI 1.07-1.83); P=0.02] of al-
bumin-corrected calcium level as an independent risk factor for
long-term mortality. The relationship between albumin-correct-
ed calcium level and mortality was also found to be significant
when albumin-corrected calcium level was analyzed as a linear
variable [mg/dL; HR 1.46 (95% CI 1.16-1.84); P< 0.001, mod-
el 2]. In addition, male gender, age, serum glucose level, serum
triglyceride level, serum albumin level, stroke subtype, and NI-
HSS scores on admission were found to be significantly associat-
ed with long-term mortality by multivariable analysis (Table S).
However, no significant association was found between serum

calcium level and long-term mortality.

Discussion

The present study shows that high levels of albumin-corrected
calcium are associated with a poor discharge outcome and a
higher incidence of mortality after acute ischemic stroke. This
association was found using the highest tertile model and the
continuous 1 mg/dL increase model. Furthermore, the associa-
tion between the discharge outcome and serum calcium level

was also found to be significant when we used serum calcium

Multivariable Cox regression analyses of the relations between se-
rum calcium and albumin-corrected calcium levels and all-cause death

Serum calcium (mg/dL) Albumin-corrected calcium (mg/dL)

Multivariable HR[CI] Pvalue Multivariable HR[CI]  Pvalue

Model 1%
Second vs. first
Third vs. first
Model 2

0.93[0.71-1.21] 0.58
1.06[0.80-1.41] 0.69
1.09(0.90-1.32] 0.37

0.99(0.76-1.30] 0.95
1.40(1.07-1.83] 0.02
1.46(1.16-1.84]  <0.001

*Model 1: Serum calcium and albumin-corrected calcium levels as tertiles, adjust-
ed for gender, age, hyperlipidemia, body-mass index, diastolic blood pressure, se-
rum glucose, albumin, triglycerides, stroke subtype, and NIHSS scores on admis-
sion (P<0.05 by univariate Cox regression analysis). "Model 2: Serum calcium and
albumin-corrected calcium level as continuous data (mg/dL), adjusted for gender,
age, hyperlipidemia, body-mass index, diastolic blood pressure, serum glucose, al-
bumin, triglyceride, stroke subtype, and NIHSS scores on admission (P<0.05 by
univariate Cox regression analysis).

HR, hazard ratio; Cl, confidence interval.
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levels in a continuous 1 mg/dL increase model. However, in the
tertile model, the middle tertile was found to be more strongly
associated with a poor outcome than the highest tertile. With re-
gard to mortality, serum calcium and albumin-corrected calcium
showed discrepant results as the association between mortality
and albumin-corrected calcium level was identified by the high-
est tertile model and the continuous 1 mg/dL increase model,
but these relations were not found for serum calcium.

The differences in the results obtained for the serum calcium
and albumin-corrected calcium levels may be explained by the
physiologic characteristics of Ca**. About half of the calcium in
the serum is bound to serum proteins, particularly to albumin.
Accordingly, changes in protein concentration alone cause chang-
es in total calcium without affecting the physiologically and clini-
cally important ionized calcium, and thus, adjustment of the total
serum calcium concentration for albumin is essential when at-
tempting to detect abnormal values." For these reasons, albumin-
corrected calcium is a better parameter for evaluating the effect of
calcium at the cellular level when directly measured ionized calci-
um concentration is not available.

The underlying biological mechanism responsible for the poor
short-term outcome and increased mortality associated with ele-
vated albumin-corrected calcium levels has not been established.
Experimental studies have demonstrated that influx of Ca® into
neuronal cells is a mechanism of ischemic cell death. Glutamate-
stimulated Ca** influx into cultured neurons by * Ca*, and ele-
vated Ca** levels after NMDA receptor stimulation has been ob-
served repeatedly using fluorescent probes."””’ Furthermore, it
has also been shown that inhibition of the effectors of Ca®* tox-

Multivariable Cox regression analyses of the relations between clini-
cal covariates and all-cause death

Multivariable HR [CI] Pvalue

Male gender 1.37[1.09-1.73] 0.01
Age 1.0411.03-0.05] 0.01
Hyperlipidemia 1.28[0.93-1.76] 0.13
Body-mass index 0.97[0.94-1.01] 0.15
Diastolic blood pressure 0.96[0.89-1.03] 0.26
(per 10 mmHg increase)
Serum glucose (per 10 mg/dL increase) 1.03[1.01-1.05] 0.04
Triglycerides (per 10 mg/dL increase) 0.98[0.96-0.99] 0.03
Albumin 0.41[0.32-0.53] <0.001
Albumin-corrected calcium 1.46(1.16-1.84] <0.001
Stroke subtype (vs. small vessel occlusion)
Large artery atherosclerosis 1.25[0.88-1.77] 0.21
Cardioembolism 1.59(1.11-2.28] 0.01
Other determined etiology 485(2.4-9.79] <0.001
Undetermined etiology 1.55[1.08-2.22] 0.02
NIHSS scores on admission 1.06[1.05-1.08] 0.01

HR, hazard ratio; Cl, confidence interval; NIHSS, National Institutes of Health
Stroke Scale.
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icity, such as calmodulin,” calcineurin,” or neuronal nitric oxide
synthase,” protects neurons against the toxic effects of excitato-
ry amino acids. These studies suggest that elevated extracellular
Ca™ levels increase the risk of early neuronal death caused by
NMDA receptor-mediated Ca** intracellular influx.

Mitochondrial dysfunction also contributes to delayed neuro-
nal death, and it was established decades ago that massive calci-
um accumulation triggers mitochondrial damage.* Increases in
mitochondrial permeability are caused by the formation of high
conductivity proteinaceous pores that allow the passage of ions
and molecules.*** Furthermore, mitochondria exposed to calci-
um swell and release their contents.” In addition, oxidative stress
and mitochondrial calcium accumulation activate mitochondrial
permeability transition and lead to depolarization-coupled pro-
duction of reactive oxygen species.”’ This relationship between
calcium and mitochondria may explain the association of the
calcium level with a poor neurological outcome in stroke.

The results of the present study should be interpreted with some
caution. First, our study was conducted in a retrospective manner,
and patients without calcium level, height, or admission NIHSS
data were excluded from the analysis. However, only 2.12% of all
potential participants were excluded, and thus, we believe that the
quality of the data was acceptable. Second, we used discharge mRS
scores as a measure of short-term neurological outcome, and thus,
these scores were allocated at different times after stroke onset; the
3-month follow-up NIHSS and mRS scores were not collected.
However, mRS was administered when medically and neurologi-
cally stabilized patients were transferred to rehabilitation services
or discharged to home, and mRS scores at discharge may better
represent the severity of early neurologic involvement compared to
the 3-month follow-up scores because of individual differences in
medical care. Third, none of the patients in our study had hyper-
calcemia (calcium level > 12.0 mg/dL). Due to the retrospective
nature of our study, we were unable to correct this issue. Fourth, in-
formation regarding stroke location, lesion volume, and post-dis-
charge medical care quality, the well-known factors associated with
short and long-term clinical outcomes of ischemic stroke patients,
was not captured in this study. Fifth, serum albumin level could be
an important interacting variable for the relationship between al-
bumin-corrected calcium level and stroke outcome. A thorough
statistical analysis for such a relation was not performed in the cur-
rent study. However, albumin-corrected calcium level was a signifi-
cant prognostic factor for short- and long-term stroke outcomes,
after adjusting for serum albumin level. Finally, the calcium level
was checked once on the day of admission, whereas Ovbiagele et
al. reported that serum calcium levels obtained within 72-96 hours
of stroke onset are of prognostic significance.” However, the annu-

al intra-individual calcium level variation is only~2%, and calcium
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transport from the extracellular area into neuronal cells would not
be sufficient to change serum levels to the degree noted in our
study” Thus, we argue that the timing of the calcium level mea-

surements is not important in the context of this study:

Conclusion

We found that higher albumin-corrected calcium levels were
of prognostic significance in terms of early neurologic outcome
and long-term mortality after acute ischemic stroke. Further-
more, albumin-corrected calcium showed a more clear associa-
tion in our results than serum calcium. Prospective studies with
direct measurements of calcium ion concentrations at various
times after stroke onset are required to obtain more information
regarding the pathophysiologic role of Ca*" in ischemic neuro-

nal injury.
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