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INTRODUCTION 

Malignant cerebral edema is a general term that describes patho-
logic swelling of the brain parenchyma and can be the result of in-
flux of fluid into the extravascular space. In the setting of acute 
ischemic infarcts, cytotoxic edema results from cellular death and 
resultant intracellular influx of water. Although this is thought to 
be the mechanism of early cerebral edema in ischemic infarcts, lat-
er stages likely involve a loss of the integrity of the blood-brain 
barrier as well [1,2]. Cerebral edema is directly correlated with in-
creased intracranial pressure (ICP) and has been determined to 
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be an independent marker of poor outcomes in patients with 
stroke [3]. Malignant middle cerebral artery (MCA) syndrome 
refers to severe cerebral edema and subsequent neurologic decline 
that occurs as a result of a large MCA territory infarct. 

There are several mechanisms by which hypertonic therapy has 
been postulated to decrease cerebral edema and subsequently 
ICP. Increasing osmolality in the intravascular space produces an 
osmotic gradient and draws fluid out of the extravascular spaces; 
by decreasing the viscosity in the intravascular space, there is a re-
flexive vasoconstriction that reduces cerebral blood flow. Howev-
er, these mechanisms may only decrease ICP transiently [2]. Also, 
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the eventual loss of autoregulation that occurs in ischemic infarcts 
means loss of the blood brain barrier and resultant efflux of the 
hyperosmolar contents, which could theoretically increase cere-
bral edema [1]. 

The role of continuous hypertonic saline infusion for control of 
malignant cerebral edema is controversial. Despite its widespread 
use in clinical practice, the data supporting its use over intermit-
tent boluses dosing are limited. Although continuous infusion of 
hypertonic saline has been effective in reducing cerebral edema in 
animals, limited data was found in humans [4-7]. In this systemat-
ic literature review, we present the current data on the use of con-
tinuous hypertonic saline. Our objectives were to determine the 
mortality and neurological outcomes when continuous hyperton-
ic saline is used in the management of malignant cerebral edema 
secondary to acute ischemic infarcts and to determine the rates of 
systemic complications, hospital length of stay, and functional 
outcomes in patients in whom continuous hypertonic saline was 
used.

METHODOLOGY

A systematic literature review of the use of continuous hypertonic 
saline in the setting of malignant cerebral edema secondary to 
acute ischemic infarcts was performed in accordance with guide-
lines for the preferred reporting items for systematic review and 
meta-analysis (PRISMA) [8]. A search strategy using controlled 
vocabulary, in combination with keywords, pertaining to adminis-
tration of hypertonic saline in acute ischemic infarcts was per-
formed by a health science librarian via the following electronic 
databases: Medline via PubMed, Ovid, Embase via Embase.com, 
the Cochrane Library (Wiley interface, current issue), Web of Sci-
ence/Knowledge via Clarivate Analytics, ClinicalTrials.gov, and 
Scopus. The search was limited to English language literature. The 
references of the searched literature were utilized to expand the 
search and include all grey literature. 

Data Management was conducted through Rayyan online ser-
vices [9]. Abstracts obtained under previously described plat-
forms were reviewed independently by the following authors for 
relevance: AJSC, MM, and KS. The eligible studies were then in-
dependently reviewed in full to determine adherence to inclusion 
and exclusion criteria by these same authors. Nonduplicated stud-
ies were then reviewed by AJSC for appropriateness. AJSC and 
MM then utilized the Newcastle-Ottawa Assessment of Quality 
for evaluation of the quality of the included studies. 

Inclusion criteria were the following: randomized controlled 
trials, prospective and retrospective cohort studies, and database 
studies in English language; Adult patients ≥ 18 years old with 

acute ischemic infarcts (including anterior and posterior circula-
tion) in whom hypertonic saline was administered. Exclusion cri-
teria were the following: reviews, meta-analysis, animal studies, 
studies involving pediatric patients ( < 18 years of age), traumatic 
brain injury studies, and non-English language studies. 

The initial intended primary outcome was mortality rate (over-
all and/or neurological death defined by death secondary to brain 
herniation, refractory elevated ICP, or direct involvement of vital 
neurologic structures) among patients that received hypertonic 
saline as means of reducing cerebral edema. Secondary outcomes 
were the following: (1) neurological outcomes (Glasgow Out-
come Scale) among patients that received continuous hypertonic 
saline, (2) rates of adverse events (i.e., congestive heart failure, 
pulmonary edema, and acute kidney injury), (3) hospital and in-
tensive care unit length of stay, and (4) functional outcomes 
(modified Rankin Scale).

RESULTS

Eight hundred ninety-nine records were initially identified. After 
initial screening, 154 abstracts were reviewed. After further appli-
cation of exclusion criteria, 14 full-length articles were reviewed. 
However, of these studies, only five involved continuous adminis-
tration of hypertonic saline and were thus included for data syn-
thesis (Fig. 1, Table 1) [10-14]. The overall quality of the studies 
as determined by the Newcastle-Ottawa scale ranged from fair to 
good, and most were limited by follow-up length and comparabil-
ity of the study groups (Table 2) [10-14].

In 1998, Qureshi et al. [10] conducted a single-center retro-
spective review of 27 patients with cerebral edema, six of whom 

Fig. 1. Study flowchart. TBI, traumatic brain injury.
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had ischemic stroke. They investigated the effect of continuous 
hypertonic saline on ICP and lateral displacement in cerebral ede-
ma. Three percent hypertonic saline was infused with a target se-
rum sodium concentration of 145–155 mmol/L, with therapy 
continuing until patients showed improvement, complications, or 
lack of response. A significant correlation was observed between 
ICP reduction and increasing serum sodium concentration in pa-
tients with head trauma and postoperative edema but not in pa-
tients with ischemic strokes. In addition, there was no reduction 
in radiographic cerebral edema within 72 hours of starting the in-
fusion. The authors proposed that low mean baseline ICP and 
predominance of cytotoxic edema (as opposed to primarily va-
sogenic edema seen in head trauma) as possible contributing fac-
tors to lack of response seen in ischemic stroke patients. Limita-
tions of this study include the lack of a control group and small 
sample size [10].

In 2004, Larive et al. [11] studied 19 consecutive patients who 
were treated with 2% or 3% hypertonic saline—two of them with 
ischemic strokes. The primary objective was to assess the efficien-
cy and time required to achieve a target serum sodium concentra-
tion of 145–155 mEq/L. The secondary objective of the study 
was to assess the safety of hypertonic saline infusion measured by 
adverse effects including development of phlebitis, pneumonia, 
adult respiratory distress syndrome, bacteremia, sepsis, seizures, 
acute renal failure, arrhythmias, electrolyte disturbances, acid base 
disturbance, anemia, and coagulopathy. Adverse effects from the 
hypertonic saline cohort were compared to a mannitol cohort; 
however, no statistical significance between the adverse effects of 
the two groups was shown. Hypernatremic state was achieved af-
ter a median of 1 day; however, in some instances, it took up to 5 
days to reach target hypernatremia. A significant direct association 
(r = 0.08, P = 0.01) was found between the serum sodium con-
centrations and the Glasgow Coma Scale (GCS) score of the co-
hort in the first 8 days of hypertonic saline therapy. In addition, 
the cohort was devoid of serious adverse effects related to the hy-

pertonic saline infusion. However, these results were heavily con-
founded by other variables and do not show clinical significance 
in terms of sustained neurological improvement [12].

A 2005 prospective randomized clinical study from Harut-
junyan et al. [13] investigated the differential effects of efficacy 
and safety of 7.2% hypertonic saline infusion (7.2% NaCl/HES) 
versus 15% mannitol for 40 patients at risk of increased ICP, eight 
of whom had ischemic infarcts. The 40 patients were randomized 
to receive either 7.2% NaCl/HES 200/0.5 or 15% mannitol at a 
defined infusion rate halted at ICPs below 15 mmHg. Primary 
outcomes for the study included ICP control in the respective 
groups. In the collective outcomes, both drugs held capabilities to 
lower ICP below 15 mmHg, although 7.2% hypertonic solution 
showed to be more effective than mannitol. In the subgroup anal-
ysis of patients with ischemic strokes, hypertonic saline led to a 
faster and longer reduction in ICP compared to mannitol. Howev-
er, there was no difference in mortality. Data on neurologic out-
comes was not provided. The limits of the study include the ab-
sence of the rate of infusion and the non-inclusion of the targeted 
plasma sodium and serum osmolality levels [13]. 

In 2011, Hauer et al. [12] investigated the effects of continuous 
hypertonic saline infusion in 100 patients with a mixture of cere-
brovascular diseases, including intracerebral hemorrhage, isch-
emic strokes, or aneurysmal subarachnoid hemorrhage. They 
compared patients receiving hyperosmolar therapy to a historical 
cohort of 115 with severe cerebrovascular disease that did not re-
ceive continuous hypertonic saline. Of these patients, 57 had isch-
emic infarcts. Their treatment protocol involved initiation of hy-
pertonic saline within 72 hours of symptom onset, with adjust-
ment of infusion rate until targets of 145–155 mEq/L and 310–
320 mOsm/kg were reached for plasma sodium and serum osmo-
lality, respectively. Primary outcomes included frequency of ICP 
crises and in-hospital mortality. Overall, they observed a trend of 
fewer ICP crises and a significant reduction in mortality in pa-
tients who received hypertonic saline compared to controls. How-

Table 2. Newcastle-Ottawa Scale for quality assessment

Study
Selection Comparability Outcome

Total
REC SNEC AE DO SC AF AO FU AFU

Qureshi et al. (1998) [10] ○ × ○ ○ ○ × ○ × × 5 (Fair)
Hauer et al. (2011) [12] ○ ○ ○ ○ ○ × ○ × × 6 (Fair)
Larive et al. (2004) [11] ○ × ○ ○ ○ × ○ × × 5 (Fair)
Erdman et al. (2017) [14] ○ × ○ ○ × × ○ × × 4 (Fair)
Harutjunyan et al. (2005) [13] ○ ○ ○ ○ ○ ○ ○ × × 7 (Good)

○, the study satisfied an item; ×, the study did not satisfy an item. Quality conversion: good quality (7–9), fair quality (4–6), poor quality (0–3).
REC, representativeness of the exposed cohort; SNEC, selection of the nonexposed cohort; AE, ascertainment of exposure; DO, demonstration that outcome 
of interest was not present at start of study; SC, study controls for hypertonic saline solution; AF, study controls for any additional factor; AO, assessment 
of outcome; FU, follow-up long enough for outcomes to occur; AFU, adequacy of follow-up cohorts.
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ever, similar to the findings of Qureshi et al. [10], these improve-
ments were not demonstrated in those with ischemic infracts. 
Though identical inclusion criteria were used to identify the his-
torical control group, the control cohort was significantly older 
than those receiving hypertonic saline. Age is well-established in-
dependent factor in prognosis of acute stroke and may have con-
tributed to the survival benefit in the cohort receiving hypertonic 
therapy. Further, this study involved a limited cohort of patients 
with ischemic stroke [11]. 

In 2017, Erdman et al. [14] conducted a two-center retrospec-
tive cohort review to assess predictors of acute kidney injury in 
337 patients receiving hypertonic saline infusion for severe neuro-
logical injuries—113 with ischemic strokes. Acute kidney injury 
occurred in 16% of patients receiving hypertonic saline. In addi-
tion, by comparing those that developed an acute kidney injury 
with those that did not, the study found independent risk factors 
for developing acute kidney injury that included a history of 
chronic kidney disease (P = 0.007), serum sodium > 155 mmol/L 
(P ≤ 0.001), treatment with piperacillin/tazobactam (P = 0.002), 
male gender (P = 0.002), and African American race (P = 0.007). 
Interestingly, multiple risk factors commonly thought to contrib-
ute to acute kidney injury were not identified as significant in this 
study including mannitol, diuretics, contrast media, and other an-
timicrobials. In addition, type of neurologic injury (acute isch-
emic stroke, intracerebral hemorrhage, traumatic brain injury, or 
other) was not an independent risk factor. The study also noted 
that, because sodium concentration was recorded as a categorical 
variable, they could not comment on the relationship between 
acute kidney injury and increases in sodium. In addition, the study 
noted that both institutions widely use hypertonic saline infusion 
in patients. Thus, there was no comparison to a cohort with com-
parable cerebral edema that was not given hypertonic saline infu-
sion [14]. 

Among the five studies, a total of 186 ischemic stroke patients 
were studied. In studies that involved a control group, a total of 33 
patients did not receive continuous hypertonic saline. Those that 
received hypertonic saline were found to have fewer episodes of 
elevated ICP and faster and greater reduction in ICP. However, 
there were no significant overall differences in neurological out-
comes, with some contrasting data on short-term GCS. Qureshi 
et al. [10] found that mean GCS worsened in ischemic stroke pa-
tients given hypertonic saline (n = 6), while Larive et al. [11] 
found a direct association between serum sodium concentrations 
and GCS in the first 8 days of hypertonic saline infusion (n = 2). 
The results of Larive et al. [11] may be confounded by the fact 
that only 2 of 19 patients in their study had ischemic strokes so 
GCS improvement may not be entirely applicable to this patient 

population. There were no significant differences in adverse 
events in those studies that reported this data (Table 1).

In regards to mortality, only Hauer et al. [12] found decreased 
mortality with use of hypertonic saline (n = 28) by 12.6% 
(P = 0.037) when compared to control group (n = 29 ischemic). 
Although Erdman et al. [14] found an increased mortality 
(P = 0.001) in those that developed an acute kidney injury (16%), 
patients with ischemic strokes (n = 113) were not at a higher risk 
for developing acute kidney injury. Erdman et al.’s study [14] was 
also the only study to report on length of stay and functional out-
comes. They found an increase in length of stay with those that 
developed acute kidney injury but no overall difference in func-
tional outcomes at discharge.

DISCUSSION

Malignant cerebral edema continues to be a prominent contribut-
ing factor to morbidity and mortality in ischemic stroke patients. 
Use of hypertonic therapy has been employed for decades for the 
reduction in cerebral edema and ICP. Although transient uses of 
this therapy have demonstrated reduction in ICP, no studies have 
demonstrated sustained reduction in cerebral edema or improve-
ment in neurological outcomes. 

Several studies have examined the effects in animal models with 
conflicting results. Toung et al. [4] demonstrated improvement in 
global cerebral edema with continuous hypertonic saline in rat 
models treated after MCA infarctions. Similarly, Zeng et al. [5] 
found that hypertonic saline was effective in reducing cerebral 
edema as compared to mannitol in rat models. However, Bhard-
waj et al. [6] reported that hypernatremia worsened cortical in-
farct volume following transient focal cerebral ischemia in rats. 
Similarly, Papangelou et al. [7] found no reduction in brain water 
content on the ipsilateral hemisphere of an induced MCA stroke 
in rats and with no change in infarct volume. 

Continuous use, however, has been sparsely studied in humans. 
In a review of hemispheric stroke management in 2011, Kimberly 
and Sheth [15] recommended eunatremic goals with no indica-
tion for administration of prophylactic hypertonic saline. Further-
more, in a 2008 review of hypertonic saline for neurologic injury, 
Forsyth et al. [16] highlight the lack of information on the effect 
of hypertonic therapy for stroke patients. These authors [16] cite 
several animal studies that showed hypertonic saline having a neg-
ative impact on the stroke penumbra, but data in humans is limit-
ed.

Recently published guidelines by the neurocritical care society 
also highlight the general lack of evidence when it comes to use of 
hypertonic saline for management of cerebral edema in ischemic 
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strokes [17]. In addition, most studies involve comparison of 
mannitol versus hypertonic saline with primary outcomes being 
ICP control without effectively matched cohort groups. Most of 
these studies indicate that transient use of hypertonic saline leads 
to effective ICP control even in cases of mannitol failure [13,18]. 
However, use of continuous hypertonic saline has only been 
demonstrated in a limited number of prior studies. Our literature 
review has demonstrated only five studies that evaluated the role 
of continuous hypertonic saline—all of which failed to largely 
demonstrate sustained and prolonged reduction in ICP and did 
not appear to improve overall mortality or neurological outcomes 
(Table 1). 

Collectively, these previous studies fail to demonstrate any sig-
nificant improvement in mortality or neurological outcomes. Al-
though several of these studies do demonstrate reduction in ICP 
with continuous hypertonic saline, the results are not sustained 
and do not translate to a clinical improvement. Additionally, lack 
of control groups, small sample sizes, and lack of reported data on 
functional outcomes and length of intensive care unit/hospital 
stay make these studies fairly limited in terms of generalizability. 
Lastly, these studies did not evaluate the role of continuous hyper-
tonic saline in preventing or delaying decompressive hemicraniec-
tomy surgery. Most of the studies were fair quality with relatively 
low levels of evidence (Tables 1 and 2). Future prospective studies 
with matched cohorts are needed to adequately assess the effects 
of continuous hypertonic saline in patients with malignant cere-
bral edema secondary to acute ischemic infarcts.

CONCLUSION

Continuous hypertonic saline for acute ischemic infarcts has been 
routinely used in neurocritical centers for the management for 
malignant cerebral edema. However, the data supporting its use is 
extremely limited. We present a systematic literature review that 
highlights the lack of substantial evidence supporting its use and 
emphasizes the study flaws that make the conclusions nongener-
alizable. Although the reported studies demonstrate improvement 
in ICP control, there are no significant differences in neurological 
or functional outcomes, or overall mortality. 

ARTICLE INFORMATION

Ethics statement
Not applicable.

Conflict of interest
No potential conflict of interest relevant to this article.

Author contributions
Conceptualization: AJSC, BHS, SAH. Data curation: AJSC, MM, 
KS, AS, KO. Formal Analysis: AJSC, MM, KS, BHS, SAH. Meth-
odology: AJSC, KS, BHS. Visualization: AJSC, BHS, SAH. Writ-
ing–original draft: AJSC, MM, KS, BHS, AS, KO. Writing–review 
and editing: AJSC, BHS, SAH.

REFERENCES

1. Chen CH, Toung TJ, Sapirstein A, Bhardwaj A. Effect of dura-
tion of osmotherapy on blood-brain barrier disruption and re-
gional cerebral edema after experimental stroke. J Cereb Blood 
Flow Metab 2006;26:951-8. 

2. Diringer MN, Zazulia AR. Osmotic therapy: fact and fiction. 
Neurocrit Care 2004;1:219-33. 

3. Marmarou A. A review of progress in understanding the patho-
physiology and treatment of brain edema. Neurosurg Focus 
2007;22:E1. 

4. Toung TJ, Hurn PD, Traystman RJ, Bhardwaj A. Global brain 
water increases after experimental focal cerebral ischemia: effect 
of hypertonic saline. Crit Care Med 2002;30:644-9. 

5. Zeng HK, Wang QS, Deng YY, Jiang WQ, Fang M, Chen CB, et 
al. A comparative study on the efficacy of 10% hypertonic saline 
and equal volume of 20% mannitol in the treatment of experi-
mentally induced cerebral edema in adult rats. BMC Neurosci 
2010;11:153. 

6. Bhardwaj A, Harukuni I, Murphy SJ, Alkayed NJ, Crain BJ, 
Koehler RC, et al. Hypertonic saline worsens infarct volume af-
ter transient focal ischemia in rats. Stroke 2000;31:1694-701. 

7. Papangelou A, Toung TJ, Gottschalk A, Mirski MA, Koehler 
RC. Infarct volume after hyperacute infusion of hypertonic sa-
line in a rat model of acute embolic stroke. Neurocrit Care 
2013;18:106-14.  

8. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petti-
crew M, et al. Preferred reporting items for systematic review 
and meta-analysis protocols (PRISMA-P) 2015 statement. Syst 
Rev 2015;4:1. 

9. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. 
Rayyan-a web and mobile app for systematic reviews. Syst Rev 
2016;5:210. 

10. Qureshi AI, Suarez JI, Bhardwaj A, Mirski M, Schnitzer MS, 
Hanley DF, et al. Use of hypertonic (3%) saline/acetate infu-
sion in the treatment of cerebral edema: Effect on intracranial 
pressure and lateral displacement of the brain. Crit Care Med 
1998;26:440-6. 

11. Larive LL, Rhoney DH, Parker D Jr, Coplin WM, Carhuapoma 
JR. Introducing hypertonic saline for cerebral edema: an aca-

https://doi.org/10.18700/jnc.2100076

Arunit J. S. Chugh, et al. • Continuous hypertonic saline in acute ischemic infarcts

https://doi.org/10.1038/sj.jcbfm.9600248
https://doi.org/10.1038/sj.jcbfm.9600248
https://doi.org/10.1038/sj.jcbfm.9600248
https://doi.org/10.1038/sj.jcbfm.9600248
https://doi.org/10.1385/ncc
https://doi.org/10.1385/ncc
https://doi.org/10.3171/foc.2007.22.5.2
https://doi.org/10.3171/foc.2007.22.5.2
https://doi.org/10.3171/foc.2007.22.5.2
https://doi.org/10.1097/00003246-200203000-00025
https://doi.org/10.1097/00003246-200203000-00025
https://doi.org/10.1097/00003246-200203000-00025
https://doi.org/10.1186/1471-2202-11-153
https://doi.org/10.1186/1471-2202-11-153
https://doi.org/10.1186/1471-2202-11-153
https://doi.org/10.1186/1471-2202-11-153
https://doi.org/10.1186/1471-2202-11-153
https://doi.org/10.1161/01.str.31.7.1694
https://doi.org/10.1161/01.str.31.7.1694
https://doi.org/10.1161/01.str.31.7.1694
https://doi.org/10.1007/s12028-012-9768-z
https://doi.org/10.1007/s12028-012-9768-z
https://doi.org/10.1007/s12028-012-9768-z
https://doi.org/10.1007/s12028-012-9768-z
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1186/s13643-016-0384-4
https://doi.org/10.1097/00003246-199803000-00011
https://doi.org/10.1097/00003246-199803000-00011
https://doi.org/10.1097/00003246-199803000-00011
https://doi.org/10.1097/00003246-199803000-00011
https://doi.org/10.1097/00003246-199803000-00011
https://doi.org/10.1385/ncc


demic center experience. Neurocrit Care 2004;1:435-40. 
12. Hauer EM, Stark D, Staykov D, Steigleder T, Schwab S, Bardutz-

ky J. Early continuous hypertonic saline infusion in patients 
with severe cerebrovascular disease. Crit Care Med 2011;39: 
1766-72. 

13. Harutjunyan L, Holz C, Rieger A, Menzel M, Grond S, Soukup 
J. Efficiency of 7.2% hypertonic saline hydroxyethyl starch 
200/0.5 versus mannitol 15% in the treatment of increased in-
tracranial pressure in neurosurgical patients: a randomized clini-
cal trial [ISRCTN62699180]. Crit Care 2005;9:R530-40. 

14. Erdman MJ, Riha H, Bode L, Chang JJ, Jones GM. Predictors of 
acute kidney injury in neurocritical care patients receiving con-
tinuous hypertonic saline. Neurohospitalist 2017;7:9-14. 

15. Kimberly WT, Sheth KN. Approach to severe hemispheric 
stroke. Neurology 2011;76(7 Suppl 2):S50-6. 

16. Forsyth LL, Liu-DeRyke X, Parker D Jr, Rhoney DH. Role of 
hypertonic saline for the management of intracranial hyperten-
sion after stroke and traumatic brain injury. Pharmacotherapy 
2008;28:469-84. 

17. Cook AM, Morgan Jones G, Hawryluk GW, Mailloux P, Mc-
Laughlin D, Papangelou A, et al. Guidelines for the acute treat-
ment of cerebral edema in neurocritical care patients. Neurocrit 
Care 2020;32:647-66. 

18. Schwarz S, Georgiadis D, Aschoff A, Schwab S. Effects of hyper-
tonic (10%) saline in patients with raised intracranial pressure 
after stroke. Stroke 2002;33:136-40. 

7https://doi.org/10.18700/jnc.210007

https://doi.org/10.1385/ncc
https://doi.org/10.1097/ccm.0b013e318218a390
https://doi.org/10.1097/ccm.0b013e318218a390
https://doi.org/10.1097/ccm.0b013e318218a390
https://doi.org/10.1097/ccm.0b013e318218a390
https://doi.org/10.1186/isrctn62699180
https://doi.org/10.1186/isrctn62699180
https://doi.org/10.1186/isrctn62699180
https://doi.org/10.1186/isrctn62699180
https://doi.org/10.1186/isrctn62699180
https://doi.org/10.1177/1941874416665744
https://doi.org/10.1177/1941874416665744
https://doi.org/10.1177/1941874416665744
https://doi.org/10.1212/wnl.0b013e31820c35f4
https://doi.org/10.1212/wnl.0b013e31820c35f4
https://doi.org/10.1592/phco.28.4.469
https://doi.org/10.1592/phco.28.4.469
https://doi.org/10.1592/phco.28.4.469
https://doi.org/10.1592/phco.28.4.469
https://doi.org/10.1007/s12028-020-00959-7
https://doi.org/10.1007/s12028-020-00959-7
https://doi.org/10.1007/s12028-020-00959-7
https://doi.org/10.1007/s12028-020-00959-7
https://doi.org/10.1161/hs0102.100877
https://doi.org/10.1161/hs0102.100877
https://doi.org/10.1161/hs0102.100877


INTRODUCTION 

In the process of medical education, there are three essential prin-
ciples of knowledge that trainees must learn: know, know how, 
and know to be [1]. These pillars allow the development of com-
munication skills, professional attitude, medical judgment, clinical 
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dexterity when performing a physical examination and medical 
history, and technical capacity when performing a diagnostic or 
therapeutic procedure, orientating them towards the resolution of 
the patient's condition [1,2]. The acquisition and refinement of 
these skills comprise the core of what medical education should 
represent [3]. The integration, specifically of knowing how medi-
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cal training allows the learner to acquire both rational and practi-
cal abilities, including the development of clinical reasoning and 
the capacity to formulate an integrated action plan for the man-
agement of the patient, an archetype to clinical practice. This is 
essential to promote the quality of healthcare professionals and 
the improvement of their techniques [2].  

Currently, many trainees point to learning gaps in their educa-
tional processes, particularly in the practical component [1]. In 
neurology, this problem is more common, translating into the fear 
of facing cases involving neurocritical medicine. This is attribut-
able to both the diagnostic and therapeutic challenges that they 
imply and the level of knowledge that one must possess to treat 
them [4]. Similarly, fewer and fewer people have been interested 
in neurosurgical and neurointensive specialties. This is a growing 
concern and a problem for the health system since many patients 
attend to the emergency room with acute neurological patholo-
gies but the supply of medically trained personnel is limited [4]. 
Therefore, education models that consolidate the necessary 
knowledge for both students and medical professionals should be 
implemented to increase their confidence, security, and compe-
tence when managing cases in neurocritical care. 

A solution to this issue is the incorporation of simulation-based 
education, which has been very well received in the educational 
field since its inclusion in aviation for pilot training and in medi-
cine in 1960 through the introduction of the Rescue Annie dum-
my to train people in cardiopulmonary resuscitation [4]. Simula-
tion provides an ideal, effective, and safe learning environment for 
medical learners when acquiring clinical knowledge and skills [5]. 
Hence, the objective of this review is to provide evidence related 
to the utility of medical simulation in neurocritical care, especially 
in neurovascular care. 

MEDICAL SIMULATION 

Simulation is a method used to recreate a situation without having 
to participate in a real event, and its main objective is to optimize 
the learning process and develop skills to improve professional 
performance [6-9]. This model is called experience-based learn-
ing because it offers a common practice scenario, followed by 
feedback and analysis of what has been learned and what could 
improve the results [10,11]. Although encounters with patients 
are an important component for learning in medicine, simulation 
grants previous exposure in different complex circumstances that 
may pose a risk to the patient, providing the trainee with a safe en-
vironment to develop their capability, acquire skills, and reflect on 
mistakes without putting their professional reliability at risk 
[6,12,13]. Furthermore, it can be used as a complement to experi-

ences seen in patient care, providing educational opportunities 
that are not available in real events [6,14]. 

Learners are partially responsible for their education. To be able 
to access simulation-based learning, the apprentice must first ac-
quire prior theoretical notions about basic sciences to confront 
clinical scenarios [15]. In addition, the habit obtained when treat-
ing the patient will accredit the trainee to act efficiently, profes-
sionally, and empathically, that is, to treat the patient satisfactorily 
[16,17]. The integration of the three aforementioned principles 
allows educating individuals who are capable of dealing with clini-
cal problems with cleverness. When learners are competent, they 
are more confident with their abilities and proficient in correctly 
executing procedures because their knowledge has solid founda-
tions [3,18]. 

Moreover, a responsible and well-trained instructor is in charge 
of participating in the improvement of the students’ capacities by 
evaluating their performance in an impartial manner, providing 
information, pointing out errors, and offering support and guid-
ance during the debriefing. All of which focus on the abilities of 
the evaluated person. The instructor also leads the discussion 
where it is necessary to fulfill the learning objectives [19,20]. 
Ahmed et al. [21] conducted a cross-sectional observational study 
to evaluate the point of view of medical professors on the integra-
tion of simulation-based medical education and found that the 
majority of respondents recognized that simulation is an effective 
tool that can benefit teaching outcomes. Furthermore, its inclu-
sion in the curriculum is indispensable and should not be con-
ceived as an isolated activity. Roze et al. [22] proposed a simula-
tion exercise in which trainees represented a patient suffering a 
neurological syndrome, and the attending physician supervised 
by a tutor. Student motivation, learning, topic understanding, 
communication skills, and learner confidence were found to be 
considerably improved [22,23]. 

As mentioned earlier, one of the main features of simulation is 
feedback. In fact, it is one of the most studied and has the most 
evidence related to effective learning based on this method of ed-
ucation [14,24,25]. van de ridder et al. [26] described feedback in 
clinical education as a "specific information about the comparison 
between the performance of an apprentice and a standard, given 
with the intention of refining the management of the apprentice.” 
Feedback ensures that the teaching objectives are met and pro-
vides a post-event reflection process [14]. In addition, debriefing 
is proposed as an exchange or discussion following the medical 
simulation, allowing learners to receive feedback, understand their 
actions, and better the results of their intervention. This helps in-
corporate new information into previous knowledge [19,27]. 
This method also enhances technical and behavioral skills [19]. 
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Other characteristics of simulators that lead to proficient educa-
tion include repetitive practice, range of levels of difficulty, diverse 
learning strategies, controlled environments, and individualized 
learning [25]. 

Over time, various types of simulations have been created and 
implemented to satisfy certain purposes, each having its own 
characteristics and level of complexity (Table 1) [28]. (1) Part 
task trainers: these consist of three-dimensional (3D) anatomical 
models whose objective is to represent a specific part of the hu-
man body and to educate as similar to reality as possible. With 
these structures, deliberate practice of regularly used procedures 
in the clinical setting for the acquisition of skills can be achieved 
[24,29]. (2) Full-body mannequins: 3D anatomical models with 
sizes and physiognomies very similar to a real human body. The 
complexity of these structures can vary depending on the age of 
the patient represented, ability to offer physiological responses, 
systemic reactions, and even present neurological signs, which can 
be controlled by electronic devices managed by an operator in real 
time or through responses programmed directly into the manne-
quin [29]. This type of simulator allows the development of 
teamwork skills, handling critical events, and offers a method for 
evaluation. Studies have shown that this type of simulation is 
helpful for learning in critical care [24]. (3) Standardized patients: 
this group consists of actors with previous training in the simula-
tion of specific clinical situations. Their participation allows the 
trainee to obtain a real experience in their practical exercise. They 
are important in the training of medical learners for the acquisi-
tion of competencies, such as empathy and communication 
[24,29]. Professionals, amateurs, and sometimes "real" patients, 
called expert patients, perform this role [30]. (4) Comput-
er-based simulation: it consists of virtual representations of specif-
ic medical situations whose objective is to develop skills in the 
trainee. Their level of complexity ranges from a basic computer 
program to virtual reality programs that permit interaction with 

patients [29]. This option offers the opportunity to recreate sce-
narios that cannot be carried out with other types of simulation, 
such as disaster scenarios or terrorist attacks [24]. (5) Hybrid 
simulators: the types of simulation previously mentioned can be 
combined and carried out simultaneously in a practical exercise, 
with the goal of enhancing the academic value of the activity and 
increasing the learning process for the apprentice [24,29]. 

SIMULATION IN NEUROCRITICAL CARE 

Neurological diseases account for a large percentage of admis-
sions to the emergency department. Consequently, the clinician 
who is going to perform the evaluation and management of the 
patient must do so optimally and quickly [31,32]. The care of 
patients with acute neurological disorders requires a set of tech-
niques, skills, and aptitudes on the part of healthcare personnel 
because the severity of these disorders are at risk for high rates of 
mortality and morbidity, such as compromised motor function 
and disability [33]. 

Many physicians, residents, and students feel anxious when 
dealing with neurological patients, which may be related to the 
lack of knowledge and little contact with these specific groups of 
patients during their training [34]. These fears and insecurities 
can be observed when health personnel are unsure how to act 
when facing these types of situations, which has a negative im-
pact on the health of the patient, given that the first hours in the 
management of neurocritical events are crucial. For this reason, 
proper neuroscience education is essential to avoid fatal out-
comes [33-36]. 

Traditionally, teaching neurologic emergencies is often trans-
mitted through lectures, assigned readings, self-study modules, or 
demonstration of important findings in patients with neurological 
diseases [10]. For instance, during their clinical practice rotations, 
medical learners know the basic principles of the neurological ex-

Table 1. Summary of the simulation modalities currently implemented in the learning process in healthcare education

Simulation modality Characteristics Example
Part task trainers Three-dimensional anatomical structures of specific 

parts of the human body that allow the practice of 
tasks and development of skills

Synthetic leather pads to practice sutures; structures 
for practicing airway management/intubation

Full-body mannequins Three-dimensional anatomical model of the human body 
with the ability to respond to specific situations

The SimMan 3G, HAL S3201, the Human Patient Simu-
lator

Standardized patients Actors with training in specific clinical situations Trained actors, volunteers
Computer-based simulation Computer programs allow the acquisition of medical 

knowledge and the practice of skills.
The Neurological Exam Rehearsal Virtual Environment, 

NewroSim
Hybrid simulators Practice various types of simulation in the same scenario Standardized patient wound simulator which can 

project emotions such as fear, anger, anxiety, this will 
reinforce practical wound management skills, com-
munication skills, and learning to work under pres-
sure.
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amination and its possible variations in patients with an acute 
event. However, this knowledge is acquired by consulting the 
books provided by the teacher, practicing with colleagues, and 
checking on patients with sequels of a previous episode. As such, 
they rarely confront the real situation, which can generate gaps 
and impede proper professional performance. In the same way, 
many learners report feeling incapable and uncomfortable in per-
forming neurological examinations as a consequence of the lack 
of understanding of basic sciences, which decreases their efficien-
cy and motivation. This also subsequently limits their clinical ex-
pertise in an environment where they might be in charge of pro-
viding the initial management in the future [35,37,38]. 

Several studies [2,3,5,6,9,13,39] have shown that "people give 
more significance to the knowledge they obtain from experience 
than to those they acquire passively.” Therefore, it is necessary to 
implement tools that mediate the acquisition of knowledge in an 
active manner; in this case, instructing the trainee in a pragmatic 
way during their learning process [39]. However, there are situa-
tions where there is little or no opportunity to practice, such as in 
neurocritical events, which are characterized by the rapid deterio-
ration of patients and the need for rapid and effective intervention 
by a specialized team [39]. Evidence supporting this includes the 
Neurocritical Care Education During Residency: Opinions (NEU-
RON) study, which concluded that a significant number of neurol-
ogy residents were concerned about training in neurocritical care, 
expressing that education within the neurocritical care unit is very 
restricted and should change to benefit the student’s experience 
[40]. For this reason, simulation is an essential tool to recreate 
these types of scenarios as similar to reality as possible. 

Before being exposed to real situations, the inclusion of these 
simulated spaces in neurocritical care offers the opportunity to 
learn how to communicate effectively with a team during an 
emergency, make quick decisions, correctly identify patients with 
critical neurological conditions, and implement appropriate treat-
ment algorithms that help develop the reliability of the staff and 
their expertise in patient management [8,10,41]. Similarly, by in-
corporating simulations, the learner can experience failure and 
recognize the limits of their capacities, which results in the reduc-

tion of errors and better care to the patient and their loved ones 
[6,42]. 

SIMULATION IN NEUROVASCULAR 
CRITICAL CARE 

The most frequently reported cause of neurological emergencies, 
and consequently, the main reason for consultation faced by neu-
rologists on call is acute cerebrovascular disease [32,43]. Accord-
ing to the World Health Organization, stroke is the second leading 
cause of death worldwide, accounting for approximately 11% of 
deaths in 2019 [44,45]. Additionally, it is the leading cause of ac-
quired physical disability in adults, the leading cause of epilepsy in 
older people, and the second most common cause of late-onset 
dementia. Likewise, cerebrovascular accidents have been ranked 
as the first or second most common cause of death in South 
American countries, which was aggravated by the poor system of 
care in neuroemergencies [46]. 

Based on the previous information, the implementation of sim-
ulation programs in neurovascular critical care can increase the 
life expectancy of patients who arrive at hospital centers due to 
stroke and other neurological conditions as it will provide them 
with the opportunity of better care in the hands of trained per-
sonnel, who are not necessarily specialists, for these situations. In 
addition, it also promotes the process of learning and education 
(Table 2) [46-49]. 

In London, simulated education has been practiced for several 
years and has been useful in professional stroke training and in es-
tablishing the acute stroke unit model. It has also been utilized to 
train first response personnel to perform thrombolysis [8]. In 
stroke, there is an important correlation between the time of onset 
of symptoms to the time of recanalization of the affected blood 
vessel. Simulation is used in this case as an educational technique 
to ensure prompt attention and assessment. Tahtali et al. [50] pro-
posed to train the subjects based on the data collected regarding 
the care provided to the patient, over conferences given to the 
health workers and suggested that a well-structured team general-
ly consists of a neurologist, radiologist, resident, and nurse, who 

Table 2. Advantages of implementing medical simulation in neurovascular care education [46-49]

Advantage of simulation in neurovascular care
The "know-how" of the three essential principles of knowledge in medical education is put into practice.
Provides an effective and safe learning environment in the acquisition of knowledge in neurovascular critical care
Allows the acquisition of clinical reasoning skills
Improves trainees’ confidence, security, and skill in the neurocritical care approach
Reduces trainees' insecurity when facing neurocritical situations
Allows the development of teamwork skills during critical events
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coordinate strategies to reduce the patient waiting time for treat-
ment. 

In addition, Ospel et al. [51] conducted an international mul-
tidisciplinary survey, with the intention of determining the point 
of view of neurointerventionalists about the errors regularly 
committed in the endovascular treatment of unruptured intra-
cranial aneurysms. They found that the faults that most regular-
ly caused complications were related to technical execution and 
suggested that these faults can be prevented by strengthening 
the abilities of medical personnel through training in simulation 
settings. As a result, it would be ideal for simulation to be widely 
available to physicians and to become a part of the equipment in 
intervention centers, similar to surgical specialties that use this 
learning modality permanently in their academic training pro-
gram [51-53]. 

To meet the requirements for appropriate therapy in cases of 
neurovascular events, educational programs and hospital centers 
resort to strategies that guarantee a better level of qualification, 
surgical success, and efficient ways to pass on knowledge to their 
staff. In an attempt to promote education and training in neuro-
critical care, the Neurocritical Care Society developed an emer-
gency neurological life support course, which teaches health pro-
fessionals the correct management of patients during the first 
hours of a neurological urgency [54]. The course provides a series 
of guidelines and protocols for the care of patients with acute neu-
rological conditions, including acute ischemic stroke and intrace-
rebral and subarachnoid hemorrhage, which are some of the main 
cerebrovascular pathologies [54]. 

NEUROVASCULAR SIMULATION 
MODALITIES 

Other learning and simulation modalities that can be included in 
different medical schools as a strengthening method in the area of 
vascular neurocritical care are as follows. 

Task trainers 
Physical simulators are necessary for the apprentice to acquire 
practical experience and be able to face the critical situations of 
patients with neurovascular conditions. An example of this is the 
creation of simulated models of cerebral aneurysms that can help 
neurology residents and neurosurgeons gain a solid foundation of 
knowledge and well-developed surgical skills for the treatment of 
this condition [55]. 

Wurm et al. [56] used stereolithography and 3D printing to de-
sign aneurysms with surrounding blood vessels and the neurocra-
nium to perform clipping surgeries. They concluded that 3D 

printing is the most promising technique for creating neurovascu-
lar structures [56]. Benet et al. [57] reported the fabrication of a 
customized aneurysm using a 3D printer for use in a human ca-
daver to facilitate training in the approach of complex surgical cas-
es and interventions. Torres and De Luccia [58] developed a sim-
ulation system for endovascular aneurysm repair using a 3D print-
er, which improved the performance of vascular surgery residents 
by reducing fluoroscopy and procedure time. 

Recently, in order to help train neurosurgeons in the manage-
ment of aneurysms and complications during surgery, Chen et 
al. [59] created a physical simulator that realistically imitated the 
brain stem, brain lobes, cerebral arteries, and the circle of Willis, 
with aneurysms designed to occur in places where they are most 
likely to appear. This has been evaluated and supported by sev-
eral studies [60-62]. 

Furthermore, Joseph et al. [63] designed a physical simulator 
based on a 3D printed model of the patient's skull, brain, and 
specific arteries that is capable of imitating the experience of in-
tracranial aneurysm microsurgery. Based on the participants’ 
evaluations, the vast majority (84%) indicated that the use of 
the simulator was a better alternative than conventional neuro-
surgical training methods, considering that this type of surgery 
was very limited at the time of neurosurgical residency. There-
fore, simulation allows the acquisition of experience and en-
counter with this type of situation where practice is very scarce 
due to its critical component. 

Other goals obtained from neurovascular simulation include 
improving the understanding of cerebral vascular anatomy in 
three dimensions, developing a detailed understanding of the 
neurosurgeon's view of aneurysm position and accessibility, and 
familiarizing the neurosurgeon with the methods and instruments 
used during surgery [64]. Additionally, the neurosurgeon benefits 
from simulation in aneurysm repair for training in both open vas-
cular surgery (surgical clipping) and endovascular treatment [64]. 

Cranioencephalic trauma simulators have also been designed to 
teach skills necessary for the management of traumatic brain inju-
ries, where specific pathologies, such as subdural and epidural he-
matomas, can be programmed [65]. Lobel et al. [65] developed a 
neurosurgical simulation curriculum that was presented at the 
2012 Congress of Neurological Surgeons. Within this curriculum, 
a trauma model was designed to teach traumatic brain injury man-
agement skills and, subsequently, the residents’ participation in 
this module. Improvements in practical knowledge were observed 
after the training and coaching [65,66]. 

Full-body mannequins 
Musacchio et al. [67] incorporated a human patient simulator by 
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Medical Education Technology, Inc. (METI, Sarasota, FL, 
USA), a multifunctional simulator that displays parameters such 
as blood pressure, oxygenation, cerebral perfusion, pulse, and 
intracranial pressure. This can also be used to perform proce-
dures such as drug administration, intubation, mechanical venti-
lation, or cardiopulmonary resuscitation. In addition, it reacts to 
reflexes, maneuvers, and interventions performed by the exam-
inee. The authors intended to construct scenarios capable of 
evaluating the response of residents and learners to the manage-
ment of neurocritical pathologies, such as spinal shock, cranio-
encephalic trauma, cerebral vasospasm, hemorrhage, and cere-
bral herniation. The mannequin communicated with the trainee 
through a speaker that was controlled by the supervisor. More-
over, the learners underwent pre-exercise and post-exercise 
evaluations and a satisfaction survey. Afterward, the obtained 
knowledge was measured, and a substantial improvement was 
evidenced in most of the participants. 

Standardized patients 
In a study in 2011, Mehta et al. [68] added a practical component 
based on acute stroke simulation to the academic program for 
first-year neurology studentsn. Standardized patients were used 
for this exercise, where the actress was a nurse trained by a vascu-
lar neurology specialist, who instructed her what signs she should 
manifest in order to simulate stroke and make the simulation exer-
cise as close as possible to a real case. 

During the exercise, the residents were supervised by a special-
ist, and a report of their performance was given to them at the end 
of the procedure. Many residents agreed that one of the benefits 
of the simulation was that they were able to recognize their faults 
and thus correct them, allowing them to have more confidence in 
themselves when interacting with a real patient [68]. The results 
of this study allowed a notable improvement in the performance 
of the residents, which reduced the time of administration of 
treatment in stroke patients by approximately 9 minutes [68]. In 
stroke, every second that passes is vital for the maintenance of 
neuronal integrity. As such, it is of utmost importance to shorten 
the breach of time from the patient's arrival to the institution until 
the implementation of treatment to achieve the best results 
[69,70].  

Computer-based simulation  
With advances in technology, virtual spaces have been designed to 
allow learners to access the information that they require for their 
studies from their computers [71]. E-learning refers to the use of 
the Internet or information technologies for educational activities, 
offering accessibility and flexibility to control their own learning 

[72]. An example of this is the e-brain platform, which has more 
than 600 interactive and multimedia lessons, webinars, virtual 
case reports, and practice exams to support professional develop-
ment [72,73]. 

Likewise, virtual reality programs have been increasingly used 
in simulation, leading to an immersive learning environment and 
advancements in the way vascular diseases are diagnosed and 
treated [71,74-75]. NeuroTouch is a virtual reality model through 
which the representation of predetermined clinical scenarios is 
made possible. It was developed to teach skills on the implemen-
tation of specific clinical situations, such as resection of brain tu-
mors, restoration of hemostasis, and ultrasonic aspiration [76]. It 
also allows for the evaluation of several parameters in the sample 
case, such as the time spent in the procedure, volume of blood lost 
during the procedure, and the degree of force that is applied to the 
tissue [76]. With the correct use of this model, trainees will be 
able to improve their skills and their ability to quickly and effi-
ciently visualize vascular structures and increase their confidence 
in the procedures, which lead to reduced complications [74]. 

Similarly, a virtual neurological model known as NewroSim has 
been developed, which has the capacity to simulate the main cere-
brovascular alterations present in various pathological conditions, 
such as stenosis of the intracranial and extracranial arteries [77]. 
This equipment makes it possible to reproduce the hemodynam-
ics of cerebral vessels and observe cerebral blood flow velocities 
using transcranial Doppler [24,78]. The use of NewroSim in the 
practice of neurological scenarios is of great help to learners as it 
allows them to observe the changes in cerebral perfusion and their 
direct impact on the neurological disorder of the patient [77,78]. 

On the other hand, given the increasing number of endovascu-
lar interventions for stroke treatment, simulation can play an im-
portant role in gaining experience, particularly for beginners, be-
cause any complication in this type of procedure can have serious 
consequences [79]. Kreiser et al. [79] found that the use of an an-
giography simulator allowed medical students and residents to 
learn about the principles of performing angiographic examina-
tions and the necessary steps in specific interventions, such as ca-
rotid stent placement or aneurysm coiling. Likewise, Spiotta et al. 
[80] studied the usefulness of simulated diagnostic cerebral angi-
ography among neurosurgical residents and fellows using an en-
dovascular biplane angiography simulator and demonstrated that 
simulation facilitated the acquisition of technical angiography 
skills. Currently, other endovascular simulators, such as Procedi-
cus VIST and ANGIO Mentor, allow learners to practice without 
the risk of harm to the patient, improving performance in a stress-
free environment. When errors would occur, the simulators 
would generate feedback, thus facilitating learning [81]. 
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Finally, treatment of ischemic stroke usually consists of the ad-
ministration of recombinant tissue-type plasminogen activator 
within 4 hours of symptom onset, and its combination with me-
chanical thrombectomy has shown improved outcomes [82]. 
Simulation through virtual reality enhances learners’ experience 
in performing mechanical thrombectomy through the use of and 
familiarization with endovascular devices, thrombectomy devices, 
catheters, and guidewires. This exercise demonstrated that ap-
prentices who participated in simulation activities obtained better 
results than those who did not [82,83]. 

LIMITATIONS IN THE USE OF SIMULATION 

There is very limited literature on the expenses incurred in the 
implementation of simulations in a medical setting [25]. How-
ever, the common point in most studies is the high cost, since 
mannequins, virtual reality simulators, and other types of simu-
lators do not have very accessible prices. In addition, these 
equipment require adequate personnel for their management 
and maintenance, which greatly increases the costs of simulation 
in education [24]. Technological advances come in giant steps, 
and what today seems to be a great simulation equipment can 
quickly become obsolete. Therefore, it may not be viable to 
make this investment [84]. 

Simulation has shown good results in medical scenarios in 
which the patient's problem can be solved following protocols 
previously established in clinical practice guidelines, such as car-
diopulmonary resuscitation, a common practice among health 
professionals [85]. However, in neurological emergencies, the 
most important thing is to be able to obtain a diagnosis before 
implementing previously established protocols. The issue is not 
as simple as one might think, and the solution to that problem 
depends on the encounter between the physician and the pa-
tient [86]. 

Actors are trained to represent classical patterns of a specific 
disease. However, in reality, patients may show nonspecific signs. 
Simulation may not sufficiently teach some skills since the scenar-
io will never be the same as the real one, and no matter how hard 
one tries, there are certain characteristics that could never be sim-
ulated by an actor or a mannequin [86]. Hocker et al. [86] stated 
in their study that learners will hardly succeed in maximizing their 
knowledge and skills until they experience dealing with a real pa-
tient. 

Therefore, although simulation is an important component of 
knowledge acquisition, it does not replace intimate patient con-
tact because it is a component that ultimately determines prob-
lem-solving, decision-making, and communication skills. Hence, 

it is necessary to complement both simulation and practice in real 
situations to train competent professionals. 

CONCLUSION 

Medical simulation in academic training programs for health sci-
ences has a great impact on the development of specific skills, po-
tentially reducing medical-legal and economic complications and 
improving care and results in the management of clinical events. 
Simulation is an essential educational tool that imparts knowledge 
from an interactive perspective and offers a broader vision in rela-
tion to the practice of medicine. In neurocritical care, specifically 
neurovascular care, the visualization of these environments rep-
resents an opportunity to develop rapid and accurate decision 
making, allowing the maintenance of neuronal integrity and func-
tional capacity of the patient, and ultimately reducing morbidity 
and mortality. 
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INTRODUCTION 

Hiccup or hiccough is known by the medical term “singultus,” 
which is a derivative of the Latin word “singult,” meaning “a gasp” 
or “a sob” [1]. Hiccups are characterized by involuntary, intermit-
tent, repetitive, myoclonic, and spasmodic contractions of the dia-
phragm and the inspiratory intercostal muscles, leading to an 
abrupt and early closure of the glottis, terminating inspiration and 
generating the characteristic “hic” sound [2,3]. Both healthy 
adults and children commonly experience hiccup spells. In the fe-
tus, hiccups play a physiological role by training the respiratory 
muscles for their breathing function, and as a reflex preventing 
amniotic fluid aspiration [4,5]. Transient episodes usually do not 
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Hiccups are usually self-limiting and benign but can be distressing when they become persistent or intractable and produce significant 
morbidity. In the intubated patients in neurocritical care, persistent hiccups may cause respiratory alkalosis and are also associated 
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require medical attention unlike chronic hiccups (persistent and 
intractable), which can be associated with long term deleterious 
effects. 

An accurate estimate of the burden of hiccups in the neuro-in-
tensive care unit (ICU) leading to unfavorable outcomes and 
morbidity is unknown. Though persistent hiccups which are in-
tractable and of neurogenic origin can result in hyperventilation 
and respiratory alkalosis, and are a risk factor for ventilator associ-
ated pneumonia in intubated and mechanically ventilated pa-
tients. Hence, meticulous evaluation and treatment of persistent 
or intractable hiccups (IH) in neuro-ICU patients is important, in 
a stepwise and protocolized manner which comprise of physical 
maneuvers first followed by pharmacological measures in failed or 
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resistant cases. Unfortunately, there are no clear guidelines appli-
cable to the management of persistent or IH. Recently U.S. Food 
and Drug Administration (FDA) revoked the approval of chlor-
promazine, citing its serious side effects in treating hiccups. In this 
article we strive to review the available literature on hiccups and 
provide a stepwise management protocol.  

A single episode of hiccups can last from a few seconds to as 
long as several days. Based on the duration, hiccups can be divid-
ed into three categories: acute hiccups that last for up to 48 hours, 
persistent or protracted hiccups that last for more than 48 hours, 
and IH that last for over a month [6,7]. Most classifications use 
arbitrary time limits to categorize the phenomenon. Brief epi-
sodes of hiccupping are physiological. The point of transition to a 
pathological form is not well defined. The longer the duration of 
the hiccupping, the less amenable it will be to interventions. An 
episode lasting longer than a week is considered chronic while re-
sistance to sequential therapy using three different drugs warrants 
the use of the label obstinate [8]. 

EPIDEMIOLOGY 

Hiccups are more common in diseases affecting the gastrointesti-
nal or central nervous system (CNS). Gender differences in hic-
cups frequency have not been seen in healthy subjects. Prevalence 
of non-CNS origin hiccups is higher in men than CNS origin hic-
cups [9,10]. No racial, geographic, or socioeconomic variation in 
hiccups has been documented. Recurrent hiccups occur in about 
3% of the healthy population, compared to approximately 20% 
with Parkinson disease and 10% of patients with gastroesophageal 
reflux disease (GERD) [11]. Overall, the prevalence of hiccups in 
advanced cancer has been reported to be 3.9%–4.8% [12,13]. A 
variety of CNS pathologies cause IH. Lateral medullary infarcts 
(LMIs) cause 12%–36% of central hiccups cases. Keane (1961) 
found 56% of patients with central hiccups to primarily have 
LMIs, [14] and this proportion was 14% as per the report by Park 
et al. [15]. There is high preponderance of developing IH follow-
ing an ischemic insult to the brainstem including pons or involve-
ment of posterior inferior cerebellar artery [16,17]. Vascular le-
sions of CNS are the most common cause of IH followed by in-
fective (meningitis, encephalitis), structural lesions, such as a mul-
titude of space occupying lesions like cavernous angiomas or tu-
berculomas, and inflammatory and demyelinating conditions 
such as multiple sclerosis and neuromyelitis optica [18]. 

PATHOPHYSIOLOGY 

The mechanism of hiccups is not very clear and the neuroana-

tomical center for hiccups has not been identified, though few 
hiccups provoking hypothesis have been proposed [19,20]. Bailey 
[21] first proposed the “reflex arc” in 1943 responsible for gener-
ating hiccups. The afferent impulse in this proposed arc is carried 
by the vagus nerve, phrenic nerves, or sympathetic nerve fibers 
(thoracic outflow T6–T12). Upper spinal cord (C3–C5), medul-
la oblongata near the respiratory centers, the reticular formation, 
and the hypothalamus appear to be the CNS centers involved in 
the hiccup response. Dopaminergic and gamma-aminobutyric 
acid (GABA)ergic neurotransmitters are involved in the modula-
tion of this central mechanism [22]. The efferent response of the 
reflex is carried by the phrenic nerve to the diaphragm. Accessory 
nerves activation lead to the contraction of the intercostal muscles 
as well. Recurrent laryngeal nerve causes the reflex closure of the 
glottis, completing the sequence of events during a hiccup [22,23]. 
Davis concluded that hiccup generation was a supraspinal mecha-
nism involving interplay between behavioral and chemical respi-
ratory influences at the spinal level, independent of inspiratory 
centers [24]. Suppression of inhibitory influences on a supraspi-
nal hiccup center could lower the threshold and cause hiccups to 
start. This mechanism may explain the persistent hiccups seen in 
multiple sclerosis or metabolic disorders. Hassler [25] propound-
ed that hiccups may be generated at the pontomedullary level of 
the triangle of Guillain-Mollaret (inferior olivary nucleus, dentate 
nucleus, and red nucleus). Denervation super sensitivity of the in-
ferior olivary complex, nucleus ambiguus, and adjacent reticular 
formation of medullary oblongata have also been hypothesized to 
give rise to hiccups [26-28]. Nucleus raphe magnus with its GA-
BA-containing inhibitory cells has been shown to be the likely 
source of inhibitory inputs to the hiccup reflex arc [29]. Various 
neurotransmitter pathways of the brainstem and medulla, includ-
ing those involving dopamine, serotonin, opioids, calcium chan-
nels, and GABA are possibly involved in mediating hiccups [30] 
(Fig. 1).  

ETIOLOGY 

Any process that affects the peripheral afferent, central, or efferent 
components of the proposed reflex arc can trigger hiccups [22]. 
The most common benign reason being large meals or carbonat-
ed drinks causing stomach distension. Hot and spicy foods, alco-
hol, smoking, and other substances irritating the gastrointestinal 
or pulmonary tracts can also trigger the reflex. Over-excitement 
or anxiety, when accompanied by hyperventilation or air swallow-
ing (aerophagia) can trigger hiccups as well. 

The causes of persistent hiccups can be classified into central 
and peripheral (Table 1). Central hiccups could occur with any le-

19https://doi.org/10.18700/jnc.200018



sions along the pathway from the CNS to the phrenic nerve, espe-
cially with lesions of the brain stem, such as tumors and ischemic 
stroke [15,17,18,31]. Peripheral hiccups can be caused by diseases 
at the phrenic nerve level involving diaphragmatic irritation, such 
as gastric distention, subdiaphragmatic abscess, or hepatospleno-
megaly. 

CNS lesions 
The dorsal area of the medulla is commonly associated with hic-
cups as it incorporates a number of complex structures which 
conciliate the reflex arc, including the vagus nerve, respiratory 
center, solitary nucleus, nucleus ambiguus, central sympathetic 
tract, and spinal tract of trigeminal nucleus. Chronic hiccups have 
been reported following hemorrhagic and ischemic strokes, cere-
bellar aneurysms, and neuromyelitis optica [32-38]. 

Peripheral nervous system lesions  
Involvement of the hiccup reflex arc in conditions like sarcoidosis, 
diaphragm tumors, or other causes of abdominal distension may 
lead to persistent hiccups. 

Gastrointestinal and abdominal causes 
GERD is commonly associated with persistent hiccups and is re-
sponsive to treatment with proton pump inhibitors [39,40]. Heli-
cobacter pylori infection may lead to persistent hiccups secondary 
to increased acid production causing irritation of esophageal vagal 
afferents [41]. 

Hiccups under anesthesia 
Hiccups can occur during administration of general or regional 
anesthesia [42], particularly under lighter plane of anesthesia es-
pecially with the usage of short acting barbiturates and during in-
tubation, patient positioning, or visceral manipulation during sur-
gery. Surgeries in thorax and abdomen often lead to hiccups in the 
postoperative period probably due to gastroparesis [43]. Anes-
thetic drugs like propofol induced hiccups [44]. Hiccups follow-
ing epidural anesthesia have been reported with possible mecha-
nism of action being deafferentation of sensory nerves in the vis-
cera coupled with increased diaphragmatic stimulation secondary 
to interruption of phrenic nerve motor reflex [45,46]. 

Cancer patients 
Hiccups are frequently seen in patients with cancer either due to 
involvement of any portion of the hiccup reflex arc by the tumor, 
or as a secondary response to chemotherapy. Cisplatin is most 
commonly implicated [47]. 

Drug-induced hiccups 
Steroids have been implicated in chronic hiccups. Dopamine ago-
nists may induce bouts of hiccups in Parkinsonism patients owing 
to their high affinity towards D3 receptors. Macrolides like azith-
romycin and psychiatric medications like aripiprazole have also 
been known to be associated with persistent hiccups. In essence, it 
is imperative to thoroughly review the medication history and 
identify and stop the offending drugs inducing hiccups [48].  

Table 1. Causes of hiccups

Cause of hiccups
1. Central nervous system lesion
  Vascular pathology Stroke, infarct, aneurysms
  Neoplasm Astrocytoma, cavernoma, brain stem tumors
  Inflammation Neuromyelitis optica, multiple sclerosis
  Trauma Traumatic brain injury
  Infection Encephalitis, meningitis
2. Peripheral cause
  Thoracic Mediastinal lesions, diaphragmatic tumors
  Heart Ischemic heart disease, pericarditis, thoracic aneurysm
  Gastrointestinal tract Gastroesophageal reflux disease, Helicobacter pylori infection, esophageal tumors
  Pulmonary Bronchitis, pneumonia, tuberculosis, asthma
  Miscellaneous Ascites, intestinal obstruction, pelvic tumors
3. Surgical Bronchoscopy, tracheostomy, thoracic or abdominal surgeries, central venous catheterization
4. Drug induced Chemotherapy, anti-Parkinsonian drugs, dexamethasone, opioids, benzodiazepines, macrolides, anti-psychotic 

medications
5. Psychosomatic Anxiety, stress, fear, excitement
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Instrumentation-associated hiccups  
Atrial pacing, catheter ablation of atrial fibrillation, and central ve-
nous catheter placement have been reported to cause hiccups pre-
sumably due to mechanical irritation of right phrenic nerve which 
is in close proximity to the right atrium [49-51]. Esophageal in-
strumentations like stenting induces hiccup by stimulating the re-
flex arc afferent component [52]. 

Psychogenic causes
Hiccups are seen in patients with acute anxiety, stress, fear, or ex-
citement. In cases where behavioral therapy has been successful in 
ameliorating hiccups, a diagnosis of hysterical hiccups has been 
made [53]. 

Miscellaneous causes
Dyselectrolytemias, tuberculosis, ethanol abusers, diabetes melli-
tus, and chronic renal failure (due to uremia) [54] can all cause 
persistent hiccups. Electroencephalogram findings in patients 
with epilepsy suggest that chronic hiccup can be the result of sei-
zure activity. Certain antiepileptic drugs have shown a beneficial 
role in the treatment of hiccups mainly due to their GABAergic 
effects. However, in many patients, chronic hiccups occur without 
the presence of cerebral dysfunction and diazepam, a potent an-
ti-convulsant drug, can precipitate or exacerbate hiccups in such 
conditions [55]. 

EFFECTS OF PERSISTENT HICCUPS 

Persistent hiccups have the capacity to induce major disabling im-
pact on general health and cause exhaustion, sleep deprivation, 
malnutrition, dehydration, depression, wound dehiscence, and 
even death in extreme cases [2,56]. It has a detrimental effect on 
rehabilitation as shown by prolonged hospital stay in a study done 
by Kumar and Dromerick [16]. Sleep cycle is affected by hiccups 
with literature showing that it persists during sleep disrupting 
both non-rapid eye movement (NREM) and REM sleep. Chron-
ic hiccups lead to sleep deprivation [57]. 

EFFECTS OF HICCUPS ON RESPIRATION 

The occurrence of hiccups in a patient receiving mechanical ven-
tilation causes desynchronization and possible respiratory alkalo-
sis leading to lung damage and hemodynamic alterations [58]. It 
can be prevented by close monitoring of respiratory parameters 
and prompt correction, especially in patients with brain stem 
damage. The strong inspiratory effort does not result in a large 
change in lung volume due to reflex glottic closure, and, therefore, 

in normal subjects the ventilatory effects of hiccups are minimal. 
In intubated or tracheostomized patients, hyperventilation and 
respiratory alkalosis may happen resulting in hiccups [59]. 

Marinella [2] were able to demonstrate that the left hemi-dia-
phragm was the side of hiccup origin in 80% of their cohort of pa-
tients with advanced malignancy. Persistent and IH are a risk fac-
tor for ventilator-associated pneumonia in intubated patients. 
Employing continuous positive airway pressure and pressure sup-
port ventilation can stop hiccups in such patients. Salem et al. [60] 
demonstrated that increasing PIP to 30–40 cmH2O immediately 
stopped the development of hiccup during a surgical procedure. 

EVALUATION 

A thorough and detailed history is warranted focusing on trigger 
factors for chronic hiccups along with frequency, duration, pro-
gression, and aggravating and relieving factors. Relevant history 
should be elicited regarding the chronology of hiccup episodes, 
relationship with sleep, and any physical maneuver or pharmaco-
logical treatment the patient is undergoing with their effectiveness 
on the condition and any side effects experienced. A comprehen-
sive enquiry should be made regarding the prescribed medica-
tions the patient has been administered along with over-the-
counter medications and various addictive habits, such as smok-
ing and alcohol consumption. An underlying organic pathology 
should be ruled out in patients with chronic hiccups. 

A detailed physical examination should be done along with a 
systemic one focusing on the respiratory, nervous, and gastroin-
testinal systems. An electrocardiogram may help rule out atypical 
myocardial infarction especially in the beginning of a hiccup at-
tack. Routine blood workup should be done including complete 
blood count, electrolytes, blood urea nitrogen, creatinine, calcium, 
liver function tests, and amylase/lipase. Investigation to rule out 
GERD is important and includes an upper gastrointestinal endos-
copy, esophageal manometry, and a 24 hour–pH-impedance re-
flux study [61]. In patients where no organic cause can be found 
or those not responding to routine treatment, imaging studies like 
computed tomography scan and magnetic resonance imaging of 
head and neck are warranted [62]. Stepwise management proto-
col is given in flow diagram (Fig. 2). 

TREATMENT 

The treatment approach of persistent hiccups is mostly based on 
observational reports and case series, and clear-cut guidelines are 
lacking. The treatment is mainly directed at treating the underly-
ing cause when the illness causing hiccups has been identified 
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[2,22,23]. In majority of the cases, no cause is found and the treat-
ment is mainly empirical to ameliorate the symptoms. Table 2 
shows the anecdotal and nonpharmacological treatment meth-
ods. Physical maneuvers such as interrupting normal respiratory 
function (e.g., breath holding, Valsalva maneuver), stimulating na-
sopharynx or uvula (e.g., sipping cold water, gargling with water, 
swallowing a teaspoon of dry sugar), increasing vagal stimulation 
(e.g., pressing on the eyeballs), and countering irritation of the di-
aphragm (e.g., pulling knees to chest, leaning forward to compress 
the chest) are first-line treatments for hiccups. The basic principle 
of the various physical maneuvers employed is to interrupt or sup-
press the reflex arc [7]. These, at best, provide a transient relief in 
cases of persistent or IH. Drug therapy should be reserved for 
treatment of hiccups when physical maneuvers have failed 
[63,64]. 

Pharmacological 
There is inadequate data to formulate treatment guidelines for 
persistent hiccups [57]. A complete medical history regarding the 
ongoing medications and comorbid conditions should be avail-
able, and the possible drug interactions and probable side effects 
should be kept in mind before the choice of medication is made. 
Combination therapy for IH has also been proposed in certain 
case reports [65]. The drug therapy could be tapered out or dis-
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Fig. 1. Hiccup reflex arc. Activation of “hiccup center” by lesions in the central nervous system (CNS) or periphery triggers hiccups 
mediated via phrenic and intercostal nerves, leading to myoclonic repetitive contractions of the diaphragm and accessory muscles. The 
characteristic “hic” sound is produced due to reflex closure of the glottis via recurrent laryngeal nerve.

Detailed history  
 trigger factors, 

frequency, duration, 
progression, 

aggravating and 
relieving factors, 

chronology of 
hiccup episodes, 

relationship 
with sleep, 

pharmacological 
treatment history, 
addictive habits

Thorough physical 
examination 

focusing on the 
respiratory system, 

nervous system, 
and gastrointestinal 

system

Pharmacological 
measures

Combination of 
drugs

First line -  
Baclofen

Second line - 
Gabapentin

Routine blood 
workup

Investigations to 
rule out GERD

CT scan and MRI of 
head and neck if 

needed

Non-
pharmacological 

measures

Intervention-
peripheral nerve 
blocks, surgical 

disruption, 
or electrical 
stimulation

Fig. 2. Stepwise management protocol. GERD, gastroesophageal 
reflux disease; CT, computed tomography; MRI, magnetic 
resonance imaging.

Higher center
Midbrain

Medulla oblongata
Medullary reticular formation

Phrenic nerve nuclei
Hypothalamus 

https://doi.org/10.18700/jnc.20001822

Vanitha Rajagopalan, et al. • Hiccups in neurocritical care



continued if hiccups cease, and alternative drug or treatment mo-
dality could be considered in case of IH. The pharmacological 
treatment is summarized in  Table 3. 

Chlorpromazine 
Chlorpromazine, a dimethylamine derivative of phenothiazine, is 
a centrally acting dopamine antagonist which acts at the hypothal-
amus. The concerns pertaining to long-term neurological side ef-
fects along with hypotension, urinary retention, glaucoma, or de-
lirium associated with the use of chlorpromazine has led to its U.S. 
FDA approval recently being withdrawn. The suggested dose has 
been 10–25 mg orally or intravenously; if no response then up to 
25–50 mg three times a day can be used [66]. Other neuroleptics, 
like haloperidol or olanzapine, though effective are limited by 
their untoward effects such as such as dizziness, mood distur-
bance, and sedation. 

Haloperidol 
It alleviates hiccups by its dopamine antagonism in the hypothala-
mus. The major side effect is extrapyramidal symptoms. Recom-
mended dosage is 5–10 mg/day orally or 2 mg intramuscularly 
[67].  

Olanzapine
Postsynaptic serotonergic receptors augment phrenic motoneuro-
nal activity and play a role in the generation of hiccups. Olanzap-
ine is proposed to act as an antagonist at these postsynaptic recep-
tors, thereby, attenuates phrenic excitability and relieves hiccups. 
Alderfer and Arciniegas [68] reported that a maintenance dose of 
2.5 mg once daily led to remission of IH secondary to brain injury. 

Benzodiazepines 
High-dose benzodiazepines can alleviate treatment-resistant hic-
cups by suppressing the repetitive, myoclonic contractions of the 

diaphragm. Midazolam is used via continuous infusion at the rate 
of 10–60 mg/24 hr in patients with terminal hiccups, in the con-
text of refractory delirium or agitation [69]. 

Muscle relaxants 

Baclofen 
Baclofen, a GABA-B agonist, inhibits transient relaxations of the 
lower esophageal sphincter and diaphragm with its peripherally 
and centrally mediated effect on vagal nerves. It also affects the 
esophago-gastric junction and suppresses reflux after meals. Con-
cerns with its use include ataxia, confusion, and sedation especial-
ly in elderly patients with renal failure. Dose is 5 mg per 12 or 8 
hours to start with, progressively increased by 15 mg every 3 days 
to a maximum daily dosage of 75 mg till optimal dose is reached 
[70-72]. Treatment should be slowly tapered over several days 
and never abruptly stopped. 

Anti-epileptic drugs 
Anti-convulsant medications are used as a second line treatment 
of persistent hiccups. They block the excitatory neural sodium 
channels (e.g., phenytoin, carbamazepine), enhance the release of 
GABA, and decrease the release of excitatory neurotransmitters in 
the CNS. 

Gabapentin 
Gabapentin modulates diaphragmatic excitability by increasing 
the endogenous GABA-mediated inhibition of inspiratory mus-
cles and reducing calcium influx through inhibitory effects on 
voltage-operated calcium channels in the presynaptic terminals of 
respiratory muscles. It also increases serotonin levels in the nucle-
us raphe magnus of the medulla, which is the most likely source of 
GABAergic inhibitory inputs to the hiccup reflex arc. Gabapentin 
either alone or in combination with other medications has been 

Table 2. Anecdotal and nonpharmacological treatment methods

Treatment Method
Anecdotal treatments [52] Fast drinking of a large glass of water, application of ice on epigastrium, nasal and pharyngeal 

stimulation, pressure on bridge of nose, gargling with water, carbonated beverages, swallowing 
granulated sugar or crushed ice, massage of hard/soft palate junction, digital rectal examination 
acupuncture, meditation, bilateral pressure on external auditory meatus

Nonpharmacological treatment of hiccup [45]
  Respiratory maneuver Breath holding with neck extended, coughing, Valsalva maneuver, rebreathing in a bag, 

compression of the diaphragm by drawing legs up or leaning forward, compression of thyroid 
cartilage

  Psychiatric treatment Behavioral therapy and hypnosis
  Gastric distension relief Fasting for 24 hours, gastric aspiration, lavage, induced vomiting, pulling out Ryle’s tube by few 

centimeters
  Phrenic nerve disruption Local anesthetic injection, compression of phrenic nerve at the neck, phrenic nerve stimulation
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Table 3. Summary of pharmacological treatment

Drug Action mechanism Recommended dose Considerable side effect
Chlorpromazine [66] Dopamine antagonist that acts at the 

hypothalamus
10–25 mg orally or intravenously Hypotension, urinary retention, 

glaucoma, or deliriumMax: 25–50 mg three times a day
Haloperidol [67] Dopamine antagonism in the 

hypothalamus
5-10 mg/day orally or 2 mg/day 

intramuscularly
Extrapyramidal symptoms, dizziness, 

mood disturbance, and sedation
Olanzapine [68] Postsynaptic serotonergic receptors 

antagonist, attenuates phrenic 
excitability

2.5 mg once daily Dizziness, mood disturbance, and 
sedation

Benzodiazepines [69] In high doses suppresses the repetitive, 
myoclonic contractions of the 
diaphragm

Midazolam: continuous infusion at the 
rate of 10–60 mg/24 hr in patients 
with terminally hiccups in the context 
of refractory delirium or agitation

Sedation, respiratory depression

Muscle relaxant
  Baclofen [70-72] GABA-B agonist 5 mg per 12 or 8 hours to start with, 

and progressively increased by 15 
mg every 3 days to a maximum daily 
dosage of 75 mg

Ataxia, confusion, and sedation 
especially in elderly patients with 
renal failure

Anti-epileptic drug
  Gabapentin [73] Increasing the endogenous 

GABA‑mediated inhibition modulates 
diaphragmatic excitability

300 mg three times daily orally and 
titrated according to response, or 400 
mg three times daily for 3 days, then 
400 mg once daily for 3 days and then 
stopped.

  Carbamazepine [74] 200 mg every 6 hours given orally
  Valproic acid [75] Increases the GABA transmission 

centrally
200–500 mg orally (15 mg/kg/24 hr in 

divided doses)
Gastrointestinal bleeding and hepatic 

toxicity
Others
  Metoclopramide [76,77] D3 antagonist and 5-HT4 agonist; 

central anti-emetic and peripheral 
prokinetic properties with lower 
esophageal sphincter tightening effect

10 mg intravenously three to four times 
a day

Tardive dyskinesia

  Domperidone [65] Dopamine antagonist 10 mg three to four times a day QT interval prolongation, cardiac 
dysrhythmias

  Cisapride [78] 5-HT4 agonism 10 mg three times a day orally Insomnia, anxiety, nervousness
  Nifedipine [79] Calcium channel blocker; interrupts the 

reflex arc by reversing the abnormal 
depolarization

10 mg orally three times a day with 
concurrent fludrocortisone 0.5-1 mg 
orally

Hypotension

  Methylphenidate [80] Inhibition of dopamine and 
norepinephrine reuptake

5 mg orally (maintenance 5–10 mg 
twice daily)

Insomnia, increased blood pressure, 
headache, nervousness

  Nefopam [81] Dopamine antagonist 0.25 mg/kg over 10 sec intravenously  
(10 mg intravenously four times daily 
for 2 days)

Dizziness, light headedness, 
hallucinations, nervousness, 
confusion, pink discoloration of urine

  Carvedilol [82] Acts on the afferent sympathetic 
component of the reflex arc

6.25 mg four times daily Dizziness, light headedness, shortness 
of breath, slow heartbeat

  Lidocaine [83-85] Effect on the irritant sensory afferents 1 mg/kg loading dose followed by 
infusion of 2 mg/min

Neurological and cardiovascular 
toxicities with intravenous drug; 
short-term loss of the gag reflex 
with nebulized drug3 cm3 of 4% topical lidocaine nebulized 

in a standard small-particle nebulize
  Amantadine [86] N-methyl-D-aspartate subtype of 

glutamate receptors antagonist, 
anticholinergic activity

100 mg once daily Dizziness, light headedness, dry 
mouth, constipation, insomnia

GABA, gamma-aminobutyric acid.

recommended especially in patients with hiccups secondary to 
brain tumors. Gabapentin dosage is 300 mg three times daily oral-
ly and titrated according to response, or 400 mg three times daily 
for 3 days, then 400 mg once daily for 3 days, and then stopped 
[73]. Porzio et al. [12] in their retrospective study evaluated gab-

apentin’s efficacy in patients with advanced cancer having severe 
chronic hiccups and concluded that gabapentin can be used as a 
next line therapy to chlorpromazine. It has a favorable side effect 
profile compared to other anti-epileptic drugs. 
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Carbamazepine 
The recommended dosage of carbamazepine is 200 mg every 6 
hours taken orally [74].  

Valproic acid  
Valproic acid increases the GABA transmission centrally and in-
terrupts the hiccup stimuli. It is associated with serious side effects 
like gastrointestinal bleeding and hepatic toxicity. Recommended 
dosage is 200–500 mg orally (15 mg/kg/24 hr in divided doses) 
[75]. 

Metoclopramide 
It is a D3 antagonist and 5-HT4 agonist with a chemical structure 
similar to neuroleptic drugs. It has both central anti-emetic and 
peripheral prokinetic properties with a lower esophageal sphinc-
ter tightening effect. Its efficacy in hiccups is due to gastric empty-
ing because of its prokinetic property, which reduces gastric dis-
tension and GERD. Recommended dose is 10 mg intravenously 
three to four times a day [76,77]. Wang and Wang [77] in their 
randomized study demonstrated its benefit on terminating hic-
cups. Long-term dosing is associated with risk of tardive dyskine-
sia. 

Domperidone 
The drug is devoid of neurological side effects associated with 
metoclopramide as it does not cross the blood-brain barrier. It has 
a better risk profile over a longer period of time but there are con-
cerns with its propensity to cause QT interval prolongation and 
cardiac dysrhythmias. The dosage is 10 mg three to four times a 
day [65]. 

Cisapride 
It has 5-HT4 agonism and an effect comparable to metoclopra-
mide. Dosage is 10 mg three times a day, taken orally [78]. 

Nifedipine 
It is a calcium channel blocker and interrupts the reflex arc by re-
versing the abnormal depolarization, with the major side effect 
being hypotension. Recommended dosage is 10 mg orally three 
times a day with concurrent fludrocortisone 0.5–1 mg orally [79]. 

Methylphenidate 
It terminates hiccups through inhibition of dopamine and norepi-
nephrine reuptake. In the case report published by Maréchal et al. 
[80], methylphenidate was effective in terminating hiccups in a 
patient with metastatic small cell lung cancer with a dose of 5 mg 
orally (maintenance 5–10 mg twice daily). 

Nefopam 
It is a non-opioid analgesic with reported efficacy in terminating 
refractory hiccups with intravenous medication at a dose of 0.25 
mg/kg over 10 seconds (10 mg intravenously four times daily for 
2 days) [81]. 

Carvedilol 
Carvedilol suppresses hiccups by acting on the afferent sympa-
thetic component of the reflex arc. Stueber and Swartz [82] re-
ported that it was effective in treating hiccups in a patient with tar-
dive dyskinesia and compulsive self-induced hiccups and vomit-
ing, at doses of 6.25 mg four times daily.  

Lidocaine  
Lidocaine nebulization is found to be effective in treating hiccups 
due to its effect on irritant sensory afferents. The safety profile 
with this is considerably better as compared to intravenous route 
which is fraught with neurological and cardiovascular toxicities 
[83,84]. Kaneishi and Kawabata [85] reported a case of hiccups, 
resistant to haloperidol, effectively treated by lignocaine. 

Amantadine 
Amantadine is an antagonist at the NMDA receptors with anti-
cholinergic activity and anti-Parkinsonian effect and possible an-
ti-hiccup action. There are case reports regarding the onset of hic-
cups following administration of dopamine agonists in a patient 
with Parkinson disease [86]. 

Combination therapy for IH 
Combination therapy for IH has also been proposed in certain 
case reports [65]. 

Cisapride, omeprazole, and baclofen (COB) 
Petroianu et al. [87] studied oral treatment with cisapride 10 mg 
three times daily, omeprazole 20 mg once daily, and baclofen 15 
mg three times daily in patients with IH and concluded that COB 
is an effective empirical therapy. 

Cisapride, omeprazole, baclofen, and gabapentin 
In another study, Petroianu et al. [88] proposed that the addition 
of gabapentin should be considered in patients for better results. 

CONCLUSION 

Hiccups are usually innocuous and frequently ignored. Patients 
presenting with chronic hiccups require a meticulous evaluation 
focusing on history and physical examination. Persistent hiccups 
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are more often than not associated with an underlying organic pa-
thology which requires a comprehensive workup. Pharmacologi-
cal therapy should take into account the risk of long-term side ef-
fects and FDA recommendations. Considering the present litera-
ture on hiccup pharmacotherapy, baclofen may be considered as a 
first line therapy followed by gabapentin. Large multicenter trials 
are the need of the hour along with the development of robust 
guidelines. 
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Background: Glasgow Coma Scale (GCS) and the pupillary light reflex (PLR) are important prognostic tools for traumatic brain injury 
(TBI). This study compared the predictability of GCS, GCS plus manual PLR (GCS-P), GCS plus Neurological Pupil index (GCS-NPi), and 
average NPi (avgNPi) in predicting discharge outcome in patients diagnosed with TBI. 
Methods: Data were obtained from a multicenter prospective registry that included 175 subjects with TBI. A nonlinear mixed model 
(NLMIXED) approach was used to determine which of the following independent variables (GCS, GCS-P, GCS-NPi, and avgNPi) is a 
better predictor of modified Rankin Scale (mRS) at discharge by fitting four predictive models for comparison. 
Results: The NLMIXED model for longitudinal data determined that GCS, GCS-P, GCS-NPi, and avgNPi were all significant predictors 
of mRS at discharge (P<0.001). Age was a significant predictor of the discharge mRS (P<0.001). There was a strong significant correla-
tion between the four predicting variables (P<0.05). The maximum likelihood estimation (MLE) of GCS was –0.17 (P<0.001), MLE of 
GCS-P was –0.17 (P<0.001), MLE of GCS-NPi was –0.17 (P<0.001), and the MLE of avgNPi was –0.39 (P<0.001). 
Conclusion: Our findings suggest that any of the four variables (GCS, GCS-P, GCS-NPi, and avgNPi) could be used as a potential pre-
dictor of discharge mRS in a patient with TBI. This warrants future investigations to explore the combination of pupillary reactivity 
scores and NPi with GCS for prognostication in patients with TBI. 
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INTRODUCTION 

Patients with traumatic brain injury (TBI) experience several 
methodological challenges related to outcome assessment due to 
the limited availability of prognostic tools for predicting out-
comes. The Glasgow Coma Scale (GCS) was developed as a tool 

to assess the “depth and duration of impaired consciousness and 
coma [1].” Although, GCS is the most widely used prognostic 
tool for predicting outcomes in patients with TBI, the availability 
of other online prognostic calculators such as the  international 
mission for prognosis and clinical trials in traumatic brain injury 
(IMPACT) and corticoid randomisation after significant head in-
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jury (CRASH) prognostic models may also aid in estimating the 
6-month outcomes in patients with moderate to severe TBI in ad-
dition to providing support to decision making and clinical judg-
ment for determining the treatment goals and care in TBI [2,3]. 
In 2014, Teasdale et al. [4] cautioned that the GCS should not be 
used as a prognostic instrument except when used in conjunction 
with multivariate modeling. The development of the international 
Curing Coma Campaign heralds a renewed interest in prognosti-
cation and assessment of patients with disorders of consciousness 
[5]. The most recent adaption to the GCS, the GCS-pupil (GCS-P) 
adjusts for findings based on a subjective assessment of the pupil-
lary light reflex (PLR). However, both the GCS and GCS-P predate 
the adoption of automated infrared pupillometry (AIP) [6-8]. 
Therefore, the purpose of this study is to explore the contribution 
of PLR assessment to prognostication in patients with TBI. 

The rates of unfavorable outcomes after TBI can exceed 20%, 
and up to 15% of TBI patients with mild injury will have 
post-concussive symptoms [9,10]. Prevention of secondary brain 
injury relies heavily upon the ability to provide an accurate assess-
ment of the patient at baseline, and subsequent serial assessments 
[11,12]. The GCS evaluates three components of responsiveness 
(eye-opening, motor, and verbal responses) [13]. Each compo-
nent is evaluated and scored separately; component scores are 
then summed; ranging from 3 to 15 (higher scores represent the 
best responsiveness). The PLR has been examined both histori-
cally, and recently, as a prognostic variable of both morbidity and 
mortality [14-16]. Previous work by Perel et al. [3], Marmarou et 
al. [2], and Brennan et al. [17] suggest that a combination of GCS 
and PLR may serve as good predictors to predict outcome in pa-
tients with TBI. 

Traditionally, the PLR was a subjective assessment performed 
using a flashlight or penlight. This method of assessment has been 
found to be unreliable and imprecise [18,19]. The PLR is a sum-
mary assessment that begins by evaluating the size of the pupil at 
rest, providing a light stimulus, and observing the degree to which 
the pupil constricts in response to that stimulus [20]. AIP is an 
emerging technology that has high reliability, precision, and re-
producibility as compared to the standard pen-light examination 
to examine the pupillary response. It provides an objective mea-
surement of pupillary size, symmetry, and reactivity to light [20]. 
The assessment of PLR by pupillometry has recently emerged as 
a useful tool for assessing pupillary reactivity and triaging patients 
for expediting care in patients with neurological diseases [21]. 
The NPi-200 pupilometer assesses pupillary reactivity and pro-
vides a summary score called the Neurological Pupil index (NPi) 
[22]. The NPi is a standardized way to assess the PLR using a 
hand-held pupilometer. Values range from 0 to 5 (NPi ≥ 3.0 is 

considered normal, and < 3.0 is considered abnormal). Even 
though recent literature has indicated the usefulness of pupillom-
etry due to its high accuracy and reliability, there is a lack of re-
search to determine the usefulness of NPi in combination with 
GCS score for predicting outcome in patients with TBI. 

In patients with TBI, the modified Rankin Scale (mRS) has 
been used to assess the degree of disability by providing a score, 
ranging from 0 (fully independent) to 6 (dead) to determine the 
functional outcome in patients [23,24]. Even though GCS is a 
simple and powerful prognostic tool, it has its limitations as an in-
dependent prediction tool of mortality and unfavorable outcomes 
[2,17,25]. Previous studies have combined GCS with PLR to pre-
dict the functional outcome in patients with TBI. But, to our 
knowledge, no study has examined the predictive ability of GCS 
in combination with NPi, or using NPi alone to predict mRS out-
come in patients with TBI.  

METHODS 

The Establishing Normative Data for Pupillometer Assessments in 
Neuroscience Intensive Care (ENDPANIC) registry is a multi-cen-
ter international registry of pupillary assessments and acute care 
data points (NCT02804438). The registry was open in 2014; a full 
report of the methods and additional data can be found in a previ-
ous publication [26]. Data were obtained from 175 adults (over 
18 years of age) patients diagnosed with TBI who had admission 
GCS and AIP data linked to discharge mRS. PLR analysis was 
done via commercial pupilometer (NPi 200; Neuroptics Inc., Ir-
vine, CA, USA). Pupillometry was performed and pupillometry 
data were collected throughout the patients’ hospital stay, based 
on the frequency of neurological assessments ordered by the phy-
sician. This is usually every hour for the first few days, with the in-
terval being increased subsequently once the patient is felt to be 
neurologically stable and not at a high risk of neurological deterio-
ration. Data on demographic characteristics and length of hospital 
and ICU stay were obtained from the registry. For the GCS-P, pu-
pillary reactivity was derived by the AIP values wherein, an NPi of 
0 was scored as non-reactive and an NPi value above 0 was scored 
as reactive. In this manner, the GCS-P score (range, 1–15) was 
derived by subtracting the number of non-reactive pupils (0, 1, or 
2) from the GCS (range, 3–15) [17]. Discharge mRS scores were 
abstracted from the discharge notes in the electronic medical re-
cord as assessed by the discharge therapist and/or physician. 

The GCS-NPi score (range, 1–15) was created by subtracting 
points from the GCS based on NPi. We subtracted 0 points if the 
NPi of both eyes was > 3.0; and subtracted 0.5 point if the NPi of 
one eye was > 3.0 and the other eye was 0.1–2.9; subtracted 1 
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point if the NPi of both eyes was between 0.1 and 2.9; subtracted 
1.5 points if NPi of one eye was between 0.1 and 2.9 and the other 
eye NPi was 0; and subtracted 2 points if the NPi of both eyes was 
0. The NPi values from the left and right eye were summed and 
divided by 2 to provide the average NPi (avgNPi). 

Statistical analysis 
Summary statistics and statistical models were developed using 
SAS ver. 9.4 (SAS Institute, Cary, NC, USA). Patient characteris-
tics such as age, sex, race, and ethnicity were summarized at base-
line. The continuous variables such as age and avgNPi were sum-
marized as mean and standard deviation while categorical vari-
ables such as sex, ethnicity, race, PLR response, were described as 
frequencies and percentages. Ordinal variables were described us-
ing median and interquartile range (IQR). 

To ascertain which of the measures (GCS, GCS-P, GCS-NPi, 
or avgNPi) is a better predictor of mRS, four separate predictive 
models were fitted. Because the relationship between mRS and 
each predictor is unlikely to be linear, and also, to take into consid-
eration the repeated nature of the data, a random effect nonlinear 
mixed model (NLMIXED) was fitted for each of the potential 
predicting variables of mRS [27,28]. This model was fitted after 
the proportional odd assumption of ordinal logistic regression 
was violated [29]. Even though this model does not assume a lin-
ear relationship between the dependent and independent variable, 
both models take the dependency between observations based 
on the same cluster repeated measure per subject into account by 
introducing one or more random effects. This procedure fits mul-
tiple models by identifying the maximum likelihood estimation 
(MLE) and maximizing the approximate integrated likelihood by 
adaptive Gauss-Hermite quadrature. In this model, we controlled 
for age analyzed as a continuous confounder, sex analyzed as a bi-
nary confounder, and ethnicity as a binary predictor. A similar 
NLMIXED was employed to compute the correlation matrix for 
each of the four predictors. 

RESULTS 

One hundred seventy-five subjects met inclusion criteria. As 
shown in Table 1, the majority of the patients were male (n = 116, 
66.29%), White (n = 102, 58.29%) and non-Hispanic (n = 164, 
93.71%). The mean (standard deviation [SD]) was 56.4 years 
(22.3) for age, 6.8 days (7.7) for ICU length of stay, and 16.4 days 
(24.1) for hospital length of stay. The median (IQR) was 13 (6–
15) for GCS, 12 (6–15) for GCS-P, and 12 (6–14.5) for GCS-
NPi. The mean (SD) was 3.74 (0.11) for the left eye, 3.72 (0.11) 
for the right eye, and 3.73 (1.31) for the left and right eye averaged 

Table 1. Patient baseline characteristics

Variable Value (n=175)
Age (yr) 56.41±22.3
Sex
  Male 116 (66.29)
  Female 59 (33.71)
Race
  African American 3 (1.71)
  Asian 61 (34.86)
  Caucasian 102 (58.29)
  Other 9 (5.14)
Ethnicity
  Hispanic 11 (6.29)
  Non-Hispanic 164 (93.71)
GCS
  Eye score 4 (1–4)
  Verbal score 4 (1–5)
  Motor score 6 (4–6)
GCS total 13 (6–15)
GCS-P 12 (6–15)
GCS-NPi 12 (6–14.5)
avgNPi 3.73±1.31
Pupillary reactivity
  Both reactive 158 (90.29)
  One reactive 3 (1.71)
  Neither one reactive 14 (8.00)
NPi-right 3.72±0.11
NPi-left 3.74±0.11
Pre-morbid mRS 0
mRS at discharge 4 (2–5)

Values are presented as mean±standard deviation, number (%), or median 
(interquartile range).
GCS, Glasgow Coma Scale; GCS-P, GCS plus manual pupillary light reflex; 
GCS-NPi, GCS plus Neurological Pupil index; avgNPi, average NPi; mRS, 
modified Rankin Scale.

together (avgNPi). Of 175 patients, 158 patients (90.3%) had 
both pupils reactive. The median (IQR) was 4 (2–5) for dis-
charge mRS (where an mRS of 0 indicated that the patient was 
absent of neurological symptoms). 

Of the 175 patients, 149 (85.14%) survived and 26 (14.86%) 
died (mRS = 6). Table 2 displays the calculated MLE, standard er-
ror, 95% confidence interval (CI), and P-value for the four param-
eters; GCS, GCS-P, GCS-NPi, and avgNPi and for the covariates 
(age, sex, and ethnicity) in the NLMIXED model procedure after 
successful convergence. The MLE (95% CI) of total GCS was 
–0.17 (–0.22 to –0.12, P < 0.001), for GCS-P was –0.17 (–0.22 to 
–0.12, P < 0.001), for GCS-NPi was –0.17 (–0.22 to–0.12, 
P < 0.001), and for avgNPi was –0.39 (–0.57 to –0.22, P < 0.001). 
If the total GCS changes by 1 unit then the mRS score at dis-
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charge will change by –0.17. If the GCS-P changes by 1 unit, the 
mRS score at discharge will change by –0.17. If the GCS-NPi 
changes by 1 unit, the mRS score at discharge will change by 
–0.17. A 1-unit change in avgNPi will result in a change in the dis-
charge mRS score by –0.39. Thus, increasing the GCS, GCS-P, 
GCS-NPi, and avgNPi scores will significantly decrease the mRS 
score (P < 0.001). Therefore, based on the four fitted models for 
each of the predictors (GCS, GCS-P, GCS-NPi, and avgNPi), all 
four predictors were good in predicting discharge mRS, with very 
similar MLEs. Age was also a significant independent predictor of 
mRS at discharge (P < 0.001) whereas, sex and ethnicity were not 
predictors of mRS at discharge (P > 0.05). 

Table 3 shows results from the analysis of the absolute correla-
tion between these four independent variables. These results re-
vealed a strong significant correlation (P < 0.05) between these 
four predicting variables suggesting that any of these predictor 
variables can be used to predict mRS at discharge. The weakest 
correlation was seen between GCS-P and total GCS (correlation, 
19%) while the strongest correlation was observed between 
avgNPi and total GCS (correlation, 94%). Furthermore, the cor-
relations between GCS-NPi and total GCS (correlation, 78%), 
and GCS-P and GCS-NPi (correlation, 76%) were moderately 
strong. 

DISCUSSION 

This study compared the ability of GCS, GCS-P, GCS-NPi, and 

avgNPi to predict mRS outcome at discharge in a patient with 
TBI. Our findings show no statistical difference between the four 
variables and all of the variables were good predictors of mRS out-
come at discharge in patients with TBI (P < 0.001). Although the 
pupilometer is more reliable and accurate than the manual pupil-
lary evaluation (performed using a penlight), combining NPi with 
GCS did not predict mRS outcome at discharge better than using 
GCS alone, GCS-P, nor avgNPi for predicting outcome. There-
fore, any of these predictor variables may be used to predict mRS 
outcome, due to the high correlation between them (P < 0.05). 
However, the correlations (weak to moderately strong) between 
total GCS, GCS-P, GCS-NPi, and avgNPi indicate that it would 
not be appropriate to use any pair of these variables to predict 
mRS at discharge because they are highly related and will result in 
multi-collinearity. 

The present study is the first to examine the difference between 
the four predictor variables in predicting mRS outcome at dis-

Table 2. Parameter estimates for total GCS, GCS-P, GCS-NPi, and avgNPi from non-linear mixed procedure

Parameter Maximum likelihood estimate Standard error 95% CI P-value
Total GCS –0.169 0.025 –0.218 to –0.120 <0.001
  Sexa) –0.045 0.238 –0.514 to 0.424 0.850
  Age 0.020 0.005 0.010 to 0.030 0.001
  Ethnicityb) 0.243 0.454 –0.653 to 1.138 0.594
GCS-P –0.169 0.024 –0.216 to –0.122 <0.001
  Sexa) –0.058 0.235 –0.522 to 0.406 0.806
  Age 0.020 0.005 0.010 to 0.029 0.001
  Ethnicityb) 0.226 0.449 –0.660 to 1.112 0.615
GCS-NPi –0.169 0.024 –0.215 to –0.122 <0.001
  Sexa) –0.057 0.235 –0.520 to 0.407 0.809
  Age 0.02 0.005 0.010 to 0.030 <0.001
  Ethnicityb) 0.231 0.449 –0.655 to 1.116 0.608
avgNPi –0.394 0.090 –0.571 to –0.217 <0.001
  Sexa) 0.099 0.252 –0.398 to 0.596 0.695
  Age 0.018 0.005 0.007 to 0.028 0.001
  Ethnicityb) 0.166 0.485 –0.790 to 1.123 0.732

GCS, Glasgow Coma Scale; GCS-P, GCS plus manual pupillary light reflex; GCS-NPi, GCS plus Neurological Pupil index; avgNPi, average NPi; CI, confidence 
interval.
a)Male vs. female; b)Hispanic vs. non-Hispanic.

Table 3. Correlation matrix of parameter estimates for the predicting 
variable

Parameter Total GCS GCS-P  GCS-NPi avgNPi
Total GCS 1.000
GCS-NPi 0.776 1.000
GCS-P 0.185 1.000 0.763
avgNPi 0.940 0.260 0.788 1.000

GCS, Glasgow Coma Scale; GCS-NPi, GCS plus Neurological Pupil index; 
GCS-P, GCS plus manual pupillary light reflex; avgNPi, average NPi.
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charge in patients with TBI. Previous studies have compared GCS 
alone with GCS-P, Simplified Acute Physiology Score (SAPS) II, 
Acute Physiology and Chronic Health Evaluation (APACHE) II, 
Full Outline of UnResponsiveness (FOUR) score, and Kampala 
Trauma score in predicting the mortality among patients in neur-
ocritical care or general critical care [30-32]. In a study by Bren-
nan et al. [17] that compared GCS alone with GCS-P in predict-
ing mortality, it was found that GCS-P was significantly better 
than GCS in predicting mortality as increasing the GCS-P was as-
sociated with a decrease in mortality which is similar to the results 
of our study that also indicate that a 1 unit change in GCS-P is as-
sociated with a –0.17 units change in mortality. Of note, in our 
study, GCS-P was derived was using AIP, an objective measure of 
PLR, given that AIP is more reliable than subjective assessment 
[19,22]. GCS-P in our sample is likely more representative of true 
GCS-P than previously reported. 

A similar study in the past compared the FOUR score and GCS 
and also compared their inter-rater reliability but found no statis-
tical difference (P > 0.05) between the two scores in predicting 
28-day mortality among patients in general critical care however, 
the interrater reliability of the FOUR score was better than the 
GCS [31]. The FOUR score was developed with one of the as-
sessments being pupillary examination [31]. Another study con-
ducted in the past studied the predictive power of SAPS II, 
APACHE II, and GCS found no significant difference between 
the four variables in predicting mortality in neurosurgical patients, 
which isn’t entirely similar to our study, but the results from our 
study also indicated no difference between the four variables in 
predicting mRS outcome in patients, with TBI [30]. 

As no significant difference is seen between the predictive abili-
ty of the four variables, using any of these tools to predict the 
functional outcome in patients at discharge after TBI will be 
equally useful. While there was no significant difference between 
GCS and the other predictor variables, using NPi alone has the 
advantage of being an objective measure and may be clinically 
more relevant than using GCS alone. Further, to be accurate, the 
GCS must be performed in the absence of a sedative or hypnotic 
effect [33]. Patients with TBI may have pharmaceutical effects as 
a result of treatment (e.g., the need for sedation to facilitate care), 
and this may impair the ability to perform an accurate GCS [34]. 
Although ocular instillation of medications is known to affect the 
PLR [35], the currently available evidence supports that the most 
common sedatives used in TBI care do not impair the PLR [21]. 

We believe that NPi, alone or combined with GCS may be clin-
ically more reliable and useful than GCS alone due to the high in-
terrater reliability of the pupilometer that measures the NPi in a 
few seconds [18,19]. However, small sample size is one of the 

limitations of our study. Although our sample was drawn from 
four U.S. hospitals and one hospital from Japan, and this increases 
the generalizability of the study. Our data is also limited in that we 
did not have TBI subtypes identified (e.g., open, closed, concus-
sive, epidural, subdural, etc.). A recent study found that abnormal 
NPi was a strong predictor of the need for neurosurgical interven-
tion after severe closed TBI [36]. There is still a need for a more 
reliable and objective tool for predicting functional outcomes in 
patients with TBI. Although the combination of GCS and NPi 
may be clinically more reliable and useful, it is not yet integrated 
into practice. Therefore, the addition of NPi to other prognostic 
models such as IMPACT and CRASH prognostic calculators that 
are easily available and accessible to all clinicians may be tested in 
prospective research studies to quantify prognosis in patients with 
TBI and for supporting clinical research and practice. We believe 
that future studies including a large sample size are required to 
study the differences in the predictive ability of the GCS-NPi in 
comparison to GCS, GCS-P, and avgNPi as well as to study the 
additional role of NPi to the prognostic models approach for pre-
dicting the mRS outcome in patients with TBI should be tested. 

Our study concludes that any of the four predictors (GCS, 
GCS-P, GCS-NPi, and avgNPi) could be used as potential predic-
tors in predicting mRS outcome at discharge among the study 
population. These findings suggest that the combination of PLR 
and GCS is not superior to NPi alone in predicting discharge 
mRS. Additional studies including a large study population is re-
quired to determine whether the combination of GCS and mea-
sures of the PLR improve prognostication. 
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Background: This study was designed to compare the efficacy of multimodality monitoring and goal-directed therapy protocol 
(MM&GDTP), in patients with Glasgow Coma Scale (GCS) scores ≤8 with the conventional intracranial pressure (ICP)-cerebral perfu-
sion pressure (CPP) treatment. 
Methods: The study was divided into two time periods, a 2-year historic period in which severe traumatic brain injury (sTBI) patients 
were treated with an ICP-CPP targeted strategy and a 5-year intervention period during which MM&GDTP was utilized. Patients with 
unsurvivable brain injuries were excluded. Variables of interest included mechanism of injury, age, sex, hemodynamics, GCS score, ab-
breviated injury score–head (AIS-H), Marshall Class, injury severity score, decompressive craniectomy, ventilator/intensive care unit  
days, length of stay, predicted mortality by corticosteroid randomization after significant head injury model, functional outcome, and 
mortality. 
Results: The study group comprised 810 sTBI patients, aged 14–93 years, admitted during a 7-year period; of these patients, 67 and 
99 AIS-H≥4 and Marshall Class ≥III were included in control and intervention groups, respectively. The control group was treated with 
an ICP-CPP targeted approach, while the intervention group with an MM&GDTP. At presentation and after resuscitation, patients in 
the intervention group required a higher CPP to reach the endpoints of therapy. The MM&GDTP decreased mortality from 34.3% to 
23.2%, yielding a 32.3% improvement in overall survival and improved functional outcome as measured by Glasgow Outcome Scale 
>3 (MM&GDTP vs. ICP-CPP: 50/99 vs. 15/67, P=0.003). 
Conclusion: Institution of MM&GDTP targeted to threshold-defined values improves functional outcomes and may reduce mortality 
among patients with sTBI compared to that of patients receiving an ICP-CPP–based treatment.
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INTRODUCTION

The treatment of patients with severe traumatic brain injury 
(sTBI) remains controversial. There is a wide range of perspec-
tives on the value of foregoing intracranial pressure (ICP) moni-
toring and treating patients based solely on clinical and radiologi-
cal findings versus utilizing either an intracranial pressure-cerebral 
perfusion pressure (ICP-CPP) targeted approach or a multimo-
dality monitoring and brain tissue oxygen tension (ICP-PbtO2) 
targeted treatment aimed at optimizing cerebral blood flow and 
brain tissue oxygenation. Regardless of modality employed, stud-
ies have confirmed that short periods of brain hypoxia with CPP 
< 60 mmHg are associated with decreased survival and compro-
mised functional recovery at 6 and 12 months, respectively [1-3]. 
The Brain Oxygen Optimization in Severe TBI, Phase 2 
(BOOST2) trial suggested a potential benefit of an ICP-PbtO2 
targeted treatment over an ICP-CPP targeted approach as the lat-
ter can reduce the duration and depth of brain hypoxia; however, 
it did not document a survival advantage for patients [4]. Follow-
ing these findings, the BOOST-3 prospective randomized trial 
was initiated to further demonstrate whether an ICP-PbtO2 tar-
geted treatment is superior to an ICP-CPP targeted approach 
from the standpoint of overall mortality and functional outcome; 
this study is ongoing [5]. At this time, there is no evidence to sup-
port the use of ICP-PbtO2 targeted treatment for all patients with 
sTBI. 

Following the recruitment of two of the authors of this study 
(MFS and CPM), a multimodality monitoring and goal-directed 
therapy protocol (MM&GDTP) was implemented in our Level I 
Trauma Center in 2011. The protocol includes a set of interven-
tions aimed at preventing secondary brain injury and maintaining 
functional brain metabolism during the first 5 days following inju-
ry. It uses a tiered intervention strategy to treat isolated increases 
in ICP and decreased cerebral blood flow identified with near-in-
frared spectroscopy (NIRS) regional cerebral oxygen saturation 
(rSO2) using cerebral microdialysis (CMD) data to detect brain 
tissue hypoxia. Our initial experience with MM&GDTP showed 
an improved survival compared to that predicted by the cortico-
steroid randomization after significant head injury (CRASH) 
model, but we did not compare contemporary outcomes with 
those of historical controls from our own institution [6,7]. There-
fore, this study compared the mortality and functional outcomes 
of patients with sTBI who were treated during a pre-MM&GDTP 
control period of 2 years with a subsequent 5-year period, during 
which the MM&GDTP was implemented.

METHODS

This study involved a retrospective chart review, and an informed 
consent waiver was granted. This study compared the outcomes 
of patients (age range, 14–93 years) with sTBI treated at a single 
institution over a period of 7 years. It was divided into two time 
periods: a historic control period that extended from January 1, 
2009 to December 31, 2010 and an intervention period from 
April 1, 2011 to December 31, 2015, during which patients with 
sTBI were treated with a 5-day MM&GDTP. The decision to lim-
it the control group to those treated during these 2 years was 
based on the presence of a different group of neurosurgeons be-
fore that period. Patients excluded from the analysis included 
those treated between January 1, 2011 and March 31, 2011 be-
cause not all components of the MM&GDTP were available until 
April 1, 2011. Patients with one or more of the following criteria, 
after resuscitation, physiological stabilization, and a period of ob-
servation who were deemed to have suffered an unsurvivable 
brain injury were excluded from the study: (1) Glasgow Coma 
Scale (GCS) score 3 with dilated and fixed pupils, (2) GCS score 
3 with pupils unreactive to light, (3) GCS score 3 and brain injury 
observed on a computed tomography (CT) scan of the head ex-
pected to result in permanent loss of all brain function above the 
brain stem, and (4) brain perfusion CT scan showing absence of 
cerebral blood flow. 

Multimodality monitoring included monitoring of ICP, CPP, 
which was defined as the difference between the mean systemic 
blood pressure and ICP, PbtO2 (Integra Licox Brain Tissue Moni-
toring; Integra LifeSciences, Princeton, NJ, USA) in mmHg; rSO2 
by NIRS (Medtronic & Covidien, Minneapolis, MN, USA); and 
hourly CMD data. The goal-directed therapy protocol included 
maintenance of normothermia (37°C) with dry water immersion 
(Arctic Sun 5000 Temperature Management System, Mediv-
ance-Bard, Louisville, CO, USA), PbtO2 ≥ 20 mmHg, ICP ≤ 20 
mmHg, CPP ≥ 70 mmHg, rSO2 ≥ 55%, CMD lactate/pyruvate 
ratio (LPR) < 40, nutritional support targeted to ensure a respira-
tory quotient between 0.83 and 0.87 by indirect calorimetry on 
days 3 and 5, with calories adjustment as needed based on the day 
3 respiratory quotient, and positive nitrogen balance by day 7. To 
achieve the threshold CPP value required to keep PbtO2 and 
CMD LPR above the critical values, when needed, patients re-
ceived a limited amount of normal saline (NS) (1,000 mL) and 
norepinephrine infusion at a dose of 0.1 to 0.2 µg/kg/min. 
Post-pyloric peptide-based enteral nutrition was initiated upon 
completion of the resuscitation phase. All patients were sedated to 
synchrony with the ventilator, avoidance of cough and a modified 
Ramsey score of 2 achieved with midazolam and propofol infu-
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sion. Patients were treated using a 2-tier approach based on their 
classification (Fig. 1). Osmotherapy included administration of 
3% saline and the addition of either low- or high-dose mannitol 
when appropriate. Burst suppression, monitored with continuous 
electroencephalography, was initiated with an infusion of midaz-
olam at a dose up to 15 mg/hr and propofol at a dose up to 100 
µg/kg/min when ICP, low PbtO2, or low rSO2 were not respon-
sive to first-tier therapy. The anti-shivering protocol used during 
the normothermic approach involved the use of a Bair Hugger set 
at 4°C with administration of a combination of acetaminophen, 
buspirone, fentanyl, midazolam, and propofol, and when needed, 
the addition of cisatracurium. 

Indications for immediate craniotomy included symptoms of 
uncal herniation syndrome, midline shift > 1 cm, epidural hema-

toma volume > 30–40 mL, presence of subdural hematoma with 
thickness > 0.5 cm extending over the hemispheres or > 30–40 
mL volume with a significant mass effect, and intraparenchymal 
hemorrhage > 30 mL in the temporal lobe or cerebellum with a 
significant mass effect. A large fronto-temporoparietal ( ≥ 12 × 15 
cm) decompressive craniectomy was employed for patients with 
late refractory ICP that did not respond to second-tier treatment 
modalities. All intracranial monitors were inserted within 2–4 
hours of sTBI diagnosis, except for patients who went directly to 
the operating room for evacuation of mass lesions and had moni-
tors placed after the craniotomy. 

A multi-channel monitor (Moberg ICU Solutions, Ambler, PA, 
USA) provided continuous online recording of all multimodality 
monitoring minutes of brain flow and oxygen variables. CMD was 

Fig. 1. Treatment algorithm. ICP, intracranial pressure; CPP, cerebral perfusion pressure; rSO2, regional cerebral oxygen saturation; PbtO2, 
brain tissue oxygen tension; CMD, cerebral microdialysis; LPR, lactate/pyruvate ratio; NIRS, near-infrared spectroscopy; CSF, cerebrospinal 
fluid; NS, normal saline; sNa, seum sodium; IV, intravenous; RR, respiratory rate; CT, computed tomography; NE, norepinephrine; PEEP, 
positive end-expiratory pressure; cEEG, continuous electroencephalogram; Hg, hemoglobin; PRBC, packed red blood cell.

Type A

ICP ≤20 mmHg, CPP ≥70 mmHg, rSO2 >55%, PbtO2 ≥20 mmHg, CMD LPR <40
No further therapy needed.

Type B

Sustained ICP >20 mmHg, CPP ≥70 mmHg, NIRS >55%, PbtO2 ≥20 mmHg, CMD LPR <40
Therapy aimed at decreasing ICP
Tier 1:

• Elevate the head of the bed by 30˚
• Maintain normothermia (37˚C)
• Drain CSF
• Adjust sedation with midazolam/propofol
• 3% NS to sNa 155–160 mEq/L
• Mannitol 0.25–0.50 g/kg IV bolus to 320 mOsm/kg/H2O or Osm gap <20

Tier 2: ICP >20 mmHg for >15 minutes despite tier 1 therapy
• Increase RR to keep PCO2 32–35 mmHg
• High-dose mannitol 1.0–1.5 g/kg IV bolus if Osm <320 mOSm/L
• Repeat CT scan of the head to assess mass lesion progression
• If increased mass, proceed with decompressive craniectomy.

Type C

ICP <20 mmHg, CPP ≥70 mmHg, rSO2 <55%, PbtO2 <20 mmHg, CMD LPR >40
Therapy aimed at increasing PbtO2 and decreasing LPR
Tier 1:

• Increase CPP to 100 mmHg with infusion NE if ICP decreases by ≥3 mmHg with increasing CPP
• Optimize sedation
• Increase FiO2 100 then keep at 60%
• Increase PEEP to 10 cm H2O

Tier 2:
• Increase midazolam to 10–15 mg/hr and propofol to 75–100 μg/kg/min
• Setup cEEG to 3–4 bursts/screen
• Drain CSF <15 mmHg
• If Hg <7 g/dL transfuse 3 units of PRBCs less than 7 days old
• CT scan for lesion progression
• If lesion progression observed on CT scan, proceed with decompressive craniectomy.
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performed via a dual lumen catheter inserted concurrently with 
the Licox catheter. CMD data that were measured included levels 
of glucose (normal value, 14.4–46.8 mmol/L), lactate (2.0–3.8 
mmol/L), pyruvic acid (119–213 µmol/L), glutamate (0.0–32.0 
µmol/L), and glycerol (38.0–126 µmol/L) and LPR. CMD data 
and mean values of the measurements were averaged hourly. All 
patients with a GCS score < 10 on day 5 underwent tracheosto-
my with placement of a subglottic suctioning tracheostomy tube 
and percutaneous endoscopic gastrostomy between days 5 and 7. 

Treatment during the control period included maintenance of 
CPP ≥ 60 mmHg and ICP monitoring with external ventricular 
drainage, control of increased ICP with drainage of CSF, infusion 
of 3% NS titrated to a serum sodium concentration of 155 mEq/L, 
and the infusion of mannitol titrated to 320 mOsm/L or an osmo-
lar gap < 20 as rescue therapy for increased ICP. The timing and 
performance of the decompressive craniectomy were at the dis-
cretion of the individual neurosurgeon. PbtO2 monitoring and 
CMD were not performed, and normothermia was not protoco-
lized. Hyperthermia was controlled on an individual basis, and 
enteral nutrition was administered at the discretion of the individ-
ual neurosurgeon. Indirect calorimetry and nitrogen balance mea-
surements were not monitored. The timings of tracheostomy and 
percutaneous endoscopic gastrostomy were decided by the indi-
vidual neurosurgeon. 

Data acquired included mechanism of injury; age; sex; hemo-
dynamics; GCS scores on admission and upon completion of the 
resuscitation phase and a period of physiological stabilization and 
observation; abbreviated injury score-head (AIS-H); Marshall 
Class; injury severity score (ISS); performance of decompressive 
craniectomy; ventilator and intensive care unit days; length of 
stay; predicted mortality (PM) by the CRASH model; and actual 
mortality. The GCS score obtained after completion of the resus-
citation phase and a period of physiological stabilization and ob-
servation was used for statistical analysis because of its improved 
prognostic value over the GCS score acquired on admission. 
Continuous data are presented as means with standard deviation, 
and nonparametric data are presented as medians with interquar-
tile range (IQR). Statistical analysis was limited to the comparison 
of the 99 patients who underwent treatment with the MM&G-
DTP with a control group of 67 patients who underwent conven-
tional ICP-CPP treatment. Of note, all but one (MFS) of the neu-
rosurgeons treating the patients during the two study intervals re-
mained the same; however, during the intervention period, the 
neurosurgeons agreed to treat the patients with the MM&GDTP. 
Analysis of continuous data was performed with an unpaired 
t-test, and analysis of categorical data was performed with a chi-
square or Fisher’s exact test. Medians were compared using a non-

parametric Mann-Whitney U-test. Stepwise logistic regression 
analysis was performed to identify variables predictive of out-
come. The inverse probability of treatment weighted adjusted lo-
gistic regression models (SAS ver. 9.4; SAS Institute, Cary, NC, 
USA) were used to study the effect of MM&GDTP on mortality 
and functional outcomes. Statistical significance was accepted to 
correspond to a P-value less than 0.05.

RESULTS

A total of 810 patients with sTBI were admitted to our Level I 
Trauma Center between January 1, 2009 and December 31, 2015. 
One hundred and twenty-three patients died between days 1 and 
2 or progressed to brain death from unsurvivable brain injury, and 
316 patients with AIS-H < 4 were excluded; therefore, 371 pa-
tients were included for further analysis. An additional 205 pa-
tients with AIS > 0 in other body regions were excluded to limit 
the analysis to patients with isolated sTBI. Of the 166 remaining 
patients, 67 (control group) were treated with an ICP-CPP target-
ed approach following the Brain Trauma Foundation guidelines, 
whereas the 99 patients in the intervention group were treated 
with the MM&GDTP (Fig. 2); the patients were matched for sex, 

Fig. 2. Study design flowchart. sTBI, severe traumatic brain injury; 
AIS-H, abbreviated injury score–head; MM&GDTP, multimodality 
monitoring and goal-directed therapy protocol; ICP-CPP only, 
intracranial pressure-cerebral perfusion pressure targeted 
approach.

166 Remaining patients
AIS-H ≥4, Marshall Class ≥III

170 Excluded for AIS >0
Other body regions

35 Excluded because all components 
of MM&GDTP not available until

(Mar 31, 2010)

67 ICP-CPP only
(Jan 2009-Dec 2010)

99 MM&GDTP
(Apr 2011-Dec 2015)

810 Patients with sTBI
(Jan 2009-Dec 2015)

371 Remaining
AIS-H ≥4, Marshall Class ≥III

123 Died between days 1-2
from a fatal injury

316 Excluded for AIS-H <4
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GCS score, ISS, AIS-H, Marshall Class, decompressive craniecto-
my, and PM by the CRASH model. 

The pre- and post-propensity matching variables for the two 
groups are shown in Tables 1 and 2. Before propensity matching, 
patients in the intervention group were significantly older than 
those in the control group. As shown in Table 1, there was an al-

most equal distribution of patients with Marshall Class III to VI 
between the two groups. The patients in the intervention group 
required a higher CPP of 83 ± 6 mmHg to achieve a rSO2 > 55% 
with a PbtO2 ≥ 20 mmHg and a CMD LPR < 40 with pyruvate 
< 120 mmol/L and glucose < 8 mmol/L, compared to patients in 
the control group, which required a mean of 66 ± 4 mmHg to stay 

Table 2. Covariates by weight

Characteristics
Unweighted Weighted by inverse probability of treatment

ICP-CPP MM&GDTP SMD ICP-CPP MM&GDTP SMD
Age 59±22 51±23 –0.367 57±37 56±30 0.063
ED SBP (mmHg) 138±28 146±31 –0.275 143±45 143±40 –0.003
ED GCS 3.7±1.5 4.4±1.9 –0.417 4.1±3.0 4.1±2.3 0.023
Sex 0.023 –0.043
  Male 51 (76.1) 70 (70.7) 125 (74.6) 120 (72.6)
  Female 16 (23.9) 29 (29.3) 43 (25.4) 45 (27.4)
AIS-H –0.166 –0.043
  4 31 (46.3) 53 (53.5) 82 (48.4) 84 (50.5)
  5 36 (53.7) 46 (46.5) 87 (51.6) 82 (49.5)
Decompressive craniectomy 0.008 –0.003
  0 53 (79.1) 78 (78.8) 131 (77.8) 129 (77.9)
  1 14 (20.9) 21 (21.2) 37 (22.2) 36 (22.1)
Logit of the propensity score 0.650 –0.024

Values are presented as mean±standard deviation or number (%). SMD were used to assess the balance of the covariates before and after inverse 
probability of treatment weighting between the ICP-CPP and MM&GDTP groups. An SMD value <0.1 was accepted to correspond to adequate balance.
ICP, intracranial pressure; CPP, cerebral perfusion pressure; MM&GDTP, multimodality monitoring and goal-directed therapy protocol; SMD, standardized 
mean difference; ED, emergency department; SBP, systolic blood pressure; GCS, Glasgow Coma Scale; AIS-H, abbreviated injury score–head.

Table 1. Patients characteristics  

Variable All patients (n=166) MM&GDTP (n=99) ICP-CPP only (n=67) P-value
Age (yr) 56±23 59±22 51±23 0.02
Male:female  121:45 (72.9/27.1) 70:29 (70.7/29.3) 51:16 (76.1/23.9) 0.48
SBP (mmHg) 143±30 146±31 138±28 0.08
GCS score 3 (3–5) 3 (3–3) 3 (3–6) 1
AIS-H 4 84 53 (53.5) 31 (42.3) 0.42
AIS-H 5 82 46 (46.5) 36 (57.7) 0.42
ISS 20.4±4.5 20.0±4.5 20.8±4.5 0.89
DC 35 (21.0) 21 (21.2) 14 (20.9) 1
Marshall Class III 53 (31.9) 32 (32.3) 21 (31.3) 1
Marshall Class IV 34 (20.4) 20 (20.2) 14 (20.9) 1
Marshall Class V 35 (21.0) 21 (21.2) 14 (20.9) 1
Marshall Class VI 44 (26.7) 26 (26.3) 18 (26.9) 1
DC mortality 16/35 (45.7) 9/21 (42.8) 7/14 (50) 0.73
PM CRASH (%) 52±26 55±26 50±26 0.22
Hospital mortality 46 (27.7) 23 (23.2) 23 (34.3) 0.15
GOS score 3 (1–4) 4 (2–4) 2 (1–3) 0.01
GOS score >3 65 (39.2) 50 (50.5) 15 (22.4) 0.003

Values are presented as mean±standard deviation, number (%), or median (interquartile range).
MM&GDTP, multimodality monitoring and goal-directed therapy protocol; ICP, intracranial pressure; CPP, cerebral perfusion pressure; SBP, systolic blood 
pressure; GCS, Glasgow Coma Scale; AIS-H, abbreviated injury score–head; ISS, injury severity score; DC, decompressive craniectomy; PM, predicted 
mortality; CRASH, corticosteroid randomization after significant head injury; GOS, Glasgow Outcome Scale.
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within the target CPP of 60–70 mmHg and ICP ≤ 20 mmHg. 
The percentage of patients who required decompressive craniec-
tomy did not differ between the two study periods. As seen in  
Table 3, there were no differences in age, sex distribution, GCS 
score, ISS, and PM between the patients in the two groups under-
going decompressive craniectomy, but more patients in the inter-
vention group had an AIS-H 5 compared to that in the control 
group. While there was a lower mortality in the patients who un-
derwent decompressive craniectomy during the MM&GDTP pe-
riod, the difference did not achieve statistical significance. 

The patients in the intervention group had a lower mortality 
rate than that of patients in the control group (23/99 [23.2%] vs. 
23/67 [34.3%], respectively). However, the difference was not 
statistically significant. Nevertheless, there was a 32.4% reduction 
in mortality when patients treated during the two intervals were 
compared. Time to death was not significantly different between 
the two periods, 10 days (IQR, 7–16 days) as opposed to 8 days 
(IQR, 6–14 days), control versus intervention period, respective-
ly (P > 0.05). The analysis of mortality, stratified by Marshall 
Class, suggested a statistically significant improvement in mortali-

ty in patients with Marshall Class V pathology (Table 4). The 
mortality of patients with sTBI during the intervention interval 
was ascribable to sustained severe metabolic crisis defined by an 
LPR > 40 in patients with a pyruvate level < 120 µmol/L and a 
glucose level < 8 mmol/L in the CMD effluent, despite the 
achievement of target levels for brain flow variables in some of the 
patients.

Functional outcome
Patients treated with the MM&GDTP had a statistically signifi-
cant improvement in functional outcome (Glasgow Outcome 
Scale [GOS] score > 3) at the time of transfer to different TBI re-
habilitation centers compared to patients treated with the ICP-
CPP targeted approach. Fifty of 99 patients (50.5%) treated as per 
the MM&GDTP, as opposed to 15 of 67 (22.4%) patients treated 
with the ICP-CPP targeted approach, had a GOS score > 3 at a 
median of 18 days (IQR, 12–27 days) and 23 days (IQR, 16–36 
days) (P < 0.05). As seen in Table 5, the improved functional out-
come was observed mostly in the group of patients treated with 
the MM&GDTP who did not undergo decompressive craniecto-

Table 3. Characteristics of patients who underwent decompressive craniectomy

Variable Historic control group (n=14/67, 20.9%) MM&GDTP group (n=21/99, 21.2%) P-value
Age (yr) 48±14 51±22 0.65
Male sex 113 156 0.71
SBP (mmHg) 137±32 140±28 0.77
GCS score 3 (3–3) 3 (3–3) 1
ISS 22±4 22±4 1
AIS-H 4:5 5:9 (35.7:64.3) 6:15 (28.6:71.4) 0.22
GOS score >3 4 (28.6) 5 (23.8) 0.49
Vent-day 10 (6–21) 8 (4–16) 1
LOS (day) 19 (8–31) 17 (10–24) 0.45
PM (%) 59±21 55±25 0.62
Mortality 7 (50.0) 9 (42.8) 0.73

Values are presented as mean±standard deviation, median (interquartile range), or number (%).
MM&GDTP, multimodality monitoring and goal-directed therapy protocol; SBP, systolic blood pressure; GCS, Glasgow Coma Scale; ISS, injury severity 
score; AIS-H, abbreviated injury score–head; GOS, Glasgow Outcome Scale; Vent-day, number of ventilator days; LOS, length of hospital stay; PM, 
predicted mortality.

Table 4. Mortality stratified by Marshall Class  

Marshall Class Number Overall mortality ICP-CPP alone mortality MM&GDTP mortality
III 53 (31.9) 7/53 (13.2) 1/21 (4.7) 6/32 (18.7)
IV 34 (20.5) 7/34 (20.2) 4/14 (28.6) 3/20 (15.0)
V 35 (21.1) 10/35 (28.6) 8/14 (57.1) 2/21 (9.5)a)

VI 44 (26.5) 22/44 (50.0) 10/18 (55.5) 12/26 (46.1)
Total 166 46/166 (27.7) 23/67 (34.3) 23/99 (23.2)

Values are presented as number (%).
ICP, intracranial pressure; CPP, cerebral perfusion pressure; MM&GDTP, multimodality monitoring and goal-directed therapy protocol.
a)P<0.05.
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my. In contrast, patients in the ICP-CPP group showed similar 
functional outcomes, independent of the performance of decom-
pressive craniectomy. Of note, AIS-H and age were the only two 
variables predictive of functional outcome and mortality with the 
following odds ratios (OR) with 95% confidence intervals (CI): 
5.12 (2.80–9.33) and 1.02 (1.01–1.04), respectively (P < 0.001). 
The inverse probability of treatment weighted logistic regression 
models with the following covariates: age (in years), systolic 
blood pressure, sex, GCS score (3–15), AIS-H (4–5), and de-
compressive craniectomy for the two dependent outcome vari-
ables, death and functional outcome (GOS score > 3), showed 
that the MM&GDTP did not improve mortality (OR, 0.66; 95% 
CI, 0.40–1.07; P = 0.089) but improved functional outcome by 
3.5 fold (OR, 3.56; 95% CI, 2.22–5.70; P < 0.001) compared to 
the ICP-CPP treatment strategy.

DISCUSSION

The treatment of patients with sTBI remains controversial from 
the standpoint of the best monitoring modalities and approach to 
reach specific endpoints of targeted therapy. This is a result of the 
conflicting conclusions of clinical trials, some of which showed 
that for patients with sTBI care based on clinical monitoring and 
imaging alone is as effective as maintaining monitored ICP ≤ 20 
mmHg. However, other studies have showed a potential benefit 
for an ICP-PbtO2 targeted treatment over an ICP-CPP targeted 
strategy from the standpoint of reducing duration and depth of 
brain hypoxia but without a survival advantage. Moreover, some 
studies have shown a survival advantage at 6 months from decom-
pressive craniectomy in patients with refractory intracranial hy-
pertension but a higher rate of vegetative state, lower and upper 
severe disability than that seen with medical care; nevertheless, 
these have not shown any difference in the rates of moderate dis-
ability and good recovery between patients treated with decom-
pressive craniectomy and those treated with medical therapy 
alone [4,8,9]. 

Our approach for the treatment of patients with sTBI has 
evolved over time from an initial ICP-PbtO2 targeted therapy to 
one that includes maintenance of normothermia, early achieve-
ment of adequate nutritional support targeted to a positive nitro-
gen balance by day 7 using indirect calorimetry, in addition to 
reaching specific endpoints of brain flow and cerebral metabolism 
assessed using PbtO2, rSO2, and CMD data. 

We have previously studied the effectiveness of the MM&G-
DTP for the treatment of patients with sTBI by comparing our 
mortality rate to that predicted by the CRASH model [6]. We be-
lieve that this approach for analyzing our results led us to prema-
turely conclude about the superiority of our approach over the 
more conservative ones owing to the overestimation of mortality 
rate by the CRASH model and failure to compare our cohort to a 
historic control group of patients [7]. For this reason, we decided 
to assess the efficacy of our recent MM&GDTP by comparing 
patients treated with this protocol to a historical group of patients 
treated in the same institution by the same neurosurgeons but 
without the new protocol. We limited our comparison to patients 
with the most severe form of isolated TBI, namely, AIS-H ≥ 4 and 
Marshall Class ≥ III. While we still used the CRASH model to 
compare the mortality rate to the predicted one, we were interest-
ed in assessing whether the introduction of the MM&GDTP 
would improve the mortality and functional outcome of patients 
with sTBI compared to those of a recent historical group of pa-
tients matched for the severity of TBI and treated by the same 
group of neurosurgeons with excellent results. 

The implementation of the MM&GDTP decreased the mor-
tality rate among patients with sTBI, from 34.3% to 23.2%, yield-
ing a 32.3% reduction. However, the difference in mortality was 
not statistically significant. The treatment of patients using the 
MM&GDTP provided a statistically significant benefit in func-
tional outcome, as measured by the GOS. This improvement in 
functional outcome was observed mostly in the group of patients 
treated with the MM&GDTP who did not undergo decompres-
sive craniectomy. Patients treated with the MM&GDTP who un-
derwent decompressive craniectomy did not have improved func-
tional outcome when compared with their counterparts in the 
ICP-CPP treated group. We believe that the failure of decompres-
sive craniectomy to offer a benefit in functional outcome in both 
groups can be attributed to several reasons, such as the assessment 
of functional outcome at discharge from the hospital and at 6 
months after discharge may be a premature endpoint for patients 
with sTBI. The outcomes of decompression continue to improve 
beyond 6 months, and possibly even beyond 12 months. Addi-
tionally, while decompressive craniectomy decreases ICP and im-
proves brain compliance and cerebral blood flow, it may not pro-

Table 5. Functional outcome stratified by decompressive craniectomy 
status

Group
GOS score >3

No decompressive  
craniectomy

Decompressive  
craniectomy

Total

ICP-CPP 11/53 (20.7) 4/14 (28.6) 15/67 (22.4)
MM&GDTP 45/78 (57.7) 5/21 (23.8) 50/99 (50.5)

Values are presented as number (%).
GOS, Glasgow Outcome Scale; ICP, intracranial pressure; CPP, cerebral 
perfusion pressure; MM&GDTP, multimodality monitoring and goal-
directed therapy protocol.
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vide a benefit to patients with devastating structural brain lesions, 
such as those in the brainstem that may have not been detected on 
CT and instead could have been identified before decompression 
by magnetic resonance imaging. Another important reason why 
patients in the intervention group who underwent decompressive 
craniectomy did not have an improved mortality rate and favor-
able functional outcome could be because the secondary decom-
pressive craniectomy was performed for "early" refractory ICP el-
evation, defined as an increased ICP > 20 mmHg for > 15 min-
utes not responsive to tier 2 therapy (Fig. 1). Early secondary de-
compressive craniectomy is no longer recommended for improv-
ing mortality and favorable outcomes [10]. 

Since there was no difference in the severity of the brain injury 
as per GCS score, AIS-H, and Marshall Class between the patients 
during the two intervals, we that the outcomes experienced by pa-
tients during the control period were due to the limitations of the 
ICP-CPP targeted approach, particularly the inability to identify a 
suboptimal PbtO2 leading to cerebral metabolic crisis despite the 
achievement of adequate ICP and CPP. In 2005, Stiefel et al. [11] 
demonstrated that the use of both ICP and brain tissue PO2 mon-
itors and therapy directed at brain tissue PaO2 were associated 
with reduced patient death following sTBI. Subsequently, in 2006, 
the same investigators, in a study of 25 patients undergoing neur-
ocritical care monitoring, demonstrated that 47% of patients had 
a PbtO2 < 20 mmHg despite a CPP and an ICP ≥ 60 and < 25 
mmHg, respectively, highlighting the limitations of the ICP-CPP 
approach for the treatment of patients with sTBI [12]. In 2010, 
Spiotta et al. [13] corroborated the beneficial impact of Pb-
tO2-guided therapy on the outcome of patients with sTBI. They 
reported a decrease in mortality from 45% in 53 patients whose 
therapy was guided by the ICP-CPP to 25% in 70 patients whose 
therapy was guided by CPP-PbtO2. 

We hypothesize that the poor functional outcomes of patients 
treated before the implementation of the MM&GDTP is likely 
the result of the suboptimal information provided by ICP, as op-
posed to the additional information available from the PbtO2 and 
CMD data during the intervention period. Another reason for the 
poor outcomes during the control period may be related to the 
maintenance of CPP to values between 60 and 70 mmHg, which, 
based on the data provided by CMD, is often associated with met-
abolic crises and may lead to adverse outcomes, if sustained. The 
additional information available from the PbtO2 and CMD data 
can be used to optimize the individual level of CPP and, therefore, 
may limit the number of metabolic crisis events, which in turn 
may yield better outcomes. 

The improved mortality experienced in the setting of a Level I 
trauma center already performing at an observed to expected ratio 

less than one for patients with sTBI may be attributed to the im-
plementation of this MM&GDTP since this was the only differ-
ence between the treatments of patients with sTBI in the two 
study intervals. It appears that the addition of more advanced 
monitoring methods, which can identify cerebral blood flow and 
brain oxygen crisis events, added to the armamentarium of a 
group of very competent neurosurgeons and surgical intensivists , 
provides a more sensitive methodology to monitor and minimize 
the number and duration of cerebral metabolic crises. This may in 
turn improve 30-day survival for patients with sTBI and, more 
importantly, their functional outcome. 

ICP may represent a non-specific marker that highlights the dy-
namic changes occurring in the brain, and both waveform data 
and cerebrovascular reactivity index values can be derived from 
ICP monitoring, which may help guide therapy. However, a thera-
peutic strategy that uses ICP monitoring and CPP as endpoint of 
therapy may be less sensitive to the identification of brain oxygen 
crises related to brain flow and cerebral metabolism when com-
pared to PbtO2 monitoring and the metabolic data provided by 
CMD to the identification of brain oxygen crises related to brain 
flow and cerebral metabolism [14]. 

As noted in our results, patients treated with the MM&GDTP 
required a much higher CPP to provide the cerebral blood flow 
needed to avoid the development of cerebral metabolic crisis 
compared with the CPP of the patients treated with the ICP-CPP 
targeted therapy. However, despite the higher CPP, some of the 
patients who died during the intervention interval suffered several 
episodes of severe metabolic crisis, which were ultimately respon-
sible for their death. As previously reported, severe metabolic cri-
sis can occur even in the presence of adequate CPP, rSO2, PbtO2, 
and ICP, although the number of these events and their duration 
is significantly lower in survivors than in non-survivors, who typi-
cally experience on average more than 2 hours of severe metabolic 
crisis when CPP and PbtO2 are less than 60 and 20 mmHg, re-
spectively [7]. 

Some authors have reported an increased incidence of acute re-
spiratory distress syndrome (ARDS) in patients with sTBI treated 
with hypervolemia to increase CPP [15,16]. Our patients did not 
experience any episode of ARDS despite our approach targeting 
CPP values much higher than previously reported. The method 
used to increase CPP may have played a role in the difference in 
the incidence of ARDS. The use of norepinephrine instead of 
large amounts of crystalloids to raise CPP may explain the differ-
ence between our results and those reported by other authors. It is 
likely that in the setting of a capillary leak syndrome triggered by 
trauma, as it occurs in sTBI, the infusion of a large volume of crys-
talloids to raise CPP may lead to a higher incidence of ARDS as 
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opposed to the incidence seen with an alternate approach that 
uses a vasoconstrictive agent to achieve a higher CPP to maintain 
PbtO2 ≥ 20 mmHg and CMD LPR < 40 mmHg. 

Based on our institutional experience, we believe that the “opti-
mal” CPP threshold is higher than the recommended 60–70 
mmHg in patients with a PbtO2 < 20 mmHg and rSO2 < 55%. 
Additionally, the ICP response to increased CPP in patients with 
intact autoregulation is characterized by a significant decrease in 
ICP; therefore, attempts should be made for each individual pa-
tient with intact autoregulation to identify the “optimal” CPP. 
Targeting the treatment of patients with sTBI to this individual-
ized “optimal” CPP may be more effective than the treatments 
targeting existing consensus-based guideline thresholds. Two pro-
spective pilot studies evaluating CPP-optimized tailored therapies 
in different settings have demonstrated an improvement in patient 
physiology and outcomes [17,18]. 

Our study has many limitations that prevent us from suggesting 
that our conclusions are generalizable. First, it represents a single 
institution’s 7-year experience, with the control group being limit-
ed to those treated only during 2 years, and it is possible that the 
results are affected by the difference in the number of patients be-
tween the two study periods. The second limitation is the inabili-
ty to identify which of the several threshold target values included 
in the MM&GDTP may have affected the improvement in mor-
tality and functional outcome, and whether the observed im-
provements were due to a Hawthorne effect during the interven-
tion period of the study. Third, the inherent increased complexity 
of the MM&GDTP compared to the ICP-CPP targeted treat-
ment may have led to a much more intense overall monitoring 
and treatment and, possibly, fewer episodes of hypoperfusion 
during the intervention period compared to that during the his-
toric control period. The fourth limitation is the absence of 6- and 
12-month data regarding the overall functional outcome of the 
surviving patients in both groups. 

The results of our study suggest that a therapeutic strategy 
based on a MM&GDTP targeting threshold-defined values may 
reduce the mortality and improve the functional outcome of pa-
tients with sTBI, compared to those seen with an ICP-CPP treat-
ment strategy, by enhancing cerebral oxygenation and brain me-
tabolism through the optimization of cerebral blood flow. Howev-
er, we believe that much larger studies are needed to understand 
the role of the MM&GDTP as a whole and of each individual 
component to reveal the patient-specific brain injury pattern in 
order to formulate an individual optimal treatment plan. Monitor-
ing devices themselves will not improve outcomes; they are need-
ed to identify specific physiological patterns of survivorship and 
improved functional outcomes that can be used for the timely im-

plementation of individualized treatment for patients with sTBI.
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INTRODUCTION 

Brainstem encephalitis is a rare, severe, and potentially life-threat-
ening inflammation of the central nervous system that exhibits 
various treatment responses and outcomes owing to multiple eti-
ologies [1]. However, owing to the risk of surgical biopsy of vul-
nerable structures such as the brainstem, the etiological evaluation 
of neuroinflammatory and immune-mediated brainstem lesions 
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has been limited [2]. There is a need for detailed clinical assess-
ment and investigations using magnetic resonance imaging (MRI) 
for detection of lesion location, distribution, and morphology, 
and cerebrospinal fluid (CSF) and serum studies for detection of 
infectious sources, autoimmune and paraneoplastic antibodies, 
and others [3].  

Besides the difficulty in differential diagnosis of various inflam-
matory diseases in the brainstem, determining the ideal candi-
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dates for therapeutic management of brainstem encephalitis is dif-
ficult and a serious concern, especially in worsening cases where 
the causative pathogen has not been detected. Thus, conventional 
immunotherapy using intravenous steroids and immunoglobulin 
has been considered for empiric immune therapy because of the 
lack of controlled trials for the treatment of related disorders [4]. 
Furthermore, recent studies have suggested that autoimmunity is 
an emerging and common etiology of cryptogenic encephalitis 
[5]. Based on this estimation, early intensive immunotherapies 
are recommended in cases without evidence of infectious causes 
and in those where specific antibodies are not detected [6]. 

We describe a 62-year-old woman who presented with a cata-
strophic and rapid deterioration resulting in quadriplegia, which 
was initially suspected due to refractory cerebral infarction to the 
intensive stroke management. This was further aggravated despite 
subsequent immunotherapy with intravenous methylpredniso-
lone, immunoglobulin, and rituximab under the assumption of 
cryptogenic brainstem encephalitis with cervical spinal cord in-
volvement, until the completion of infliximab treatment as salvage 
immunotherapy. 

CASE REPORT 

A 62-year-old woman without any previous history of atheroscle-
rotic risk factors or vascular and autoimmune disease was trans-
ferred to our center presenting with sudden onset of hiccups and 
paresthesia on the right face and limbs 5 days prior. Baseline lab-
oratory tests revealed no definite evidence of systemic inflamma-
tion or infection. Brain MRI showed an increased diffu-
sion-weighted image (DWI) sequence at the right medial medul-
la with a combination of an increased T2-weighted and 
T2-weighted fluid-attenuated inversion recovery (FLAIR) se-
quence signal intensity and normal apparent diffusion coefficient 
(ADC) sequence (Fig. 1). Under the assumption of a subacute 
stage of infarction related to small vessel occlusion due to nonre-
markable angiography, she was administered oral aspirin 100 mg, 
clopidogrel 75 mg, and atorvastatin 40 mg, and intravenous fluid 
maintenance. 

However, by day 5 of hospitalization, the episode of paresthesia 
on the right face and limbs became more frequent and worse, ac-
companied by fluctuating motor weakness in the left limbs and 
hoarseness. Therapeutic-induced hypertension and triple an-
ti-platelet agents including Cilostazol 200 mg were additionally 
administered, otherwise these problems were still worsening. 
Transfemoral cerebral angiography revealed no definite evidence 
of vascular abnormalities such as dissection, arteriovenous mal-
formation, or fistula in the vertebrobasilar and spinal artery; in-

tra-arterial and intravenous tirofiban treatment was then provided. 
On day 13 of hospitalization, neurological deficits worsened 

further, and follow-up MRI of the brain and spine revealed a per-
sistent signal change on the DWI sequence with an aggravated 
perilesional T2-weighted and T2-weighted FLAIR signal intensi-
ty and enhancement in the medulla oblongata with expansion to 
the C1 level of the spinal cord, without evidence of intraventricu-
lar and periventricular ependymal lesions (Fig. 2). At this stage, 
we considered brainstem encephalitis based on the aggravated 
MRI findings compatible with vasogenic edema and performed a 
workup for etiological diagnosis before immunotherapy. She de-
nied any previous history of autoimmune diseases such as recur-
rent oral or genital ulcers, skin problems, ophthalmoplegia, oph-
thalmodynia or visual acuity problem, and limb paresthesia, and 
had normal findings on fundoscopic and visual field tests on oph-
thalmologic evaluation. Serum anti-aquaporin-4 antibodies were 
absent; we did not perform further evaluation of the myelin oligo-
dendrocyte glycoprotein (MOG) and HLA-B51 test focusing on 
the possible diagnosis of Bechet disease or anti-MOG associated 
inflammatory demyelinating diseases. 

CSF analysis was unremarkable, except for lymphocytic pleo-
cytosis: cells 19/μL, protein 41.0 mg/dL, glucose 64 mg/dL, and 

Fig. 1. Magnetic resonance imaging (MRI) findings at admission. 
Baseline brain MRI revealing increased signals on the diffusion-
weighted imaging sequence on the right anteromedial medulla 
(A) with a subtle signal change on apparent diffusion coefficient 
sequence (B) and increased signal intensity on T2-weighted 
(C) and T2-weighted fluid-attenuated inversion recovery (D) 
sequences. 
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lactate dehydrogenase below 50 IU/L. Oligoclonal bands were 
absent with mild elevation of albumin (31 mg/dL) and immuno-
globulin G (5.45 mg/dL) in CSF. CSF stain and culture, and 
polymerase chain reaction test results for the detection of a wide 
range of bacteria, tuberculosis, fungi, and viruses, and cytospin 
tests for the detection of malignant cells were negative. Test results 
for the detection of serum influenza virus A/B antigen, antibodies 
(e.g., herpes simplex, varicella zoster, Hantaan, Leptospira, tsut-
sugamushi, Toxocara, and mycoplasma), blood culture, autoim-

mune tests (e.g., anti-nuclear, anti-double-stranded DNA, an-
ti-thyroid peroxidase, anti-thyroglobulin, and anti-neutrophilic 
cytoplasmic antibodies, rheumatoid factor, and lupus anticoagu-
lant), and immunofixation were negative. The serum angioten-
sin-converting enzyme levels were within the normal range. Tests 
for the detection of anti-ganglioside antibodies, including GQ1b, 
were negative in the serum. Computed tomography of the chest 
and abdomen and whole-body positron emission tomography re-
vealed no definite evidence of malignancy. Test results for the de-
tection of autoimmune encephalitis antibodies (NMDAR, 
AMPA1, AMPA2, LGI1, CASPR2, and GABA-B) and paraneo-
plastic antibodies (Hu, Yo, Ri, Ma2, CV2/CRMP5, amphiphysin, 
recoverin, SOX1, and titin) were negative. 

Under the assumption of cryptogenic brainstem encephalitis, 
she received sequential treatment with 5 days each of 1,000 mg of 
intravenous methylprednisolone and 0.4 g/kg of intravenous im-
munoglobulin. However, she showed deteriorated quadriparesis 
with grade 2 on the Medical Research Council (MRC) scale ac-
companied with painful spasms and spasticity. She was then re-
treated with intravenous methylprednisolone for 5 days, followed 
by 375 mg/m2 of rituximab treatment. However, despite comple-
tion of 4 weeks of weekly rituximab injection, neurological deficits 
worsened further to quadriplegia with grade 0 on the MRC scale 
accompanied with frequent spasms at intervals of several minutes 
resistant to multiple anti-epileptic drugs. Repeated examination of 
serum and CSF including all of the above-mentioned profiles re-
vealed no significant difference compared to baseline findings, 
and follow-up brain MRI showed further expansion of diffu-
sion-restricted lesions with increased perilesional signal intensity 
on T2-weighted and T2-weighted FLAIR sequences (Fig. 3). At 
this stage, we decided to treat her with 5 mg/kg of infliximab 
scheduled at 0, 2, and 6 weeks according to the manual for intrac-
table Crohn disease with a combination of methotrexate (weekly 
12.5 mg) for modulation of cell-mediated immunity to comple-
ment the prior immunotherapies mainly focusing on humoral im-
munity. After completion of infliximab injection with mainte-
nance with methotrexate treatment, she showed an improving 
course of quadriparesis with grade 2 on the MRC scale and de-
creased frequency of spasms. Repeated CSF measurements 
showed an improving course of pleocytosis (from 19, 17, 11 to 2/
µL) with persistently elevated protein (from 41.3, 46.9, 59.6 to 
61.3 mg/dL) at baseline, 1 month (after completion of intrave-
nous immunoglobulin and methylprednisolone), 2 months (after 
completion of rituximab treatment), and 3 months (after comple-
tion of the 2nd injection of infliximab). After 7 months of onset (3 
months after completion of infliximab treatment), she was able to 
sit alone with further improvement of quadriparesis with grade 4 

Fig. 2. Magnetic resonance imaging (MRI) findings at 2 weeks of 
hospitalization during management for infarction. Follow-up brain 
spine MRI revealing further increased signals on the diffusion-
weighted imaging sequence on the bilateral anteromedial medulla 
(A) with a subtle signal change on apparent diffusion coefficient 
sequence (B) and increased signal intensity on T2 sequence 
within C1 level of the medullar oblongata and spinal cord with 
increased enhancement (red arrows; C, D, respectively) during the 
therapeutic-induced hypertension and anti-thrombotic treatment, 
including triple anti-platelet agents and tirofiban infusion without 
evidence of intraventricular and periventricular ependymal lesions 
(E, F).
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on the MRC scale. Follow-up brain MRI revealed a decreased ex-
tent of abnormal T2-weighted and T2-weighed FLAIR high sig-
nal intensity in the bilateral anteromedial medulla and cervical 
spinal cord with normalized DWI and ADC sequences (Fig. 4). 

DISCUSSION 

We describe the favorable outcome of salvage immunotherapy us-
ing infliximab in combination with methotrexate in a 62-year-old 
female with refractory brainstem encephalitis, who was initially 
presumed to be at a subacute stage of medullary infarction with 
progressively worsening conditions despite having completed the 
schedule of subsequent immunotherapy with intravenous meth-
ylprednisolone, immunoglobulin, and rituximab. 

Until now, the etiologies of brainstem encephalitis have been 
poorly studied; although several entities, such as Listeria rhomb-
encephalitis, Bickerstaff ’s brainstem encephalitis, paraneoplastic 

encephalitis, and neurosarcoidosis have been suggested as possi-
ble causes [2,7], the spectrum of causes and outcomes of brain-
stem encephalitis are unclear [1,8]. In our case, we failed to reveal 
the possible etiologies despite the broad investigation of CSF and 
serum with repeated measurements, due to lack of results from 
the high-risk needle biopsy of the upper cervical medulla oblon-
gata. Furthermore, we also failed to achieve a therapeutic response 
with rituximab as adjunctive immunotherapy in addition to the 
conventional immunotherapy based on the current concept for 
the management of broad-spectrum encephalitis; several recent 
systematic reviews have recognized that early intensive immuno-
therapy is associated with better outcomes in autoimmune en-
cephalitis [5]. Our case also showed a unique course of gradual 
aggravation of neurological deficit to complete quadriplegia until 
14 weeks after symptom onset, and then achieved a gradual im-
provement of neurological deficit for 14 weeks after completion 
of intravenous immunotherapy with a maintenance of oral meth-
otrexate (Fig. 5). 

Thus, considering refractory brainstem encephalitis, including 
intractable myelopathy, we recognized that neurosarcoidosis was 
the most common etiology of cryptogenic cord problems based 
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Fig. 3. Magnetic resonance imaging (MRI) findings at 2 months of 
hospitalization after completion of conventional immunotherapy. 
Follow-up brain MRI revealing expansion of diffusion-restricted 
lesions on the diffusion-weighted image sequence to both the 
anteromedial medulla (A) with a subtle signal change on apparent 
diffusion coefficient sequence (B) and increased perilesional 
signal intensity on T2-weighted (C) and T2-weighted fluid-
attenuated inversion recovery (D) sequences, after completion of 
immunotherapy including intravenous methylprednisolone and 
immunoglobulin following completion of four sessions of weekly 
rituximab treatment.
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Fig. 4. Magnetic resonance imaging (MRI) findings at 10 months 
after symptom onset. Follow-up brain MRI revealing a normalized 
diffusion-weighted image (A) and apparent diffusion coefficient (B) 
sequence on both the anteromedial medullar and cervical spinal 
cord with decreased perilesional signal intensity on T2-weighted 
(C) and T2-weighted fluid-attenuated inversion recovery (D) 
sequences, 6 months after completion of infliximab treatment.
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on biopsy results [9,10], and management with global immuno-
suppressant agents in combination with immunomodulatory 
monoclonal antibodies, such as infliximab, was considered to 
demonstrate effective management [11,12]. Infliximab can be 
considered as salvage immunotherapy in addition to rituximab, 
considering the different mechanisms of immunomodulation. It 
is a chimeric monoclonal antibody against tumor necrosis factor-α 
(TNF-α) and has emerged as a treatment option in refractory and 
steroid-dependent patients with neurosarcoidosis [12] as TNF-α 
is a cytokine critical for granuloma formation and maintenance in 
human sarcoidosis granulomas [11]. In contrast, rituximab is a 
monoclonal antibody against CD20-positive B cells and induces 
B-cell depletion, and consequently leads to suppression of auto-
immune neurological disorders via modulation of immunity [13], 
with relative safety in terms of infectious adverse effects. There-

fore, despite the lack of biopsy results, we attempted to treat the 
patient using infliximab as an adjunctive salvage immunotherapy 
and achieved gradual improvement in clinical features, as well as 
in findings of radiographic (mainly perilesional vasogenic edema) 
and CSF (pleocytosis) examinations. In addition, methotrexate 
has been well-documented for its efficacy in the treatment of 
rheumatoid arthritis and wide range of autoimmune diseases, 
showing the ability of modulation for inflammation; evidence fa-
vors the notion that the endogenous anti-inflammatory autocoid 
adenosine mediates the anti-inflammatory effects of methotrexate 
[14]. Intrathecal methotrexate has been considered for salvage 
immunotherapy in autoimmune encephalitis patients who failed 
to respond to first-line immunotherapy. However, although intra-
thecal injection of methotrexate may be reasonable with consider-
ation of the poor penetration of the immune modulators such as 

Clinical course of patient

Week after symptom onset

Discharged to local rehabilitation center

Left hemiparesis

Quadriparesis with occasional spasm

Quadriplegia with frequent spasm

IV dexamethasone 5 mg every 6 hours for 3 days (18–21 DA)
IV immunoglobulin 400 mg/kg 5 days (22–26 DA)
IV methylprednisolone 1,000 mg for 5 days (29–33 DA)
IV rituximab 375 mg/mL every 7 days for 1 month (35, 41, 47, 53 DA)

IV infliximab 5 mg/kg once with PO MTX 2.5 mg every 7 days and PD 20 mg everyday (66 DA)
IV infliximab 5 mg/kg once with PO MTX 7.5 mg every 7 days and PD 20 mg everyday (80 DA)
IV infliximab 5 mg/kg once with PO MTX 12.5 mg every 7 days and PD 20 mg everyday (108 DA)

PO MTX 12.5 mg every 7 days and PD 20 mg everyday (1 MA)
PO MTX 10 mg every 7 days and PD 15 mg everyday (2 MA)
PO MTX 7.5 mg every 7 days and PD 10 mg everyday (3 MA)
PO MTX 7.5 mg every 7 days and PD 7.5 mg everyday (4 MA)
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Fig. 5. Clinical course of patient. The patient’s neurological deficit (measured by Medical Research Council [MRC] sumscore) and magnetic 
resonance imaging findings (blue circle) worsened until 18 weeks and gradually improved after completion of the scheduled escalation of 
immunotherapy until 16 weeks and maintenance of PO MTX and PD, following gradual tapering after discharge (blue square) at 26 weeks 
after symptom onset. MRC sumscore evaluates global muscle strength including manual strength of six muscle groups (shoulder abduction, 
elbow flexion, wrist extension, hip flexion, knee extension, and ankle dorsiflexion) on both sides using the MRC scale. Summation of scores 
gives MRC sumscore, ranging from 0 to 60 (0–36, quadriplegia to severe quadriparesis; 36–48, mild quadriparesis; 48–60 [max], normal 
strength). IV, intravenous; DA, days after onset; PO, per oral; MTX, methotrexate; PD, prednisolone; MA, months after discharge.
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intravenous immunoglobulin, steroids, and rituximab across the 
blood-brain barrier, methotrexate-induced neurotoxicity via intra-
thecal injection is still a concerning issue [15]. Thus, future stud-
ies are needed to confirm the efficacy and safety of the mainte-
nance of oral methotrexate in combination with infliximab treat-
ment. This case report provides evidence of the potential efficacy 
of infliximab with maintenance of methotrexate in certain cases of 
refractory cryptogenic brainstem encephalitis. 
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INTRODUCTION

Rabies leads to nearly 59,000 human deaths annually in over 150 
countries [1]. Despite rabies being a fulminant problem with a high 
fatality rate, diagnosis of rabies, especially atypical or paralytic rabies, 
remains a challenge. This could be due to lack of hallmark signs of 
aerophobia/hydrophobia, autonomic disturbances, and initial pre-
sentation as acute flaccid paralysis (AFP) mimicking Guillain-Barré 
Syndrome (GBS) [2]. Further, lack of exposure history (cryptogen-
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ic) adds to the diagnostic problem [2]. We present a case of crypto-
genic paralytic rabies mimicking GBS, thus delaying the diagnosis.

CASE REPORT

An 18-year-old boy presented with a history of fever for the past 7 
days, weakness in the lower limbs for the last 5 days, and weakness 
in the upper limbs and difficulty in swallowing for the past 3 days. 
The patient was drowsy, but followed commands. He was unable 
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to lift his head and had a poor cough reflex and shallow respira-
tion. The single breath count (an estimate of vital capacity; nor-
mal range, 25–30) was 5. Neck rigidity was not observed. Patient 
was areflexic, with mute plantar responses. The Medical Research 
Council grade for motor power was 2/5 and 0/5 for upper limbs 
and lower limbs, respectively, with normal sensory examination. 
Pupils were equal, reactive to light, and the fundus was normal 
upon examination. Laboratory investigations were normal except 
for serum sodium, which was 121 mmol/L (normal, 135–147 
mmol/L). There was no history of dog bite, bat bite, or recent 
vaccination. A preliminary diagnosis of GBS was made, and 
large-volume plasmapheresis (LVPP) was planned. 

Drowsiness was attributed to hyponatremia, and correction 
with 3% NaCl was initiated. Although the patient's sensorium im-
proved by the next day, he became quadriplegic. The patient un-
derwent tracheal intubation, and mechanical ventilation was initi-
ated. The patient received four cycles of LVPP on alternate days. 
Cerebrospinal fluid (CSF) analysis revealed six cells; protein, 26 
mg/dL; glucose, 82 mg/dL; and chloride, 113 mmol/L (normal 
CSF contains 0–5 white blood cells, 15–45 mg/dL protein, 40– 
70 mg/dL glucose, 118–132 mmol/L chloride). The chronic 
meningitis workup was also normal. Nerve conduction studies 
were planned but could not be performed due to logistic reasons. 
On the sixth day, the patient became drowsy and developed hy-
pothermia and hypotension, requiring external forced air warm-
ing and noradrenaline infusion. Computed tomography of the 
brain revealed normal findings. Furthermore, extraocular move-
ments became restricted in all directions, and the patient devel-
oped vertical nystagmus and pupillary asymmetry with sluggish 
reaction to light. In view of these signs, diagnosis was reconsidered 
to be either acute demyelinating encephalomyelitis (ADEM) or 
viral encephalitis; therefore, intravenous methylprednisolone 30 
mg/kg/day and acyclovir were started on day 9. Simultaneously, 
magnetic resonance imaging (MRI) of the brain and spine was 
performed, and serum samples were sent for antibody testing to 
investigate infectious causes, such as Herpes simplex virus en-
cephalitis, Japanese encephalitis, chikungunya, syphilis, hepatitis 
B, dengue, or rabies. 

MRI of the brain (T2 weighted and fluid-attenuated inversion 
recovery) and spine (plain and contrast) revealed the involvement 
of cerebral cortical gray matter, midbrain, optic chiasma, hypotha-
lamic region (Fig. 1), and central gray matter of the spinal cord in 
the lower dorsal and lumbar region with intense post-contrast en-
hancement of nerve roots of the cauda (Fig. 2),  respectively. MRI 
findings were suggestive of paralytic rabies. Subsequently, the pa-
tient became deeply comatose, with pupils dilated, fixed, and un-
reactive to light. The patient died on day 15. Salivary polymerase 

chain reaction (PCR) for rabies viral RNA was negative on day 
12. However, the rabies antibodies test by rapid fluorescent focus 
inhibition technique (RFFIT) came out positive on day 13 with a 
serum titer of 4,096 IU/mL (normally titers are not detectable if 
the patient is not vaccinated for rabies). The patient’s father later 
confirmed a history of dog bite 2 years back on his left leg in the 
school (as told by his friends). The patient had not informed 
about this at home and was not vaccinated for rabies. The patient’s 
parents refused an autopsy but agreed for transnasal brain biopsy 
and lumbar puncture. Post-mortem CSF-PCR for rabies virus was 
negative. However, the CSF-RFFIT titer for antibodies was < 16 
IU/mL (detectable titers in the CSF is considered as positive for 
rabies irrespective of the vaccination status), and brain biopsy 
showed Negri bodies, confirming the diagnosis of rabies.

DISCUSSION

Our patient initially presented with rapidly progressing AFP, 
mimicking GBS, without any preceding history of animal bite 
(positive history surfaced just a day prior to his death). Although 
GBS is the most common cause of AFP, it is important to consid-
er rabies as a differential diagnosis at the earliest, even in the ab-
sence of a history of animal bite, especially in regions where rabies 
is endemic [1,2]. In one of the largest retrospective studies, in-
volving 34 patients with paralytic rabies over 30 years, authors re-
ported that the most common misdiagnosis was GBS (17/34) 
followed by ADEM (10/34) based on the patients’ initial clinical 
presentation [2]. There are also a few similar case reports [3-5]. 
Gadre et al. [2] observed that the incubation period between the 
time of animal bite and onset of rabies symptoms ranged from 7 
days to 4 years. Paralytic rabies frequently presents as GBS, lead-
ing to a diagnostic dilemma. Furthermore, due to the lack of ante-
mortem diagnostic criteria for rabies, the diagnosis remains chal-
lenging. Clinically, the presence of progressive paralysis with high-
grade fever, bladder involvement, paraesthesia, rapid progression 
to cranial nerve palsies, altered mental status, deep coma, and the 
absence of albumin-cytological dissociation in CSF on laboratory 
examination, should raise the suspicion of paralytic rabies [2]. 
Major difference in the clinical course of paralytic rabies and furi-
ous rabies is attributed to the host immune response to the virus, 
which is defective in paralytic rabies and heightened in a furious 
form [6]. If we treat paralytic rabies with plasma therapy or im-
munoglobulins on the pretext of GBS, the possibility of protract-
ed clinical course of the paralytic rabies and delayed encephalitic 
manifestations cannot be ruled out. It has been observed that im-
munotherapy and post-exposure prophylaxis can sometimes de-
lay rabies manifestations and can present as paralytic rabies mim-
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icking GBS [7]. 
Antemortem diagnosis of rabies requires detection of viral 

RNA (in CSF, saliva, or skin) or neutralizing antibodies (in CSF 
or serum) by various methods, which are specific but have their 
own limitations with respect to sensitivity, turn-around time, 
availability, and affordability [8]. MRI findings in rabies have been 
found to be promising for diagnosing and distinguishing it from 
other common forms of AFP. As per available literature, MRI of 
paralytic rabies shows its predilection for specific areas, such as 
spinal cord, thalamus, hypothalamus, basal ganglia, brainstem, 
and hippocampus, which shows hyperintensity on T2 and flu-

id-attenuated inversion recovery [2-4]. In GBS, imaging findings 
are limited to nerve root enhancement in the cauda equina, spar-
ing the brain parenchyma [9]. Imaging in ADEM predominantly 
involves white matter, although there can be cortical and deep 
gray matter involvement [10]. On the other hand, the hallmark of 
rabies is cerebral cortical and spinal gray matter involvement with 
relative sparing of the white matter, which may help differentiate 
rabies encephalitis from demyelinating disorders. Rabies enceph-
alitis and paralytic rabies have similar MRI findings, although spi-
nal cord and medullary involvement is more commonly observed 
in the paralytic form [11]. In our case, we found involvement of 

Fig. 1. Magnetic resonance imaging brain-T2 weighted axial image at the level of midbrain shows hyperintensity along the substantia 
nigra, mesial temporal structures, and left parieto-occipital region involving cortex and underlying white matter (A), at a higher level 
shows bilateral parieto-occipital hyperintensities involving the cortex and underlying white matter; subtle hyperintensities are also noted 
in centrum semiovale bilaterally (B). On fluid-attenuated inversion recovery axial images, the hyperintensities are better appreciated in the 
similar regions and additional hyperintensities are noted in the optic tracts and hypothalamic region (C) and bilateral frontal region (not 
apparent on T2) (D). Pathological changes are highlighted by vertical arrows.
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the mid brain, optic chiasma, hypothalamic region, and gray mat-
ter of the spinal cord with nerve root enhancement. Our MRI 
findings resonate with the existing literature on MRI in paralytic 
rabies. 

Early diagnosis of paralytic rabies is crucial to prevent unneces-
sary treatment on the lines of GBS or other demyelinating disor-
ders and to explain the prognosis to the family. This will enable us 
to take appropriate infection control measures. In addition, with 
the emerging cases of rabies survivors, early diagnosis can give an 
impetus in trying newer treatment modalities in addition to sup-
portive care [11,12]. To prevent neuronal damage following viral 
infiltration and subsequent immune response, various treatment 

protocols have been tried in the past, which include induction of 
therapeutic coma or hypothermia, but they were not found to be 
effective [13]. Sedatives, such as barbiturates, ketamine, or midaz-
olam, and other medications, such as amantadine, antiviral (riba-
virin), high dose immunoglobulins, and interferon alpha, also did 
not show promising results [13,14]. Newer therapeutic approach-
es include the use of newer antivirals such as favipiravir, molecular 
engineering of rabies antibodies for passive immunity, exogenous 
cytokines, and more recently silencing RNA and artificial microR-
NAs are being investigated and need further exploration to test 
the possible protocol that will work in rabies management [13]. 

In a patient diagnosed with GBS, paralytic rabies should be 

Fig. 2. Magnetic resonance imaging spine-T2 weighted sagittal image of the conus-cauda region shows subtle hyperintense signal changes 
in the conus and nerve roots of the cauda are slightly thickened (A). Post-contrast T1 fat saturation image shows intense enhancement 
of the cauda nerve roots along with conus enhancement (B) and nerve roots enhancement noted at parasagittal level (C), as indicated by 
horizontal arrows.

BA C
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considered as a potential differential diagnosis, even in the ab-
sence of a history of animal bite, especially if the patient belongs 
to a rabies endemic region. To facilitate early antemortem diagno-
sis of rabies, MRI of the brain and spine should be considered 
along with the antemortem rabies-specific tests.  
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INTRODUCTION 

Stroke continues to be one of the leading causes of morbidity and 
mortality in the United States. Guidelines from the American 
Stroke Association emphasize the importance of quickly recog-
nizing and initiating treatment. The National Institutes of Health 
Stroke Scale (NIHSS) is one of the measures used to identify 
characteristics of strokes such as deficits in language, motor, and 
sensory functions. Intravenous (IV) tissue plasminogen activator 
(tPA) is a treatment option utilized in acute ischemic strokes 
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(AISs) with a window of time of 3 hours that can be extended to 
4.5 hours from the initiation of symptoms [1]. Clinical outcome 
measures have identified a door-to-needle time of 60 minutes or 
less defined as the time from when the patient enters the hospital 
to when treatment is administered. This necessitates a rapid iden-
tification of AISs [2]. While IV tPA remains the standard of care 
for AIS, new studies have demonstrated the benefits of endovas-
cular intervention along with intraarterial tPA administration and 
mechanical thrombectomy [3]. Several conditions confound and 
mimic stroke symptoms including seizures, syncope, conversion 
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disorder, metabolic disorders, infections, and migraines [4]. 
These conditions can cause misidentification and the initiation of 
ineffective treatments. This case is an example of such a con-
founder in a patient who presented with aphasia, dysarthria, and 
confusion and was treated as an AIS but further imaging indicated 
otomastoiditis, pneumocephalus, and pneumococcal meningitis. 
This case highlights the safety of tPA in a stroke mimic case with a 
patient who required surgery for an intracranial process diagnosed 
after tPA administration and did not suffer any complications due 
to thrombolytic therapy administration. Written consent was ob-
tained from the patient before the publication of this case report. 

CASE REPORT 

A 65-year-old female with a past medical history of end-stage re-
nal disease (ESRD) on daily peritoneal dialysis, hypertension, 
rectal cancer, chronic variable immunodeficiency with a history of 
receiving subcutaneous immunoglobulin infusions, history of 
rheumatic fever, history of non-ST elevated myocardial infarction, 
asthma, hypothyroidism, gastroesophageal reflux disease, and re-
cent 1-month history of otitis media treated with an 8-day course 
of cephalexin presented to an outside hospital with expressive 
aphasia, confusion, dysarthria, and decreased level of conscious-
ness. She presented to the hospital approximately 3 hours after the 
onset of symptoms. Initial NIHSS was 7. The patient received a 
computed tomography head performed at the outside hospital, 
which was negative for intracranial abnormality, per report. The 
patient’s symptoms began waning while being managed in the 
emergency room; however, the decision to administer a 15 mg IV 
tPA bolus followed by an infusion was made. This was adminis-
tered approximately 4 hours and 17 minutes after the onset of 
symptoms. Before transfer, her NIHSS was 3. 

Upon arrival to our facility, NIHSS was 2 for expression aphasia 
and confusion with Glasgow Coma Scale of 14 with no noted cra-
nial nerve abnormalities. An emergent computed tomography an-
giography of the head and neck was performed which indicated 
no hemorrhage, mass, infarct, or vascular occlusion. However, 
the scan did note complete opacification of left mastoid air cells 
and left temporal pneumocephalus suspicious for acute otomas-
toiditis (Fig. 1). Following the report of this scan, a magnetic res-
onance imaging of the head was ordered which noted nonsup-
pression of fluid-attenuated inversion recovery around the left 
temporal and occipital lobes suspicious for meningitis. (Fig. 2) 
Consults to infectious disease and otolaryngology were placed 
immediately. Upon further exam of bilateral ears, the patient was 
noted to have left ear opacification with purulent effusion with 
Weber tuning fork test lateralizing to the left ear indicative of left 

Fig. 1. Computed tomography angiography of the head and neck 
demonstrates complete opacification of the left mastoid air cells as 
well as left temporal pneumocephalus (circle) suspicious for acute 
otomastoiditis.

Fig. 2. Magnetic resonance imaging of the head demonstrates 
non-suppression of fluid-attenuated inversion recovery signal 
(circle) around the left temporal and left occipital lobes suspicious 
for meningitis.

https://doi.org/10.18700/jnc.21000358

Matea Malinovic, et al. • Meningitis confounding an acute ischemic stroke 



bone conduction greater than air conduction. 
On the day of admission, the patient was started on renally 

dosed vancomycin and 1 g IV cefepime every 24 hours. There was 
no leukocytosis nor elevated temperatures throughout the hospi-
tal admission. A lumbar puncture was unable to be obtained due 
to the timing of IV tPA administration. In addition, 20 g IV immu-
noglobulin was administered since the patient had not received 
subcutaneous immunoglobulin for 10 months before presenta-
tion due to ESRD. Tympanomastoidectomy and myringotomy 
with tube placement and Penrose drain placement were per-
formed on hospital day 2. Granulation tissue was noted through 
the middle ear as well as mastoid and tegmen dehiscence. Cul-
tures collected indicated numerous (20–50/oil immersion field) 
white blood cells, moderate (5–10/oil immersion field) Gram- 
positive cocci in pairs, which were later identified as Streptococcus 
pneumoniae. Antibiotics were adjusted to renally dosed vancomy-
cin and 2 g ceftriaxone every 12 hours on the day of surgery. The 
patient’s neurologic status returned to baseline after surgery, and 
no neurological deficits were present on discharge. The Penrose 
drain was removed on postoperative day 2 and ciprofloxacin otic 
drops were initiated in the left ear for 1 week. The patient under-
went a procedure for Hickman catheter placement in order to re-
ceive outpatient antibiotic treatment and was discharged from the 
hospital on a 2-week course of ceftriaxone 2 g IV every 12 hours 
and vancomycin 1.25 g every 72 hours. 

DISCUSSION 

This case involves pneumococcal meningitis presenting with 
symptoms resembling an AIS. The leading cause of bacterial men-
ingitis in adults is S. pneumoniae [5]. In a review by Durand et al. 
[5], only two-thirds of patients exhibited the triad of fever, change 
in mental status, and nuchal rigidity characteristic of bacterial 
meningitis. Headache, neck stiffness, altered mental status, tem-
perature > 38°C were the most common symptoms of presenta-
tion; however, seizures, tachycardia, hypotension, and focal neu-
rological abnormalities were also reported in a large prospective 
cohort study by Weisfelt et al. [6]. Aphasia, one of the presenting 
symptoms in our case, was present in 34% patients in this study. 
Otitis and sinusitis were the most common predisposing condi-
tion manifesting in 43% of patients [6]. Uncommon symptoms 
have been shown to manifest in the elderly and immunocompro-
mised. Otitis intracranial complications have been shown in adult 
patients to mimic stroke symptoms with symptoms such as hemi-
paresis and decreased level of consciousness [7]. 

Pneumocephalus is defined as air within the intracranial com-
partments. Otogenic pneumocephalus, which was described in 

our case, is a rare and severe manifestation of pneumococcal men-
ingitis, which has been described previously in several case reports 
[8,9]. In a study by Cuinat et al. [10], the meningeal disease was 
found to be the diagnosis in 1.7% of patients presenting with 
stroke symptoms while 25.3% of the patients overall were found 
to have a non-stroke diagnosis. 

Many confounders and stroke mimics exist clouding a stroke 
diagnosis. Dawson et al. [4] found that 24.2% of patients admitted 
to a stroke center were diagnosed as stroke mimics. Among these, 
headaches, seizures, sepsis, and syncope were the most common 
symptoms [4,11]. Other confounders include metabolic disor-
ders such as hypoglycemia, neuropathy, drug intoxication, conver-
sion disorder, dementia, or brain masses [11]. The concern over 
these confounders is two-fold involving diversion of stroke care 
resources and facilities to non-stroke conditions and the inappro-
priate treatment of non-stroke conditions with thrombolytics 
[12]. In addition, there has been concern that with the number of 
stroke mimics, actual stroke diagnoses will be missed in favor of a 
non-stroke diagnosis. Stroke mimics along with stroke chame-
leons, defined as strokes with unusual presenting symptoms, 
could be harmful because of the delay in or lack of administration 
of stroke medications and interventions [12]. Two cases describ-
ing both the medical and legal consequences of strokes misdiag-
nosed as mimics leading to severe medical and legal outcomes are 
described by Moore et al. [13]. 

Due to the concern of treating patients who may end up being 
diagnosed as a stroke mimic, several studies involving the safety of 
tPA have been conducted. In a study described by Chernyshev et 
al. [14], 14% of patients who received tPA at their facility ended 
up being diagnosed with a stroke mimic diagnosis. However, none 
of these patients were found to have a symptomatic intracranial 
hemorrhage (sICH) as a complication of the thrombolytic thera-
py while patients diagnosed with an AIS in this study exhibited a 
6% risk of an sICH as a complication of tPA therapy [14]. In a 
large multicenter cohort study, Ali-Ahmed et al. [15] found that 
3.5% of patients who received tPA were stroke mimics. The rate of 
sICH was found to be 0.4% in the stroke mimic group and 3.5% 
in the AIS group [15]. The patient in our study initially received 
tPA before further imagining revealing otomastoiditis, pneumo-
cephalus, and pneumococcal meningitis and did not have an 
sICH as a complication. The patient’s symptoms did improve af-
ter IV tPA from NIHSS 7 to NIHSS 2 indicating that this patient 
may have experienced a thrombotic event secondary to the in-
flammation from mastoiditis/meningitis which was amenable to 
IV tPA. These studies demonstrate that although risks of adminis-
tering thrombolytics are not nonexistent, therapy should not be 
delayed for an extended time in order to confirm stroke diagnosis 
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and rule out stroke mimics. 
Stroke mimics include diagnoses such as migraines, infections, 

and seizures which present with stroke-like symptoms. Our case 
highlights such a mimic in a patient who presented with aphasia, 
dysarthria, and confusion and initially was diagnosed as an AIS re-
ceiving tPA therapy. While obtaining a history, physical, and im-
aging are critical to the diagnosis of a patient presenting with 
stroke-like symptoms, time is of the essence for treatment. Several 
studies have indicated the relatively safe profile of tPA in stroke 
mimics indicating if the patient has no contraindications for 
stroke intervention, treatment of stroke should not be extensively 
delayed to rule out stroke confounders [14,15].  
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A 63-year-old woman had a sudden cardiac arrest while undergo-
ing tooth scaling. After 4 minutes, the return of spontaneous cir-
culation (ROSC) was achieved. She was stuporose, but other 
neurological examinations were within normal limits. The patient 
had a history of meningitis, and she had undergone ventriculo-
peritoneal shunt surgery for hydrocephalus in her 20s. Brain com-
puted tomography performed immediately after ROSC showed 
cerebral air emboli (Fig. 1A). Brain magnetic resonance imaging 
(MRI) after 5 hours showed no acute lesions (Fig. 1B). Targeted 
temperature management was performed. Her consciousness im-
proved to a drowsy state, but left hemiparesis was observed. Brain 
MRI performed on the 6th day showed gyriform infarction in 
both frontoparietal cortices that were consistent with air emboli 
(Fig. 1C-E). 

Cerebral air embolism can lead to arterial and venous infarc-
tions [1,2]. They can lead to blood flow obstruction and induce 
an inflammatory reaction with the breakdown of the blood-brain 
barrier [3]. In this case, the delayed cerebral infarction was detect-
ed by follow-up brain imaging. Cerebral venous air emboli can 
cause delayed cerebral infarction because the collateral circulation 
in the cerebral venous system allows for compensation. Even if the 
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Fig. 1. Brain computed tomography and magnetic resonance 
imaging (MRI). (A) Non-contrast computed tomography of the 
head performed immediately after the return of spontaneous 
circulation (ROSC) showing air bubbles in the frontoparietal sulci 
(blue arrow). A ventriculoperitoneal shunt catheter was inserted 
in the right lateral ventricle (red arrow). (B) Diffusion-weighted 
brain MRI 5 hours after ROSC showing no acute lesions. (C-E) A 
follow-up brain MRI was performed on the 6th day after ROSC. 
Diffusion-weighted images and apparent diffusion coefficient 
images showed focal gyriform infarction in both frontoparietal 
cortices, especially in the right motor cortex (yellow arrows). 
Fluid-attenuated inversion recovery images showed high signal 
intensities in the same area.
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written) also needs to be stated in the Methods section. If informed 
consent was waived by the IRB for a study, that should be so stated. 
All studies on human or animal subjects should describe the approval 
by an institutional review board and the appropriate informed con-
sent procedures for human subjects. As of August 1, 2020, a case re-
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JNC is an open-access journal. Articles are distributed under the 
terms of the Creative Commons Attribution License (http://cre-
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eeing). Authors can archive the publisher’s version/PDF. 

SUBMISSION AND PEER-REVIEW PROCESS

Submission
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Once you have logged into your account, the online system will 
lead you through the submission process in a stepwise orderly 
process. Submission instructions are available at the website. All 
articles submitted to the journal must comply with these instruc-
tions. Failure to do so will result in the return of the manuscript 
and possible delay in publication.

Peer-Review Process
• A submitted manuscript will be evaluated by editors and review-

ers. All manuscripts submitted to JNC undergo screening by the 
Editorial Board, who then determines whether a manuscript 
undergoes external review. Peer review is conducted by at least 
two reviewers with relevant expertise.

• The journal uses a double-blind peer review process: the re-
viewers do not know the identity of the authors, and vice versa.

• Reviewers can request authors to revise the content. The corre-
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• The editorial committee has the right to revise the manuscript 
without the authors’ consent, unless the revision substantially 
affects the original content.

• After review, the editorial board determines whether the manu-
script is accepted for publication or not. Once rejected, the 
manuscript does not undergo another round of review.

• After a manuscript is received by the editorial committee, an 
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manuscript. The Board will notify the author on the status of 
the board review process. 

Submission by Editors
Final decisions regarding manuscript publication are made by the 
editor-in-chief or a designated editor who does not have any rele-
vant conflicts of interest. In the event that an editor has a conflict 
of interest with a submitted manuscript or with the authors, the 
manuscript will be handled by one of the other editors who does 
not have a conflict with the review and who is not at the same in-
stitution as the submitting editor. In such circumstances, full 
masking of the process will be ensured so that the anonymity of 
the peer reviewers is maintained.

Appeals of Decisions
Any appeal against an editorial decision must be made within 2 
weeks of the date of the decision letter. Authors who wish to ap-
peal a decision should contact the Editor-in-Chief, explaining in 
detail the reasons for the appeal. All appeals will be discussed with 
at least one other associate editor. If consensus cannot be reached 
thereby, an appeal will be discussed at a full editorial meeting. The 
process of handling complaints and appeals follows the guidelines 
of COPE available from (https://publicationethics.org/appeals). 
JNC does not consider second appeals.

MANUSCRIPT PREPARATION

JNC focuses on clinical and experimental studies, reviews, case re-
ports, and images in neurocritical care. Any researcher throughout 
the world can submit a manuscript if the scope of the manuscript 
is appropriate. Manuscripts should be submitted in English. 

General Requirements
• The manuscript must be written using Microsoft Word and 

saved as “.doc” or “.docx” file format. The font size must be 12 
points. The body text must be left aligned, double spaced, and 
presented in one column. The left, right, and bottom margins 
must be 3 cm, but the top margin must be 3.5 cm. 

• The page numbers must be indicated in Arabic numerals in the 
middle of the bottom margin, starting from the title page. 

• Neither the authors’ names nor their affiliations should appear 
on the manuscript pages.

• Use only standard abbreviations; the use of non-standard abbre-
viations can be confusing to readers. Avoid abbreviations in the 
title of the manuscript. The full form of a term followed by the 
abbreviation in parentheses should be used at the first mention, 
unless the abbreviation is a standard (e.g., DNA).

• The names and locations (city, state, and country only) of manu-
facturers of equipment and non-generic drugs should be given.

• Authors should express all measurements in conventional units 
using International System (SI) units.

Reporting Guidelines for Specific Study Designs
For specific study designs, such as randomized control studies, stud-
ies of diagnostic accuracy, meta-analyses, observational studies, and 
non-randomized studies, authors are encouraged to consult the re-
porting guidelines relevant to their specific research design. A good 
source of reporting guidelines is the EQUATOR Network (https://
www.equator-network.org) and NLM (https://www.nlm.nih.gov/
services/research_report_guide.html).

Composition of Manuscripts
• The manuscript types are divided into Original Article, Review 

Article, Case Report, and Images in Neurocritical Care. There 
is no limit to the length of each manuscript; however, if unnec-
essarily long, the author may be penalized during the review 
process.

• Original Articles should be written in the following order: title 
page, abstract, keywords, main body (introduction, methods, 
results, discussion), acknowledgments (if necessary), referenc-
es, tables, figure legends, and figures. The number of references 
is limited to 45(if the references exceed 45, authors can consult 
with the Editorial Office).

• Review Articles should be written in the following order: title 
page, abstract, keywords, and main body (introduction, main 
text, and conclusion), acknowledgments (if necessary), refer-
ences, tables, figure legends, and figures. There is no limit to the 
length of the main text as well as the number of references.

• Case Reports should be written in the following order: title 
page, abstract, keywords, main body (introduction, case report, 
and discussion), acknowledgments (if necessary), references, 
tables, figure legends, and figures. The total number of referenc-
es is limited to 15.

• Images in Neurocritical Care should be written in the following 
order and should not include an abstract and keywords: title 
page, main body, acknowledgments (if necessary), references, 
figure legends, and figures. The main body can be written freely 
without any constraints but should be within 200 words. The 
total number of references is limited to 4. A maximum of four 
authors is permitted.

Title Page
• The title page must include a title, the authors’ names and aca-

demic degrees (include ORCID*), affiliations, and correspond-
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ing authors’ names and contact information. In addition, a run-
ning title must be written within up to 50 characters including 
spaces. The corresponding authors’ contact information must 
include a name, addresses, e-mails, telephone numbers, and fax 
numbers.

* ORCID: We recommend that the open researcher and contrib-
utor ID (ORCID) of all authors be provided. To have an OR-
CID, authors should register in the ORCID website: http://or-
cid.org/. Registration is free to every researcher in the world.

• The contributions of all authors must be described using the 
CRediT (https://www.casrai.org/credit.html) Taxonomy of 
author roles.

• All persons who have made substantial contributions, but who 
have not met the criteria for authorship, are acknowledged here. 
All sources of funding applicable to the study should be stated 
here explicitly.

Abstract and Keywords
• For Original Articles, the abstract must be written by dividing it 

into background, methods, results, and conclusion; the abstract 
should be within 250 words. For Case Reports, the abstract 
must be written by dividing it into background, case report, and 
conclusion, and should be within 150 words. For Review Arti-
cles, the main body as well as the abstract can be written freely 
without any constraints. 

• At the end of the abstract, three to six keywords should be listed. 
For the selection of keywords, refer to Medical Subject Heading 
(MeSH, http://www.ncbi.nlm.nih.gov/mesh).

Main Body
• For abbreviations, when first introduced, they should be fully 

explained and then inserted within parentheses. Thereafter, 
only the abbreviations should be used. 

• In the abstract and main body, authors should use an italicized 
capital letter “P” for “P value” or the significance probability. 

• All articles using clinical samples or data and those involving an-
imals must include information on the IRB/IACUC approval 
and waiver or informed consent. An example is shown below. 
“We conducted this study in compliance with the principles of 
the Declaration of Helsinki. The study’s protocol was reviewed 
and approved by the Institutional Review Board of OO (IRB 
no. OO). Written informed consent was obtained / Informed 
consent was waived.”

• Description of participants: Ensure the correct use of the terms 
“sex” (when reporting biological factors) and “gender” (identity, 
psychosocial, or cultural factors), and, unless inappropriate, re-
port the sex and/or gender of study participants, the sex of ani-

mals or cells, and describe the methods used to determine sex 
and gender. If the study was done involving an exclusive popu-
lation, for example, in only one sex, authors should justify why, 
except in obvious cases (e.g., ovarian cancer). Authors should 
define how they determined race or ethnicity and justify their 
relevance.

• References must be numbered with superscripts according to 
their quotation order. When more than two quotations of the 
same authors are indicated in the main body, a comma must be 
placed between a discontinuous set of numbers, whereas a dash 
must be placed between the first and last numerals of a continu-
ous set of numbers: “Kim et al. [2,8,9] insisted…” and “Howev-
er, Park et al. [11−14] showed opposing research results.”

• Figures and tables used in the main body must be indicated as 
“Fig.” and “Table.” For example, “Magnetic resonance imaging 
of the brain revealed… (Figs. 1-3).

Figure
• Figures must be prepared in digital image files, and each figure 

must be submitted as a separate file.
• If one figure includes more than two pictures, they must be dis-

tinguished by adding alphabet labeling in capital letters, such as 
A, B, and C (e.g., Fig. 1A).

• Patterns are used instead of or in addition to colors for convey-
ing information (colorblind users would then be able to distin-
guish the visual elements).

• Digital images
- Each figure has to be prepared as a separate file and should not 

be inserted in the main body.
- Remove the margins as much as possible when preparing pic-

tures (especially CT or MRI images). Moreover, medical his-
tory reference numbers and names or other personal informa-
tion must not be included.

- When submitting photos of patients, the patients should not 
be recognizable. In case that the face of a patient is visibly 
recognizable, the patient’s consent must be obtained.

- The name of each file must correspond to its respective figure 
number.

- If one figure contains more than two pictures (for example, A, 
B, and C), the figure must be prepared to be printed as a single 
image and submitted as a single file.

• File size and resolution
- The digital image file of each figure must be of an adequate size 

and resolution so as not to compromise the quality of the 
printed output.

- Line art (e.g., graphs, charts, family trees) must not exceed 800 
dpi, whereas halftone (CT, MRI) or color pictures must be 
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prepared in no less than 300 dpi.
- When determining the size of a digital image file, the photo or 

image size must be greater than the print size, even when 
downscaled for insertion in the main body.

• File types
- All file types (tiff, gif, jpeg, and ppt) may be submitted for eval-

uation by reviewers. However, if an article receives approval 
for publication, files must be submitted as .tiff or .pdf.

- In the case of color photos, they must be saved and submitted 
in CMYK formats. Black-and-white pictures, such as CT and 
MRI images, must be submitted in grayscale mode.

• Figure legends
- Figure legends must be precise and written in English on a sep-

arate page.
- All abbreviations introduced in the figure legends must be de-

fined as their first use.
- If a figure contains more than two pictures, they must be la-

beled as A, B, C, and so on. The description of the entire fig-
ure as well as the individual explanation of A, B, and C must 
be included.

Table
• Tables must be embedded in the main body of the Microsoft 

Word file and include their respective title.
• One page must not include more than two tables. 
• Footnotes are followed by the source notes, other general notes, 

abbreviation, notes on specific parts of the table (a), b), c), 
d)…), and notes on level of probability (*, **, *** for P-values). 

• A single unified decimal point must be applied in the same table.

References
• All references must be indicated in English.
• Every reference in the Reference section should be cited in the 

text. The number assigned to the reference citation is according 
to the first appearance in the manuscript. References in tables 
or figures are also numbered according to the appearance order. 
Reference number in the text, tables, and figures should in a 
bracket ([ ]). 

• If there are more than six authors, the names of the first six au-
thors must be specified, followed by “et al.”

• The journals should be abbreviated according to the style used 
in the list of journals indexed in the NLM Journal Catalog 
(http://www.ncbi.nlm.nih.gov/nlmcatalog/journals).

• The overlapped numerals between the first page and the last 
page must be omitted (e.g., 2025-6).

• References to unpublished material, such as personal communi-
cations and unpublished data, should be noted within the text 

and not cited in the References. Personal communications and 
unpublished data must include the individual’s name, location, 
and date of communication.

• Other types of references not described below should follow IC-
MJE Recommendations (https://www.nlm.nih.gov/bsd/uni-
form_requirements.html). 
Please refer to the following examples.
- Articles in academic journals
1. Kang J, Kang CH, Roh J, Yeom JA, Shim DH, Kim YS, et al. 

Feasibility, safety, and follow-up angiographic results of endo-
vascular treatment for non-selected ruptured intracranial an-
eurysms under local anesthesia with conscious sedation. J 
Neurocrit Care 2018;11:93-101.

2. van den Bent MJ, Keime-Guibert F, Brandes AA, Taphoorn MJ, 
Eskens FA, Delattre JY. Temozolomide chemotherapy in recur-
rent oligodendroglioma [abstract]. Neurology 2000;54(suppl 
3):12. 

3. Di Luca DG, Mohney NJ, Kottapally M. Paroxysmal sympa-
thetic hyperactivity with dystonia following non-traumatic 
bilateral thalamic and cerebellar hemorrhage. Neurocrit Care 
2019 Feb 6 [Epub]. https://doi.org/10.1007/s12028-019-
00677-9.

- Book & book chapter
4. Layon A. Textbook of neurointensive care. 1st ed. Amster-

dam: Elsevier; 2003. p. 10-7.
5. Rincon F, Mayer SA. Intracerebral hemorrhage. In: Lee K, 

editor. NeuroICU book. 2nd ed. New York, NY: Mc-
Graw-Hill; 2018. p. 36-51.

- Online source
6. Weinhouse GL, Young GB. Hypoxic-ischemic brain injury in 

adults: evaluation and prognosis [Internet]. Waltham, MA: Up-
ToDate; c2019 [cited 2019 Feb 10]. Available from: https://
www.uptodate.com/contents/hypoxic-ischemic-brain-inju-
ry-in-adults-evaluation-and-prognosis.

Supplemental Data
Additional data, including Methods, Results, References, Tables, 
Figures, and video, that are difficult to be inserted in the main 
body can be submitted in the form of Supplemental Data. Supple-
mental Data submitted by the author will be published online to-
gether with the main body without going through a separate edit-
ing procedure. All supplemental data, except video materials, are 
to be submitted in a single file, and the manuscript title, authors’ 
title, organization, and corresponding author’s contact informa-
tion must be specified in the first page.
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FINAL PREPARATION FOR PUBLICATION

Final Version
After the paper has been accepted for publication, the author(s) 
should submit the final version of the manuscript. The names and 
affiliations of the authors should be double-checked, and if the 
originally submitted image files were of poor resolution, higher 
resolution image files should be submitted at this time. Symbols 
(e.g., circles, triangles, squares), letters (e.g., words, abbreviations), 
and numbers should be large enough to be legible on reduction to 
the journal’s column widths. All symbols must be defined in the 
figure caption. If references, tables, or figures are moved, added, or 
deleted during the revision process, renumber them to reflect 
such changes so that all tables, references, and figures are cited in 
numeric order.

Manuscript Corrections
Before publication, the manuscript editor will correct the manu-
script such that it meets the standard publication format. The au-
thor(s) must respond within 2 days when the manuscript editor 
contacts the corresponding author for revisions. If the response is 
delayed, the manuscript’s publication may be postponed to the 
next issue.

Gallery Proof
The author(s) will receive the final version of the manuscript as a 
PDF file. Upon receipt, the author(s) must notify the editorial of-
fice (or printing office) of any errors found in the file within 2 
days. Any errors found after this time are the responsibility of the 
author(s) and will have to be corrected as an erratum.

Errata and Corrigenda
To correct errors in published articles, the corresponding author 
should contact the journal’s Editorial Office with a detailed de-
scription of the proposed correction. Corrections that profoundly 
affect the interpretation or conclusions of the article will be re-
viewed by the editors. Corrections will be published as corrigenda 
(corrections of the author’s errors) or errata (corrections of the 
publisher’s errors) in a later issue of the journal.

ARTICLE PROCESSING CHARGES

There is no author’s submission fee or other publication-related 
fees as all publication costs are shouldered by the publisher.

NOTICE: The revised instructions for authors will be applied 
from August 2020.  

vii



Copyright Transfer Agreement

Manuscript ID:                                                                          

Title of Manuscript:                                                                                                                                                                                                                                                                                            

                                                                                                                                                                                                                                                                                                            

The manuscript is to be submitted as an original article to be published in the Journal of Neurocritical Care. If the manuscript is published 
in the Journal of Neurocritical Care, the copyrights of the manuscript will be transferred to the Korean Academy of Neurocritical Care. 
The authors possess all rights excluding copyrights, or in other words, the right to use the entirety or parts of this manuscript for patent 
application and paper publication in the future. As all authors have made detailed and substantial contributions to the contents of this 
manuscript, they share common responsibilities for the contents of the original manuscript. 

The manuscript abides by the Research and Publication Ethics of the Korean Neurological Association and the Recommendations for the 
Conduct, Reporting, Editing, and Publication of Scholarly Work in Medical Journals (http://www.icmje.org/icmje-recommendations.
pdf) from the International Committee of Medical Journal Editors. Additionally, this manuscript should not have previously been pub-
lished, and at present should not be submitted to other academic journals, nor should there be any plans to do so in the future.  

Author

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

Date

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

Signature

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

※ This agreement requires the signatures of all authors and those whose names are included in the acknowledgments. 

viii



Conflict of Interest Statement

As the corresponding author, I declare the following information regarding the specific conflicts of interest of authors of our aforemen-
tioned manuscript.

Examples of conflicts of interest include the following: source of funding, paid consultant to sponsor, study investigator funded by spon-
sor, employee of sponsor, board membership with sponsor, stockholder for mentioned product, any financial relationship to competitors 
of mentioned product, and others (please specify).

I accept the responsibility for the completion of this document and attest to its validity on behalf of all co-authors.

Corresponding author (name/signature) :                                                                                                                   

Date:                                                                          

Author

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

No conflict involved

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

Conflict (specify)

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

                                                                                                                                                      

ix



Checklist for Authors

☐ Authors have written the manuscript in compliance with Instructions to Authors and Recommendations for the Conduct, 
Reporting, Editing, and Publication of Scholarly Work in Medical Journals (http://www.icmje.org/icmje-recommendations.pdf) 
from the International Committee of Medical Journal Editors, and the Guideline of Committee on Publication Ethics (https://
publicationethics.org).

☐ Authors have omitted names and organizations in the manuscript submitted for review.

☐ The title page should include a title, authors’ names and academic degrees, affiliations, and corresponding author(s)’ name(s), 
contact information, ORCID, and author contributions. 

☐ A running title should be given in 50 characters or shorter including spaces. 

☐ The abstract should be divided into Background, Methods, Results, and Conclusion; it is within 250 words for Original Articles. 
For Case Reports, the abstract should be written by dividing it into Background, Case report, and Conclusion, and be within 150 
words. 

☐ The abstract should be included in the manuscript, regardless of whether it is included in the submission system.

☐ Three to six keywords should be included (those recommended in MeSH (http://www.ncbi.nlm.nih.gov/mesh)). 

☐ Information regarding approval of an institutional review board and obtaining informed consent should be mentioned in the 
Method section. 

☐ The number of references is limited to 45 (for original articles), 15 (for case reports) or 4 (for images). 

☐ Each figure should be uploaded as a separate file and should not be included in the main text. The file name of each figure should be 
the figure number. 

☐ Line art (e.g., graphs, charts, family trees) must not exceed 800 dpi, whereas halftone (CT, MRI) or color pictures must be prepared 
in no less than 300 dpi.

☐ All authors have completed the Copyright Transfer Agreement and COI Statement.

☐ The authors are responsible for obtaining permission from the copyright holder to reprint any previously published material in 
JNC.

x


	JNC_v14_n1_Cover
	JNC_v14n1_내지

